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A B S T R A C T

Methanol use in marine engines is associated with challenges pertaining to misfiring and knocking. This study 
aims at parametrically optimising a marine dual-fuel four stroke engine considering variable compression ratio 
(VCR) settings and methanol direct injection with 90 % energy fraction. CFD models are developed and validated 
against experimental data. Parametric runs are employed in 20, 55 and 90 % load, with compression ratio 
ranging 11–19, to reveal the optimal CR values for each load considering the engine performance and emissions 
parameters along with constraints on combustion efficiency and stability. The sustainability index is employed to 
assess the environmental sustainability of the engine under optimal VCR settings compared to FCR. The results 
reveal that the engine thermal efficiency for CR 19, 16 and 12 at low, medium and high loads respectively in-
creases by 7 %, 2 % at low and medium loads, whereas, decreases by 4 % at the high load. The engine with the 
proposed VCR settings achieves the compliance with the IMO Tier III limits and increases its sustainability index 
by 21 % compared to the fixed compression ratio. This study provides insights for the effective use of high 
methanol energy fractions in marine dual engines, thus contributing to the shipping sector sustainability.

1. Introduction

The shipping sector seeks to effectively address its decarbonisation, 
pledging for net-zero CO2 emissions per transport work by 2050 [1]. 
Methanol is perceived as a short-term solution in the shipping sector 
transition towards zero‑carbon fuels [2] especially when it is produced 
by using renewable energy from agricultural resins [3]. Moreover, 
pertinent technoeconomic analyses proved that use of methanol fuel as a 
decarbonisation solution or large ship fleets is financially plausible [4].

Methanol use reduces carbon dioxide emissions due to the lower 
carbon to hydrogen ratio (compared to diesel), whereas its high auto- 
ignition temperature requires the injection of high reactivity pilot fuel 
to initiate combustion. Reviewing 55 studies dealing with methanol use 
in compression ignition engines concluded that a clear trade-off between 
thermal efficiency and methanol energy fraction cannot be established 
[5]. The two main methanol combustion methods in compression igni-
tion engines are the diffusive and premixed combustion associated with 
the in-cylinder direct and port injection, respectively [6]. Both methods 
have benefits and drawbacks. Premixed injection facilitates more ho-
mogeneous methanol-air mixtures leading to faster combustion with 
lower NOx emissions [7]. However, the significant probability of 

knocking at medium and high loads, constraints the diesel energy sub-
stitution rate to 40–60 % [8–11]. Conversely, direct methanol injection 
can facilitate methanol energy fractions up to 95 % [12] with benefits on 
thermal efficiency and hydrocarbon emissions [13].

Due to its high enthalpy of evaporation, methanol reduces the in- 
cylinder reactivity leading to reduced maximum in-cylinder tempera-
ture and pressure [14]. This may cause misfiring at low and medium 
loads with high diesel substitution rates [15]. On the contrary, at high 
loads, the increased laminar flame speed leads to extensive knocking due 
to the high in-cylinder reactivity [16]. To mitigate methanol quenching 
effect, considerable in-cylinder reactivity is achieved by increasing the 
charging air temperature, which results in higher NOx emissions [17], or 
by increasing the compression ratio, which may result in unstable 
combustion at other loads. To reduce the knocking propensity, exhaust 
gas recirculation is deemed essential [18], resulting in the engine ther-
mal efficiency penalisation.

To facilitate the decarbonisation of the shipping sector and enhance 
its sustainability, it is essential to use high shares of green methanol as a 
fuel in marine engines. Split injection strategies that include two or more 
methanol injection stages (an early injection during the compression 
stroke and following injections closer to or after the top dead centre) can 
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mitigate misfiring in low loads [39]. While these strategies are prom-
ising in low loads, they result to significant knocking in high loads, the 
mitigation of which requires excessively large split ratios for methanol 
injection [40]. These contradictory split injection requirements in the 
complete engine operating envelope introduce challenges for their 
consistent application. Advancing the pilot fuel injection timing can 
mitigate knocking in medium and high loads for a dual-fuel engine with 
94 % methanol energy fraction [41], it is limited, however, by misfiring 
in low loads (due to the reduced in-cylinder reactivity) [42]. Christensen 
et al. [43] demonstrated the multi-fuel capability of engines with vari-
able compression ratio (VCR) setting in various loads.

Integrating Variable Compression Ratio (VCR) technology into large- 
bore engines, presents significant challenges pertinent to the structural 
integrity of components. VCR system for large-bore engines highlighted 
that while VCR can improve fuel efficiency by approximately 5.5 %, the 
design must address increased mechanical complexity and ensure 
durability under varying compression ratios [45].

The preceding literature review advocates that most studies deal 
with fixed compression ratio, lacking investigations of VCR technologies 
in marine dual-fuel engines operating with high methanol energy frac-
tions. Although methanol has potential to decarbonise the maritime 
industry, challenges such as misfiring at low loads and knocking at high 
loads remain unaddressed. Moreover, studies focusing on the VCR use in 
marine large-bore engines to address these challenges and meet inter-
national emission regulations such as IMO Tier III are not reported.

Hence, this study aims at parametrically optimising a marine dual- 
fuel four stroke engine considering VCR settings and methanol direct 
injection with 90 % energy fraction. The novelty of this study stems 
from: (i) the investigation of variable compression ratio settings for the 
considered engine operating with high methanol energy fractions; (ii) 
the identification of optimal settings to achieve improved engine per-
formance and reduced emissions, and; (iii) the use of sustainability 
index for the appraisal of the engine environmental impact.

