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Abstract: The use of a computer simulator, previously developed and validated, applied to
a four-stroke marine dual-fuel engine, has allowed the authors to present in this paper a
solution to improve the overall efficiency of the engine by adopting a hybrid turbocharger.
This component replaces the original one allowing, in addition to maintaining the previous usual
functions, the production of electricity to satisfy part of the ship’s electric load. In this study the
application of the hybrid turbocharger concerns an engine powered by natural gas in particular.
The turbocharger substitution involves a significant variation of the engine load governor operating
mode. The improved engine characteristics that the hybrid turbocharger facilitates, compared to the
original, are highlighted by the results reported in tabular and graphical form, for different engine
loads and speeds.
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1. Introduction

In the shipping world, in recent years, increasingly restrictive regulations have been issued by
the International Maritime Organization (IMO) on the polluting emissions of nitrogen oxides (NOx)
and sulfur oxides (SOx) into the atmosphere (see IMO Tier II and III, ECA world areas [1,2]). At the
same time, the issue of reducing carbon dioxide (CO2) emissions from ships has also become crucial,
in relation to the problem of controlling the greenhouse effect on the planet. In this regard the Energy
Efficiency Design Index (EEDI) [3–5] introduced by IMO foresees increasing restrictions on carbon
dioxide emissions in the coming years. To meet these regulatory constraints, the ships in question
must increase the energy conversion efficiency of on-board systems based on propulsion engines and
diesel-electric generators and properly manage their respective operations [6].

Marine diesel engines, by far the prime mover most used in ship propulsion systems, are currently
characterized by an efficiency slightly greater than 50% for two-stroke engines, and just under 50% for
four-stroke ones. An efficiency increase of the on-board systems using such engines can be obtained
by the partial recovery of their waste heat, by means of a Heat Recovery Steam Generator (HRSG),
able to feed a steam turbine generally for electric energy production, in order to reduce the on-board
diesel-generator’s power. To this purpose, different schemes of Waste Heat Recovery (WHR) steam
plants, applied to marine diesel engines, are proposed in the literature [7–18], characterized by single-
or dual-pressure steam plants.
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The energy conversion efficiency increase obtained by these plants, compared to installations
without WHR, varies between approximately 3 and 5%. This last value can generally be obtained
by adopting, in addition to the WHR steam plant, a gas turbine powered by a part of the exhaust
gas coming from the engine cylinders. This is possible thanks to the current high efficiency of the
turbochargers used for marine applications. Indeed, to supply sufficient air to the engine cylinders,
it is not necessary to send all the exhaust gas to the turbocharger turbine, but a portion (generally
about 10%) can be sent to another turbine (power gas turbine), running in parallel to the turbocharger
turbine, for electricity production [12,18]. Another way to increase the efficiency of WHR systems is to
adequately exploit (by means of heat exchangers) the heat of the air at the turbocharger compressor
outlet, as described in [19].

As regards the type of fuel, the use of natural gas (NG) instead of the more traditional Heavy Fuel
Oil (D) strongly reduces engine polluting emissions (indicatively [20]: carbon dioxide −25 ÷ −30%,
carbon monoxide: −25%, nitrogen oxides –85%, sulphur oxides −99 ÷ −100%, particulate matter
−90 ÷ −99%). Furthermore, at medium-high engine loads [20], the NG allows 1 ÷ 2% higher engine
efficiency compared to traditional marine liquid fuels.

Similarly, in the case of liquid fuel diesel engines, and for natural gas (NG) or dual-fuel (DF)
engines, it is possible to increase the efficiency of the on-board systems by adopting WHR steam plants,
with or without [21,22] power gas turbine, for electric energy production. In this way the energy
conversion efficiency increases by about the same percentages mentioned before.

In order to reduce marine engine fuel consumption and cut carbon dioxide emissions, since 2007
the Mitsubishi Heavy Industries has published several works [23–27] regarding the development of a
hybrid turbocharger with an integrated high-speed electric motor-generator, to be used in marine diesel
engines as a substitution for the traditional turbocharger. An application of the hybrid turbocharger to
a two stroke diesel engine of a bulk carrier is reported in [28].

