
Parametric investigation of a large marine two-stroke diesel engine equipped with exhaust 

gas recirculation and turbocharger cut out systems 

 

Daoyi Lua,b,1, Gerasimos Theotokatosb,*, 1, Jundong Zhanga, Hong Zenga and Keying Cuic 
a Marine Engineering College, Dalian Maritime University, Dalian 116026, China 
b Maritime Safety Research Centre, Department of Naval Architecture, Ocean and Marine Engineering, University of 
Strathclyde, 100 Montrose Street, Glasgow G4 0LZ, Scotland, UK 
c Dalian Marine Diesel Co., Ltd, Dalian 116021, China 
 
*Correspondence:  
Gerasimos Theotokatos 
Maritime Safety Research Centre, Department of Naval Architecture, Ocean and Marine Engineering, University of 
Strathclyde, 100 Montrose Street, Glasgow G4 0LZ, Scotland, UK 
E-mail address: gerasimos.theotokatos@strath.ac.uk 
 
The first author information: 
Daoyi Lu 
Marine Engineering College, Dalian Maritime University, Dalian 116026, China 
E-mail address: ludaoyii@dlmu.edu.cn 
 
1 These authors contributed equally to this study. 
 
  

mailto:gerasimos.theotokatos@strath.ac.uk


Abstract 

Albeit the exhaust gas recirculation (EGR) is widely used to reduce the nitrogen oxides (NOx) emissions from 
large marine two-stroke engines, several challenges emerge for the engine−turbocharging system matching 
considering the contradictory requirements of the engine and its subsystems operation. Such challenges become more 
pronounced in complex engine configurations that include parallel turbochargers and the EGR system along with cut 
out and bypass branches. This study aims at parametrically investigating a large marine two-stroke engine equipped 
with an EGR system, two parallel turbochargers of different size, and cut out branches. The turbocharging system 
characteristics are selected targeting the minimisation of the engine specific fuel consumption whilst ensuring 
compliance with the respective NOx emissions limits and satisfying imposed constraints for the compressors 
operation. A detailed model of the zero/one dimensional type is developed in the GT-SUITE software and used to 
simulate the investigated engine along with its subsystems. Simulation runs are performed to investigate the engine 
with four different turbocharger configurations of varying capacity ratio and under various operating conditions in 
terms of the EGR rate and engine load. The simulation results are analysed to reveal the impact of the turbocharger 
selection of the engine performance and emissions parameters. Furthermore, modulation schemes with EGR blower 
speed control, exhaust gas bypass and cylinder bypass are investigated to overcome the mismatch on the engine 
components flow rates and avoid turbocharger operational issues. The derived results demonstrate that the lowest 
weighted BSFC is achieved for the case of 70:30 capacity ratio between the large and small turbochargers, whilst the 
engine operation with the EGR is associated with a 2.6% penalty in the weighted BSFC. The EGR blower speed 
control is found sufficient to avoid the compressor overspeed at high engine loads exhibiting the lower BSFC penalty, 
whereas the cylinder bypass control is appropriate for controlling the compressor speed at low engine loads. This 
study contributes on delineating the underlying parameters and interactions between the engine components for the 
investigated marine two-stroke engine and provides recommendations for the engine−turbocharging system matching 
procedure.  
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1. Introduction 

Nitrogen Oxides (NOx) emissions harmful effects [1] include acid deposition, respiratory illness, as well as the 
formation of photochemical oxidants, namely ozone (O3) and smog [2]. To reduce the NOx emissions from marine 
engines, the International Maritime Organisation (IMO) developed stringent regulations and implemented their 
mandatory enforcement within identified Emission Control Areas (ECAs) [3,4]. For complying with these stricter 
NOx emissions limits, various technologies were developed by the marine engine manufacturers including exhaust 
gas recirculation (EGR), selective catalytic reduction (SCR), use of alternative fuels, engine settings control, direct 
water injection (DWI), fuel-water emulsion (FWE) and intake air humidification [5−9]. Among them, SCR and EGR 
are two effective methods, the implementation of which can render the large marine two-stroke engines achieving 
compliance to the IMO Tier III NOx emissions limits [10,11]. 

SCR is an exhaust gas after-treatment technology, which uses ammonia (produced by the thermal hydrolysing of 
an aqueous urea solution) as a reducing agent to convert the NOx to nitrogen and water vapour [10]. Although the 
SCR technology provides high reduction rates of the engine NOx emissions, the SCR system is associated with 
considerable volume requirements (for the SCR units and urea tanks), additional weight, increased installation and 
maintenance costs, high engine exhaust thermal inertia and considerable pressure drop [12]. In addition, the SCR 
system effectiveness mainly depends on the exhaust gas temperature and system components condition [10]. 

The in-cylinder conditions play a key role on determining the NOx formation rate. According to the extended 
Zeldovich mechanism [13], the NOx formation rate depends on the in-cylinder temperature. NOx is rapidly formed at  
temperature levels higher than 1500°C [14]. The EGR system reduces the oxygen concentration of the working 
medium trapped in the engine cylinders by recirculating a certain amount of exhaust gas to the intake air system, 
which results in decreasing the in-cylinder temperature, thus reducing the NOx formation [14,15]. This results to a 
slower combustion and thus, slower in-cylinder temperature increase, due to the reduced oxygen concentration and 
higher heat capacity of the in-cylinder working medium.  

The study and implementation of the EGR technology in diesel engines, has mainly been investigated for 
various applications of the automotive and rail industries [16−23]. The EGR performance test on an experimental 
marine two-stroke engine reported NOx emissions reduced by 70% compared to the measured values without the 
EGR application [24]. Due to the considerable NOx emissions reduction and the relatively matureness of the EGR 
technology, EGR after-treatment systems have been installed to various large marine two-stroke diesel engines 
[25−30]. 

The EGR systems for marine engines are classified into the following two types [15,22,23]: low-pressure EGR 
(LP-EGR), and high pressure EGR (HP-EGR). Typical layouts of these types are illustrated in Fig. 1. The LP-EGR 
system is installed in the engine low pressure side, i.e., downstream the turbocharger (TC) turbine and upstream the 
TC compressor, and only slightly impacts the TC performance [31,32]. The LP-EGR system requires low power for 
the EGR blower operation, since the pressure difference between the two sides of the LP-EGR loop is low (compared 
to the pressure difference of the HP-EGR loop). Moreover, the exhaust gas temperature of the LP-EGR system is 
lower, resulting in less demand for exhaust gas cooling. However, the exhaust gas is introduced upstream the 
turbocharger compressor and flows through the entire intake air system, which can lead to the involved components 
degradation and failures, such as fouling, corrosion, wear, and clogging of equipment such as compressors and air 
coolers. Therefore, the LP-EGR system has higher requirements for exhaust gas filtration and cleaning, especially for 
marine two-stroke diesel engines that use heavy fuel oil. In addition, the equipment of the LP-EGR system tends to 
be more voluminous compared to the HP-EGR system, as low pressure levels result in the working medium lower 
density. Hiraoka et al. [28] reported the world’s first ship-board testing of a marine two-stroke diesel engine equipped 
with the LP-EGR system, which achieved compliance with the IMO’s NOx Tier III regulations. Nakagawa et al. [29] 



reported the application of the LP-EGR system on several marine two-stroke diesel engines and the respective results 
from the conducted ship-board tests.  