2. Methodology

The methodology followed in the study consists of eight steps. Step 1 
focuses on the incorporation of the characteristics and settings of the 
considered marine engine. Step 2 focuses on the development of the CFD 
model for the diesel operation of the marine engine, using the 
CONVERGE software. The model considers in-cylinder diesel direct in-
jection, whereas the injection parameters are derived from the engine 
shop tests report. Step 3 deals with the grid sensitivity study where the 
grid is selected compromising accuracy and computational effort. The 
validation of the CFD model against experimental data is performed in 
Step 4. Step 5 focuses on the development of CFD models for the dual- 
fuel operation with methanol considering as baseline the validated 
CFD model. The latter considers 90 % methanol energy fraction (MEF) 
and direct injection of both fuels from different nozzles of the same 
injector. Step 6 focuses on defining the operating envelope for the 
investigated engine with VCR, and identification of ranges for stable 
combustion. Step 7 includes the cases description for the fixed and 
variable compression ratio settings. Step 8 employs the derived results to 
comparatively assess the engine operation with fixed and variable 
compression ratio settings. The impact of VCR on the indicated thermal 
efficiency, combustion efficiency, NOx emissions and decarbonisation 
targets are identified and discussed, providing insights for the operation 
of marine dual fuel engines with high methanol fractions. The developed 
CFD model considers ideal gas state for the thermodynamic behaviour of 
the in-cylinder working medium; diesel and methanol are injected 
considering trapezoidal injection pulse [29]; and the power output per 
cylinder is deemed same for all the engine cylinders.

2.1. CFD model, grid sensitivity and experimental validation

The developed CFD models employ the cylinder geometric charac-

teristics of the considered marine engine. To reduce the computational 
effort, and considering the cylinder and injector symmetries, a sector is 
selected corresponding to one sixth of the engine cylinder. The initial 
conditions for the dual-fuel operation of the considered marine engine 
are presented in Table A1 (Appendix) and are determined employing 
steady-state thermodynamic modelling and literature data. The sub- 
models for the droplet breakup are KH-RT [20] and for the collisions 
is NTC [21]. The extended Zeldovich model [22] is used for the NOx 
estimation, which is calibrated to match shop test NO data. Turbulence 
is calculated via the RANS k-ε model, whereas the reaction mechanism 
used in this study is the one proposed by Andrae & Head [24] that can 
effectively capture the reaction pathways of alcohol fuels (like meth-
anol) and diesel. This mechanism is a semi detailed one consisting of 672 
reactions and 143 species yielding best trade-off between accuracy of 
capturing in-cylinder behaviour and computational expense. The engine 
methanol energy fraction (MEF) is defined according to: 

MEF =
mCH3OH LHVCH3OH

(mD LHVD) +
(
mCH3OH LHVCH3OH

) (1) 

where m is the mass of the fuels considered and LHV the lower heating 
value expressed in kJ/kg.

For the in-cylinder direct injection of both fuels, a single multi-hole 
injector with different nozzles for each fuel is considered (for more in-
formation regarding potential injectors advise [46,47]). Furthermore, 
keeping constant injection pressure ensures that the fundamental 
atomisation and spray formation characteristics remain consistent dur-
ing diesel and methanol injection. Injecting the fuel at high pressure 
assures uniform atomisation and proper spray penetration, affecting the 
combustion efficiency. The injector tilt angle is set at 62.5o and spray 
cone angle at 17.5o, whereas the injection rate shape is trapezoidal as it 
is deemed beneficial for emissions [54]. A dual common rail system is 
considered, where each fuel has its own rail connected to the injector. 
The injection pressure for both fuels is assumed at 1000 bar. Since a 
common rail system is considered in most methanol/diesel dual-fuel 
engines, the injection pressure is the same. Separate piezoelectric ac-
tuators control the injection timings of each fuel separately. Methanol 
fuel is injected at 80 oCA BTDC whereas pilot diesel is injected at 12 oCA 
BTDC. Early injection of methanol during the compression stroke, leads 
to adequate mixing with charge air [15], reduction of compression work 
[25] and lower injection pressure requirements. VCR concept is realis-
able in marine engines by including mechanical adjustment of cylinder 
head or connecting rod thereby, altering the clearance volume and 
hence compression ratio. When operational switch from high to low 
compression ratio is required, bypass valve can be utilised to allow for 
pressure reduction in-cylinder.

The validation of the developed CFD model is conducted considering 
the in-cylinder pressure data acquired during shipboard measurements. 
Fig. 1(a)–(c) shows the predicted and measured in-cylinder pressure as 
well as the heat release rate for 30 %, 50 % and 90 % loads. The data are 
filtered and corrected as described in Tsitsilonis et al. [26] prior to 
calculating the heat release rate. For the diesel mode, the root mean 
square error was found to be less than 3 bar for all loads. Deviations from 
the measured values are attributed to the inherent uncertainty of the 
CFD sub models as well as engine degradation [27]. Furthermore, the 
simulated and experimental heat release profile is calculated using the 
first law of thermodynamics, however, small deviations pertain to the 
different assumptions and input for the heat transfer rate determination.

