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Abstract: Dual fuel engines constitute a viable solution for enhancing the environmental sustainability
of the shipping operations. Although these engines comply with the Tier III NOx emissions regulations
when operating at the gas mode, additional measures are required to ensure such compliance at the
diesel mode. Hence, this study aimed to optimise the settings of a marine four-stroke dual fuel (DF)
engine equipped with exhaust gas recirculation (EGR) and air bypass (ABP) systems by employing
simulation and optimisation techniques, so that the engine when operating at the diesel mode
complies with the ‘Tier III’ requirements. A previous version of the engine thermodynamic model
was extended to accommodate the EGR and ABP systems modelling. Subsequently, a combination
of optimisation techniques including multiobjective genetic algorithms (MOGA) and design of
experiments (DoE) parametric runs was employed to identify both the engine and the EGR/ABP
systems settings with the objective to minimise the engine brake specific fuel consumption and reduce
the NOx emissions below the Tier III limit. The derived simulation results were employed to analyse
the EGR system involved interactions and their effects on the engine performance and emissions
trade-offs. A sensitivity analysis was performed to reveal the interactions between considered engine
settings and quantify their impact on the engine performance parameters. The derived results indicate
that EGR rates up to 35% are required, so that the investigated engine with EGR and ABP systems,
when operating at the diesel mode, achieves compliance with the ‘Tier III’ NOx emissions, whereas
the associated engine brake specific fuel consumption penalty is up to 8.7%. This study demonstrates
that the combination of EGR and ABP systems can constitute a functional solution for achieving
compliance with the stringent regulatory requirements and provides a better understating of the
underlined phenomena and interactions of the engine subsystems parameters variations for the
investigated engine equipped with EGR and ABP systems.

Keywords: marine dual fuel engine; exhaust gas recirculation (EGR) and air bypass (ABP) systems;
thermodynamic modelling; multiobjective genetic algorithm (MOGA) and design of experiments
(DoE) optimisation; performance-emissions trade-offs

1. Introduction

1.1. Background

Exhaust after-treatment technologies, such as exhaust gas recirculation (EGR) and selective catalytic
reduction (SCR) are the main options for the marine engine manufacturers to ensure compliance
of the diesel or DF engines (operating in diesel mode) with the current and future environmental
requirements. However, these technologies are associated with a number of challenges related to their
initial cost, efficiency, reliability, operability, and space requirements.
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The SCR is an exhaust gas after-treatment technology that utilises urea–water solution to reduce
the NOx emissions [1]. Although it is a highly effective method to reduce the NOx emissions, the system
is associated with considerable volume footprint requirements (for the SCR unit, and urea storage
tanks), additional weight, increased capital cost [2], as well as engine thermal and pressure drop issues.
Moreover, the SCR technology efficiency is highly dependent on the exhaust gas inlet temperature
and the system maintenance. On the contrary, the EGR system affects the combustion process by
recirculating an amount of the exhaust gas to reduce the oxygen concentration of the working medium
entering the engine cylinders, thus decreasing the maximum combustion temperature [3,4]. Based
on the review of the pertinent literature and considering that a DF engine typically operates at the
diesel mode for a limited time period, the EGR system is considered to be a cost-effective technology
for rendering the diesel mode operation of DF engines compliant with the regulatory requirements.
On the other hand, as the SCR system is mostly designed and employed for diesel engines, it was
considered out of the scope in this study.

1.2. Exhaust Gas Recirculation on Marine Engines

The investigation and implementation of the EGR technology in diesel engines, either alone or
combined with other technologies, has mainly been studied for various applications of the automotive
and rail industry [5–14]. The investigation of the EGR system in marine engines has recently attracted
focus by the engine manufacturers. A considerable number of studies investigated the two-stroke
diesel engines with EGR systems installed, whereas only a limited number of studies focused on the
marine four-stroke diesel engines. Therefore, an apparent lack of investigations is noted for the latter
engine category.

Hiraoka et al. [15,16] experimentally investigated a low-pressure EGR (LP-EGR) system installed on
a marine two-stroke engine, aiming to verify the long-term reliability and durability of the system by sea
trials, monitoring the system in actual ship operation. Kaltoft and Preem [17] numerically investigated
a high-pressure EGR (HP-EGR) system for a marine two-stroke engine and examined the percentage
distribution of the exhaust gases in the turbocharger unit and the EGR system, aiming to identify the
EGR rate for ensuring compliance to the International Maritime Organisation (IMO) ‘Tier III’ limits.
Higashida et al. [18] studied an HP-EGR system in conjunction with a variable geometry turbine system
and a water fuel emulsification system on a two-stroke engine in order to minimise the fuel consumption
penalty due to the decrease of the cylinders combustion pressure. Raptotasios et al. [19] conducted a
theoretical analysis of a marine two-stroke engine by using a validated multizone combustion model
to identify the EGR rate for ensuring compliance with the IMO ‘Tier III’ requirements and examined
the EGR system impact on the engine fuel consumption. Feng et al. [20] examined a marine two-stroke
engine by employing a one-dimensional model integrated with a CFD model for representing the
in-cylinder processes for investigating the effects of the EGR system combined with a two-stage
turbocharger and Miller timing. Sun et al. [21] numerically investigated a marine two-stroke engine
with an EGR system by using a computational fluid dynamics (CFD) model and examined the NOx

emissions reduction for different EGR rates, as well as the impact of advanced start of injection (SOI)
on the engine fuel consumption. Ji et al. [22] numerically investigated a low-speed two-stroke diesel
engine and examined the effects of Miller cycle, the EGR system, and the intake air humidification
coupled with fuel injection strategies on the engine performance using the CFD modelling.