  

 
Fig. 1. Schematic diagram of high-pressure EGR (left) and low-pressure EGR (right) (CBV: cylinder bypass 

valve, WMC: water mist catcher). 
 

The HP-EGR system is installed in the engine high pressure side, i.e., upstream the turbocharger turbine and 
downstream the turbocharger compressor; it typically includes equipment such as the exhaust gas scrubber, as well as 
the EGR cooler, valve and blower. When the HP-EGR system operates, part of the exhaust gas flows from upstream 
the turbocharger turbine to downstream the turbocharger compressor. Kaltoft and Preem [25] reported the HP-EGR 
technology development including experimental research, ship-board implementation and operation of marine 
low-speed two-stroke diesel engines equipped with HP-EGR systems. It was confirmed that these engine versions 
complied with the Tier III limits exhibiting slight increase of the engine brake specific fuel consumption, whereas 
other emissions such as PM, HC and CO remained at acceptable levels. Shirai et al. [26] reported the development of 
the HP-EGR system for a typical marine two-stroke engine, with the test results demonstrating the NOx emissions 
reduction by 80%. Higashida et al. [30] reported the testing of a marine engine equipped with a HP-EGR system and 
verified that an appropriate EGR rate combined with fuel−water emulsion technology and engine settings 
optimisation achieved compliance with the Tier III limits without significant increase of the brake specific fuel 
consumption. Moser et al. [33] reported the HP-EGR control strategy and claimed that the engine performance at low 
loads was significantly improved, whereas the soot emissions was reduced.  

Although the HP-EGR system has been widely adopted, it still requires appropriate sizing of its components as 
well as the sufficient turbocharger matching. As the exhaust gas is taken from the engine exhaust gas receiver, the HP 
EGR system significantly reduces the exhaust gas mass flow flowing through the turbocharger turbine, which causes 
the turbocharger speed reduction and a corresponding scavenge air receiver pressure drop.  

The HP-EGR technology has been commercially applied to several marine two-stroke diesel engines as reported 
in Ref. [10,25]. The following two different matching methods are recommended for marine two-stroke diesel 
engines equipped with the HP-EGR system [10]: (1) EGR with bypass (EGR-BP); (2) EGR with TC cut-out 
(EGR-TC). The layouts for these two methods are presented in Fig. 2. The EGR-BP system is used for marine 
two-stroke diesel engines with bore size up to 70 cm, which are typically equipped with one TC unit. The EGR-BP 
branch is equipped with the EGR shut-off valve (SOV), the pre-spray scrubber, the cooler spray, the EGR cooler, the 
water mist capturer (WMC), the EGR blower and the blower throttle valve (BTV). This system employs an air bypass 



branch equipped with the cylinder bypass valve (CBV) and an exhaust gas bypass valve (EGB). The EGR-BP system 
is currently the most typical EGR system used in marine two-stroke engines. The EGR-TC system is used for marine 
two-stroke engines with a bore size greater than or equal to 80 cm, which are typically equipped with multiple TC 
units connected in parallel. This system includes the following branches: the main TC branch equipped with a large 
turbocharger (TC-L), the cut-out TC branch equipped with a small turbocharger (TC-S), the EGR branch, and the 
cylinder bypass branch.  
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Fig. 2. EGR with bypass (left) and EGR with TC cut-out (right) (SOV: EGR shut-off valve, CBV: cylinder 

bypass valve, EGB: exhaust gas bypass valve, BTV: blower throttle valve, TCV: turbine cut/out valve, CCV: 
compressor cut/out valve, WMC: water mist catcher). 

A considerable number of studies on the high-pressure EGR system for marine diesel engines focused on the 
EGR-BP system [25,31−40]. For the diesel engine equipped with the EGR-BP system complying with the Tier III 
limits (operating with the EGR branch activated), the EGR system will reduce the mass flow and energy of exhaust 
gas flowing through the turbine [40]. This will cause the TC turbine power drop and, as a result, the TC speed 
reduction, which, in turn, results in lower compressor pressure ratio and mass flow rate. Thus, the compressor 
operating points will move towards lower efficiency areas [32].  

For the marine diesel engines equipped with the EGR-TC system operating with the EGR branch activated to 
comply with the Tier III limits, its impact on the turbochargers performance is different compared with the EGR-BP 
system. Studies on marine diesel engines equipped with the EGR-TC system can only be found in Ref. [25] and [41]. 
Kaltoft and Preem [25] reported the development process and the test results of the EGR-TC system for a large 
two-stroke marine diesel engine. Kim [41] investigated the effects of the EGR-TC system on the dynamic 
characteristics of propulsion shafting torsional vibration and energy efficiency design index (EEDI) value. However, 
studies on the turbochargers matching for marine diesel engines equipped with the EGR-TC system are not reported 
in the pertinent literature.  

This study aims at the parametric investigation of a large marine two-stroke engine equipped with the EGR-TC 
system, targeting to select the turbocharging system and EGR rate for minimising the weighted engine brake specific 
fuel consumption whilst ensuring the engine’s compliance with the IMO Tier III NOx emissions limits and satisfying 
other constraints. The investigated engine was modelled in the GT-SUITE software. Four values of the capacity ratio 
between the large and small (TC-L and TC-S) turbochargers are considered. Simulation runs are performed in varying 



EGR rates and four engine loads. Three different modulation schemes are also investigated to supress the 
turbocharger overspeed at high engine loads and mismatch in the flows of the various engine components at low 
engine loads. The simulation results contribute to the better understanding of the interactions between the engine 
components, the EGR system and the turbocharging system, thus providing support to the designer for addressing the 
challenges of the engine-turbocharger(s) matching procedure.  

The novelty of this study stems from: (a) the analysis of the investigated marine two-stroke engine equipped 
with the EGR-TC system is the first reported in the pertinent literature; (b) the parametric study of the capacity ratio 
between the large and small (TC-L and TC-S) turbochargers quantifies the impact of the turbocharger selection and 
the EGR rate on the engine performance parameters; (c) the study of the modulation schemes provides insights for 
their effectiveness to address operational issues along with the associated penalty on the engine BSFC, and; (d) this 
study provides recommendations for the engine−turbocharging matching procedure for marine engines equipped with 
the EGR-TC system. 

