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  To meet ship power demand, using a steam turbine-driven generator by way of a waste gas 

economizer as the main diesel engine’s waste heat recovery equipment is an existing technology. At
the same time, Mitsubishi Heavy Industries, Ltd. (MHI) has recently developed a combined power
generation system (Steam turbine + power turbine) to drive a power turbine (gas turbine) with the
waste gas and to assist steam turbine in line, and has already delivered this system to 38 in-service 
ships. This paper provides an overview of the practicalization of a hybrid system where this
combined power generator has been expanded and a shaft motor, added as a new application not
only to meet ship power demand, but also to assist the main engine and help improve its fuel 
efficiency by sending the excess power generated back to the shaft motor. Meanwhile, this system
has completed shop tests and coupling tests (to verify controllability), waiting for expected future
sea trials. 

  |1. Introduction 
The combined power generation system (steam turbine + power turbine) released by MHI in

fiscal 2010 has abundant experience in actual service as a means to recover waste heat from the
main diesel engine. This system has, however, been installed only on container ships, a type of 
vessel with a large ship power demand. Vessel types with low ship power demand cannot use this
system effectively, because it can generate too much power. In order to allow any kind of vessel to
use this system efficiently, a shaft motor was additionally installed and the excess power generated
was returned to it, thereby assisting the main engine and improving its fuel efficiency. 

|2. System Outline 
2.1 Main specifications 

Table 1 shows the main specifications of the main diesel engine and the combined power 
generation system.  

  
Table 1  Specifications of Main Diesel Engine and Combined Power 

Generation System 
Main engine output and speed MCR 21,910kW  x  74.5rpm 
Steam turbine type Mitsubishi AT42CLN2 
Steam turbine rated output 1,200kW 
Steam turbine speed 11,700rpm 
Inlet steam pressure and temperature 0.54MPa(G)/260℃ 
Exhaust vacuum -0.095MPa(G) 
Power turbine type Mitsubishi MPT33A-R 
Power turbine rated output 1,400kW 
Power turbine speed 24,000rpm 
Generator rated output and speed 1,700kW/1,800rpm 
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2.2 Structure of combined power generation system (steam turbine + power 
turbine) train 
Figure 1 shows the steam turbine-power turbine coupling at the time of factory shipment 
The generator is bilateral and the power turbine and steam turbine are so arranged as to put

the generator between them. The power turbine rotates fast at about 24,000rpm and, after the 
double reduction of speed to the generator’s 1,800rpm, is coupled through a one-way clutch. The 
steam turbine is of an existing type for marine use, while the power turbine also adopts the turbine
technology of a likewise ubiquitous Mitsubishi MET turbocharger. The power turbine is installed
on a common bed like the steam turbine unit, and the alignment between the steam turbine and the
power turbine is carefully checked at the time of factory shipment to prevent unbalances from 
occurring, because they are coupled by a high-speed revolving member. All necessary equipment, 
such as the lubrication system including an oil pump, is installed on a common bed and designed to
be pre-packaged to the greatest possible extent, thereby saving labor at the shipyard for its 
installation within the engine room. 

Figure 1  Combined Power Generation System at Time of Factory 
Shipment 

 

|3. Plant Diagram 
Figure 2 shows the plant’s diagram. 

Figure 2  Plant Diagram 
 

About 90% of the exhaust gas from the main diesel engine flows to the turbine side of the 
turbocharger to be used as energy for turbocharging, and the remaining 10% of exhaust gas is
extracted to drive the power turbine and transmit the torque to the generator.  

Waste gas from the turbocharger’s turbine-side outlet and from the power turbine outlet meet 
to exchange heat with feed water at a 2-stage pressure-type waste gas economizer. The evaporated 
steam is further heated, using a super heater, to flow into the steam turbine as superheated steam. 
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In order to prevent the scavenging pressure from rising sharply in an emergency such as due
to a power turbine trip during the main diesel engine’s high-load operation, a bypass valve was 
installed along the gas bypass line. 

|4. Power Management 
Figure 3 shows a curve plotted with the main engine load taken along the horizontal axis,

and the amount of the power generated by this system along the vertical axis. Following power 
management is performed in accordance with main engine load. 
(1) When the main engine load is low, ship demand is met by the diesel generator. If the steam 

evaporated by the waste gas economizer at that time amounts to the steam turbine’s minimum 
load or less, the evaporated steam is dumped and treated by the condenser. 