Previous investigations demonstrated that the marine two-stroke diesel engines equipped with
an EGR system are capable of complying with IMO ‘Tier III’ requirements, with or without using
alternative technologies, for EGR rates varying from 20% to 40%. Although the alternative technologies
used in combination with the EGR system can partially compensate the EGR system effects on the
engine, the achieved emissions reduction was associated with a brake specific fuel oil consumption
(BSFC) increase ranging from 1% to 6% from their reference values. This is attributed to the reduced
cylinder combustion pressure due to lower oxygen concentration of the charge air, which, in turn,
results in lower engine power output; therefore, a fuel increase is needed for retaining the engine
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power. Finally, there is a limited number of studies proposing the use of the air bypass system (ABP)
along with the EGR system (for two-stroke engines only) [23,24] to improve the engine performance
and reduce complexity in comparison with the two-stage turbocharging system.

The EGR system’s effects on the marine four-stroke diesel engines were investigated in [25–35].
Ludu et al. [25] experimentally investigated the operation of a single cylinder engine with HP-EGR
and developed a multicylinder four-stroke engine model in AVL Boost for numerically studying the
EGR rates satisfying the IMO ‘Tier III’ requirements as well as the EGR system impact on the soot,
smoke emissions, and fuel consumption. Tinschmann et al. [26] compared the internal and external
mechanisms to reduce the NOx emissions by using a single-cylinder engine model and investigated
the EGR system along with Miller timing and two-stage turbocharging. Park et al. [30] numerically
examined the effects of an EGR system on a four-stroke engine and its combination with charge air
humidification, aiming to achieve compliance with the IMO ‘Tier III’ NOx levels. Pueschel et al. [31]
numerically investigated the combination of post-injection strategies on a four-stroke engine equipped
with a LP-EGR system in order to decrease the soot emissions. The EGR system was capable of
providing EGR rates up to 20% controlled by a pneumatic valve, whereas an EGR blower was activated
to achieve EGR rates up to 40%. Furthermore, Rickert et al. [32] numerically examined a four-stroke
engine equipped with a two-stage turbocharger and an EGR system, with the main focus to reduce
soot emissions by employing a post-injection strategy. Kyrtatos et al. [33] experimentally examined
an HP-EGR configuration on a two-stage turbocharged, six-cylinder medium-speed diesel engine in
combination with the water fuel emulsification system to reduce the soot emissions. Kaario et al. [34]
experimentally investigated the EGR system on a single cylinder of a medium-speed engine with EGR
rates up to 30%, whereas advanced SOI was also examined to optimise the engine fuel consumption by
using a zero/one-dimensional model set up in GT-ISE.

1.3. Exhaust Gas Recirculation on Dual Fuel Engines

Kumaraswamy and Prasad [36] converted a single-cylinder four-stroke diesel engine to DF and
investigated the effects of various diesel–liquefied petroleum gas (LPG) substitution ratios, engine
speeds, and loads on the engine BSFC and emissions with the operation of the EGR system in the diesel
and gas modes. Yasin et al. [37] conducted experiments on a single-cylinder DF engine by testing the
diesel and gas operating modes with and without the EGR system operating, with the aim to examine
the impact of the EGR system on the CO and CO2 emissions. Kalsi and Subramanian [38] tested
a single-cylinder DF four-stroke engine under gas mode operation at constant speed for EGR rates
up to 30% in order to investigate the CO, NOx, hydrocarbon (HC), and smoke emissions trade-offs.
Wu et al. [39] used a four-cylinder DF four-stroke engine equipped with a LP-EGR system to investigate
its effects on the CO, NOx, and HC emissions for EGR rates up to 20%. Duan et al. [40] developed a
detailed zero-dimensional simulation model of a hydrogen-enriched natural gas SI engine and validated
it against the experimental data, with the aim to investigate the engine performance and emissions
under different EGR systems layouts, including low-pressure and high-pressure EGR systems, both
separately and combined. Li et al. [41] performed a quantitative experimental investigation of the
effects of compression ratio, EGR, and spark timing strategies on the performance, combustion, and
NOx emissions characteristics on a four-stroke SI natural gas engine fuelled with 99% methane content.

These studies indicated that DF engines equipped with EGR systems demonstrated a 70%
reduction in the NOx emissions at the diesel mode for EGR rates ranging from 20% to 30%. With regard
to the CO and HC emissions, the respective findings demonstrated varying trends depending on the
prevailing operating conditions.

1.4. Exhaust Gas Recirculation System Settings Optimisation

The optimisation of the EGR system settings for automotive applications were studied in [42–50].
Hiroyasu [42] carried out an optimisation study for a single-cylinder truck engine by employing the
neighbourhood cultivation genetic algorithm (NCGA) with the objective to minimise the NOx and soot
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emissions along with the fuel consumption by controlling the fuel injection shape, the boost pressure,
the EGR rate, the start of injection, the injection duration angle, and the swirl ratio. The trade-off

between the fuel oil consumption and the NOx emissions was identified and a linear correlation
between the fuel consumption and the soot emissions was derived. Yin et al. [43] experimentally
investigated a four-cylinder automotive engine to study the effects of the split injection characteristics,
the injection pressure, and the EGR rate on the NOx, soot, and fuel consumption, as well as to
identify the engine optimal settings. This study concluded that high levels of EGR and a late
injection timing lead to simultaneous reduction of NOx and soot with an associated fuel consumption
increase. Ibrahim and Bari [44] numerically investigated a four-stroke natural gas SI engine employing
cooled-EGR system aiming to optimise the engine compression ratio and ignition timing for obtaining
the lowest BSFC accompanied with high power and low NOx emissions. Park et al. [45] proposed a
dual-loop EGR system for four-stroke diesel engines that combines the features of HP and LP EGR
systems. They investigated the system operation by simulation deriving a response surface model by
employing the Latin hypercube sampling as a fractional factorial design of experiment. Subsequently,
a multiobjective Pareto analysis was employed to select the engine settings that minimise the NOx