Due to the lack of experimental data with methanol for marine en-
gines, the developed CFD model was further validated using reported 
data for a small-scale high-speed diesel engine operating in a dual fuel 
mode employing methanol port injection with 30 % MEF at 75 % load 
[30,33]. According to Fig. 1(d) results, the error for the maximum in- 
cylinder pressure calculated at 0.5 %, whereas the crank angle at the 
maximum pressure was simulated at 9.1 oCA ATDC instead of the 
measured 7.5 oCA ATDC. The CFD model overpredicts the first peak of 
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Fig. 1. CFD model validation results for diesel operation in: (a) 30 % load, (b) 50 % load, (c) 90 % load. (d) CFD model validation results for a light-duty diesel 
engine operating in 75 % load with 30 % MEF. Grid sensitivity study results for the four grids listed in Table A2 for (e) the in-cylinder pressure, and; (f) in-cylinder 
temperature. (g) Spatial distributions of the in-cylinder temperature for the four grids.
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heat release rate, corresponding to the premixed part of combustion and 
subsequently results in higher pressure from experimental between 5 
and 0 oCA BTDC. The measured in-cylinder pressure data are used for 
the heat release rate calculation. Due to engine resonance, the heat 
release calculations require median-averaging smoothing. The empirical 
value of specific heat ratio for diesel operation is assumed for the dual- 
fuel mode calculations introducing inherent uncertainty due to different 
species in-cylinder. Furthermore, during the experiments, methanol in-
jection in the intake port results in inhomogeneous air-fuel mixture. 
Conversely, the numerical model considers fully homogenous mixture 
and calculates the specific heat ratio for the dual-fuel operation at each 

crank angle step. Hence, this explains the slight differences in the 
benchmarked curves. The calculated root mean square error is 6 bar and 
which is around 4 % of the peak pressure yielding CFD behaviour within 
accepted errors [53]. The emissions validation is presented in appendix 
Fig. A1.

According to the retrieved results, the reaction mechanism, and the 
sub-models for spray, droplets, combustion, turbulence and heat transfer 
are considered validated. In international literature, models with similar 
root mean square variations are deemed validated as presented in the 
pertinent studies [50–52]. Hence, it is inferred that the developed CFD 
model can be employed with the highest possible confidence for the 

Table 1 
Settings of the investigated cases for fixed and variable compression ratio.

Case pIVC
a (bar) TIVC (K) Methanol/Diesel 

SOIb

(oCA BTDC)

Methanol/Diesel Injection 
Pressure 
(bar)

Methanol/Diesel Injection Duration 
(oCA)

Load 
(%)

EGR (mass %) CR

FCR-a 1.74 380 80/12 1000 22/2 20 0 14
FCR-b 2.8 380 45/4 55 8 14
FCR-c 3.8 380 65/5 90 12 14
VCR-a 1.74 340 22/2 20 0 15 to 19
VCR- 

b
2.8 340 45/4 55 0 13 to 17

VCR-c 3.8 360 65/5 90 0 11 to 13

a IVC: inlet valve closing.
b SOI: start of injection.

Fig. 2. (a–c) Combustion efficiency and NOx emissions versus CR for the three investigated loads; (d) thermal efficiency, NOx emissions and CR versus load for the 
engine with FCR and VCR settings derived from the parametric optimisation study (for VCR).
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simulation of the considered variable and fixed compression ratio cases.
A grid sensitivity study is performed considering four different grids, 

the particulars of which are listed in Table A2 (Appendix). These grids 
contain cells of 12, 10, 8 and 6 mm coupled with adaptive mesh 
refinement between 80 oCA BTDC and 135 oCA ATDC. Fig. 1(e)–(f) 
present the in-cylinder pressure, heat release rate and temperature 
respectively for the four grids. Fig. 1(g) shows the spatial variation for 
the in-cylinder temperature for the considered grids. The results indicate 
that a base grid of 8 mm with level 4 velocity and temperature 
embedding exhibits the minimum error compared to the respective 
experimental values.

2.2. Cases description

The considered test cases along with the inputs regarding the tem-
perature and pressure at the inlet valve closing, engine load, EGR and 
compression ratio (CR) are presented in Table 1. The considered cases 
include fixed and variable compression ratio settings, with the former to 
include EGR of 0 %, 8 % and 12 % at 20, 55 and 90 % loads respectively.

The baseline compression ratio of the engine is 14 and remains 
constant for the fixed compression ratio (FCR) cases. A parametric 
investigation is conducted for the variable compression ratio engine that 
includes the CR variation at each examined load. For 20 % load, CR 
varies between 15 and 19, for 55 % load between 13 and 17, whereas for 
90 % load between 11 and 13. These CR values represent the operational 
limitations of engine designs with VCR [35].

The parametric optimisation considers thirteen cases corresponding 
to VCR settings, to define the CR values at each load that exhibits the 
best trade-off between indicated thermal efficiency and NOx emissions. 
The design of simulations is based on Latin Hyperqube sampling method 
to reduce computational effort [19]. EGR is not considered for the cases 
with VCR to avoid the thermal efficiency penalisation [23,34]. The 
settings for all the cases are selected to correspond to stable operation 
and close to complete combustion conditions. The temperature and 
pressure at the inlet valve closing (IVC) were determined through a 
parametric investigation [32] yielding that for the VCR cases lower 
temperature is required.

