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Popular science summary 
Heavy-duty transport plays a crucial role in the modern society by enabling the 
movement of goods over long distances and supporting global trade and economic 
activity. Although this sector represents a relatively small share of the total vehicle 
fleet, it contributes significantly to the global greenhouse gas emissions. At present, 
a majority of the heavy-duty vehicles operate with diesel-powered engines, which 
produce not only CO2 but also other harmful pollutants that negatively affect the 
environment and public health. Decarbonizing this sector has therefore become an 
urgent priority to meet climate targets and reduce environmental impact. 

Electrification enables zero tailpipe CO2 emissions and is often considered a 
promising pathway to rapidly decarbonize freight transport. However, its 
application in long-haul transport is not straightforward.  Driving a heavy-duty 
vehicle require large amounts of energy, and batteries capable of providing 
sufficient range for long-haul freight are heavy and bulky, which can reduce the 
available payload. They also require extensive charging infrastructure along the 
roads. Hydrogen fuel cell electric powertrains, on the other hand, have recently 
gained attention as an alternative, as they can offer longer driving ranges and faster 
refueling while also producing zero tailpipe emissions. But fuel cell systems are still 
relatively expensive and technologically complex. While ongoing research focuses 
on improving both battery-electric and fuel cell solutions, internal combustion 
engines (ICEs) are expected to continue playing an important role in the transition 
towards sustainable heavy-duty transportation. Their main environmental challenge 
lies in the fossil-derived fuels rather than the engine itself. Replacing these fuels 
with low- or zero-carbon renewable alternatives can  enable combustion engines to 
operate with significantly lower climate impact while maintaining the robustness 
and high-power output required for heavy-duty applications. 

Among the renewable fuels explored for heavy-duty engines, biogas and hydrogen 
are particularly interesting. Biogas, which mainly consists of methane, can be 
produced from organic waste and  therefore contribute to a more circular use of 
resources. Hydrogen has also attracted growing interest in recent years because it 
can be produced using renewable electricity and can offer low greenhouse gas 
emissions over its life cycle.  Both biogas and hydrogen are well suited for use in 
spark ignition engines, where the fuel-air mixture is ignited by a spark.  The spark 
is a very small and short-lived electrical discharge (similar to lightning) that ignites 
the mixture and initiates combustion. In spark ignition engines, the spark is provided 
by a spark plug in the combustion chamber. 

Although the spark ignition engine is a well-established technology, it has mainly 
been developed for passenger cars. In heavy-duty engines, the ignition is more 
challenging. The spark must be strong enough to ignite the mixture robustly, 
especially when the engine is operated with a large surplus of air to improve 
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efficiency and reduce emissions. At the same time, the spark energy must be 
carefully controlled, as excessive energy can accelerate spark plug wear, increase 
maintenance frequency and overall operating costs of a vehicle. 

 

New versus worn-out spark plug. [108] 

Ignition becomes even more crucial for hydrogen combustion since it requires an 
extremely low energy to ignite (one-tenth compared to biogas). Adding higher than 
necessary electrical energy to the spark plug can overheat the electrodes which 
become hot surfaces in the combustion chamber. As hydrogen ignites easily on hot 
surfaces, the hot electrodes can ignite the charge before the spark is fired. This is 
called pre-ignition and can lead to severe engine damage. For this reason, it is 
important to optimally control the spark so that it provides the right amount of spark 
energy to achieve a robust ignition, while avoiding unnecessary energy losses to the 
spark plug electrodes. Addressing this balance between robust ignition, spark plug 
wear, and safe engine operation for both hydrogen and biogas heavy-duty engines 
is the focus of this thesis work. It involves two main stages of research:- 

Fundamental insights on spark ignition:  
The fundamental aspects of the spark ignition process are studied to understand how 
electrical energy from the spark is transferred to the surrounding gas to initiate 
combustion. These investigations are performed under controlled conditions in a 
specially designed chamber “calorimeter” to provide a clearer understanding of the 
ignition process. The study also examines how the electrical spark interacts with the 
spark plug electrodes, gaining insights into how spark ignition requirements may 
change as the spark plug wears over time. 
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Optimizing spark ignition for biogas and hydrogen engines: 
The knowledge gained from the fundamental studies is applied to real engines to 
develop optimized spark ignition control strategies for heavy duty engines operating 
on biogas and hydrogen. The investigations explore different engine operating 
conditions and spark plug geometries to develop knowledge on the ignition 
requirements over spark plug lifespan. Additionally, this research project also 
explores different types of spark discharges (AC versus DC) affecting ignitability 
and spark plug wear. 

This thesis work advances the understanding and control of spark ignition in heavy 
duty engines operating on renewable gaseous fuels such as biogas and hydrogen. By 
combining fundamental studies with engine-based investigations, this research 
establishes a foundation that can support the development of more efficient and 
optimized ignition control strategies for such engines. The findings are relevant for 
reducing operational challenges such as abnormal combustion and spark plug wear, 
while maintaining a robust engine performance. At a system level, this work 
demonstrates how conventional engine technologies can be adapted to operate with 
cleaner gaseous fuels, supporting a practical and scalable pathway toward 
sustainable heavy duty transport. 
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Populärvetenskaplig sammanfattning 
Tunga transporter spelar en avgörande roll i det moderna samhället genom att 
möjliggöra transport av varor över långa avstånd samt stödja global handel och 
ekonomisk aktivitet. Trots att denna sektor utgör en relativt liten andel av den totala 
fordonsflottan bidrar den i betydande grad till de globala utsläppen av växthusgaser. 
I dagsläget drivs en majoritet av de tunga fordonen av dieselmotorer, vilka inte bara 
genererar koldioxid (CO₂) utan även andra skadliga föroreningar som påverkar 
miljön och människors hälsa negativt. Att minska koldioxidutsläppen från denna 
sektor har därför blivit en prioriterad och brådskande åtgärd för att uppnå klimatmål 
och begränsa miljöpåverkan. 

Elektrifiering möjliggör drift utan direkta CO₂-utsläpp och betraktas ofta som en 
lovande väg för att snabbt minska koldioxidutsläppen från godstransporter. 
Samtidigt är tillämpningen inom långväga transporter inte okomplicerad. Drift av 
tunga fordon kräver stora mängder energi, och batterier som kan ge tillräcklig 
räckvidd för långväga transporter är både tunga och skrymmande, vilket kan minska 
den tillgängliga lastkapaciteten. De kräver dessutom en omfattande 
laddinfrastruktur längs vägnätet. Vätgasbaserade bränslecellsdrivlinor har å andra 
sidan fått ökad uppmärksamhet som ett alternativ, eftersom de kan erbjuda längre 
räckvidd och snabbare tankning utan direkta utsläpp. Bränslecellsystem är dock 
fortfarande relativt kostsamma och tekniskt komplexa. Samtidigt som pågående 
forskning fokuserar på att förbättra både batterielektriska och bränslecellsbaserade 
lösningar, förväntas förbränningsmotorer fortsatt spela en viktig roll i omställningen 
mot hållbara tunga transporter. Den huvudsakliga miljöutmaningen är kopplad till 
de fossila bränslena snarare än till själva motorn. Genom att ersätta dessa bränslen 
med förnybara alternativ med låga eller inga koldioxidutsläpp kan 
förbränningsmotorer drivas med avsevärt lägre klimatpåverkan, samtidigt som den 
robusthet och höga effekt som krävs för tunga tillämpningar bibehålls. 

Bland de förnybara bränslen som studeras för tunga motorer är biogas och vätgas 
särskilt intressanta. Biogas, som huvudsakligen består av metan, kan produceras från 
organiskt avfall och därmed bidra till en mer cirkulär resursanvändning. Vätgas har 
också fått ett ökat intresse under de senaste åren, eftersom den kan produceras med 
hjälp av förnybar el och kan ge låga utsläpp av växthusgaser över hela sin livscykel. 
Både biogas och vätgas är väl lämpade för användning i gnisttända motorer, där 
bränsle–luftblandningen antänds med hjälp av en gnista. Gnistan är en mycket liten 
och kortvarig elektrisk urladdning (liknande blixtar) som initierar förbränningen. I 
gnisttända motorer genereras gnistan av ett tändstift i förbränningskammaren. 

Även om gnisttända motorer är en väl etablerad teknik, har de huvudsakligen 
utvecklats för personbilar. I tunga motorer är tändningen mer utmanande. Gnistan 
måste vara tillräckligt stark för att på ett robust sätt antända bränsle–
luftblandningen, särskilt när motorn drivs med ett stort luftöverskott för att förbättra 
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verkningsgraden och minska utsläppen. Samtidigt måste gnistenergin kontrolleras 
noggrant, eftersom alltför hög energi kan påskynda slitaget på tändstiftet, öka 
underhållsbehovet och därmed de totala driftkostnaderna för fordonet. 

Tändningen blir ännu mer kritisk vid vätgasförbränning, eftersom vätgas kräver en 
mycket låg energi för antändning (cirka en tiondel jämfört med biogas). Detta gör 
vätgas mycket känslig för förbränningsrelaterade avvikelser, såsom förtändning och 
knackning. Om mer elektrisk energi än nödvändigt tillförs tändstiftet kan 
elektroderna överhettas och fungera som heta ytor i förbränningskammaren. Dessa 
heta ytor kan i sin tur leda till okontrollerad förbränning och allvarliga motorskador. 
Av denna anledning är det viktigt att optimera tändningen så att rätt mängd 
gnistenergi tillförs för att säkerställa en robust antändning, samtidigt som onödiga 
energiförluster till tändstiftets elektroder undviks. Att hantera denna avvägning 
mellan robust antändning, slitage på tändstiftet och säker motordrift för både vätgas- 
och biogasdrivna tunga motorer utgör fokus för detta avhandlingsarbete. Arbetet 
omfattar två huvudsakliga forskningssteg:- 

Grundläggande insikter om gnisttändning: 
De grundläggande aspekterna av gnisttändningsprocessen studeras för att förstå hur 
elektrisk energi från gnistan överförs till den omgivande gasen och initierar 
förbränning. Dessa undersökningar genomförs under kontrollerade förhållanden i 
en specialutformad kammare, en så kallad kalorimeter, för att ge en tydligare 
förståelse av tändningsprocessen. Studien analyserar även hur den elektriska gnistan 
samverkar med tändstiftets elektroder, vilket ger insikter i hur kraven på tändning 
kan förändras i takt med att tändstiftet slits över tid. 

Optimering av gnisttändning för biogas- och vätgasmotorer: 
Den kunskap som erhålls från de grundläggande studierna tillämpas på verkliga 
motorer för att utveckla optimerade styrstrategier för gnisttändning i tunga motorer 
som drivs med biogas och vätgas. Undersökningarna omfattar olika 
driftförhållanden och tändstiftsgeometrier för att skapa förståelse för tändningskrav 
över tändstiftets livslängd. Vidare studeras även olika typer av gnisturladdningar 
(AC respektive DC) och deras inverkan på antändbarhet och slitage på tändstiftet. 

Detta avhandlingsarbete bidrar till en fördjupad förståelse och förbättrad styrning 
av gnisttändning i tunga motorer som drivs med förnybara gasformiga bränslen 
såsom biogas och vätgas. Genom att kombinera grundläggande studier med 
motorbaserade undersökningar etablerar denna forskning en grund som kan stödja 
utvecklingen av mer effektiva och optimerade tändstrategier för sådana motorer. 
Resultaten är relevanta för att minska driftrelaterade utmaningar, såsom 
okontrollerad förbränning och slitage på tändstift, samtidigt som en robust 
motorprestanda upprätthålls. På systemnivå visar detta arbete hur konventionella 
motorteknologier kan anpassas för att drivas med renare gasformiga bränslen, vilket 
möjliggör en praktiskt genomförbar och skalbar väg mot hållbara tunga transporter. 
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Abbreviations 
GHG Greenhouse gas emissions 

SI Spark ignition 

ICE Internal combustion engine 

HDV Heavy-duty vehicle 

BET Battery-electric truck 

FCET Fuel cell  electric truck 

TCO Total cost of ownership 

CAD Crank angle degree 

ICM Ignition control module 

BMS Battery management system 

DC Direct current 

AC Alternating current 

TDC Top dead center 

BDC Bottom dead center 

MBT Maximum brake torque 

IMEP  Indicated mean effective pressure 

IMEPg Gross indicated mean effective pressure 

COV Coefficient of variation 

IJT Injection timing 

NOx Nitrogen oxides 

CA10 Crank angle at 10% mass fraction burnt 

CA50 Crank angle at 50% mass fraction burnt 

CA90 Crank angle at 90% mass fraction burnt 
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Chapter 1 
Introduction 

1.1 Background 
Global transportation is one of the major sources of greenhouse gas (GHG) 
emissions [1]. Although several gases contribute to the greenhouse effect, such as 
methane (CH4), nitrous oxide (N2O), and fluorinated gases, carbon dioxide (CO₂) is 
the most dominant and is therefore often used as the main indicator when assessing 
climate impact [2]. Transport sector accounts for about 14% of total CO2 emissions 
worldwide as shown in Figure 1a, making it  as the fourth largest emitting sectors 
after electricity generation, agriculture and industry. Within transportation, the 
heavy duty vehicle (HDV) segment plays a significant role. They are responsible 
for more than 30% of all transport-related CO2 emissions, even though they 
represent a smaller share of the total vehicle fleet (see Figure 1b) [3, 4]. It reflects 
the high energy demand and long-distance operating patterns of freight trucks, 
buses, and other commercial vehicles. Therefore, decarbonizing the heavy duty 
transport sector has become an urgent global priority [5]. 

            

Figure 1a: Global CO2 emissions by sectors. [4] 
Figure 1b: Global CO2 emissions from different transport modes. [4] 
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In Europe, transport sector accounts for about a quarter of total CO2 emissions, and 
more than 70% of these emissions come from road transport [6]. Heavy-duty 
vehicles make up a significant share of this, as shown in Figure 2 [7]. Projections 
indicate that in the absence of strong policy interventions or technological 
transitions, CO2 emissions from heavy duty transport are expected to increase 
significantly between 2010 and 2030, driven by economic growth, rising freight 
demand, and expanding logistics networks. This reinforces the critical need for 
scalable, carbon-neutral propulsion solutions tailored specifically to heavy duty 
applications [8]. 

 

Figure 2: Share of GHG emissions in EU for different transport modes in 2019. [7] 

To address this, the European Commission introduced strict policies to reduce GHG 
emissions from the transport sector as part of the European Green Deal. The 
commission adopted its first CO2 regulation for new HDVs in 2019. The regulation 
requires manufacturers to reduce the average fleet CO2 emissions by 15% from 2025 
and 30% from 2030, compared to 2019 levels [8, 9]. In 2023, the European 
Commission has proposed a revision of the regulations, aiming for even faster 
emission reductions. As shown in Figure 3, the new proposal sets much stricter 
targets: 45% CO2 reduction by 2030, 65% by 2035, and 90% by 2040. These revised 
targets showcase the EU’s clear intention to accelerate the decarbonisation of heavy 
duty transport and strengthen the development and adoption of zero-emission 
mobility in Europe [10]. 
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Figure 3: Proposed CO2 emissions standards for HDVs by European Commission in 2023. [10] 

Electrification is widely regarded as a key pathway toward achieving climate-
neutral transport, primarily due to its high energy efficiency and the absence of 
tailpipe emissions [11]. Battery electric trucks (BETs) offer a simple and efficient 
powertrain solution and are particularly well suited for short- and medium-distance 
transport. However, their application in long-haul heavy-duty transport still remains 
challenging due to the high energy demand, which requires large and heavy battery 
packs, as well as limitations in charging infrastructure and operational downtime 
due to long charging times [12, 13]. 

Fuel cell electric trucks (FCETs), on the other hand, are gaining increasing attention 
as an alternative solution for long-haul applications. In FCETs, hydrogen is 
converted to electricity through an electrochemical process, with water as the only 
direct by-product [14]. They offer longer driving range and short refueling times, 
while maintaining relatively high fuel efficiency at low-to-medium loads. However, 
FCETs are currently associated with high cost, primarily due to the use of platinum-
based catalysts. In addition, they require a steady supply of high-purity hydrogen, 
as impurities can degrade performance over time [15]. Moreover, thermal 
management is also challenging due to the relatively low operating temperature of 
fuel cells, which necessitates large radiators for cooling. These factors increase 
system complexity, cost, and overall vehicle weight [16–18]. 

