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The heavy-duty (HD) transport sector is under increasing pressure to improve its envi-
ronmental impact. While diesel engines remain the dominant technology due to their
high e ciency and robustness, their emissions, particularly in terms of CO,, NOy, and
particulate matter, are unsustainable. Methanol emerges as a promising alternative fuel,
0 ering high energy density, favorable combustion characteristics, carbon-neutral poten-
tial and compatibility with existing infrastructure. Instead of replacing the entire eet,
retro tting existing compression ignition (CI) diesel engines to operate in spark ignition
(SI) mode on methanol presents a practical and scalable solution. However, this approach
introduces new technical challenges, especially the increased knock sensitivity due to high
compression ratios and large bore sizes, typical of marine engines.

Part | of this dissertation presents a comprehensive literature review. Chapter 1 exam-
ines the environmental and operational challenges facing the HD industry and introduces
methanol as a promising alternative fuel. Chapter 2 focuses on the properties of methanol
and discusses technical implications of retro tting Cl engines for Sl operation. Finally,
Chapter 3 provides a critical assessment of the underlying mechanisms a ecting the per-
formance and emissions. This chapter also identi es potential strategies to overcome the
limitations of methanol use in high-load SI applications.

Part 11 presents the experimental research conducted. Chapter 4 details the experimental
setup and retro tting process. Chapter 5 analyzes the e ects of dilution strategies, lean
operation and exhaust gas recirculation, on engine performance and emissions. Chapter 6
introduces a passive prechamber ignition system aimed at improving combustion stability
under high dilution. Finally, Chapter 7 consolidates the ndings with reference to diesel
performance benchmarks, while Chapter 8 outlines future research directions.

Keywords: High-speed marine engine, Heavy-duty, Retro t, Methanol, High compres-
sion ratio, Large bore, Lean operation, Exhaust Gas Recirculation, Passive precham-
ber
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ABSTRACT

To meet climate objectives, the heavy-duty (HD)
industry must transition away from fossil fuels.
Methanol is a promising alternative, with practical
implementation possible via retrofitting diesel com-
pression ignition (CI) engines for spark ignition (SI)
operation. However, the inherently high compres-
sion ratio (CR) and large bore of such engines ele-

vate knock sensitivity, limiting performance and e [=—1

ciency. This study investigates the e [edt of lean oper-
ation and exhaust gas recirculation (EGR) dilution on
a retrofitted methanol-fueled marine Sl engine, and
explores the potential of a passive prechamber igni-
tion to improve combustion stability. Both dilution
strategies improved brake thermal e [ciehcy (BTE),
but also narrowed the stable operating range. At 10.6
bar BMEP, BTE increased from 37.24% (stoichiomet-
ric) to 39.25% under 18.2% EGR and wide-open throt-
tle (WOT), approaching the original diesel BTE of
41.42%. Significant reductions in nitric oxide (NO)
and carbon monoxide (CO) emissions were also ob-
served. However, EGR dilution preserves a stoichio-
metric exhaust, being fully compatible with a three-
way catalyst (TWC), avoiding the need for extremely
complex and costly aftertreatment systems, thereby
emerging as the more favorable dilution strategy. A
passive prechamber showed promise for enhancing sta-
bility in highly diluted conditions, thereby expanding
the dilution potential and improving BTE. A complete
design was developed to support future experimental
validation.

INTRODUCTION

In alignment with the climate objectives set by the
Paris Agreement [1], the heavy-duty industry, respon-
sible for 9% of global greenhouse gas (GHG) emissions

[2], must significantly reduce its carbon footprint. This
sector primarily relies on diesel-powered internal com-
bustion engines (ICEs) due to their high e [ciehcy, en-
ergy density, and reliable performance under demand-
ing conditions. However, diesel combustion produces
carbon dioxide (CO,), a major GHG, along with nitro-
gen oxides (NOy) and particulate matter (PM), which
degrade air quality and harm health [3]. Moreover, sea
freight demand is expected to triple, and trucking to
double by 2050 [2], further pressuring the HD industry
to achieve carbon neutrality.

To address this, a sustainable energy carrier must be
identified. Battery-electric systems and gaseous fuels
(e.g. hydrogen or methane) are hindered by low en-
ergy density and complex storage requirements, mak-
ing them impractical for HD applications [4] [5]. In
contrast, methanol stands out as a viable solution, of-
fering high energy density, liquid storage, compatibil-
ity with existing infrastructure, and the potential of
a closed carbon cycle when produced from renewable
sources [4].

Methanol o [erk several advantageous properties for
combustion applications, including a high octane num-
ber, high laminar flame speed (LFS), and high heat of
vaporization [6]. The high octane number enhances
knock resistance, while the high LFS accelerates com-
bustion, improving thermal e [ciehcy and stability.
Additionally, the high heat of vaporization provides
a cooling e[edt within the cylinder, further reducing
the risk of knock [7].

As replacing the entire fleet with new methanol-
compatible engines is impractical, retrofitting existing
diesel compression ignition (Cl) engines to operate on
methanol in spark ignition (SI) mode o Lerk a feasible
pathway.

The primary challenge however for methanol Sl op-
eration is knock. This issue is especially problematic



Table 1: Engine specifications of the baseline Volvo
Penta D7C-B TA.

Volvo Penta D7C-B TA

Engine layout 4-stroke 6 cylinder in-

line
Aspiration Turbocharged with in-
tercooler
Compression ratio 17.6
Bore / stroke 108 mm / 130 mm
Displacement 7.151

904 Nm / 1500 RPM
195 kw / 2300 RPM

Maximum torque / speed
Rated power / speed

due to the large bore diameter and high compression
ratio (CR) when retrofitted from diesel CI operation,
as this prolongs the residence time of the end gas at
high temperatures.

This study explores the performance of methanol S
operation on a marine engine retrofitted from diesel
Cl. The first objective is to evaluate the impact of
dilution strategies, specifically lean combustion and
exhaust gas recirculation (EGR), on engine perfor-
mance and emissions. The second objective is an ex-
ploratory investigation of a passive prechamber, aimed
at enhancing combustion stability, which could enable
higher dilution levels and further improve e [ciehcy.

EXPERIMENTAL SETUP

The baseline diesel engine utilized in this dissertation
is the Volvo Penta D7C-B TA, a six cylinder in-line
four-stroke marine engine with TA indicating turbo
aftercooler. It features a bore diameter of 108 mm
and a CR of 17.6. Additional engine specifications are
provided in Table 1.

The engine was initially retrofitted for Diesel-
Methanol Dual-Fuel (DMDF) operation by integrat-
ing a methanol supply system featuring a multi-point
injection (MPI) setup and an additional Engine Con-
trol Unit (ECU). To enable pure methanol Sl opera-
tion, the original diesel injectors were replaced with a
dedicated ignition system, consisting of spark plugs,
ignition coils, and ignition leads.

Over time, the engine setup was enhanced with ad-
ditional components, including a wastegate, heat ex-
changer, three-way valve, and an EGR loop. A com-
plete schematic of the engine setup is shown in Fig-
ure 1. For this dissertation, only the EGR loop will be
utilized.

MEASUREMENT METHODOLOGY

All measurement campaigns were conducted at 1500
RPM, the speed at which the baseline engine achieves
maximum torque, across three load conditions: low
(3.5 bar BMEP), medium (7.1 bar BMEP), and high
load (10.6 bar BMEP). For each operating condi-

Figure 1. Schematical overview of retrofitted Sl setup,
adapted from [8].

tion, 200 consecutive in-cylinder pressure cycles were
recorded to ensure statistical relevance.

The first phase focused on stoichiometric operation,
where the impact of spark timing was evaluated across
all load levels. Spark timing was advanced until the
Knock Limited Spark Advance (KLSA) was reached,
defined as the point at which light knock was audibly
detected, followed by a 1° CA retardation.

Next, the e [edt of lean operation was assessed. At
each load, the air-fuel mixture was incrementally en-
leaned in steps of 0.1 in the air-fuel equivalence ratio
(A) until the stability limit was exceeded. This limit
was determined using the coe [cieht of variance (COV)
of the indicated mean e[edtive pressure (IMEP) ex-
ceeding the threshold of 3%. For each A value and
load, an ignition timing sweep was performed.

Subsequently, the impact of EGR was investigated.
Exhaust gases were recirculated, achieving an EGR
rate calculated using Equation 1. At stoichiometric
combustion, the EGR rate was incremented in steps
of 5% initially, and in 2.5% near the EGR limit, until
combustion stability was lost. At each EGR rate and
load, an ignition sweep was performed.

EGR(%)= - ESR 100 @
MEGR + Mair + Myyel

Finally, an exploratory measurement series was con-
ducted of operating the engine at wide open throt-
tle (WOT), motivated by the observation made that
the throttle valve approached a nearly fully open po-
sition at the dilution limit during high-load EGR ex-
periments.

RESULTS AND DISCUSSION

A Unveiling the impact of dilution
A.1 Operational limits

Figure 2 illustrates the variation in combustion stabil-
ity as a function of spark timing across the dilerent
engine loads under stoichiometric operation. A gen-
eral trend is evident: advancing the spark timing re-
duces cycle-to-cycle variability as a result of shorter



combustion durations associated with earlier ignition.
However, at higher loads, the number of stable op-
erating points diminishes as the knock limit becomes
the dominant constraint. This limit shifts more signif-
icantly than the stability limit, thereby reducing the
range of stable spark timing.

3.25 \
200 S

—e— BMEP = 3.5 bar

—a— BMEP = 7.1 bar

—+— BMEP = 10.6 bar

--- Stability threshold (3%)

COVimep [%]

12 14 16 18 20 22 24
Spark timing [°CA BTDC]

Figure 2: E[edt of spark timing on COV ygp for
di Cerent loads (BMEP) under stoichiometric condi-
tions, with the spark timing corresponding to peak
BTE highlighted.