The VCR engine settings are realised by adjusting the piston position 
within the cylinder, thereby modifying the combustion chamber clear-
ance volume. Recent industrial developments indicate that incorpo-
rating a piston with variable deck heights through a hydraulic control 
system allows to control the volume of the lubricating oil and hence 
vertically adjust the piston position [43,44]. A controlling system allows 
the regulation of oil amount based on the engine load providing 
continuous adjustment of the piston position.

Compliance with IMO limits for the E3 test cycle (propeller curve) 
entails the satisfaction of Eq. (2). The Tier-II and Tier-III limits for the 
investigated engine with nominal speed of 500 rev/m are 10.53 and 
2.59 g/kWh, respectively [28]. 

∑4

i=1
wi BSNOxi < BSNOxTier,j (2) 

Fig. 3. In-cylinder pressure and heat release rate for (a) 20 % load, (b) 50 % load and (c) 90 % load fixed and variable compression ratio.
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where i of 1 to 4 resembles to 25, 50, 75 and 100 % loads respectively; wi 
represents the weight for each load (being 0.2, 0.5, 0.15 and 0.15 for 25, 
50, 75 and 100 % loads respectively); and BSNOxi indicates the brake 
specific NOx emissions for each load.

To evaluate the Tier limits compliance, the following operating 
points (according to the E3 test cycle) were modelled for the FCR and 
VCR settings: (a) nominal (100 %) load and speed, (b) 75 % load and 91 
% speed, (c) 50 % load and 80 % speed, and (d) 25 % load and 60 % 
speed.

To evaluate the sustainability performance of the engine with VCR 
compared to FCR, several indicators are estimated. Those include global 
warming (GWP), acidification (AP), aerosol formation (AFP) and 
eutrophication (EP) potentials. The employed equations are provided in 
the appendix. The sustainability index (SI) is estimated according to the 
following equation considering different weights for each indicator 
[36,37]. 

SI = wGWP
GWPFCR

GWPVCR*
+wAP

APFCR

APVCR*
+wAFP

AFPFCR

AFPVCR*
+wEP

EPFCR

EPVCR*
(3) 

where, w denotes the weight for each potential, being 0.5, 0.2, 0.1 and 
0.2 for GWP, AP, AFP and EP, respectively.

3. Results

Fig. 2(a–c) presents the combustion efficiency and NOx emissions for 
the different compression ratios and loads for the VCR cases. In the low 
load, CR increases from 14 (baseline) to 19. Since the engine with VCR 
employs lower charging temperature, and due to the low cetane number 
of methanol fuel, combustion is inhibited. Consequently, incomplete 
combustion occurs for CR values of 15, 16 and 17. For CR 16 the in- 
cylinder temperature is increased yielding higher NOx emissions. 
Conversely, as CR increases NOx reduce due to faster combustion and 
hence lower temperature maxima reached in-cylinder. Combustion 

efficiency increases with CR duo to the higher in-cylinder reactivity. 
Complete combustion (ηcomb = 100 %) at 20 % load is exhibited for CR 
of 19 as the in-cylinder reactivity increase, providing the required en-
ergy for the combustion reactions onset.

In the medium load (55 %) the dual-fuel engine still exhibits mis-
firing conditions as the ignition energy provided by pilot diesel is 
insufficient. However, increase of charging pressure and engine speed, 
offer more favourable in-cylinder conditions for methanol combustion. 
For this load, CR is variated between 13 and 17. Complete combustion is 
achieved for CRs 16 and 17 whereas NOx emissions are found to be 5 g/ 
kWh and 5.5 g/kWh, respectively. As CR increases from 16 to 17, greater 
in-cylinder temperature is achieved yielding increased NOx emissions. 
In the high load (90 %), the effect of high laminar flame speed of 
methanol along with the increased in-cylinder reactivity, are responsible 
for rapid combustion that leads to extensive knocking. To suppress 
knocking, CR is reduced to 12. For all the examined cases, complete 
combustion is achieved (ηcomb > 99 %). Further reduction of CR to 11 
would push the engine towards the misfiring limits. As CR decreases, the 
in-cylinder temperature and pressure reduce, hence slowing the chem-
ical reaction kinetics and resulting in a longer ignition delay. The 
diffusive combustion of low cetane fuels provides lower peak tempera-
tures, leading to lower NOx emissions [35]. Considering the presented 
results, it is proposed for the engine with VCR to use CR of 19, 16 and 12 
in the low, medium and high loads, respectively. For intermediate loads, 
a piece-wise linear change of CR is proposed as demonstrated in Fig. 2
(d).

Fig. 2(d) presents the indicated thermal efficiency for engine with 
VCR and FCR. The VRC settings were derived from the parametric 
optimisation study for each load. The indicated thermal efficiency in-
creases by 7 %, 2 % in 20, 55 % loads whereas decreases by 4 % in 90 % 
load. For the fixed compression ratio cases, the indicated thermal effi-
ciency drops from 46.4 % to 43.2 % as the load increase due to the EGR 
use. As load increases, rapid combustion occurs due to high laminar 
flame velocity of methanol. Therefore, the EGR use is essential to 
facilitate stable combustion conditions. However, the EGR reduces the 
in-cylinder reactivity prolonging combustion, and hence results in 
reduced indicated thermal efficiency.