emissions and fuel consumption. Jaliliantabar et al. [46] numerically investigated a small single-cylinder
four-stroke diesel engine equipped with an EGR system, aiming to optimise the EGR rate and the
biodiesel fuel percentage using the nondominated sorting genetic algorithm NSGA-II. Jo et al. [47]
proposed an artificial neural network (ANN) using multiple combustion parameters, calculated
from the in-cylinder pressure, to estimate the LP-EGR rate of a turbocharged GDI engine. This
ANN was trained and validated using experimental data at steady-state conditions. Ayhan et al. [48]
experimentally investigated a single-cylinder four-stroke diesel engine performance and emissions
characteristics aiming to optimise the proportions of corn oil methyl ester blends, and EGR rates at
variable engine loads and speed conditions, using the Taguchi method. Li et al. [49] investigated
a reactivity controlled compression ignition engine with EGR system with the objective to mitigate
the high pressure rise rate in biodiesel and gasoline-fuelled engines. A parametric (full factorial)
optimisation was performed concluding that optimal conditions were obtained with advanced intake
valve closing timing and high EGR rate.

Pertinent studies on the EGR system settings optimisation in marine engines are limited.
Lei et al. [50] investigated a marine low-speed two-stroke diesel engine with HP-EGR system and its
effects on the NOx emissions and BSFC and proposed a cylinder air bypass system to optimise the
engine BSFC.

1.5. Research Aim

This study aimed to optimise by employing state-of-the-art simulation tools and optimisation
techniques the settings of a large marine four-stroke DF engine equipped with HP-EGR and ABP
systems for ensuring its compliance with the Tier III NOx emissions limits when operating in the diesel
mode. As the engine was of DF type and it was already optimised to operate in the gas mode, only
the addition of the EGR and ABR systems was considered herein, whereas replacing of the engine
components (for example the turbocharging system) was considered out of the scope of this study.

This study was based on a modified version of an existing engine thermodynamic model
developed for simulating the engine steady state and transient operations in the GT-ISE software [51,52].
In addition, a combinatorial method that employs the nondominated sorting genetic algorithm NSGA
III optimisation genetic algorithm along with a fully factorial design of experiments was developed
and employed to achieve this study aim.

The novelty of this study stems from the use of simulation model of high fidelity in conjunction
with state-of-the art optimisation methods to optimise at the diesel mode the settings of the engine
and its EGR/ABP system for achieving compliance with the Tier III NOx emissions with the minimum
BSFC penalty. Moreover, the study results analysis led to the delineation of the involved interactions
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and underlying parameters, as well as the combined effects of the EGR and ABP systems on the engine
performance and emissions parameters trade-offs.

2. Research Methodology and Materials

The methodology employed in this study consisted of the following five steps:

1. Reference system selection—the reference system of a large four-stroke DF engine for this
investigation was selected and its operational and geometrical characteristics are described below.

2. EGR and ABP systems selection—the appropriate EGR system type for the investigated reference
system was selected and is discussed below. The ABP system usage is justified and the engine
layout including EGR/ABP systems is presented.

3. Engine and EGR/ABP systems modelling—the modelling of the engine including the EGR/ABP
systems was set up and validated.

4. Optimisation process and cases studies—the optimisation process phases, the methods, and tools
to be employed, as well as the variables to be considered, were identified. In addition, the case
studies for investigation were defined.

5. Optimal EGR/ABP systems and engine settings identification—investigation of the EGR and ABP
systems effects on the engine response were carried out by employing the results of the case
studies identified in step 4; sensitivity analysis was conducted to quantitatively assess the impact
of the optimisation variables on the engine response.

2.1. Reference System

The investigated reference system selected in this study was the Wärtsilä 9L50DF engine (Wärtsilä,
Finland Oy) [53]. This is a four-stroke, turbocharged, and intercooled marine DF engine that can
operate in either the gas or the diesel mode. The engine exhibits fuel flexibility, and therefore low
emissions (Tier III), as well as high efficiency and reliability. Thus, these reasons make 9L50DF an
attractive solution for electric power generation and/or ship propulsion [54]. In this study, the selected
engine was studied as an electric generator operating at a constant speed (514 r/min). The engine
geometrical and operational specifics are reported in the manufacturer product guide [53] and the
main engine characteristics are illustrated in Table 1.

Table 1. Engine main characteristics.

Parameter Unit Value

MCR power/speed/BMEP kW/r/min/bar 8775/514/20
BSFC at MCR (diesel mode) g/kWh 190

BSEC at MCR (gas mode) kJ/kWh 7300
Bore/stroke mm 500/580

No. of cylinders/T/C units –/– 9/1

2.2. EGR and ABP Systems on Marine Four-Stroke DF Engines

According to the engine manufacturer, the 9L50DF engine (9L50DF, Wärtsilä, Finland Oy) is
capable of accommodating an EGR system [53]. To determine the most suitable EGR system layout,
the engine type, the fuel type (diesel/gas), the turbocharging system layout (single or two-stage
turbocharging), and the turbine type (variable geometry turbine or exhaust gas waste gate valve)
must be considered. Furthermore, the turbocharger matching becomes more challenging due to
the contradictory engine requirements in the gas and diesel operating modes (with the EGR system
deactivated and activated, respectively).