(2) When the main engine load increases, the evaporated steam amounting to the steam turbine’s 
minimum load or more can start up the steam turbine and ship demand is met by the parallel 
operation of the diesel generator and the steam turbine. 

(3) When the main engine load increases further, the power turbine is started up and ship demand 
is met by the parallel operation of the steam turbine and the power turbine.  

(4) In the case power turbine is generated beyond ship demand due to the power turbine startup, 
the shaft motor is activated for the start of the main engine assistance. 

(5) In the case the shaft motor’s rated capacity is exceeded, the amount of extraction for power 
turbine is controlled with a control valve arranged in the upstream of the power turbine 
(power turbine-throttled), limiting the decline of the main engine’s fuel efficiency due to 
excessive extraction. 

 

Figure 3  Power Management with a Variety of Loads on the Main Engine 
 

|5. Control System and Concept 
To deal with the plant performance (steam flow, main steam conditions, amount of waste 

gas, waste gas conditions) that constantly changes with the main engine load, it is necessary to 
perform power management not only for the steam turbine and the power turbine, but also for the 
diesel generator and the shaft motor to be operated in parallel. To firmly establish the power 
management scheme mentioned in Chapter 4, the following control system and control concept 
have been devised: 
5.1 Control system 

Figure 4 shows the control system. In accordance with the output signal on a load change 
from the power management system (PMS), the turbine control panel (TCP) performs power
management of the steam turbine (ST) and the power turbine (PT). 
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Figure 4  Control System 
 

5.2 Control concept 
(1) If PMS cannot grasp the generator output likely to be achieved by the steam turbine (ST) and 

the power turbine (PT), depending upon the plant performance that constantly changes with 
the main engine load, it cannot command a load change to TCP and cannot control ship demand
correctly. Terms of Available Power ST[kW] and Available Power PT[kW] were therefore
employed, and the maximum outputs of the plant are always calculated to be output from 
TCP to PMS. 

(2) The actual outputs of the steam turbine and the power turbine are defined as Actual Power 
ST[kW] and Actual Power PT[kW] and the actual outputs of the plant are always calculated 
to be output from TCP to PMS. 

(3) The difference between the aforementioned Available Power and Actual Power is this
system’s surplus capacity calculated from the present plant performance. This surplus capacity
is added to Load Target to be output from PMS to TCP. The surplus power generated beyond 
ship demand is returned to the shaft motor. 

(4) This combined power generation system basically controls the steam turbine governor so that 
the power generated is maximized (Available = Actual). The control of system frequencies to
meet the fluctuations in ship demand is performed by increasing or decreasing shaft motor
output. 

|6. Simulation Results 
The power management system, turbine control panel and MHI’s verification plant simulator

were coupled to perform a validation test (Figure 5). In accordance with the increase or decrease in 
load on the main engine, the amounts of waste gas from main engine and evaporated steam from
waste gas economizer were changed to check dynamic behaviors of this system. It could be assured
that the bus frequencies were always under constant control in the condition of not only the parallel
operation of the combined power generation system with a diesel power generator, but also the
parallel operation of this system with a shaft motor. 

Although it is necessary to tune the aforementioned Available Power and Actual Power to
the actual volumes of exhaust gas and evaporated steam, it was quite meaningful as a validation test
prior to sea trials. 

 
Figure 5  Coupling test of PMS and TCP 
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|7. Conclusion 
The combined power generation system (steam turbine + power turbine) has so far been

installed only on container vessels for which the ship demand for electric power is large, but the 
effective use of the excess power output for assisting the main engine has become a likely target by
adding the shaft motor as a new application. This enables the system to be installed on any kind of
vessel, and the main engine’s fuel efficiency can be improved from a perspective separate from
enhancement of the main engine’s internal efficiency. Naturally, the extraction of waste gas from
the main engine causes its fuel consumption to decrease, but our evaluation indicate that this may 
be meritorious enough, because it can be more than offset by assistance to the main engine and the
coverage of ship demand. 

This system completed its factory operation at MHI in April, 2013 and is scheduled to be
delivered to the customer after the planned sea trials. 

Finally, we would like to express our gratitude to Mitsui O.S.K. Lines, Ltd., Namura
Shipbuilding Co., Ltd., and Terasaki Electric Co., Ltd. for their kind advice, precious opinions and
technical guidance. 
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