To enable a fair comparison between EGR and lean
operation, the dilution eledt of a lean mixture can
be converted to an equivalent air dilution percentage
using Equation 2. AFRgich is the stoichiometric air-
to-fuel ratio for methanol, being equal to 6.5.

A—1
1
AFRstoich

Table 2 shows the calculated air dilution percentages
corresponding to several A values.

%Air Dilution = x 100 2

Table 2: Air Dilution Percentage for Various A Values.

A Air Dilution [%]

1.1 1171 5100 = 7.98

1
li+55

1.2 | 2221 x 100 = 14.77

T
12+5%

1.3 | A3=1 %100 = 20.63

1
1.3+55

14 | 14=1 % 100=25.74

1
La+g%

15 | 521 % 100=30.23

1
15+55

Figure 3 and Figure 4 illustrate the e [edt of increas-
ing dilution on the stable operating range across the
diCerknt engine loads. The right-hand boundary of
each stable region is constrained by the knock limit,
while the left-hand boundary is constrained by the
combustion stability threshold. At high load, an ex-
ception to this pattern is observed at stoichiometric,

A = 1.1 and 5% EGR operation where further spark
retardation is limited by excessive exhaust gas tem-
peratures and not by the stability limit.

As visible, increasing dilution leads to reduced com-
bustion stability while simultaneously extending the
knock limit. The ability to further advance the spark
timing at higher loads by the expanded knock margin,
opens new potential for e Lciehcy improvements. This
is in accordance with experiments of Zhu et al. [9].

Both dilution strategies e[edtively reduce the in-
cylinder temperature and suppress knock. Lean burn
does this by the thermal capacity of excess air, while
EGR reduces flame temperatures by increasing the
heat capacity of the mixture with inert gases.

EGR allows for a greater shift of the knock limit
due to replacement of oxygen with inert gases, sup-
pressing the formation of reactive radicals such as O,
H, and OH in the end-gas, reducing the tendency for
auto-ignition [10]. In addition, EGR dilution behaves
more stable, in contrast with lean mixtures where the
lower fuel concentration increases the risk of partial
burns and misfires at elevated dilution levels. As a re-
sult, the combined e [edt of improved knock tolerance
and sustained stability makes EGR a more robust di-
lution strategy for extending the engine’s e [cieht and
reliable operating boundaries.

1.5

BMEP = 3.5 bar
BMEP = 7.1 bar
BMEP = 10.6 bar

g
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-
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Spark timing [°CA BTDC]

Figure 3: Stable operating range for lean burning at
di Lerknt loads.

A.2 E Lciehcy potential of lean burn and EGR
dilution

Figure 5 presents the BTE without dilution as a func-
tion of the spark timing. Advancing the spark timing
results in an increase in BTE as combustion occurs
closer to top dead center (TDC), where the piston is
optimally positioned to convert the combustion pres-
sure into mechanical work.

This is confirmed by Figure 6 showing an increased
peak in-cylinder pressure and narrowed heat release
rate (HRR) trace at advanced spark timings illustrat-
ing a more favorable phasing of the combustion pro-
cess. Optimizing combustion timing near TDC maxi-
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Figure 4: Stable operating range for EGR dilution at
di Cerent loads.
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Figure 5: Brake thermal e [ciehcy as a function of
spark timing for dilerent loads (BMEP) at stoichio-
metric operation.

mizes thermal e [ciehcy by ensuring that a greater por-
tion of released chemical energy is converted into me-
chanical work during the expansion stroke. However,
advancing combustion timing excessively can raise in-
cylinder temperatures, increasing heat losses to the
cylinder walls and surrounding components. This cre-
ates a trade-o [hktween maximizing energy conversion
and minimizing thermal losses.

At medium and high load, the point of maximum
BTE corresponds with the KLSA. This indicates that
knock occurrence imposes a constraint on achieving
the minimum spark advance for best torque (MBT)
timing at these loads. At low load, a knock margin of
2° CA is observed.

At higher loads, thermal e [Cciehcy improves because
relative heat and mechanical losses decrease, throttle
valve opening reduces pumping losses, and the tur-
bocharger boosts airflow, lowering the pumping mean
e [edtive pressure (PMEP).

This is confirmed by Figure 7 displaying the in-
cylinder pressure as a function of the relative working
volume for operating points corresponding to highest
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Figure 6: In-cylinder pressure and heat release rate as
a function of degrees crank angle for dilerent spark
timings and a BMEP of 7.1 bar (1500 RPM, 400 Nm,
A=1).

e [ciehcies. A detailed view of the negative work re-
gion, representing the pumping losses associated with
throttling, is shown in the upper right corner of the
plot. The plot reveals that as load increases, the nega-
tive work region representing pumping losses shrinks,
indicating a reduction in throttling losses.

2.00

175
70 150
125
60 1.00
075
050
50

025

0.00

40

30
—— BMEP = 3.5 bar
—— BMEP = 7.1 bar
—— BMEP = 10.6 bar

In-cylinder pressure [bar]

0.2 0.4 0.6 0.8 1.0
Working volume / Maximum cylinder volume [-]

Figure 7: P-V diagram for dilerent loads (BMEP),
stoichiometric operation, and most optimal spark tim-
ing with a zoomed view of pumping losses.

Figure 8 and Figure 9 both show for each load an
increase in e [ciehcy at higher dilution rates. This can
be attributed to several interrelated factors.

A primary contributor is the reduction in pumping
losses as the throttle valve must be opened further
resulting in a lower pressure drop across the intake
system.

EGR reduces PMEP more e [edtively than lean op-
eration because it displaces intake air with inert ex-
haust gases, requiring a larger throttle opening to
maintain oxygen supply. This e [edt is further ampli-
fied by the higher temperature of recirculated gases,
which lowers their density, requiring a greater intake
volume and reducing throttling losses, as confirmed by
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Figure 9: BTE as a function of spark timing for dif-
ferent loads and increasing EGR%.

Figure 10.

Alongside the reduction in pumping losses, charge
dilution also significantly lowers peak in-cylinder tem-
peratures. This temperature decrease impacts both
heat transfer losses and endothermic dissociation
losses within the combustion chamber [11]. The pri-
mary reason for this reduction is an increase in the
total heat capacity of the in-cylinder mixture.

Lastly, dilution improves e [ciehcy by shifting the
KLSA to more advanced values. Reduced in-cylinder
temperatures lower the engine’s knock tendency. At
low load, knock was entirely suppressed with su [cieht
dilution, especially with EGR, allowing spark timings
as early as 50° BTDC. At medium and high loads, di-
lution allowed operation closer to optimal combustion
phasing (MBT), but remained knock-limited. While
further dilution could further suppress knock at higher
loads, it would compromise combustion stability, high-
lighting a trade-o[—between knock suppression and
cyclic variability.

One thing to highlight is the impact of the specific
heat ratio (y) on the BTE. If the combustion process is
modeled as an ideal Otto cycle, the thermal e [ciehcy
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Figure 10: P-V diagram for the dilution strategies
and most optimal spark timing with a zoomed view
of pumping losses.

can be expressed as in Equation 3.

1
e ©)
with r being the CR and y being the specific heat
ratio.

Lean combustion, which increases the proportion of
air in the mixture, raises y, leading to a higher thermal
e [ciehcy, according to Equation 3. In contrast, EGR
introduces CO, and H,O, gases with lower y, reducing

Notto = 1 —

the eledtive y and thus limiting the theoretical e [=—1

ciency. This is confirmed by Figure 11. Interestingly,
at the minimum point of the y curves, the EGR trace
rises above the stoichiometric trace. This observation
is attributed to the reduction in peak in-cylinder tem-
perature caused by dilution, which significantly influ-
ences the specific heat ratio y due to its strong tem-
perature dependence. Although EGR allows for more
advanced spark timing and knock suppression, it does
not inherently boost thermal e [Ciehcy due to its lower
y eledt. All of these findings are consistent with the
findings reported by Zhu et al. [9].
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Figure 11: In-cylinder temperature and specific heat
ratio for dilution at medium load.



A.3 Emissions

Methanol’s inherent high latent heat of vaporization
contributes to lower peak combustion temperatures,
which inherently reduced nitric oxide (NO) emissions
compared to conventional fuels. Furthermore, experi-
mental results revealed that EGR suppresses NO emis-
sions more compared to lean operation because of the
lower in-cylinder temperatures at same dilution rates
and the lower oxygen concentration.

Carbon monoxide (CO) emissions were primarily in-
fluenced by the air-fuel equivalence ratio. Lean com-
bustion at 3.5 bar BMEP and A = 1.1 reduced CO
emissions by three to four times compared to stoichio-
metric operation. At low loads, emissions were ele-
vated due to methanol’s high latent heat of vaporiza-
tion, which limited CO oxidation. EGR initially sup-
pressed CO emissions by lowering combustion temper-
atures, thereby reducing CO, dissociation. However,
beyond a critical EGR rate (17.5% at 3.5 bar BMEP),
CO emissions increased again due to incomplete oxida-
tion of unburned methanol in the crevices, consistent
with the findings of Zhu et al. [9].

The aftertreatment systems of both dilution strate-
gies also dilend markedly. Lean operation fundamen-
tally inhibits the use of a three-way catalyst (TWC)
for NOyx reduction because the excess oxygen in lean
exhaust prevents the simultaneous reduction of NOy
and oxidation of CO that a TWC requires.

In contrast, EGR dilution maintains a stoichiomet-
ric exhaust composition, making it fully compatible
with TWC operation. This is critically important be-
cause EGR provides a similar diluting eledt as lean
combustion, improving e [ciehcy and reducing emis-
sions, but without exceeding the narrow air-fuel ratio
range necessary for e [edtive TWC performance.

