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Pre-designed steam turbines
The comprehensive Siemens product range up to 10 megawatts

SST-010
( formerly known as EPM = Expansion Power Module)

up to 110 kW 
The SST-010 is a compact turbogenerator designed to expand natural gas in 
pressure regulating stations as a direct driving turbine in pipe installation. 

Technical data

• Power output up to 110 kW 
• Gas pressure up to 70 bar(a) /1015 psi 
• Gas flow rates up to 15,000 m3/h   /   530,000 ft3/h
• Exhaust gas pressure up to 25 bar(a) /363 psi 
• Turbine wheel diameter 400 mm /15.75 in 
 
Typical dimensions

Length 1.2 m /4 ft 
Width 0.8 m /2.6 ft
Height 0.9 m /3 ft

Features

• Low-maintenance because of the simple design
• Extremely failure safe
• Quick-start compatible
• Casing flanged directly into the gas pipeline
• ATEX approved 

SST-050
( formerly known as AF or BF series)

up to 750 kW 
The SST-050 is a single-stage, backpressure steam turbine in which the flow 
passes axially through the blading. It is mainly used as a power source for 
pumps or fans and especially as a stand-by unit with quick-start capability. 

Technical data

• Power output up to 750 kW 
• Inlet pressure up to 101 bar(a) /1465 psi
• Inlet temperature dry saturated steam up to 500° C /930° F
• Speed acc. to driven machine 
• Exhaust pressure: back pressure up to 11 bar(a) /160 psi
 
Typical dimensions

Length 1 m /3.3 ft*

Width 1 m /3.3 ft*

Height 1.3 m /4.3 ft*   
*turbine only

Features

• Low-maintenance because of the simple design
• Extremely failure safe
• Quick-start compatible
• Turbine with integral oil supply
• Meet requirements of API 611/612*

• ATEX version available 
 
 
 
 
 

*if overhung design and integral gear is accepted



SST-060
( formerly known as AFA, CFA or CFR series)

up to 6 MW
The SST-060 stand out by their rugged design and renowned reliability 
even under the most severe operating conditions. They are ideal for  
saturated steam service. Their suitability for use as condensation or back-
pressure turbines in combination with various integral gears modules 
opens up a broad application range.

Technical data

• Power output up to 6 MW
• Inlet pressure up to 131 bar(a) /1900 psi
• Inlet temperature dry saturated steam up to 530° C /985° F
• Speed acc. to driven machine 
• Exhaust pressure: back pressure up to 29 bar(a) /420 psi or vacuum
 
Typical dimensions

Length 1.5 m /4.9 ft* 
Width 2.5 m /8.2 ft* 
Height 2.5 m /8.2 ft* 

*turbine only

Features

• Backpressure or condensing type
• Package unit design 
• Oil unit integrated in base frame 
• Nozzle group control valves available
• Quick-start without pre-heating
• Tailor made
• Meet requirements of API 611/612*

• ATEX version available
• Suitable for ORC (Organic Rankine Cycle)
• Suitable for gas expansion 
 

*if overhung design and integral gear is accepted

SST-110
( formerly known as TWIN version)

up to 7 MW
The SST-110 provides highest cost efficiency and high performance. It allows 
to reduce high heat gradients while providing a controlled extraction  
capability. The SST-110 is a dual casing turbine on one gearbox which can 
run on different steam lines. 

Technical data

• Power output up to 7 MW
• Inlet pressure up to 131 bar(a) /1900 psi
• Inlet temperature dry saturated steam up to 530° C /985° F
• Speed acc. to driven machine 
• Exhaust pressure: back pressure or vacuum 
 
Typical dimensions

Length approx. 6 m /20 ft (incl. generator)
Width 2.8 m /9.2 ft 
Height 3.2 m /10.5 ft  

Features

• Backpressure, extraction or condensing type 
• �Package unit design 
• Oil unit integrated in base frame 
• Nozzle group control valves available
• Quick-start without pre-heating
• Extremely compact construction
• Pressure controlled extraction
• High pressure /low pressure applications
• Meet requirements of API 611/612*

• ATEX version available
• Suitable for ORC (Organic Rankine Cycle)
• Suitable for gas expansion

*if overhung design and integral gear is accepted



SST-120
( formerly known as Tandem version)

up to 10 MW
The SST-120 is a multi casing turbine consisting of different turbine modules 
on each shaft end of the generator. These can be used in parallel or serial 
steam flow arrangement. 

Technical data

• Power output up to 10 MW
• Inlet pressure up to 131 bar(a) /1900 psi
• Inlet temperature dry saturated steam up to 530° C /985° F
• Speed acc. to driven machine 
• Exhaust pressure: back pressure or vacuum 
 
Typical dimensions

Length approx. 9 m /30 ft (incl. generator)
Width 2.8 m /9.2 ft
Height 3.2 m /10.5 ft

Features

• Backpressure, extraction or condensing type 
• �Package unit design 
• Oil unit integrated in base frame 
• Nozzle group control valves available
• Quick-start without pre-heating
• Extremely compact construction
• Pressure controlled extraction
• High pressure- /Low pressure applications
• Meet requirements of API 611/612*

• ATEX version available
• Suitable for ORC (Organic Rankine Cycle)
• Suitable for gas expansion

*if overhung design and integral gear is accepted

Fields of application 

Siemens industrial steam turbines increase  
the efficiency of power generation and improve 
the profitability of industrial applications. 

Industries
• 	Chemistry
• 	Food & Beverage
•	 Independent power producers
•	� Manufacturing industries, producers of pumps 

and compressors
• 	 Petrochemistry /Refineries
• 	Smelters /Steel
• 	Sugar /Palmoil
• 	Utilities
• 	Wood-working industry/Paper mills

Applications
• 	Biomass power plants
• 	Captive power plants
• 	Cogeneration / CHP
• 	Gas expansion
• 	Geothermal plants
• 	Heat-recovery
•	 Mechanical drives
• 	Ships /Offshore
• 	Solar thermal plants
• 	Waste incineration plants

Main advantages
•	 High efficiency
• 	High reliability /availability
• 	Customized proven solutions
• 	Compact design
• 	Simple installation and maintenance



SST-100
up to 8.5 MW
The SST-100 is a single-casing turbine, geared  
for generator drive; pre-engineered including 
blading as a cost-effective solution. Mainly used 
for industrial applications.

Technical data

• Power output up to 8.5 MW
• Inlet pressure up to 65 bar / 945 psi
• Inlet temperature up to 480° C /895° F
• Rotational speed up to 7,500 rpm
• �Exhaust pressure (back pressure)  

up to 10 bar /145 psi
• �Exhaust pressure (condensing)  

up to 1 bar /14.5 psi
• Exhaust area 0.22 m2 /2.4 sq. ft.

 
 
 
 
 
 
 
 
 
Typical dimensions

Length 8 m /26 ft.
Width 3.7 m /12.1 ft.
Height 3.4 m /11.2 ft.
 

Features

• Back pressure /condensing type
• Package unit design
• Radial exhaust
• Simple design, rigid rotor
• Oil system integrated in base frame
• Separate oil and steam piping

SST-150
up to 20 MW
The SST-150 is a single-casing turbine, providing 
geared drive to a 1,500 or 1,800 rpm generator 
and packaged in a skid-mounted design. For  
power generation, it provides high efficiency  
together with a very compact arrangement.

Technical data

• Power output up to 20 MW
• Inlet pressure up to 103 bar /1,495 psi
• Inlet steam temperature up to 505° C /940° F
• Rotational speed up to 13,300 rpm
• Bleed up to 25 bar /365 psi
• Controlled extraction up to 16 bar /230 psi
• �Exhaust pressure (back pressure)  

up to 10 bar /145 psi
• �Exhaust pressure (condensing)  

up to 0.25 bar /3.6 psi
• Exhaust area 0.28 – 1.6 m2 /3.0 – 17.2 sq. ft.
 
 
 
 
 
 
 
 
 
Typical dimensions

Length 12 m / 39 ft.
Width 4 m /13.1 ft.
Height 5 m /16.4 ft.
 

Features

• Back pressure /condensing type
• Package unit design
• �Pre-engineered turbine modules,  

modular peripherals
• Single controlled extraction
• Radial exhaust
• Separated oil and steam piping

SST-200
up to 10 MW
The SST-200 is a single-casing turbine, geared  
or with direct drive suited to both generator and 
mechanical drives. Used for industry and power 
generation applications.

Technical data

• Power output up to 10 MW
• Inlet pressure up to 110 bar /1595 psi
• Inlet temperature up to 520° C /970° F
• �Controlled extraction up to 16 bar / 230 psi  

and up to 350° C /560° F
• Bleed up to 60 bar / 870 psi
• �Exhaust pressure (back pressure)  

up to 16 bar /230 psi
• �Exhaust pressure (condensing)  

up to 0.25 bar /3.6 psi
• Exhaust area 0.17 – 0.34 m2 /1.8 – 3.7 sq. ft.

 
 
 
 
 
 
 
 
Typical dimensions

Length 4 m /13.1 ft.*

Width 2 m / 6.5 ft.*

Height 2.5 m /8.2 ft.*   	     *turbine skid only

 
 
Features

• Back pressure /condensing type
• Package unit design
• Extensive pre-design
• High-speed, downward /upward exhaust
• Customized steam path
• Short delivery time

Industrial steam turbines
The comprehensive Siemens product range from 2 to 250 megawatts



SST-300
up to 50 MW
The SST-300 is a single-casing turbine,  
geared for generator drive. It has a compact  
and flexible design with a high degree of  
standardization. Used for power generation  
applications.

Technical data

• Power output up to 50 MW
• Inlet pressure 120 bar /1,740 psi
• Inlet temperature 520° C / 970° F
• Rotational speed up to 12,000 rpm
• �Controlled extraction up to 45 bar / 655 psi  

and up to 400° C /750° F
• Bleed up to 60 bar /870 psi
• �Exhaust pressure (back pressure)  

up to 16 bar /230 psi
• �Exhaust pressure (condensing)  

up to 0.3 bar /4.4 psi
• Exhaust area 0.28 –1.6 m2 / 3.0 –17.2 sq. ft.

 
 
 
 
 
 
 
Typical dimensions

Length 12 m / 39 ft.
Width 4 m /13.1 ft.
Height 5 m /16.4 ft.
 

Features

• Back pressure / condensing type
• �Pre-engineered turbine modules,  

modular peripherals
• Two controlled extractions
• Radial /axial exhaust
• Adaptive stage up to 16 bar
• Package unit design
• Customized steam path

SST-400
up to 65 MW
The SST-400 is a single-casing turbine,  
geared for generator drive. It has a compact  
and flexible design with a high degree of  
standardization. Used for industry and power  
generation applications.

Technical data

• Power output up to 65 MW
• Inlet pressure up to 140 bar / 2,030 psi
• Inlet temperature up to 540° C / 1,005° F
• Rotational speed 3,000 – 8,000 rpm
• �Controlled extraction up to 45 bar / 655 psi  

and up to 450° C /840° F
• Bleed up to 60 bar / 870 psi
• �Exhaust pressure (back pressure)  

up to 25 bar /365 psi
• �Exhaust pressure (condensing)  

up to 0.3 bar /4.4 psi
• Exhaust area 1.3 – 3.0 m2 /14.0 – 32.5 sq. ft.

 
 
 
 
 
 
 
Typical dimensions

Length 18 m / 59 ft.
Width 8.5 m / 28 ft.
Height 5.5 m /18 ft.
 

Features

• Back pressure /condensing type
• �Pre-engineered turbine modules,  

modular peripherals
• �Two controlled extractions, radial /axial exhaust
• Adaptive stage up to 16 bar
• Semi-package unit design
• Customized steam path
• Short delivery time

SST-500
up to 100 MW
The SST-500 is a single-casing turbine, geared or 
with direct drive. It is suited to both generator 
and mechanical drives to accommodate large 
volume flows. Typically used as low-pressure  
casing in two-cylinder applications.

Technical data

• Power output up to 100 MW
• Inlet pressure up to 30 bar / 435 psi
• Inlet temperature up to 400° C / 750° F
• Rotational speed up to 15,000 rpm
• Bleed up to 2, at various pressure levels
• �Exhaust area 2 x 0.175 – 3.5 m2 /  

2 x 1.9 – 24.8 sq. ft.

