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Modern internal combustion engines fired with natural gas offer comparatively low installation costs, long 
life, good efficiency characteristics, and show reliable performance in power applications. Additional positive 
features such as short delivery times, quick start-up, and retained high efficiency at part-loads have made gas 
engines the preferred choice for many small- to medium-scale power plants. Wärtsilä’s gas engine portfolio 
offers several well-proven engine models optimised for stationary power applications in the size range from 4 to 
8.7 MWe, and two dual-fuel gas-diesel engine modifications of 6 MWe and 16.6 MWe. 

 
There is a rising interest in combined cycle mode engines with possibly higher electrical efficiencies, at 

locations where heat energy is not needed or where electricity prices inspire investments in maximum power 
production. Various types of bottoming cycles can be applied to utilise the waste energy streams from the main 
engine and deliver additional power output. The basic hurdle though is the low electrical efficiency of the 
bottoming cycle due to low temperature levels of the engine waste energy streams, and the consequent low 
economic performance of the bottoming cycle hardware, which in itself can often require investment costs close 
to those for the main engine. Therefore, more efficient bottoming cycle alternatives should be examined, as well 
as a better optimisation and thermodynamic/economic evaluation of those should be performed in order to find 
an applicable solution.  

 
The work presented herein concentrates on heat-balance simulations and thermodynamic evaluation of 

conventional cold-condensing steam bottoming cycles optimised for high electrical efficiency utilizing the waste 
energy streams from the W20V34SG gas engine of 8730 kWe net power output. Highest possible electrical 
efficiency for the combined cycle is sought, i.e. the bottoming cycle is configured and designed to match the 
given topping engine and to utilize the exergy content of the engine’s exhaust streams in the best possible way, 
while using only conventional steam technology with standard components, and applying a slightly optimistic 
approach with regards to isentropic efficiencies, generator efficiencies, steam condenser conditions, and heat-
exchanger effectiveness. Steam bottoming cycles of varying complexity have been simulated and evaluated with 
the help of computer simulations based on the heat-balance software product ProSim.  

 
The simulation results show that the net electrical power output of the steam bottoming cycle alone can 

reach from around 847 kWe (i.e. 9.7% of the main engine power output) for the simplest single-pressure cold-
condensing configuration, up to 1270 kWe for a very complex yet practical configuration, which is 14.5% of the 
main engine output. The electrical efficiency of the combined cycle can reach up to 50.8 % LHV and even more, 
which is a 6 %-point increase above that of the main engine in single-cycle operation. 
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ABSTRACT 
 
 
Modern internal combustion engines fired with natural gas offer comparatively 

low installation costs, long life, good efficiency characteristics, and show reliable 
performance in power applications. Additional positive features such as short 
delivery times, quick start-up, and retained high efficiency at part-loads have made 
gas engines the preferred choice for many small- to medium-scale power plants. 
Wärtsilä’s gas engine portfolio offers several well-proven engine models optimised 
for stationary power applications in the size range from 4 to 8.7 MWe, and two dual-
fuel gas-diesel engine modifications of 6 MWe and 16.6 MWe. 

 
There is a rising interest in combined cycle mode engines with possibly higher 

electrical efficiencies, at locations where heat energy is not needed or where 
electricity prices inspire investments in maximum power production. Various types of 
bottoming cycles can be applied to utilise the waste energy streams from the main 
engine and deliver additional power output. The basic hurdle though is the low 
electrical efficiency of the bottoming cycle due to low temperature levels of the 
engine waste energy streams, and the consequent low economic performance of the 
bottoming cycle hardware, which in itself can often require investment costs close to 
those for the main engine. Therefore, more efficient bottoming cycle alternatives 
should be examined, as well as a better optimisation and thermodynamic/economic 
evaluation of those should be performed in order to find an applicable solution.  

 
The work presented herein concentrates on heat-balance simulations and 

thermodynamic evaluation of conventional cold-condensing steam bottoming cycles 
optimised for high electrical efficiency utilizing the waste energy streams from the 
W20V34SG gas engine of 8730 kWe net power output. Highest possible electrical 
efficiency for the combined cycle is sought, i.e. the bottoming cycle is configured and 
designed to match the given topping engine and to utilize the exergy content of the 
engine’s exhaust streams in the best possible way, while using only conventional 
steam technology with standard components, and applying a slightly optimistic 
approach with regards to isentropic efficiencies, generator efficiencies, steam 
condenser conditions, and heat-exchanger effectiveness. Steam bottoming cycles of 
varying complexity have been simulated and evaluated with the help of computer 
simulations based on the heat-balance software product ProSim.  

 
Results show that the net electrical power output of the steam bottoming cycle 

alone can reach from around 847 kWe (i.e. 9.7% of the main engine power output) 
for the simplest single-pressure cold-condensing configuration, up to 1270 kWe for a 
very complex yet practical configuration, which is 14.5% of the main engine output. 
The electrical efficiency of the combined cycle reaches up to 50.8 % LHV, which is a 
6 %-point increase above that of the main engine in single-cycle operation.  

 
 

Keywords: Wärtsilä Power Plants, Natural Gas, Internal Combustion Engine, Steam 
Bottoming Cycle, Combined Cycle, Simulation, Heat-Balance, Electrical Efficiency.  
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1. INTRODUCTION AND BACKGROUND 
 
 

1.1. Internal Combustion Engines for Power Plants 
 
 

1.1.1. Wärtsilä’s gas engine portfolio 
 
Modern internal combustion engines (ICE) fired with natural gas or other 

gaseous fuels offer comparatively low installation costs, long life, good efficiency 
characteristics, and show reliable performance in power applications, see Fig. 1. 
Additional positive features such as short delivery times, quick start-up, and 
retained high efficiency at part-loads have made gas engines the preferred choice 
for many small- and medium-scale power plants, either as single units or in groups 
of several units operating together, provided that natural gas or other gaseous 
fuels are available at competitive costs. From a rational perspective, the use of 
natural gas in piston engines (being the least polluting fossil fuel) contributes to a 
diverse and more secure resource mix and allows for decentralised power 
generation at high electrical efficiencies and low pollutant emissions.  

 
Wärtsilä’s gas engine portfolio includes several well-proven engine models 

designed for stationary power applications in the output range from 4 to 8.7 MWe, 
comprising presently three modifications, all with a 34 cm cylinder diameter – one 
inline 9-cylinder and two V-arranged 16- or 20-cylinder platforms. Gas engines use 
the Otto combustion cycle, where fuel is being premixed with the combustion air 
before entering the cylinder, the fuel-air mixture is being ignited at the end of the 
compression stroke by means of spark plugs. Stationary gas engines operate at 
deep lean-burn conditions. The flame stability is monitored by sophisticated control 
system with detectors for knocking or misfiring in the cylinders. 