In this paper, a simulation model of a hybrid turbocharger is presented as an integration of an
already developed and validated simulator of a dual-fuel four-stroke marine engine [29]. The model is
applied to simulate the behaviour of the engine, running with NG fuel, when the original turbocharger
is replaced by the hybrid one. In the development of the calculations it is considered that the original
compressor and turbine performance maps are maintained for the hybrid turbocharger. The analysis
carried out makes it possible to compare the performance of the engine running both with the original
turbocharger and with the hybrid turbocharger. The results obtained, presented in tabular and
graphical form, refer to the engine running in steady-state conditions for different engine loads
and speeds.

2. Hybrid Turbocharger

In recent years the increased efficiency of the turbochargers used in particular on diesel and DF
marine engines of medium-high powers has often determined an excess of turbine torque compared to
that required by the compressor. To solve this problem a common practice is to divert a portion of the
cylinders exhaust gas (indicatively 10% [24] when the engine is working in Normal Continuous Rating
(NCR) condition) from the exhaust manifold to reduce the turbocharger (TC) turbine mass flow, in
order to balance its torque to that of the TC compressor.

Obviously, this solution is at the expense of overall efficiency, unless this part of the exhaust gas is
sent to a second turbine to produce power (power gas turbine), as mentioned above. Another very
interesting solution is that proposed a few years ago and subsequently developed by Mitsubishi Heavy
Industries [23]. This company has developed, for marine applications, a hybrid turbocharger (HTC)
with integrated a high-speed electric motor-generator, installed in the TC silencer as shown in Figure 1.
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in [24] the HTC electric generator can be used also as electric motor, to increase the engine TC speed, 
hence the name used here of Electric Motor-Generator (EM-G). This last option is not considered in 
this work.  

The main characteristics of the Mitsubishi EM-G and the results of operative tests are reported 
in several papers [23–27]. Currently a prototype of an HTC is used in the 20.09 kW MAN 7S65ME-C 
two-stroke propulsion engine of a bulk carrier [25,28]. 

The maximum electric output power of the EM-G is 1300 kW [24], with the possibility to control 
the electric power generated by the HTC, as well as the electric voltage and frequency [25], by means 
of an inverter, as discussed more in detail below. From the above considerations, it seems, therefore, 
that there is a real possibility of using the hybrid turbocharger to generate electricity able to satisfy 
part of the electric load of the ship, easing the task of diesel generators.  

In order to explore this possibility in detail and to quantify the potential advantages of applying 
the hybrid turbocharger to different types of marine engines, in this study the authors propose to 
“generate”, by simulation, an HTC in which the TC compressor and turbine characteristics are those 
of the MAN 51/60 DF 12V four-stroke dual-fuel marine engine, but the original turbocharger is 
modified with the introduction of the aforementioned Mitsubishi EM-G. As discussed below, the use 
of the hybrid turbocharger involves a radical change of the current regulation logic of the power 
supplied by the engine, increasing its overall efficiency thanks to the increased electrical power 
generated at the same fuel consumption.  

After having briefly explained the operating principle of the hybrid turbocharger from an 
energetic point of view, and having identified in the simulation a useful approach to evaluate the 
advantages of this innovative technology in marine systems, it is very important now to consider and 
face the electrical problems connected to the realization of the hybrid turbocharger. 

Electric machines are more and more applied not only for power generation, but also for main 
propulsion and auxiliary propellers. 

The use of a hybrid turbocharger poses significant challenges to properly design an efficient 
electric machine since there is a strong necessity to use a very compact and high-speed machine (12,000 
rpm). The actual solution to overcome these issues is the adoption of permanent magnet 3-phase 
alternating current (AC) synchronous generator that allows significant performance. Since three phase 
power output from the generator depends upon the speed of the turbocharger, the alternator cannot be 
connected directly to shipboard electric network. 

Therefore, it is necessary to provide an intermediate conversion through a direct current (DC) 
rectifier, before converting the AC power to the appropriate voltage and frequency for shipboard 
network. The main solution is nowadays the application of IGBT (Insulated Gate Bipolar Transistor) 
technology for active rectification, as well as an inverter as depicted in Figure 2. In fact, modern power 

Figure 1. Cross-sectional view and main Electric Motor-Generator (EM-G) components of the hybrid
turbocharger [25].