 
 
 
 
 
 
 
 
 
 
 
 
Typical dimensions

Length 19 m / 62 ft.
Width 6 m / 20 ft.
Height 5 m /16.4 ft.
 

Features

• Double-flow condensing turbine
• �Standard turbine modules, modular  

peripherals
• Throttle-controlled
• Highly customized
• Customized steam path



SST-600
up to 100 MW
The SST-600 is a single-casing turbine, geared  
or with direct drive; suited to both generator  
and mechanical drives. Used for tailor-made  
applications for most complex processes in  
industry and power generation.

Technical data

• Power output up to 100 MW
• Inlet pressure up to 140 bar / 2,030 psi
• Inlet temperature up to 540° C /1,005° F
• Rotational speed 3,000 –15,000 rpm
• �Double controlled extraction up to 65 bar /  

945 psi
• Bleed up to 5, at various pressure levels
• �Exhaust pressure (back pressure)  

up to 55 bar /800 psi
• �Exhaust area 0.175 m2 – 3.5 m2 /  

1.9 – 38 sq. ft.

 
 
 
 
 
 
 
 
Typical dimensions

Length 19 m /62 ft.
Width 6 m /20 ft.
Height 5 m /16.4 ft.
 

Features
• Back pressure /condensing type
• �Standard turbine modules, modular  

peripherals
• Inner casing for high steam parameters
• Second steam injection possible
• Package unit design
• Radial / axial exhaust
• Highly customized
• Customized steam path

SST-800
up to 150 MW
The SST-800 is a single-casing direct-drive tur-
bine with reverse flow design for generator  
applications. Used for tailor-made applications 
for most complex processes in industry and  
power generation.

Technical data

• Power output up to 150 MW
• Inlet pressure up to 140 bar / 2,030 psi
• Inlet temperature up to 540° C /1,005° F
• Rotational speed 3,000 – 3,600 rpm
• �Double-controlled extraction up to  

45 bar / 655 psi
• Bleed up to 6, at various pressure levels
• �Exhaust pressure vacuum up to  

14 bar / 205 psi
• Exhaust area 1.1 – 5.6 m2 /11.8 – 60.3 sq. ft.

 
 
 
 
 
 
 
 
 
Typical dimensions

Length 20 m /66 ft.
Width 8.5 m /28 ft.
Height 6 m / 20 ft.
 

Features

• Back pressure /condensing type
• �Standard turbine modules, modular  

peripherals
• Inner casing for high steam parameters
• Axial / radial exhaust
• Package unit design
• Highly customized
• Customized steam path

SST-700
up to 175 MW
The SST-700 is a dual-casing turbine consisting 
of a geared HP module and LP module. Used
for power generation applications, especially  
in combined cycle and solar thermal power plants. 
Each module can be used independently or can 
be combined for the optimal configuration.

Technical data

• Power output up to 175 MW
• �Inlet pressure (with reheat) up to  

165 bar / 2,395 psi
• �Inlet temperature (with reheat) up to  

585° C /1,085° F
• Reheat temperature up to 415° C / 780° F
• Rotational speed 3,000 – 13,200 rpm
• �Controlled extraction up to 40 bar /580 psi  

and up to 415° C /780° F
• Bleed up to 7; up to 120 bar /1,740 psi
• �Exhaust pressure (back pressure)  

up to 40 bar /580 psi
• �Exhaust pressure (condensing)  

up to 0.6 bar /8.5 psi
• �Exhaust pressure (district heating)  

up to 3 bar /45 psi
• Exhaust area 1.7 –11 m2 /18.3 –118 sq. ft.
 
 
 
Typical dimensions

Length 22 m /73 ft.*

Width 15 m /59 ft.*

Height 6 m /20 ft.*	        * including condenser

 

Features

• Back pressure /condensing type
• Pre-engineered turbine modules
• Parallel arrangement possible
• Proven solution for solar thermal power plants
• Simple extraction in crossover pipe
• Axial / radial exhaust
• Reheat applications
• Customized steam path



SST-900
up to 250 MW
The SST-900 is a single-casing turbine for  
2-pole generators for power generation and  
industry. SST-900 RH is a dual-casing turbine  
for reheat applications.

Technical data

• Power output up to 250 MW
• �Inlet pressure (with reheat) up to  

165 bar /2,395 psi
• �Inlet temperature (with reheat) up to  

585° C /1,085° F
• Reheat temperature up to 580° C /1,075° F
• �Rotational speed 3,000 – 3,600 rpm;  

HP up to 13,200 rpm (for reheat)
• Bleed up to 7; up to 60 bar / 870 psi
• �Controlled extraction up to 55 bar /800 psi  

and up to 480° C /895° F
• �Exhaust pressure (back pressure)  

up to 16 bar /230 psi
• �Exhaust pressure (condensing)  

up to 0.6 bar /8.5 psi
• �Exhaust pressure (district heating)  

up to 3 bar /45 psi
• Exhaust area 1.7 –11 m2 /18.3 –118 sq. ft.

 
Typical dimensions

Length 20.5 m / 67 ft.*

Width 11 m /36 ft.*

Height 10 m /33 ft.*	        * including condenser

Features

• Back pressure /condensing type
• Pre-engineered turbine modules
• Two controlled extractions
• Adaptive stage up to 16 bar
• Butterfly valve up to 55 bar
• Axial / radial exhaust
• Reheat applications
• Customized steam path





Organic Rankine Cycles
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Photograph of a 250-kW ORC prototype. 
(1) Preheater, (2) evaporator, (3) turbine, (4) generator, 
(5) condenser, (6) pump, (A) cooling water inlet, (B) cooling water 
outlet, (C) hot water inlet, (D) hot water outlet.
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A geothermal Organic Rankine Cycle system (ORC)

(DiPippo, Geothermal power plants, 2008)
3



Geofluid in the ORC

• The production wells (PW) 
are fitted with pumps (P) 
that are set below the 
flash depth determined by 
the reservoir properties 
and the desired flow rate

• Sand removers (SR) may be 
needed to prevent 
scouring and erosion of 
the piping and heat 
exchanger tubes 

• The geofluid is everywhere 
kept at a pressure above its 
flash point and is reinjected in 
injection wells (IW) still in the 
liquid phase

• The geofluid temperature is 
not allowed to drop to the 
point where silica scaling could 
become an issue in the 
preheater and in the piping 
and injection wells

4



Working fluid in the ORC

• The working fluid, chosen 
for its appropriate 
thermodynamic properties, 
receives heat from the 
geofluid, evaporates, 
expands through a turbine, 
condenses and is returned 
to the evaporator by means 
of a feedpump

• There are two steps in the 
heating-boiling process, 
conducted in the preheater 
(PH) where the working 
fluid is brought to its boiling 
point and in the evaporator 
(E) from which it emerges as 
a saturated vapor

5



Thermodynamics of the conversion process

• The turbine power is the 
product of the mass flow 
rate of the working fluid 
and the enthalpy drop 
across the turbine

• The power absorbed by the 
feed pumps is

• The net power output is 

  21 hhmW wft  

 45 hhmW wfp  

ptnet WWW  
6



Heat exchanger analysis: 
preheater and evaporator

Temperature-heat transfer diagram 
for preheater and evaporator

• The pinch point temperature 
difference is generally set to 
5°C or 10°C

• State points 5, 6 and 1 are 
known from the cycle 
specifications

• The working fluid mass flow 
rate (mwf) can be calculated by

• The temperature (TC) of the 
geofluid leaving the plant can 
be obtained by

    61 hhmTTcm wfBAgeogeo  

    56 hhmTTcm wfCBgeogeo  

The place in the heat exchanger 
where the brine and working 
fluid experience the minimum 
temperature difference is called 
the “pinch-point” 7



Wet, dry and isentropic fluids

(Bao J., Renewable and Sustainable Energy Reviews, 2014) 

Wet

Dry

Isentropic

The working fluids 
can be classified in 

three categories
according to the 
saturation vapor 
curve

8



Saturation vapor curves of organic fluids

(Yang, Renewable Energy, 2016)
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Saturation curves of organic fluids versus water

(Quoilin et al., Renewable and Sustainable Energy 
Reviews, 2013) 

• Two main differences:

1) Positive slope of the 
saturated vapor curve for 
organic fluids → the 
limitation of the vapor 
quality at the end of the 
expansion process 
disappears → no need to 
superheat the vapor at 
turbine inlet

2) Vaporization enthalpy 
smaller for organic fluids 
→ better coupling with 
the heat source

10



Effects of vaporization latent heat on the 
thermal matching heat source – working fluid

(Bao J., Renewable and Sustainable Energy Reviews, 2014) 

(Larjola J., International Journal of Production Economics, 1995)

water toluene Lower vaporization heat 
of the working fluid 
causes the heat transfer 
process in the 
evaporator to occur 
mostly at variable 
temperature →  the 
temperature profile of 
the working fluid in the 
evaporator better 
follows the temperature 
profile of the heat 
source → lower 
irreversibility in the heat 
transfer process
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Regenerative configuration of ORC

• If the temperature t4 is 
markedly higher than the 
temperature t2, it may be 
rewarding to implement an 
internal heat exchanger 
(recuperator) into the cycles

• In the recuperator the vapor 
leaving the turbine is cooled 
in the process (4–4a) by 
transferring heat to the 
compressed liquid that is 
heated in the process (2–2a)

• In this way the thermal 
efficiency of the ORC 
increases

Recuperator

(Dai et al., Energy Conversion and Management, 2009) 12



Optimum evaporation temperature

(Quoilin S. et al., Applied Thermal Engineering, 2011)

Increasing the evaporation 
temperature implies two 
effects: 
1) The heat source
is cooled down to a higher 
temperature
2) The expander specific 
work is increased since the 
pressure ratio is increased

245fa
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Performance metrics

• Thermal efficiency:

• Heat recovery efficiency: 

• Total heat recovery efficiency 
(or “system efficiency”): 
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Optimum evaporation temperature –
the effect of heat source temperature

(Liu B-T et al., Energy, 2004)

• Increasing the 
evaporation temperature:  

1) The heat recovery 
efficiency ( ) decreases 

2) The thermal efficiency 
(TH) increases

3) The total-heat recovery 
efficiency (T) initially 
increases, reaches a 
maximum and then 
decreases 

TCR = 327°C

Tin,a = 200°C

Tin,b = 300°C

TH



T

TH

a

b

T,a

T,b
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Optimum evaporation temperature –
the effect of critical temperature

(Liu B-T et al., Energy, 2004)

• Variation of total heat 
recovery efficiency (T) and 
thermal efficiency (TH)
versus evaporation 
temperature (TH) for 
toluene and R123

• The critical temperature of 
toluene is higher than that 
of R123 → the thermal 
efficiency using toluene is 
higher

• However, the total heat 
recovery efficiency of R123 
is higher

TH

T
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Thermal efficiency versus 
total heat-recovery efficiency

• Analysis of total heat-recovery 
efficiency is very different 
from the conventional analysis 
of fossil-fueled power plants 
which focused on thermal 
efficiency

• When the evaporation 
temperature (TH) is increased, 
the outlet temperature of 
waste heat is also increased 

• Therefore, although TH is 
increased with the increase of 
TH, the heat availability  is 
decreased, thereby showing a 
maximum value of T

• It will lead to significant 
difference between design of 
the ORC system from the 
viewpoints of the thermal 
efficiency and that based on 
the total heat-recovery 
efficiency (i.e., power output)

(Liu B-T et al., Energy, 2004)
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Optimum evaporation temperature –
the effect of working fluid

(Schuster A. et al., Energy, 2010)

Tin = 210°C • Variation of total heat 
recovery efficiency (also 
called “system efficiency”) 
versus evaporation 
temperature (+2°C of 
superheating) for different 
working fluids at 
subcritical state

• Heat source inlet 
temperature = 210°C

• The highest system 
efficiency is reached by 
R245fa and isobutene

18



Optimum working fluid

Tin= 145°C

(Dai Y. et al., Energy Conversion and Management, 2009) 