 
 There exists also the dual-fuel engine type (also called a gas-diesel engine), 

where features from the Otto and Diesel cycles are integrated. The gas-diesel 
engine intakes a mixture of air with premixed gaseous fuel, which is being ignited 
at the end of the compression stroke by a small amount of diesel fuel injected 
directly into the cylinder, also called a “pilot flame”. The engine is based on a 
typical diesel engine platform, modified to allow full flexibility for either gas-fuel 
operation with pilot fuel injection, or entirely diesel fuel operation, and is designed 
to switch fuel under full load without stopping. Wärtsilä offers two modifications of 
dual-fuel engines for power plant applications at 6 MWe and 16.6 MWe, both 
based on an 18-cylinder V-arranged block with cylinder diameters of 32 cm and 50 
cm, respectively.  

 
All engine modifications feature advanced technology with turbocharging and 

two-stage intercooling, and electronic control systems. Wärtsilä delivers fully-
packaged power units with factory-installed electrical generators and auxiliary 
systems. Net electrical efficiencies (LHV) range from around 43 – 44% for the 
small units, up to around 46 – 47% for the largest dual-fuel engine.   
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Fig. 1: The W20V34SG gas-fired ICE for stationary power applications.  

 
 
   

1.1.2. Bottoming cycles for internal combustion engines 
 
Often the engine is placed in a combined heat and power package (CHP), 

where the waste energy streams are used to provide district heating or industrial 
steam production. However, at many locations there is no need for heat output, 
while more electrical power output is required.  

 
There is a rising interest in combined cycle (CC) mode engines with higher 

electrical efficiencies. Bottoming cycles (BC) can be applied to utilise the waste 
energy from the main engine and deliver additional power output. The main hurdle 
is the low electrical efficiency of the bottoming cycle due to low temperature levels 
of the engine waste energy streams (see Fig. 2), and consequently low economic 
performance of the bottoming cycle hardware, which in itself can often require 
investment costs close to those for the main engine. The intrinsically small scales 
for the BC add to the limited efficiency and poor part-load characteristics. 
Therefore, more efficient bottoming cycle alternatives should be examined, as well 
as a better optimisation and thermodynamic/economic evaluation of those should 
be performed in order to find an applicable solution.  

 
Many cycle alternatives can be used as BC for internal combustion engines. 

The most conventional choice would be the standard water-steam Rankine cycle, 
applied in a way similar to those in BC applications for gas turbines. However, the 
small scale and the low temperature of the engine exhaust gas (as compared to 
gas turbines) severely limit the bottoming cycle efficiency potential. Moreover, a 
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large fraction of the engine waste energy appears as cooling water at temperature 
levels hardly allowing any power generation by bottoming cycles. Furthermore, 
modern gas engines operate often in packaged solutions where the first-stage 
charge air cooler (Fig. 2) is integrated with the jacket water heat exchanger into a 
common cooling water circuit, which brings additional exergy destruction and 
hinders the utilization of the charge air temperature potential. 

 
 

 
Fig. 2: Gas-fired ICE in CHP configuration with optimal waste heat recovery for district 
heating output. Notice the typical integration of first-stage charge air cooler (CAC 1) with 
the jacket water cooler in a common cooling circuit.  

 
 
The quest for higher efficiency of waste energy utilization has lead to the 

introduction of Organic Rankine Cycles (ORC), which can be particularly applicable 
as BC to internal combustion engines. The efficiency advantages of ORC can 
often be overruled by their typically higher investment costs and insufficient 
experience with design and optimisation. Work is going on worldwide on ORC 
development and cost reduction, which may soon lead to their more widespread 
application.  

 
Other possible BC alternatives include the Air Bottoming Cycle (ABC), which 

uses a Brayton compression-expansion cycle based on air or other gases. The 
ABC can be a lower investment cost solution, however its efficiency performance 
can never challenge the vapour-based cycles. The efficiency limitations due to low 
temperature of engine waste energy streams would be particularly noticeable in 
ABC configurations. Moreover, the gas-to-gas heat exchange suggests a bulky 
hardware with low effectiveness, further jeopardising the economy of the ABC 
option and adding to the backpressure problem for the main engine.   
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1.2. The W20V34SG engine characteristics 
 
 
Here follows a summary of the most important parameters of the Wärtsilä 

gas engine 20V34SG (20 cylinders of 34 cm diameter in V-configuration, spark-
ignited, gas-fired), relevant to the heat balance simulations for adapting a steam 
bottoming cycle to the engine.  

 
The engine used as a reference topping cycle is the “B2” modification of the 

abovementioned 20V34SG generating set, optimised for 50 Hz grids at 750 rpm 
nominal operational speed, with 390 0C exhaust gas temperature, 9000 kW shaft 
output (45.7% shaft efficiency per LHV), and 8730 kW gross electrical output 
(44.34% electrical efficiency per LHV) at full-load conditions, see Table 1 below. 
The engine is designed to operate on high-quality pipeline natural gas, has a 
compression ratio of 12, uses the “Miller-timing” principle for valve control, and 
promises less than 500 mg/m3 NOx content in the exhaust gases at 5% O2.   

 
Application of the engine as a topping cycle (TC) in a combined cycle 

arrangement requires more attention to the amount and temperature level of the 
waste heat rejected from the engine. Typical for internal combustion engines are 
the three main streams of waste heat rejection – exhaust gas, jacket water cooling, 
and lubrication oil cooling. Modern ICE use also turbochargers to intensify the 
power output per unit cylinder volume and unit engine mass. Turbocharging with 
intercooling adds also to the efficiency of the engine. Cooling of the charge air in 
stationary engines constitutes another heat rejection stream, usually performed in 
two steps – high-temperature section above 100 0C, and low-temperature section 
below 100 0C. Wärtsilä’s ICE generating sets apply integrated cooling circuits in 
the high-temperature and low-temperature regions, featuring the first stage charge 
air cooler together with the jacket water cooler served by a common cooling circuit 
called “HT circuit”, and the second stage charge air cooler together with the 
lubrication oil cooler served by a common cooling circuit called “LT circuit”. The 
actual temperature levels and amount of energy rejected by the separate cooling 
circuits are listed in Table 1.  

 
Wärtsilä’s generating sets are factory mounted on a common skid including 

the engine with turbochargers, the alternator, and all auxiliary equipment such as 
basic controls and necessary heat exchangers. The two integrated cooling circuits 
are therefore inbuilt into the prefabricated system. Adding a bottoming cycle to the 
engine should therefore focus on utilization of heat from the waste energy streams 
without jeopardising the integrity of the engine, i.e. considering only the exhaust 
gas and the water circulating in the two integrated cooling circuits. Unfortunately, 
the cooling circuits of the engine destroy the exergy content of the charge air by 
the large temperature difference in the coolers, which operate at temperature 
levels that are not suitable for delivering heat for BC energy conversion at 
reasonable conversion efficiency. Furthermore, the second stage charge air 
cooling process is crucial for the engine control and combustion stability, thus it is 
often excluded from any kind of heat utilization. Only the integrated HT circuit 
offers a certain feasibility of energy conversion, if a suitable BC cycle type and 
configuration can be found.  
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The major (and often the only) heat input for the BC would be the exhaust 
gas from the TC engine. Exhaust gas characteristics for the W20V34SG engine 
are described in Tables 2 and 3.   