For the low load, increasing compression ratio from 14 to 19, pro-
vides greater expansion ratio resulting in greater energy utilisation, 
yielding 7 % increase in the indicated thermal efficiency for the VCR 
settings compared to FCR. As compression ratio increases, better 
atomisation is achieved (due to higher air density resisting the 

Table 2 
Rate of pressure rise, CA50 and CA90 for the low, medium and high load 
operation of the VCR engine type.

Load CR Rate of Pressure Rise (MPa/oCA) CA50 (oCA) CA90 (oCA)

20 % 19 2.26 5.3 17.4
50 % 16 0.99 10.6 29.3
90 % 12 2.48 3.2 7.2

Fig. 4. (a) NOx and (b) UM emissions versus load for the FCR and VCR settings.
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penetration of fuel spray, breaking it into smaller droplets, improving 
mixing efficiency [48]) promoting complete combustion conditions. The 
compression ratio increase at the medium load (55 %) from 14 to 16 
leads to complete combustion conditions improving the indicated 
thermal efficiency to 46.3 %. At the high load (90 %) onset of knocking 
phenomena appear. For FCR settings, these are mitigated by considering 
EGR (12 % mass). However, for VCR settings, the CR value decrease to 
12 reduces the in-cylinder reactivity resulting in stable combustion 
conditions. However, the indicated thermal efficiency reduces from 
43.1 % to 41.5 % for VCR due to the low expansion ratio.

Fig. 3 illustrates the in-cylinder pressure and heat release rate for 
VCR and FCR in 20, 55 and 90 % loads. For the low load and VCR (higher 

CR value compared to FCR), the combustion occurs faster. CA90 is 
reached at 5 oCA ATDC for VCR compared to 11 oCA ATDC for FCR. 
Since injection of methanol has finished before the start of combustion, 
the heat release rate is characterised by a partially premixed combustion 
of methanol and diesel [38]. The first peak of the curve refers to the pilot 
diesel combustion. The second one at 5 oCA TDC is attributed to meth-
anol combustion. As observed from the contours of Fig. 3a, methanol is 
concentrated in the bottom of the cylinder however the mixture is highly 
heterogenous. VCR and FCR experience similar trends however, the 
higher CR is responsible for higher peak in heat release rate for the VCR.

For the medium load, CR is increased from 14 to 16 and hence the 
compression side of the pressure curve is higher for the VRC case. The 

Fig. 5. Contours of (a) temperature, (b) NOx emissions, (c) CO emissions and (d) Methanol mass fraction spatial distribution in-cylinder for fixed and variable 
compression ratio engine types at 20 % load.
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maximum in-cylinder pressure for the VCR cases is lower than in the FCR 
one (15.5 MPa for VCR and 17.1 MPa for FCR). This is attributed to the 
higher temperature at the inlet valve closing used for the FCR cases. The 
latter is deemed essential for achieving complete combustion conditions. 
VCR can achieve complete combustion conditions for lower charging 
temperature, exhibiting lower in-cylinder pressure and heat release rate 
peaks. However, combustion is prolonged, as CA90 is shifted from 10 
oCA ATDC for the FCR to 25 oCA ATDC for VCR.

For the high load (90 %) operation, reduction of compression ratio 
leads to combustion kinetics inhibition, with expected reduction in 

reactivity. Therefore, combustion starts with burning of the high reac-
tivity diesel close to TDC. Methanol combustion occurs gradually with 
reduced reaction kinetics from 5 oCA ATDC and CA90 is experienced at 
20 oCA ATDC. FCR engine at high load yields maximum pressure close to 
24 MPa due to the high MEF (90 %) utilised. Such elevated pressure is 
expected to drive the engine materials beyond their physical limits. The 
maximum in-cylinder temperature at the maximum cylinder pressure 
point reaches 2600 K in both FCR and VCR cases as presented in the in- 
cylinder contour of Fig. 3c. However, for VCR case, the combustion is 
shifted away from TDC, resulting in less time for the in-cylinder mixture 

Fig. 6. Contours of (a) temperature, (b) NOx emissions, (c) CO emissions and (d) Methanol mass fraction spatial distribution in-cylinder for fixed and variable 
compression ratio engine types at 55 % load.
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at temperatures above 1800 K yielding lower NOx emissions. With VCR 
engine type, such behaviour is mitigated as maximum pressure is close 
to 15 MPa as a result of compression ratio reduction. Further research on 
alternative injection strategies, and EGR techniques is expected to allow 
optimal in-cylinder pressure curve for VCR. Furthermore, the injection 
settings used herein are the ones optimised for the FCR [32]. VCR re-
quires updated injection timings and injection strategy for improved 
efficiency. In 90 % load, high combustion efficiency is achieved despite 
prolonged injection duration and heterogenous mixtures. For FCR, the 
improved in-cylinder reactivity combined with methanol high laminar 
flame speed facilitates rapid and efficient combustion, even in stratified 

conditions. Similarly, for VCR with reduced in-cylinder reactivity due to 
lower CR of 12, pilot diesel injection ensures effective combustion.

The rate of pressure rise presented in Table 2, is 2.26, 0.99 and 2.48 
MPa/oCA for the three examined loads. The results indicate that the VCR 
engine is within acceptable limits (below the 10 MPa/oCA threshold 
[49]) through the operating envelope.