A.4 WOT exploration

Wide Open Throttle (WOT) operation was explored
to evaluate its potential for e [ciehcy gains under
lower load conditions using EGR-based dilution con-
trol. At 1500 RPM and 7.1 bar BMEP, WOT with
EGR increased BTE by approximately 0.7% compared
to conventional EGR control, primarily because of a
more advanced spark timing. However, this approach
also introduced significant combustion instability. The
findings demonstrate that while WOT with EGR can
enhance e [ciehcy, it also requires stability improve-
ments for reliable operation.

B Unlocking the potential
prechamber

of a passive

An investigation was made into a passive prechamber
ignition system for a methanol-fueled Sl engine, aim-
ing to enhance combustion stability and e [ciehcy un-
der high dilution conditions. Although experimental
validation was not completed, the prechamber is ex-
pected to extend the dilution limits enhancing BTE,

while improving combustion stability. A design of the
passive prechamber was carefully made and manufac-
tured, as shown in Figure 12.

Figure 12: Manufactured passive prechamber.

CONCLUSION

The key findings in this dissertation are:

e Both dilution strategies (Lean operation and
EGR) result in higher BTEs, approaching diesel-
like e Lciehcies as visible in Figure 13, but narrow
the stable operating range.

« Both dilution strategies reduce emissions com-
pared to stoichiometric operation, with EGR be-
ing the favorable option because of the stoichio-
metric exhaust and TWC compatibility.

« A passive prechamber ignition system would im-
prove stability, thereby olering the possibility
of reaching higher dilution rates and improving
BTE.

Best BTE [%]

3.5 bar 7.1 bar 10.6 bar
Engine Load (BMEP)

Figure 13: BTE at 1500 RPM for various load points
and operating strategies.
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Chapter 1

Introduction

1.1 De-fossilizing the heavy-duty industry

To meet the climate goals stated by the Paris agreement [1], large carbon dioxide (O
emitting industries will need to drastically reduce their carbon footprint. The heavy-duty
(HD) transport industry is responsible for 9% of global greenhouse gas (GHG) emissions
[2]. This includes aviation (3%), shipping (2%) and trucking (4%) as can be seen in
Figure 1.1.

Figure 1.1: Overview of global greenhouse gas emissions [2].

Furthermore, by 2050, the demand for sea fright is predicted to triple and that for trucking
to double in the same time frame [2]. This emphasizes the pressure on the heavy-duty
eet to reach the obliged carbon-neutral goals.

Most of the current HD eet is powered by internal combustion engines (ICEs), running

on diesel. This is due to their high e ciency, high energy density and reliable performance
under harsh conditions. Nevertheless, diesel exhaust contains a complex mix of greenhouse
gases and pollutants. The GHGs typically include carbon dioxide, nitrous oxide (),

and smaller quantities of methane (Chl), which contribute to climate change. Pollutants



in diesel exhaust, on the other hand, are more directly harmful to human health and
the environment. These include particulate matter (PM), nitrogen oxides (N¢), carbon
monoxide (CO), hydrocarbons (HC), sulfur oxides (SQ, and black carbon. Black carbon,
in particular, is a potent short-lived climate pollutant, with a warming potential thousands
of times greater than CQ in the near term [3] [4]. These emissions are the result of
incomplete combustion and high pressure conditions within diesel engines [4].

Modern after-treatment systems can eliminate most NQ HC, CO, and PM from exhaust
gases [5]. This is a solution for pollutant emission, but does not pose a solution to the
climate impact of the fuel. Itis obvious that an alternative approach to driving heavy-duty
vehicles is needed to achieve a carbon neutral future.

1.2 Fueling the Future

To get a comprehensive overview of possible alternatives for Diesel use in HD applications,
each following section will dive into the feasibility of emerging green technologies. They
will be evaluated on their ability to comply with the requirements of a HD energy carrier
[6]:

" High energy density : The alternative energy carrier should have a high energy
density (both volumetric and gravimetric) to ensure su cient power and range for
heavy-duty applications without excessively large or heavy fuel storage systems.
Figure 1.2 shows a graph of the volumetric and gravimetric energy density of multiple
energy carriers. The blue arrows indicate the e ect of speci ¢ storage systems needed
on the energy density, like cryogenic or high pressure tanks for hydrogen storage for
example.

Figure 1.2: Volumetric energy density as a function of gravimetric energy density for di erent

energy carriers [7].

" Power density : The alternative energy converter e.g. the engine, motor or fuel
cell, should support power densities that allow machinery to maintain performance
levels comparable to diesel engines. It should also integrate with existing engine
technologies or be adaptable for use with ICEs, electric motors, or fuel cells.



Infrastructure availability and scalability . The fuel or technology must be
supported by existing or rapidly scalable infrastructure for production, distribution,
and refueling.

Environmental sustainability  : The alternative should o er signi cant reductions
in GHG and pollutant emissions over its life-cycle, including production, distribu-
tion, and end-use.

Economic viability : The alternative should be cost-competitive with diesel in
terms of production, operation, and maintenance. This includes potential retro tting
costs for existing engines or the price of a new powertrain.

" Reliability and safety : The replacement should be reliable in various operat-
ing conditions, ensuring durability and consistent performance. Safety in handling,
storage, and use is also crucial.

1.2.1 Battery-Electric

A battery package driving an electric motor is the most e cient way of green energy
storage, compared to hydrogen or e-fuel conversion. No tailpipe emissions are produced
and an electric setup can co-exist in hybrid solutions. On the contrary, batteries have a
low energy density [8], resulting in large, heavy battery packs for heavy-duty machinery
[9]. Additionally, this limits the range for applications operating long hours or high
energy loads. Although locally no emissions are produced, there are still a lot of question
marks around the sustainability of battery packs and the use of rare earth materials [10].
New battery technologies, like solid-state batteries [9], are being developed improving
recyclability of batteries. Unfortunately it is estimated that only 5% of the lithium-ion
batteries are being recycled at the moment [11]. Thus concerns about resources and
scalability are another disadvantage of this technology.

1.2.2 Gaseous Fuels
Hydrogen

Hydrogen can be easily produced from green electricity by means of electrolysis. It is very
versatile as it can be used as a fuel in a combustion engine or fuel cell and as a foundational
component for other carbon-neutral synthetic fuels [12]. The main issue with hydrogen
as an energy carrier is again the low energy density. Hydrogen has a gross gravimetric
energy density of 120 MJ/kg, which is approximately three times higher than that of
diesel. The volumetric energy density on the other hand is 0.01079 MJ/L at atmospheric
conditions [12]. This is due to its nature as a lightweight gas, with a density of just
0.08 kg/m? at atmospheric conditions. This requires high-pressure or cryogenic storage,
increasing the density to 25 kg/ni (at 350 bar) or 70.85 kg/n¥, respectively. Both of
these methods are energy-intensive and require bulky, heavy tanks. Another problem is
the limited infrastructure for hydrogen production, distribution and refueling [12].



Methane

Methane, the primary component of natural gas, can be generated from biological material
or produced using renewable energy, resulting in bio-methane or e-methane, respectively.
It can be used in compressed (CNG) or liqgue ed (LNG) form [13]. In this way it can reach
half the volumetric energy density of diesel, storage tanks not included [6]. Furthermore,
the existing gas infrastructure can be repurposed for the transportation and storage of
methane. The main downside of methane is its global warming potential (GWP). The
GWP is de ned to quantify the global warming e ect of a gas. Each GHG is evaluated
based on its ability to trap heat over a speci ¢ time period compared to C9 For example,
methane has a GWP that is 28 times greater than COover a 100-year period and even
86 times over a 20-year period [14]. Leakage during production and distribution can o set
the bene ts.

Ammonia

Ammonia o ers advantages over hydrogen in terms of storage, as it can be stored in liquid
form at ambient temperature under a pressure of only 8 bar. Additionally, as the world's
second most produced chemical, ammonia bene ts from well-established production and
transportation infrastructure [6]. Ammonia does not contain carbon, resulting in a CO
and CO, free combustion. On the other hand, nitrogen oxides, including J® which
has a GWP 300 times higher than C@ are being produced. Additionally, the lower
ame speed, as well as its high ignition energy and temperature requirements, limits the
performance of ammonia in ICEs [15].

1.2.3 Liquid Fuels

Liquid fuels have notable bene ts over gaseous fuels, primarily due to their higher energy
density, as can be seen in Figure 1.3. This makes onboard storage easier for mobile
applications and supports long-distance transport. They are also easier to handle and
can leverage existing infrastructure for storage and use. Additionally, liquid fuels are
typically safer, posing fewer risks than compressed or cryogenic gas storage, which requires
specialized safety protocols to manage potential hazards [8] and decrease the potential
energy density of the system, see Figure 1.2.

Figure 1.3: Net volumetric and gravimetric energy density of di erent fuels [8].



Methanol

Methanol is a simple alcohol that remains liquid at ambient temperature and pressure.
It can be synthesized from second generation biomass or through the use of electricity, or
a combination of both, resulting in bio-methanol and e-methanol. Methanol, being one
of the top ve chemicals used globally, is already abundantly available worldwide, and its
use and safe handling are well-established [6]. However, it is important to note that the
majority of the currently available methanol, known as grey methanol, is derived mainly
from natural gas in America and Europe, and from coal in Asia [16]. New engines capable
of running on methanol using the dual-fuel principle are already available, highlighting
the progress in methanol adoption. NQ is still being produced during combustion of
methanol and it has a volumetric energy density of less than half that of diesel [8].

Bio-diesel or HVYO

Fatty acid methyl esters (FAME), known as biodiesel, are typically mixed with fossil diesel
to produce a blend called B7, containing up to 7% biodiesel. Higher concentrations of
biodiesel require modi cations to existing engines [6]. Another bio-based diesel alternative
is hydrotreated vegetable oils (HVO). Unlike FAME, HVO can be used directly as a drop-
in fuel without needing to be mixed with fossil diesel or requiring engine modi cations,
as it meets diesel fuel standards, having a relatively equal volumetric energy density as
fossil diesel [17]. The problems with these two diesel replacements are that these primarily
rely on rst-generation biological material, which may compete with food production [6].
Bio-diesel also entails higher production costs than fossil diesel.