Internal combustion engine (ICE) powertrains remain a practical and widely used 
solution for heavy-duty transport, particularly in long-haul applications. They offer 
high power density, robust operation, and fast refueling, making them well suited 
for high-load and long-distance operations. In addition, ICE technology benefits 
from a mature technology base, and a well-established global fuel supply and 
refueling infrastructure. However, ICEs rely primarily on fossil fuels, resulting in 
significant emissions of CO₂ and air pollutants such as nitrogen oxides (NOx) and 
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particulate matter. These emissions represent a major limitation of ICE technology 
under increasingly stringent environmental regulations [19, 20]. 

In short, no single technology can meet all the needs of today’s heavy-duty transport 
while complying  with strict emissions legislation. BETs work well for short and 
regional routes, while FCETs offer longer range but still face challenges with 
upfront cost, and system complexity [21]. While conventional ICEs are associated 
with significant emissions, it is important to note that a substantial share of these 
emissions originates from the use of fossil-derived fuels rather than the engine 
technology itself. Because of this, the author believes that ICEs using alternative 
gaseous fuels, particularly both hydrogen and biogas will play an important role for 
long-hauled transportation for the foreseeable future, particularly where full 
electrification is impractical. 

One of the main advantages of biogas and hydrogen is that they can greatly reduce, 
or even remove, CO₂ emissions during engine operation [22, 23]. This is primarily 
because both fuels can be produced from renewable energy sources. Biogas can be 
made by anaerobic digestion of organic waste or by methanation using captured CO₂ 
while hydrogen can be produced through water electrolysis powered by renewable 
electricity [24–26]. 

An interesting property of both biogas and hydrogen is their high octane rating, 
making them suitable as fuels for spark ignition (SI) engines. [27–29]. In SI engines, 
the air–fuel mixture is ignited by a spark plug. The spark creates a small flame 
kernel, which then propagates through the unburned mixture until it reaches the 
chamber walls and extinguishes [30, 31]. One of the challenges in improving the 
thermal efficiency of an SI engine is to keep combustion stable, especially when the 
mixture is too lean or diluted. Combustion stability is important for engine 
performance and is often measured using the coefficient of variation of IMEP 
(COVIMEP). A robust ignition process is therefore essential, since higher COVIMEP 
decreases efficiency and increases noise, vibrations, and harshness (NVH) [32, 33]. 

1.2 Motivation 
Achieving a robust ignition is challenging for both biogas and hydrogen SI engines. 
These engine often operate at very lean or diluted conditions to improve efficiency 
and reduce emissions, which makes flame kernel formation more sensitive to the 
spark characteristics. Ignitability becomes even more difficult to achieve in 
hydrogen engines. This is primarily due to the higher breakdown voltage required 
for spark initiation, which results from the elevated gas pressure and density at the 
time of ignition. These conditions arise from several factors, including the high 
boost levels needed to achieve the desired load under lean operation, the use of 
higher compression ratios compared to biogas engines, and the faster flame speed 



23 

of hydrogen, which brings the maximum brake torque (MBT) timing closer to top 
dead center (TDC) [28, 34]. 

There is a widespread assumption that ignitability is directly related to the spark 
energy. However, when a stable flame kernel has already formed, adding more 
energy to the spark may not improve ignitability. Recent studies show that a very 
short spark delivering approximately 6 mJ of spark energy, is enough to ensure 
stable combustion in biogas engines under many operating conditions [32, 35]. 
While the minimum energy threshold has not been determined, studies indicate that 
using more-than-necessary spark energies lead to increased spark plug wear [36]. 
High spark energies raise the temperature of the electrodes and accelerate erosion, 
which shortens the service life of the spark plug. Apart from a short service lifetime, 
contemporary high-endurance spark plugs are often expensive due to the use of 
precious metals like platinum and iridium on their electrodes [36–38]. 

Spark energy becomes even more critical in hydrogen engine operation [39]. 
Hydrogen has a very low minimum ignition energy but a high auto-ignition 
temperature. Its minimum ignition energy is roughly ten times lower than that of 
methane [40]. This makes hydrogen more sensitive to pre-ignition–unintended 
ignition that could catastrophically damage the engine. Pre-ignition can be triggered 
by hot spark plug electrodes or even by residual spark energy released from the 
ignition system [41, 42]. 

Therefore, we need a better understanding of the spark ignition process for both 
biogas and hydrogen fueled ICEVs. This knowledge is essential for designing 
optimal spark ignition strategies that improve ignitability across different operating 
conditions. At the same time, these strategies must avoid excessive heating of the 
spark plug electrodes. By doing so, we can suppress abnormal combustion events, 
limit spark plug wear while ensuring robustness in future gaseous-fueled ICEs. 

1.3 Scope and approach 
This thesis focuses on improving the understanding of spark ignition process in 
heavy-duty SI engines operating on hydrogen and biogas. In particular, the work 
addresses key challenges related to ignitability, combustion stability, and spark plug 
wear for a wide range of operating conditions, with particular emphasis on lean and 
high-load operation, as well as suppression of combustion anomalies in hydrogen 
engines. 

To achieve this, multiple experimental platforms are used. Fundamental 
investigations of the spark ignition process are carried out using a spark calorimeter, 
while a dedicated constant-volume chamber is used to study spark plug wear. 
Ignitability studies of hydrogen and biogas are utilized in two different single-
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cylinder engine test benches at different operating conditions. In addition, an optical 
engine is employed to investigate misfire mechanisms and the role of spark ignition 
parameters in premixed hydrogen combustion at ultra-lean operations. 

The research is presented through a number of scientific publications, which form 
the core of this thesis. Each paper contributes a specific perspective to the overall 
goal of understanding the spark ignition process with an aim towards designing 
optimized spark ignition control strategies for hydrogen and biogas heavy-duty 
engines. 
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Chapter 2  
Heavy-duty vehicles (HDVs) 

The HDVs market encompasses large vehicles primarily designed for transporting 
goods and passengers over long distances. These vehicles include trucks, buses, and 
trailers used in logistics, construction, and public transportation sectors. The 
market’s significance lies in its crucial role in global trade and infrastructure 
development, enabling efficient movement of raw materials, finished products, and 
people. Its share is increasing throughout the world because of globalization, rising 
incomes, and shifting patterns of production and consumption [43].  

There is growing interest in shifting to zero tailpipe CO2 emissions HDVs in 
response to the expected growth of freight demand and the contribution of trucks to 
air pollution and GHG emissions [43]. However, their powertrain must satisfy 
several demanding requirements due to the operating conditions of these vehicles. 

2.1 Powertrain requirements of HDVs 
The requirements for HDVs’ powertrains depend strongly on the operating 
conditions and duty cycles of the vehicles. Long-haul trucks typically operate over 
long distances under relatively steady and high load conditions, which requires 
powertrains capable of delivering high torque, high efficiency, and long service life. 
In contrast, urban and regional freight vehicles operate under more transient 
conditions with frequent stop–start operation and lower average loads. In such 
applications, fast dynamic response, and low noise become more important. In 
addition, short refueling or recharging times are essential to maintain high vehicle 
utilization in urban freight transport. Table 1 summarizes the key powertrain 
requirements for both long-haul and urban heavy-duty vehicle applications [44, 45]. 

  



26 

Table 1: Powertrain requirements for long-haul and urban HDVs. [44, 45] 

Requirement Long-haul hdvs Urban / regional hdvs 

Driving distance Very long range Short to medium range 

Engine load High and steady Highly transient 

Tank-to-wheel efficiency Very critical Important but less dominant 

Refueling / charging time Very low Short–moderate 

Powertrain durability Very high High 

Emission constraints Very strict Very strict (zero emissions) 

Noise Moderate-to-low Very low (urban driving) 

2.2 Battery electric powertrains 
Battery electric HDVs are considered as one of the main technological pathways for 
decarbonizing the freight transport sector [11]. In battery electric HDVs, propulsion 
is provided by one or more electric motors powered by the energy stored onboard 
battery packs. 

Lithium-ion batteries are commonly used due to their relatively high energy density 
compared to other battery types (as shown in Figure 1), high energy efficiency, and 
long lifespan. A typical battery electric powertrain consists of a battery pack, a 
power electronics unit such as a DC/AC inverter, and one or more electric motors 
[45, 46]. Compared with IC engines, battery electric powertrain configuration is 
mechanically simpler because it contains fewer moving components and hence, they 
operate noise-free. In addition, this simplicity can reduce maintenance requirements 
and improve overall system efficiency [47]. Furthermore, many battery electric 
vehicles employ regenerative braking systems that recover part of the vehicle’s 
kinetic energy during deceleration and store it back in the battery, which can 
improve the overall energy efficiency [48]. 
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Figure 4: Energy densities of different battery technologies. Adapted from [49]. 

Battery-electric HDVs offer several advantages for freight transport. They produce 
zero tailpipe CO2 emissions during operation and generally exhibit tank-to-wheel 
energy efficiency close to 70%, which is substantially higher than that of IC engines 
[50]. Additionally, battery electric HDVs benefit from the operating characteristics 
of electric motors. Electric motors can deliver instantaneous torque at vehicle start. 
This characteristic improves drivability, particularly when transporting heavy loads 
or operating on steep gradients. As a result, electric powertrains can provide smooth 
and responsive acceleration without the need for complex multi-gear transmissions 
[51]. 

Despite these advantages, several challenges remain for the widespread adoption of 
battery electric powertrains in heavy-duty vehicles. One major limitation is the 
relatively low specific energy of current battery technologies in comparison to 
different fuels (see Figure 2), which often requires large and heavy battery packs to 
achieve long driving ranges. For long-haul freight applications, the battery capacity 
required to achieve ranges of several hundred kilometers can result in significant 
additional vehicle weight, which may reduce the available payload capacity [52]. 
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Figure 5: Net volumetric energy density versus gravimetric energy density of different fuels. [53] 

In addition, charging times for large battery systems can be long, particularly when 
high-capacity batteries are used in HDVs. Although high-power charging systems 
with power levels approaching 1 MW have been proposed to significantly reduce 
charging time, rapid charging may accelerate battery degradation, hence, shortening 
overall battery life [54]. This is particularly critical for HDVs as they are expected 
to operate over long service lifetimes under demanding duty cycles. Accelerated 
degradation may therefore necessitate battery replacement during the vehicle 
lifetime, which can significantly increase the total cost of ownership (TCO). 

Operating under high charging powers also requires advanced battery management 
systems (BMS) to ensure safe and reliable operation. The BMS must continuously 
monitor and regulate cell voltage, temperature, state of charge and state of health 
during high-power charging and discharging conditions to prevent conditions that 
may lead to thermal runaway and accelerated battery degradation [55]. This task 
becomes increasingly challenging as battery capacity and system complexity 
increase for HDVs. 

Furthermore, the large-scale deployment of charging infrastructure for electric 
HDVs can introduce challenges for existing power grid infrastructure. Studies have 
shown that simultaneous charging of a relatively small fraction of electric HDVs 
can lead to voltage violations and reliability issues in transmission and distribution 
networks, highlighting the need for significant grid upgrades to support widespread 
electrification [56]. In addition, the selection of battery chemistry introduces further 
trade-offs between energy density, cost, lifetime, and safety. For example, lithium 
iron phosphate (LFP) batteries can offer improved durability and safety but lower 
energy density, whereas nickel manganese cobalt (NMC) batteries can provide 
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higher energy density at the expense of higher cost and potentially reduced lifetime 
[107]. 

Because of these limitations, battery electric HDVs are currently considered more 
suitable for short-distance or urban freight transport where driving distances are 
relatively limited and charging opportunities are more accessible. In such 
applications, the required driving range is typically lower than in long-haul 
transport, allowing the use of smaller battery capacities. This can reduce the 
additional vehicle weight associated with large battery packs and may improve the 
overall feasibility of battery electric powertrains for urban and regional freight 
operations [44]. However, ongoing researches are focused on improving battery 
energy density, developing fast-charging technologies, and optimizing BMS to 
expand the applicability of battery electric powertrains in the long-hauled freight 
transport sector. 

2.3 Hydrogen fuel cell electric powertrains 
Fuel cell electric powertrains operate similarly to battery-electric powertrains as 
both systems use electric motors for vehicle propulsion. Unlike BETs which store 
electrical energy in batteries, FCETs generate electricity onboard using a hydrogen 
fuel cell system. In FCETs, hydrogen stored in high-pressure tanks is supplied to a 
fuel cell stack, where it reacts electrochemically with oxygen from the air to produce 
electricity, heat, and water. The generated electricity is then used to power the 
electric motor that drives the vehicle, while water is released as the only by-product 
at the tailpipe. Proton exchange membrane fuel cells (PEMFCs) are the commonly 
used fuel cell technology in automotive applications due to their relatively low 
operating temperature and high power density [57]. 

 

Figure 6: Schematic of a Proton Exchange Membrane Fuel Cell. [58] 



30 

FCETs offer several key advantages over battery-electric powertrains, which makes 
them suitable for long-haul freight transportation. In the first place, hydrogen offers 
high gravimetric energy density compared to batteries (see Figure 1), which allows 
fuel cell trucks to achieve long driving ranges comparable to H2-ICE trucks. In 
addition, hydrogen vehicles can be refueled within a few minutes, like conventional 
ICE trucks, which helps maintain high vehicle utilization in freight transport. 
Furthermore, electricity is generated electrochemically in the fuel cell without a 
combustion process, and hence, FCETs produce zero tailpipe emissions during 
operation [58].  

Fuel cell systems typically provide relatively high energy conversion efficiency 
compared to ICEs, particularly at part- to medium-load operations. The 
electrochemical conversion of hydrogen to electricity in a fuel cell stack typically 
achieves efficiencies of around 50–60% at such operating conditions. However, at 
higher loads, the efficiency of the fuel cell stack may decrease due to increased 
voltage losses at higher current densities and may approach the efficiency levels of 
conventional ICEs. Nevertheless, when combined with the high efficiency of 
electric motors, fuel cell powertrains can still achieve higher overall efficiencies 
than ICE powertrains [59]. 

While fuel cell electric powertrains offer several advantages, their widespread 
application in long-hauled transportation is still associated with important 
challenges. One of the main limitations is the relatively high cost of fuel cell 
systems, which is largely attributed to the use of precious metal catalysts such as 
platinum for PEMFC due to its good catalytic activity, stability to withstand the 
operating environment and resistance to corrosion. This results in a significant 
increase in the cost of ownership of the FCETs compared to ICE trucks [58]. In 
addition, PEMFCs require hydrogen of very high purity of greater than 99.9% to 
ensure reliable operation, since impurities such as carbon monoxide or sulphur 
compounds in the gas can poison the catalyst and significantly reduce fuel cell 
performance and lifespan [60]. 

Furthermore, FCETs typically requires an effective thermal management. Because 
PEMFCs operate at relatively low temperatures, the generated heat is low-grade 
(usually 60–100oC), which makes heat rejection more difficult and requires 
relatively large cooling systems to dissipate the waste heat. Such cooling systems 
can increase vehicle weight, require additional packaging space, and add complexity 
to the overall powertrain system [61]. Finally, fuel cell systems have a limited 
capability to respond to rapid load transients. Sudden changes in power demand may 
lead to voltage fluctuations and can accelerate degradation of the fuel cell stack.  
Therefore, modern FCETs typically incorporate auxiliary energy storage systems, 
such as batteries, that handle transient power demands while allowing the fuel cell 
to operate in a more stable and efficient load range [62]. 
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Above all, the large-scale adoption of FCETs is limited by the availability of 
hydrogen refueling infrastructure. At present, hydrogen infrastructure is still in an 
early stage of development and remains a potential barrier for hydrogen-powered 
transportation. Studies indicate that by the end of 2018 there were only about 370 
hydrogen refueling stations in operation worldwide, with most of them located in 
Europe, Japan, and North America. Half of the refueling stations are currently 
accessible while the others are used mainly for research or demonstration purposes. 
Therefore, the expansion of hydrogen mobility requires the development of a much 
larger network of refueling stations. A typical hydrogen refueling station is a 
complex system consisting of several components, including hydrogen production 
units, purification systems, compressors, storage tanks, hydrogen gas boosters, 
cooling units, and dispensing equipment. The installation of such infrastructure 
requires substantial investments and coordinated development of hydrogen 
production, distribution, and refueling systems, which continues to represent a major 
challenge for the widespread deployment of all hydrogen-powered HDVs [63]. 