2. Investigated engine  

The marine two-stroke diesel engine MAN B&W 7G80ME-9.5 is selected for the investigation in this study. 
This engine is electronically controlled and is equipped with a large turbocharger (TC-L), a small turbocharger (TC-L) 
and the EGR-TC system. The investigated engine layout is presented in Fig. 3 whereas the engine main 
characteristics at the Maximum Continuous Rating (MCR) point are illustrated in Table 1 [42]. The engine can 
operate in two modes either complying with Tier II or Tier III limits. Henceforth, these two engine operating modes 
will be referred as Tier II mode and Tier III mode, respectively. Table 2 provides the operating conditions of the 
TC-L, the TC-S, the EGR branch and the valves in these two operating modes. In the Tier II mode, the TC-S is 
activated by opening the compressor and turbine cut-out valves (CCV and TCV), whereas the EGR branch is 
deactivated by closing the EGR shutting off valve (SOV) and the blower throttle valve (BTV). In the Tier III mode, 
the TC-S is deactivated by closing the CCV and TCV, whereas the EGR branch is activated. The TC-L is used as the 
main engine turbocharger and operates in both modes.  

 
Fig. 3. Engine layout with the EGR system, the large turbocharger (TC-L) and the small turbocharger (TC-S) 
(AC: air cooler, BBV: blower bypass valve, BTV: blower throttle valve, TCV: turbine cut-out valve, SOV: EGR 



shut-off valve, EC: EGR cooler, CCV: compressor cut-out valve, CBV: cylinder bypass valve, EGB: exhaust 
gas bypass valve). 

 
Table 1 Engine main characteristics. 

Parameters Values 

Cylinder number [-] 7 

Cylinder bore [m] 0.8 

Stroke [m] 3.72 

Power at MCR [kW] 24440 

Speed at MCR [rpm] 58 

MEP at MCR [bar] 19.3 

Firing order [-] 1-7-2-5-3-6 

NOx reduction technology EGR 

TC number 2 

 
Table 2 Operating conditions of the TC-L, the TC-S and the EGR branches. 

 TC-S TC-L EGR branch SOV, BTV CCV, TCV, BBV 
Tier II activated deactivated Close Open 
Tier III deactivated activated Open Close 

3. Engine modelling description 

The investigated engine model is of the zero/one-dimensional (0-D/1-D) type and was developed in the 
GT-SUITE software [43], which is widely used for engine modelling and analysis. As illustrated in the flowchart of 
Fig. 4, the followed modelling procedure mainly includes the following two parts: (a) development of the engine core 
assembly model, and; (b) development of the EGR-TC systems sub-models.  

 

Fig. 4. Modelling procedure flowchart.  

 
Firstly, the model for the engine core assembly shown in Fig. 3 was developed. This model employs sub-models 

for the engine components including the engine cylinders, the air coolers, the scavenge air receiver, the exhaust gas 
receiver, the auxiliary blower; however, it does not include the sub-models for the TC-L, the TC-S and the EGR 



system. The experimentally obtained compressor outlet temperature and pressure as well as the turbine inlet 
temperature and pressure are employed as the boundary conditions (input) of this model. The engine core assembly 
model was set-up by calibrating the combustion, scavenging, heat transfer, friction and emissions sub-models, which 
are briefly described in the next section. 

Models for the TC-L, the TC-S and the EGR system are established and combined with the engine core 
assembly model to form the complete engine model (Engine with EGR-TC model), as presented in Fig. 5. This study 
investigates four case studies with different capacity ratios of the TC-L and the TC-S as shown in Table 5. For these 
case studies, the engine with EGR-TC model employs different compressor and turbine maps as input parameters. 
Moreover, other coefficients including mass multiplier and efficiency multiplier for the compressor and turbine 
component models were also calibrated separately. The capacity ratio of the TC-L and the TC-S (𝜙𝐶𝑅) is defined by 
the following equation, as the ratio of the air mass flow rate of the respective compressors:  

 𝜙𝐶𝑅 =
�̇�𝑇𝐶_𝐿

�̇�𝑇𝐶_𝑆

 (1) 

where �̇�𝑇𝐶_𝐿 and �̇�𝑇𝐶_𝑆 denote the air mass flow rates of the TC-L and TC-S, respectively. 
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Fig. 5. Engine with EGR-TC model in the GT-SUITE environment. 

3.1 Engine core assembly modelling 

The cylinder modelling is the main and most complex part of the engine core assembly model. For developing 
the cylinder model in the GT-SUITE software, it is necessary to select and set-up the heat transfer model, the friction 
model, the scavenging model, the combustion model and the emissions model. The heat transfer coefficient was 
calculated by employing the Woschni empirical formula, whereas the Chen-Flynn model was used to estimate the 
engine friction mean effective pressure [44]. The cylinder scavenging process is modelled by considering a two-zone 
model and providing as input the relationship between the cylinder residual ratio and the exhaust residual ratio, so 
that the scavenging process performance is taken between the respective performances of the complete displacement 
and the complete mixing scavenging models [45,46]. The NOx emissions were calculated according to the extended 
Zeldovich mechanism, as reported in [13]. 

The combustion model is crucial for accurately predicting the combustion process and emissions. The 
GT-SUITE software provides several non-predictive and predictive combustion models [47]. Typical diesel engine 
non-predictive combustion models include "EngCylCombProfile" and "EngCylCombDIWiebe". The former is used 
when the experimental cylinder pressure diagram is known, whereas the latter is recommended in cases where limited 
information is available for the combustion process. Non-predictive combustion models impose a burn rate as a 
function of crank angle, and do not account for factors, such as the residual fraction or the in-cylinder conditions. 
Therefore, non-predictive combustion models are mostly recommended to simulate operating conditions with limited 
impact on the combustion rate.  

Typical diesel engine predictive combustion models include "EngCylCombDIPulse" and "EngCylCombDIJet". 
The DIPulse model requires less computational effort, while exhibiting a sufficient prediction accuracy compared to 
the latter [47]. In this study, the DIPulse model is used to predict the combustion process, since it can predict the 
effect of engine operating conditions on the combustion process [48−50]. The DIPluse model is a three-zone model, 
which discretises the cylinder contents into three thermodynamic zones [47]: the main unburned zone, the spray 
unburned zone, and the spray burned zone. Each zone has its own temperature and composition. The main unburned 
zone contains all cylinder mass at the exhaust valve closing (EVC) position; the spray unburned zone contains the 
injected fuel and the entrained medium; the spray burned zone consists of the combustion products.  