The EGR system investigated in this study was of the HP-EGR type, redirecting a controlled
amount of exhaust gas from the exhaust manifold to the inlet manifold via the EGR system loop.
The HP-EGR system, accompanied with a suitable control system, was considered the most efficient
EGR design in terms of NOx emissions reduction and fuel consumption trade-offs, as indicated in the
literature for the specific engine type [55,56].
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The EGR system is equipped with an EGR valve, controlled by the engine control system (ECS),
and adjusts the recirculated exhaust gas amount to reduce the oxygen concentration of the inlet
manifold working medium. Moreover, an exhaust gas cooler is fitted in the EGR system to reduce
the exhaust gas temperature (which subsequently enters the EGR blower and the inlet manifold).
The HP-EGR blower ensures that the required exhaust gas flow is achieved, whereas the EGR exhaust
gas cooler allows the working medium (air and exhaust gases) temperature in the inlet manifold to
remain within the limits set by the engine manufacturer.

On the other hand, the air bypass system is usually fitted in small-bore marine engines for
preventing compressor surging in case of rapid engine load reduction [57]. The air bypass valve system
is not commonly considered in the EGR design; the existing studies focused on either the two-stage
turbocharged marine engines or the single-stage turbocharged marine engines that use low EGR rates
and supplementary technologies to comply with the IMO ‘Tier III’ NOx emissions limits. However,
considering that the investigated engine in the present study was a marine DF engine, its turbocharger
needed to match both the gas and diesel mode requirements. For that reason, the T/C matching was
primarily performed in the diesel mode based on the targeted boost pressure, whereas the gas mode
employed the exhaust gas waste gate (EWG) valve to adjust the boost pressure, thus realising the
effective engine–turbocharger matching in both operating modes. Considering that the EGR system
operation was activated in the diesel mode, the turbocharger matching proved to be a major challenge
during the engine design stage.

Furthermore, preliminary results of this study indicated that the lack of the ABP system on a
single-stage turbocharged engine that operates at high EGR rates can lead to an engine–turbocharger
mismatch. This was attributed to the reduced turbine exhaust gases energy flow (due to the EGR system
operation), which reduces the T/C shaft speed and thus the compressor mass flow and pressure ratio.
Therefore, the compressor operating point (when the engine uses the EGR system) was shifted towards
the compressor surge line. The ABP system application aims to avoid the turbocharger mismatching
and the fitting of a new turbocharger unit (due to the engine and the existing T/C design operational
limitations) that will lead to additional capital costs. This is achieved by redirecting a part of the
compressed air flow from the compressor outlet to the turbine inlet in order to keep the compressor
operating point within the compressor normal operating region, thus avoiding compressor instabilities.

In this respect, the investigated HP-EGR and ABP systems consist of the following components:
(a) an exhaust gas cooler installed upstream the EGR blower, (b) an EGR blower driven by an electric
motor, (c) an EGR valve that regulates the EGR amount based on the charge air mass flow rate entering
the engine, and (d) the ABP valve, and (e) the required piping elements. The investigated engine
layout is presented in Figure 1.
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3. Modelling

3.1. Engine Modelling

The engine model employed in this study is of the zero/one-dimensional (0D/1D) type and was
realised in the GT-ISE (v. 2019, Gamma Technologies, Westmont, Illinois, USA) [58], as this software
offers the tools and functionalities to enable the effective engine modelling. The engine model of the
investigated engine, without considering the EGR and ABP systems, was previously developed for
steady state conditions, as described in [51], and transient conditions, as reported in [52]. The detailed
description of the model is reported in the previous publications of the authors [51,52] and therefore,
it will not repeated herein.

The processes within the engine cylinders were simulated by employing a zero-dimensional (0D)
modelling approach considering the energy and mass conservation equations. The combustion and
expansion processes were modelled by considering two zones (the first zone containing the unburnt
mixture; the second zone containing the combustion products), whereas a single zone was used for
the other cycle processes [59]. The unburned gas zone was assumed to contain the air charge as well
as the combustion products from the previous cycle. The cylinder heat transfer, combustion, and
friction were modelled employing a variety of well-established models. In specific, the heat transfer
coefficient was calculated by employing the Woschni gas to wall heat transfer model [60], whereas the
Chen–Flynn model was used to estimate the engine friction mean effective pressure [61]. The NOx

emissions were calculated according to the extended Zeldovich mechanism, as reported in [62,63].
The engine manifolds pipes and junction elements were modelled by considering the momentum,

the mass, and the energy conservation equations in a one-dimensional (1D) approach. The engine
turbocharger compressor and turbine were modelled by using the respective digitised maps.
The quasi-steady adiabatic flow equation along with the inlet and exhaust valves profiles (equivalent
area versus crank angle) were employed for calculating the respective mass flow rates. For modelling
the engine mechanical elements (engine/turbocharger shafts), the respective angular momentum
conservation equations were employed for calculating the corresponding rotational speeds.

The existing model was extended to incorporate the modelling of the EGR and ABP systems,
whereas the combustion model was extended to accommodate the combustion with the presence of
recirculated exhaust gas. These models are described in the following subsections.

3.2. Exhaust Gas Recirculation and Air Bypass Systems Modelling

The modelled layout of the HP-EGR system and ABP system is shown in Figure 1. The EGR and
ABP systems piping was modelled by employing a 1D approach, considering the momentum, the
mass, and the energy conservation equations.