1.2.4 A Compelling Choice for Heavy-Duty Applications

For the heavy-duty industry, the driving requirement is high power and volumetric energy
density for su cient autonomy and mobility. Here, liquid fuels have the edge on gaseous
fuels and battery-electric solutions. Liquid fuels also have an advantage with respect to
storability and safety. Unlike Bio-diesel or HVO, green methanol production does not
rely on bio-based feedstock but can be made with captured G@nd hydrogen, ensuring

a circular carbon life cycle. Moreover, methanol is a promising renewable fuel for internal
combustion engines, o ering clean-burning properties and lower emissions. Its molecular
structure, free of carbon-carbon bonds, reduces soot formation, while its low-temperature
combustion minimizes NQ emissions. Additionally, methanol's high octane rating al-
lows for improved engine e ciency, making it a viable alternative for cleaner and more

e cient heavy-duty applications. This is why methanol will be fueling our research on
diesel replacement in the heavy-duty industry. Existing dual-fuel (methanol and diesel)
technology is already in practice on large vessels [18] [19] [20]. The problem here is that
it still relies on diesel (for some load points, almost no methanol is used). To combat this,
dedicated engines need to be designed, covering the entire power range for renewable fuel
options.

A more in depth discussion about the current production, availability, distribution and
costs of methanol and green methanol can be found in previous research [21] [22], but is
not further covered here.



Chapter 2

Retro tting Diesel ClI To Methanol
]

In the maritime industry, the shift toward sustainable energy sources is important to target
stringent emission reductions [2]. Methanol has emerged as a promising alternative fuel
because of its potential for reducing greenhouse gas emissions and its compatibility with
existing infrastructure [23]. Retro tting existing diesel engines to operate on methanol
in a spark ignition (SI) mode o ers a practical pathway to achieve these environmental
goals without the immediate need for entirely new engine designs.

Methanol's high octane rating (cf. Table 2.1) and clean combustion characteristics make

it suitable for S| engines. However, transitioning from compression ignition (Cl) diesel en-
gines to methanol-fueled Sl engines includes several technical challenges. These encompass
modi cations to the fuel injection system, ignition system and engine control strategies

to accommodate methanol's di erent combustion properties. Studies have demonstrated
that with appropriate modi cations, diesel engines can be e ectively converted to operate

on methanol, achieving reasonable performance while signi cantly reducing emissions [22]
[24].

This chapter explores the technical considerations of retro tting marine diesel engines to
methanol S| operation. It begins by examining methanol's unique properties and their
relevance to ICEs compared to diesel and gasoline. The discussion is then followed by the
usefulness of retro tting and some di erences between CI and Sl engines.

2.1 Methanol properties relevant to ICEs

2.1.1 Key Chemical and Physical Properties

" Flame Speed: Methanol's high laminar ame speed, approximately 42 cm/s at
stoichiometric conditions, surpasses that of gasoline, which is around 37 cm/s [25].
This characteristic facilitates faster and more e cient combustion cycles in Sl en-
gines, enhancing thermal e ciency and reducing combustion duration. The rapid
ame propagation allows for more complete combustion, leading to higher power



output and improved fuel economy.

Latent Heat of Vaporization: One of methanol's standout features is its high
latent heat of vaporization (approximately 1100 kJ/kg), which is considerably higher
than that of diesel or gasoline, see Table 2.1. This cooling e ect is bene cial as it
lowers in-cylinder temperatures, further helping to reduce knock and NGemissions
[26]. However, as methanol needs more heat to vaporize fully, this can lead to
challenges with cold starts.

Auto-Ignition Temperature: Methanol has a relatively high auto-ignition tem-
perature (around 738 K), which means it is less prone to auto-ignition at typical
engine operating temperatures. This is ideal for Sl engines that rely on spark igni-
tion rather than compression for fuel ignition. The high auto-ignition temperature

of methanol reduces the likelihood of pre-ignition and knocking, particularly in high-
compression engines being retro tted from diesel. This property allows methanol Sl
engines to operate safely under demanding conditions, such as high-load scenarios
in marine applications. Methanol's higher auto-ignition temperature and ash point
compared to gasoline makes it also safer for transportation and storage [25].

Energy Density:  Methanol's volumetric energy density is approximately 15.9
MJ/I, which is signi cantly lower than that of gasoline (about 31.7 MJ/I) and diesel
(around 35.8 MJ/I) [27]. This lower energy content means that, for a given volume,
methanol provides less energy, necessitating larger fuel tanks or more frequent refu-
eling to achieve the same operational range as diesel or gasoline engines. In marine
applications, this can impact vessel design and payload capacity, as additional space
must be allocated for fuel storage. Moreover, the increased fuel consumption associ-
ated with methanol may a ect overall operational e ciency and logistics planning.
Therefore, when retro tting diesel engines to methanol, careful consideration of fuel
storage solutions and consumption rates is essential to maintain performance and
range. The combination of methanol's lower energy density (requiring approximately
twice the fuel volume) and its high latent heat of vaporization (roughly four times
that of diesel) results in a substantially greater cooling e ect. This strong cooling can
reduce in-cylinder temperatures, helping to suppress knock and increase volumetric
e ciency in Sl engines. However, it may also complicate cold start performance and
fuel vaporization under low-temperature conditions.

Octane Rating: Methanol's high Research Octane Number (RON), often around
109, makes it well-suited for Sl engines [27]. This high octane level indicates excel-
lent resistance to knocking, which is a primary advantage in Sl applications, par-
ticularly when high compression ratios are used in heavy-duty engines. Methanol's
Motor Octane Number (MON) of around 92, though slightly lower than the RON,
also contributes to its knock-resistant properties [27]. Together, these values imply
that methanol can handle the pressures and temperatures typical in SI combustion
without premature ignition.

Table 2.1 compares the most relevant key properties of methanol, diesel and gasoline,
while Figure 2.1 highlights the e ect of these properties to the engine performance.



Table 2.1: Comparison of key properties of Methanol, Diesel, and Gasoline relevant to ICEs

[21], [22], [25], [26], [27].

Property Methanol Diesel Gasoline
Chemical Formula CH3;OH Various Various
Density (STP) (kg/m 3) 790 830 740
Energy Density (MJ/I) 15.9 35.8 31.7
Flame Speed (cm/s) 42 30 37
Latent Heat of Vaporization 1100 250 180-350
(kJ/kg)

Lower Heating Value (MJ/kg) 20.09 42.74 42.90
Auto-Ignition Temperature (K) 738 530 465-743
Research Octane Number (RON) 109 - 91-98
Motor Octane Number (MON) 92 - 81-86
Cetane Number 3 40-55 0-14
Flash point (°C) 11 55 -45
Adiabatic ame temperature (K) 2143 - 2275
Flammability limits in air (vol%) 6.70-36.00 - 1.30-7.60
Flammability limits in air [ ] 0.23-1.81 - 0.26-1.60
Stoichiometric Air-Fuel Ratio 6.5:1 14.6:1 14.7:1
Soot Emissions Negligible High Moderate

2.1.2 Comparison with Diesel and Gasoline

" Eciency in Sl

Methanol's high octane rating and ame speed (cf. Table 2.1)

make it superior to gasoline in terms of e ciency and knock resistance in Sl engines,
particularly under heavy-duty demands. When compared to diesel, methanol's po-
tential to achieve diesel-like e ciencies in S| operation is promising [21]. Diesel
engines benet from the thermodynamic advantages of the Diesel cycle, such as
higher compression ratios and lean combustion, contributing to Brake Thermal E -
ciency (BTE) values exceeding 40 percent. However, studies indicate that retro tted
methanol Sl engines can approach similar e ciency levels under optimized condi-
tions. For instance, methanol's high latent heat of vaporization contributes to charge
cooling, improving volumetric e ciency, compensating for some of the e ciency gap
[28].



Figure 2.1: E ect of methanol properties on engine performance [27].

" Emission Benets:  Methanol's chemical structure, which includes a high oxy-

gen content and no carbon-carbon bonds, contributes to cleaner combustion with
almost no soot. Compared to gasoline, NOproduction is reduced, owing to its
lower combustion temperatures and more complete burning process. On the other
hand, however, methanol can produce higher levels of unburned hydrocarbons and
formaldehyde [25]. The emissions produced by burning methanol are further dis-
cussed in subsection 3.2.4.

Knock Resistance and Heavy-Duty Application: Methanol's high knock resis-
tance makes it an appealing choice for Sl engines in heavy-duty at high compression
ratios. The fuel's cooling e ect helps mitigate knock even further, allowing higher
thermal e ciencies. A further discussion of knock resistance is given in chapter 3.
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2.2 From CI to SI

2.2.1 Why use retro tting?

Retro tting existing marine engines to run on methanol o ers a practical solution to bridge

the gap between current diesel engines and the new, purpose-designed methanol engines
expected in the future. Given that the average lifespan of a cargo ship ranges from 20 to
30 years, with some vessels exceeding 30 years [29], relying solely on the gradual replace-
ment of the eet to achieve carbon neutrality by 2050 is impractical. As methanol-ready
engines are not yet widely available, retro tting allows us to begin reducing emissions in
the existing eet without waiting for the complete transition to new technologies. This
approach not only extends the life of current engines in a more sustainable way but also
supports a gradual shift in fuel infrastructure, helping to build the necessary support
systems for methanol use while addressing immediate environmental concerns in marine
and heavy-duty transport [30].

2.2.2 Retro tting Diesel Engine for Methanol Spark Ignition

Conceptual di erences between Cl and S

Compression ignition and spark ignition operate on fundamentally di erent principles
which in uence their design, performance and suitability for speci c applications. Sl
engines use an ignition spark from the spark plug to initiate combustion in a pre-mixed
air-fuel mixture, where CI engines rely on the auto-ignition of the fuel due to elevated
pressure in the cylinder.