The fuel-related processes are usually divided into injection, entrainment, evaporation and mixing [47]. Once the 
fuel is injected into the cylinder, it will be added to the spray unburned area. When the spray penetrates, the 
surrounding unburned medium and burned gas are entrained into the pulse. The entrainment rate is determined by 
applying the conservation of momentum to the empirical spray penetration law and can be modified by the 
entrainment rate multiplier. Then, the fuel is heated by the entrained medium and vaporises. Finally, the evaporated 
fuel and the entrained gas are mixed together in a turbulence driving process. The combustion process simulated by 
the DIPulse model mainly includes ignition, premixed combustion and diffusion combustion [47]. The mixture in 
each pulse undergoes an ignition delay modelled with the Arrhenius expression, which can be modified by the 
ignition delay multiplier. When the ignition condition is reached, premixed combustion of the mixture of fuel vapour 
and the entrained medium occurs. The premixed combustion rate can be modified by varying the premixed 
combustion rate multiplier. Following the premixed combustion, the remaining unmixed fuel and entrained medium 
continue to mix and burn following a diffusion combustion process. The diffusion combustion rate can be modified 
by calibrating the diffusion combustion rate multiplier. It should be noted that the DIPulse model accounts for the 
influence of the EGR rate on the calculation of the ignition delay, the premixed combustion rate and the diffusion 
combustion rate. Thus, the DIPulse model is employed herein to predict the combustion heat release rate and 
emissions under EGR conditions. 



To obtain the highest possible accuracy to a wide operating envelope, the combustion and NOx emissions 
models are calibrated based on the experimental data, including cylinder pressure, brake specific fuel consumption, 
NOx emissions, and air flow at 25%, 50%, 75% and 100% loads considering the engine operation under the propeller 
curve passing through the MCR point. The following DIPulse model parameters were calibrated: the ignition delay 
multiplier, the entrainment rate multiplier, the premixed combustion rate multiplier and the diffusion combustion rate 
multiplier. The Advanced Direct Optimiser (ADO) that is part of GT-SUITE was employed for these four multipliers 
calibration. A single set of values representing the model in the entire operating envelope was estimated by using the 
non-dominated sorting genetic algorithm (NSGA III) considering the recommended settings in Ref. [47] and an 
objective function consisting of the root mean square error between the measured and simulated parameters (cylinder 
pressure and BSFC) weighted for the four investigated loads. Table 3 presents the calibrated values of the DIPulse 
model multipliers. Following the DIPulse model calibration, the NOx emissions model is also calibrated based on the 
available experimental data. 

Table 3 Calibrated results of the DIPulse model multipliers. 

Multipliers Value 

Ignition delay  1.20 

Entrainment rate 1.03 

Premixed combustion rate 1.50 

Diffusion combustion rate 0.54 

 
The air cooler is modelled as multiple pipes connected in parallel. The cooling water temperature is used as an 

input parameter, and is based on the available experimental data. The cooled charge air temperature is calibrated by 
adjusting the heat transfer coefficient. The auxiliary blower is considered as a centrifugal compressor running at a 
fixed speed and is modelled using its steady state characteristic [51]. 

The engine receivers and connecting piping are modelled by one-dimensional (1D) approach [52] taking into 
account the momentum, the mass, and the energy conservation equations. The quasi-steady adiabatic flow equation 
along with the scavenging ports and exhaust valves profiles (equivalent area versus crank angle) are employed for 
calculating the respective mass flow rates. To model the engine mechanical components (engine shaft), the angular 
momentum conservation equation is employed for calculating the corresponding rotational speed. 

For facilitating the aggregated comparison of the investigated case studies, this study employs the weighted 
average values of the engine BSFC (𝑊𝐵𝑆𝐹𝐶)  and the NOx emissions (𝑊𝑁𝑂𝑥) considering the 25%, 50%, 75% and 
100% loads. 𝑊𝐵𝑆𝐹𝐶  and 𝑊𝑁𝑂𝑥 are defined using the following equations: 

 𝑊𝐵𝑆𝐹𝐶 =
∑(𝐵𝑆𝐹𝐶𝑖 𝑃𝑖  𝑊𝐹𝑖)

∑(𝑃𝑖  𝑊𝐹𝑖)
 (2) 

 𝑊𝑁𝑂𝑥 =
∑(𝑁𝑂𝑥𝑖 𝑃𝑖  𝑊𝐹𝑖)

∑(𝑃𝑖  𝑊𝐹𝑖)
 (3) 

where 𝑖 represents 25%, 50%, 75% and 100% loads, 𝐵𝑆𝐹𝐶𝑖, 𝑁𝑂𝑥𝑖 , 𝑃𝑖  and 𝑊𝐹𝑖 represent the engine BSFC, the 
NOx emissions, the engine power and the weighting factor at 25%, 50%, 75% and 100% loads. The weighting factors 
of the engine BSFC and the NOx emissions with the E3 test cycle are shown in Table 4 [53]. It must be noted that Eq. 
(2) can also be employed in conjunction to the ship annual propulsion power operating profile (in cases where such 
information is available) to estimate the aggregated BSFC . 

 
Table 4 Weighting factors according to E3 test cycle. 

Engine power [%] 25 50 75 100 



Engine RPM [%] 63 80 91 100 

Weighting factor [-] 0.15 0.15 0.50 0.20 

3.2 Turbocharger modelling 

The turbocharger model consists of the compressor and turbine sub-models as well as the TC shaft sub-model. 
The compressors and turbines are modelled by employing their respective performance maps, which are provided as 
input in their digitised forms. For the compressor map, the corrected speed, corrected flow, pressure ratio and 
efficiency points are provided, whereas the turbine model employs the swallowing capacity and efficiency maps. The 
TC shaft was modelled by adopted the angular momentum conservation equation.   

Four combinations (case studies) with different turbocharger sizes, and as a result, flow capacities were selected 
for investigation herein, considering that the engine total air mass flow rate amounts to 100% and the investigated 
engine is equipped two TCs. Table 5 presents the capacity ratios and the targeted air flow rates at the engine MCR 
point for the TC-L and the TC-S in these case studies. The TC-L and the TC-S compressor and turbine maps were 
estimated by scaling the available corresponding maps, respectively [51,54], in terms of the flow rate. The flow 
scaling factors were estimated considering the capacity ratios, whereas the available compressor capacity percentage 
was 50% (the engine air flow is provided by two identical turbocharger units). The pressure ratios were kept the same 
in all the scaled compressors maps. It is noted that due to lack of pertinent data, the efficiency and speed of the scaled 
compressor maps were assumed the same as those of the available map (although slight variations are expected), 
whereas more detailed compressor modelling methods as described in [55] are not applicabe in this study. 

 
Table 5 Air flow of the TC-L and the TC-S at MCR in the investigated case studies. 