The HTC uses a portion of the turbine torque (originated from the exhaust gas energy) to drive
an electric generator, thereby acting as a particular type of waste heat recovery system. As reported
in [24] the HTC electric generator can be used also as electric motor, to increase the engine TC speed,
hence the name used here of Electric Motor-Generator (EM-G). This last option is not considered in
this work.

The main characteristics of the Mitsubishi EM-G and the results of operative tests are reported
in several papers [23–27]. Currently a prototype of an HTC is used in the 20.09 kW MAN 7S65ME-C
two-stroke propulsion engine of a bulk carrier [25,28].

The maximum electric output power of the EM-G is 1300 kW [24], with the possibility to control
the electric power generated by the HTC, as well as the electric voltage and frequency [25], by means
of an inverter, as discussed more in detail below. From the above considerations, it seems, therefore,
that there is a real possibility of using the hybrid turbocharger to generate electricity able to satisfy
part of the electric load of the ship, easing the task of diesel generators.

In order to explore this possibility in detail and to quantify the potential advantages of applying
the hybrid turbocharger to different types of marine engines, in this study the authors propose to
“generate”, by simulation, an HTC in which the TC compressor and turbine characteristics are those of
the MAN 51/60 DF 12V four-stroke dual-fuel marine engine, but the original turbocharger is modified
with the introduction of the aforementioned Mitsubishi EM-G. As discussed below, the use of the
hybrid turbocharger involves a radical change of the current regulation logic of the power supplied by
the engine, increasing its overall efficiency thanks to the increased electrical power generated at the
same fuel consumption.

After having briefly explained the operating principle of the hybrid turbocharger from an energetic
point of view, and having identified in the simulation a useful approach to evaluate the advantages
of this innovative technology in marine systems, it is very important now to consider and face the
electrical problems connected to the realization of the hybrid turbocharger.

Electric machines are more and more applied not only for power generation, but also for main
propulsion and auxiliary propellers.

The use of a hybrid turbocharger poses significant challenges to properly design an efficient
electric machine since there is a strong necessity to use a very compact and high-speed machine
(12,000 rpm). The actual solution to overcome these issues is the adoption of permanent
magnet 3-phase alternating current (AC) synchronous generator that allows significant performance.
Since three phase power output from the generator depends upon the speed of the turbocharger,
the alternator cannot be connected directly to shipboard electric network.

Therefore, it is necessary to provide an intermediate conversion through a direct current (DC)
rectifier, before converting the AC power to the appropriate voltage and frequency for shipboard
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network. The main solution is nowadays the application of IGBT (Insulated Gate Bipolar Transistor)
technology for active rectification, as well as an inverter as depicted in Figure 2. In fact, modern power
electronics allows a very precise control of the electric machines. A Voltage Source Inverter (VSI) with
an Active Front End (AFE) is shown in Figure 2, highlighting the detailed setup and the different
control loops for the correct modulation of the bridge using PWM (pulse-width modulation) technique.
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Figure 2. VSI with a Active Front End layout and relative control loops.

With an AFE power can be controlled, such that current waveforms can be modulated to control
also the power factor absorbed from the network. Most importantly for the purpose of auxiliary
drivers, it permits reverse power flow, different from the traditional diode bridge rectifier, even if
cost is significantly increased. This is extremely important since it allows to use the EM-G as motor
to accelerate the turbocharger rotor and control it in a very precise and fast way with respect to the
mechanical dynamics [30].

3. Engine Simulator

As mentioned above, this study is focused on the MAN 51/60 DF 12V, a four-stroke dual-fuel
marine engine, characterized by 12 MW of Maximum Continuous Rating (MCR) power at 514 rpm.
Table 1 shows the main engine technical data, provided by the manufacturer [31].

Table 1. MAN 51/60 DF 12V engine main dimensions and design (MCR) data.