Cl engines are optimized for fuels with high energy density and low auto-ignition tem-
peratures, such as diesel. Diesel's high cetane number ensures reliable ignition under the
high pressures typical in ClI operation. Sl engines, on the other hand, require fuels with
high octane ratings, such as gasoline or methanol to resist knocking (cf. Table 2.1).

The compression ratio, a critical parameter for engine performance, also varies signi -
cantly between CI and Sl engines. CI engines typically operate with compression ratios
in the range of 14:1 to 22:1. This contributes to their higher thermal e ciency. In SI
engines, the compression ratio is generally lower, around 8:1 to 12:1, to prevent knock-
ing and pre-ignition. However, the high knock resistance of methanol allows for higher
compression ratios in retro tted Sl engines, which is also the case in this thesis with a
compression ratio of 17.6:1.

Another major di erence lies in the fuel injection system. CI engines employ high-pressure
direct injection systems, often exceeding 2000 bar, to ensure proper atomization of fuel
for e cient combustion. In contrast, SI engines commonly use port fuel injection (PFI)
or direct injection (DI) systems at signi cantly lower pressures.

Injection systems

Retro tting a Cl engine to operate as an Sl engine on methanol often involves replacing
the diesel injection system with a methanol-compatible injection system and integrating
spark ignition hardware.
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Both PFI and DI are options in Sl engines, visually represented in Figure 2.2. Each option
has its advantages and drawbacks. PFI introduces fuel into the intake manifold where
it mixes with air before entering the cylinder. This method is mechanically simpler,
less costly and provides excellent mixing at low and medium loads. However, due to
mixing outside the cylinder, particularly under high load conditions, PFI can lead to
worse volumetric e ciency compared to DI. Furthermore, PFI systems are more prone to
wall wetting and cold start issues due to methanol's high latent heat of vaporization and
low energy density [31] [25].

DI, on the other hand, involves injecting fuel directly into the combustion chamber en-
abling greater control over injection timing and fuel strati cation. This approach im-
proves combustion e ciency and power output, particularly under high load conditions.
The downside of DI systems lies in their increased cost, mechanical complexity and the
challenges of optimizing injector design to handle methanol's lower lubricity and potential
for corrosion [27] .

Figure 2.2: PFI versus GDI Injection Systems [32].
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Chapter 3
Engine Optimization

This dissertation aims to evaluate the feasibility of methanol as a viable alternative to
the fossil fuels currently powering the heavy-duty industry. For methanol to serve as an
e ective substitute, it must ideally meet or exceed the power output and performance
benchmarks of modern diesel engines while achieving substantial emission reductions.
This chapter will cover the specic targets and discuss the limits with modern inter-
nal combustion engines. Furthermore, it includes an overview of recent research in the
eld, laying the groundwork for the experimental measurements and ndings detailed in
Part II.

3.1 Performance parameters

To reach optimal engine performance for heavy-duty applications, three important param-
eters can be distinguished. Namely, the e ciency, the maximal load and the operational
limits will be discussed in the following sections.

3.1.1 Eciency

E ciency is represented by Brake Thermal E ciency (BTE). BTE is a measure of an
engine's e ciency in converting the energy in the fuel into mechanical work at the output
shaft. It is crucial for an engine to be able to operate at high e ciencies. This will
reduce fuel consumption, extending the operating range of the engine. Higher e ciency
will also result in less emissions, because less fuel is needed for the same power output.
Modern diesel engines can reach BTEs up to 45% [33]. This superior e ciency compared
to Sl engines is achieved due to several key factors. These include higher compression
ratios, which enhance thermal e ciency, direct fuel injection enabling lean combustion,
the inherently high energy density of diesel fuel, no throttling losses and a more complete
combustion [33]. In contrast, S| engines typically achieve e ciencies of up to 35% [33],
falling short of the e ciency levels attainable by Cl engines.

In 2.1.1, properties of methanol are mentioned that have the ability to enhance the e -
ciency of Sl engines relative to gasoline. Methanol has a high Research Octane Number
(RON) and a high Motor Octane Number (MON). These properties give a distinct view
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of the knock-resistivity of a fuel. In a RON test, only the air is initially heated before
introducing the fuel. In contrast, in a MON test, the air and fuel mixture is heated si-
multaneously. This means that in a RON test, methanol can cool down the mixture due
to its high latent heat of vaporization, increasing knock-resistivity. This is why the MON
number is typically a bit lower. Additionally, the fast ame speed of methanol leads to a
faster ame propagation, leaving less time available for end-gas heating.

The combination of the charge cooling e ect and the high ame speed extend the knock-
limit of the engine. This implies higher compression ratios are possible, enhancing the
thermal e ciency of the engine.

Furthermore, methanol can support leaner air-fuel mixtures than gasoline, meaning it
can operate with more air relative to fuel [34]. This lean combustion improves thermal
e ciency as it reduces the peak combustion temperature and energy losses, enhancing
fuel economy and reducing emissions.

The potential for increased engine e ciency by replacing gasoline with methanol has been
extensively validated experimentally. Li et al. [35] report indicated e ciencies of over 50%
on a heavy-duty directly injected Sl engine, with a bore of 136hm using a compression
ratio of 16:1 and strati cation. These experiments were conducted at 1600 RPM at full
load. An emphasis is placed on the direct injection of methanol with strati cation. This
way of injecting the fuel will enhance methanol's e ciency increase with respect to the
port injection strategy used in our experimental research. Brusstar et al. conducted
experiments on a 1.9 liter turbocharged diesel engine with a compression ratio of 19.5:1
that was converted for Sl operation on methanol [36]. The high compression ratio enabled
peak brake thermal e ciencies higher than the baseline diesel engine (40%) for operation
on methanol (42%). A side-note here is the size of the engine cylinders compared to the
7.15 liter Volvo Penta, used in the experimental results of this dissertation.

3.1.2 Maximal load

In HD industry, operating under heavy loads is the norm. Therefore the maximal load
should be extended as much as possible to withstand these heavy loads. Cl engines reach
maximum load at relatively low RPM's. For Sl engines, this is not possible due to knock
occurring for high loads at low RPM. Therefore, again the knock limit will be a constraint

to reach maximal load, comparable to that of an Cl engine [37].

The knock limit at high load can be extended by implementing spark retardation. This
spark retardation is shifting the combustion away from top dead center. In this way,
end-gas pressure and temperature are diminished leading to a prolonged ignition delay as
can be seen on Figure 3.1b, lowering the chance of knock occurring [38]. On the other
side, retarding the spark timing has an adverse e ect on the e ciency. At each operating
point, a Minimum Advance for Maximum Brake Torque (MBT) can be de ned. It refers

to the optimal ignition timing at which the engine produces its maximal power output
without knocking, see Figure 3.1a.
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(a) BMEP in function of ignition timing. (b) Cylinder pressure in function of crank angle.

Figure 3.1: Minimum Advance for Maximum Brake Torque (MBT) with in uence of ignition
timing.

Deviating from this point will lower the brake mean e ective pressure (BMEP) causing
the BTE to deteriorate. If MBT cannot be reached before knock occurrence, the term
Knock Limited Spark Advance (KLSA) is used to indicate the point of maximum e ciency
limited by knock.

3.1.3 Operational limits

Every engine has a safe operating range in which normal engine behavior is assured. This
operating range can be demarcated by a performance mapping. Zhu et al. [39] performed
such a mapping in their research on a heavy-duty Sl-engine on pure methanol. Figure 3.2
plots the break mean e ective pressure in function of the engine speed, indicating the
brake thermal e ciency at each load point. The black lines show the load limit for low
and high engine speed, marking the engines operating range.

Figure 3.2: Performance map, showing BTE [39].
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Demiddeleer and Vanderbeken [21] performed measurements, seeking the operating range
of the Volvo Penta by varying the ignition timing for multiple loads and lambda values
at 1500 RPM, see Figure 3.3. In this way, three recurring limits where established.

Figure 3.3: Stable operating range at di erent loads, with knock limiting the spark advancing
and combustion stability limiting spark retarding [21].

Knock limit

As discussed in subsection 3.1.2, varying the spark timing has an in uence on the achiev-
able e ciency and can mitigate knock. To achieve optimal e ciency, the spark timing
needs to be advanced until MBT is reached. Advancing the spark timing increases the
probability of knock. In this way, at certain operating points, MBT can't be reached due
to knock occurring. This is called Knock Limited Spark Advance (KLSA) and is the left
limit on Figure 3.3. This limit can prevent the engine from running at optimal e ciency

if MBT is not reached.

Stability limit

As discussed above, when increasing the load, knock is the limiting factor. Therefore,
spark retarding is used as an anti-knock measure to be able to reach higher loads. However,
not only the e ciency, but also the engine stability is a ected by this measure. Engine
stability becomes a problem when the Cycle-to-Cycle Variability (CCV) becomes to high.
This is the consequence of inconsistent combustion in successive power cycles. To get a
measure for the stability, a Coe cient Of Variance (COV) of the Indicated Mean E ective
Pressure (IMEP) is calculated [40]. When the COV-value exceeds 3%-5%, the engine is
running instable. On Figure 3.3 the instability limit is at the right side and can be seen

as the maximum possible spark retardation.

Lean limit

As mentioned, there is a third factor limiting the operating range of the engine. The lean
limit is a special case of the two other mentioned above. When running at higher lambda
values, the stability limit is a ected to a higher extent than the knock limit, causing them

16



to converge with each other. The point where spark advance leads to knock and spark
retarding leads to instability, is referred to as the lean limit. At this point, the engine
can't run smoothly with more excess of air. On Figure 3.3, it can be seen that the lean
limit decreases for higher loads.

3.2 Limiting factors

3.2.1 Knock

A signi cant challenge for Sl engines is the risk of end-gas auto-ignition as power out-
put increases, whether through higher demands on the same engine or by enlarging the
engine size. This phenomenon, known as knock, should not be interchanged with pre-
ignition.