• The maximum power 
output in the 
utilization of waste 
heat at 145°C is 
achieved by R236ea 
and isobutane

• These fluids have 
critical temperatures 
slightly lower than the 
heat source inlet T
TCR R236ea = 139,3 °C
TCR iC4 = 134,7 °C 

19



Optimum working fluid at different 
heat source temperatures
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Optimum working fluid

Tin = 150°C

(He et al., Energy, 2012)

• The maximum power 
output in the utilization 
of waste heat at 150°C is 
achieved by R114, R142b 
and R600a (isobutane)

• These fluids have critical 
temperatures slightly 

lower than 150°C:
TCR R114 = 145,8 °C
TCR R142b = 137,2 °C
TCR R600a = 134,7 °C
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Guidelines for the optimum 
selection of working fluid

(Wang D. et al., Energy, 2013)

47°C 92°C 122°C 147°C 172°C 192°C 227°C

Also in this study isobutane (R600a) is suggested as promising fluid in 
the utilization of heat source temperatures between 147°C and 172°C 

22



Subcritical vs supercritical ORC

(Schuster A. et al., Energy, 2010)

Subcritical maximum pressure Supercritical maximum pressure

Better thermal matching between 
heat source and working fluid → 
lower exergy destruction and 
lower exergy loss

23



Supercritical (or transcritical) ORC

(Baik et al., Applied Energy, 2011)

R125

Optimum parameters

T3 85 °C

p3 44.6 bar

mWF 0.042 kg/s

Wnet 330.8 W

Power output in response to 
changes in turbine inlet 
temperature (T3) and max 
pressure (p3)
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Supercritical (or transcritical) ORC

(Baik et al., Applied Energy, 2011)

CO2

Optimum parameters

T3 92.5 °C

p3 123.3 bar

mWF 0.030 kg/s

Wnet 289.8 W

Power output versus turbine 
inlet temperature (T3) and 
maximum pressure (p3)

(i.e., 12.5% 
lower than 
using R125) 25



Subcritical vs supercritical ORC

Subcritical cycles Supercritical cycles

(Shengjun Z. et al., Applied Energy, 2011)

Tin= 90°C

• Supercritical cycles 
give higher power 
output compared 
to subcritical cycles

• The highest system 
efficiency is 
obtained by R218, 
R41 and R125

• Also in this study 
R125 results in a 
higher power 
output compared 
to CO2
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Mixtures of organic fluids
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Let’s consider a mixture of R152a (wet fluid, having a lower TCR) and 
R245fa (dry fluid, having a higher TCR) 27



Mixtures of R245fa/R152a

(Wang X.D. et al., Solar energy, 2009)

Three compositions of R245fa/R152a:
Ma:       0.9/0.1
Mb:    0.65/0.35
Mc:    0.45/0.55

The saturated vapor curve and 
critical temperature of the mixture 
depend on the composition

Main advantage: evaporation 
and condensation at variable 
temperature

28



Mixtures of R245fa and R227ea

(Feng et al., Energy Conversion and Management, 2015)
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Kalina cycle: mixture H2O/NH3

 

• The mixture of ammonia and water 
boils at a variable temperature 
depending on its composition

• The higher the fraction of ammonia 
in the mixture, the lower is its boiling 
temperature 

• Comparison between boiling of 
pure water and different 
ammonia–water mixtures at 30 bar

• Before the turbine, the ammonia-rich 
steam is separated from the liquid phase 
in a separator 

• After the turbine, the steam and liquid 
phases are merged together and 
condensed in the condenser 

• In the Kalina cycle, geothermal heat at a 
low temperature is transferred to a 
mixture of ammonia and water
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Kalina power plant in Husavik (Iceland)

• Geofluid Tin = 124°C
• Mass flow rate of 

ammonia-water mixture 
to the evaporator = 16.8 
kg/s

• Mass fraction of 
ammonia in the 
evaporator and 
condenser = 82%

• Turbine inlet pressure = 
32.3 bar

• Generator power 
output = 2.2 MW

(Ogriseck, Applied Thermal Engineering, 2009)
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Two-stage Organic Rankine Cycle coupled to ICE

(Smolen S., Energy Science and Technology, 2011)

Utilization of waste heat from internal combustion engines at two 
different temperature levels: 
1) from the exhaust gases 
2) from the cooling system of the combustion engine

20.6°C
19 bar
0.5 kg/s

119.5°C

20.3°C
8 bar
1.1 kg/s

0.6 kg/s

80.6°C
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Dual loop ORC system combined with a Diesel engine

(Zhang H.G., Applied Energy, 2013)

• The high temperature 
loop (yellow) recovers 
the exhausts heat

• The low temperature 
loop (green) recovers 
the residual heat of 
the HT loop, the waste 
heat of intake air in 
the intercooler, and 
the coolant waste heat

• The LT loop is coupled 
to the HT loop via the 
pre-heater, which is 
used as the condenser 
for the HT loop
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Dual loop ORC system: T-s diagrams

(Zhang H.G., Applied Energy, 2013)

• The working fluid in 
the HT loop is R245fa 
whereas R134a was 
selected for the low 
temperature ORC

• The saturation curves 
of R245fa and R134a 
are shown in the T–s 
diagram 

• The upper red lines 
correspond to the HT 
loop, while the lower 
blue lines show the LT 
loop
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Dual pressure ORC systems for geothermal resources

 

Tin,geo = 160°C

(Lazzaretto A. et al., Report ENEL-UNIPD, 2012)

Optimum ORC configuration Optimum design parameters

R245fa
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Other evaluation parameters in the 
working fluid selection

(UA)tot

(He et al., Energy, 2012)
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Expander size parameter when 
the maximum Pnet is obtained 
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Economic objective functions

(Shengjun Z. et al., Applied Energy, 2011)

net
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Ratio of total heat transfer 
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Specific investment costs of ORC systems

(Quoilin et al., Renewable and 
Sustainable Energy Reviews, 2013) 

• For a given target application, 
the cost tends to decrease 
when the output power 
increases

• Lowest costs are reported for 
waste heat recovery 
applications, while geothermal 
and CHP plants exhibit higher 
total cost

• “Total cost” differs from 
“module cost” in that it 
includes engineering, 
buildings, boiler (in case of 
CHP), process integration, etc., 
and can amount to two to 
three times the module cost

Module (empty dots) and total (plain 
dots) costs of ORC systems
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Optimization of a single pressure ORC

• Independent variables of the 
model are fixed as 
parameters: 
‒ mgeo = 100 kg/s

‒ Tgeo,in = 130÷180°C at 10°C steps

‒ Tgeo,out ≥ 70°C

‒ Working fluids: R600a 
(isobutane), R134a

‒ P = 70%, T = 85%, el = 96%

‒ Tamb = 20°C

‒ Tair,out = Tcond - 5°C

‒ PACC = 0.15 kW per kg/s of air

• Decision variables: 
– condensation pressure (pcond)

– mass flow rate of the organic 
fluid (mwf)

– cycle maximum pressure 
(pmax)

– degree of superheating, 
measured in terms of specific 
entropy (ssup)

• Objective function: 
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Results for isobutane

• Optimum isobutane cycles are mostly 
subcritical with saturated vapor at 
turbine inlet

• At the highest brine temperatures the 
optimal isobutane cycles are either 
subcritical with slightly superheated 
vapor (170°C) or supercritical (180°C)

Optimum values of the 
decision variables

Optimum values of the 
objective function zrec
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Results for R134a

• R134a optimum cycles are supercritical 
(except at 130°C)

• The exergy recovery efficiency 
achieved by R134a is always higher 
compared to that achieved by 
isobutane

Optimum values of the 
decision variables

Optimum values of the 
objective function zrec
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Isobutane vs R134a

Working fluid Isobutane R134a

Tgeo,in (°C) 150 150

mgeo (kg/s) 100 100

mWF (kg/s) 81.8 159.5

pmax (bar) 18.9 48.0

TT,in (°C) 98.5 129.4

Tcond (°C) 32.8 32.7

pcond (bar) 4.4 8.3

Pgen (kW) 3863 4823

Ppump (kW) 311 757

PACC (kW) 557 568

Pnet (kW) 2995 3498

zrec (%) 38.1 44.5

th (%) 9.1 10.3

Isobutane

R134a
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Variation of the thermodynamic objective 
function around the optimum

Isobutane, Tgeo,in=150°C R134a, Tgeo,in=150°C

• The highest values of zrec are 
obtained at turbine inlet states 
close to saturated vapor and 
maximum pressures close to the 
optimum pressure

• The trend of zrec is quite flat in 
response to changes of the turbine 
inlet supercritical pressure whereas 
it rapidly decreases when the 
turbine inlet enthalpy is lowered

(Toffolo et al., Applied Energy, 2014) 43
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Enhancement of the Electrical
Efficiency of Commercial
Fuel Cell Units by Means
of an Organic Rankine Cycle:
A Case Study
Among the various fuel cell (FC) systems, molten carbonate fuel cells (MCFC) are nowa-
days one of the most promising technologies, thanks to the lower specific costs and a very
high electrical efficiency (net low heating value (LHV) electric efficiency in the range
45%–50% at MWel scale using natural gas as fuel). Despite this high performance,
MCFC rejects to the ambient almost half of the fuel energy at about 350–400 �C. Waste
heat can be exploited in a recovery Rankine cycle unit, thereby enhancing the electric ef-
ficiency of the overall system. Due to the temperature of the heat source and the relatively
small power capacity of MCFC plants (from few hundred kWel to 10 MWel), steam Ran-
kine cycle technology is uneconomical and less efficient compared to that of the organic
Rankine cycle (ORC). The objective of this work is to verify the practical feasibility of the
integration between a MCFC system (topping unit) and an ORC turbogenerator (bottom-
ing unit). The potential benefits of the combined plant are assessed in relation to a com-
mercial MCFC stack. In order to identify the most suitable working fluids for the ORC
system, organic substances are considered and compared. The figure of merit is the maxi-
mum net power of the overall system. Finally, the economical benefits of the integration
are determined by evaluating the levelized cost of electricity (LCOE) of the combined
plant, with respect to the standalone MCFC system. In order to assess the economic via-
bility of the bottoming power unit, two cases are considered. In the first one, the ORC
power output is approximately 500 kWel; in the latter, about 1 MWel. Results show that
the proposed solution can increase the electrical power output and efficiency of the plant
by more than 10%, well exceeding 50% overall electrical efficiency. In addition, the
LCOE of the combined power plant is 8% lower than the standalone MCFC system.
[DOI: 10.1115/1.4023119]

1 Introduction

Fuel cells (FC) are a promising technology for distributed elec-
tricity production, especially for power applications in the few
hundred kWel to 10-MWel capacity range. They exhibit high elec-
trical efficiency and low pollutants emissions, they can be applied
to combined heat and power generation (CHP), and they can use
natural gas as primary fuel as well as biogas (for instance, from
wastewater treatment) or fuel blends. Despite these figures of
merit, they have achieved limited penetration into the energy mar-
ket, mainly due to their high specific costs compared to other con-
ventional technologies. A possible way to improve power plant
economics consists of enhancing its electrical efficiency as much
as possible. Waste heat dissipated by the stack or the exhaust
gases can be exploited to generate additional electricity in an or-
ganic Rankine cycle (ORC) heat recovery system [1,2]. In this pa-
per, the potential benefits of the integration between a fuel cell
power plant (topping unit) and an ORC genset (bottoming unit)
are assessed in relation to a specific commercial molten carbonate
fuel cell (MCFC) system [3]. This kind of fuel cell has been
selected due to its well-established performance, potential com-
petitiveness, practical availability on the market, and an exhaust
gas temperature consistent with the use of a heat recovery cycle
[1,2,4].

The MCFC stack releases exhaust gases at a relatively low tem-
perature, namely about 380 �C. This heat source is particularly
suitable for recovery in a bottoming unit based on ORC technol-
ogy. ORC power plants are nowadays more and more applied in
many fields as, for instance, in the exploitation of low enthalpy
geothermal sources [5] or biomass thermal conversion. In order to
identify the most suitable working fluids for the analyzed case
study, different candidate substances are considered and compared
in both subcritical and supercritical ORC configurations. The net
power of the bottoming system is maximized by optimizing its
thermodynamic parameters, the maximum pressure, and tempera-
ture of the cycle. The detailed simulations of the ORC are per-
formed in a commercial process modeling tool [6], while an
optimization algorithm implemented in an external programming
environment [7] varies cycle parameters until the maximum value
of the objective function is reached.