 
 

Table 1: Main output parameters and waste heat sinks for the W20V34SG-B2 engine at 
design conditions: 

 
Parameter Sub-parameter / clarification Value 

Fuel energy input Total energy in fuel (LHV) 19687.4 kWt 
Shaft power 9000 kW Shaft output Shaft efficiency (LHV) 45.7% 
Gross alternator power 8730 kWe Electrical output Electrical efficiency (LHV) 44.34% 
Air flow 14.3 kg/s 
Temperature range during cooling 1860C – 1000C HT charge air cooling 
Energy flow 1273 kWt 
Air flow 14.3 kg/s 
Temperature range during cooling 99.70C – 42.70C LT charge air cooling 
Energy flow 831 kWt 
Water flow through engine block 165 m3/h 
Temperature range during cooling 88.10C – 820C Jacket water cooling 
Energy flow 1140 kWt 
Oil flow circulating in engine 180 m3/h 
Temperature range during cooling 73.70C – 630C Lube oil cooling 
Energy flow 930 kWt 
Cooling water flow 165 m3/h 
Temperature range for the circuit 820C – 950C HT integrated cooler 
Energy flow 2413 kWt 
Cooling water flow 150 m3/h 
Temperature range for the circuit 330C – 43.10C LT integrated cooler 
Energy flow 1761 kWt 

Radiation from engine Heat radiated to engine room 240 kWt 

Radiation from alternator Heat radiated to engine room 270 kWt 

 
 
 

Table 2: Exhaust gas flow and exhaust gas composition for the W20V34SG-B2 engine at 
design conditions: 

 
Parameter Sub-parameter / clarification Value 

Exhaust gas mass flow Mass flow of exhaust gases 14.7 kg/s 
At actual conditions 102518 m3/h Exhaust gas volumetric flow At 00C, 101.3 kPa 42173 m3/h 

Exhaust gas temperature Temperature of exhaust gases 390 0C 
Nitrogen N2  73.3 % 
Oxygen O2 10.5 % 
Argon Ar  0.9 % 
Carbon dioxide CO2 4.6 % 
Unburned methane CH4 0.2 % 

Exhaust gas composition 

Water vapours H2O 10.5 % 
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Table 3: Energy contained in the exhaust gas of the W20V34SG-B2 engine: 

 
Parameter Sub-parameter / clarification Value 

Exhaust gas mean specific heat For the 3900C ÷ 1000C temp. range 1.11 kJ/kg.K 
Gas wet temperature Start of water vapour condensation 47 0C 

If cooled down to 1500C 3935 kWt 
If cooled down to 1000C 4730 kWt Exhaust gas energy content 
If cooled down to 500C 5519 kWt 

 
 
The design and optimisation processes for the bottoming steam cycle should 

concentrate on improving the efficiency of energy/exergy utilization from the 
exhaust gases of the engine. The relevant measure for the energy potential of the 
exhaust gas stream should account for the lowest possible temperature of exhaust 
gas cooling. The figure of 4730 kWt from Table 3 can be used as representative 
for the energy content of the exhaust gas, assuming that it is cooled down to 
exactly 1000C. As the simulation results would show, only complex triple-pressure 
steam cycles are able to cool the exhaust gases down to or further below 1000C.  

 
The estimation of bottoming cycle efficiency reported in Table 5 takes as a 

reference the energy potential of the exhaust gas when cooled down to 500C, i.e. 
5519 kWt. This is a more relevant measure for the efficiency of the BC alone, as it 
represents the practically usable energy content of the engine exhaust gas, while 
avoiding vapour condensation. No bottoming cycle arrangement is able to utilize all 
that energy.  
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2. OBJECTIVES 
 
 
This particular work was performed as a support to the M.Sc.-level course 

“Applied Energy Technology Project Course”, 4A1609, running annually at the 
Department of Energy Technology, KTH, and namely its edition during January-
May 2006. One of the groups in the course worked on a task given by Wärtsilä 
Power Plants to investigate the thermodynamic feasibility and the possible 
technical and economical advantages of bottoming cycles based on Organic 
Rankine Cycles for Wärtsilä’s gas engine models for stationary power applications. 
A comprehensive reference base was necessary for evaluating the ORC potential 
relative to conventional steam bottoming cycles.  

 
Extensive simulations on standard steam bottoming cycles of varying 

complexity had to be performed for this purpose. The work developed into a 
comprehensive overview of the thermodynamic potential of conventional small-
scale steam technology, designed and optimised to operate as a bottoming cycle 
for the Wärtsilä gas engine model 20V34SG.   
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3. METHODOLOGY  
 

 
The work presented herein concentrates on heat-balance simulations and 

thermodynamic evaluation of conventional steam bottoming cycles optimised for 
high electrical efficiency utilizing the waste energy streams from the Wärtsilä 
20V34SG-B2 gas engine generating set of 8730 kWe net power output.  

 
Highest possible electrical efficiency for the combined cycle is sought, i.e. the 

bottoming cycle is configured and designed to match the given topping engine and 
to utilize the exergy content of the engine’s exhaust gas in the best possible way, 
while using only conventional steam technology with standard components, and 
applying a slightly optimistic approach with regards to isentropic efficiencies, 
alternator efficiencies, steam condenser conditions, and heat-exchanger 
effectiveness.  

 
Steam bottoming cycles of varying complexity have been simulated and 

evaluated with the help of computer simulations based on the commercial software 
for steady state heat balance of thermal power units, PROSIM, developed and 
distributed by Endat Oy, Tekniikantie 12, 02150 Espoo, Finland (www.endat.fi).  

 
Each BC configuration has been optimised for highest electrical efficiency in 

cold-condensing mode, at full-load conditions only. No CHP solutions have been 
modelled, maximum electricity generation being the sole target. Major internal 
electricity consumers within the power cycle (pumps) are taken into account, along 
with major pressure losses, mechanical losses in shaft bearings, and heat losses 
from heat exchangers to the surroundings representing their effectiveness. Steam 
losses from turbine sealings are not considered. Steam turbines are assumed to 
be of modern type designed specifically for the particular application, with 
comparatively high isentropic efficiencies relative to the given size and output 
range. Last stages of the steam turbines are able to operate with wet steam, where 
the fraction of condensed steam has been kept at maximum 10%, i.e. the steam 
after the last turbine stage is at minimum 0.9 dryness factor.  

 
Comparison of the different cycle configurations follows, taking into account 

their thermodynamic performance and complexity. Additionally, some sensitivity 
analysis has been performed for examining the influence of common factor 
variations such as condenser conditions, heat exchanger effectiveness, pinch point 
temperature difference in the HRSG, alternator efficiency, etc.  
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4. SIMULATION RESULTS 
 
 

4.1. General presentation of the steam bottoming cycle 
 
 

4.1.1. Main parameters of the steam BC 
 
Some basic assumptions have been done in order to establish the basis for 

the steam bottoming cycle major parameters at design (full load) conditions. These 
are, for example, the steam condenser parameters, deaerator conditions, pinch 
point temperature difference in the HRSG, other temperature differences, 
efficiency of the electrical generator, efficiency of the pumps, and other relevant 
issues. The effectiveness of the HRSG and other heat exchangers is represented 
as heat lost to surroundings, in the form of percentage of the nominal heat flow 
transferred to the heated fluid. All these fixed values are listed in Table 4 below. 
Sensitivity analysis on the influence of some of these basic parameters on the BC 
performance follows in section 4.3. A summary of all BC configurations with their 
performance at design conditions with the parameters from Table 4 is presented in 
Table 5 in the last chapter of this report (chapter 5).  