2.4 Internal combustion engines 
Heavy-duty long-haul transportation is often considered one of the most difficult 
segments of the road transport sector to fully electrify due to the high energy demand 
associated with long driving distances and high payload requirements. 
Consequently, ICE powertrains are expected to remain an important solution for 
long-haul freight transport despite the rapid development of electrified powertrains. 
Compared with battery-electric and fuel cell powertrains, ICEs benefit from a 
mature and well-established technology base, together with a highly developed 
global fuel supply and refueling infrastructure. 

In addition, ICE powertrains provide high power density and robust operation, 
allowing them to deliver the large power outputs required for heavy-duty 
applications while remaining relatively insensitive to variations in fuel quality. ICEs 
can also operate reliably under a wide range of ambient conditions, including both 
very low and very high temperatures, and are generally less sensitive to 
environmental conditions compared to battery-electric and fuel cell powertrain 
technologies. 

Furthermore, ICEs are manufactured using widely available and recyclable 
materials, and their production, maintenance, and service infrastructure is already 
well established worldwide. This contributes to a significant reduction in the TCO 
of the vehicle – an important requirement for HDVs. Another important advantage 
is the fuel flexibility of ICEs, as they can operate on a wide range of fuels including 
conventional fuels, biofuels, synthetic fuels, and hydrogen, enabling their potential 
role in decarbonization of heavy-duty transportation systems [64, 65]. 
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ICEs also play a dominant role in other sectors that are hard-to-electrify, for 
instance, maritime transportation and large-scale power generation [66]. Marine 
transport relies almost entirely on IC engines for propulsion due to their ability to 
deliver high power output, long operational range, and reliable performance 
required for long-distance shipping. Although several alternative propulsion 
technologies are currently being investigated, ICEs are expected to remain widely 
used in marine applications for the foreseeable future, potentially operating with 
low-to-zero carbon fuels such as biogas, ammonia, or hydrogen. In addition to 
transportation, ICEs are commonly used as power gensets for electricity generation. 
These gensets can respond rapidly to fluctuations in electricity demand and 
variations in renewable energy production, thereby supporting grid stability and 
reliability. These operational requirements make ICEs particularly irreplaceable in 
such applications, highlighting their continued importance in several critical sectors. 

However, ICEs face an important challenge – tailpipe emissions of greenhouse 
gases and air pollutants from the combustion process. Conventional ICE 
powertrains predominantly operate on fossil-derived fuels such as diesel and 
gasoline, which leads to significant carbon dioxide (CO₂) emissions during 
operation. In addition to CO₂, combustion engines also produce nitrogen oxides 
(NOX), particulate matter, and unburned hydrocarbons that negatively affect air 
quality. These emissions represent a major drawback of ICE technology and have 
led to increasingly strict emission regulations in the transportation and power 
generation sector [19, 20].  

However, it is important to note that a major portion of the carbon emissions 
associated with ICEs originates from the fossil nature of the fuels rather than from 
the engine technology itself. By replacing conventional fossil fuels with renewable 
alternatives such as biogas or hydrogen, the overall greenhouse gas emissions from 
ICE-based powertrains can be significantly reduced. 

2.5 Renewable fuels 
Renewable fuels are increasingly considered as an important pathway to reduce 
greenhouse gas emissions from ICEs. In general, renewable fuels are produced from 
sustainable resources such as biomass, renewable electricity, or other non-fossil 
energy sources, and therefore offer the potential to significantly lower lifecycle 
carbon emissions compared with conventional fossil fuels. In recent years, 
renewable gaseous fuels, particularly biogas and hydrogen, have gained significant 
interests as potential alternatives to conventional fossil fuels in ICEs [67]. The 
following subsections therefore focus on these two fuels and their key properties 
relevant to ICE operation. 
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2.5.1 Biogas 
Biogas has gained increasing attention as a renewable gaseous fuel for ICEs in 
recent years, primarily due to the wide availability of organic feedstocks and its 
potential to reduce greenhouse gas emissions. Biogas can be produced from organic 
waste streams such as agricultural residues, manure, sewage sludge, and food waste 
through anaerobic digestion processes [68]. Biogas is primarily composed of 
methane along with some ethane, propane, nitrogen, and CO2. Since, it has a 
chemical composition like natural gas, biogas allows its use in existing natural gas 
engine technologies with minor modifications [69]. 

However, biogas exists in gaseous form under normal conditions and therefore has 
relatively low energy density in its non-compressed state. To improve its energy 
storage characteristics, biogas can be either compressed to high pressures (typically 
around 200 bar) as compressed biogas or liquefied at approximately −162 °C to 
produce liquefied biogas, which significantly increases its volumetric energy 
density [70]. Biogas also present environmental challenges when used in ICEs – 
unburned methane emissions, commonly referred to as methane slip. Methane is a 
25 times more potent GHG than CO2 and hence, it is of serious concern [71, 72]. 

In this thesis, pure methane was used to represent upgraded biogas. While methane 
captures the main combustion characteristics of upgraded biogas, it does not account 
for the effects of CO₂ dilution and other impurities present in raw biogas. 
Consequently, the results should be interpreted with this limitation in mind. 

2.5.2 Hydrogen 
In recent years, hydrogen has gained significant attention as a potential fuel for 
internal combustion engines due to its potential for low lifecycle greenhouse gas 
emissions, particularly when produced from renewable electricity through water 
electrolysis. In this context, hydrogen is often referred to as “green hydrogen” [73]. 
Hydrogen also serves as a fundamental building block for many synthetic fuels, 
commonly referred to as e-fuels. Compared with other synthetic fuels, hydrogen 
production involves fewer processing steps, which can result in more efficient 
power-to-fuel conversion pathways. 

Hydrogen contains no carbon atoms, and therefore its combustion theoretically 
eliminates carbon-based emissions such as CO, CO2, and soot. In practice, 
experimental studies have reported trace amounts of these emissions, which are 
typically attributed to the presence of lubricating oil entering the combustion 
chamber. However, the primary emission concern during hydrogen combustion is 
NOx, which can be mitigated through appropriate combustion strategies and exhaust 
after-treatment technologies [74, 75]. 
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Despite these advantages, hydrogen also presents important challenges related to 
storage and distribution. Under ambient conditions hydrogen has a very low 
volumetric energy density. To increase its storage density, hydrogen is typically 
compressed to high pressures ranging from 200 to 700 bar or liquefied at cryogenic 
temperatures around −253 °C [76]. These storage and transportation requirements 
introduce additional technical complexity and cost, which currently remain 
important challenges for the large-scale deployment of hydrogen as a fuel. 

2.5.3 Properties of biogas and hydrogen 
Both biogas and hydrogen are particularly suitable for spark ignition (SI) engines 
due to their high octane rating and high autoignition temperature, which provide 
excellent resistance to engine knock. Table 1 summarizes a comparison of important 
fuel properties of methane (the main constituent of biogas) and hydrogen. Hydrogen 
exhibits a wide flammability range and high laminar burning velocity, as shown in 
Table 2, which enables hydrogen engines to operate under significantly leaner 
conditions compared to methane. 

Table 2: Net volumetric and gravimetric density of different fuels [75, 77, 78] 

Property Hydrogen Methane 

Research Octane Number (RON) > 130 120 

Lower heating value (MJ/kg) 120 50 

Minimum ignition energy at λ = 1 (mJ) 0.02 0.28 

Self-ignition temperature at λ = 1 (K) 858 873 

Flammability limits in air (vol%) 4 – 75 5 – 15 

Flammability limits (λ) 10 – 0.14 2 – 0.6 

Laminar burning velocity at λ = 1 (cm/s) 290 48 
 

To summarize, HDVs require powertrains that can deliver high efficiency, 
durability, long driving range, and rapid refueling or recharging. Both battery-
electric and fuel cell electric powertrains offer important pathways toward zero 
tailpipe emissions, but they still face limitations in long-haul applications related to 
energy storage, infrastructure, cost, and system complexity. Internal combustion 
engines therefore remain a practical and competitive solution, particularly when 
operated with renewable gaseous fuels such as biogas and hydrogen. These fuels 
can significantly reduce lifecycle greenhouse gas emissions while retaining the 
robustness, high power output, and operational flexibility required for heavy-duty 
transport. Since both hydrogen and biogas are well suited for spark ignition 
operation, the following chapter focuses on the fundamentals of spark ignition for 
such applications. 
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Chapter 3  
Spark ignition 

Ignition plays a very important role in all SI-ICE applications. It is an energy-
exchange phenomenon where electrical energy, in the form of a spark plasma, is 
converted to thermal energy that is transmitted to the fuel-air mixture present in the 
spark plug electrode gap to ensure a successful initiation of the combustion process 
[79, 35]. The energy discharged at the gap provides a local rise in temperature of 
the fuel-air mixture to several thousand Kelvin, hence exceeding auto-ignition 
temperature of the fuel. The auto-ignition temperature triggers breakdown of 
hydrocarbon chains (by reaching the activation energy of the fuel) and the charge 
possesses sufficient internal energy to oxidize carbon and hydrogen into CO2 and 
water in the vapour state [80]. 

3.1 Phases of spark 
Every  spark discharge event undergoes three distinctive phases: 

• Breakdown 
• Arc 
• Glow 

Initially, the gas volume within the electrode gap represents a perfect insulator. Once 
the circuit is triggered to stop charging the ignition coil, the voltage across the spark 
plug electrode gap rises rapidly but no  spark is present yet. This is the pre-
breakdown stage where random electrons gain energy in the rising electric field and 
therefore are accelerated towards the anode. As soon as the applied electric field 
reaches sufficiently high values (5-10 kV/mm in air and ambient conditions), the 
field-accelerated electrons ionize the fuel-air molecules by collisions and generates 
additional electrons and ions like an avalanche, also known as the impact ionization 
effect [81, 82]. Once this avalanche becomes self-sustained, the spark discharge 
enters the breakdown phase, as shown in Figure 7. 
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Figure 7: Schematic of spark discharge formation mechanism during pre-breakdown stage. [82] 

Breakdown 
Breakdown is the abrupt formation of a highly conductive plasma channel across 
the spark plug electrodes’ gap. This is the phase where plasma starts to become 
visible between the gap. This phase has a duration on the order of tens of 
nanoseconds and requires a voltage of 10 kV or higher. Figure 8 shows the 
distribution of spark voltage over time at different phases during a spark event. The 
breakdown voltage is linearly dependent on the in-cylinder gas pressure and the 
electrode gap, according to Paschen’s law. During the breakdown phase, the plasma 
temperature can rise to 60,000 kelvin, while the current can rise to several hundred 
amperes. The end of breakdown is marked by the formation of a conductive plasma 
channel, and the electrodes are heated up due to the intense energy flux, which leads 
to the next phase, the arc phase [28]. 
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Figure 8:  Distribution of spark voltage over time at different phases during a spark event. 

Arc 
The arc phase is characterized by a highly conductive thin plasma  where the heated 
cathode during the breakdown phase emits thermionic electrons and supply a large 
electron current. Here, the current typically ranges from 10 to 20 A, primarily 
supplied by the parasitic capacitances in the spark plug and ignition coil extension. 
As a result, the voltage needed to sustain the discharge is low (see Figure 8) and the 
temperature of the plasma falls to below 10,000 K. The arc phase typically lasts for 
a few microseconds after the breakdown [28, 83]. 

Glow 
As the energy stored in the parasitic capacitances is depleted, the spark discharge 
finally transitions into the glow phase. The primary mechanism of sustaining the 
plasma during this phase becomes secondary electron emission from the cathode 
by photons or ions, rather than thermionic emission [83]. The current typically 
decreases  from 10 to 200 mA and hence, the voltage drop near the cathode 
increases and becomes much higher to sustain the current. During the glow phase, 
the current is supplied by the ignition system through the primary and secondary 
coil windings. A strong enough glow current is required to sustain the plasma 
channel. In the presence of turbulence, the plasma channel is stretched by the 
surrounding flow field, forming a bow-shaped trajectory. A higher glow current 
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can sustain a longer plasma than a lower current, increasing the flame kernel area, 
which in turn is expected to increase the capability to trigger a self-sustained 
combustion [84 – 88]. 

The ability to ignite a fuel–air mixture depends on the characteristics of the spark 
discharge, which in turn depends on the ignition system that generates and controls 
the spark. An overview of the ignition systems relevant to this thesis work is 
presented in the following section. 

3.2 DC inductive spark 
Conventional ignition systems typically produce a unidirectional spark discharge, 
commonly referred to as a DC spark. In this type of discharge, the current flows in 
a single direction across the electrode gap. As a result, one electrode remains the 
cathode while the other acts as the anode throughout the spark duration [84]. One 
of the most widely used ignition systems in SI-ICE applications is the DC inductive 
discharge ignition (IDI) system. A schematic representation of this system is shown 
in Figure 9. 

         

Figure 9:  DC inductive system. Left: Schematic diagram. Right: Typical DC inductive coil. [89] 

In this type of ignition system, electrical energy is stored in the magnetic field of an 
ignition coil consisting of a primary and a secondary winding. The energy stored in 
the coil is controlled by the dwell time, which is the duration during which current 
flows through the primary winding from the battery or power supply. During this 
period, the magnetic field in the coil gradually increases. When the current is 
suddenly interrupted by triggering the ignition pulse, the magnetic field collapses 
rapidly and induces a high voltage in the secondary winding. This high voltage 
initiates the spark discharge across the spark plug gap [90]. 
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The dwell time is the only control parameter in an IDI system. In practice, the 
maximum available voltage required to initiate a spark increases with longer dwell 
time. However, a longer dwell time also increases the energy stored in the ignition 
coil. This results in higher spark current and longer spark duration during the 
discharge. Consequently, a very high spark energy is discharged across the electrode 
gap, which can often exceed the energy required to achieve a robust combustion 
[90]. Figure 10 shows typical spark voltage and current waveforms of a DC 
inductive spark at different dwell times. 

 

Figure 10: Examples of spark voltage and current waveforms of a DC inductive ignition system           
at 300 μs and 3000 μs dwell times.[Paper III]. 

3.3 AC capacitive spark 
Unlike conventional DC sparks, an alternating-current (AC) spark periodically 
changes the polarity of the electrodes. As a result, the current flows in both 
directions across the spark gap, resulting in a bidirectional discharge. Figure 11 
shows typical spark voltage and current waveforms produced by an AC capacitive 
ignition for spark durations of 70 µs and 500 µs. In both cases, the spark current was 
maintained at 100 mA. 
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Figure 11: Examples of spark voltage and current waveforms of an AC capacitive ignition system  
at 70 μs and 500 μs spark durations.[Paper I]. 

At the beginning of the discharge, electrical breakdown occurs when the voltage 
across the spark gap exceeds the breakdown threshold. This initiates the spark and 
forms the initial plasma channel. During the first half-cycle, the discharge behaves 
similarly to a DC spark. The current flows in one direction until it naturally 
decreases to zero at the end of the half-cycle. At this point the plasma channel can 
no longer be sustained, and the spark temporarily extinguishes. 

In the following half-cycle, the voltage builds up again with opposite polarity and 
the spark re-ignites. The voltage required for this re-ignition is typically lower than 
the initial breakdown voltage. This occurs because residual ionized gas remains in 
the spark gap after the previous discharge. The remaining charged particles facilitate 
the re-ignition process and enable the next half-cycle discharge. From the voltage 
and current behavior, each half-cycle of an AC spark can therefore be considered as 
a short DC-like spark discharge [84].  

In this thesis work, the AC spark is generated using a newly developed capacitive 
ignition system by Phinia (formerly Swedish Electromagnets – SEM AB). Unlike 
inductive ignition systems, capacitive ignition systems store electrical energy in one 
or more capacitors before the spark is released. The stored energy is then discharged 
through the ignition coil to generate the spark [91]. A schematic representation of 
this system is shown in Figure 12. 
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Figure 12: AC capacitive system. Left: Schematic diagram. Right: Typical AC capacitive ICM 
communicating with ECU and ignition coils. [91] 

The AC capacitive ignition system provides a higher degree of freedom in 
controlling the spark characteristics. The available spark voltage (ASV), spark 
current and spark duration can be adjusted independently on a cycle-by-cycle basis 
using a patented microprocessor, controlled embedded power-electronic system, 
and CAN communication. By controlling the switching of capacitors and power 
electronics from the ignition control module (ICM), the system can generate sparks 
with durations ranging from a single half AC wavelength to significantly longer 
discharges [91]. This capability allows the spark energy to be adjusted according to 
the ignition requirement and helps avoid unnecessary spark energy being delivered 
to the electrode gap. 