Fig. 4 illustrates the brake specific NOx and hydrocarbon (HC) 
emissions. In the low load, NOx emissions only slightly vary (4.4 and 4.3 
g/kWh for FCR and VCR, respectively). The increase of CR is counter-
acted by the reduced temperature at the inlet valve closing point. In the 
medium load, NOx emissions increase for VCR to 5 g/kWh compared to 

Fig. 7. Contours of (a) temperature, (b) NOx emissions, (c) CO emissions and (d) Methanol mass fraction spatial distribution in-cylinder for fixed and variable 
compression ratio engine types at 90 % load.
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1.6 g/kWh for FCR. This is due to compression ratio increase yielding 
higher in-cylinder temperature and pressure. Furthermore, for FCR, the 
use of 8 % EGR further suppresses NOx emissions. In the high load, due 
to combustion retardation, in-cylinder temperature is lower compared 
to FCR, yielding 69 % NOx emissions reduction for VCR.

For VCR, increasing CR at low load (20 %), yields complete com-
bustion and hence the concentration of UM is reduced from 1.52 g/kWh 
to 0.21 g/kWh. At medium load (55 %), the charging temperature 
reduction for VCR, yields increased hydrocarbon emissions from 0.0007 
g/kWh to 0.482 g/kWh. However, the effect on overall combustion ef-
ficiency is small as it reduces from 100 % for FCR to 99.87 % for VCR 
case. At high load, complete combustion is exhibited for both engine 
types. In all examined cases combustion efficiency remained above 99.8 
%.

In order to capture the in-cylinder phenomena, the spatial distribu-
tion of temperature, NOx, CO emissions, and methanol mass fraction for 
the FCR and VCR cases at 20, 50 and 90 % load respectively. When in- 
cylinder temperature is discussed, the colour palette indicates the tem-
perature variation from 400 K (blue) to 2400 K (red). Similarly, NOx 
emissions range from 0.002 kg (blue) to 0.018 kg (red) for low load, 
0.0005 kg (blue) to 0.0045 kg (red) for medium load and 0.0005 kg 
(blue) to 0.0045 kg (red) for high load; CO emissions range from 0.001 
kg (blue) to 0.009 kg (red) for all examined loads; methanol mass 
fraction 0.0002 (blue) to 0.0014 (red) for low load and 0.001 (blue) to 
0.089 (red) form medium and high loads. The relevant colour scale is 
reported for each chart. For the low load operation (Fig. 5) the selected 
times refer to the FCR case capturing the 1st peak at the HRR curve 
(Fig. 3a) being at 10 oCA BTDC, the maximum HRR at 8 oCA ATDC and 
the CA90 point at 11 oCA BTDC. According to the analysis, flame 
propagation in both cases follows the same trend, and is concentrated in 
the bottom of the piston bowl. Since temperature exceeds the NOx cut- 
off one at 1800 K, NOx begin to form at 8 oCA ATDC at the flame front 
and close to the nozzle. CO emissions distribution indicate potential 
combustion inefficiency and comparing the two cases at the CA90 point, 
FCR presents greater CO concentration in-cylinder implying lower 
combustion efficiency than VCR. In both cases CO is concentrated on the 
top of the cylinder where temperature is lower and hence reactivity is 
inhibited. At the VCR case, the increased compression ratio offers the 
required reactivity due to higher pressure reached and therefore CO 
oxidation to CO2.

For the medium load operation (Fig. 6) the selected times refer to the 
FCR case capturing the 1st peak at the HRR curve (Fig. 3b) being at 9 
oCA BTDC, the maximum HRR at 8 oCA ATDC and the CA90 point at 11 
oCA BTDC. The start of combustion is realised at 10 and 9 oCA BTDC for 
both VCR and FCR cases and hence small temperature differences are 
presented. As combustion propagates, higher compression ratio of the 
VCR case yields greater temperature in-cylinder and at 8 oCA ATDC the 
high temperature of the flame front (>2400 K) results in greater NOx 
concentration at the corners of the piston bowl. CO emissions are min-
imal in both cases as high reactivity in-cylinder yields complete com-
bustion. Conversely, VCR case results in greatest unburned methanol 
implying prolonged combustion as opposed to FCR. At 11 oCA ATDC, at 
FCR case methanol is almost consumed with small parts being present 
close to the cylinder walls where heat transfer reduces the local tem-
perature and inhibits combustion. For the VCR case, the lower rate of 
heat release prolongs combustion and methanol combusts slower. This 
justifies the increased overall NOx emissions benchmarked to FCR. Slow 
combustion increases the residency time of the in-cylinder mixture at 
elevated temperatures (>1800 K) hence favouring atmospheric nitrogen 
oxidation.

At high load operation (Fig. 7) the selected times refer to the VCR 
case capturing the 1st peak at the HRR curve (Fig. 3c) being at TDC, the 
maximum HRR at 11 oCA ATDC and the CA90 point at 21 oCA BTDC. 
Reducing the compression ratio for the VCR case results in significant 
ignition delay compared to FCR. Therefore, at the first peak of VCR heat 
release rate the combustion is close to the end for the FCR case. At 11 
and 21 oCA ATDC combustion is at the expansion phase at FCR indi-
cating that VCR case with reduced compression ratio require injection 
timings adjustment for optimal operation. Reduced cylinder reactivity 
offered by the reduction of CR in the VCR case, yields lower in-cylinder 
temperature and therefore NOx emissions reduce significantly. Ac-
cording to the CO contours, complete combustion is achieved in both 
cases. In both cases methanol injection has finished before the start of 
combustion and from the in-cylinder contour at TDC point, it is evident 
that it has occupied the cylinder volume. However, due to short time, the 
mixture is considered highly heterogenous penalising the indicated 
thermal efficiency and increases the susceptibility to unstable operation.