Finally, the paper presents a preliminary economic analysis in
order to investigate the feasibility of the proposed solution.
Thanks to the modular features of the fuel cell system, two differ-
ent power capacities of the combined plant are considered (500
kWel and 1 MWel, respectively), in order to assess the effect of
the bottoming unit capacity on the economics of the entire plant.

2 MCFC Unit

In the frame of the various FC technologies, MCFCs feature
one of the lowest specific costs and a very high efficiency [8]. One
of the most experienced companies in this field claims that
MCFCs electricity costs are about 1.2 to 1.5 times the costs of
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conventional power systems, such as reciprocating engines or gas
turbines, depending upon the price of fuel [9]. However, in the
MWel capacity range, MCFCs are about 10 times cleaner in terms
of NOx emissions versus competitive conventional technologies,
and they are the most fuel-efficient (net LHV electric efficiency in
the range 45%–50%) and lowest CO2 emission fossil-fuelled
power generation technology available on the market [9]. For
these reasons, MCFCs do qualify in many countries for govern-
ment support grants and subsidies to encourage ultraclean power
generation [9].

MCFC units are already commercially available, even if they
have not yet achieved significant penetration into the energy mar-
ket, mainly due to their specific costs (2500–2800 e/kWel for the
MWel scale [9]), substantially higher than conventional competi-
tive technologies. In this study, the MCFC unit is modeled accord-
ing to the performance of a commercial 2.8-MWel MCFC power
plant [10], whose data are summarized in Table 1.

Even if the MCFC system exhibits a high efficiency, almost
half of the fuel energy is rejected to the ambient. Generally, in
order to improve the fuel cell power plant economy, thermal
energy in the exhaust gases is recovered for CHP. However, from
an economical point of view, it can be more attractive to recover
waste heat in a bottoming power unit [1,2,4]. Due to the tempera-
ture of the exhaust gases (�380 6 10 �C) and the current limited
power capacity of the FC plant, this kind of heat source is particu-
larly suitable for recovery in an ORC system. Moreover, the inte-
gration of the MCFC unit with the ORC turbogenerator requires
only simple modifications to the plant layout: the addition of a
counter-flow heat exchanger to heat the ORC working fluid. In
principle, the implementation of the ORC turbogenerator can be
designed also as a plant retrofit, which can also be technically and
economically attractive.

Temperature and composition of exhaust gases vary during the
useful life of the MCFC unit due to changes in efficiency of the
FC system. The power output of a MCFC stack typically suffers
from a progressive performance decay. This reduction is almost
linear over time and is periodically recovered with a maintenance
procedure based on stack replacement [3] (every five years, as
generally proposed by manufacturers). Therefore, for the purpose
of this study, it is possible to model the FC plant by referring to
mean values of composition, temperature, and mass flow rate of
the exhaust gases. As Table 2 shows, the assumed data for the

MCFC system are equal to the average between the beginning of
life (BOL) and the end of life (EOL) conditions.

3 Thermodynamic Design of the Heat Recovery Cycle

and Working Fluid Selection

One of the main steps in designing ORC processes is the selec-
tion of the working fluid. Since the exhaust gases are released
from the MCFC unit at about 380 �C, the heat recovery cycle is
classified as a high temperature ORC [11]. Extensive surveys
about this kind of application have been already presented in liter-
ature: Angelino and Invernizzi [12] considered aromatics hydro-
carbons, siloxanes, perfluorobenzene, and allied compounds for
space power cycles; Angelino and Colonna di Paliano studied, in
addition to the previous substances, the performance of alkanes
[1] and siloxanes mixtures [2], and Drescher and Brüggemann
[13] suggested the exploitation of alkylbenzenes in biomass CHP
plants.

3.1 Thermal Stability. Unlike water, organic substances
undergo chemical decomposition at high temperature [14]. For
this reason, fluids suitable for the analyzed application must fea-
ture a high level of thermal stability, and the maximum operating
temperature of the thermodynamic cycle is limited to preserve the
useful life of the ORC working medium. The temperature thresh-
old, below which thermal degradation occurs at an acceptable
rate, should be assessed by experimental investigation. Testing
equipments should reproduce realistic operating conditions, since
fluid degradation is a complex irreversible phenomenon influ-
enced by several aspects, such as the type of containing materials,
the residence time, and the nature and quantity of impurities
(moisture, lubricants, or air) [12,15]. However, such detailed data
only exist for a limited number of fluids. For the others, available
information is limited to laboratory tests, the results of which are
sometimes ambiguous [12,16]. For example, Andersen and Bruno
[17] found that toluene decomposes at 315 �C with a rate higher
than that of n-pentane. On the contrary, it was successfully tested
in a dynamic test loop at 400 �C [18], and it is currently used in a
power cycle with a turbine inlet temperature of 325 �C [19]. These
discrepancies are generally due to differences in test conditions
that make the data retrieved in literature not strictly comparable
[12]. In general, from literature sources [12,16,17], it can be con-
cluded that:

• for similar substances (i.e., with the same chemical structure),
the thermal stability gets worse with fluids having higher mo-
lecular weight

• branched molecules are less thermally stable than straight
chains, and ring structures are the most thermally stable (e.g.,
benzene)

• thermal stability of organic fluids is negatively influenced by
the presence of air, moisture, or other impurities in the
system

For the considered case study, the constraint on the maximum
temperature limits the candidate working fluids to the list reported
in Table 3. Four classes of substances can be recognized: aromatic
hydrocarbons, alkanes, siloxanes, and hydrofluorocarbons. Most
of these fluids show good thermal stability at least up to 270 �C.

The stability thresholds (Tstab) of Table 3 are assessed on the
basis of specific experimental investigation [14,18,20–26], if
available, or of technical papers about real applications [19,27].
For thermal stability of n-butane, n-hexane, cyclobutane, and D3,
no reliable references are available in literature. Therefore, as a
first approximation, these substances are supposed to behave at
high temperature, as other fluids with similar molecular structure:
n-butane and n-hexane as n-pentane, cyclobutane as cyclopentane,
and D3 as the other siloxanes. It is also necessary to clarify that
the threshold temperature associated with cyclohexane has only a
qualitative validity. According to Ref. [24], at 290 �C cyclohexane

Table 1 Main performance data of the MCFC unit [10]

MCFC “DFC3000” performance data

Power output @ BOL (beginning of life) (kWel) 2800
Power output @ EOL (end of life) (kWel) 2520
Efficiency (LHV) (%) 47 6 2
Exhaust temperature ( �C) 379 6 10
Exhaust flow (kg/h) 16,600
NOx emissions (g/MWh) 4.5
SOx emissions (g/MWh) 0.045
PM10 (g/MWh) 0.009
CO2 (kg/MWh) 445

Table 2 Exhaust flow composition, mass flow rate, and tem-
perature for the MCFC unit [9]

Components (mol %) BOL EOL Assumed value

CO2 4.5% 4.1% 4.3%
H2O 18.8% 17.3% 18.1%
N2 67.5% 68.5% 68.0%
O2 9.1% 10.2% 9.6%
Total 100.0% 100.0% 100.0%
Mass flow rate 4.61 kg/s 5.07 kg/s 4.84 kg/s
Temperature ( �C) 369 �C 390 �C 379 �C
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exhibits only a marginal stability, not adequate for industrial
applications. Nevertheless, Tstab of cyclohexane is assumed equal
to 290 �C, since (i) Ref. [24] does not describe how such a result
has been obtained and (ii) there are other laboratory tests proving
that a molecule of the same class, cyclopentane, features good
thermal stability up to 300 �C [20], provided that no interaction
with air occurs.

Looking at Table 3, it is important to consider that some of the
reported values of Tstab are assessed in particular experimental
conditions, for instance, by considering pure fluids or test lengths
limited to few hours [14]. For this reason and also for precaution-
ary considerations, these values can be higher than those applica-
ble to a real application. Thermodynamic properties of the fluids
of Table 3 are retrieved from Refs. [28] and [29], while the global
warming potential (GWP) is taken from Ref. [30].

3.2 Environmental Impact and Safety Issues. Candidate
substances suitable for ORC power systems should also feature a
limited environmental impact. In order to evaluate this aspect,
some parameters are taken into account, such as ozone depletion
potential (ODP) and GWP, ASHRAE safety classification or
occupational exposure limit (OEL), and the flammability level
[31–33]. In the present study, the following criteria are applied:

• Fluids with ODP higher than zero have to be discarded, because
they will be phased out over the next few years. For this reason,
hydrochlorofluorocarbons (HCFC) are not examined.

• Substances with a GWP greater than 1370 (i.e., the GWP of
R-134a, one of the most used fluids in refrigeration applica-
tions) feature an unacceptable environmental impact. Note
that R-134a will be phased out of automotive air-
conditioning applications in Europe due to its GWP by 2017.

• All the substances listed in Table 3, except benzene, present
reasonably low toxicity characteristics.2

• The flammability hazard posed by each fluid is controllable
by designing properly the ORC components, according to the
safety precautions prescribed in the operating environment
[15,34]. For instance, hydrocarbons as toluene and pentane
have been successfully used at relatively high temperature
[16,19,27] without posing any serious problem. However, the
hazard control requirements increase the cost of the ORC in-
stallation [15].

3.3 Screening of Working Fluids. In order to identify the
most suitable fluids for the investigated application, it is neces-
sary, for each organic substance, to simulate the integration of the
ORC system with the fuel cell plant and to assess the maximum

Table 3 Working fluids for high temperature ORC. For each fluid, the table shows the CAS number, the critical temperature, TC,
and pressure, PC, the normal boiling temperature, TB, and the molecular weight, MW, the thermal stability threshold, Tstab, and the
global warming potential, GWP.

Substance CAS number TC ( �C) PC (bar) TB ( �C) MW (kg/kmol) Tstab ( �C) GWP

Aromatic hydrocarbons
Benzene 71-43-2 288.87 49.06 80.07 78.11 > 350, [17,24] –
Toluene 108-88-3 318.60 41.26 110.60 92.14 > 350, [18,19,25] –
p-Xylene 106-42-3 343.04 35.26 138.31 106.17 �300, [24] –
o-Xylene 95-47-6 357.28 37.45 144.38 106.17 �300, [24] –
m-Xylene 108-38-3 343.70 35.40 139.07 106.17 �300, [24] –
Ethylbenzene 100-41-4 343.97 36.16 136.17 106.17 < 290, [24] –
Propylbenzene 103-65-1 365.14 32.01 159.20 120.19 n.a. –
Buthylbenzene 104-51-8 387.33 28.87 183.26 134.22 n.a. –

Linear alkanes
n-Butane 106-97-8 151.98 37.96 –0.49 58.12 270a �20
n-Pentane 109-66-0 196.55 33.70 36.60 72.15 270, [27] �20
n-Hexane 110-54-3 234.67 30.34 68.71 86.18 270a n.a.

Cyclic alkanes
Cyclobutane 287-23-0 186.85 48.40 12.53 56.11 300b n.a.
Cyclopentane 287-92-3 238.54 45.15 49.25 70.13 300, [20] 11

Cyclohexane 110-82-7 280.49 40.75 80.74 84.16 < 290, [24] n.a.
Linear siloxanes
MM 107-46-0 245.60 19.39 100.25 162.38 > 350, [22] –
MDM 107-51-7 290.94 14.15 152.51 236.53 > 350, [23,26] –
MD2M 141-62-8 326.25 12.27 194.36 310.69 > 350, [23] –

Cyclic siloxanes
D3 541-05-9 281.00 16.60 135.09 222.46 > 350c –
D4 556-67-2 313.35 13.32 175.35 296.62 > 350, [22,26] –
D5 541-02-6 346.00 11.60 210.90 370.77 > 350, [22] –

Hydrofluorocarbons HFC
R125 354-33-6 66.02 36.18 –48.09 120.02 > 350, [21] 3420
R134a 811-97-2 101.06 40.59 –26.07 102.03 > 350, [21] 1370
R143a 420-46-2 72.71 37.61 –47.24 84.04 350, [14] 4180
R227a 431-89-0 101.75 29.25 –16.34 170.03 > 350, [14] 3580
R236fa 690-39-1 124.92 32.00 –1.44 152.04 > 350, [14] 9820
R245fa 460-73-1 154.10 36.51 15.14 134.05 260–300, [14,15] 1050

aSince no detailed data are available in the literature regarding n-butane and n-hexane, for these fluids, the same thermal stability threshold of n-pentane
is assumed.
bSince no detailed data are available in the literature for cyclobutane, the same thermal stability threshold of cyclopentane is assumed.
cD3 thermal stability has been assumed equal to that of the other siloxanes.