3.4 Ignitability versus spark plug wear – an inherent 
trade-off 
Achieving robust ignition is essential for SI engines because it directly influences 
combustion stability. A stable combustion is important for maintaining consistent 
engine performance and efficient operation. It is commonly evaluated using the 
coefficient of variation of the indicated mean effective pressure (COVIMEP) [33]. 
Higher values of COVIMEP indicate increased cycle-to-cycle variability, which can 
reduce thermal efficiency and lead to increased noise, vibration, and harshness 
(NVH). 

Ignitability is commonly associated with the characteristics of the spark discharge, 
particularly the spark energy [92]. Several studies have investigated the influence 
of ignition energy on combustion performance in SI engines. Chen et al. [93] studied 
the effect of spark energy on natural gas combustion in a high-compression-ratio 
optical engine operating under lean conditions and reported that higher ignition 
energy improved combustion stability by accelerating early flame kernel growth. 
Similar observations have been reported in [94], which showed that increasing 
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ignition energy improves combustion stability, especially for lean mixtures, 
although the beneficial effect becomes marginal beyond a certain energy level. 

In recent years, advanced ignition concepts, capable of delivering higher spark 
energies, have gained significant interest to further improve combustion 
performance, particularly for engines operating with gaseous fuels. Cruccolini et al. 
[95] demonstrated that a corona discharge igniter can extend the lean operating limit 
and reduce cycle-to-cycle variability compared with a conventional spark igniter in 
an optical engine fuelled with methane and hydrogen–methane blends. Similar 
improvements in early flame development and combustion stability have also been 
reported using non-equilibrium low-temperature plasma ignition systems in 
hydrogen engines [96]. However, increasing spark energy is not without limitations, 
as it may accelerate spark plug wear. The repeated high-energy spark discharges 
lead to gradual erosion of the spark plug electrodes caused by thermal loading, 
electrical erosion, and material oxidation. As the electrodes wear, the spark gap 
increases, which may affect ignition robustness and engine performance over time 
[18]. Spark plug durability is a critical aspect for heavy-duty SI engines. Frequent 
spark plug replacement increases TCO through costs for labour, material and vehicle 
downtime. 

To address this issue, significant research efforts have focused on the development 
of high-endurance spark plugs. However, these spark plugs are often expensive 
since they employ precious metals such as platinum or iridium on the electrode 
surfaces to improve resistance to erosion, as illustrated in Figure 13 [97–98, 38]. 
Alternatively, optimizing the spark ignition process may provide a viable solution 
as it can help reducing electrode wear by maximizing the energy transfer from the 
spark plasma to the gas while minimizing thermal losses to the electrodes during 
flame kernel formation and early flame development. 
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Figure 13:  Durability versus material cost of different spark plugs.[Paper I] 

3.5 Special considerations for hydrogen in SI-ICE 
Ignition energy becomes even more important in hydrogen engine operation. 
Hydrogen has a very low minimum ignition energy, which makes the fuel relatively 
easy to ignite. At the same time, hydrogen exhibits a high autoignition temperature. 
This combination creates unique challenges for the spark ignition control design and 
increases the susceptibility of hydrogen engines to pre-ignition – an unintended 
ignition before the scheduled spark timing during the compression stroke.  Pre-
ignition may be triggered by hot surfaces, such as overheated spark plug electrodes, 
or by residual electrical energy released from the ignition system [40–42, 99] and 
can lead to catastrophic engine damage. 

On the other hand, the high autoignition temperature of hydrogen enables the use of 
higher compression ratios to improve engine efficiency. Higher compression ratios 
increase the in-cylinder pressure at the time of ignition, which requires elevated 
secondary voltage to achieve electrical breakdown across the spark gap. At the same 
time, it is necessary to limit the spark energy deposited at the electrode gap by 
actively controlling the spark current and discharge duration, particularly during the 
glow phase. In addition, minimizing stray/parasitic capacitances in the ignition coil 
design can help reduce unnecessary energy release from the ignition system [99,41–
42]. The combination of elevated secondary voltage and higher compression ratios 
can increase the temperature of the spark plug electrodes. This may further increase 
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the risk of pre-ignition in hydrogen engines. As a result, spark ignition design for 
H2-ICEs involves a challenging balance between achieving a robust ignition and 
avoiding conditions that promote pre-ignition. 

These considerations highlight the importance of improved control over the ignition 
process in spark-ignition engines operating with gaseous fuels. A smart ignition 
system capable of delivering only the required energy at the spark gap—without 
excessive energy discharge—could provide a potential solution to achieve a robust 
ignition while limiting spark plug wear and reducing the risk of abnormal 
combustion events, particularly in hydrogen operation. 

Conventional DC inductive ignition system offers limited flexibility in controlling 
the characteristics of the spark discharge. In such systems, the available spark 
voltage is closely linked to the dwell time, which determines the amount of energy 
stored in the ignition coil prior to the spark discharge. As a result, achieving the 
required breakdown voltage under demanding operating conditions often  increases 
the total energy released during the spark event. In contrast, the newly developed 
AC capacitive ignition system used in this thesis work provides greater flexibility 
in controlling individual spark parameters. It allows independent control of 
available spark voltage, spark current, and duration, thereby offering additional 
degrees of freedom to tailor the spark characteristics. This improved controllability 
may enable the development of optimized ignition strategies for gaseous-fuelled SI 
engines, including those operating with biogas and hydrogen. 

However, to optimally design ignition control strategies requires a better 
understanding of the spark ignition process. Several knowledge gaps remain 
regarding how electrical energy from the spark is transferred to the gas and how this 
process influences ignitability and combustion performance in both hydrogen and 
biogas-fueled ICEs. This thesis aims to address these knowledge gaps by 
investigating the following research questions: 

• How efficiently is electrical energy transferred from the spark to the gas during 
the different phases (breakdown, arc, and glow)? 

• How do spark control parameters, spark plug geometries, and gas pressure 
interact, and how can this be used to maximize the energy transfer from the 
spark to the gas? 

• What is the minimum effective spark energy required to achieve a robust 
ignition in both hydrogen and biogas-fueled engines at different operating 
conditions? 

• Can optimized spark ignition parameters improve combustion performance and 
avoid abnormal combustion events in hydrogen engines, particularly at high-
load operations? 
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Chapter 4  
Platforms for spark ignition and 
engine research 

The research presented in this thesis is based on experiments performed on multiple 
platforms designed to investigate the spark ignition processes at different levels of 
complexity. These platforms include both constant-volume chambers and single-
cylinder research engines. Each platform serves a specific purpose, ranging from 
fundamental studies of spark discharge to the evaluation of ignitability and 
combustion performance of hydrogen and biogas at engine-relevant conditions. The 
use of multiple experimental platforms enables a systematic investigation of spark 
ignition, where fundamentals can first be studied under well-controlled conditions 
and then evaluated in practical engine operation. 

The experiments were conducted in test facilities located at Lund University, 
Chalmers University of Technology, and the Wärtsilä Sustainable Technology Hub 
(STH). 

4.1 Constant-volume chambers 
Constant-volume chambers were used in this work to study spark ignition under 
well-controlled conditions. These chambers allow independent control of key 
parameters such as gas pressure and temperature, making it possible to investigate 
the influence of individual spark parameters without the complexity introduced by 
engine operation. 

In this thesis, two types of constant-volume chambers were used. A spark 
calorimeter was employed to quantify the transfer of electrical energy from the spark 
to the gas, while a dedicated chamber is was used to study spark plug wear under 
controlled thermodynamic conditions. Together, these setups provide fundamental 
insight into the efficiency of spark energy utilization and the mechanisms governing 
electrode erosion. 
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4.1.1 Spark calorimeter 
A constant-volume spark calorimeter, shown in Figure 14, was developed by the 
author at Lund University to study the spark ignition process and quantify energy 
transfer from the spark to the gas. The design of the calorimeter was based on 
previous studies on pressure-based energy deposition measurements and was further 
refined through several design iterations to reduce thermal losses and improve 
measurement [100, 101].  

To minimize heat losses, the calorimeter body was constructed from plexiglass, 
which has a significantly lower thermal conductivity than metals such as stainless 
steel. It ensures that a larger fraction of the deposited spark energy remains within 
the gas, thereby improving the accuracy of the energy transfer measurements. The 
chamber has a cylindrical volume of 7.5 cm³, selected to provide a measurable 
pressure response to the spark energy input. A small gas volume enhances the 
temperature and pressure rise for a given energy input, which improves the signal-
to-noise ratio. In addition, the  small volume limits heat losses, enabling a more 
accurate estimation of the energy transferred from the spark to the gas. The chamber 
is equipped with inlet and outlet ports for gas filling and purging respectively, and 
an additional volume of 3.4 cm3 is associated with the intake and purge lines 
connected to the chamber. Experiments were conducted using nitrogen supplied 
from a high-pressure gas bottle with regulated pressure control. Nitrogen was 
chosen as the working gas instead of air to avoid ozone build-up in the chamber 
during repeated spark discharges, which may influence the spark behavior and 
introduce uncertainty in the measurements. 

       

Figure 14: Left: Spark calorimeter at Lund University. Right: Schematic diagram of the test-rig. 
Source: Paper II 
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The pressure rise inside the chamber was measured using a high-sensitivity 
differential pressure transducer (PCB 106B51), shown in Figure 15. The transducer 
has a sensitivity of 131 µV/Pa, a measurement range of 35 kPa, and a resolution of 
0.00034 kPa. Its fast dynamic response (rise time of 12 µs and resonant frequency 
above 40 kHz) enables accurate capture of the rapid pressure increase generated by 
the spark discharge. The transducer was mounted on the calorimeter using an acetal 
adapter to provide electrical isolation, and the signal was amplified using a Kistler 
5134B coupler. 

 

Figure 15: The PCB 106B51 pressure transducer. 

The spatial arrangement of the spark plug and pressure transducer is an important 
design consideration. The two components were positioned opposite each other  at 
a distance of 12.5 mm. This results in a delay of approximately 37 µs between the 
spark onset and the arrival of the pressure wave at the transducer, as shown in Figure 
16. This delay is compatible with the travelling time of the pressure wave across the 
calorimeter at the speed of sound, from the electrode tip to the sensor. The selected 
distance represents a compromise between measurement accuracy and sensor 
protection. Positioning the transducer closer to the spark plug would enhance the 
measurement accuracy, but would also increase the risk of exposure of the 
transducer to the spark plasma, leading to measurement errors or potential damage. 
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Figure 16: Pressure data from the spark calorimeter at 150 mA–40 µs spark. Source: Paper II 

In addition to pressure measurements, the electrical characteristics of the spark 
discharge were recorded. The spark voltage was measured using a capacitive high-
voltage probe (MI074), while the spark current was determined from the voltage 
drop across a 10 Ω resistor placed in the return path of the ignition circuit. The gas 
temperature inside the chamber was monitored using a K-type thermocouple. A 
signal generator was used to trigger the ignition system at frequencies corresponding 
to different engine speeds. All signals were recorded using a PC-based 80 MHz 
PicoScope 6000 automotive oscilloscope. The setup thus enables accurate 
quantification of the energy transferred from the spark to the gas and forms the basis 
for the analysis presented in chapter 6.2. 

4.1.2 Spark-plug wear chamber 
A dedicated constant-volume chamber was developed at the test facility of Wärtsilä 
STH to study spark plug wear, as discussed in chapter 6.1. While the chamber is 
similar in concept to the spark calorimeter, its primary purpose is to investigate 
electrode erosion over extended operating periods. The setup is designed for long-
duration operation, allowing continuous test runs of up to 24 hours. The chamber 
has a significantly larger volume of 400 ml compared to the spark calorimeter, 
which helps maintain stable thermodynamic conditions during repeated spark 
discharges by reducing the influence of pressure rise and heat accumulation. The 
experiments were conducted using pressurized air, with the chamber pressure 
regulated through a pneumatic control system. In addition, the chamber was 
continuously purged with air at a flow rate of approximately 5 liters/min to prevent 
the accumulation of ozone, which could otherwise affect electrode erosion rates. To 



49 

better represent engine-relevant conditions, spark plugs were externally heated. The 
ground electrode was continuously heated using a laser to 750 °C, and its 
temperature is measured using an optical pyrometer. In addition, the spark plug head 
is maintained at 120 °C using an external heater. 

Spark plug wear is quantified by monitoring the breakdown voltage over time, 
which serves as an indirect measure of electrode gap growth. As the electrodes 
erode, the gap increases, leading to a corresponding rise in breakdown voltage. The 
breakdown voltage was continuously measured during the test using a Tektronix 
P6015 high-voltage probe, allowing electrode wear to be monitored over time. 

4.2 Single-cylinder research engines 
In addition to the fundamental studies conducted in constant-volume chambers, 
engine experiments were performed to investigate ignitability of hydrogen and 
biogas combustion at different operating conditions. Single-cylinder research 
engines are particularly suitable for this purpose, as they provide a high level of 
control over operating parameters while retaining the key characteristics of practical 
engine operation. The experimental work in this thesis was carried out using three 
different single-cylinder engine platforms. 

4.2.1 Wärtsilä W31SCE 
The Wärtsilä W31SCE single-cylinder engine was used to investigate ignitability in 
large-bore marine biogas engines operating under lean-burn conditions, as discussed 
in chapter 6.1. The engine is based on the Wärtsilä W31 platform (see Figure 17), 
which is currently in commercial production. The designation “W31” refers to its 
bore diameter of 31 cm. It has a displacement of 32.4 L and is equipped with an 
active pre-chamber system. It delivers a nominal power output of approximately 
600 kW at 750 rpm. The engine is located at the test facility of Wärtsilä STH in 
Vaasa, Finland. The specifications are summarized in Table 3. 
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Figure 17: Wärtsilä W31 full-scale gas engine used as reference for the W31SCE engine platform. 
[102] 

Table 3: Specifications of the Wärtsilä W31SCE single cylinder engine. Source: Paper I 

Engine type W31SCE 
Swept volume 32.4 L 
Main injection type Port-injected 
Bore 310 mm 
Stroke 430 mm 
Length of con rod 1095.2 mm 
λ (main chamber) 2.0 
λ (pre-chamber) 1.4 

 

The overall engine control system is managed by Wärtsilä, and detailed control 
strategies were not accessible due to proprietary restrictions. In addition, detailed 
information regarding the pre-chamber design—such as geometry, orifice 
configuration, and internal flow characteristics—was not provided by Wärtsilä. 
However, the spark-trigger signal from the engine control unit was made available, 
enabling external control of spark ignition parameters through an ignition control 
module (ICM). Communication with the ICM was established via CAN using 
Vehicle Spy 3 software. 

For the ignitability study, in-cylinder pressure traces were recorded using a piezo-
electric pressure transducer with 0.1 CAD resolution. In addition, the electrical 
characteristics of the spark discharge were measured. The spark voltage was 
measured using a Tektronix P6015 high-voltage probe, while the spark current was 
determined from the voltage drop across a 10 Ω resistor placed in the return path of 
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the ignition circuit. Both signals were recorded using a PC-based 80 MHz 
PicoScope 6000 automotive oscilloscope. 

4.2.2 Scania D13 optical engine 
The Scania D13 optical research engine, shown in Figure 18, was used in this work 
to investigate ignitability and flame kernel development in hydrogen combustion 
under premixed conditions. The platform enables direct visualization of flame 
kernel formation, growth, and extinction, which are not accessible through pressure-
based measurements alone. This is essential for understanding the mechanisms 
governing misfire under highly diluted conditions, as discussed in chapter 6.4. 