 
Other parameters of the steam cycle are variable and dependent on unit size 

or momentary conditions. The most important of those are the isentropic efficiency 
of the steam turbine and the wetness of the steam at the end of expansion. The 
steam turbine is assumed to be of modern type with wet last stage, specially 
designed for the particular BC application, with comparatively high isentropic 
efficiency and low mechanical losses in shafts and bearings, despite its small size. 
The simulation program ProSim has an inbuilt function for calculating the relevant 
isentropic efficiency for each section of the steam turbine. The turbine isentropic 
efficiency varies with varying size of the machine and with the steam parameters at 
the given point, and accepts values from below 0.8 up to around 0.91 in the best 
cases. The wetness of the steam at the end of expansion is different for every 
cycle configuration as a result of many factors. All cycle configurations are 
designed so that the actual value for steam wetness at the end of expansion would 
never exceed 10%, i.e. minimum 90% dry steam would reach the condenser.  

 
Pressure losses on the water/steam side in the HRSG are assumed to be 

10% of the pressure value at the main pump for the particular pressure level, i.e. a 
fraction of 0.1 of the pressure is lost between the main pump and the exit from the 
superheater. Pressure losses on the water side for certain economisers are 
sometimes assumed to be zero.  

 
Pressure losses on the gas side in the HRSG, which translate directly into 

backpressure for the main engine, represent probably the most severe mismatch 
between the simulation parameters and those of the actual steam bottoming cycle. 
Pressure losses on the exhaust gas side are assumed to be dependant, to a 
certain extent, on the actual size of the heat exchanger, and vary between 2 mbar 
for the smaller economizers up to 10 mbar for the evaporators and superheaters. 
These values are probably too optimistic, having in mind the assumed low pinch 
point temperature difference in the system. Pressure losses on the gas side have 
no direct influence on the performance of the steam bottoming cycle, but their 
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impact on the main engine due to imposed backpressure should not be 
underestimated. Such proper calculations have not been possible in this work. 
Accurate estimation of the pressure losses on the gas side, the impact of 
backpressure on the main engine, and the overall combined cycle performance 
(engine + BC) should be performed in some future work in close cooperation with 
designers of heat-exchange equipment and Wärtsilä’s engineers.  

 
Steam losses from ST sealings, condenser vacuum pumps and deaerator 

blow-off, as well as water blow-down from steam drums, have entirely been 
neglected in the simulations, but may introduce a severe efficiency penalty in 
practice.  

 
 

Table 4: Assumed main design parameters of the steam bottoming cycle: 
 

Parameter Sub-parameter / clarification Value 
Steam superheat Max. temperature of steam superheat 360 0C 

Condenser pressure 0.056 bar Steam condenser parameters Condenser temperature 35 0C 
Deaerator pressure 1.433 bar Deaerator parameters Deaerator temperature 110 0C 
Pinch point ∆t in evaporators 10 0C 
Min. ∆t for gas-steam heat exchange 30 0C Temperature differences 
Min. ∆t for water-water heat exch.   5 0C 

Alternator efficiency El. power out to shaft power in 94 % 
Pump power out to el. power in  80 % Pump efficiency Other additional losses in pumps   5 % 

Efficiency of heat exchange HRSG effectiveness 90 % 
Pressure loss on steam side From feedwater pump to turbine inlet 10 % 
Mass losses of steam or water Losses from sealings, blow-down, etc.   0 % 

 
 
 

4.1.2. Theoretical considerations 
 
As discussed in section 1.2, the exhaust gas carries about 24% of the raw 

fuel energy input (if it is cooled down to 1000C), while all heat rejected with cooling 
water amounts to 21.2% of the raw fuel energy input to the engine. Having in mind 
that only the exhaust gas with its high temperature can allow a reasonable exergy 
transfer to the BC fluid, the potential for energy conversion from engine waste 
energy streams is visibly small and relies mainly on the exhaust gas. A conversion 
efficiency of 20%, which would be a very good value for any bottoming cycle at the 
given scale, would deliver only 950 kWe power output. Yet this would probably be 
enough to justify the BC construction technically and economically.   

 
A closer estimation of the theoretical potential for BC energy conversion can 

be done by looking at the Carnot efficiency of ideal cycles based on the engine 
waste energy streams. For example, the maximum possible efficiency of energy 
conversion by a thermal cycle utilizing the heat of engine exhaust gas would be 
55% if the exhaust temperature at the engine is taken as representative (390 0C), 
or more correctly the mean integral temperature of exhaust gas cooling down to 
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100 0C should be taken as representative here (same as the arithmetic mean 
temperature in this case), which gives 42.5% maximum possible efficiency. A good 
goal for a practical BC application is, in reality, to attempt reaching at least half of 
this maximum possible efficiency of energy conversion.  

 
The maximum energy conversion efficiency of an ideal thermal cycle utilizing 

heat from the HT cooling circuit would be 19%. Any practical BC configuration 
reaching about 9% to 10% conversion efficiency should therefore be regarded as 
very successful. The ORC technology is probably the only candidate to attain this 
value, but steam flash technology could also be a probable choice (see subsection 
4.2.4). Even with a good 10% conversion efficiency, a given BC utilizing energy 
from the HT cooling circuit would deliver only around 240 kWe power output, which 
would hardly be enough to economically justify such a development. The situation 
here would however change drastically if the first stage charge air cooler is 
disintegrated from the prefabricated HT cooling circuit and allowed to generate 
steam at its proper temperature level, bringing substantial efficiency advantages.  

 
The temperature level of the LT cooling circuit suggests infinitesimal energy 

conversion efficiency and is therefore out of consideration for BC applications. 
However, similar to the problem with the first stage charge air cooler, a proper use 
of the temperature potential of the lube oil cooler and part of the second stage 
charge air cooler would provide better exergy utilization and sharply increase the 
energy conversion efficiency of the BC, given that the prefabricated cooling system 
of the engine is redesigned.  

 
The HT cooling circuit is able to provide heat for preheating of the steam BC 

condensate flow. However, the scale and size of the considered BC are far too 
small to utilize all energy in the HT cooling water flow. Virtually all steam cycles 
would leave enough energy left in the engine exhaust gas flow to also provide 
condensate preheating, therefore leaving the HT circuit completely redundant as 
energy provider. Any attempt to utilize energy from the engine coolers should 
focus on separate low-temperature schemes, as for example the ORC or the 
steam flash technology.  
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4.2. Steam bottoming cycle performance 
 
 

4.2.1. Single-pressure steam BC 
 
The simplest and lowest-cost BC configuration would be a single-pressure 

HRSG with a simple steam turbine. The steam condenser and deaerator are the 
only heat exchangers along the condensate and feedwater lines. The HRSG is an 
integrated cluster of one economiser, one evaporator, and one superheater bundle 
at a given pressure level.  