Engine Parameters D/NG

Engine length (mm) 10,254
Height (mm) 5517
Width (mm) 4713

Dry weight (t) 189
cylinders number (V) 12

bore (mm) 510
stroke (mm) 600

brake power (kW) 12,000
speed (rpm) 514

(b.m.e.p.) (bar) 19.1
BSFC [g/kWh] 189/157

charge air pressure (barg) 4.29/3.77
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As discussed in the introduction of the paper, a full thermodynamic simulation model of this
engine, developed in Matlab®-Simulink® language, has been already presented in a previous authors’
article [29]. Figure 3 shows the complete dual-fuel engine simulator scheme, organized in modular
form, already inclusive of the HTC EM-G module (“electric motor-generator” block in Figure 3).
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Figure 3. SIMULINK scheme of the MAN 51/60 DF 12V engine simulator (with hybrid turbocharger).

Each module of the model simulates the performance and characteristics of the pertinent engine
component by means of algebraic and differential equations, and/or steady-state performance maps,
using a filling and emptying simulation approach [29].

In particular, the cylinder module reproduces the in-cylinder phenomena by means of
thermodynamics calculations that proceed step-by-step with the crank angle variation. The engine
can operate in the Miller cycle mode, because it is equipped with variable valve timing of the
intake valve opening and closing. The intake valve setting varies with engine load and fuel type as
reported in detail in Reference [29]. The turbocharger simulation is based on the use of the typical
steady-state performance maps for compressor and turbine, combined with the numerical solution
of the turbocharger shaft dynamic equation (TC_shaft dynamics block in Figure 3). The electric
motor-generator module, added specifically for this research to the model of Figure 3, receives as
input, from the engine governor block, a signal representing the required electric power and, from the
TC_ shaft dynamics, the turbocharger speed. The output signals of the electric motor-generator block
are the electric power delivered and the EM-G torque.

The engine simulator has been fully validated for different steady-state working conditions
(between 100% and 25% of the engine MCR), both at constant and variable speed [29]. A good
agreement between the results of the simulator and the reference data (supplied by the manufacturer)
can be observed for all the variables considered in the validation, for the engine operating both in
diesel mode and in natural gas mode. The errors between calculated and reference values generally
remain less than 2% at high engine loads (85–100% MCR), while for a few variables they are less than
4% at medium-low engine loads.
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4. Hybrid Turbocharger Implementation

Figure 4 shows the functional scheme of the DF marine engine chosen for the simulation.
The scheme for the original turbocharger is replaced, as anticipated above, by a hybrid turbocharger,
characterized, as shown in the figure, by the presence of additional components (EM-G and inverter).
The electric energy produced by the EM-G, once converted into the required voltage and frequency by
the inverter, is sent to the on-board electrical system, in parallel with the energy produced by diesel
generators (DG).
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Figure 4. Scheme of the proposed engine with hybrid turbocharger.

The TC turbine is characterized by a variable nozzle area (VTNA), as visualized in the engine
SIMULINK scheme of Figure 3. As reported in greater detail in [29], the engine load control is different
depending on the type of fuel used. In the case of diesel fuel, the classical approach of graduating the
fuel mass injected in the cylinders is adopted, and the ‘bleed valve’ (see Figure 4) is partially open
according to a logic dependent on engine speed and fuel mass injected in the cylinders.

When NG fuel is used with the originally adopted turbocharger, the torque delivered by the
engine is governed by the aforementioned ‘bleed valve’. It is known that in this case the cylinders
are working with approximately constant equivalence ratio (Φ) [29]. As the ‘bleed valve’ opening
increases, the turbocharger speed decreases and also the inlet manifold pressure decreases. As a
consequence, less air mass flow is introduced in the cylinders, causing an engine delivered torque
decrease. The TC turbine torque is also governed (in the case of NG fuel only) by the TC turbine
VTNA, with a logic described in Reference [29]. The air discharged in the ambient through the ‘bleed
valve’ (see Figure 4), constitutes an energy loss of the engine, because this air is previously compressed
by TC compressor.

