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Emissions and fuel economy (CO2)

Important ship emission factors: CO2, NOx , SOx and PM.
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Emissions and fuel economy

Stricter regulations → increased fuel prices
50+ % of operational costs
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Waste Heat Recovery System (WHRS) 
for Reduction of Fuel Consumption, Emission and EEDI

Summary

The increasing interest in emission re-

duction, ship operating costs reduction 

and the newly adapted IMO EEDI rules 

calls for measures that ensure optimal 

utilisation of the fuel used for main en-

gines on board ships.

Main engine exhaust gas energy is by 

far the most attractive among the waste 

heat sources of a ship because of the 

heat flow and temperature. It is possi-

ble to generate an electrical output of 

up to 11% of the main engine power 

by utilising this exhaust gas energy in 

a waste heat recovery system compris-

ing both steam and power turbines, 

and combined with utilising scavenge 

air energy for exhaust boiler feed-water 

heating. 

This paper describes the technology 

behind waste heat recovery and the 

potential for shipowners to lower fuel 

costs, cut emissions, and the effect on 

the EEDI of the ship. 

Introduction

Following the trend of a required higher 

overall ship efficiency since the first oil 

crisis in 1973, the efficiency of main en-

gines has increased, and today the fuel 

energy efficiency is about 50%. This 

high efficiency has, among other things, 

led to low SFOC values, but also a cor-

respondingly lower exhaust gas tem-

perature after the turbochargers.

Even though a main engine fuel energy 

efficiency of 50% is relatively high, the 

primary objective for the shipowner is 

still to lower ship operational costs fur-

ther, as the total fuel consumption of 

the ship is still the main target. This may 

lead to a further reduction of CO2 emis-

sions – a task, which is getting even 

more important with the new IMO EEDI 

rules in place from 2013.

The primary source of waste heat of a 

main engine is the exhaust gas heat dis-

sipation, which accounts for about half 

of the total waste heat, i.e. about 25% 

of the total fuel energy. In the standard 

high-efficiency engine version, the ex-

haust gas temperature is relatively low 

after the turbocharger, and just high 

enough for producing the necessary 

steam for the heating purposes of the 

ship by means of a standard exhaust 

gas fired boiler of the smoke tube de-

sign.

However, the MAN B&W two-stroke 

ME main engine optimised for WHRS 

will increase the possibilities of produc-

ing electricity from the exhaust gas. The 

result will be an improvement in total ef-

ficiency but a slight reduction of the ef-

ficiency of the main engine will be seen.

Fig.1 shows a comparison of engine 

heat balances, with and without WHRS. 

The figure shows that for the engine in 

combination with WHRS the total effi-

ciency will increase to about 55%.

The IMO EEDI formula allows for con-

sidering adding WHRS into the ship, 

analyse EEDI effects and EEDI settings. 

As an even lower CO2 emission level 

can be achieved by installing a waste 

heat recovery system the EEDI, which 

is a measure for CO2 emissions, will 

also be lowered. 
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Fig. 1: Heat balance for large-bore MAN B&W engine types without and with WHRS(MAN Diesel - Waste Heat Recovery Systems)
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Steam based WHR is well known
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Innovation! The new Still engine!

(The New York Times 1919)
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(Prater, SAE 2000-01-3070)
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Cost-effectiveness

For a WHR to be successful:

1. Minimize loss and degradation of the residual exhaust energy
en route to the conversion apparatus

2. Provide for efficient expansion of vapor formed using the
rejected heat

3. Limit the number and complexity of components to be added
to the engine

(Prater, SAE 2000-01-3070)
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Perform a design point steady-state analysis of the concept

- to determine the potential power that can be produced

- identify the optimised process conditions (fluid, pressures,
timings)
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A marine low-speed two-stroke engine

A zero-dimensional type model:
I thermodynamic properties, Gyftopoulus and Baretta;
I heat losses, Woschni;
I Redlich-Kwong corrections to the ideal gas law;
I combustion heat release, Wiebe (Miyamoto version);
I friction model, Chen and Flynn, and Winterbone;
I a two-zone combustion model;
I combustion products, Rakapoulus, and,
I NOx, the extended Zeldovich mechanisms + Kilpinen

corrections.
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The fluid expander model

I energy balance;
I friction losses (as for the diesel cylinders);
I heat losses (as for the diesel cylinders);
I valve opening and flow models;
I Coolprop fluid models.
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Boilers and pump
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The fluid expander model

I energy balances;
I UA log mean temperature model;
I Coolprop fluid models.
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Optimisation

I Particle swarm;
I Pattern search.
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The marine low-speed two-stroke diesel engine 2.3. Results

Table 2.2: 4T50ME-x Main engine data

Cylinders (-) 5
Load (%MCR) 75

Speed (rpm) 111.8
Bore x stroke (mm) 500 x 2200

Compression volume (m3) 0.0252
Compression ratio (-) 18.14

Fuel LHV (kJ/kg) 42700
Specific humidity of the charge air (ISO) 0.0107

Maximum pressure (MPa) 16
Compression pressure (MPa) 14.1

Scavenge pressure (MPa) 0.29
Fuel per cylinder (kg/s) 0.06199
Air per cylinder (kg/s) 3.26

Scavenge temperature (◦C) 30.6
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Figure 2.3: Effect of maximum pressure

The slope of the SFOC response is very similar for the model and measurements (left), while the
slope of the NOx response (right) is steeper for the experimental data compared to the modelled
results. Therefore it should be expected that the NOx results of engine tuning optimisation
efforts show a too modest response.

Figure 2.4 depicts the model and experimental SFOC and NOx responses arriving from varia-
tions in the compression pressure (Pcomp). Pm is kept constant while Pcomp is varied using the
EVC timing.

The left figure suggests that the model predicts the SFOC response well. The slope is very
similar and the absolute values are within the uncertainty margins of the experiments. From
Fig. 2.4 to the right it is evident that the model predicts the absolute values quite well; however,
the slope is again steeper for the experimental results.

Figure 2.5 shows how the model predicts the effects on SFOC (left) and NOx (right) due to
variations in the scavenge pressure. The same trends as in the previous figures (2.3 and 2.4)
are present. The effects are predicted within the margins of error and the slope of the NOx is
steeper for the experimental data compared to the model results.

As mentioned, a reproduction of the data in Figs. 2.3-2.5 could not be made by the present
author due to missing information; particularly the NOx response due to variations of the

45
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Discussion
Future work

I part-load performance;
I dynamic problems;
I power the entire engine by vapor expansion (external

combustion);
I expansion under the pistons;
I experimental work.
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