    

Figure 18: The Scania D13 optical engine at Lund University. Left: Engine test cell. Right: Cross-
sectional schematic of the optical engine and camera setup. The top view shows the spark plug and 
injector placement as well as the camera field of view. Source: Paper III 

The engine is modified based on the Bowditch design. The modified cylinder is 
equipped with a gas-engine-type cylinder head featuring a centrally located spark 
plug. One of the exhaust valves has been removed to accommodate a low-pressure 
hydrogen injector of the outward-opening hollow-cone type. Table 4 summarizes 
the specifications of the engine. Hydrogen is supplied at 18 bar absolute pressure 
through a buffer tank of 0.5 L, which stabilizes pressure fluctuations during 
injection. The hydrogen flow rate is measured using a Bronkhorst F-112AC mass 
flow meter. Air is supplied by compressors and cooled using heat exchangers, with 
the airflow measured upstream using a Bronkhorst F-106BI flow meter. 
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Table 4: Specifications of the Scania D13 optical single cylinder engine. Source: Paper III 
Engine type Scania D13 
Swept Volume 2.1 L 
Bore 310 mm 
Stroke 430 mm 
Length of con rod 255 mm 
Compression ratio 11.5:1 
Swirl ratio 2.2 
No. of intake valves 2 
No. of exhaust valves 1 

 

In contrast to the production ECU that operates based on pre-defined control 
strategies, this engine is equipped with a flexible in-house control and data 
acquisition system. The control system is implemented in a LabVIEW-based 
environment, allowing independent control of key parameters such as injection 
timing, ignition timing, and other operating conditions. It enables synchronized 
acquisition of both crank-angle-resolved and time-based signals. High-frequency 
signals (up to 30 kHz),  such as in-cylinder pressure and ignition characteristics, 
were recorded on a crank angle basis, while low-frequency signals (up to 50 Hz), 
including temperatures, pressures, and flow rates, were recorded on a time basis. In 
addition, both spark voltage and current were measured using the same approach 
described in chapter 4.1.1. 

Optical access to the combustion chamber was achieved from below  through a 
fused-silica piston and an UV-enhanced aluminium mirror. The piston features a 
“Mexican hat” geometry, which magnifies the central region of the combustion 
chamber around spark timing, improving the visualization of the flame kernel 
development. A high-speed camera was used to capture the evolution of the early 
flame kernel. 

4.2.3 Volvo D13 engine 
A Volvo D13 single-cylinder engine was used to investigate ignitability and cycle-
to-cycle variability in DI hydrogen combustion at high load operation. This platform 
complements the optical engine studies by enabling evaluation of spark ignition 
where both mixture dilution and injection timing influence the combustion 
performance, as discussed in chapter 6.5. 

The cylinder head of the engine is modified to accommodate a centrally mounted 
hydrogen injector while the spark plug is mounted off-center between the intake and 
exhaust valves. The injector operated at injection pressures up to 40 bar and was 
equipped with a single-hole flow-guiding cap. The injection strategy is designed to 
utilize jet momentum to generate a strong in-cylinder flow structure, promoting 
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mixture formation while maintaining turbulent kinetic energy near TDC. Since the 
base engine was originally designed for compression ignition operation, the 
compression ratio was reduced from 18:1 to 10:1 by introducing a concave piston 
geometry. This modification enables stable hydrogen combustion while avoiding 
severe combustion anomalies such as knock. Due to design constraints, several 
features of the original cylinder head are retained, resulting in a weak swirl motion 
generated by the intake system. Engine specifications are summarized in Table 5. 

Table 5: Specifications of the Volvo D13 single cylinder engine. Source: Paper V 
Engine base type Volvo D13 
Displaced volume (cm3) 2116 
Bore (mm) 131 
Stroke (mm) 158 
Con rod length (mm) 254 
Compression ratio 10:1 
No. of intake valves 2 
No. of exhaust valves 2 

 

Hydrogen is supplied from external high-pressure storage and regulated prior to 
injection. A small buffer volume was installed upstream of the injector to reduce 
pressure fluctuations during operation. The hydrogen flow rate was measured using 
a Coriolis mass flow meter. A throttle valve was installed in the intake line but it 
remained fully open during the experiments. Engine load was controlled by 
adjusting the intake pressure and the hydrogen fuel flow rate. The intake air flow 
rate was measured using a hot-wire anemometer. A schematic diagram of the test 
bed is shown in Figure 19. 

 

Figure 19: Schematic diagram of Volvo D13 engine test bench at Chalmers University of Technology. 
Source: Paper V 
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The engine test bench is controlled using an AVL PUMA system, which enabled 
automated operation and integration of data acquisition from both high and low 
frequency measurement systems connected to the engine. In-cylinder pressure was 
measured using a piezoelectric pressure transducer with a resolution of 0.1 CAD. In 
addition, both spark voltage and current were measured and recorded using the 
similar approach explained in chapter 4.1.1. 
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Chapter 5  
Research methods 

This chapter presents the research methods employed in this thesis. The 
experimental platforms described in the previous chapter were used to generate data 
over a wide range of operating conditions. These data require systematic methods 
to analyze the spark ignition process and combustion performance in hydrogen and 
biogas engines. The methods include both experimental design approaches and 
combustion analysis techniques. Together, they provide a structured framework for 
analyzing the experimental data and gaining deeper insight into the factors 
governing robust spark ignition at different operating conditions. 

5.1 One factor at a time (OFAT) 
The OFAT approach is a widely used experimental method in which one parameter 
is varied at a time to establish its primary effects on the system while keeping all 
other parameters constant [103]. This approach is particularly useful in combustion 
engine studies for identifying trends and thresholds, such as the onset of unstable 
combustion or misfire. 

In this thesis, OFAT is employed in the initial stages of the experimental 
investigations. For example, in the ignitability analysis of the biogas engine (chapter 
6.1), spark energy was varied while maintaining constant engine operating 
conditions to identify the combustion instability. Similarly, in the electrical-to-
thermal energy transfer analysis (chapter 6.2), both spark current and duration were 
varied one at a time to evaluate their influence on the net energy deposited to the 
gas and to estimate energy transfer efficiencies at different phases of a spark. 

A key limitation of the OFAT approach is that it does not capture interactions 
between parameters [104]. As illustrated in Figure 20, the experimental points 
obtained using OFAT lie along one-dimensional paths in a multi-parameter space. 
In practical engine operation, multiple parameters vary simultaneously, and their 
combined effects may differ from the sum of their individual influences. As a result, 
OFAT cannot fully describe the complex relationships governing combustion 
performance. This limitation motivates the use of design of experiments (DoE) 
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methods, which allow systematic investigation of both individual effects and 
interactions between parameters. 

 

Figure 20: Example of an OFAT approach with three factors. [103] 

5.2 Design of experiments (DoE) 
DoE provides a systematic framework to investigate both the individual and 
combined effects of multiple parameters. By varying several parameters 
simultaneously according to a designed experimental plan, DoE enables efficient 
exploration of the parameter space and identification of interactions with other 
variables. In particular, the use of orthogonal designs allows the effects of individual 
factors to be separated, even though all are varied at the same time. With less 
structured or non-orthogonal test matrices, the effects become confounded with each 
other. 

In this thesis, a central composite design (CCD) was used. It is a commonly used 
response surface methodology (RSM) technique, typically built on a two-level 
factorial design, with superimposed axial points (face-centered) and center points. 
Factorial points represent combinations of high and low levels of each parameter, 
axial points extend the design space to capture curvature, and center points are used 
to estimate experimental variability and improve the robustness of the model. Thus, 
the design structure enables estimation of both main and interaction effects, as well 
as curvature through quadratic terms, by fitting a second-order regression model. A 
schematic illustration of the CCD structure is shown in Figure 21, using a three-
factor experiment. For a more detailed explanation of the CCD method and its 
statistical properties, refer to [105, 106]. 
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Figure 21: Schematic of a central composite design with three factors. 

The use of CCD forms the basis for the analyses presented in chapters 6.3 and 6.5. 
In chapter 6.3, CCD was used to study the influence of multiple physical and 
electrical spark parameters on the energy deposition to the gas. In chapter 6.5, CCD 
was utilized to closely evaluate the combined effects of mixture dilution, injection 
timing, and spark parameters on engine stability and combustion performance in DI 
hydrogen engine. By using this DoE method, it becomes possible to identify optimal 
spark parameter combinations for achieving a robust ignition while minimizing 
excess spark energy discharge. 

5.3 Heat release analysis 
Heat release analysis is a fundamental tool to evaluate the combustion performance 
and efficiency in ICEs [30]. In this thesis, heat release analysis is used to evaluate 
both the combustion process in engines and the net electrical-to-thermal energy 
deposition to the gas in the spark calorimeter. 

The analysis is based on the first law of thermodynamics, which relates to heat 
addition to the working fluid to changes in internal energy and the work done by the 
gas during combustion. The general form for a closed system is: dQ =dU + pdV  (1) 

where dQ is the heat added to the system, dU is the change in internal energy, p is 
the cylinder pressure, and dV is the change in cylinder volume. 

Using the ideal gas law and assuming a constant ratio of specific heats, the rate of 
heat release with respect to crank angle can be expressed as: 
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ୢ୕ୢ஘ = ஓஓିଵ p ୢ୚ୢ஘ + ଵஓିଵ V ୢ୮ୢ஘     (2) 

where Q is the heat released, θ is the crank angle, γ is the ratio of specific heats, and 
V is the cylinder volume. 

In engine applications, heat release analysis is performed based on in-cylinder 
pressure measurements. The heat release rate is integrated to obtain cumulative heat 
release, which allows the determination of key combustion parameters such as 
ignition delay, combustion phasing, and burn duration. 

In the spark calorimeter, the same thermodynamic principle is applied in a 
simplified form to estimate the net energy deposited from the spark to the gas. Since 
the chamber volume is constant, the analysis is based only on the measured pressure 
rise (see equation 3), which is directly related to the thermal energy added to the 
gas. In this case, the heat release rate is expressed as a function of time rather than 
crank angle: ୢ୕ୢ୲  = ଵஓିଵ V ୢ୮ୢ୲   (3) 

5.4 Engine performance analysis 
In this thesis, combustion performance is evaluated using a set of metrics derived 
from in-cylinder sampling and heat release analysis. These metrics are used to 
quantify ignitability, combustion phasing, and cycle-to-cycle variability at different 
operating conditions. 

MFB: Mass fraction burned (MFB) represents the fraction of the total fuel energy 
released during combustion. It is obtained from the cumulative heat release and 
describes the progression of the combustion process. 

CAX: It is defined as the crank angle degree at which x% of the total heat release 
has occurred during the combustion process. The crank angle corresponding to 5% 
MFB (CA05) and 10% MFB (CA10) are used to describe early flame development. 
The crank angle at 50% MFB (CA50) represents the combustion phasing while the 
crank angle at 90% MFB (CA90) is used to indicate burn duration. 

IMEP: In addition to heat-release-based metrics, the indicated mean effective 
pressure (IMEP) is used to quantify the work output associated with the combustion 
process. IMEP is calculated from the pressure–volume diagram as: 

IMEP = ଵ௏ௗ ׬ 𝑝 𝑑𝑉  (4) 
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where p is the in-cylinder pressure, V is the cylinder volume, and Vd  is the 
displacement volume, defined as the volume swept by the piston between TDC and 
BDC. The integral ׬𝑝 𝑑𝑉 represents the net indicated work produced over one 
engine cycle. By normalizing the work with the Vd, IMEP can be interpreted as an 
equivalent constant pressure that would produce the same amount of work when 
acting over the displaced volume. It therefore provides a convenient and size-
independent measure of the effectiveness of combustion in converting released 
energy into useful work. In this thesis, the gross IMEP (IMEPg) is considered, which 
represents the work produced during the compression and expansion strokes and 
does not include the pumping work. 

COVIMEP: The coefficient of variation of indicated mean effective pressure 
(COVIMEP) is a commonly used metric for quantifying combustion stability of an 
engine. It is defined as: 

COVIMEP = ஢౅౉ుౌ୍୑୉୔ౣ౛౗౤  (5) 

where 𝜎ூொ௉ is the standard deviation of IMEP and IMEPmean is the average IMEP 
of a number of combustion cycles considered. The parameter hence describes the 
variation of IMEP in relation to its mean value. 

5.5 Spark energy analysis 
Spark energy is defined as the electrical energy delivered to the spark plug gap. In 
this thesis, spark energy is an important parameter for studying its relationship with 
ignitability and spark plug wear in hydrogen and biogas engines. It is calculated 
from the measured voltage (U) and current (I) at the electrode gap by integrating the 
instantaneous electrical power (U*I) over the spark duration (ts). 

During the experiments, both secondary voltage and current were measured from 
the ignition coil. However, these measurements include resistive losses in the 
ignition cable and the spark plug. Therefore, to estimate the spark energy at the gap, 
the resistance in the spark plug and the ignition cable were measured and then the 
resistive losses (R) were finally subtracted. 

E = ׬ (UI)୲ୱ଴ − (IଶR) dt   (6) 



60 

Chapter 6  
Results 

6.1 Ignitability versus spark plug wear in biogas engine 
This section examines the relationship between spark ignition characteristics, 
combustion stability, and spark plug durability in a Wärtsilä W31SCE large-bore 
biogas engine. A central question is whether increasing spark energy beyond the 
point of successful flame kernel formation improves ignitability or instead leads to 
unnecessary thermal loading and accelerated electrode wear. To address this, two 
fundamentally different ignition concepts are evaluated: a conventional DC 
inductive system, and an AC capacitive system, which allows independent control 
of spark voltage, current, and duration. In addition, standard J-gap spark plugs with 
electrode gaps ranging from 0.22 mm to 0.51 mm was used, representing both new 
and worn conditions. This is particularly relevant, as electrode gap increases over 
time due to wear and directly influences ignition requirements. 

The analysis is based on two complementary experimental approaches. Engine-
based measurements are used to assess ignitability and combustion stability under 
high-load conditions, while a dedicated test rig is employed to quantify spark plug 
wear under controlled conditions representative of engine operation. 

6.1.1 Ignitability analysis 
Ignitability in the engine is assessed indirectly through combustion stability, as a 
stable combustion process indicates reliable flame kernel formation following spark 
discharge. In this work, combustion stability is quantified using COVIMEP, with a 
threshold of 2% used to define stable operation. Additional metrics, including the 
coefficient of variation of peak pressure COVPP and early flame development angles 
(CA05 and CA10), are analyzed to provide further insight into the sensitivity of 
ignition behavior to variations in spark energy. Table 6 summarizes the engine 
operating points considered in this work. 
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Table 6: Engine Operating Points. Source: Paper I 
Operating point Engine speed (rpm) Imep (bar) Engine load (%) 

1 750 30 90 
2 750 33 100 

 

Figure 22 shows COVIMEP and COVPP as a function of dwell time for different 
electrode gaps at 90% engine load. In a DC inductive ignition system, dwell time is 
the primary control parameter and simultaneously influences spark voltage, current, 
and duration. Consequently, increasing dwell time leads to a monotonic increase in 
total spark energy. A complete description of a DC inductive ignition system is 
provided in the Chapter 3. It is seen from the figure that increasing dwell time 
initially improves combustion stability, as reflected by a reduction in both COVIMEP 
and COVPP. However, beyond a certain threshold, further increases in dwell time do 
not yield additional improvements. This behavior is consistent across all 
investigated operating conditions, including full load, and is further supported by 
the early flame development analysis shown in Figure 23. These observations 
indicate that once the flame kernel becomes self-sustained and starts to propagate, 
there is nothing more to gain by adding more energy to the spark. 

 

Figure 22: DC Inductive – COVIMEP and COVPP versus dwell time, engine operated at 90% engine 
load. Source: Paper I 
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Figure 23: DC Inductive – CA05 & CA10 versus dwell time at 0.22 mm and 0.25 mm electrode gaps, 
engine operated at 90% engine load. Source: Paper I 

A notable deviation is observed for the narrowest electrode gap (0.22 mm), which 
requires slightly higher dwell time compared to the 0.25 mm gap to achieve stable 
combustion. This is likely due to enhanced quenching effects during the early stages 
of flame kernel development, as the narrower gap increases heat losses to the 
electrode surfaces, effectively cooling the flame kernel. As a result, a relatively 
higher spark energy input was required to ensure a robust combustion. 