Case study ID 1 2 3 4 

Capacity ratio percentage of TC-L to TC-S [%] 60:40 65:35 70:30 75:25 

TC-L air flow at MCR [kg/s] 27.27 29.54 31.81 34.08 

TC-S air flow at MCR [kg/s] 18.18 15.91 13.63 11.36 

 
To study the influence of the exhaust gas bypass on the turbocharger performance in the Tier III mode, the 

wastegate valve of the turbine model in GT-SUITE was set up to simulate the EGB valve. The EGB ratio is defined 
according to the following equation: 

 𝜙EGB =
�̇�𝐸𝐺𝐵

�̇�𝑒

 (4) 

where �̇�𝐸𝐺𝑅 is the exhaust gas mass flow rate of the EGB branch and �̇�𝑒 is the TC-L turbine exhaust gas mass 
flow rate. 

3.3 EGR system modelling 

The EGR system branch is modelled by employing a 1D approach, considering the momentum, the mass, and 
the energy conservation equations. The EGR mass flow and the EGR rate are controlled by adjusting the EGR blower 
rotational speed that is modelled by employing its characteristics. The EGR rate (mass fraction) is defined according 
to the following equation: 

 𝜙𝐸𝐺𝑅 =
�̇�𝐸𝐺𝑅

�̇�𝐸𝐺𝑅 + �̇�𝑐 − �̇�𝐶𝐵

 (4) 

where �̇�𝐸𝐺𝑅 is the exhaust gas mass flow rate of the EGR branch, �̇�𝑐 is the TC-L compressor air mass flow rate, 



�̇�𝐶𝐵 is the air mass flow rate of the cylinder bypass (CB) branch. 
To transfer the exhaust gas to the scavenging air receiver, the EGR blower needs to be operated to overcome the 

pressure difference between the scavenge air receiver and the exhaust receiver. The EGR blower power is considered 
as a power loss, which will cause the engine BSFC increase. It must be noted that the electric power of the EGR 
blower is typically provided by the ship electric generator set, which results in a higher BSFC penalty. Since the 
engine fuel injection mass per cycle is fixed in the engine model, the BSFC with the EGR blower power (𝐵𝑆𝐹𝐶𝑏𝑙) 
is calculated using the following equation: 

 𝐵𝑆𝐹𝐶𝑏𝑙 =
𝑃𝐸𝐵𝑆𝐹𝐶

𝑃𝐸 − 𝑃𝑏𝑙/𝜂
 (5) 

where 𝑃𝐸 is the engine brake power, 𝐵𝑆𝐹𝐶 is the engine BSFC, 𝑃𝑏𝑙  is the electric power consumed by the EGR 
blower, 𝜂 is the efficiency of the ship electric generator set. 

An exhaust gas cooler is included in the EGR system to reduce the exhaust gas temperature, so that the working 
medium (air and exhaust gases) temperature in the scavenge air receiver remains within the limits set by the engine 
manufacturer. The EGR cooler is modelled in a similar approach as the air cooler. 

The CB branch sub-model is employed to represent the charge air bypass from the TC-L compressor outlet to 
the exhaust manifold (upstream the turbine). The CB mass flow and the CB ratio are controlled by the CB valve. This 
sub-model is used to study the effect of the CB branch on the TC-L compressor operation at the Tier III mode. The 
CB ratio is defined as follows: 

 𝜙𝐶𝐵 =
�̇�𝐶𝐵

�̇�𝑐

 (6) 

4. Results and Discussion 

4.1 Simulated cases 

For each one of the case studies presented in Table 5, simulation runs were performed considering the engine 
operation in the Tier II and the Tier III modes. For the engine operation in the Tier III mode, EGR rates in the range 
20% to 40% were investigated in order to identify the settings that cater the minimum BSFC whilst satisfying the 
NOx emissions limits. To control the compressor operating point in cases of shifting the engine operating mode (from 
Tier II to Tier III), additional simulation runs were performed, and the derived results were employed to assess the 
impact of modulation schemes including EGR blower control, exhaust gas bypass valve (EGB) control and cylinder 
bypass valve (CBV) control. The overview of the performed simulation runs is provided in Table 6. 

Table 6 Overview of the performed simulation runs. 

Operating 
mode 

Model 
/ case study 

EGR rate 
(%) 

Engine 
load (%) 

Scope 

Tier II 
engine core 

assembly model; 
case studies 1-4 

Not used 
(0) 

25; 50; 
75; 100 

validation against experimental data 

Tier III case studies 1-4 20−40 
25; 50; 
75; 100 

comparative assessment of case studies 1−4;  
BSFC-NOx emissions trade-offs & other engine 

parameters variations with EGR rate;  
identify points with minimum BSFC complying with 

NOx limits; 
compressor operation compared to Tier II mode; 



select TC configuration 

Tier III case study 2 0−20 100 
assess the impact of EGR blower speed control and 
EGB control for adjusting the TC-L speed (to avoid 

overspeed) 

Tier III case study 4 40 
25; 50; 
75; 100 

assess the impact of CBV control for the TC-L 
operating conditions (TC-L compressor operation closer 

to its operating point at the Tier II mode) 

4.2 Model validation 

The validation of the engine core assembly model for the engine operation at the Tier II mode (EGR branch 
deactivated) was carried out at 25%, 50%, 75% and 100% loads using the measured data obtained from the ship trials 
according to the E3 cycle. It must be noted that the model boundary conditions included the pressure and temperature 
downstream the compressor as well as the pressure and temperature upstream the turbine, which were set as input 
based on their respective values from the ship trials. Fig. 6 illustrates the simulation results of the engine core 
assembly model along with the respective experimental values. The relative percentage errors between the measured 
and predicted parameters are shown in Fig. 7. The relative errors for the presented parameters were found less than 
±3%. This indicates that the developed model can predict with sufficient accuracy the engine performance parameters 
at steady state conditions. Hence, it can be employed with fidelity to simulate the investigated case studies.

 
Fig. 6. Simulation results and comparison with respective experimental test data for the engine operation 
in the Tier II mode (𝒑𝒎𝒂𝒙: cylinder maximum pressure, 𝒑𝒄𝒐𝒎: cylinder compression pressure, 𝒑𝒔𝒄𝒂:  

scavenge air receiver pressure, 𝒑𝒆𝒙𝒉: exhaust gas receiver pressure, 𝑻𝒔𝒄𝒂: scavenge air receiver temperature, 
𝑻𝒆𝒙𝒉: exhaust gas receiver temperature, BSFC: brake specific fuel consumption, NOx: NOx emissions). 



 

Fig. 7. Relative percentage errors between predicted and measured parameters for the engine operation in 
the Tier II mode. 

Having validated the engine core assembly model, the complete engine model (core assembly and TC system) 
was employed to simulate the four investigated case studies considering the engine steady state operation at the Tier 
II mode (deactivated EGR branch, activated TC-L and TC-S). Simulation runs were performed at the loads for which 
measurements were available (25%, 50%, 75% and 100%) as well as at other loads (40%, 60% and 85%). Fig. 8 
presents the derived parameters variations and the comparison of the predicted results with respective experimental 
values. It must be noted that the experimental measurements correspond to an engine configuration very close to the 
case study 3. Due to the different settings of the TCs employed in the four case studies, slight variations were 
exhibited in most of the engine parameters. It is inferred that the selection of the TC capacity ratio only slightly 
affects the engine NOx emissions and BSFC in the Tier II mode as the two TCs provide the required air flow rate 
maintaining almost the same pressure in the engine scavenge air receiver. The derived parameters variations 
demonstrate that the developed model performs sufficiently in the entire engine load envelope, thus supporting the 
model verification. 