The EGR cooler was also modelled by employing a 1D approach by considering multiple pipes
connected in parallel, where the heat transfer from the exhaust gases to their walls was calculated
considering the overall heat transfer coefficient. The cooling water temperature constitute an input
parameter that was considered constant during the investigated simulation runs. Information on the
input parameters of the EGR cooler were acquired from [64]. It must be noted that the inlet manifold
working medium temperature limitation was considered during the EGR and ABP systems design
stage. The EGR blower is modelled using its steady state map in a digitised format, which was acquired
from [3] and scaled accordingly to match the targeted engine operating parameters.

The EGR rate (mass fraction) was calculated using Equation (1), as defined in [65].

xEGR =

.
mEGR( .

mEGR +
.

mcharge air
) (1)

where
.

mEGR is the EGR exhaust gas mass flow rate and
.

mcharge air is the charge air mass flow rate.
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3.3. Combustion Modelling

As reported in detail in [51,52], the combustion for the diesel operating mode without the
EGR system being installed was modelled by using single-Wiebe functions. The ignition delay was
approximated by using the data reported in [66,67]. An aggregated approach, which combines both
the diesel and pilot fuels combustion was employed. The Wiebe functions parameters include the
combustion start, the combustion duration, and the shape factor. As part of the mode calibration
process, these parameters were tuned at each operating point (25%, 50%, 75%, and 100% loads) to match
the experimentally measured engine performance parameters (specifically, the maximum cylinder
pressure, the brake specific fuel consumption (BSFC), and the indicated mean effective pressure (IMEP))
and subsequently their values were stored in a database. Thus, the combustion in the whole engine
envelope could be modelled by using interpolation considering the current engine load and the stored
Wiebe function parameters. The employed combustion model was proved to be capable of adequately
capturing the combustion processes in the diesel mode (without EGR), as the engine maximum cylinder
pressure, BSFC, and IMEP were predicted with satisfactory accuracy with the maximum error found to
be around ±3% [51].

The combustion model employed in this study was also based on the single Wiebe function
approach, as the use of predictive combustion model (for example a multizone model) necessitates the
availability of experimental data for the calibration of the model constants [66,67]. Such data were not
available. Other approaches reported in the pertinent literature include the combination of 0D/1D and
3D CFD modelling for the combustion [14,68]. However, such more detailed combustion modelling
approaches are associated with a considerable computational effort, and therefore are not recommend
for optimisation studies that include a large number of simulation runs, which was the case in this
study. Such approaches can be used in a future authors’ work to parametrically investigate specific
operating points.

For simulating the engine operation at the diesel mode with the EGR and ABP systems activated,
the existing database with the stored parameters of the employed Wiebe functions was further extended
to include the single-Wiebe function parameters reflecting the EGR effects in the combustion process.
In reference to the pertinent literature review, the reported effects include the reduction of the fuel
burning rate, the cylinder maximum pressure, and the engine brake power when EGR is used, whereas
the ignition delay and the combustion duration increase due to the composition change of the trapped
air–exhaust gas mixture into the engine cylinders. Therefore, to counterbalance the EGR system effects
and maintain the engine power, the engine control system must order a fuel injection amount increase,
resulting in a higher engine fuel consumption. In this respect, the variation of the cylinders composition
must be accompanied by the variation of the combustion profile, in terms of the fraction of the burned
fuels (diesel fuel) as well as the ignition delay and the combustion duration [59].

Hence, the combustion model parameters were also calibrated to adequately represent the engine
combustion process for steady state conditions at the diesel mode with the EGR system considering
25%, 50%, 75%, and 100% loads, as well as 10%, 15%, and 20% EGR rates (the initial model parameters
were also available representing 0% EGR rate) based on reported data in [34,65,69,70]. In this respect,
the developed database stored sets of each Wiebe function parameter for 16 operating conditions (four
loads and four EGR rates). The combustion model parameters were calculated by employing quadratic
interpolation in the load range 25–100% and EGR rate range 0–20%, whereas extrapolation was used
for EGR rates above 20%. The employed Wiebe function parameters for diesel mode at 100% engine
load are presented in Table 2.
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Table 2. Single-Wiebe function parameters (diesel mode 100% load).

Description Units
Parameter Value

Without EGR With EGR 1

Start of combustion ◦CA 4.2 6.5
Main duration ◦CA 56 67
Main exponent/function shape factor 1 1

1 For 31% EGR rate at 100% engine load.

4. Optimisation Process and Case Studies

In order to reduce the engine NOx emissions to the required levels (imposed by the IMO ‘Tier III’
requirements) and simultaneously ensure the optimal engine performance, it is essential to identify
and optimise the EGR and ABP systems settings affecting the engine response. Hence, the following
variables were considered in this optimisation phase: (a) the EGR and ABP valve openings, that can
directly affect the EGR rate, and consequently the NOx emissions, as well as the engine fuel consumption;
(b) the EGR blower speed; and (c) the start of injection (SOI)—the reported impact of the SOI variation
on the maximum cylinders pressure, and consequently on the engine BSFC, renders SOI a crucial
variable for the engine efficiency optimisation when the EGR system operates.

The optimisation phase was carried out considering the following two phases: (a) the optimisation
of the EGR and ABP valves openings as well as the EGR blower speed and (b) the SOI optimisation.
The reasoning behind this break down into two phases was primarily to permit the investigation of the
SOI effects on the BSFC, and secondly to improve the required computational time.