Similar trends are observed with the AC capacitive ignition system, despite its 
ability to independently control spark parameters. Once stable combustion is 
achieved, increasing spark voltage, current, or duration does not result in further 
improvements in combustion stability. This indicates that the limitation is not 
related to the flexibility of the ignition system, but rather to the fundamental physics 
of flame kernel formation. 
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Figure 24: (a): Spark Current vs Spark plug electrode gap at 90% engine load. (b): Spark Duration vs 
Spark plug electrode gap at 90% engine load. (c): Spark Energy vs Spark plug electrode gap at 90% 
engine load. Source: Paper I 

Figure 24 compares the spark characteristics of the DC inductive and AC capacitive 
systems across different electrode gaps. While both systems achieve stable 
combustion, the AC capacitive system does so with significantly lower total spark 
energy. This is enabled by its ability to tailor spark parameters independently, 
allowing very short spark durations (~50 µs) while maintaining sufficient ignition 
capability. In contrast, the DC inductive system exhibits limited flexibility. 
Increased breakdown voltage demand at larger electrode gaps results in longer spark 
durations and consequently higher total energy discharge. This excess energy does 
not contribute to improved ignitability, suggesting that a substantial portion of the 
energy is not effectively utilized in the ignition process. 

6.1.2 Spark plug wear analysis 
To assess the implications of excess spark energy on component durability, spark 
plug wear was evaluated using a dedicated test rig under controlled conditions 
representative of engine operation. The minimum spark energy profiles required to 
achieve stable combustion at 90% engine load were selected for electrode gaps of 
0.25 mm, 0.36 mm, and 0.40 mm. Each test was conducted over 200 hours, 
corresponding to approximately 4.5 million spark events. Spark plug wear is 
quantified through continuous measurement of breakdown voltage, which serves as 
an indirect measure of changes in electrode gap. The rate of increase in breakdown 
voltage is used to estimate the electrode erosion rate. 
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Figure 25 shows the breakdown voltage and its rate of increase over time for both 
DC inductive and AC capacitive ignition systems at a 0.25 mm electrode gap. It is 
observed that the breakdown voltage increases significantly faster for the DC 
inductive system compared to the AC capacitive system. In addition, the DC 
inductive system fails to sustain operation for the full test duration under the same 
spark energy profile, whereas the AC capacitive system maintains stable operation 
throughout. This behaviour can be attributed to differences in both the magnitude 
and nature of the spark discharge. The DC inductive system operates with higher 
total spark energy, leading to increased thermal loading of the electrode surfaces 
and accelerated material erosion. As the electrode gap increases, the required 
breakdown voltage rises accordingly, eventually exceeding the capability of the 
ignition system. In contrast, the AC capacitive system operates at significantly lower 
energy levels, limiting thermal loading and reducing electrode wear. Moreover, the 
alternating nature of the current promotes a more uniform distribution of thermal 
stresses across the electrode surfaces, further mitigating localized erosion. 

 

Figure 25: (a): Breakthrough voltage vs Run time at 0.25 mm gap. (b): Rise-rate of Breakthrough 
voltage vs Run time at 0.25mm gap. Source: Paper I 

This effect is further confirmed in Figure 26, where a high-energy AC capacitive 
profile (~1.5 times the energy of the DC system) is tested. Despite the higher energy 
input, the AC system exhibits a slower increase in breakdown voltage and maintains 
stable operation throughout the test. This demonstrates that spark energy alone does 
not govern electrode wear; the characteristics of the spark discharge, particularly 
current directionality and temporal distribution, play a critical role. 
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Figure 26: (a): Additional Findings - Breakthrough voltage at 0.25 mm gap. (b): Additional Findings - 
Rise-rate of Breakthrough voltage at 0.25 mm gap. Source: Paper I 

To summarize, the results from this work clearly demonstrate that ignitability is not 
governed by total spark energy, but seems to be related to how effectively this 
energy contributes to flame kernel formation. Once a self-sustained flame kernel is 
established, additional energy does not improve combustion stability and instead 
leads to increased thermal loading of the spark plug electrodes. Furthermore, spark 
plug wear is influenced not only by the magnitude of the energy discharge but also 
by the nature of the spark. The AC capacitive system, through its ability to control 
spark parameters and distribute heat losses more uniformly across the spark-plug 
electrodes, achieves comparable ignition performance with significantly reduced 
electrode erosion. 

These findings highlight a fundamental trade-off between ignition robustness and 
spark plug durability and emphasize the importance of controlled energy delivery 
rather than increased spark energy. This insight forms the basis for further 
investigation into energy transfer mechanisms from the spark to the gas and ignition 
optimization strategies presented in the following sections. 

6.2 Energy transfer characteristics from spark to gas 
This section examines how efficiently the electrical energy delivered by the spark 
is transferred to the gas at different phases during a spark event. The electrical 
energy supplied by the ignition system is not entirely transferred to the gas. While 
a portion of it is dissipated as heat in the spark plug electrodes, additional losses 
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occur in the ignition system components such as cables and internal resistances. 
Only the fraction of the total electrical energy is transferred to the gas which 
contributes to ionization and leads to spark formation, while the remaining energy 
can be considered as waste. 

A spark discharge consists of three distinct phases—namely breakdown, arc, and 
glow—each characterized by different plasma properties and energy transfer 
mechanisms (discussed in Chapter 3). Understanding the relative contribution of 
these phases to the total energy deposited in the gas is essential, as robust ignition 
is governed not only by the total spark energy, but by how efficiently that energy is 
deposited into the combustible mixture at different phases. 

To fulfil this research objective, experiments were conducted in a custom-built 
spark calorimeter (see Chapter 4 for detailed specifications) where nitrogen (N2) gas 
was used under pressurized conditions. The chamber pressure was varied up to 5 
bar at a constant temperature of 25 ± 1°C to enable controlled variation of gas 
density which corresponds to the in-cylinder gas density around TDC. The energy 
deposited to the gas was determined from the measured pressure rise using a high-
sensitivity pressure transducer. An AC capacitive ignition system was employed to 
enable independent control of spark current and duration, allowing systematic 
investigation of discharge characteristics. Standard J-gap spark plugs of nickel on 
both electrodes were used in this study. 

6.2.1 Breakdown and arc phase efficiency 
The breakdown and arc phases represent the initial stage of the spark discharge, 
typically lasting a few microseconds. To evaluate the energy transfer during these 
early phases, experiments were performed by varying the total spark duration 
between 40 µs and 1000 µs at different current amplitudes. The corresponding 
thermal energy deposited in the gas  was calculated using the heat release equation 
(see chapter 5) from the measured pressure rise in the chamber. 

Figure 27 shows the net energy transferred to the gas as a function of spark duration 
at a gas pressure of 4 bar, for current amplitudes ranging from 60 mA to 300 mA. It 
is seen that the deposited energy increases with spark duration up to approximately 
150 µs for all current levels, except at the lowest current (60 mA), where the increase 
in energy deposition saturated earlier at around 80 µs. Furthermore, increasing the 
current amplitude by a factor of five resulted in only a modest increase in deposited 
energy (approximately 30% at 150 µs), indicating a diminishing return of higher 
current levels in terms of effective energy transfer. Beyond the spark duration of 
150 µs, the net energy transferred to the gas decreased despite continued energy 
input to the spark. This behavior indicates that prolonged discharge leads to 
increased thermal losses, primarily due to heat transfer from the plasma channel to 
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the electrodes and surrounding surfaces. Finally, the net energy transfer to the gas 
levelled off after 500 µs for all the glow current levels. 

 

Figure 27: Net energy transferred to the gas with extrapolation vs spark duration at various current 
amplitudes. Source: Paper II 

To assess the contribution of the breakdown and arc phases, the measured energy 
deposition was extrapolated from 40 µs to 2 µs (corresponding to the end of these 
phases) using the two shortest spark durations (40 µs and 80 µs), assuming a linear 
trend in this region. While this approach introduces some uncertainty, it can be 
considered reasonable over the short interval of spark duration where the initial 
increase in energy deposition exhibits an approximately linear trend. The 
extrapolated values were further supported by the results from the analysis of glow 
phase efficiency (for details, see Paper II). 

Finally, an envelope of net energy transfer to the gas during the breakdown and arc 
phases was established, as shown at the far left in Figure 27. Comparing this 
envelope with the electrical energy delivered to the spark gap yields an estimated 
electrical-to-thermal energy conversion efficiency in the range of 45–64%. 

6.2.2 Glow phase efficiency 
After the breakdown and arc phases, the spark transitions into the glow phase where 
it persists for the rest of the spark duration and can be actively controlled from an 
ignition system. To evaluate the energy transfer efficiency during this phase, 
experiments were conducted at a fixed spark duration of 40 µs while varying the glow 
current at three levels. The influence of gas density on the glow phase efficiency was 
also assessed by repeating the experiments at different chamber pressures. 
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Figure 28 shows the electrical-to-thermal energy conversion efficiency during the 
glow phase as a function of glow current at different gas densities. The efficiency 
ranges between approximately 6% and 15%, which is significantly lower than that 
observed during the breakdown and arc phases. In addition, a clear dependence on 
the gas density is observed, with glow phase efficiency increasing at higher 
densities. This is likely due to the increased number of gas molecules in the vicinity 
of the plasma channel, which enhances collisional heat transfer from the plasma to 
the gas. Consequently, higher gas densities improve the coupling between the spark 
discharge and the surrounding gas. Another important trend is observed with the 
glow current, which exhibits a non-monotonic behavior. The glow phase efficiency 
increases with current up to approximately 85 mA, beyond which it decreases for 
all investigated density levels. This reduction in efficiency can be attributed to 
increased heat losses to the electrodes at higher current levels. As the electrode 
temperature rises, a larger fraction of the electrical energy is conducted into the solid 
material rather than transferred to the gas. This effect is particularly pronounced at 
lower gas densities, where the reduced number of gas molecules limits the ability of 
the spark plasma to transfer energy to its surrounding gas. 

 

Figure 28. Glow phase efficiencies at different gas densities versus glow current amplitudes. 
Adapted from Paper II 

To summarize, the results demonstrate a fundamental distinction between the 
different phases of the spark discharge. The breakdown and arc phases are highly 
efficient in transferring energy to the gas. However, they are mainly governed by 
system properties such as gas density, electrode gap, and parasitic or stray 
capacitances present within the ignition system and therefore cannot be directly 
controlled. In contrast, the glow phase is less efficient but provides a degree of 
controllability through adjustment of current and duration from an ignition system. 
Importantly, the results identify a threshold behavior in both spark duration and 
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current. Beyond this threshold, additional electrical energy does not lead to 
increased energy deposition in the gas, but instead results in increased thermal 
losses, primarily to the spark plug electrodes. This finding provides a fundamental 
explanation for the observations in Section 6.1, where increasing spark energy 
beyond a certain level did not improve combustion stability but led to accelerated 
electrode wear. Furthermore, the strong dependence of glow phase efficiency on gas 
density suggests that ignition strategies must be adapted to engine operating 
conditions. At higher loads, where gas density is elevated, the efficiency of energy 
transfer improves, whereas at low loads or highly diluted conditions, longer 
discharges may be required to achieve a robust ignition. 

Note that this work was conducted using spark plugs with fixed geometry. In 
practice, spark plug geometry–particularly center electrode diameter and electrode 
gap–affect the size of the plasma channel and thereby the energy transfer to the gas. 
Furthermore, electrode wear during engine operation influences these parameters 
over time by increasing the gap and reducing the effective center electrode diameter. 
This highlights the need to explore the combined effects of spark discharge 
parameters, gas density, and spark plug geometries on the energy transfer to the gas, 
which is addressed in the following section. 

6.3 Multi-parameter investigation of energy transfer to 
the gas 
Building on the phase-resolved energy transfer analysis presented in Section 6.2, 
this section evaluates how spark plug geometry, ignition control parameters, and gas 
density jointly influence the net energy transferred from the spark to the gas. While 
the previous section characterized the energy transfer to the gas during different 
discharge phases, a key challenge remains: in practical engine operation, these 
parameters can vary simultaneously and interact in a non-linear manner. Therefore, 
a systematic multi-parameter analysis is required to identify the dominant factors 
and their interactions. The experiments were conducted in the same spark 
calorimeter described in Section 4, using nitrogen under pressurized conditions. The 
AC capacitive ignition system was used to enable independent control of spark 
current and duration. 

Five input parameters were considered in this work: center electrode diameter, 
electrode gap, gas density, glow current, and glow duration. Each parameter is 
varied over three levels, as summarized in Table 7, allowing both individual and 
combined effects to be evaluated systematically. 
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Table 7: Physical values of the input factors at three coded levels. Source: Paper IV 

 Physical units 
Coded 
units 

Center Electrode 
Diameter (mm) 

Electrode 
Gap (mm) 

Gas density 
(kg/m3) 

Glow 
current (mA) 

Glow 
duration (µs) 

-1 0.70 0.30 2.2 100 250 
0 1.70 0.80 4.5 200 750 
1 2.70 1.30 6.8 300 1250 

6.3.1 Parameters affecting spark energy deposition 
The statistically significant effects of the parameters on the energy deposition to the 
gas (Egas) are shown in the Pareto plot in Figure 29. The results clearly indicate that 
electrode gap is the dominant parameter governing energy transfer to the gas, 
followed by gas density and the interaction between these two factors. In 
comparison, glow current exhibits a smaller but still noticeable influence, 
particularly through its interaction with electrode gap. This highlights that the 
energy transfer is primarily governed by electrode gap and gas density, which define 
the size of the plasma channel and its interaction with the surrounding gas, rather 
than by the controllable spark parameters alone. 

Interestingly, both glow duration and electrode diameter are found to be statistically 
insignificant within the investigated range. This suggests that extending the glow 
duration does not necessarily increase the effective energy transferred to the gas, 
but rather prolongs the presence of the plasma channel. This may be beneficial for 
flame kernel stabilization under less optimal fuel-air mixture conditions. Similarly, 
variations in electrode diameter have limited influence on the net energy transfer, 
despite their potential impact on heat losses to the electrode material. 

 

Figure 29. Pareto plot of statistically significant factors. Source: Paper IV 
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To further comprehend the combined influence of the statistically significant 
parameters on the response, interaction plots are studied. This is important because, 
in real engines, multiple variables often change simultaneously. Studying these 
interactions therefore provides deeper insight into the spark ignition process and 
helps identify conditions that maximize energy transfer to the gas. 

Figure 30 shows the interaction between electrode gap and gas density on the energy 
deposition to the gas, Egas. It is observed that at narrow electrode gaps (0.3–0.5 mm), 
the energy transfer to the gas remained low even at higher gas densities. Once the 
electrode gap widened to approximately 0.7 mm, energy deposition increased 
significantly and this effect became steeper as the gas density increased. This 
behavior is likely due to the size of the plasma channel. At narrow electrode gaps, 
the plasma channel is short, limiting the volume of gas that can be ionized and 
heated. As a result, a larger fraction of the spark energy is lost to the electrodes. As 
the electrode gap increases, the plasma channel becomes elongated and interacts 
with a larger volume of gas, improving the coupling between the electrical discharge 
and the surrounding gas. Higher gas density further enhances this coupling by 
increasing the number of gas molecules available to absorb energy from the spark 
plasma. 

 

Figure 30. Interaction between the spark plug electrode gap and the gas density. Source: Paper IV 

A similar interaction is observed between electrode gap and glow current. At narrow 
gaps, increasing the glow current has little effect on energy deposition to the gas, 
indicating that the limited plasma volume constrains energy transfer. At larger gaps, 
however, increasing glow current leads to higher energy deposition, although the 
relative gain is smaller compared to the effect of electrode gap. This is consistent with 
the reduced efficiency of the glow phase at higher current levels, as discussed in 
Section 6.2, where increased thermal losses to the electrodes limit the effectiveness of 
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adding spark energy. Nevertheless, their combined influence still leads to increased 
energy transfer to the gas when both parameters are set to high levels. 

6.3.2 Optimal spark ignition control maps 
Based on the combined insights from sections 6.2 and 6.3, conceptual ignition 
control strategies are developed for both biogas- and hydrogen-fueled SI-ICEs. The 
aim is to maximize effective energy transfer to the gas while minimizing thermal 
energy losses, particularly to the spark plug electrodes. 

Figure 31 illustrates the proposed control strategy for biogas-fueled SI-ICEs as a 
function of engine load and electrode gap. At medium-to-high loads and narrow 
electrode gaps, increasing glow duration is beneficial, as it provides sufficient time 
for the plasma to interact with the mixture while compensating for heat losses. This 
trend is reflected in the right-hand plot, where long spark durations are shown as 
red-to-green field (corresponding to high-to-intermediate glow duration). Under 
these conditions, increasing glow current is less effective, as indicated by the blue 
region in the left-hand plot. As the electrode gap increases over time, the plasma 
channel becomes elongated, providing efficient energy coupling. At such 
conditions, increasing glow current becomes more effective, while glow duration 
can be substantially reduced. However, the current should not be too high to prevent 
excess heat losses. 