1The occupational exposure limit, the threshold below which a toxic substance
has no effect on the health of the workers for an exposure period of 8 h per day, is
1 ppm for benzene, against 100 ppm of toluene and xylene, and 300 ppm of R245fa.
Since toluene is currently employed in ORC systems and the toxicity level of the
other considered aromatic hydrocarbons, when available, is comparable to that one
of toluene (and also of some refrigerants), it is assumed that only benzene is affected
by a level of toxicity incompatible with ORC applications.
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achievable power. Since this operation is time consuming, it is ad-
visable to reduce the number of candidate fluids by discarding
those requiring a relatively high condensation temperature (Tcond).

At the condenser, two technical constraints are imposed:

(1) The minimum cycle temperature is 35 �C, because cooling
water at 15 �C is assumed.

(2) The minimum condensation pressure is 100 kPa, as a pre-
caution against excessive inward leaking of incondensable
gases in the condenser, which would negatively affect con-
version efficiency and the thermal stability of the working
fluid [12,16]. In addition, more costly requirements would
be needed in order to maintain stable vacuum conditions.

For each fluid, the ORC condensing temperature is thus pre-
scribed by applying the more restrictive constraint (see Table 4).

In general, fluids with high Tcond achieve lower performance in
a waste heat recovery application, since they reject thermal energy
at a temperature which is higher than the prescribed minimum
(35 �C). In fact, for the analyzed system, even in the case of a
CHP application, it is more convenient to maximize electricity
production in the ORC unit and exploit the residual thermal
energy of the flue gases for cogeneration purposes. Condensation
heat is not exploited for cogeneration, as usually done in biomass-
fired ORC power plants, but is dissipated to the environment. For
this reason, fluids demanding higher condensing temperature are

strongly penalized. With reference to the case study, some prelim-
inary simulations have clearly shown that fluids characterized by
a condensation temperature higher than 60 �C allow achieving, by
far, the worst conversion performance. These substances, high-
lighted in bold in Table 4, are not further considered in the
analysis.

3.4 Optimal Fluids. For each selected substance, whose sat-
uration curves are shown in Fig. 1, detailed simulations of the
integrated power plant are carried out. Simulations require solving
the mass and energy balances only for the ORC system, since data
about MCFC exhaust gases (composition, temperature, and mass
flow rate) are provided by the manufacturer [9]. The layout of the
combined plant is shown in Fig. 2.

ORC simulations are performed using a commercial simulation
tool [6], while cycle parameters are optimized by an external code
implemented in a general purpose technical computing environ-
ment [7]. The optimization algorithm iteratively changes the max-
imum temperature (vapor temperature at turbine inlet) and the
evaporation pressure of the working medium in order to maximize
the objective function, namely, the net power of the ORC genset.

The main assumptions are summarized below:

• Efficiency values of turbine and feed pumps are set to the
same values for all the considered fluids (values are sug-
gested by the ORC manufacturer [35] and are reported in Ta-
ble 5), even if the operating parameters, the fluid properties,
and the power size have a strong influence on component

Table 4 Condensation temperature of candidate fluids (fluids
which do not satisfy the environmental requirements discussed
in Sec. 3.2 are not considered)

Substance CAS number Tcond ( �C)

R134a 811-97-2 35.0
Cyclopentane 287-92-3 35.0
Cyclobutane 287-23-0 35.0
R245fa 460-73-1 35.0
Cyclohexane 110-82-7 35.0
n-Hexane 110-54-3 35.0
n-Pentane 109-66-0 35.0
n-Butane 106-97-8 35.0
MM 107-46-0 37.3
Toluene 108-88-3 45.3
D3 541-05-9 67.6

Ethylbenzene 100-41-4 68.0

p-Xylene 106-42-3 68.8

m-Xylene 108-38-3 69.7

o-Xylene 95-47-6 74.1

MDM 107-51-7 82.3

D4 556-67-2 103.5

MD2M 141-62-8 118.9

D5 541-02-6 132.9

Fig. 1 Saturation curves of selected fluids

Fig. 2 Layout of the integrated plant
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efficiencies. However, this approximation does not compro-
mise the identification of most suitable organic substances for
the power plant [1].

• Cooling water is assumed available at 15 �C, allowing for a
condensation temperature of 35� if the resulting pressure is
above 100 kPa. The condensation temperature of each fluid is
reported in Table 4. The maximum temperature increase of
cooling water is limited to 8 �C, in compliance with typical
environmental regulations.

• The minimum temperature difference, DTp.p., in the primary
heat exchanger (PHE) and in the regenerator (REG) are not
taken as optimization variables, but they are fixed to 30 �C
and 15 �C, respectively. Moreover, the constraint on the
DTp.p. in the PHE univocally defines the mass flow rate of the
ORC working fluid.

• The regenerator is included in the ORC plant layout for each
of the candidate fluids.

The last assumption is motivated by the fact that regeneration
reduces heat recovery (due to the higher inlet temperature of the
working fluid in PHE), but, depending on the working medium
and operating conditions, does not affect or allows for an increase
of the ORC power output [36]. The two following arguments can
explain this result. Suppose that the optimal value of turbine inlet
temperature and cycle pressure have been found, and consider the
composite temperature thermal power curve (T-Q curve) of the
exhaust gases and the working medium reported in Fig. 3. Once
the cycle parameters are fixed, the pinch point position in the PHE
occurs at a certain point along the T-Q curves, depending on the

exhaust gases inlet temperature and heat capacity. The mass flow
rate of the generated vapor is defined by the thermal power recov-
erable between the exhaust inlet and the pinch point of the PHE.
If fluid regeneration is not performed, the pinch point position and
mass flow rate of vapor do not change. Therefore, since the outlet
and inlet condition of turbine and feed pump are fixed (points 1, 2,
4, and 5 in Fig. 2), the net power of the cycle remains constant (if
variations in the pressure drops across the heat exchangers of the
ORC unit are neglected). In this case, it comes out that regenera-
tion has no influence on ORC net power production.

Now consider the case of Fig. 4. The pinch point position is at
the inlet of PHE. At the same turbine inlet temperature and cycle
pressure, without regeneration, the pinch point moves at a lower
temperature and then the vapor mass flow rate decreases (it can be
deduced by observing the increase in the slope of the composite
curve of the working fluid in the T-Q diagram), penalizing the net
power output. In general, a new optimization of the cycle parame-
ters does not improve the solution as much as obtained with fluid
regeneration. In this circumstance, the regenerator positively
affects the electricity production, since it enhances the matching
between the hot and cold composite curves in the PHE.

Moreover, for the analyzed case study, regeneration entails two
benefits:

(1) Due to the higher temperature of exhaust gases at the PHE
outlet, the remaining thermal energy can be exploited for a
cogeneration purpose.

(2) Since the maximum temperature increase of cooling water
is 8 �C, regeneration permits reducing the power consump-
tion of the condenser pump, thus increasing the net electric-
ity production of the plant. On the contrary, this effect does
not occur when the DTp.p. of the condenser is instead kept
constant.

A crucial aspect for the validity of ORC simulations is the
selection of a reliable equation of state (EOS) for the estimation
of the thermodynamic properties of the working fluid. Reference
or technical equations of state (REOS) have been developed by
the National Institute of Standards and Technologies (NIST) for a
number of organic substances [28], among which most of the flu-
ids are used in refrigeration. The adopted simulation tool pro-
vides the option of estimating fluid properties with REOS only
for a limited set of fluids. In case of MM, cyclopentane, and
cyclobutane, therefore, a simpler and less accurate thermo-
dynamic model has been employed, namely the Peng–Robinson

Table 5 Component efficiency and operating parameters

Turbine efficiency (%) 78.7a

Pump efficiency (%) 75.2
Cooling water temperature ( �C) 15
Cooling water maximum temperature increase ( �C) 8
Minimum temperature working fluid ( �C) 35
Minimum pressure working fluid (kPa) 100
DTp.p. PHE ( �C) 30
DTp.p. REG ( �C) 15

aOverall turbine efficiency is estimated assuming 82% isentropic effi-
ciency and 96% mechanical efficiency.

Fig. 3 The composite temperature thermal power curve (T-Q
curve) of the exhaust gases and the working medium. Pinch
point does not occur at the ends of PHE.

Fig. 4 Composite temperature thermal power curve (T-Q curve)
of the exhaust gases and of the working medium. Pinch point
occurs at the inlet of the working fluid in PHE.
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cubic equation of state. This approximation does not compromise
the comparison among the various simulated heat recovery units
adopting different working fluids, because the error introduced
by Peng–Robinson EOS is expected to be within the total uncer-
tainty of the overall model of the ORC system.

The solution found by the optimization procedure should also
satisfy physical and technical constraints typical of the ORC pro-
cess. An arbitrary combination of the cycle parameters can be
unfeasible, for instance, yielding a two-phase fluid at the outlet of
the evaporator or a wet expansion in the turbine. Therefore, pro-
cess constraints are embedded in the optimization algorithm,
returning an objective function equal to –1 if any constraint is
violated. This procedure has the following advantages:

(a) explicit relationships to describe technical and physical
constraints of ORC are not needed

(b) the original constrained problem is transformed into an
unconstrained one

(c) the optimization procedure is robust with respect to sim-
ulation errors

On the other hand, this approach has the drawback that the
objective function is not continuously differentiable, so that tack-
ling this optimization problem requires a robust derivative-free
method. For our problem, the complex method [37] is preferred
due to its robustness and relative simplicity.

The results of the optimization procedure are reported in
Table 6.

The organic substance allowing for the best performance is
cyclohexane: more than 80% of the MCFC exhaust energy can be
converted into electricity, and this simulated ORC system features
also the highest thermal efficiency, namely, 26%. This result is
achievable, thanks to the almost perfect matching between the hot
and cold composite curves in the primary heat exchanger, as
shown in Fig. 5. The regenerator improves the performance of the
ORC, because the pinch point position is located at the inlet of the
working fluid in the PHE. The cycle is supercritical, and this is the
case for all other working fluids, except toluene, which allows
achieving the maximum performance at relatively low pressure
(17 bar). In comparison to the cyclohexane ORC system, the adop-
tion of toluene as the working fluid provides several advantages:

(a) Fluid regeneration is not necessary, unless cogeneration
is exploited, since the pinch point position is not affected
by the temperature of the working medium at the inlet of
the PHE (see Fig. 6).

(b) The volume flow ratio (VFR) of the turbine is more
favorable (high VFR demands for a complex and large
turbine and, consequently, the cost of the system is
bound to be greater) [1].

Table 6 Simulated ORC performance for each candidate working fluid. The net power is scaled assuming 1 MW of recoverable
thermal energy from the fuel cell plant, which corresponds to an exhaust temperature at stack of 85 �C. Table rows in bold charac-
ters represents the three cases considered in the economic analysis.