Pre-ignition vs Normal knock

Pre-ignition occurs when the air-fuel mixture in one or more engine cylinders ignites
spontaneously before the spark plug res. This happens due to high temperatures reached
during the compression process or the presence of hot spots, such as an overheated spark
plug [41], presented in Figure 3.4a. In contrast, knock occurs after the piston has passed
top dead center. It happens when the advancing ame front raises the temperature of the
remaining unburned air-fuel mixture (the end-gas) to the point of auto-ignition before the
ame can consume it [41]. This results in the sudden release of a substantial portion of the
mixture's energy ahead of the main turbulent ame, as represented in Figure 3.4b.

(a) Pre-ignition (b) Conventional knock

Figure 3.4: Graphical representation of pre-ignition and conventional knock [42].

This rapid energy release generates pressure waves that resonate within the cylinder,
producing the distinct knocking or pinging sound and often leading to increased engine
vibrations. Knock represents abnormal combustion, which destabilizes engine operation
and can cause severe damage to both the engine and its after-treatment systems if sus-
tained, see Figure 3.5.
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Figure 3.5: Engine damage by conventional knock [41].

Super-knock

Even though pre-ignition is distinctly di erent from conventional knock, it can trigger se-
vere engine knock. This phenomena is called Super-knock [41]. This intense combustion
produces a powerful pressure wave, with the reaction front propagating outward from the
ignition source at supersonic speeds. This leads to pronounced pressure wave activity,
causing extreme in-cylinder pressures, as illustrated in Figure 3.6, which can result in
instant engine damage. Furthermore, this form of abnormal combustion appears ran-
domly with little direct relationship to engine control parameters, such as ignition timing,
equivalence ratio, intake temperature, etc [41].

Figure 3.6: Cylinder pressure traces of typical pre-ignition and normal cycles [41].

Super-knock is a very speci c type of knock that usually occurs at low engine speeds and
high loads, typical for boosted engines [41]. In this dissertation, super-knock is expected
to occur only if the engine experiences a drop in speed at full load. The relationship
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between pre-ignition, conventional knock, and super-knock in a boosted gasoline engine
Is summarized in Figure 3.7. The gure shows that generally, SI combustion can be
categorized into normal combustion and engine knock. In cases of normal combustion,
the ame front progresses smoothly via turbulent ame propagation, resulting in stable
operation without knock. However, under certain conditions - especially at high load -
abnormal combustion events can occur. These are classi ed as engine knock, which can be
further divided into conventional knock and super knock. Conventional knock typically
arises from auto-ignition of the end gas ahead of the main ame front. The auto-ignition
mode is then end-gas de agration: a slower, subsonic combustion of the end-gas. Super
knock, a more sever form can also be associated with end-gas detonation: a supersonic
combustion mode with extremely high pressure rates. At the root of these abnormal
combustion processes is pre-ignition. Depending on the conditions, pre-ignition can thus
lead to end-gas detonation (super knock), end-gas de agration (heavy or mild knock) or
turbulent ame propagation (non-knock).

Figure 3.7: Knock overview [41].

Knock detection & quanti cation

For heavy-duty Sl engines, knock poses a signi cant limitation in achieving high thermal

e ciencies and engine loads. The large bore size of these engines results in a longer ame
travel distance, providing more opportunity for knock to occur. Furthermore, in this
study, the HD SI engine was retro tted from an existing diesel engine with a high com-
pression ratio (17.6:1). Although the higher compression ratio will lead to a theoretically
more e cient cycle, there will be a trade o because of the elevated temperatures and
pressures, increasing the risk of knock and imposing stricter constraints on e ciency.

Therefore, it is crucial to quantify knock in an accurate way. In-cylinder pressures can
be used as a representative measure to detect knock [43]. A straightforward method for
measuring knock intensity is the Maximum Amplitude of Pressure Oscillation (MAPO)
method [44]. This metric simply looks at the maximum value of the high-frequency pres-
sure oscillations during a speci c time window after ignition. The high-frequency pressure
oscillations are obtained by applying a band-pass lter into the in-cylinder pressure signal.
The knock intensity is then given by Equation 3.1.
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MAPO =max jpy ( )j o [44] (3.1)

wherepy; is the band-pass- Itered in-cylinder pressure, is the crank angle corresponding
to the start of the calculations, andw is the knock window length.

The resulting index is then compared to a prede ned knock threshold. This threshold

must be su ciently high to exclude pressure oscillations from normal combustion, yet

low enough to identify mild knocking cycles [43]. Typically, the threshold is determined

through statistical analysis or experimental testing. However, because knock behavior
varies with engine operating conditions, a xed threshold may lack precision. To com-

bat this, multiple approaches can be taken, Galloni et al. [45] proposed a method that
dynamically calculates the knock threshold for example.

Alternatively, a knock sensor could be implemented that measures vibrations close to the
cylinder. For this research, the use of a knock sensor could be a potential upgrade re-
garding precise knock measurement, although its calibration is quite complex. Until then,
knock will be evaluated audibly and through pressure graphs, as shown in Figure 3.8.

Figure 3.8: In-cylinder pressure and amplitude of pressure oscillations for normal and knock
engine behavior [46].

An important side-note, the engine used in this research is equipped with only one in-
cylinder pressure sensor. Consequently, the remaining ve cylinders do not record in-
cylinder pressures, making any pressure-based method unreliable, as knock can occur in
any of the cylinders.
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Knock limiters

In the following discussion, a short overview will be given of possible knock suppression
strategies. Other enhancements, that will be the main focus in this dissertation, will be
discussed later on.

In subsection 3.1.2, the e ect of spark retarding on knock was already discussed in detail.
An other way to suppress knock is by enriching the fuel mixture. Injecting excessive fuel
could increase the e ect of charge cooling and decrease the temperature of the mixture,
which could prolong the time to end-gas auto-ignition and nally suppress knock. How-
ever, under the condition of fuel enrichment, HC and CO emissions increase, and since the
Three-Way Catalyst (TWC) can only work under stoichiometric conditions, this causes
problems of fuel economy and emissions [41].

Similarly, use of strati ed mixture is a exible approach to suppress knock and is usually
achieved using direct injection. Strati cation ensures a non-uniform air-fuel ratio within
the cylinder. A richer mixture is formed close to the spark plug, for ignition purposes,
while elsewhere in the cylinder the mixture is rather lean. This creates an overall lean mix-
ture, with less fuel far away from the spark plug, leaving less opportunity for auto-ignition
of the end gas, restricting knock. Additionally, fuel directly injected in the cylinder can
lower the combustion temperatures due to the cooling associated with fuel vaporization.
Therefore, the cooling can lower knock sensitivity and the maximum achievable load at a
certain compression ratio can be increased [41].

Increasing turbulence intensity is also a viable option to suppress engine knock. Once
combustion has started, increased turbulence leads to fast combustion and decreases the
tendency to knock [47] [48]. However, at the start of combustion, increased turbulence
also increases heat transfer from the spark electrode. To solve this problem, modern
engines adopt high energy ignition (more than 10énJ) to support strong turbulence.

For example, through optimizing the geometry of the intake port as shown in Figure 3.9,
the tumble ratio of a dedicated engine for the Toyota Prius hybrid increased from 0.8
in the previous 2ZR-FXE model to 2.8 in the ESTEC 2ZR-FXE. Introduction of high
tumble-induced-high-turbulence is accompanied by low tendency to knock [41].

Figure 3.9: High tumble intake port [41].
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3.2.2  Stability

In subsection 3.1.3, a brief overview was given on stability, limiting the operating range
of the engine. The most common causes of combustion instability originate from patrtial
burn and misres [49]. A misre in an engine occurs when one or more cylinders fail
to complete the combustion cycle properly. This means that the air-fuel mixture in the
cylinder does not ignite as expected, leading to a loss of power and e ciency. The engine's
performance becomes erratic, and you may hear a popping or sputtering noise, indicating
an incomplete combustion event.

Bahri et al. [50] de ne three types of misres: Fuel cut-o (I), high dilution (II) and

low temperatures (l11). For type-l, mis res and partial burning cycles can be caused by
uctuations in the engines air{fuel ratio (AFR). Where partial burn cycles are de ned

as cycles where the heat release is reduced by 10% or more compared to a well-burning
cycle [50]. With increasing lambda value () the amount of heat released from the air-fuel
mixture decreases and mis res type-Il are generated. By reducing the intake temperature,
the reactivity of air-fuel mixture signi cantly decreases. Mis res will occur once the intake
temperature is not su cient to support normal/partial combustion.

Randolph et al. [51] conrm that excessive Exhaust Gas Recirculation (EGR) has a
disadvantageous e ect on the engine stability. The Coe cient Of Variance (COV) of the
IMEP was used as a measure for combustion stability. Dilution sweeps were performed
to see the e ect on this parameter, shown in Figure 3.10. Beyond a diluent mass fraction
of approximately 20%, a noticeable increase in COV is observed, indicating the onset of
combustion instability.

Figure 3.10: COV of IMEP for Conventional, CO»-only and N»-only EGR at 3000 RPM / 16.0
bar nIMEP [51].

As dilution increases, the temperature in the cylinder at end of compression is lower.
This leads to slower reaction rates during the early phase of combustion when the ame
is still laminar, thus a slower Laminar Burning Velocity (LBV), and requires spark to be
advanced, see Figure 3.11. As dilution increases, the spark advance become so early that
the laminar ame either extinguishes before transitioning to a fully developed turbulent
ame (complete mis re), or it transitions too late to achieve nominal combustion (partial
mis- re). Either event leads to high COV of IMEP.
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Figure 3.11: Spark Advance and Combustion Response with Conventional, C&only, and N»-
only EGR at 3000 RPM / 16 bar nIMEP [51].