 

Figure 31: Spark ignition control map for biogas fueled SI-ICEs. Source: Paper IV 

At idling or low loads, where gas density is low, ignition becomes challenging, 
particularly at narrow electrode gaps. In such conditions, longer spark durations 
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(shown in red in right-hand plot) are recommended to ensure sufficient interaction 
between the plasma and the fuel-air mixture. As the electrode gap increases, the role 
of glow current becomes prominent, although sufficient duration must still be 
maintained to ensure a robust ignition. 

Figure 32 outlines the corresponding strategy for hydrogen-fueled SI-ICEs. Due to 
the inherently low ignition energy requirement of hydrogen, both glow current and 
duration are recommended to keep to their minimum to avoid excessive electrode 
heating and the associated risk of pre-ignition from the hot surface of the electrodes. 
However, at narrow electrode gaps, the limited plasma-arc length necessitates an 
increase in spark duration to ensure a stable flame kernel formation. This is 
especially relevant for hydrogen ICEs since they tend to operate at extremely lean 
fuel-air mixtures. As the gap increases, glow current becomes more effective and 
thus, recommended to slightly increase, while keeping the duration to its minimum. 

 

Figure 32: Spark ignition control map for H2 – fueled SI-ICEs. Source: Paper IV 

In summary, the results from this work demonstrate that electrode gap plays a 
central role in governing energy transfer from the spark to the gas. Although it 
cannot be actively controlled during engine operation, it increases over time due to 
electrode wear and can therefore serve as an important input for adaptive ignition 
control strategies. Gas density and glow current also influence energy transfer, but 
their effects are strongly coupled to electrode gap. At narrow gaps, their impact is 
limited due to restricted plasma development, whereas at larger gaps their influence 
becomes more pronounced. This highlights the need to adjust ignition parameters 
dynamically based on both operating conditions and spark plug condition over time. 
Interestingly, neither center electrode diameter nor glow duration show a 
statistically significant effect on energy transfer to the gas within the tested range. 
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However, these parameters may still influence spark plug wear and should not be 
neglected. 

While this analysis establishes how spark plug geometry, gas density, and ignition 
control parameters influence energy transfer, ignitability cannot be fully described 
by electrical-to-thermal energy-based considerations alone. In ultra-lean hydrogen-
air mixtures, combustion stability remains strongly dependent on the subsequent 
development of the flame kernel, even when sufficient energy is delivered to the 
mixture. The following section therefore investigates ignitability limits and misfire 
behavior using optical diagnostics, providing direct insight into flame kernel 
formation and quenching mechanisms at different engine operating conditions. 

6.4 Ignitability and misfire limits of hydrogen 
combustion 
This section examines the mechanisms governing ignitability and misfire behavior 
in hydrogen-fueled combustion under ultra-lean conditions.  The study is based on 
a two-stage experimental approach conducted in an optical single-cylinder Scania 
D13 (more details can be found in Chapter 4) heavy-duty engine. In the first stage, 
ignitability limits are mapped over a wide range of equivalence ratios and spark 
discharge parameters using both DC inductive and AC capacitive ignition systems. 
In the second stage, selected operating conditions are investigated using an 
intensified high-speed camera to directly observe early flame kernel development 
and identify the mechanisms responsible for misfires and combustion instability. 
The key operating conditions considered in this study are summarized in Table 8. 

Table 8: Engine operating conditions. Source: Paper III 
Engine speed 1200 rpm 
Engine load – IMEPg 4 bar & 7 bar 
Skip-fire mode 1 fired cycle, 4 motored cycles 
Injection pressure 18 bar (absolute) 
Start of injection - 340 CAD aTDC 

6.4.1 Ignitability analysis 
Ignitability was assessed through combustion stability, quantified using COVIMEP. 
Increasing COVIMEP was found to be strongly correlated with a higher frequency of 
misfires, indicating that combustion instability is primarily linked to unsuccessful 
or inconsistent flame kernel development. From the results, equivalence ratios are 
found to have the strongest influence on ignitability. As the mixture becomes 
increasingly lean, combustion stability deteriorates rapidly, with COVIMEP 
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increasing exponentially. This behavior was independent of ignition system type 
and load when sufficiently high spark energy was supplied, indicating that fuel-air 
mixture conditions fundamentally limit ignitability. 

 

Figure 33: COVIMEP as function of spark energy, for both ignition systems and two equivalence ratios 
and engine loads. Source: Paper III 

Figure 33 shows the variation of COVIMEP as a function of spark energy for both DC 
inductive and AC capacitive ignition systems at two equivalence ratios and engine 
loads. It is observed that both ignition systems provided similar performance at high 
spark energies. Once the spark energy was reduced, significant differences in 
ignitability emerged. The inductive system exhibited a more rapid increase in 
COVIMEP compared to the capacitive system. This behavior indicates that spark 
energy alone cannot reliably predict ignitability. One contributing factor is the 
increased cycle-to-cycle variability in spark formation as the delivered voltage 
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approaches the breakdown threshold. This was detected from the spark voltage 
traces measured during the experiments. At low spark energies—approximately 3–
4 mJ for medium load and around 1 mJ for low load—the spark initiation became 
increasingly unstable using the inductive system. This led to increased COVIMEP 
even before complete spark failure occurred. In contrast, the capacitive system 
maintained a stable spark discharge, resulting in a slower increase in COVIMEP and 
more consistent combustion stability across both load conditions. 

A further distinction between the ignition systems is observed at intermediate spark 
energies, at medium load and λ ≈ 4.4, where the spark discharge is relatively stable 
for both systems. Despite operating at similar energy levels (approximately 20 mJ), 
the capacitive system demonstrated improved ignitability compared to the inductive 
system. This difference can be attributed to the significantly lower current of the 
inductive system. The inductive discharge delivered a spark current of 30 mA, 
whereas the capacitive system delivered 2–6 times higher current at comparable 
energy levels due to its ability to independently control the spark parameters. The 
higher spark current enhances plasma channel stability, making it less susceptible 
to turbulence and allowing it to stretch further [], leading to improved ignitability 
[88]. 

6.4.2 Optical investigation into misfire mechanisms 
To further investigate the physical mechanisms underlying misfires, an intensified 
high-speed camera was used to visualize early flame kernel development. This 
enabled direct observation of the processes that govern successful and failed ignition 
events. The experiments were carried out at both low and medium loads for λ = 4.0, 
4.5, and 4.8 using the AC capacitive ignition system. It was found that the formation 
of a flame kernel did not always lead to successful ignition. In many cases, a flame 
kernel was formed but extinguished shortly afterwards. Two main mechanisms 
responsible for such misfires were identified during the investigations. 

The first mechanism involves the formation of a flame kernel that is subsequently 
convected away from the spark plug and extinguished within a few crank angle 
degrees. These flame kernels were observed to move with the in-cylinder flow at 
relatively high velocities, indicating that convection and turbulence play a dominant 
role in their extinction. Under ultra-lean conditions, the flame kernel was weak and 
unable to sustain itself against these flow-induced losses. 

The second mechanism is associated with quenching of the flame kernel within the 
spark plug region. In this case, the flame kernel remained in close proximity to the 
electrodes and was extinguished due to heat losses to the surrounding metal 
surfaces. The geometry of the spark plug, particularly the confined region between 
the central and ground electrodes, promoted such quenching, especially for weak 
flame kernels. 
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In addition to these two mechanisms, a number of misfiring cycles showed no 
clearly visible flame kernel. This suggests that ignition either fails at a very early 
stage or that the flame kernel is too weak to be detected with the optical setup used 
in this study. This highlights the inherent difficulty of achieving robust ignition 
under ultra-lean conditions. 

 

Figure 34: The number of misfired cycles identified by heat release, out of 200 cycles per run. The 
labels are shown as (load, lambda), where L represents low load and M represents medium load. The 
bars are divided into the different types of misfires: flame kernels that were extinguished in the open, 
flame kernels that were quenched in the spark plug, and cycles where the cause could not 
be determined. Source: Paper III 

Figure 34 shows the number of misfired cycles and their classification based on the 
observed flame kernel behavior for two different spark durations. Notably, 
increasing the spark duration from 40 µs to 500 µs significantly reduced the total 
number of misfires, indicating that longer spark duration improves ignitability. A 
closer examination of the results shows that this improvement is mainly due to a 
reduction in misfires where the flame kernel is extinguished in the bulk flow. In 
other words, longer spark duration helps the flame kernel survive the effects of 
convection and turbulence. By providing energy over a longer time, the spark 
increases the chance that the flame kernel can grow into a stable flame. On the 
contrary, misfires caused by quenching near the electrodes are only slightly reduced 
when the spark duration is increased. This indicates that these ignition failures are 
primarily governed by the excessive heat losses to the spark plug electrodes, which 
are difficult to affect by longer spark duration. 



78 

Further analysis of flame kernel lifetime shows that most kernels in misfiring cycles 
are extinguished within 300 µs after the spark event. This suggests the flame kernels 
are formed during the early part of the spark and may extinguish even before the 
spark has ended. Therefore, the initial phase of spark discharge is critical for 
achieving a robust ignition, probably due to high breakdown and arc phase energy 
transfer efficiency. 

To summarize, the results demonstrate that ignitability in hydrogen engines is 
governed by a complex interaction between spark characteristics, mixture 
conditions, and in-cylinder flow. While spark energy provides a useful first-order 
measure of ignitability, it does not fully capture the underlying mechanisms. 
Instead, successful ignition depends on the formation of a sufficiently robust flame 
kernel during the early stages of the spark discharge, as well as its ability to survive 
bulk flow/turbulence and heat losses. The findings also reveal different misfire 
mechanisms dominate under different conditions. At ultra-lean conditions, flame 
kernel extinction due to convection and turbulence becomes critical, whereas 
quenching effects near the spark plug are strongly influenced by electrode geometry 
and heat losses to the electrodes. 

These insights provide an explanation for the observations in the previous sections 
of this chapter. In particular, they explain why increasing spark energy beyond a 
certain threshold does not necessarily improve combustion stability, and why 
independent control over spark parameters—such as spark current and duration—is 
essential for achieving a robust ignition while minimizing spark plug wear. 

6.5 Ignitability and cycle-to-cycle variations in DI 
hydrogen combustion  
This section extends the analysis of ignitability to a direct injection (DI) hydrogen 
engine operating at high load conditions. While section 6.4 focuses on flame kernel 
development and misfire mechanisms at low-to-medium loads, ignition behavior at 
high load introduces additional challenges related to mixture formation and 
abnormal combustion. 

In hydrogen engines, port fuel injection is often limited by backfire, i.e. 
unintentional ignition during while the intake valve is open, leading to a flame 
travelling into the intake system. This restricts engine power density—a key 
requirement for heavy-duty applications.  Direct injection after intake valve closing 
(IVC), or so-called early direct injection, eliminates this limitation, thereby enabling 
hydrogen engines to operate at higher loads. However, the risk of pre-ignition 
remains a concern. Due to the high reactivity of hydrogen and its strong sensitivity 
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to temperature, prolonged residence time of the fuel in the cylinder can increase the 
likelihood of unintended ignition at hot surfaces during the compression stroke. 

Direct injection after the compression stroke, or so-called late direct injection, can 
reduce this risk by limiting the residence time of hydrogen under high-temperature 
conditions. At the same time, however, it reduces the available mixing time, which 
can lead to locally lean regions near the spark plug at ignition timing. Under such 
conditions, flame kernel formation becomes more sensitive to spark characteristics 
and in-cylinder flow, increasing the risk of combustion instability and cycle-to-cycle 
variations. To address these challenges, this work investigates the combined 
influence of λ, injection timing (IJT), and spark parameters on combustion stability 
and cyclic variability in a heavy-duty hydrogen DI engine at high load operation. 

The study is based on an experimental investigation conducted in a single-cylinder 
Volvo D13 heavy-duty engine (further details are provided in Chapter 4). The key 
operating conditions are summarized in Table 9. An AC capacitive ignition system 
was used in this study, enabling independent control of spark parameters such as 
spark current and duration.  

Table 9: Engine operating conditions. Source: Paper V 
Engine speed (rpm) 1400 
IMEP (bar) 12 
Injection pressure (bar) 35 
Intake temperature (oC) 40 ± 2 
Ignition timing At constant CA50 MFB to 8oCA aTDC 

6.5.1 Combustion stability analysis 
In this work, combustion stability is quantified using COVIMEP, with a threshold of 
2% used to define stable operation. Figure 35 shows the interaction between λ and 
IJT and their combined effect on combustion stability. It is observed that at 
moderately lean conditions (λ ≈ 2.0), combustion remained stable across the 
investigated range of injection timings (between 180oCA and 110oCA bTDC). 
However, as the mixture became increasingly diluted, combustion stability became 
more sensitive to IJT. Delaying the injection led to a clear increase in COVIMEP. 
Finally, at λ ≈ 2.6, combustion was no longer within the stability threshold, even 
with IJT at 180oCA bTDC. Further delaying the injection resulted in a rapid increase 
in COVIMEP to values exceeding 5%, indicating risks of partial combustion or 
misfires. This behavior can be attributed to the reduced mixing time associated with 
late injection. When the injection is retarded, the fuel has less time to mix with air 
before ignition, increasing the likelihood of locally lean regions near the spark plug. 
These locally lean conditions make flame kernel formation increasingly difficult, 
leading to high combustion instability and reduced ignitability. 
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Figure 35: Interaction between λ and IJT on COVIMEP, at spark current = 200mA and spark duration = 
270 µs. Source: Paper V 

In hydrogen engines, operating at lean fuel-air mixtures is desirable to increase 
thermal efficiency, while late injection is preferred to reduce the risk of pre-ignition. 
However, the combination of high dilution and late injection leads to critical 
conditions for achieving robust ignition. It is therefore important to assess whether 
spark ignition parameters can improve combustion stability at these conditions. 

Figure 36 shows the interaction between λ and spark duration and their combined 
influence on COVIMEP. At λ ≈ 2.0, combustion remained stable even at the shortest 
spark duration (~40 µs), and increasing the spark duration had little influence on 
COVIMEP. However, as the mixture became more diluted, combustion stability 
became increasingly sensitive to spark duration. As the spark duration increased, 
COVIMEP improved significantly. At λ ≈ 2.6, increasing the spark duration from 40 
µs to 500 µs restores stable engine operation, bringing COVIMEP below 2%. This can 
be explained by the longer spark duration, which provides more time for the plasma 
to interact with the fuel–air mixture and increases the likelihood of forming a stable 
flame kernel. 
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Figure 36: Interaction between λ and spark duration on COVIMEP, at spark current = 200mA and IJT = 
145 oCA bTDC. Source: Paper V 

A similar trend is observed under late injection conditions, where combustion 
stability is further challenged by reduced mixing time. In such cases, short spark 
durations (~40 µs) resulted in highly unstable combustion, with COVIMEP exceeding 
10%. Increasing the spark duration to 500 µs significantly reduced COVIMEP to 
below 2% and restoring stable engine operation. 

6.5.2 Combustion cycle-to-cycle variations 
While COVIMEP is a widely used metric to quantify combustion stability, it 
represents only the variation in total work output and does not fully capture how 
combustion develops within each cycle. Figure 37 illustrates this limitation, where 
two operating conditions (a) and (b) with similar COVIMEP exhibit noticeably 
different combustion behavior. Cycles with similar COVIMEP can still follow 
different combustion paths, as variations in combustion duration may not strongly 
affect the total work output of an engine. 
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(a) 

 

(b) 
Figure 37: Pressure traces of 200 combustion cycles at: (a) λ = 2.0 and IJT = 110oCA bTDC, and (b) λ 
= 2.0 and IJT = 180oCA bTDC. Source: Paper V 
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Although cycle-to-cycle variations can affect the engine’s thermal efficiency, they 
are particularly critical for hydrogen premixed combustion engines. High cyclic 
variability can influence the end-of-expansion temperature and can increase both 
residual gas and exhaust valve temperatures. Due to the strong temperature 
sensitivity of hydrogen ignition, high cyclic variability can increase the risk of pre-
ignition and knock in subsequent cycles, especially at high-load operation. 