 
Alternatively, a more efficient approach would attempt to utilize more heat 

from the engine exhaust gases by preheating the condensate flow after the steam 
condenser. This would directly translate into saved steam extraction from the ST 
for deaerator feeding. Preheating of the condensate flow can be accomplished by 
adding a economiser surface designed to deliver the necessary amount of heat to 
the condensate after the condensate pump to possibly minimise (but not totally 
deactivate, depending on the steam turbine construction) the steam extraction for 
the deaerator. This is a simple heat-exchange solution, which also adds flexibility 
to the cycle, where the steam extraction can start operating again if the preheater 
is out of order. Heating of feedwater after the deaerator is performed in the 
economiser of the HRSG and does not require a separate preheater. 

 
Another approach for saving steam extraction to the deaerator, having the 

same positive effect on the overall cycle performance, would be to generate steam 
for the deaerator at a relevant pressure level from the remaining heat in the engine 
exhaust gases after the HRSG. This would be a type of indirect preheating of the 
condensate flow by engine exhaust gas, however costly and vulnerable due to a 
more complicated heat exchange arrangement without possibility for flexible 
operation. For both options, there is enough energy left in the engine exhaust after 
the single-pressure HRSG so that utilization of this energy content for condensate 
preheating would always render itself economical.  

 
Optimisation of the process is necessary in order to identify the optimum 

pressure level for maximum power production. Higher pressure on the water/steam 
side than the optimum one would lead to loss of output by deeper wetness of the 
steam at the end of expansion, increased costs for stronger pipe material in the 
HRSG and frequent maintenance of the last stage of the steam turbine. Higher 
pressures may also be problematic when following necessary regulations for small-
scale steam equipment and when obtaining necessary certificates for plant 
operation. Lower pressure on the water/steam side than the optimum one would 
limit the possibility to properly utilise the exergy of the engine exhaust gas and 
consequently lead to loss of output and efficiency. The optimum pressure level in 
the HRSG has been identified by a sequence of simulation procedures for 
comparison of cycle performance at varying water/steam pressures.  

 
Fig. 3 below is a printout from the simulation program showing the single-

pressure steam BC configuration with condensate preheating by engine exhaust 
gases, at its optimum pressure level.  

 



Steam bottoming cycles for the Wärtsilä 20V34SG gas engine / Miroslav P. Petrov  
 

 13

 
Fig. 3: Layout, parameters, and performance of the optimum single-pressure steam BC 

(ProSim printout): 
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4.2.2. Double-pressure steam BC 
 
A double-pressure configuration is probably the most feasible steam BC 

arrangement from productivity, economy, and engine backpressure point of view. 
Four BC configurations with double-pressure HRSG at different complexity have 
been identified and examined. The simplest of them would be the one using no 
preheat of condensate flow and no steam reheat. The most advantageous of them 
would be the one applying both steam reheat and condensate preheat. All 
variations are listed in the summary table (Table 5) in chapter 5. The difference 
between “gross power” and “net power” output in Table 5 represents the auxiliary 
power consumption within the steam cycle, which includes the major electricity 
consumers, namely water pumps.  

 
Optimisation of the process is necessary in order to identify the optimum 

pressure level for maximum power production. In the double-pressure case this is 
even more critical due to the two different pressures and the interplay among 
them. The two optimum pressure levels in the HRSG have been identified by a 
sequence of simulation procedures for comparison of cycle performance at varying 
water/steam pressures. Preference was given to possibly lower pressures that can 
still deliver reasonably high ST power output. The chosen optimum pressures in 
the HRSG are: 22 bar for the HP section, and 4 bar for the LP section.  

 
Fig. 4 below is a printout from the simulation program showing the best 

double-pressure steam BC configuration with steam reheating and condensate 
preheating by engine exhaust gases, at its optimum pressure levels. The 
superiority of the double-pressure configuration over the single-pressure one is 
directly depicted by the ability of the optimum double-pressure arrangement to cool 
the engine exhaust gases down to 1120C, compared to 1430C for the optimum 
single-pressure one. The increase in power output is also substantial – from 923 
kWe gross power for the optimum single-pressure configuration up to 1067 kWe 
gross output for the optimum double-pressure one – a boost of 15.6%, or 144 kWe.  

 
Based on its promising performance and comparatively simple construction, 

the preferred steam bottoming cycle for practical application would most probably 
be exactly the double-pressure HRSG arrangement with condensate preheating 
and steam reheat, whose net power output (1045 kWe) constitutes 12% of the 
main engine power output, leading to electrical efficiency for the overall combined 
cycle (gas engine plus steam BC) of 49.7%.  
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Fig. 4: Layout, parameters, and performance of the optimum double-pressure steam BC 
(ProSim printout): 
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4.2.3. Triple-pressure steam BC 
 
The triple-pressure HRSG arrangement is a further extension of the double-

pressure approach to attempt even better transfer of exergy from the engine 
exhaust gases to the steam cycle working fluid. In the scale and application 
considered herein, the comparative efficiency profit from a triple-pressure 
configuration would be small. The triple-pressure HRSG would hardly justify itself 
economically. Another reason to this is that the complicated arrangement of the 
HRSG with its increased pressure losses on the gas side might entail higher 
tolerance to engine backpressure, which is detrimental to the engine efficiency and 
combustion stability.  

 
The simulations show that the triple-pressure configurations offer a certain 

small boost in BC output and efficiency, without accounting for eventual engine 
backpressure problems. The simplest triple-pressure cycle arrangement without 
any condensate preheating or steam reheat would deliver only 25 kWe power 
increase compared to the related simple double-pressure cycle, which is far less 
than the output from the complex double-pressure configuration with condensate 
preheating and steam reheat. Here, the danger of expanding deeply wetted steam 
at the last turbine stage is much higher, so the LP section of the steam turbine is 
simulated with isentropic efficiency relevant to minimum 90% steam dryness at the 
exit, with consequent power loss.  

Improvement of the triple-pressure system can again be done by involving 
condensate preheating and steam reheat. The steam reheat can be performed in 
two stages, for both the MP and the LP section of the steam turbine. Moreover, the 
utilization of heat from the engine exhaust gases is so effective that a certain small 
portion of energy from the engine cooling circuit can also be used for condensate 
preheating, If only preheating by exhaust gas is used, the gas is cooled down to 
910C. The simulation results show that, curiously, the configuration with a single 
steam reheat (at the IP section) delivers higher power output than the one with two 
steam reheats. This is probably due to pressure losses in the second reheating 
stage before the LP turbine section. Therefore, the best performing triple-pressure 
configuration would be the one with a single steam reheat stage at the IP section, 
shown in Fig. 5, which delivers 1110 kWe net power output, an improvement of   65 
kWe over the best double-pressure scheme. All configurations are compared and 
presented in Table 5 in next chapter.  