3.2.3 Cold start

In this dissertation, the retro tted S| engine operates using methanol as its fuel. As
highlighted in subsection 2.1.1, methanol possesses a high latent heat of vaporization, ap-
proximately four times greater than that of diesel and gasoline Table 2.1. Combined with
the need for twice the amount of fuel due to methanol's energy density being half that
of gasoline and diesel Table 2.1, this leads to a cooling power that is eight times greater
compared to gasoline and diesel. This high cooling power, combined with methanol's low
vapor pressure, can result in cold start challenges for the engine under low ambient tem-
perature conditions [52]. At lower ambient temperatures, the intake port and combustion
chamber temperatures decrease, necessitating a richer air-fuel mixture for a successful
startup [53]. However, increasing the injected fuel mass leads to the formation of thicker
fuel Ims on the intake port and valve surfaces, which slows down evaporation [53]. As a
result, there is an optimal injected methanol mass required for a given engine to achieve
e cient combustion. Once a cycle successfully res, the back ow of hot residual gases
into the intake port enhances fuel evaporation in subsequent cycles [53]. Therefore, cold
start challenges are typically limited to the initial cycles after the engine starts.

Gong et al. [52] conducted cold start tests on a single-cylinder, four-stroke S| engine with
a 52.4 mm bore and a 10.55:1 compression ratio, fueled by methanol. They found that
at ambient temperatures below 16°C, reliable engine starts were not possible without
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auxiliary starting aids, even with signi cant methanol injection per cycle. Using the
same engine, Li et al. [53] investigated various starting aids, including air preheating,
methanol preheating, resistance heating of the intake manifold, glow plug preheating, and
additional LPG injection into the intake manifold. While air and methanol preheating
proved ine ective, resistance wire and glow plug preheating successfully extended the
critical ring boundary, enabling starts at minimum ambient temperatures of 5°C and

0 °C, respectively. Furthermore, LPG injection into the intake manifold signi cantly
expanded the critical ring boundary, permitting cold starts at temperatures as low as -13
°C. The latter solution seems to be the most practical and e ective in terms of extending
cold start temperatures. Important to mention is that our predecessors [21] did not
encounter cold start during any of their experiments. This could be explained by the high
compression ratio and the fact that the engine was not used under very cold conditions.
So, implementation of one of these solutions will probably not be a necessity.

3.2.4 Emissions

The primary aim of this dissertation is to establish a bridge between conventional diesel
heavy-duty engines and purpose-built heavy-duty engines powered by renewable fuels,
contributing to a greener heavy-duty eet. This implies that emissions must be reduced
for the transition to be meaningful. In addition, the European Commission has introduced
the European Stage V standards [54], among the strictest emission regulations globally for
Non-Road Mobile Machinery (NRMM). As a result, the transition to more carbon-neutral
alternatives has become unavoidable. In the following section, a detailed analysis of the
emissions produced by a Sl engine running on methanol will be presented, highlighting
its environmental impact and potential bene ts compared to traditional fuels.

As was done in the introduction of this literature review section 1.1, a distinction can be
made between green house gases and pollutant emissions.

GHG contribute to the greenhouse e ect, where heat is trapped in the Earth's atmo-
sphere, maintaining temperatures suitable for life but also driving climate change when
concentrations are elevated.

Pollutants on the other hand, are substances or agents introduced into the environment
that have harmful or toxic e ects on ecosystems and human health.

Green House Gases
CO,

Methanol (CH3OH) is a carbon rich fuel, so it is inevitable to produce C@during com-
bustion of the fuel. Although CO, emissions occur during combustion, methanol can serve
as a renewable fuel if its carbon cycle is closed. This involves capturing the £@leased
from the tailpipe, either by biomass photosynthesis or by direct air capture, and utilizing
it as a raw material for synthesizing renewable methanol. By recycling the GOn this
manner, no additional greenhouse gases are introduced into the atmosphere.

In addition to the fact that methanol's CO, emissions can be made circular through
carbon recycling, the fuel itself possesses intrinsic properties that result in a lower net
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CO, output compared to gasoline and diesel. Vancoillie et al. [26] found that methanol
operation reduces the speci ¢ C@ emissions by more than 10% compared to gasoline.
This is partly due to the lower CO, formation per unit of energy when burning methanol
(68.4 g/MJ compared to 74 g/MJ for gasoline). Another reason is the higher brake
thermal e ciency when running on methanol. Turner et al. [55] and Wang et al. [56]
reached a similar conclusion, reporting an 8.8% reduction in GGemissions when the
engine operated on methanol compared to gasoline in the latter research.

Additionally, methanol's reduced carbon-to-hydrogen ratio minimizes the potential for
CO, formation [27]. The oxygen content in methanol further enhances combustion e -
ciency, reducing speci c CQ emissions [27]. These combined factors position methanol
as a cleaner alternative to gasoline and diesel, o ering signi cant potential for reducing
overall carbon emissions.

Pollutants
NO 4

Atmospheric air consists of approximately 78% nitrogen. During the combustion of the
air-fuel mixture, nitrogen oxides (NQ,), consisting primarily of nitric oxide (NO) and
nitrogen dioxide (NO,), are produced. The amount of N@ produced, depends on several
parameters, with the most in uential being: Combustion temperature and in-cylinder
temperature, oxygen concentration, and residence time of the ue gases in the combustion
chamber [57].

When compared to gasoline, methanol reduces the in-cylinder temperatures because of its
lower adiabatic ame temperature, high burned gas heat capacity and evaporation cooling.
Consequently, NQ can be expected to be lower if the engine is operated at the same
equivalence ratio [27]. Song Ho et al. [57] provide a detailed review of the mechanisms
through which methanol in uences NQ emissions, as summarized in Table 3.1. The
study distinguishes between two types of e ects: direct and indirect. Direct e ects are
mechanisms associated with the elemental composition of the methanol molecule, such
as the presence of oxygen, which tends to increase N@missions. In contrast, indirect

e ects are mechanisms that a ect the working conditions of the engine by physicochemical
properties of methanol, such as its high heat of vaporization, which in uences factors like
in-cylinder temperatures. These indirect e ects generally reduce N@missions, although
certain conditions, like a faster ame speed, can contribute to increased NG@ormation,

as shown in Table 3.1.

The authors also note that their analysis includes studies involving both pure methanol
and methanol-gasoline blends. Despite these variations, the ndings o er valuable in-
sights into understanding and evaluating methanol's impact on engine performance and
emissions.
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Table 3.1: Overview of mechanisms of methanol on NQ emissions [57].

Impact

Mechanism Class

Methanol
reduces NQ
emissions

Methanol-blended fuel generates more triatomic products, which Indirect
decrease the peak combustion temperature, subsequently reducing
NO, emissions.

The higher heat of vaporization of methanol-blended fuel results Indirect
in lower temperatures of the combustible mixture and subse-

qguently lowers peak combustion temperatures in the cylinder, re-

ducing NOy emissions.

Methanol-blended fuel's lower heating value and faster ame Indirect
speed lead to lower spark advance, thereby decreasing combus-
tion temperature and reducing NOy emissions.

The lower adiabatic ame temperature of methanol contributes to  Indirect
the reduction in NO, emissions when used in methanol-blended
fuel.

Methanol
increases NQ
emission

Oxygen content in methanol may supply additional oxygen for Direct
NOy production.

The in-cylinder air-fuel mixture may become slightly lean when Indirect
using methanol-blended fuel, resulting in increased N@ produc-
tion.

The faster ame propagation speed associated with methanol- Indirect
blended fuel results in the increase of combustion temperature,
potentially resulting in increased NOy production.

Svensson et al. [58] conducted stochastic reactor simulations incorporating detailed chem-
ical kinetics and a soot model to compare the emission formation pathways of methanol
and diesel. They developed emission maps for various species as functions of equivalence

ratio ( =1=) and temperature (T), examining typical trajectories in ( ,T)-coordinates ex-
pected during engine operation. Figure 3.12 highlights the regions where N(ottom)
and soot (top) are produced, along with the adiabatic ame temperature.
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(a) Methanol (b) Diesel

Figure 3.12: The formation of emissions of soot (in ppm by mass, in “island' at top of plots, i.e.
at the high equivalence ratios) and NG (in ppm by volume, bottom right of plots, i.e. at high
temperatures and lower equivalence ratios) as a function of equivalence ratio and temperature,
for methanol and diesel [58].

The results indicate that the NG, formation regions are similar for methanol and diesel.
However, due to the lower in-cylinder temperatures achieved with methanol injection,
NOy emissions are expected to be lower for methanol at the same equivalence ratio.

Zhu et al. [39] provide a mapping of the NQ emissions for the entire operating range.
Figure 3.13 shows that NQ emissions are highest at lower engine speeds or higher engine
loads owing to the lower EGR rate.

Figure 3.13: Performance map for the heavy-duty methanol SI engine showing the NOemissions
[39].
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CO

Carbon monoxide (CO) is a byproduct of incomplete fuel combustion in the engine com-
bustion chamber and represents the loss of chemical energy that is not fully utilized in the
engine. The amount of CO produced depend heavily on combustion conditions like: air-
fuel ratio, combustion temperature and interruption of combustion cycle time [57].

Compared to gasoline, methanol can ensure a more complete combustion of the fuel. This
is due to methanol's elemental composition characteristics (e.g., lower carbon content,
presence of oxygen, lower C/H ratio, etc.), structural characteristics (e.g., non-presence of
C-C bond), and physicochemical characteristics (e.g., lower boiling point, etc.). Therefore,
it is considered that a decrease in CO emission is natural when methanol is used as an
alternative to gasoline [57].

In Table 3.2, a summary of the mechanisms of methanol on the increase and decrease of
CO emissions is given, compared to gasoline.

Table 3.2: Overview of mechanisms of methanol on CO emissions [57].