For the first optimisation phase, the built-in GT-ISE multiobjective genetic algorithm (MOGA)
optimiser was employed. This method was selected due to the fact that it allows users to maximise,
minimise, or target a combination of responses (model parameter outputs) and study their contradicting
objectives. In this respect, MOGA is considered one of the most sophisticated and robust optimisation
algorithms [58]. The GT-ISE MOGA optimiser employs the nondominated sorting genetic algorithm
NSGA-III [71]. The genetic algorithm settings were selected based on recommendations provided in
the GT-ISE manual [58] considering the number of variables and simulation cases and are presented in
Table 3.

Table 3. Genetic algorithm settings.

Parameter Value

Population size 40
Number of generations 10
Crossover rate 1
Crossover rate distribution index 15
Mutation rate Calculated
Mutation rate distribution Index 20
Random seed Random

The optimiser objectives include the minimisation of: (a) the NOx emissions, (b) the engine
BSFC, and (c) the EGR blower power demand. The EGR and ABP systems settings (i.e., EGR and
ABP valves openings) were optimised independently for each load, whereas the EGR blower speed
was optimised for all the engine loads. The EGR and ABP valves opening ranges were assumed to
be 10–90◦ and 5–90◦, respectively, considering integer steps intervals of 1◦ for the valve openings.
The EGR blower speed range was assumed in the region of 8500–9000 r/min with integer step intervals
of 100 r/min. The imposed constraints considered for the optimisation included the acceptable ranges
for the compressor surge and choke margins ranges, the EGR rate, as well as the NOx emissions limit
(NOx Technical Code [72], E2 test cycle). The expected results from this optimisation stage included the
sets of the optimal settings; i.e., the EGR and ABP valves openings, which demonstrated the minimum
engine BSFC and the EGR blower power demand.

In the second optimisation phase, the BSFC reduction due to the SOI variations was investigated via
parametric runs. The SOI parametric optimisation was performed via the GT-ISE design of experiments
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(DoE) optimiser employing the ‘full factorial’ method. The simulation runs were performed for a SOI
range 20–12◦CA bTDC, in integer intervals of 1◦CA. The increase of the maximum cylinder pressure as
a result of advanced SOI was expected to be accompanied by a minor NOx emissions increase. Thus,
the EGR and ABP valves openings were also considered in the DoE parametric runs to compensate
this NOx emissions increase.

Both optimisation phases were performed at 25%, 50%, 75%, and 100% engine loads for steady
state conditions (case studies 1–4 and 5–8 for MOGA and DoE, respectively). The followed optimisation
process flowchart is illustrated in Figure 2, whereas the optimisation process variables and their
considered ranges are provided in Table 4.Energies 2020, 13, x FOR PEER REVIEW 11 of 21 
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Table 4. Optimisation process parameters.

Optimisation Phase Load % 25 50 75 100

Case Study ID 1 2 3 4

MOGA
Optimisation

Settings
(variables)

EGR Blower speed r/min 8500–9000
EGR valve opening deg 10–90
ABP valve opening deg 5–90

Constrains
NOx emissions limit g/kWh 2.583
EGR rate % 30–40
T/C compressor surge
margin fraction 0.15–0.35

Objectives
NOx emissions g/kWh minimise
BSFC g/kWh minimise
EGR blower power kW minimise

Case Study ID 5 6 7 8

DoE
Optimisation

Settings
(variables)

Start of injection (SOI) ◦CA bTDC 20–12
EGR valve opening deg 21–23 33–35 85–87 90
ABP valve opening deg 6–8 50–52 51–53 49–55

Constrains NOx emissions limit g/kWh 2.583

Objectives BSFC g/kWh minimise
NOx emissions g/kWh minimise

5. Results and Discussion

5.1. Models Validation

The engine thermodynamic model validation was performed for a number of steady state
operating points (25%, 50%, 75%, and 100% load) as presented in [51]. The performance and emissions
parameters were calculated and compared with the respective data experimentally obtained from the
engine shop tests. The comparison between the measured and the predicted parameters demonstrated
that the maximum percentage error was less than 3.5%, thus indicating that the model provides
adequate accuracy in all the investigated steady state operating points.

Due to lack of measured data with the engine operation with EGR, the model validation
under EGR system operation was qualitatively performed based on the available data from the
literature [34,65,69,70]. In this respect, the generated results were compared against published data
demonstrating similar trends in the engine response due to EGR system operation.

5.2. Optimisation Case Studies Results

The optimal EGR and ABP systems settings derived from the two discrete optimisation phases
(case studies 1–4 and 5–8) are presented in Table 5. The derived results (normalised BSFC against
normalised NOx emissions) from the MOGA optimisation results and the DoE parametric investigation
results for the 100% engine load are presented in Figure 3. In the same figure, the points of the Pareto
front are shown with the square symbols, whereas the failed designs correspond to the cases where the
simulation runs did not converge. The MOGA optimisation results, in specific the derived Pareto front
points, were employed to select the EGR and ABP systems settings ranges, so that the engine operation
marginally complied with the ‘Tier III’ limits whilst achieving the minimum possible BSFC value.

For the DoE parametric investigation results, it was deduced that the derived BSFC variation
was negligible for SOI values in the range 15–20◦CA bTDC, therefore this value was chosen as the
optimal SOI for the 50%, 75%, and 100% loads. At 25% load, the reference value (12◦CA bTDC) was
selected due to insignificant variation of the BSFC in the range between 20◦CA and 12◦CA bTDC.
Nevertheless, it must be mentioned that the model limitations related to the combustion modelling
should also be considered, as a predictive combustion model could predict more accurately the effects
of the SOI variations.
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Table 5. EGR and ABP systems optimisation results summary (case studies 1–4 and 5–8).