 
Again, the optimum pressure levels in the HRSG have been identified by a 

sequence of simulation procedures for comparison of cycle performance at varying 
water/steam pressures. Preference was given to possibly lower pressures that can 
still deliver reasonably high ST power output. The more complex triple-pressure 
cycles differ slightly in optimum pressure levels, see Table 5. For the best 
configuration, the HP section of the HRSG has been chosen to operate at 43 bar 
pressure, while the IP section generates steam at 12 bar. The LP section of the 
HRSG in all cases operates at 1.6 bar pressure, which drops to 1.44 bar at the LP 
turbine inlet (after the assumed pressure loss), i.e. very close to the pressure for 
the steam extraction to the deaerator. A practical triple-pressure application would 
apply direct steam feeding from the LP steam line to the deaerator, avoiding the 
steam extraction, and consequently decreasing the turbine cost.   
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Fig. 5: Layout, parameters, and performance of the optimum triple-pressure steam BC 
(ProSim printout): 
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4.2.4. Steam BC with a flash chamber 

 
Adding complexity for boosting performance of the bottoming cycle can be 

accomplished by attempting to utilize heat from the jacket water and first stage 
charge air coolers for power generation. These two heat exchangers, crucial for 
the operation of the generating set, are integrated into one cooling water circuit 
whose temperature level (820C ÷ 950C) is unfortunately far too low to allow 
conventional energy conversion by a steam cycle, see the description in chapter 1 
and the discussion in subsection 4.1.2. One alternative option for generating power 
from such low temperature sources with yet standard equipment is to apply the 
steam flash technology.  

A flash chamber can be used to produce saturated steam at a suitable 
pressure level out of a water flow preheated to a temperature ruled by the 
available low-temperature heat source. In this particular case, flashing would be 
possible for a circulating water flow preheated by the HT cooling circuit in a water-
water heat exchanger up to 900C. The produced saturated steam (in vacuum) is 
separated from the circulating water flow and is directly fed to the steam turbine, 
where the mixing with the steam already expanding in the ST provides a certain 
small superheat. The engine exhaust gases deliver only a small fraction of the 
heat to the flash chamber, the main amount of energy is being supplied by the HT 
cooling circuit of the engine. 

The flash method’s productivity is directly dependent on the temperature of 
the main water flow reaching the flash chamber and on the pressure drop in the 
flash chamber. The temperature is limited by the available heat source, while the 
pressure has theoretically no limits. Flash chambers for water desalination operate 
at very high pressure drop, where the recirculation pumps are the biggest energy 
consumers in the system. Therefore, if flashing is used to deliver steam for power 
production, the power output from the system should be weighed against the 
energy/electricity input in the recirculation pump. The optimum pressure drop for 
the flash chamber would be the one that requires the least amount of work from 
the pump compared to the net power produced by the ST.  

Identification of the optimum input/output pressure levels for the flash 
chamber has been done by a sequence of simulations at different pressures with 
following comparison of the results for the BC power output. Pressure losses for 
the water and flash-steam flows have been neglected. The optimum pressure in 
the flash chamber has been estimated to be 0.41 bar. The optimum pressure of 
the input water flow (after recirculation pump) has been found to be 3 bar.  

The addition of a flash chamber to the selected optimum BC configuration for 
practical applications (double-pressure HRSG with preheat by exhaust gas and 
single steam reheat) is shown in Fig. 6. The flash arrangement is consisting of: the 
water-water heat exchanger (13) transferring heat from the HT cooling circuit of the 
engine to the recirculating flash-water flow; the flash chamber (14); water 
recirculation pump (15); and the economiser (25) preheating the condensate flow 
to a certain degree, from which the make-up water for the flash circuit is extracted.  
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The flash chamber flow is designed to utilize all energy content of the engine 
HT cooling circuit. The net power output attributable to the flash-produced steam 
can be estimated to be 225 kWe. This implies that the flash chamber allows for 
power production from the engine HT cooling water circuit with 9.4% electrical 
efficiency, which is a very promising value, considering the very low temperature 
level of the heat source.   

The presence of the flash chamber, being in itself a third pressure level of 
steam generation, allows for a second reheating stage in the steam cycle. The 
steam at the flash pressure can be reheated by the remaining heat in the engine 
exhaust gas before entering the ST. Pressure losses on the steam side should be 
taken into account here. This arrangement would also add to the pressure losses 
on the gas side with the consequent negative effect on engine backpressure. If the 
basic optimum double-pressure steam cycle with added flash chamber (Fig. 6) is 
modified by introduction of a second steam reheat, the net output power rises with 
only 5 kWe. Thus, the second steam reheater cannot justify itself economically in 
practical applications.  

A flash chamber can also be added to the most complex triple-pressure BC 
configurations, converting them into a quadruple-pressure cycles. The level of 
complexity here would definitely be too high for the small scales involved. The 
optimum triple-pressure HRSG with one reheat and a flash chamber would deliver 
49 kWe net electrical power above that of the double-pressure cycle from Fig. 6. 
Moreover, the relative power effect attributable to the flash chamber in the triple-
pressure cycle is lower than that for the double-pressure cycle. Again, the third 
pressure level in the HRSG here would hardly render itself economical. Several 
different cycle configurations with added flash chamber are listed in Table 5.  

Technically, the flash chamber arrangement is feasible. It requires though to 
be designed in close collaboration with the steam turbine producer, and is surely a 
very non-conventional alternative. However, its economic evaluation and practical 
applicability necessitates further investigation that cannot be performed under the 
present work load.  
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Fig. 6: Layout, parameters, and performance of the optimum double-pressure steam BC 
with added flash chamber for energy conversion from the engine HT cooling circuit 
(ProSim printout): 
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4.3. Sensitivity Analysis 
 
 

4.3.1. Influence of major parameter variations 
 
 
4.3.1.1. HRSG effectiveness 
 
A certain amount of heat is always lost when transferring it from one fluid to 

another in a heat exchanger. The effectiveness of heat transfer is one common 
way to quantify this energy loss, assessing it in different ways. One possible 
representation is for example the simple first-law efficiency criterion showing the 
ratio between the amount of thermal energy accepted by the heated fluid and the 
amount of thermal energy delivered by the fluid providing heat. Other ways to 
represent the effectiveness of heat exchange are building upon the efficiency of 
exergy transfer, i.e. temperature or enthalpy loss in the heat exchanger.  

 
For the purpose of the work performed herein, the simple energy loss 

approach was used. BC simulations were done assuming that 10% of all energy 
being transferred in heat exchangers is lost to surroundings. The value of 10% 
thermal loss is applicable to all heat exchangers in any BC configuration and 
remains fixed. It is hard to estimate the actual value of the heat loss in real 
applications, therefore a sensitivity analysis was performed for different heat loss 
values. Fig. 7 presents the simulation results, where the heat losses in all heat 
exchangers for four representative cycles were varied with +- 5% around the 
assumed standard value, i.e. down to 5% or up to 15% energy loss.  