IMO Tier II and III NOx emission limits for the investigated engine 
correspond to 10.56 g/kWh and 2.65 g/kWh, respectively. Fig. 8 illus-
trates the NOx emissions as resulted from objective function described in 

Fig. 8. Emission control areas, Tier III NOx compliance for the FCR (black line), 
VCR (red line) and VCR with EGR use (red-dashed line) engine types. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 9. Sustainability metrics for the engine with FCR and VCR settings.
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Eq.2. The engine with FCR settings complies with Tier II limits, however 
it does not achieve compliance with the Tier III limit. The engine with 
VCR settings achieves compliance with both Tier II and III limits with 
brake specific NOx emissions being 2.5 g/kWh, i.e., 7 % below the Tier 
III threshold.

Fig. 9 demonstrates the global warming, acidification, aerosol for-
mation and eutrophication potentials, for the engine with FCR and VCR. 
The engine with VCR demonstrated 9.59 % greenhouse gas emissions 
reduction, which is mainly attributed to the lower N2O emissions. 
Acidification potential reduces by 29.36 % due to improvement in NOx 
emissions for the engine with VCR. AFP improves by 26.86 % due to soot 
and NOx emissions reduction, whereas EP that is purely associated to 
NOx is reduced by 38.87 %. These results indicate an overall sustain-
ability index improvement of 21 % for the engine with VCR compared to 
FCR.

3.1. Reflective discussion

This study investigated the potential of VCR in marine dual-fuel 
engines operating with 90 % methanol energy fraction to address key 
challenges, ensuring knock-free operation in high loads and misfiring- 
free operation in low loads. VCR facilitates the efficient combustion in 
the whole engine operating envelope without the need of EGR for 
achieving stable combustion conditions and reducing NOx emissions. By 
numerically demonstrating the potential of using high methanol energy 
fractions in marine engines, this study supports the transition to low- 
carbon fuels, aiding the shipping industry efforts to meet IMO 2050 
GHG targets.

The study findings promote the adoption of methanol as a primary 
marine fuel, showcasing its viability and operational advantages in dual- 
fuel engines. This encourages diversification of fuel options in shipping, 
reducing dependence on traditional fossil fuels. Studies insights fill 
existing knowledge gaps regarding the integration of high methanol 
energy fractions in large-bore marine engines, providing valuable 
guidance for the engine efficiency improvement across diverse operating 
conditions. While the study focuses on marine four-stroke engines, the 
principles and benefits of VCR technology can be extended to other 
engine types, including rail and stationary power applications. Further 
research could refine the identified parameters, such as injection timing 
and dynamic adjustments, to explore the impact on methanol combus-
tion stability.

4. Conclusions

This study investigated the use of variable compression ratio (VCR) 
settings in marine dual-fuel methanol fuelled engine considering 
different engine loads (20, 55 and 90 %). CFD models were developed 
for a marine four-stroke engine in different modes (diesel, gas, methanol 
dual-fuel) considering fixed and variable compression ratio (FCR and 
VCR) settings. A parametric optimisation study was contacted to select 

the CR settings for VCR. The derived performance and emissions pa-
rameters for the engine with FCR and VCR settings were compared, 
whereas compliance with the Tier III NOx limits was also discussed.

The main findings of this study are summarised as follows. 

▪ The engine with VCR can effectively mitigate knocking at high 
loads and misfiring at low loads.

▪ The compression ratio reduction in the high load resulted in 
lower indicated thermal efficiency due to the decreased 
expansion ratio and lower NOx emissions due to the resultant 
in-cylinder reactivity decrease.

▪ VCR offers the flexibility to adjust compression ratio based on 
engine load exhibiting higher indicated thermal efficiency for a 
wider range of operating envelope compared to FCR.

▪ EGR use is not essential to achieve Tier III NOx compliance.
▪ The sustainability metrics indicate 9.59 %, 29.36 %, 26.86 % 

and 38.87 % reduction of GWP, AP, AFP and EP, respectively.
▪ Methanol dual-fuel marine engines with VCR exhibited sus-

tainability index improved by 21 % compared to FCR.

The study demonstrated that the methanol-fuelled marine engines 
with VCR operating at 90 % methanol energy fraction yields stable 
operation and NOx emissions reduction, thus providing high decar-
bonisation potential of the shipping industry. Potential challenges are 
associated with the mechanical complexity and the cost effectiveness of 
the VCR systems. Future studies could focus on optimising the engine 
designs of VCR technologies for marine engines.
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Appendix A. Appendix

Table A1 lists the boundary and initial conditions used for the engine diesel mode.
Fig. A1 presents the NOx and Soot emissions validation for the dual-fuel operation of the light-duty engine. According to the results, NOx and Soot 

present errors below 7 % which falls within the computational model acceptance rate. 
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Fig. A1. NOx and Soot emissions for a high-speed light duty engine operating with 30 % methanol at 75 % load.

Fig. A2. Injector characteristics and computational domain.