 
Fig. 8. Predicted engine parameters for the four simulated case studies in the Tier II mode and the 

respective experimentally measured parameters for the engine configuration corresponding to case study 3. 

4.3 Comparative assessment of case studies 1−4  

The complete engine model was employed to perform simulation runs for the four investigated cases 
considering the engine operation at the Tier III mode (according to Table 2), where the large TC is activated whilst 
the small TC is deactivated. Fig. 9 presents the predicted engine BSFC (without considering the required EGR power) 



and NOx emissions versus the EGR rate, which is controlled by adjusting the EGR blower speed in the range from 20% 
to 40%. For the case study 1, when the engine operated at 100% load with EGR rate lower than 30%, the large 
turbocharger reaches its overspeed limit due to the excessive exhaust gas receiver pressure, which demonstrates that 
the large TC size is relatively small (or the EGB opening is needed to satisfy the engine operational requirements at 
100% load). Therefore, only the simulation results with the EGR rates greater than 30% are presented.  

As shown in Fig. 9, the engine NOx emissions decrease in all cases with the EGR rate increasing from 20% to 
40%, as expected. The engine can meet the IMO Tier III NOx emissions limits when the EGR rate is greater than a 
specific value, which increases as the engine load reduces in all the investigated case studies. It must be noted that the 
Tier limit is calculated as the weighted average from Eq. (3), which provides some leeway on the selection of the 
EGR rates for each load. The engine BSFC depends on the EGR rate, the engine load and the large TC size. Fig. 10(a) 
illustrates the maximum temperature of the cylinder burned gas zone at 25%, 50%, 75%, and 100% loads for case 
study 2 (second larger size of the TC-L). Both the NOx emissions and the burned gas zone maximum temperature 
monotonously decrease with the increase of the EGR rate. The engine BSFC in most cases increases with the EGR 
rate increase; however, optimal points (minimum in the BSFC) are observed in the following cases: 100% load for all 
case studies; 75% load for case studies 1 and 2. The selection of these operating points are recommended provided 
that the engine operation complies with the Tier III NOx emissions (e.g. for all case studies at 100% load). The fuel 
combustion quality is significantly affected by the trapped air−fuel ratio; generally, higher air−fuel ratio values result 
in faster and more complete combustion, which, in turn, leads to the lower engine BSFC, as it is also deduced from 
the results presented in Fig. 10. 

 
Fig. 9. Engine BSFC and the NOx emissions with the EGR rate for the four investigated case studies. 

 



 
Fig. 10. (a) Maximum temperature of the burned zone; (b) air-fuel equivalence ratio (𝛌) versus the EGR rate 

for the case study 2. 
 

Fig. 11(a) presents the minimum engine BSFC to meet the IMO Tier III NOx emissions limits in the 
investigated case studies. For the cases where the engine BSFC monotonously increases with the EGR rate increase, 
the minimum engine BSFC refers to the BSFC corresponding to the NOx emissions equal to 3.4 g/kWh (Tier III 
limit); for other cases, the minimum engine BSFC refers to the lowest BSFC and the NOx emissions are less than or 
equal to 3.4 g/kWh. Fig. 11(c) presents the EGR rate corresponding to the minimum BSFC. Fig. 11(d) shows the 
required EGR blower power for the investigated case studies and for the engine operation with the minimum BSFC. 
Fig. 11(b) shows the minimum engine corrected BSFC considering the EGR blower power for the investigated case 
studies. 

The weighted average value of the engine BSFC (𝑊𝐵𝑆𝐹𝐶 ) considering the respective BSFC values at 25%, 50%, 
75% and 100% loads were used to compare the engine overall performance for the investigated case studies. Fig. 12 
presents the comparison of 𝑊𝐵𝑆𝐹𝐶  (non-corrected and corrected with the EGR blower power) for the investigated 
case studies. As shown in Fig. 12, case studies 3 and 4 exhibit the smaller non-corrected BSFC (169.36 and 169.3 
g/kWh, respectively), and the smaller corrected BSFC (170.62 and 170.92 g/kWh, respectively). Slightly increased 
BSFC values were observed for case studies 2 and 1. Considering the BSFC variation against engine load (Fig. 11), it 
is observed that the TC-L size affects the BSFC curve shape and the operating point of the minimum BSFC. The use 
of the smallest size TC-L (case study 1) provided the lowest BSFC values for loads below 61% and the highest BSFC 
values for loads above 70%. The use of the largest size TC-L (case study 4) provided the highest BSFC values for 
loads below 70% and the lowest BSFC values for loads above 75%. Therefore, the engine operating profile is crucial 
for the appropriate TCs selection and needs to be considered in the engine-TCs matching process. In that case, the 
results presented in Fig. 11 and 12 are essential for guiding the decision support process to select the most appropriate 
turbocharges size. 



 

Fig. 11. (a) Minimum engine BSFC; (b) minimum engine BSFC corrected considering the EGR blower power; 
(c) EGR rate corresponding to the minimum engine BSFC; (d) EGR blower power. 

 

 
Fig. 12. Comparison of the weighted BSFC and the weighted BSFC corrected with the EGR blower power for 

the engine operation at the Tier III mode. 

4.4 Comparison of compressors operation in Tier II and III modes and modulation schemes assessment 

Fig. 13 presents the compressor maps of the TC-L with superimposed the compressors operating points for the 
engine operation at the Tier II mode (both TCs are activated) and the Tier III mode (TC-L is only activated) 
considering the EGR rates presented in Fig. 11(c). For the case studies 1 and 2, where the TC-S of larger size and 
TS-L of smaller size are used, the TC-L compressor operating points considerably move upwards and rightwards 



when the engine operation shifts from the Tier II to the Tier III mode (especially at the 100% load, the TC-L 
operating point reaches areas close to the overspeed limit). Fig. 14 results justifiy the rationale for the variations of 
the compressor operating points. Fig. 14(a) shows that the exhaust gas receiver pressure in the Tier III mode is higher 
than that in the Tier II mode for the case studies 1 and 2, which increases the turbine expansion ratio. As a result, the 
turbocharger power increases resulting in the increase of the compressor pressure ratio and flow rate; thus, the 
compressor operating points move to the upper right of these maps. 