Fig. 7: Influence of energy losses in heat exchangers on the performance of four selected 
steam BC configurations. 
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4.3.1.2. Pinch point temperature difference in the HRSG 
 
The temperature difference at the pinch point is a very important factor 

influencing the amount of energy transfered in a HRSG from a waste heat flow 
towards the water/steam side. In a typical arrangement of waste heat utilization for 
steam generation, the pinch point occurs between evaporators and economisers 
and rules the ability of the fluid accepting heat to cool down the gases providing 
the heat. Smaller pinch point temperature difference would allow higher amount of 
heat to be transferred to the water/steam side, which however would require a 
larger heat exchange surface. Larger pinch point temperature difference would 
offer a more compact heat exchanger while sacrificing steam generation. Proper 
selection of the pinch point temperature difference has especially important 
relevance to ICE exhaust gas HRSG applications, where the size, complexity, and 
pressure drop on the gas side in heat exchangers might negatively influence the 
backpressure behind the main engine leading to decreased power output and 
altered combustion conditions.  

 
Modern HRSG surfaces operate at pinch point temperature difference of 

around 100C. This value can reach a practical minimum of 70C – 80C, while many 
real applications allow much higher values (in the order of 150C – 250C) with the 
goal to decrease the initial investment in heat exchangers. The simulations 
performed in this work assume the design pinch point temperature difference to be 
100C. This might seem a quite optimistic value for practical applications in small 
scale. A sensitivity analysis was therefore done for pinch point temperature 
differences higher than the assumed design value, ranging from 100C up to 200C. 
The simulation results are presented in Fig. 8.  

Fig. 8: Influence of varying pinch point temperature difference in the HRSG on the 
performance of four selected steam BC configurations. 
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4.3.1.3. Condenser parameters 
 
The performance of the steam condenser and the conditions at which 

condensation occurs is a critical parameter for any steam cycle. For small scale 
cycles operating at comparatively low steam pressures like the ones considered 
herein, the pump for circulating the cooling water to/from the condenser is the 
largest consumer of auxiliary power. The conditions in the steam condenser play a 
very important role for the steam cycle performance and its investment costs. The 
availability and the temperature of the heat sink rule the condensation process. 
Those parameters can often change during the operation of the steam cycle 
causing fluctuations in its power output.  

 
Depending on the structure of the available heat sink, the investment and 

power needs of the condensation process can vary greatly. ICE power plants are 
often installed in remote areas with hot climate, where cooling of the condenser 
can be problematic. Air-cooled condensers are sometimes preferred for their 
relative simplicity, however usually tolerating high condensation temperatures and 
requiring higher auxiliary power for driving fans.  

 
The simulations performed in this work assume that the necessary heat sink 

is available in the form of water from a river or lake at a temperature below 300C, 
or alternatively a well-designed cooling tower can serve the condenser. The 
condenser parameters are fixed at 350C (0.056 bar), see Table 4. The sensitivity of 
some representative BC configurations towards different condenser parameters 
has been estimated by simulations whose results are presented in Fig. 9. 

Fig. 9: Influence of varying condenser parameters on the performance of four selected 
steam BC configurations. 
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It must be mentioned also, that the simulations assume that the condensate 
flow is leaving the steam condenser exactly at the temperature of condensation 
without being overcooled to a lower temperature before discharging it to the 
condensate line and condensate pump.  

 
An important outcome from the sensitivity analysis is the observation on BC 

sensitivity as a function of cycle complexity. It can be seen that the more 
complicated BC configurations are more sensitive to thermal losses in heat 
exchangers and especially to rising condenser temperature (Figs. 7 & 9) than the 
simpler configurations. This can be explained with the higher vulnerability of the 
complex cycles to loosing heat or to rising temperature in the condenser, due to 
optimised heat utilization and a larger flow of steam through the last ST stage. On 
the contrary, the simple BC arrangements are more sensitive to larger pinch point 
temperature difference than the more complicated ones (Fig. 8). This is explained 
with the ability of the complex cycles to utilize heat in alternative ways than only in 
the HRSG, namely at other (lower) temperature levels.  

 
 

4.3.2. Options for further thermodynamic optimisation 
 
As discussed previously in this text, the W20V34SG engine uses in its 

standard construction two integrated cooling water circuits, uniting the HT charge 
air cooler with the jacket water cooler, and the second stage (LT) charge air cooler 
with the lube oil cooler. This constitutes an enormous waste of exergy potential 
due to large temperature differences in the charge air cooling process. If 
disintegration of the cooling circuits is allowed, for example by reconstruction and 
redesign of the engine auxiliaries, the energy contained in the charge air can be 
used accordingly for reaching higher BC efficiency.  

 
A promising way for utilizing the energy in the charge air cooler is to apply 

steam generation by charge air cooling at a third pressure level, e.g. adding a third 
pressure level (LP) to the optimised double-pressure HRSG, converting it into a 
triple-pressure cycle without complicating the exhaust gas HRSG. This will allow 
for a more efficient BC without complicating the HRSG or adding to the engine 
backpressure problem, but will of course increase the pressure loss along the 
charge air flow path and complicate the cooling process. The simulation of such 
alternative BC arrangement (see Table 5) gave as a result a net power output of 
1187 kWe, i.e. 142 kWe more than the optimum BC with double-pressure HRSG, 
and 77 kWe more than the optimum BC with triple-pressure HRSG.  

 
Pushing to the maximum the theoretical limits for better utilization of the ICE 

waste streams would lead the BC designer to the BC configuration suggested in 
Fig. 10. The HRSG is kept at two pressure levels with double reheat, while a third 
pressure level of steam generation is utilizing the charge air thermal energy. A 
fourth pressure level is producing flash steam from jacket water cooling as well as 
from remaining heat in the charge air and exhaust gases. The enhanced heat 
utilization leaves space for the lube oil to provide condensate preheating, about 
40% of the thermal energy in the lube oil can be used. The practical applicability of 
this cycle will not be discussed here, however it delivers a stunning 1382 kWe net 
power (see Table 5) while its arrangement allows for even further optimisation.  
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Fig. 10: Layout, parameters, and performance of the complex BC with double-pressure 
HRSG, double reheat, additional steam generation by HT charge air cooling, flash 
steam generation by jacket water cooling and gas/air waste heat cooling, and 
preheat by lube oil cooling (ProSim printout): 
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 5. CONCLUSIONS AND FUTURE WORK 
 

 
The necessary heat sinks for the ICE at very low temperature levels for jacket 

water cooling, lube oil cooling and charge air cooling, and especially the integrated 
solution with two cooling circuits, restrict the potential for engine integration into 
combined cycles. Freedom in configuring different CC arrangements relates mostly 
to variations in utilising the energy from the engine exhaust gas stream, where the 
number of pressure levels in the HRSG rule the efficiency of exergy transfer to the 
bottoming cycle and therefore its electrical efficiency. Complex heat recovery from 
exhaust gases with low pinch point would however add to the engine 
backpressure, therefore a double-pressure HRSG might be the optimum choice. 
Heat released by the engine cooling circuit can be utilised only at low temperature 
levels in the condensate line of the steam BC, or more efficiently by alternative 
methods such as ORC or steam flash technology.  