Substance EOS
ORC Net

powera (kWel)
Tin turbine

( �C)
Cycle

pressure (bar)
Vout/Vin
turbine gel gII vb

Tout
exhaust ( �C)

Cycle
type

Cyclohexane Refprop 221.83 290.00 48.51 574 26.15% 42.66% 84.83% 130.61 Supercritical

Cyclopentane Peng Rob. 219.11 290.70 89.00 214 25.01% 42.14% 87.61% 122.22 Supercritical
Cyclobutane Peng Rob. 208.87 300.00 143.00 70 24.65% 40.17% 84.72% 130.94 Supercritical
Toluene Refprop 206.24 247.85 17.00 175 24.86% 39.66% 82.95% 136.24 Saturated

n-Hexane Refprop 201.15 270.00 53.00 354 24.38% 38.68% 82.51% 137.58 Supercritical
n-Pentane Refprop 193.98 270.00 80.99 120 23.84% 37.31% 81.36% 141.04 Supercritical
R245fa Peng Rob. 186.16 290.42 142.87 64 23.91% 35.80% 77.86% 151.53 Supercritical
n-Butane Refprop 182.55 270.00 117.00 39 22.89% 35.11% 79.76% 145.82 Supercritical
MM Peng Rob. 181.25 260.96 30.04 754 24.28% 34.86% 74.64% 161.16 Supercritical

R134a Peng Rob. 174.10 301.57 185.00 17 23.35% 33.48% 74.56% 161.40 Supercritical

aORC net power is computed as the difference between the electrical power of the turbogenerator and the consumption of the feed pump and the cooling
water pump.
bHeat recovery factor.

Fig. 5 Temperature–entropy diagram for cyclohexane

Fig. 6 Temperature–entropy diagram for toluene
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(c) The cycle pressure is lower, which implies a lower capi-
tal expenditure (CAPEX) for the bottoming unit, since
cycle pressure influences specific costs of piping and
heat exchangers, one of the major cost items of ORC
power plants [38].

For these reasons, the toluene ORC unit, as well as the cyclo-
hexane one, is selected for the economic comparison with the
standalone MCFC power plant. In addition, an ORC system fea-
turing a nonhydrocarbon fluid is also considered in order to extend
the analysis. Simulated heat recovery units employing MM and
R245fa as working fluids result in similar performance. The sys-
tem with MM as working fluid is selected for inclusion in the eco-
nomic analysis; even its performance is slightly lower, due to the
following attractive features:

(a) the low cycle pressure, overall less than half of the
cyclohexane cycle pressure

(b) the lower cost of the fluid compared to R245fa
(c) the higher temperature of the exhaust gases at the PHE

outlet, an aspect which promotes the exploitation of the
remaining heat for cogeneration

Furthermore, the choice of MM is also supported by the fact
that state-of-the-art high-temperature ORC currently employs
mainly siloxanes as working fluids [11].

Finally, it is worth noting that, in each optimized cycle, the
vapor superheating is limited to the amount strictly required in
order to avoid that liquid droplets enter the turbine. As shown in
Ref. [33], superheating negatively affects cycle efficiency in case
the working fluid features a positive slope (dT/ds) of the saturation
vapor curve in the T–s diagram. In the MM and cyclohexane
cycles (see Figs. 5 and 7), it occurs that some thermodynamic
states in the expansion are very close to the saturation curve. As it
is well known that liquid droplets formation in the turbine can
affect negatively its efficiency and reliability, this aspect should
be further investigated.

4 Economic Analysis of the Combined Plant

For each of the selected optimized ORC systems, four differ-
ent configurations are examined, in order to point out the influ-
ence of scale effects and of the cogeneration option on the
economics of the combined plant. As far as the plant scale is
concerned, two different power capacities of the bottoming sys-
tem are analyzed:

(1) the combined plant employs two MCFC modules, resulting
in an electrical power of the ORC unit between 500–700
kWel, depending on the considered working fluid

(2) the combined plant consists of four MCFC modules and of
an ORC genset with a net power output above 1 MWel

In the following, these two plant configurations are referred to
as the 500 kWel and 1 MWel cases.

When the exploitation of the remaining heat in the flue gases
for cogeneration purposes is also investigated, a counter-flow heat
exchanger is added to the plant layout before the stack, such that
it can generate hot water for a heating network.

In contrast to the procedure followed for the selection of the
optimal fluids, for all cases without cogeneration, the regenerator
is not employed, even if this implies, especially for an MM ORC
system, a loss in electricity production. This choice puts into evi-
dence the impact of the regenerator on the plant capital cost. The
analyzed configurations are summarized in Table 7.

4.1 Assumptions for the Computation of the LCOE. The
economic benefits due to the integration of the technologies are
assessed by evaluating the levelized cost of electricity (LCOE) of
the combined plant with respect to the standalone MCFC system.

MCFC Unit. In the case of the standalone MCFC unit, the
LCOE is equal to 11.5 ce per kWel installed, assuming 15 years of
service life of the plant and a cost of natural gas slightly higher
than 5 e/GJ [3,9]. In order to obtain conservative results, a coge-
nerative configuration is analyzed, considering the use of waste
thermal energy in the flue gases to supply a heating network.
Thus, the LCOE of the FC plant decreases about 2.3% (LCOE
DFC3000 with cogeneration¼ 11.24 ec/kWh). The revenue
related to cogeneration is obtained on the basis of the following
hypotheses:

(a) The minimum temperature of the exhaust gases at the
stack is 85 �C (this value corresponds to a return temper-
ature of the water of heating network equal to 70 �C).

(b) The thermal load of the heating system is 2000 equiva-
lent hours per year (which corresponds to the typical
load of a heating system at midlatitudes).

(c) A heat price equal to 25 e/MWh. This value is a con-
servative assumption according to the fuel cost stipu-
lated for the power plant, although heat prices for civil
users can be remarkably higher, due to lower consump-
tion volumes and different fuel taxation.

These assumptions, summarized in Table 8, are also used for
the cogenerative cases of the combined plant.

Fig. 7 Temperature–entropy diagram for MM

Table 7 Configurations examined in the economic analysis

Case ORC size Cogeneration Regenerator MCFC modules

1 500–700 kWel – – 2� 2.8 MWel

2 500–700 kWel Yes Yes 2� 2.8 MWel

3 1–1.4 MWel – – 4� 2.8 MWel

4 1–1.4 MWel Yes Yes 4� 2.8 MWel

Table 8 MCFC LCOE assumptions

Life of the power plant (year) 15
Fuel cost (e/GJ) 5.1
O&M cost (ce/kWh) 2.86
Average power produced (kWel) 2660
Availability (hour/year) 8000
Specific cost (e/kWel) 2450
Thermal power cogenerated for each module (kWel) 1640
Cogeneration time (hour/year) 2000
Heat price (e/MWh) 25
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It is worth noting that, in the evaluation of the LCOE, a low
cost of natural gas is considered; this is a conservative hypothesis,
because it reduces the abatement of LCOE achievable by integrat-
ing the two technologies.

ORC Unit. Costs of ORC systems are estimated on the basis
of the commercial experience of one of the major companies in
the field of ORC manufacturing [35], considering a turnkey sup-
ply. In particular, the cost evaluation procedure can be summar-
ized as follows:

(a) The turbine cost depends on its number of stages, mean
diameter, and maximum allowable operating pressure.3

The number of stages is three (for each considered sub-
stance) and the speed of revolution is 3000 rpm, in order
to allow direct coupling with the asynchronous genera-
tor. With these assumptions, the preliminary estimate of
the axial turbine size is performed according to the mean
line design procedure described by Macchi [39] and
Lozza et al. [40]. This method permits the optimization
of the basic turbine design variables (including mean di-
ameter, isentropic degree of reaction of stages, all rele-
vant blade geometric parameters, and pressure drop
subdivision among stages), using the Craig and Cox loss
correlation [41] to predict turbine performance.

(b) The cost of heat exchangers is assumed proportional to
the weight of the materials (carbon steel), according to
an empirical correlation, developed, analyzing commer-
cial proposals of different manufacturers. The design of
these components is carried out by an in-house tool, hav-
ing set the heat exchanger type, the inlet conditions of
the streams, and the temperature difference at the pinch
point.
For the evaporator of the ORC unit, a kettle-type shell
and tube heat exchanger is considered for the subcritical
cycle, while, for the supercritical cycles, a once through
heat exchanger is designed.

(c) The fluid cost is proportional to the mass (about 3 e/kg
for hydrocarbons, 5 e/kg for siloxanes) of the working
medium in the closed loop. The fluid quantity is esti-
mated, considering the volume occupied by the liquid in
the heat exchangers, increased 20% to take into account
the capacity of the pipes.

(d) Pumps are selected on the basis of the fluid type, mass
flow rate, and total head, considering an overhead of
10% with respect to the nominal condition as an operat-
ing margin. Prices are then retrieved from manufac-
turer’s lists.

(e) The cost of other components, as piping, control system,
measuring devices, lubrications systems, wirings, elec-
tronic power conditioning systems, etc., represents a fixed
percentage (�15%) of the total expenditure. This percent-
age decreases as the capacity of the ORC system increases.

In general, the most expensive component of the cycle is the
turbine, which represents 35% of the total capital investment. The
shares of the other cost items are: 30% for the heat exchangers,
10% for the working fluid, and 25% for other components. In the
cost estimation procedure, the results of which are reported in Fig.
8, effects related to production volume are not taken into account.

The genset affected by the high specific cost is the one employ-
ing cyclohexane as the working fluid, even if the estimated power
output is the largest of all the considered ORC power plants. This
is due to the high cycle evaporation pressure, which is one of the
key variables influencing the specific cost: as it can be observed in
Fig. 8, after cyclohexane, the system with the highest capital costs
is the MM ORC unit, which is characterized by a cycle pressure

greater than the one of the toluene genset. It is also worth noting
that, doubling the ORC power, the specific capital cost is reduced
by 30%.

The ORC LCOE, shown in Fig. 9, is evaluated on the basis of
the assumptions summarized in Table 8 and considering an O&M
cost of 0.5 ce/kWh. It is also important to observe that, in the
computation of the ORC LCOE (i) the lifetime of the bottoming
unit is shorter than that usually considered for these power plants
(15 years versus about 20 years [42]) and (ii) the value of the in-
terest rate (5%) is relatively high [43]. These are conservative
hypotheses, because they reduce the abatement of the LCOE
achievable by the integration of the two technologies.

4.2 Combined Plant Economy. Energy and economic per-
formance of the combined plant are summarized in Table 9. Add-
ing an ORC unit downstream from a MCFC system allows for an
increase of power and efficiency of more than 10%, except for the
MM cases without the regenerator. However, all the considered
configurations well exceed 50% of efficiency, which is the best
performance with respect to any competitive technology (like
large stationary or marine diesel engine) in this power capacity
range. On the contrary, the LCOE reduction (see Fig. 10) achieves

Fig. 8 ORC capital cost (e/kW)

Fig. 9 ORC LCOE

2The maximum allowable operating pressure of the turbine is calculated as the
nominal operating pressure plus a safety margin of 3 bar.
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lower improvements, approximately half of those related to the
energy performance of the combined plant. This is due to the fact
that ORC LCOEs (see Fig. 9) represent about 20% of the stand-
alone MCFC LCOE, while the ORC electricity production is
about 9% of the total electricity production.

The best LCOE reduction is obtained in the case of cyclohex-
ane systems, despite the highest capital cost of the ORC genset. In
fact, since the specific cost of the bottoming unit is significantly
lower than that of the MCFC system, the LCOE of the combined
plant is more influenced by the energy production of the ORC unit
than by its cost. For this reason, in the MM case, the quite high addi-
tional costs arising from the implementation of the regenerator are
more than offset by the increase in electricity production. Due to the
cogeneration and the regenerative configuration, the ORC power
plant employing MM as the working fluid approaches the economic
result of the ORC systems employing the two hydrocarbons.

5 Conclusions

This work investigates the major aspects of the practical feasi-
bility of the integration between a MCFC power plant and an or-
ganic Rankine cycle system by assessing the influence of all main
parameters affecting the integration, both from the technical and

economical point of view. The adopted method is as follows: (i)
selection of the more promising working fluids and of the more
profitable plant layouts for the ORC unit; (ii) optimization of ther-
modynamics parameters of the heat recovery system in order to
maximize the electricity production of the combined plant; and
(iii) economic analysis of the most promising configurations.

In particular, after a preliminary screening of the organic sub-
stance suitable for high-temperature ORC systems, ten candidate
fluids are selected. For each of them, detailed simulations of the
ORC are performed using a commercial process modeling tool,
while the optimization of the cycle parameters (cycle maximum
temperature and evaporation pressure) is obtained by an optimiza-
tion algorithm implemented in an external programming environ-
ment. The ORC layout considered in the optimization procedure
includes a regenerator, since simple considerations demonstrates
that regeneration, even if it reduces heat recovery, impacts posi-
tively on the ORC net power.