In the Tier II mode, the total engine exhaust gas mass flow equals the sum of the exhaust gas mass flows of the 
TC-L and the TC-S. In the Tier III mode, the TC-S is cut out and the EGR system is activated. Accordingly, the 
engine total exhaust gas mass flow equals the sum of the exhaust gas mass flows of the TC-L and the EGR branch. 
Thus, the EGR system exhaust gas mass flow in the Tier III mode corresponds to the TC-S exhaust gas mass flow in 
the Tier II mode. When the EGR system exhaust gas mass flow is less than the TC-S exhaust gas mass flow, the 
exhaust gas pressure increases, and vice versa. Fig. 14(b) shows the comparison of the EGR system exhaust gas mass 
flow rate in the Tier III mode and the TC-S exhaust gas mass flow rate in Tier II mode. It is deduced that the EGR 
exhaust gas mass flow rates in the Tier III mode for the case studies 1 and 2 are smaller than those of the TC-S in the 
Tier II mode, which leads to an increased exhaust gas receiver pressure. It must be noted that for the engine operation 
at 100% engine load in the case studies 1 and 2, the turbocharger speed reaches values close to its maximum allowed 
speed, which means that the turbocharger overspeed alarm and engine slowdown may be triggered.  

 

Fig. 13. Compressor maps of the TC-L for the investigated case studies and their operating points in Tier II 
and Tier III modes. 



 

 
Fig. 14. Comparison of exhaust gas receiver pressure and exhaust gas mass flow rate at the Tier III and Tier II 

modes for the investigated case studies. 
 

To avoid the TC-L overspeed in the Tier III mode (with the EGR branch activated and the TC-S deactivated), 
two modulation schemes were assessed. The first one −EGR scheme− increases the EGR flow rate by controlling the 
EGR blower speed, therefore, reducing the exhaust gas receiver pressure, which, in turn, leads to the turbocharger 
speed decrease. The second one −exhaust gas bypass scheme (EGB scheme)− employs an EGB valve (or waste gate 
valve) in the TC-L turbine and control its opening to bypass part of the exhaust gas, thus, reducing the TC-L turbine 
exhaust gas flow and the exhaust gas receiver pressure, which, in turn, decreases the TC-L speed. Fig. 15 presents the 
simulation results obtained for the case study 2 at 100% load (the TC-L speed reached the overspeed limit in the Tier 
III mode without modulation) when employing these two modulation schemes. The horizontal axis corresponds to the 
parameter calculated by the following equation: 

 𝛥𝑁%𝑇𝐶−𝐿 = 100(
𝑁𝑇𝐶−𝐿,𝐼𝐼𝐼 − 𝑁𝑇𝐶−𝐿

𝑁𝑇𝐶−𝐿,𝑇𝑖𝑒𝑟 𝐼𝐼𝐼 − 𝑁𝑇𝐶−𝐿,𝑇𝑖𝑒𝑟 𝐼𝐼

) (7) 

where 𝑁𝑇𝐶−𝐿 denotes the TC-L speed at the Tier III mode with the modulation scheme (EGR or EGB), 𝑁𝑇𝐶−𝐿,𝑇𝑖𝑒𝑟 𝐼𝐼 
is the TC-L speed the Tier II mode, whereas 𝑁𝑇𝐶−𝐿,𝑇𝑖𝑒𝑟 𝐼𝐼𝐼 is the TC-L speed at the Tier III mode without the 
modulation scheme. Hence, 0% denotes that the TC-L speed equals to its value at the Tier III mode (𝑁𝑇𝐶−𝐿,𝑇𝑖𝑒𝑟 𝐼𝐼𝐼) 
without modulation, whereas100% denotes that the TC-L speed equals to its value at the Tier II mode (𝑁𝑇𝐶−𝐿,𝑇𝑖𝑒𝑟 𝐼𝐼).  

It is observed from the results presented in Fig. 15 that both schemes lead to an increased engine BSFC. The 
EGR scheme is more effective (provides a lower BSFC increase) than the EGB scheme for the cases where the 
targeted percentage deviation of the TC-L speed is in the range from 0% to 72.3% (corresponding to smaller 
reductions of the TC-L speed from its value at Tier III without a modulation scheme). By employing the EGR scheme 
to increase the EGR rate by 0.8% considerably reduces the TC-L speed (𝛥𝑁%𝑇𝐶−𝐿 = 40%), catering an adequate 
margin to avoid turbocharger overspeed, whilst the engine BSFC increases by only 0.25 g/kWh. When employing the 
EGB scheme to achieve the same TC-L speed reduction, the engine BSFC increases by 0.75 g/kWh. Moreover, the 
EGB valve installation is expected to impact the system capital cost, whereas the EGR scheme does not require any 
additional engine modification, and it further reduces the NOx emissions. Hence, the EGR blower speed control can 
provide the required flexibility for avoiding the TC-L overspeed. 



 
Fig. 15. Effect of EGR and EGB modulation schemes on the engine BSFC at 100% load for the case study 2. 

 
As the capacity ratio of the TC-L to the TC-S increases (smaller size of the TC-S), the compressor operating 

points variation between the Tier II and III modes gradually becomes smaller and even reverses at some engine loads 
(i.e. the TC-L speed at the Tier II mode becomes greater that its respective value in the Tier III mode). In the case 
study 3 at 25% load, the compressor operating point moves slightly to the lower left (low efficiency zone). In the case 
study 4, the compressor operating points move to the lower left (low efficiency zone) to varying degrees at 25%, 50%, 
and 75% engine loads. As it is deduced from the results of Fig. 14(a), these variations are attributed to the reduction 
of the exhaust gas receiver pressure, which causes a consequent decreases of the turbine expansion ratio and power. 
As shown in Fig. 14(b), in the case study 4, the EGR system exhaust gas mass flow in the Tier III mode is greater 
than that of the TC-S in the Tier II mode at 25%, 50% and 75% engine loads, which leads to reduced exhaust gas 
receiver pressure. In the case study 4, the capacity ratio of the TC-L to the TC-S is 75:25, which means that when the 
engine operates in the Tier II mode, the TC-S exhaust gas mass flow accounts for approximately 25% of the total 
exhaust gas mass flow. In the Tier III mode, when the EGR rate exceeds 25%, the exhaust gas receiver pressure 
decreases, which causes the turbocharger power reduction and the compressor operating points to move to the lower 
left (low efficiency zone). For the larger capacity ratio of the TC-L to the TC-S, the EGR system exhaust gas mass 
flow in the Tier III mode will considerably exceed the TC-S exhaust gas mass flow in the Tier II mode, which causes 
greater reductions of the exhaust gas receiver pressure, the turbocharger power and speed. 