 
The simulation results show that (see also Table 5 below):  
 
• Conventional steam bottoming cycles are technically feasible for the 

internal combustion engine of the considered type and scale (the W20V34SG);  
• A well-designed low-cost single-pressure steam BC would be able to 

deliver about 900 kWe net power, which is 10.4% of the main engine output; 
• A well-designed double-pressure steam BC with condensate preheating 

and steam reheat would probably be the optimum solution having in mind the 
engine backpressure problem and the total economy. It delivers about 1045 kWe 
net power, which is 12% of the main engine output; 

• A well-designed triple-pressure steam BC would deliver about 1110 kWe 
net power (12.7% of the main engine output) and is probably not worth from 
technical and economical point of view if compared to the optimised double-
pressure cycle; 

• Utilization of HT cooling circuit energy might be possible by a flash 
chamber steam generation in connection to the double-pressure steam BC. The 
suggested optimum solution delivers about 1270 kWe net power, which is 14.6% 
of the main engine output. The specific efficiency of energy conversion for the HT 
circuit waste energy to electricity can be estimated to be 9.4%; 

• If possibility is given to utilise the waste heat from the HT charge air at the 
proper temperature level, the optimum steam BC would be a triple-pressure one, 
applying steam generation at LP level by cooling the charge air. The cycle would 
be able to deliver 1187 kWe net power, which is 13.6% of the main engine output; 

• If possibility is given to utilise also the waste heat from the lube oil and the 
second stage charge air cooler at the proper temperature levels, the best 
performing cycle would utilize a third pressure level of steam generation by HT 
charge air, plus a flash chamber accepting heat from the jacket water, fraction of 
heat from HT charge air and fraction from LT charge air, plus condensate 
preheating by lube oil cooling. The net power output would be about 1373 kWe, 
constituting 15.7% of the main engine output.  
 

It should be kept in mind that the simulation parameters in this work might 
seem slightly optimistic. Real applications would inevitably have higher losses and 
consequently lower power output and efficiency.   
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Table 5: Summary of steam bottoming cycle configuration alternatives: 
 

BC type 
ST inlet 
pressure 

[bar] 

Gross 
power 
[kWe] 

Net 
power 
[kWe] 

Exhaust 
temper. 

[oC] 
BC ηe 
[%] 

BC 
share 
[%] 

CC ηe 
[%] 

1-pressure simple,  
no preheat 10 864 846 169 15.3 9.7 48.6 

1-pressure with preheat 
by HT cooling circuit 10 900 882 169 16.0 10.1 48.8 

1-pressure with preheat 
by exhaust gas 10 923 904 143 16.4 10.4 48.9 

2-pressure simple,  
no preheat or reheat 

HP:19 
LP: 3.6 975 955 139 17.3 10.9 49.2 

2-pressure with  
steam reheat 

HP: 20 
LP: 3.6 1000 980 140 17.8 11.2 49.3 

2-pressure with preheat 
by exhaust gas 

HP: 19 
LP: 3.6 1042 1019 109 18.5 11.7 49.5 

2-pressure with preheat 
and steam reheat 

HP: 20 
LP: 3.6 1067 1045 112 18.9 12.0 49.7 

3-pressure simple,  
no preheat or reheat 

HP: 38 
IP: 10.8 
LP: 1.44 

995 971 123 17.6 11.1 49.3 

3-pressure with preheat 
by exhaust gas and 
steam reheat at IP 

HP: 39 
IP: 10.8 
LP: 1.44 

1136 1110 91 20.1 12.7 50.0 

3-pressure with preheat 
and double steam reheat 
at IP and LP 

HP: 41.5 
IP: 18 

LP: 1.44 
1127 1100 92 19.9 12.6 49.9 

2-pressure with preheat 
and reheat + flash steam 
from HT cooling circuit 

HP: 20 
IP: 3.6 

flash: 0.41 
1320 1270 92 (16.0) 14.6 50.8 

2-pressure with preheat 
+ flash steam from HT 
circuit + double reheat at 
IP and flash pressure 

HP: 20 
IP: 3.6 

flash: 0.37 
1326 1275 86 (16.1) 14.6 50.8 

3-pressure with preheat 
and reheat + flash steam 
from HT cooling circuit 

HP: 39 
IP: 10.8 
LP: 1.44 

flash: 0.41 

1372 1319 78 (16.6) 15.1 51.0 

2-pressure with preheat 
and reheat + LP steam 
generation from HT 
charge air cooler 

HP: 20 
IP: 3.6 

LP: 1.44 
1214 1187 106 (17.5) 13.6 50.4 

2-pressure with preheat 
and reheat + LP steam 
from HT air cooler with 
reheat + flash all 

HP: 20 
IP: 3.6 

LP: 1.44 
flash: 0.37 

1438 1382 85 (14.3) 15.8 51.4 

 
Note:  The column “BC share” in Table 5 features the ratio of BC net power output to main 
engine power output. The column “BC ηe” presents the electrical efficiency attributed to 
the BC alone; figures in brackets relate to cycles that utilize heat not only from the exhaust 
gas but also from engine cooling circuits. The last column (“CC ηe”) presents the 
estimated electrical efficiency for the combined cycle (main engine plus bottoming cycle), 
based on the raw fuel input to the main engine.  
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The typically high specific investments for ICE-attached bottoming cycles at 
the scales considered here suggest that the integration of the topping engine into a 
combined cycle arrangement with its own BC unit should be carefully examined 
from economy point of view. The BC itself would require a heavy first investment, 
after which there will be no fuel costs involved. The specific running costs (other 
than fuel) for a small-scale steam cycle can be though comparatively high, 
therefore an accurate economy evaluation is necessary. It should be kept in mind 
also that actual combined cycle installations should allow for separate operation of 
the topping or bottoming subunits, if necessary. Independent operation of topping 
or bottoming subunits might require investments in stand-by or bypass equipment, 
for example duplication of crucial heat exchangers to ensure proper cooing of the 
engine when the BC is out of operation. This implies also that the presence of 
underutilised or redundant components would be inevitable, with the consequent 
burden on the total economy of the combined unit. 

 
An insight into the discussion on BC economy would lead to the finding that 

the steam turbine is the most critical and expensive component in the system.  Any 
real-life BC design process would most probably base the entire project 
implementation on available small-scale steam turbines on the market that can 
readily serve the given BC. The entire BC configuration would thus be developed 
around the ST, which would preferably be existing standard off-the-shelf turbine 
ready to be delivered in a short term and at low cost by a proven manufacturer. 
This would inevitably sacrifice efficiency for the system in order to win simplicity, 
lower investment costs, and shorter delivery times. The project can avail of the 
efficiency potential of complex BC arrangements only if a custom-made steam 
turbine is available.  

 
Another interesting feature would also require further and deeper 

investigation, namely the part-load performance of the combined cycle and 
especially the part-load characteristics of the steam BC in relation to those of the 
main engine.  
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