Results of the optimization procedure show that the best work-
ing fluids for the analyzed application are cycloalkanes, especially
cyclohexane and cyclopentane. Even if the simulations of systems
using MM and toluene as the working fluids result in a lower
power output, these working media have some favorable features,
namely, a lower cycle pressure and turbine VFR, which reduce
the capital costs of the ORC unit. For this reason, the following
economic analysis considers these two working fluids as well as
cyclohexane. For each selected substance, four different configu-
rations are examined, in order to point out the influence of the
ORC power capacity and the cogeneration option on the economy
of the combined plant. The benefits of the integration are assessed
on the basis of the LCOE.

The study results show that the addition of an ORC unit to the
MCFC system increases the electrical efficiency of the FC plant
from 47% to more than 53%. Using conservative assumptions
with commercial data provided by experienced companies in the
fields of FC and ORC systems, it is demonstrated that this effi-
ciency enhancement allows reducing the LCOE by a value of
about 6%–8%. The highest performance is obtained with cyclo-
hexane as the ORC system’s working fluid, which, in the best case
(with cogeneration and an ORC power size greater than 1 MWel),
allows reducing the MCFC LCOE by 8%. However, similar
results are obtained for toluene and the linear siloxane MM.

The economic feasibility of the combined plant is also demon-
strated for relatively smaller capacity (�500 kWel) of the ORC
unit, and it becomes particularly attractive for multi-MW MCFC
plants, implementing at least two modules of 2.8 MWel each,
where both efficiency and LCOE reach their best values. These
performance improvements can be achieved, implementing

Table 9 Energy and economic performance of the integrated plant for the different analyzed configurations

Analyzed cases Wel (MWel) Qcogen. (MWth) gel (%) LCOE Dgel
a (%) DLCOE* (%)

Cyclohexane

500 kWel w/o cogen. 5.99 – 52.93 10.53 12.62 –6.32
500 kWel w. cogen. 6.00 0.67 53.00 10.49 12.77 –6.66
1 MWel w/o cogen. 12.06 – 53.27 10.39 13.35 –7.60
1 MWel w. cogen. 12.07 1.24 53.34 10.35 13.49 –7.96

Toluene

500 kWel w/o cogen. 5.94 – 52.51 10.58 11.73% –5.91%
500 kWel w. cogen. 5.97 0.68 52.75 10.53 12.24% –6.34%
1 MWel w/o cogen. 11.96 – 52.82 10.42 12.38% –7.27%
1 MWel w. cogen. 11.97 1.29 52.86 10.39 12.48% –7.56%

MM

500 kWel w/o cogen. 5.82 – 51.39 10.73 9.34% –4.53%
500 kWel w. cogen. 5.89 0.85 52.01 10.60 10.65% –5.66%
1 MWel w/o cogen. 11.69 – 51.65 10.61 9.89% –5.59%
1 MWel w. cogen. 11.83 1.67 52.27 10.48 11.21% –6.75%

aWith reference to the standalone MCFC plant.

Fig. 10 LCOE reduction obtained by implementing the ORC unit

Journal of Engineering for Gas Turbines and Power APRIL 2013, Vol. 135 / 042309-9

Downloaded From: http://gasturbinespower.asmedigitalcollection.asme.org/ on 03/17/2015 Terms of Use: http://asme.org/terms



already well-established technology with clearly predictable costs,
and without penalizing the reliability of the plant. This may result
attractive with respect to more complex solutions, such as the
hybrid MCFC-gas turbine cycles, which offer higher performan-
ces, but involve a much more critical development of dedicated
turbomachinery, and a more difficult plant integration [4].

Nomenclature

Acronyms

BOL ¼ beginning of life of MCFC stack
CAPEX ¼ capital expenditure

EOL ¼ end of life of MCFC stack
EOS ¼ equation of state

FC ¼ fuel cell
GWP ¼ global warming potential
HFC ¼ hydrofluorocarbons

LCOE ¼ levelized cost of electricity
LHV ¼ low heating value

MCFC ¼ molten carbonate fuel cell
MW ¼ molecular weight
ODP ¼ ozone depletion potential
ORC ¼ organic Rankine cycle
PHE ¼ primary heat exchanger
REG ¼ regenerator

REOS ¼ reference equation of state
VFR ¼ volume flow ratio

Symbols

PC ¼ critical pressure
Q ¼ heat power

Tb ¼ boiling temperature
TC ¼ critical temperature

Tcond ¼ condensing temperature
Tstab ¼ thermal stability threshold of the organic fluid

V ¼ volume flow
W ¼ electrical power

s ¼ entropy

Subscripts

el ¼ electrical
in ¼ inlet condition

out ¼ outlet condition
p.p. ¼ pinch point

Greek Letters

g ¼ efficiency
v ¼ recovery factor
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201 7 Combined Cycle Plant Prices
Estimated equipment—plus-construction budget price for
standard OEM bare bones design

How much does a combined cycle
plant. cost‘.’ It depends on plant size and
scope. and on engineering tradcol‘l‘s for
the design and pcrlormanee optimisa-
tion liar specific applications.

(ii'l'W's combined cycle plant pric-
es are based on standard bare bones
plants designed for single-fuel op—
eration [gas—only] with conserva-
tive steam cycle design and without
HRSG duct. tiring or other perfor-
mance enhancing options.

The prices are quoted in US dollars
FOB factory tor F.P(‘ turnkey scope.
including major equipment supply.
plant engineering and construction.
They do not cover transportation.
project-specific options. owner‘s proj-
ect costs or project contingencies.

Except for some individual cases.
where new information from the mar—
ketplace has indicated otherwise. this
year‘s estimated combined cycle plant
prices reflect a slight dmvnward trend
compared to immediate prior years.

This I‘ollows the general move-
ment of the power plant capital cost
price index over the past two years
{see h ttps : N w w w. ih s .c o m .-"i n l‘ol’cerax"
ihsindexcs.-"]. The impact of the stron-
ger US dollar relative to other major
international currencies this past year
has also put downward pressure on
price levels quoted in US dollars.

Equipment scope. Limited to mini-
mum scopc ol‘ supply for plants de-
signed around one or more gas tur—
bine gensets. one or more matching
HRSGs (without SCR or CU cata-
lyst]. single steam turbine genset with
water-cooled condenser and mechan-
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ical draft cooling tower. integrated
plant controls. Includes:

I Gas turbine. Skid mounted sin—
gle-fuel unit with acoustic enclosure
for outdoor installation. with standard
starting and control systems. Includes
standard mechanical and electrical
auxiliaries normally supplied with
simple cycle gas turbine package {no
inlet air chilling or de-ieing').

o Steam turbine. Condensing
subcritical design. with single or du-
al-pressure levels for small plants.
triple-pressure levels with reheat for
large plants. Axial or radial exhaust.
steam bypass and controls. enclosure.
and n--'atcr-cooled condenser. Includes
all valves and controls (typically by-
draulic}.

O Unt'ired HRSG. Heat recovery
steam generator for outdoor installa-
tion. along with duetwork and short.
exhaust stack with silencing. Dual or
triple—pressure reheat units as dictated
by gas turbine and steam turbine size
and technology.

0 Generator. Airrcooled genera-
tors l‘or small gas turbines: hydro-
gen cooled t'or larger units. Large air-
cooled generators l'or combined cycle
application typically use enclosed wa-
ter-to-air cooling {'I‘EWAC) design.
Neutral grounding cubicle and bus to
tnain breaker included with generator
packages.

to Control system. Distributed
control system (DOS) l‘or integrating
gas turbine. ”FISH and steam turbine
controls with overall combined cycle
plant control and operation.

Balance of plant. Standard balance-

oli—plant equipment for installation
and operation:

I Mcchaniea] auxiliaries. Critical
water handling systems with pumps
and piping t'or boiler t‘eed water. con—
denser cooling water and condensate.

an Electrical auxiliaries. Auxiliary
power transformers and switchgear.
voltage regulators. bus and break-
ers needed I'or plant operation. Main
step-up transformers tone for each
generator") for connecting plant output
to the utility substation are excluded.

or Engineering and construction.
Allowance is made in Elli: costs For
plant design and engineering. thunde—
tions and installation of all equipment
assuming non-union labor.

Excluded options. Popular custom-
cr—speeitietl options considered out-
side combined cycle budget prices for
a bare bones combined cycle plant:

0 Bypass stack. Allows indepen-
dent operation ol‘ the gas turbine in
simple cycle mode for quick start and
flexible dispatch: option includes a
mechanical damper in exhaust duct-
ing to redirect flow.

I Inlet cooling. Evaporative and
mechanical chilling systems that can
boost plant output by up to It‘lti at
WWF hot day and sees relative hu—
midity operation.
I Duct firing. Supplementary duct

tiring to increase steam turbine out—
put: also rcquires upgrades in steam
and water ht—mdling systems.
i Catalysts. CD and SCR catalytic

section For HRSG ammonia injection
[to limit emissions) plus associated
ammonia storage and feed systems.

wwwgaslumineworldcom



e Back-up fuel. Storage and de-
livery of liquid fuel for back-up to
natural gas supply. Usually includes
fuel unloading station and alternative
provisions lior Nils control. such as
water injection.

Boundary limits. The defined scope
of supply narrowly sets boundary lim-
its such that they do not include util-
ity grid interconnections any trans-
mission lines. natural gas fuel pipe-
lines. or serviceiaccess roads external
to the plant site.

Within the plant site. such project
specific balance—of-plant equipment
such as fuel gas booster compressors,
water treatment systems. waste water
systems and cooling towers are also
excluded.

Price estimates reflect overnight
costs and esclude time-dependent
costs such as escalation and interest
during construction and highly vari—
able project-specific owner espenses
such as land. plant site preparation.
project development. financing. per-
mits. insurance. tases. etc.

Nor do they cover the "first fill“
of operating consumables such as
lube oil. chemicals. catalysts. special
tooling and replacement parts and
spares. which. although not a sig-
nificant percentage of total costs. is
worth noting.

Pricing scope. GTW‘s budget cost
estimates for combined cycles are
based on OEM reference plant de-
signs and EPC contractor costs. They
include cost of equipment and con-
struction. but esclude customised
EPC services. project-specific options
and owner‘s project costs.

In the real world. total plant costs
for combined cycle plants powered by
identical gas turbines can vary by as
much as 25% depending on dillcrcnc-
es in engineering. design choices and
add-on plant options and Facilities.

Marketplace plant price quotes are
invariably higher than GTW estimat-
ed budget prices. Result of eatended
scope of supply and project-specif-
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ic costs related to site location and
greater project complexity.

Given the uncertainty on scope of
supply. even for a bare bones plant.
we attach a plus or minus accuracy
of 15% to the estimated price of com-
bined cycle plants.

On the accompanying tables. com-
bined cycle plant power and efficien-
cy values are based on DEM ratings
for optimised reference plant designs
at ISO standard {59s}: ambient and
sea level] site conditions.

Size matters. As one might expect.
prices for combined cycle power
plants strongly eshibit the cost advan-
tages ofcconomics of scale.

The plot of combined cycle plant
price versus power output shows how
33 per kW prices sharply decrease with
increasing plant size. although they
level off at the upper end of the size
spectrum.

Compared to simple cycle plants.
this leveling off in the price vs. size
curve is delayed somewhat with com-

bined cycle plants due to the large
percentage of total plant cost attrib-
uted to the steam bottoming cycle and
balance-of-plant equipment.

There is also an associated rise in
the cost of more advanced steam tur-
bine cycle equipment to match ad-
vanced technology gas turbine dc-
signs for new generation combined
cycle plants in the SilllMW-plus size
that operate at. better than 60% net
plant efficiencies.

0n the gas turbine side. new ma-
terials and manufacturing processes
[such as single crystal and direction—
ally solidified castings} and ther-
mal barrier coatings for nos-ales and
blades to withstand higher firing tem—
perature. add substantially to costs.