In this study, the overall combustion duration from spark timing (ST) to 90% mass 
fraction burned (MFB) was divided into three sub-intervals: ST–10% MFB, 10–
50% MFB, and 50–90% MFB. The standard deviation of each interval was then 
computed to quantify the cycle-to-cycle variability associated with each stage of the 
combustion process. The analysis  reveal that both λ and IJT have a significant 
influence on cyclic variability. λ has the strongest effect, indicating that global 
mixture dilution primarily governs the combustion variability. IJT also affects 
combustion repeatability by influencing local charge conditions near the spark plug. 
While spark ignition parameters have limited influence under moderately lean 
conditions, their importance increases as the mixture becomes more diluted and less 
homogeneous. 

Figure 38 shows the interaction between spark current and spark duration on the 
standard deviation of CA50-90 MFB. Although the spark discharge has occurred 
during the initial stages of the combustion interval, it influences the flame kernel 
development, and its effect propagates into the subsequent flame propagation and 
late burn phases. 

 

Figure 38: Interaction between spark current and spark duration on Std. of CA50-90 MFB, at λ = 2.3 and 
IJT = 145 oCA bTDC. Source: Paper V 

Interestingly, the figure shows that achieving a comparable reduction in the standard 
deviation requires different levels of adjustment for the two spark parameters. To 
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maintain std. of CA50-90 MFB below 1oCA, the spark current needs to be increased 
by roughly a factor of 2.5 from its minimum settings (100 mA) while keeping the 
spark duration to its minimum (40 µs) possible. On the other hand, if the spark 
current is kept to its minimum, the spark duration must be increased by roughly a 
factor of eight from 40 µs to achieve similar level of combustion repeatability. The 
relative adjustment of spark current and duration required to reduce the cyclic 
variability, as shown in Figure 38, applies to the specific condition of λ = 2.3 and 
IJT at 145 °CA bTDC. At higher levels of dilution and delayed injection, the 
required adjustment for both spark parameters will tend to increase substantially, 
where fuel-air mixture conditions become less optimal for stable combustion. 

To summarize, the results show that combustion stability in a hydrogen DI engine 
is primarily governed by the interaction between λ and IJT. Late injection combined 
with highly diluted mixtures significantly deteriorates stability by reducing mixing 
time and increasing the likelihood of locally lean regions near the spark plug. Under 
such conditions, spark parameters play an important role, with spark duration 
emerging as the dominant control parameter. Increasing the spark duration can 
significantly restore stable engine operation. 

The analysis from combustion cycle-to-cycle variability identifies that COVIMEP 
alone is not sufficient to describe combustion performance. Similar COVIMEP values 
can still correspond to different combustion characteristics, as variations in burn 
durations may not strongly affect the total work output. However, such variations 
can be critical in hydrogen engines, since they influence temperature levels of 
residual gas and exhaust valves and therefore increase the risk of pre-ignition and 
knock in subsequent cycles. Among the investigated parameters, λ has the strongest 
influence on cyclic variability, indicating that global mixture dilution primarily 
governs combustion repeatability. IJT further affects the variability by influencing 
the local charge conditions near the spark plug. Spark current and duration can both 
be used to reduce cyclic variability under such critical conditions, although the 
relative adjustment required differs and becomes more pronounced as the mixture 
becomes increasingly diluted and less homogeneous. 

A combined adjustment of spark current and duration may provide an effective 
approach for reducing combustion cycle-to-cycle variations. Increasing the spark 
current strengthens the plasma channel, while increasing the duration provides more 
time for the plasma to interact with the fuel–air mixture. In the end, both  parameters 
contribute to a stable and self-sustained flame kernel development and enhance 
combustion repeatability. At present, their relative influence on electrode 
temperature and spark plug wear remains unclear. This is particularly important for 
hydrogen engines, where the fuel-air mixture is highly susceptible to pre-ignition. 
Since spark plug electrode can act as potential ignition sources, spark parameters 
must be carefully controlled to limit the electrodes from overheating while ensuring 
robust ignition. 
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Chapter 7  
Summary 

7.1 Discussion 
This section discusses the key findings of the thesis by integrating results from the 
different experimental approaches. By combining insights from constant-volume 
chamber experiments, optical diagnostics, and engine studies, it provides an 
coherent understanding of the spark ignition process studied within this thesis across 
different levels of complexity. 

A common understanding in SI engines is that increasing spark energy improves 
ignitability. This is largely based on conventional inductive ignition systems, where 
spark voltage, current, and duration are inherently coupled due to limited 
controllability. As the engine load increases, the in-cylinder gas density at the time 
of ignition also increases. It eventually leads to an increase in the required 
breakdown voltage. To meet this requirement, the ignition coil must be charged with 
significantly higher energy—often 10 times greater than what is needed to achieve 
a robust ignition, as has been shown in this thesis—which is then delivered to the 
gap during the spark discharge. 

While inductive ignition systems are robust and widely used in light-duty engines, 
spark plug wear is typically not a major concern there. Passenger cars operate 
predominantly at low-to-medium loads and have relatively shorter engine lifetimes, 
typically around 300,000 km. Under these conditions, the excess spark energy does 
not significantly impact maintenance requirements. However, this situation is 
fundamentally different for heavy-duty engines. They operate predominantly at high 
load conditions and have significantly longer lifetimes, typically around 2,000,000 
km. Under such conditions, the higher spark energy delivered by the inductive 
ignition systems leads to increased thermal loading of the spark plug electrode, 
resulting in accelerated wear. This necessitates more frequent spark plug 
replacement, increasing maintenance requirements and operational downtime. 

At present, there is limited open literature providing quantitative information on 
spark plug lifetime in heavy-duty engines using inductive ignition systems. 
However, the spark plug wear investigations presented in this thesis clearly show 
that electrode erosion increases significantly over time at high-load operation. 



86 

Considering that the spark energy delivered to the gap can be an order of magnitude 
higher than what is required for robust ignition, this excess energy can reasonably 
be expected accelerate spark plug wear by a factor of five, depending on operating 
conditions. 

In heavy-duty applications, spark plug replacement is ideally synchronized with 
regular maintenance events, such as oil changes, which typically occur every 80,000 
km. Using an inductive ignition system, the effective spark plug lifetime can be 
expected to be approximately 20,000 km, leading, to additional maintenance events 
dedicated solely to spark plug replacement. This increases both maintenance costs 
and operational downtime.  For a six-cylinder engine equipped with six spark plugs, 
each costing €100, the cost of spark plugs per replacement is €600. Including labor 
and downtime, the total cost per replacement can reach approximately €1400. Over 
the engine lifetime, these replacements outside scheduled maintenance intervals 
lead to an additional cost of approximately €100,000. 

In addition to direct maintenance costs, spark plug replacement also leads to 
significant operation downtime. Over the lifetime of the engine, this can correspond 
to several hundred hours of lost operation, which translates into several weeks of 
reduced vehicle availability and revenue generation.  

The results of this thesis demonstrate a capacitive ignition system with independent 
control of spark parameters enables a significant reduction in the spark energy 
delivered to the gap, while achieving robust ignition at different operating 
conditions. A quantitative comparison highlights the extent of this improvement. In 
inductive ignition systems, achieving stable ignition under high-load conditions 
often requires spark energies exceeding 100 mJ. In contrast, the capacitive ignition 
system used in this work is able to achieve comparable ignition robustness with 
spark energies in the range of 2–5 mJ. This reduction in excess spark energy has 
direct implications for spark plug durability. By minimizing unnecessary thermal 
loading of the electrodes, the rate of electrode erosion can be significantly reduced. 
As a result, spark plug lifetime can be extended, reducing the need for standalone 
maintenance events and improving the overall transport efficiency in heavy-duty 
applications. 

However, there is a trade-off between initial investment cost of the ignition systems 
and operating cost associated with spark plug replacement over the engine lifetime. 
Inductive ignition systems are relatively simple and cheap. However, as discussed 
above, they tend to increase operational costs over the engine lifetime. In contrast, 
capacitive ignition systems with independent control of spark parameters require 
more complex hardware, including a dedicated ignition control module (ICM), 
resulting in higher initial system cost. Nevertheless, the ability to precisely control 
spark parameters enable a significant reduction in electrode wear, extending 
maintenance intervals and reducing downtime. When evaluated over the full engine 
lifetime, these benefits offset the higher initial investment. 
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Besides spark plug wear, hydrogen heavy-duty engines face an additional challenge. 
This is particularly evident in hydrogen premixed combustion, where the propensity 
for pre-ignition at high load operation limit hydrogen engines from achieving power 
density levels comparable to modern diesel engines. Late DI can minimize such 
risks by shortening the residence time of the fuel-air mixture before ignition. 
However, it can significantly affect ignitability likely due to poor mixture conditions 
close to the spark plug. This thesis finds that spark parameters can play a critical 
role in addressing these limitations. More specifically, appropriate tuning of both 
spark current and duration can significantly improve ignitability at unfavorable 
mixture conditions while maintaining low spark energy levels. Therefore, a high 
degree of control over spark parameters can  be beneficial, not only for decelerating 
spark plug wear, but also  for achieving robust DI hydrogen combustion at high-
load operation without overheating the spark plugs. 

7.2 Limitations and future work 
Within the scope of this thesis, the effect of local flow and turbulence on the spark 
ignition process is not fully captured. The spark calorimeter utilized to study the 
energy transfer from spark to the gas was based on a quiescent chamber configuration, 
where no bulk flow was present. This configuration enables accurate and repeatable 
measurements of spark-induced pressure rise. However, introducing flow into the 
calorimeter added significant technical challenges. The pressure rise associated with 
spark energy deposition is relatively small, and the presence of flow introduced 
additional pressure fluctuations and measurement noise. As a result, it became 
difficult to distinguish the pressure signal caused by the spark from flow-induced 
disturbances, complicating the interpretation of the measured spark energy deposition. 
In addition, both the biogas and hydrogen engines considered were based on heavy-
duty diesel platforms, which employed low-swirl cylinder head designs. Increasing 
swirl or introducing tumble-enhancing cylinder head designs is currently an active 
area of investigation, as enhanced in-cylinder flow promotes better fuel–air mixing. 
This can enable greater flexibility in injection timing, including the possibility of 
much later injection without significantly compromising mixture quality near the 
spark plug. However, elevated in-cylinder flow in the vicinity of the spark plug can 
affect energy deposition from the spark to the fuel-air mixture. In particular, strong 
flow can stretch the plasma channel, increase the likelihood of spark blow-out long 
before stable flame kernel formation, and thereby increase the risk of misfire. 

This thesis evaluates the influence of the electrode gap and center electrode diameter  
on the spark energy deposition to the gas. However, the broader influence of spark 
plug electrode geometry on the ignitability of hydrogen and biogas engines is not 
fully assessed, mainly due to the limited availability of spark plugs with 
systematically varied designs. This remains an important limitation, since electrode 
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geometry directly affects the local electric field distribution, breakdown behaviour, 
and subsequent spark plasma development. These factors strongly influence how 
effectively electrical energy is coupled to the fuel-air mixture during ignition. As a 
result, variations in electrode geometry can affect ignition robustness, the required 
spark energy, and the sensitivity of the ignition process to operating conditions such 
as gas density and local flow at spark timing. 

Therefore, to build on the findings of this work, several promising avenues for future 
research are identified: 

• Further investigation is required to understand the influence of in-cylinder flow 
and turbulence on spark ignition. Therefore, future work should focus on 
extending the spark calorimeter measurements to controlled flow conditions or 
developing alternative diagnostic approaches capable of isolating spark-induced 
energy deposition in the presence of flow. 

• Further work is required to systematically investigate the influence of spark 
plug electrode designs on ignitability of hydrogen and biogas SI engines. 
Therefore, a wider range of electrode designs should be considered to better 
understand their effect on the electric field distribution and spark plasma 
development at different operating conditions. 

• Idling conditions in biogas engines represent an important operating regime for 
heavy-duty applications and should be investigated. Under such conditions, the 
low gas density and unfavorable mixture formation make it challenging to 
achieve stable combustion. 

• This thesis has investigated the ignitability of a hydrogen DI engine at a load of 
12 bar IMEPg at 1400 RPM. However, heavy-duty engines operate over a wider 
range of high-load conditions, where ignition becomes challenging due to 
increased gas density. Further investigation at higher load levels is therefore 
recommended to assess the effectiveness of spark parameter control in 
achieving robust ignition without excessive thermal loading of the spark plug 
electrode. 

7.3 Conclusions 
This thesis has investigated the spark ignition process in heavy-duty engines 
operating on hydrogen and biogas, with a focus on achieving stable combustion 
while minimizing spark plug overheating and wear. The work combines 
experimental studies in constant-volume chambers, optical diagnostics, and engine-
based investigations to improve understanding of ignitability over a wide range of 
operating conditions. Based on the results presented in this thesis, the following 
main conclusions can be drawn: 
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Role of spark energy in ignition 
Robust spark ignition is not governed by the total spark energy delivered to the gap, 
but by how the energy is delivered during the discharge. Once a stable and self-
sustained flame kernel is formed, additional spark energy does not improve 
combustion stability. Instead, excess energy leads to increased thermal loading of 
the spark plug electrodes and accelerated wear. 

Energy transfer from spark to gas 
The efficiency of energy transfer from the spark to the gas depends strongly on how 
the energy is distributed over the duration of the spark. The initial phases of the 
spark discharge–breakdown and arc–are highly efficient in transferring energy to 
the gas but are short-lived and largely governed by system conditions. In contrast, 
the glow phase provides greater controllability but contributes less efficiently to 
energy deposition to the gas. Moreover, increasing glow current or duration beyond 
a certain threshold does not improve energy deposition, but instead increases 
thermal losses to the electrodes. Moreover, energy transfer from the spark to the gas 
is governed by the combined effect of multiple parameters rather than individual 
spark parameters. Both spark plug electrode diameter and gas density at the time of 
ignition interact with electrical spark parameters to govern the effectiveness of 
energy deposition to the gas. 

Early flame kernel development in hydrogen combustion 
Ignitability is primarily governed by the early development of the flame kernel. At 
ultra-lean conditions, flame kernels are weak and can be extinguished either due to 
in-cylinder flow at relatively high velocities or due to the heat losses to the 
surrounding metal surfaces of the spark plug electrode. Moreover, the flame kernel 
extinction occurs within a very short time after the spark event, often before the 
spark has fully ended. This indicates that the initial phases of the spark, during which 
the plasma is most energetic, are critical for achieving a self-sustained flame kernel. 

Ignitability of hydrogen DI combustion 
Combustion stability in hydrogen DI engine is governed by the interaction between 
mixture preparation and ignition control. Under non-ideal conditions, such as high 
dilution and limited mixing due to delayed injection, ignition becomes increasingly 
sensitive to local conditions near the spark plug. In such conditions, appropriate 
control of spark parameters is essential to maintain a stable combustion without 
excessive thermal loading of the electrodes. While COVIMEP is a widely used metric 
to define combustion stability, it has been found to be not sufficient enough to fully 
describe the combustion behavior. Similar values of COVIMEP  can correspond to 
different combustion characteristics, as cycle-to-cycle variations in burn duration 
may not significantly affect the total work output of an engine. However, these 
variations can strongly affect in-cylinder thermal conditions, thereby increasing the 
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risk of pre-ignition and knock, particularly in hydrogen engines. Minimizing the 
cyclic variability requires coordinated adjustment of spark parameters, particularly 
the current and the duration, with the required level of control becoming more 
pronounced as the mixture becomes increasingly diluted and less homogeneous. 

7.4 Thesis contributions 
• This thesis provides a new perspective towards ignitability in hydrogen and 

biogas SI engines, shifting the focus from increasing spark energy to how the 
spark is controlled through its parameters. 

• It provides experimental quantification of energy transfer from the spark to the 
gas at different phases of the spark discharge.   

• Through systematic experimental design, this thesis establishes closely-coupled 
interactions between multiple physical and electrical spark parameters in 
governing energy deposition to the gas. 

• Using optical diagnostics, this thesis identifies two dominant mechanisms 
responsible for misfires in hydrogen premixed combustion at ultra-lean 
conditions. Additionally, it finds COVIMEP alone is not a sufficient metric to 
characterize combustion behavior in hydrogen DI engines, and therefore 
recommends the use cycle-to-cycle variations of burn duration different stages 
for a more comprehensive analysis. This is particularly important for high-load 
operations, where such variations can increase the risk of combustion 
anomalies, including pre-ignition and knock. 
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