When NG fuel is used, an interesting alternative way to control the speed of the turbocharger and
consequently the load of the engine, is represented by the use of the hybrid turbocharger described in
the present study, according to the scheme shown in Figure 4. In this case, the ‘bleed valve’ remains
closed. The TC speed is then governed by the hybrid turbocharger through the control of the electric
motor-generator (‘EM-G’ in Figure 4), by varying the electric energy produced by this component.
Indeed, the TC speed depends by the shaft torque dynamic equation:

dω

dt
=

1
J
(
Q′T −Q′C −Q′EM−G

)
(1)

Equation (1) shows that the TC speed can be varied by governing the EM-G torque (Q′EM-G).
By controlling the speed of the turbocharger, it is possible to govern the load of the engine. Moreover,
it is possible to have available electric power which, by means of an inverter, can be made compatible,
in terms of frequency and voltage, with the on-board electrical system. This electricity can then be
used to satisfy part of the ship’s electric power load, as shown in Figure 4.
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After the introduction of the hybrid turbocharger replacing the original one, the SIMULINK
simulation model of the engine assumes the configuration already shown in Figure 3.

As regards the challenging problem of engine management, Figure 5 shows a possible overall
scheme for the control of the DF engine with hybrid turbocharger, which is able to govern the engine
load in all possible working conditions: diesel or NG fuel, constant or variable engine speed, and
so on.
Energies 2018, 11, x FOR PEER REVIEW  7 of 13 

 
Figure 5. Overall control scheme of the DF engine with hybrid turbocharger. 

Due to the complexity of the overall engine control system, only the main functions are 
summarized here. With reference to the scheme of Figure 5, once the required engine load is defined 
with the ‘telegraph’, and the selected fuel type (diesel or NG) with the ‘D-NG fuel setting’ block, there 
are two possibilities depending on the type of fuel. In the case of diesel fuel the ‘ENGINE 
GOVERNOR’ block manages the pertinent fuel system (through the ‘D-NG FUEL SYSTEM’ block) 
and the timing for opening or closing the cylinder valves (through the ‘VALVE TIMING 
ACTUATORS’ block). In this case, the TC turbine VTNA remains always fully open, and the hybrid 
turbocharger EM-G is disabled. 

When the fuel selected is natural gas, the ‘ENGINE GOVERNOR’ block manages the pertinent 
fuel system and the cylinders valves timing. In this case, the TC turbine VTNA and the hybrid 
turbocharger EM-G are also activated (‘VNTA-HYBRID TURBOCHARGER’ block in Figure 5). In 
this situation, only the electric generator operation mode is used to obtain the required engine speed, 
as shown in Figure 4. Indeed, to control the engine load when NG fuel is used, a variation in the 
original engine control system logic is introduced, regarding the use of the hybrid TC EM-G, in place 
of the ‘bleed valve’. The engine governor setting does not change with respect to the original [29] for 
the other engine components (e.g., valve timing actuators control). Since the dynamics of the Voltage 
Source Inverter (VSI) is significantly faster than the mechanical processes involved, in the simulation 
model the electrical operations and their control have been assumed as instantaneous, taking into 
consideration only generation and commutation losses. 

5. Turbochargers Comparison 

The new hybrid turbocharger solution, compared with the originally adopted one, is here 
proposed, as already mentioned, for the dual-fuel marine engine working in natural gas mode. A 
similar comparison for the same engine, running on diesel fuel, requires a more complex study, due 
to the greater number of variables to consider to optimize each engine working point.  

The results obtained by the simulation, shown in Tables 2 and 3, are relative to the engine 
working in constant (Table 2) and variable speed (Table 3), for different engine loads: 100%, 85%, 
75%, 50% and 25% of the MCR power. 

With reference to Table 2, the data reported in the Line 3 show the electric energy amount 
produced by the HTC, and in Line 4 the percentage of this electric power with respect to the engine 
mechanical delivered power (reported on Line 2 of the table). The data presented in Lines 3 and 4 
show the substantial power recovered by the hybrid TC. 

The results reported in Table 2 from Line 5 to Line 19 show the comparison between the original 
and the hybrid turbocharger, expressed as the percentage differences between the engine parameters, 
calculated according to the formula: 

HY TC or TC

or TC

% 100
x x

x
η

−
Δ = ×  (2) 

where x is the considered parameter. 