Table A1 
Boundary and initial conditions for the diesel operation model.

Value Explanation

Boundary conditions
Cylinder head Temperature (K) 530 Calculated from the zero-dimensional thermodynamic model developed by Tsitsilonis et al. [26], pertaining to 

warmed up conditions of the engine.Cylinder Wall Temperature (K) 430
Piston Temperature (K) 550

Initial conditions
Temperature at the IVC (K) 360 Calculated the ideal gas law and the charging temperature and pressure from the shop trials.
Pressure at the IVC (bar) 2.8
Turbulent kinetic energy (m2/s2) 62.02 Default values were used. A parametric study was conducted to determine their influence on the results.
Turbulent dissipation (m2/s3) 17,183
Liquid diesel spray temperature at the time of 

injection (K)
340 Within the range of experimental results reported in Siebers [31].

Table A2 provides the grid characteristics employed in the grid sensitivity analysis.
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Table A2 
Computational grid data and derived results errors.

Parameter Grid 1 Grid 2 Grid 3 Grid 4

Element size (mm) 12 10 8 6
Maximum Number of Cells* 10,900 18,838 36,800 87,216
Adaptive mesh refinement On between 12 oCA BTDC and 135 oCA ATDC
Velocity Max Embedding Level 3 3 4 4
Temperature Max Embedding Level 3 3 4 4
Number of Cores Used 40 Intel Cores IPM
Simulation run duration (h) 3 4.5 9.5 23
Error on pmax (%) 5.2 2.4 2.3 2.3
RMSE on in-cylinder pressure (bar) 4.96 4.93 4.91 4.90

Table A3 lists the characteristics of the investigated marine engine and its injector.

Table A3 
Includes the marine engine characteristics.

Parameter Value

Type Wärtsilä 9L46C
Combustion Method Diffusive
Brake Power at MCR point (kW) 10,500
Speed at MCR point (r/min) 500
Cylinders Number (− ) 9
Compression Ratio 14.0:1
Bore / Stroke (mm) 460 / 580
Nozzle angle (deg) 67.5
Spray Cone Angle (deg) 17.5
Nozzle Diameter (mm) 0.78
Nozzle Holes Number (− ) 6
Simulated cycle period IVC – EVO 

135oCA BTDC–135oCA ATDC

For the sustainability analysis, the following metrics are calculated for the investigated engine considering VCR and FCR settings.
The Global Warming Potential (GWP) is calculated by the following equation considering the carbon dioxide (CO2), methane (CH4), and nitrous 

oxide (N2O) emissions: 

GWP = ECO2 +36 ECH4 +298 EN2O

[
kgCO2eq

]
(A1) 

The Acidification Potential (AP) refers to the emissions that cause acid rain. These include sulphur dioxide (SO2) and nitrogen oxides (NOx). The 
acidification potential is usually characterised by the SO2-equivalence and is calculated by: 

AP = ESOx +0.7 ENOx

[
kgSOx eq

]
(A2) 

The Aerosol Formation Potential (AFP) considers the PM, SOx, and NOx emissions relative to the 2.5 particulate matter equivalent and is calculated 
by using PM2.5 equivalence factors for PM, SOx and NOx, respectively, according to the following equation: 

AFP = 0.5 EPM +0.54 ESOx +0.88 ENOx

[
kgPMeq

]
(A3) 

The Eutrophication Potential (EP) is defined as the potential to cause over-fertilisation of the water and soil resulting to growth of biomass and 
affecting costal ecosystems; it is calculated according to the following equation: 

EP = 0.13 ENOx

[
kgPOeq

]
(A4) 

Although, GWP, AP, AFP and EP indexes are well established, their combination as Sustainability Index has not previously considered in literature. 
The weights are proposed based on the rationale provided in Table A4.

Table A4 
Proposed weights for the sustainability index.

Index Value Rationale

GWP 0.5 The highest weight is assigned to GWP as reducing greenhouse gas (GHG) emissions is critical for achieving global climate change mitigation targets, particularly in 
the maritime sector’s transition towards decarbonisation.

AP 0.2 Acidification potential, primarily caused by NOx and SOx emissions, affects ecosystems by contributing to acid rain, which is a significant environmental concern 
for marine operations.

AFP 0.1 Aerosol Formation Potential receives a lower weight as particulate matter emissions, are secondary concerns compared to GHG and acidification effects.
EP 0.2 Eutrophication potential is weighted equally with acidification because of its impact on aquatic ecosystems, particularly in coastal areas affected by nutrient runoff 

and NOx emissions.
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Abbreviations

AFP Aerosol Formation Potential
AP Acidification Potential
ATDC After Top Dead Centre
BTDC Before Top Dead Centre
CA90 Crank Angle where 90 % of the fuel is combusted
CFD Computational Fluid Dynamics
ECA Emission Control Area
EGR Exhaust Gas Recirculation
FCR Fixed Compression Ratio
HC Hydrocarbon
IMO International Maritime Organisation
IVC Inlet Valve Closing
LHV Lower Heating Value
MEF Methanol Energy Fraction
NOx Nitrous Oxides
OF Objective Function
RMSE Root Mean Square Error
SI Sustainability Index
SOI Start of Injection
SOx Sulphur Oxides
VCR Variable Compression Ratio
VCR* Variable Compression Ratio with EGR use

Nomenclature

CR Compression Ratio
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