Optimisation Phase Load % 25 50 75 100

Case Study ID 1 2 3 4

MOGA
Optimisation

Settings
(variables)

EGR blower speed r/min 9000 9000 9000 9000
EGR valve opening deg 21 33 85 90
ABP valve opening deg 6 50 51 49

Output
parameters

NOx emissions g/kWh 2.62 2.57 2.49 2.46
BSFC g/kWh 249.1 221.3 212.1 214.9
EGR blower
power/PE

% 0.76 1.17 1.82 2.32

Case Study ID 5 6 7 8

DoE
Optimisation

Settings
(variables)

Start of injection (SOI) ◦CA bTDC −12 −15 −15 −15
EGR valve opening deg 21 33 85 90
ABP valve opening deg 6 50 51 51

Output
parameters

BSFC g/kWh 249.1 220.7 209.6 210.6
NOx emissions g/kWh 2.62 2.41 2.59 2.52
EGR blower
power/PE

% 0.76 1.14 1.78 2.32

∆BSFC (BSFCwithout EGR - BSFCwith EGR) % 8.4 10.2 9.9 10.2
∆BSFC (BSFCwithout EGR - BSFCwith EGR and SOI) % 8.4 9.9 8.8 8.4
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(a) multiobjective genetic algorithm (MOGA) (case study 4) and (b) design of experiments (DoE) (case
study 8).

As it is presented in Table 5, the EGR blower that speed resulted in the optimal EGR/ABP systems
performance for the range of 25% to 100% engine load was 9000 r/min. The EGR blower power
requirements ranged from 0.7% to 2.3% of the engine brake power in the investigated engine loads.

Furthermore, the EGR system valve opening increased as the engine load increased from 25%
to 100% load, in order to achieve the required EGR rate as the charge air mass flow rate increases.
On the other hand, the ABP valve opening demonstrated a low value (almost 0.2; where 1 represented
the fully opening) at 25% load, which was attributed to the low charge air mass flow rate, whilst it
was responsible for controlling the T/C compressor operating point to avoid the T/C surging effect.
However, for engine loads of 50% and higher, it was observed that the ABP valve opening remained at
the same levels (due to increased charge air mass flow rate), providing the required charge air mass
flow at the inlet manifold to achieve the targeted EGR rate. In this respect, it was inferred that the
ABP valve had a direct impact on the charge air mass flow rate, and thus the EGR rated as well as the
mitigation of the potential safety implications related to the T/C surging effect.

From the steady state simulations results presented in Table 5. and Figure 4, it can be inferred
that the engine operating at the diesel mode with the EGR and ABP systems activated, is capable
of complying with the IMO ‘Tier III’ requirements, achieving a 73% reduction in NOx emissions for
EGR rates ranging from 31% to 35%. However, the NOx emissions reduction was associated with an
increase in the BSFC ranging from 8.4% to 9.9%, considering the respective EGR blower electrical power
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requirements (the respective BSFC numbers without considering the EGR blower power requirements
were found to be 6.1% to 8.7%). This was found to be in accordance with the reported findings in the
pertinent literature [34,65]. As shown in Figure 4 top right graph, the implementation of an advanced
SOI offered a BSFC reduction from 0.3% up to 1.8%, as the load increased, with the highest BSFC
reduction noted at 100% load. Moreover, a moderate increase in the CO2 emissions was observed,
ranging from 5.5% to 7.8%, which was attributed to the higher BSFC values. With regard to the
exhaust gas temperature, the manufacturer alarm limit was not exceeded in all the investigated cases.
For the 50%, 75%, and 100% loads, the exhaust gas temperature demonstrated a reduction ranging
from 0.6% to 2.9%, whereas an increase of 9% was noted for the 25% load, which was attributed to
the low ABP valve opening. The maximum cylinder pressure and the boost pressure demonstrated
similar descending trends, with reductions ranging from 11% to 18.7% and 6.9% to 35%, respectively.
The reductions observed in these engine operating parameters were attributed to the lower exhaust
gas thermal power to the T/C turbine due to the EGR system operation, which resulted in a lower T/C
speed, a lower boost pressure, and eventually reduced the charged air mass flow rate.Energies 2020, 13, x FOR PEER REVIEW 14 of 21 
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5.3. Sensitivity Analysis

Whilst the identification of the optimal EGR/ABP systems settings was significant for the efficient
engine operation (due to the effects of these systems on the engine response), the understanding of
the relationships between the input variables (EGR/ABP systems settings) and the output parameters
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(engine performance) is equally important for the design and development of these systems. This study
employed a sensitivity analysis (SA), which is defined as a method to measure the impact of uncertainties
in one or more input variables on the output variables [73,74].

The employed sensitivity analysis objectives were the following: (a) revealing the interactions
between the considered engine settings and quantifying their impact on the engine performance
parameters, (b) validation of the optimisation process design, and (c) providing evidence to improve
the design of the investigated system.

The sensitivity analysis results were generated using the integrated GT-ISE tool, considering all
the valid designs investigated in the MOGA optimisation (failed designs were excluded). The input
variables of the sensitivity analysis included: (a) the EGR system blower speed (EGRBS), (b) the
EGR valve opening (EGR VO), and (c) the ABP valve opening (ABP VO), whereas the output under
investigation included: (a) the engine brake NOx emissions, (b) the T/C compressor surge margin,
(c) the EGR rate, and (d) the BSFC, for each investigated engine load (100%, 75%, 50%, and 25%).