Figure 5. Overall control scheme of the DF engine with hybrid turbocharger.

Due to the complexity of the overall engine control system, only the main functions are
summarized here. With reference to the scheme of Figure 5, once the required engine load is defined
with the ‘telegraph’, and the selected fuel type (diesel or NG) with the ‘D-NG fuel setting’ block, there
are two possibilities depending on the type of fuel. In the case of diesel fuel the ‘ENGINE GOVERNOR’
block manages the pertinent fuel system (through the ‘D-NG FUEL SYSTEM’ block) and the timing for
opening or closing the cylinder valves (through the ‘VALVE TIMING ACTUATORS’ block). In this
case, the TC turbine VTNA remains always fully open, and the hybrid turbocharger EM-G is disabled.

When the fuel selected is natural gas, the ‘ENGINE GOVERNOR’ block manages the pertinent
fuel system and the cylinders valves timing. In this case, the TC turbine VTNA and the hybrid
turbocharger EM-G are also activated (‘VNTA-HYBRID TURBOCHARGER’ block in Figure 5). In this
situation, only the electric generator operation mode is used to obtain the required engine speed, as
shown in Figure 4. Indeed, to control the engine load when NG fuel is used, a variation in the original
engine control system logic is introduced, regarding the use of the hybrid TC EM-G, in place of the
‘bleed valve’. The engine governor setting does not change with respect to the original [29] for the
other engine components (e.g., valve timing actuators control). Since the dynamics of the Voltage
Source Inverter (VSI) is significantly faster than the mechanical processes involved, in the simulation
model the electrical operations and their control have been assumed as instantaneous, taking into
consideration only generation and commutation losses.

5. Turbochargers Comparison

The new hybrid turbocharger solution, compared with the originally adopted one, is here
proposed, as already mentioned, for the dual-fuel marine engine working in natural gas mode.
A similar comparison for the same engine, running on diesel fuel, requires a more complex study, due
to the greater number of variables to consider to optimize each engine working point.

The results obtained by the simulation, shown in Tables 2 and 3, are relative to the engine working
in constant (Table 2) and variable speed (Table 3), for different engine loads: 100%, 85%, 75%, 50% and
25% of the MCR power.
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Table 2. Conventional and hybrid turbocharger comparison for different engine working points and
constant speed (514 rpm).

Line Engine Parameters Engine Loads

1 Engine power (% of MCR) 100 85 75 50 25
2 Engine power (kW) 12,000 10,260 9000 6000 3000
3 EM/G electric power (kW) 531 600 716 600 374
4 EM/G el. pow. (% of E pow.) 4.42 5.85 7.95 10.00 12.47
5 NTC (∆%) −6.31 −7.96 −11.78 −22.01 −49.65
6 βC (∆%) −9.57 −9.09 −15.18 −18.75 −25.46
7 Compressore temp. (∆%) −3.84 −4.22 −5.46 −6.52 −6.89
8 Compr. M air (∆%) −6.32 −10.04 −10.70 −9.45 −7.31
9 Compr. efficiency (∆%) −0.12 0.65 1.60 0.97 1.06

10 εT (∆%) 0.22 1.17 0.58 2.62 8.42
11 Turbinei pressure (∆%) 0.21 0.39 0.61 0.25 0.32
12 Turbinei temp. (∆%) −0.12 −0.17 −0.34 −0.21 −0.58
13 Turbine efficiency (∆%) 0.00 0.01 0.01 −0.01 0.01
14 Cylinder inlet air mass (∆%) 0.01 −0.01 0.01 0.01 0.01
15 Cylinder inlet air temp. (∆%) −0.51 −0.68 −0.61 −0.29 −0.79
16 Cylinder exh. gas mass (∆%) 0.01 0.02 0.01 0.02 0.02
17 Engine IMEP (∆%) −0.02 −0.02 −0.03 −0.01 −0.02
18 Orig. TC engine eff. (∆ηE%) −0.01 −0.01 0.01 −0.01 0.02
19 HTC engine eff. (∆ηE HTC%) 2.10 4.20 3.72 2.90 2.81

With reference to Table 2, the data reported in the Line 3 show the electric energy amount produced
by the HTC, and in Line 4 the percentage of this electric power with respect to the engine mechanical
delivered power (reported on Line 2 of the table). The data presented in Lines 3 and 4 show the
substantial power recovered by the hybrid TC.