Impact Mechanism Class
Methanol Methanol has a lower carbon content than gasoline. The carbon Direct
ethano
in the fuel is directly converted into CO during the combustion
reduces CO )
o process, so the use of methanol-blended fuel reduces the formation
emissions o
and emission of CO.
Methanol has a lower C/H ratio than gasoline. Direct
The oxygen enrichment from methanol leads to a \pre-mixed oxy- Direct
gen e ect" that promotes complete combustion.
The lower stoichiometric AFR of methanol leads to the leaning Direct
e ect of the methanol-blended fuel, and this promotes complete
combustion.
Methanol has no C-C bond in its structure, which could help Direct
complete the combustion of the methanol-blended fuel.
The lower boiling point of methanol makes the methanol-blended Indirect
fuel completely vaporize, allowing for complete combustion.
The higher heat of vaporization of methanol-blended fuel leads to Indirect
lower intake manifold temperatures, and more air access occurs
during fuel combustion.
Methanol Methanol-blended fuel produces more triatomic products, which Indirect

increases CO  lowers the combustion temperature and slows down CO oxidation.

emission The shorter combustion process of methanol-blended fuel might Indirect

result in insu cient oxygenation of CO.
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Methanol also possesses properties that could potentially increase CO production. Espe-
cially at low loads, it can be found that the higher latent heat of evaporation of methanol
limits the oxidation of CO, increasing CO content. Zhu et al. [39] performed emission
measurements on a Sl engine running on methanol an con rmed this observation, as can
be seen in Figure 3.14.

Figure 3.14: Performance map for the heavy-duty methanol S| engine showing the CO emissions
[39].

SO, & Soot

Methanol inherently has no soot formation due to the absence of carbon-carbon bonds
and aromatic component in its molecular structure [57]. Furthermore, the carbon atom in
methanol is bonded to an oxygen atom, providing chemically premixed oxygen within the
fuel. Consequently, the "soot island," illustrated in Figure 3.12, is almost non existent.
For this study, which focuses on the combustion of pure methanol, soot emissions are
expected to be too low to measure with the available equipment. This property o ers
a distinct advantage in reducing NQ emissions, as it eliminates the typical NQ-soot
trade-o commonly encountered in diesel engines.

In contrast with diesel, sulfur oxides (SQ) are not present in methanol combustion due
to the lack of sulfur content in the fuel.

Unburned Hydrocarbons

Hydrocarbon (HC) emission is an unburned or incomplete combustion product of fuel
in the combustion chamber. Like CO, it represents the loss of chemical energy that
is not fully utilized in the engine [57]. HC is emitted in such conditions as mis res,
regulated valve leakage, liquid fuel e ects (especially during cold start and warm-up),
fuel or fuel/air mixture protected from the combustion process in crevices, oil Ims and
deposits, lack of complete air supply, low cylinder compression, lean mixture and lower
in-cylinder temperature [57].

An overview of the e ect of methanol on HC emissions is given in Table 3.3.
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Table 3.3: Overview of mechanisms of methanol on HC emissions [57].

Impact Mechanism Class
Methanol has no heavy HC. Direct

Methanol

reduces HC The oxygen in methanol provides su cient oxygen, and this im- Direct

emissions proves combustion e ciency.

Methanol has a lower carbon content than gasoline, which makes Direct
the combustion reaction more complete.

Methanol has a lower C/H ratio than gasoline Direct

The lower stoichiometric AFR of methanol leads to the leaning Direct
e ect of the methanol-blended fuel, and this promotes complete
combustion.

The higher heat of vaporization of methanol-blended fuel leads to Indirect
lower intake manifold temperatures, and more air access occurs
during fuel combustion.

The lower boiling point of methanol makes the methanol-blended Indirect
fuel completely vaporize, allowing for complete combustion.

Methanol The lower AFR of methanol leads to more fuel injection, which Direct
increases HC  results in more fuel entering the crevice volumes or being absorbed
emission in the oil layers.

The combustion process of methanol-blended fuel is advanced,Indirect
decreasing the exhaust temperature, which weakens the oxidation
of HC.

The higher heat of vaporization of methanol-blended fuel causes Indirect
lower in-cylinder temperature, which may lead to mis re and par-
tial combustion.

Additionally, Gadden et al. [59] found that HC emissions increased heavily with. As
shown in Figure 3.15, the HC emissions were higher at lower engine speeds and loads
because of the lower post-oxidation rate caused by the lower exhaust temperature.

Formaldehyde

Next to all the other well-known emission species, methanol combustion also produces
the toxic compound formaldehyde which is a human carcinogen. Formaldehyde (£B)
emission is the post-oxidation production of unburned methanol. The formation occurs
due to the partial oxidation of methanol in the combustion process, especially under
speci ¢ conditions such as low combustion temperatures or incomplete oxidation.

Zhang et al. [60] conducted several experiments to identify the e ects on formaldehyde
formation. Injection timing, load, speed and EGR rate were varied during this study. It

30



Figure 3.15: Performance map for the heavy-duty methanol SI engine showing the HC emissions
[39].

was found that a retardation of the injection timing decreased formaldehyde content in
the exhaust gases, while an increase is observed with the retardation of ignition timing.
The temperature of unburned methanol post-oxidation is a ected by engine speed, load,
and EGR ratio, a ecting formaldehyde emissions. With increasing exhaust temperature,
unburned methanol emission decreases while formaldehyde emission rst increases and
then decreases.

When looking at Figure 3.13, Figure 3.14 and Figure 3.15, it is expected that emissions will
be highest when operating at lower loads and low engine speeds. This will be examined in
the experimental research of this dissertation, focusing on CO and N@missions.

3.3 Performance enhancing techniques

In the following section, three possible performance enhancing techniques will be explored:
Exhaust Gas Recirculation, Lean Combustion and Passive Prechamber Technology. Their
working principle, performance parameters and limiting factors will be discussed. These
techniques will also be implemented and evaluated in the experimental research conducted
in this dissertation.

3.3.1 EGR

Exhaust Gas Recirculation (EGR) is a widely applied technique in internal combustion
engines to improve e ciency, suppress knock, and reduce N@missions [61]. By rein-
troducing a portion of the exhaust gases back into the intake system, see Figure 3.16,
EGR lowers the combustion temperature within the cylinder, which in turn has multiple
bene ts: knock suppression, enhancing thermal e ciency and reducing NQemissions for
methanol-fueled Sl engines, especially in high-load marine applications [62]. The EGR
rate (EGR%) is a quantity that expresses the amount of exhaust gases recirculated back
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into the engine inlet, which can be de ned in multiple ways [62]. Typically, itis de ned as
the ratio of the mass of the recirculated exhaust gas to the total mass of the intake mix-
ture, including exhaust gases, air and fuel as shown in Equation 3.2 [63]. In Equation 3.3,
the recirculated exhaust gas is only compared to the combined mass ow rate of fuel and
air. Additionally, the EGR% can also be de ned using the volumetric ratio of di erent
intake gases, though this method is less representative due to di erences in temperature
and density between the recycled exhaust gases and intake air, see Equation 3.4 [63].

EGR(%) = EGR 100  [63] (3.2)
rDEGR + rI‘air + rI‘fuel
EGR(%)= — 2R 100 [63] (3.3)
Mair + Miyel
_ VEGR
EGR(%) = 100  [63] (3.4)

Vair + Vfuel + VEGR

However, due to the hard environment created by the exhaust gases, the EGR mass rate
is never directly measured [64]. An approach to counteract this is based on focusing
on the concentration of CQ in the intake and exhaust gases, providing a measure of
the EGR rate. This approach provides a direct calculation of EGR percentage using
Equation 3.5. Similarly, this is also possible using the £concentration as written down

in Equation 3.6

[Coz,amb] [COZ,mix]
[COZ,amb] [COZ,EGR]

EGR(%) = 100  [65] (3.5)

[Oz,amb] [OZ,mix]
[OZ,amb] [OZ,EGR]

EGR systems are typically classi ed based on two key distinctions: hot versus cold EGR
and high-pressure (HP) versus low-pressure (LP) EGR. Hot EGR refers to exhaust gases
being recirculated directly back into the intake without cooling, while cold EGR incor-
porates a cooler to reduce the temperature of the recirculated gases [65]. Cooled EGR
increases intake density and thereby also increases the volumetric e ciency. The de-
creased temperature also reduces N@missions. On the other hand, the HC-emissions
and cycle-to-cycle variations are increased compared to that of hot EGR [65]. Hot EGR
uses the high temperature exhaust to heat the intake, promote combustion and improve
the thermal e ciency. These characteristics of both types of EGR are given in Table 3.4
[65] .

Another distinction in EGR is based on the pressure loop. HP EGR systems extract
exhaust gases upstream of the turbine or close to the exhaust manifold and reintroduce
them into the intake manifold downstream of the compressor, see Figure 3.17 [65]. This
con guration allows for rapid response due to the shorter ow path, making it e ective
during transient conditions [67].

EGR(%) = 100  [63] (3.6)
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Figure 3.16: Schematic showing the principle of EGR in an ICE [66].

Cooled EGR Hot EGR

A A~

Lower NOy values Lower combustion dura-

~ Better knock suppres- tion
sion " Lower HC values
" Complex structure " Simple structure

Table 3.4: A comparison of the characteristics between cooled EGR and hot EGR [65].

LP EGR systems, on the other hand, extract exhaust gas downstream of the turbocharger
turbine and reintroduce it upstream of the compressor, as can be seen in Figure 3.17. This
setup enables more homogeneous mixing of exhaust gas with fresh air via the compressor
and improved EGR cooling. Despite the slower response compared to HP EGR, it is e ec-
tive at higher engine loads and speeds because of the longer owpath of the recirculated
exhaust gases and thus the better cooling [67].

LP EGR is further divided into clean and dirty EGR, as shown in Figure 3.18 [65]. Despite
some sticky hydrocarbons in dirty EGR, there are also some bene ts such as improved
fuel economy, reduced pumping losses and improved EGR cooling [65] [68].
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