The sensitivity analysis results (relative sensitivity fraction) are presented in Figure 5. As shown
in the top left graph, the brake NOx emissions were mainly affected by the ABP valve opening for the
high engine loads (100% and 75%), whereas for the low engine loads (50% and 25%), the EGR valve
opening was the most influencing parameter. The former was attributed to the direct impact of the ABP
valve opening on the inlet manifold pressure (larger ABP valve opening implies lower inlet manifold
pressure), which in turn affected the maximum cylinder pressure and the NOx emissions. For low
engine loads the engine manifolds pressure levels were lower, which justified the lower sensitivity
exhibited for the ABP valve opening; in these cases, the EGR valve opening sensitivity prevailed.
The EGR valve opening directly affected the working medium composition at the inlet manifold (due
to exhaust gas recirculation), and therefore the NOx emissions reduction.
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By comparing the top and bottom left graphs of Figure 5, the sensitivity of the input parameters for
the brake specific NOx emissions and the EGR rate demonstrated similar trends, which was expected
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as these output parameters are interconnected, where the EGR rate affects the brake NOx emissions.
The top right graph of Figure 5 demonstrates that the ABP valve opening sensitivity on the T/C
compressor surge margin was the most prevailing parameter in all engine loads. This was attributed
to the effect of the ABP system on varying the compressor operating point (higher ABP valve opening
implies higher T/C mass flow rate). The EGR valve opening was the second prevailing parameter,
demonstrating sensitivity on the T/C compressor margin lower than 0.25. The bottom right graph of
Figure 5 demonstrates that the ABP valve opening was the most prevailing parameter that affected the
BSFC at high loads, whereas at low loads the EGR valve opening and EGR blower speed were the
most prevailing parameters.

With regard to the EGR system blower speed, it was observed that its sensitivity against all the
considered output engine operating parameters increased whilst shifting from high to low engine
loads. This was mainly attributed to the inlet boost pressure and the exhaust gas pressure reduction as
the load decreased, where the EGR blower needed to ensure that the EGR target rate was achieved.

6. Conclusions

This study focused on the optimisation of the engine and EGR/ABP systems settings so that the
diesel mode operation of the investigated large marine DF engine complied with the IMO ‘Tier III’
NOx emissions regulations. The modelling and optimisation of the investigated engine were realised
in GT-ISE. The optimisation process consisted of two phases; the first dealt with the optimisation of:
(a) the EGR valve opening, (b) the ABP valve opening, and (c) the EGR blower speed by using the
NSGA-III algorithm, whereas the second considered the optimisation of SOI by using parametric runs
based on the full factorial DoE method.

This study revealed the underlying interactions and the combined effects of the EGR and ABP
systems to the engine performance and emissions taking into account the involved systems operational
limitations. Moreover, this study proved that introducing the minimum modifications in the existing
engine, specifically the addition of the EGR and ABP systems whilst retaining the original T/C system,
is a functional solution to operate a DF engine at the diesel mode, considering the existing stringent
regulatory requirements.

The main findings of this study are summarised as follows:

• The engine NOx emissions can be reduced by almost 73% when using an EGR in combination
with an ABP system, demonstrating compliance with the ‘Tier III’ requirements.

• The required EGR rates to achieve ‘Tier III’ compliance range from 31% to 35% as a function of the
engine load.

• The obtained NOx emissions reduction was associated with a BSFC increase from 8.4% to 9.9%
considering the respective EGR blower electrical power requirements, in comparison to the diesel
mode operation without EGR/ABP systems activation. The respective BSFC penalty without
considering the EGR blower power requirements were found to be 6.1% to 8.7%.

• The advance of SOI offered fuel savings ranging from 0.3% up to 1.8% as the load increased, with
the highest BSFC reduction obtained at 100% load.

• The followed optimisation process was proven to be computationally effective and resulted in
identifying the Pareto front and optimal system settings.

• The sensitivity analysis verified that the most sensitive parameters were the ones considered in
the optimisation process, thus validating the followed approach.

The proposed solution can provide a functional approach to ship owners/operators for addressing
the challenges emanating from the recent regulatory framework, whilst considering the associated cost
of other alternative solutions.

The limitations of this study are mainly related to the employed combustion modelling, which
was of the ‘semipredictive’ type. This model was selected due to lack of extensive experimental
data, which are required to facilitate the model constants calibration [66,75] as well as to retain a
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low computational cost for the optimisation process. In addition, the methane emissions generated
by the investigated engine were not included under this study scope as considering the employed
zero-dimensional combustion model, the expected accuracy would be questionable.

Future studies can include the use of a ‘predictive’ (phenomenological) combustion subject to the
availability of that sufficient data for its calibration, the investigation of engine operation under transient
conditions, as well as the study of the feasibility and cost-effectiveness of the proposed solution.
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Abbreviations

0D Zero-dimensional
1D One-dimensional
ABP Air Bypass System
BMEP Brake Mean Effective Pressure
BSFC Brake Specific Fuel Consumption
bTDC Before top dead centre
CA Crank Angle
CFD Computational Fluid Dynamics
CO2 Carbon Dioxide
DF Dual Fuel
DoE Design of Experiments
EGR Exhaust Gas Recirculation
EWG Exhaust gas waste gate valve
GT Gamma Technologies
HP-EGR High Pressure Exhaust Gas Recirculation
IMEP Indicated Mean Effective Pressure
IMO International Maritime Organization
LP-EGR Low Pressure Exhaust Gas Recirculation
MOGA Multiobjective Genetic Algorithm
NG Natural Gas
NOx Nitrogen oxides emissions
NSGA Nondominated Sorting Genetic Algorithm
PE Engine brake power
SCR Selective Catalytic Reduction
SOI Start of Injection
T/C Turbocharger
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