The results reported in Table 2 from Line 5 to Line 19 show the comparison between the original
and the hybrid turbocharger, expressed as the percentage differences between the engine parameters,
calculated according to the formula:

∆x% =
xHY TC − xor TC

ηor TC
× 100 (2)

where x is the considered parameter.
The results reported in Table 2 from Line 5 to Line 13, all pertinent to the turbocharger, show that

the adoption of the hybrid turbocharger involves a considerable variation in the operating conditions
of this engine component. This is confirmed by the working points reported in the compressor map
visualized in Figure 6a, for the original TC, and in Figure 6b for the hybrid TC.

From the results shown in Figure 6 and those reported in Table 2, it can be observed that, at the
same engine load and rotational speed, the hybrid TC works at lower speed, compression ratio and
volumetric mass flow, when compared to the original one. This occurs for the engine operating at both
constant and variable speed. Nevertheless, the engine cylinders work in about the same conditions
for the same engine load, as reported in Table 2 from Line 14 to Line 16. This is also confirmed by
the engine indicate mean effective pressure (IMEP in Line 17 of Table 2) and by the engine efficiency
(ηE%), as shown in Line 18 of the same table. This efficiency, expressed by:

ηE% =
PE

MfFLHV
× 100 (3)

does not consider the electric energy produced by the HTC.
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The HTC electric power, in addition to the mechanical engine power, leads to a substantial
increase of the overall engine efficiency (ηE HTC), determined by the equation:

ηE HTC% =
PE + Pel EMG

MfFLHV
× 100 (4)

as reported in Line 19 of Table 2 and in Line 20 of Table 3.Energies 2018, 11, x FOR PEER REVIEW  9 of 13 
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Figure 6. Compressor maps of the NG engine with original (a) turbocharger and hybrid (b)
turbocharger: calculated working points for different engine loads, at both constant and variable
engine speed.

The same considerations made above about the data reported in Table 2 can also be repeated for
Table 3, concerning the engine operating at variable speed.

Table 3. Conventional and hybrid turbocharger comparison for different engine working points and
variable speed.

Line Engine Parameters Engine Loads

1 Engine power (% of MCR) 100 85 75 50 25
2 Engine power (kW) 12,000 10,260 9000 6000 3000
3 Engine speed (rpm) 514 514 501 462 402
4 EM/G electric power (kW) 490 542 562 567 241
5 EM/G el. pow. (% of E pow.) 4.08 5.28 6.24 9.45 8.03
6 NTC (∆%) –6.74 –8.00 –10.64 –17.55 –38.94
7 βC (∆%) –9.57 –6.67 –15.63 –19.91 –27.03
8 Compressore temp. (∆%) –3.85 –4.44 –5.67 –5.52 –6.76
9 Compr. M air (∆%) –8.92 –10.42 –13.06 –15.69 –18.47

10 Compr. efficiency (∆%) 0.12 1.60 1.71 1.29 2.02
11 εT (∆%) 0.21 1.18 0.58 2.43 3.29
12 Turbinei pressure (∆%) 0.22 0.16 0.53 0.34 0.27
13 Turbinei temp. (∆%) –0.14 –0.16 –0.39 –0.26 –0.45
14 Turbine efficiency (∆%) 0.00 –0.01 0.00 0.01 0.01
15 Cylinder inlet air mass (∆%) 0.01 0.02 0.01 –0.01 0.01
16 Cylinder air temp. (∆%) –0.55 –0.63 –0.59 –0.43 –0.66
17 Cylinder exh. gas mass (∆%) 0.01 –0.01 0.01 –0.01 0.02
18 Engine IMEP (∆%) –0.01 –0.03 –0.01 –0.02 –0.02
19 Orig. TC engine eff. (∆ηE%) –0.01 –0.02 0.01 –0.01 0.02
20 HTC engine eff. (∆ηE HTC%) 1.93 3.71 2.79 2.68 1.93
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The comparison of the two turbochargers, carried out by means of a simulation model developed
for the purpose, allows us to highlight some advantages of the hybrid turbocharger compared with
the original one. The original turbocharger is in fact characterized by a loss of energy due to the air
discharged into the ambient through the bleed valve (see Figure 4), used in the current configuration
of the engine for the load control. The hybrid turbocharger, instead, manages the engine load by
varying the electrical energy produced by the electric machine, driven by the excess torque of the
turbine, thus varying the speed of the turbocharger, but keeping the thermodynamic cycle unchanged
in the cylinders.