A solution to compensate the exhaust gas receiver pressure reduction is to open the cylinder bypass valve (CBV), 
which bypasses part of the charge air from the compressor downstream to the exhaust gas manifold (turbine 
upstream). The impact of the CB ratio defined by Eq. (6) on the turbocharger performance was studied for the case 
study 4 in the Tier III mode with adjustment of the EGR rate to 40%; the latter was selected as it is the extreme case 
(the greatest EGR rate investigated herein). As shown in Fig. 16(a), the TC-L compressor pressure ratio and the mass 
flow rate are smaller compared to their respective values in the Tier II mode when the CB ratio equals to 0% (CBV is 
closed). By increasing the CB ratio, the compressor pressure ratio and flow rate increase, thus counterbalancing at 
some extent the adverse impact on the compressor operation. For 20% CB ratio, the compressor pressure ratio and 
mass flow rate at all loads approach to their corresponding original levels in the Tier II mode. Thus, the CB branch 
can be used to improve the TC-L operating conditions, for the cases where the EGR-TC system is designed with high 
values of the TC-L to the TC-S capacity ratio (larger TC-L and smaller TC-S). As shown in Fig. 16(b), the CBV 
opening reduces the engine BSFC in most cases, which is attributed to the TC-L operation with higher efficiency and 
the higher pressure levels in the engine cylinders. From the results for the 100% load, it is inferred that an optimal CB 



ratio exists (which is 10% in this particular case). It must be noted that the engine settings optimisation is out of this 
study scope and can be considered for future research. 

 

 

Fig. 16. Results for case study 4 with 40% RGR rate: (a) CB ratio impact on the compressor operating points; 
(b) CB ratio impact on the engine BSFC. 

4.5 Recommendations for the engine-turbocharging system matching procedure 

The preceding discussion reveals that the engine-turbocharger matching procedure needs special attention for the 
cases where the marine two-stroke engine is equipped with an EGR-TC system compared to the respective process 
for engines equipped with the EGR-BP system or engines without EGR. Especially for the compressor selection, 
several parameters (usually contradictory) must be considered targeting its operation in the high efficiency area with 
adequate margins to avoid the surging and overspeed. Furthermore, appropriate means to control the compressor(s) 
operation need to be decided. In such cases, the recommended steps of the matching procedure are the following: 
1. Determine the engine air mass flow requirements in the Tier II mode. As both turbochargers (TC-L and TC-S) 

are activated, this step identifies the total air mass flow rate that needs to be covered from the turbocharging 
system. 

2. Determine the minimum EGR rate to satisfy the Tier III NOx limits. This can be estimated based on the results of 
this study, the pertinent literature or experimental studies. 

3. Match the TC-L for the engine operation in the Tier III mode considering the required minimum EGR rate (from 
step 2). Identify appropriate turbocharger compressors considering (a) the matching objective of the engine 
BSFC minimisation, and (b) constraints for NOx emissions limits compliance, TC overspeed avoidance and 
provision of adequate surge margin. An expected engine operating profile can be estimated (based on measured 
data from similar ships) and the final turbocharger selection must be based on the minimisation of the engine 
annual fuel consumption. 

4. Apply appropriate control of the EGR blower speed (to avoid TC-L overspeed) and CBV control (to avoid low 
scavenge air receiver pressure). Check the satisfaction of the matching objective set at step 3.  

5. Match the TC-S for the engine operation in the Tier II mode considering the engine air mass flow requirements 
(step 1) and TC-L characteristics (step 3). Use similar objective and constraints as step 3 and include the 
additional constraint of small deviations of the TC-L operating points when operating in the Tier III and Tier II 
modes. 

5. Conclusions 



This study parametrically investigated the effect of the capacity ratio between the large and the small 
turbochargers (TC-L and TC-S) and the EGR rate of a large marine two-stroke diesel engine equipped with the EGR 
system and turbocharge cut out (EGR-TC). The engine model of the zero/one-dimensional type was developed in the 
GT-SUITE software and validated using the engine measured data obtained from the ship trials of the engine 
operation complying with the Tier II NOx limits. The percentage error between the predicted and measured 
parameters was found with ±3% region, indicating that the developed model provides sufficient accuracy. Simulation 
runs were performed considering (a) four different values of the capacity ratio between the TC-L and TC-S, (b) EGR 
rates in the range 20−40% and four engine loads. Three modulation schemes were also investigated to control the 
turbocharger operation addressing the overspeed at high engine loads and the engine components flow mismatch at 
engine low loads. The simulation results were analysed to select the turbochargers size that provided the minimum 
weighted engine brake specific fuel consumption (BSFC) whilst complying with the NOx emission limits and other 
constraints for the turbocharger operation. The main findings of this research are summarised as follows. 
• The capacity ratio between the TC-L and TC-S only slightly affected the engine performance and emissions 

parameters for the engine operation in the Tier II mode, where both turbochargers are activated (the EGR system 
is deactivated). This is attributed to the fact that both TCs provide the required engine air flow rate in all the 
investigated cases. However, it must be noted that this study did not investigate the cut of the TC-L or the TC-S 
in small to medium engine loads, which is planned for future studies. 

• EGR rates in the range 20−40% can provide sufficient reduction of the NOx emissions to achieve compliance 
with the NOx Tier III limits. The TC-L size (in a smaller extent) and the engine load (in a greater extend) impact 
the required EGR rate values to achieve these limits. Higher EGR rates are required in low engine loads, 
although some leeway exists as the limit is calculated by the weighted average considering four operating points. 

• The turbocharging system selection with 70:30 capacity ratio provided the lowest weighted engine BSFC in the 
Tier III mode, which was found 2.6% greater than that of the Tier II mode, whereas it decreased the NOx 
emissions by 70.4%. The TC-L size affected the engine BSFC curve shape; TC-L larger sizes provided lower 
BSFC at high loads and higher BSFC at low load. Reverse trends were observed for the TC-L smaller sizes. 
Based on this finding, it is recommended to employ a typical engine operating profile in the matching procedure 
and select the turbocharging system that minimises the annual engine fuel consumption. 

• The TC-L smaller size are prone to overspeed at high engine loads. This issue can be effectively addressed by 
slightly increasing the EGR rate controlling the EGR blower speed at the expense of a small penalty in the 
engine BSFC (for 0.8% EGR rate increase provided 40% reduction of the TC-L speed with 0.25% BSFC penalty 
compared of 0.75% penalty of the exhaust gas bypass control). 

• At low engine loads, cylinder bypass control is effective to restore the components flow mismatch and restore the 
TC-L speed close to the respective values at the Tier II mode. 
This study demonstrated that the engine−turbocharger matching procedure requires special attention for the 

marine two-stroke engines equipped with an EGR-TC system. Appropriate recommendations were provided (Section 
4.5) to support the designers/operators on the selection of the turbocharging system sizes. Taking into account the 
immense pressure of the shipping industry to reduce the NOx emissions, this study is useful and supports the 
pertinent decision-making processes. Future studies can address the investigation of the engine settings optimisation, 
the development of the engine subsystems controls as well as the intelligent management of the engine operation 
considering the components degradation.    
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