Figure 7 shows the engine efficiency increase due to the hybrid turbocharger electric power
production, for different engine loads and constant or variable engine speed.
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Figure 7. Original and hybrid turbocharger comparison in terms of engine efficiency for different
engine loads and constant or variable engine speed.

An efficiency increase of about 2.3% can be observed from the figure, at high engine load (100−85%
MCR power), with engine running both at constant and variable speed. When the engine power is
equal or lower than 75% MCR, the difference in engine efficiency for the hybrid turbocharger solution
increases further compared to the conventional turbocharger solution. In particular, the efficiency
difference becomes very consistent at 75% engine load in constant-speed working conditions. This is
due to the high efficiency of the turbocharger components (compressor and turbine) in this engine
working point, which facilitates high electric power generation, as reported in Line 4 of Table 2.

6. Conclusions

This paper presents a simulation analysis of the performance of an existing dual-fuel four-stroke
marine engine, equipped with two different turbochargers. The first is the currently used turbocharger,
the second is a new hybrid turbocharger, the rotor shaft of which moves, in addition to the compressor,
a generator for the production of electricity. This electric generator is also used to control the speed of
the turbocharger and consequently the torque delivered by the engine. From this point of view the
hybrid turbocharger is advantageous compared to the original one, which, to regulate the speed of the
turbocharger, discharges a percentage of air into the ambient through the bleed valve, causing a loss
of energy and altering the thermodynamic parameters of the engine. However, the main advantage
of the hybrid turbocharger adoption is in the non-negligible production of electric power, ranging
from 4.1% to 12.4% of the engine power when the engine decreases from 100% to 25% (see Tables 2
and 3) This power can be used to satisfy part of the ship’s electric power demand, reducing the use
of diesel generators, with a consequent reduction of fuel consumption and polluting emissions, in
particular carbon dioxide emissions. In this paper the comparison of the two turbochargers, carried
out by means of a simulation model developed for the purpose, allows us to quantify the advantages
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of the hybrid turbocharger compared with the original one in a large range of engine power and speed,
as reported in detail.

The results obtained demonstrate the validity of the hybrid turbocharger solution in marine
applications, and the opportunity to work to make this solution an industrially mature product.

A possible extension of the present research, which the authors intend to develop in the near
future, concerns a comparison between the hybrid and the conventional turbocharger for the same
dual-fuel marine engine running on diesel fuel.
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Nomenclature

As actuator signal
BSFC brake specific fuel consumption
b.m.e.p. brake mean effective pressure
CC engine-TC electric motor/generator combined cycle
cs control signal
D heavy fuel oil
DG diesel-generator
D-NG diesel-natural gas
E engine
EM-G turbocharger electric motor-generator
FLHV fuel lower heating value
HTC hybrid turbocharger
J rotor inertia
IMEP gross indicated mean effective pressure
M mass flow rate
MCR engine maximum continuous rating
N rotational speed
NG natural gas
p pressure
P power
Q’ shaft torque
T turbine, temperature
TC turbocharger
VSI Voltage Source Inverter
VT engine valve timing
VTNA variable turbine nozzle area
β turbocharger compressor pressure ratio
∆ difference
ε turbocharger turbine expansion pressure ratio
η efficiency
Φ equivalence ratio
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Subscripts
as actuator signal
C compressor
cs control signal
E engine
EM-G electric motor-generator
e error
el electric
ex gas exhaust gas
f fuel
HTC, HY hybrid turbocharger
i inlet
Mf fuel mass flow rate
o outlet
or original turbocharger
r required
T turbine, temperature
TC turbocharger
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