The global growth in wind power
and solar generation has also spurred
the introduction of costly upgrades
and more flesible gas and steam tur-
bine designs for combined cycles ca-
pable of fast startup and ramping. op-
erational tlcsibiiity and high part-load
efficiencies and emissions control. I

2017 Combined Cycle Plants
Pricing data for a wide range of combined cycle plant ratings. "Best Fit" curve
for up to 600 MW plotted as $i’kW = (3.0? it 1004 it kWh-0.306] + 121. For
plants over 600 MW the “Best Fit” curve is plotted as saw = {5 a mom a
kWM .55} + 610.

{3. CC Plant Cost
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2017 Combined Cycle Plant Prices
Budget price in fixed 201 7 US dollars for total plant
including BOP equipment and construction

No. 8: Type
Gas Turbine

2 x THM1304-12N
1 x SGT-600
1 x FT8-3

1 x HB211-GT61 DLE
1 I SGT—700
1 It LM2500+ G4 DLE

1 x SGT-750
1 x LMEUDOPF
1 x LMEDDDPF Sprint

1 1: Trent 60 DLE
1 x 58.03
1 x SGT-800

2 x SGT-600
1 )1 Trent 60 DLE ISI
2 x FT8-3

2 1r. SGT-700
1 11 AE64.3A
2 1t LMBGDDPC

1 x BF.03
1 x LMS100PA+
2 x 68.03

1 x 7E.03
2 1t SGT-800
1 x H-100

1 x SGTB-2ODOE
1 1: 11117010731
2 x AE64.3A

2 x 6F.03
1 11 SGT5-2000E
2 x 7E.03

wwwgaatu rbinewcrrldnflrn

Net Plant
Rating

35.4 MW
35.9 MW
41.1 MW

42.6 MW
45.2 MW
47.7 MW

51.6 MW
58.0 MW
64.0 MW

66.4 MW
67.0 MW
71.4 MW

73.3 MW
77.5 MW
83.1 MW

91.6 MW
115.8 MW
118.0 MW

124.0 MW
136.0 MW
135.0 MW

141.0 MW
143.6 MW
169.6 MW

174.0 MW
212.5 MW
2330 MW

250.0 MW
275.0 MW
283.0 MW

Heat Flate
BtqWh

7,160 Btu
6,843 Btu
6,950 Btu

6,464 Btu
6,517 Btu
6,239 Btu

6,407 Btu
6,179 Btu
6,239 Btu

6,374 Btu
6,630 Btu
6,189 Btu

6,702 Btu
6,376 Btu
6,878 Btu

6,474 Btu
6,340 Btu
6,555 Btu

6,155 Btu
6,591 Btu
6,600 Btu

6,560 Btu
6,155 Btu
6,115 Btu

6,533 Btu
6,635 Btu
6,314 Btu

6,120 Btu
6,403 Btu
6,530 Btu

Efficiency

47. 7%
49.9%
49.1 31:

52.8%
52.4%
54.7%

53.3%
55.2%
54.7%

53.5%
51 .5%
55.1%

50.9%
53.5%
49.6%

52.7%
53.8%
52.1%

55.4%
51 .8373
51 .7%

52.0%
55.4%
55.854:

52.2%
51 .4%
54.0%

55.8%
53.3%
52.33%

Steam
Turbine

11.4 MW
12.6 MW
12.0 MW

12.6 MW
14.4 MW
14.2 MW

13.5 MW
14.0 MW
15.1 MW

16.0 MW
25.3 MW
23.1 MW

26.5 MW
16.6 MW
24.6 MW

30.0 MW
40.5 MW
28.1 MW

45.8 MW
20.9 MW
50.7 MW

52.8 MW
46.8 MW
55.0 MW

60.0 MW
70.4 MW
82.6 MW

93.4 MW
93.0 MW

105.8 MW

Budget
Plant Price

$48,000,000
$47,500,000
$55,000,000

$56,000,000
$57,000,000
$62,000,000

$63,800,000
$70,000,000
$73,500,000

$79,500,000
$73,500,000
$77,000,000

$80,000,000
$85,000,000
$92,000,000

$94,000,000
$115,000,000
$120,000,000

$116,000,000
$132,500,000
$126,000,000

$125,500,000
$130,000,000
$150,000,000

$155,000,000
$179,000,000
$200,000,000

$207,000,000
$225,000,000
$232,000,000

2016-17 GTW Handbaek

19k“!

$1,356
$1,323
$1,338

$1,315
$L261
$1,300

$1,236
$1,207
$1,148

$1,197
$1,097
$1,078

$1,091
$1,097
$1,107

$1,029
$993

$L01?

$935
$924
$933

$890
$905
$884

$991
$942
$959

$929
$919
$920

35



ND. 8: Type
Gas Turbine

1 x M501F
1 x GT13E2
2 x H-100

1 x SGT6-5000F
1 x 7F.05
1 I 9F.03

1 Jr. 7HA.01
1 x M501 GAC
1 1t SGT6-8000H

1 x 9F.05
1 x M501J
1 x GT26-1

1 x M501JAC
2 x SGT5-2000E
1 x M701F

2 x M501 F
2 1t GT13E2-2
1 x SGT5-3000H

1 x QHA.01
1 x M701J
1 x M701JAC

2 x SGT6-5000F
2 I 7F.05
2 I BEDS

2 x 501 GAC
2 x SGTB-BDDOH
2 :1: BEDS

2 at [111501.]
2 x GT26-2
2 X 501JAC

2 x SGT5—8000H
2 x 9HA.01

36 2015-17 BTW Hendbeuk

Net Plant
Rating

285.1 MW
289.0 MW
344.5 MW

370.0 MW
376.0 MW
405.0 MW

419.0 MW
427.0 MW
460.0 MW

462.0 MW
484.0 MW
502.0 MW

540.0 MW
551.0 MW
566.0 MW

572.2 MW
581.0 MW
630.0 MW

643.0 MW
701.0 MW
717.0 MW

746.0 MW
756.0 MW
815.0 MW

856.0 MW
930.0 MW
929.0 MW

971.0 MW
1,004.0 MW
1,083.0 MW

1,265.0 MW
1,289.0 MW

Heat Rate
BtulkWh

5,976 Btu
6,206 Btu
6,018 Btu

5,863 Btu
5,660 Btu
5,840 Btu

5,520 Btu
5,640 Btu
5,611 Btu

5,640 Btu
5,504 Btu
5,678 Btu

5,408 Btu
6,403 Btu
5,504 Btu

5,955 Btu
6,178 Btu
5,602 Btu

5,450 Btu
5,477 Btu
5,408 Btu

5,813 Btu
5,640 Btu
5,810 Btu

5,622 Btu
5,602 Btu
5,610 Btu

5,486 Btu
5,678 Btu
5,391 Btu

5,602 Btu
5,440 Btu

Efficiency

57.1%
55.0%
56.7%

58.2%
60.3%
58.4%

61.8%
60.7%
60.8%

60.5%
62.0%
60.1%

63.1 %
53.3%
62 . 0%

57.3%
55.2%
60.9%

62.6%
62.3%
63.1%

58.7%
60. 5%
58. 7%

60.7%
60.9%
60.8%

62.2%
60.1%
63.3%

60. 9%
62.7%

Steam
Turbine

102.4 MW
95.4 MW

115.3 MW

126.0 MW
144.7 MW
148.6 MW

153.3 MW
146.2 MW

NIA

173.3 MW
157.8 MW

NIA

174.9 MW
186.0 MW
186.7 MW

206.8 MW
193.4 MW
225.0 MW

256.9 MW
228.7 MW
230.0 MW

257.0 MW
293.0 MW
302.5 MW

294.4 MW
335.0 MW
348.9 MW

318.6 MW
MIA

352.8 MW

450.0 MW
515.2 MW

Budget
Plant Price

$221,000,000
$225,000,000
$250,000,000

$260,000,000
$270,000,000
$275,000,000

$300,000,000
$305,500,000
$310,000,000

$305,000,000
$326,500,000
$335,000,000

$355,000,000
$350,000,000
$373,000,000

$400,000,000
$375,000,000
$410,000,000

$425,000,000
$455,500,000
$463,000,000

$490,000,000
$500,000,000
$512,000,000

$560,000,000
$600,000,000
$610,000,000

$625,000,000
$625,000,000
$685,000,000

$780,000,000
$800,000,000

wwgasturhinewerldcem

$I|<W

$775
$779
$726

$703
$718
$679

$716
$715
$674

$660
$675
$66?

$657
$635
$659

$699
$645
$651

$661
$656
$646

$65?
$661
$628

$654
$645
$657

$644
$623
$633

$61?
$621
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Chapter 7: Economic Optimisation 

 

1. Investitionsentscheidung mit Hilfe von Entscheidungsbäumen (1996) 

2. Primärenergieeinsparung dezentraler Blockheizkraftwerke (2012) 













Jürgen Neubarth 1 

PRIMÄRENERGIEEINSPARUNG DEZENTRALER BLOCKHEIZ-
KRAFTWERKE IM VERGLEICH ZU GUD-KRAFTWERKEN 

UNTER BERÜCKSICHTIGUNG ÜBERREGIONALER VERSOR-
GUNGSAUFGABEN 

 

Dipl. Ing. Dr. techn. Jürgen Neubarth1 
1 e3 consult, Andreas-Hofer-Straße 28a, 6020 Innsbruck 

Tel: +43 512 908892, j.neubarth@e3-consult.at; www.e3-consult.at 

 

Kurzfassung: Der dezentralen Stromerzeugung wird zur Erreichung der Effizienz- und Kli-
maschutzziele i. Allg. ein hoher Stellenwert zugeschrieben. Vielfach wird die dezentrale 
Stromerzeugung aus fossilen Energieträgern in kleinen KWK-Anlagen in diesem zusammen-
hang als mögliche Alternative zu einer Stromerzeugung in großen GuD-Kraftwerken gese-
hen. Diese wird energiewirtschaftlich allerdings nur dann sinnvoll sein, wenn die eingesetz-
ten fossilen Energieträger effizienter und damit klimaschonender genutzt und darüber Kos-
tenvorteile erzielt werden können. Zusätzlich muss sie die Stromnachfrage in selber Art und 
Weise bedienen können wie die zentrale Erzeugung (d. h. gleiche Erzeugungscharakteristik), 
um das Niveau der Versorgungszuverlässigkeit nicht negativ zu beeinflussen. 

Die vorliegende Analyse zeigt dabei, dass dezentrale KWK-Anlagen im wärmegeführten Be-
trieb Strom und Wärme gegenüber GuD-Kraftwerken in Kombination mit einer dezentralen 
Wärmeerzeugung zwar deutlich effizienter bereitstellen können. Allerdings ist hier das Poten-
zial zur Verdrängung von Erzeugungsleistung im konventionellen Kraftwerkspark vergleichs-
weise gering. Umgekehrt sinkt mit zunehmender Ausrichtung des BHKW-Betriebs auf die An-
forderungen des Strommarktes die Energieeffizienz, da die Abwärme dann nicht immer voll-
ständig genutzt werden kann. Diese grundsätzliche Problematik, dass eine parallele Optimie-
rung von zwei nur eingeschränkt korrelierenden Systemen (öffentliche Stromversorgung 
bzw. Wärmeversorgung eines Objektes) nur bedingt darstellbar ist, lässt sich durch größere 
Wärmespeicher zwar zum Teil verringern, eine vollständige Substitution von GuD-
Kraftwerken durch Klein- und Kleinst-BHKWs ist energiewirtschaftlich jedoch nicht zielfüh-
rend. 

 

Keywords: Blockheizkraftwerk, GuD-Kraftwerk, dezentrale Erzeugung, Energieeffizienz, 
Versorgungssicherheit 

 



2  Primärenergieeinsparung dezentraler BHKWs im Vergleich zu GuD-Kraftwerken 

1 Einleitung und Fragestellung 

Der dezentralen Stromerzeugung wird zur Erreichung der Effizienz- und Klimaschutzziele 
i. Allg. ein hoher Stellenwert zugeschrieben. Dies trifft insbesondere auf eine dezentrale 
Stromerzeugung aus erneuerbaren zunehmend aber auch aus fossilen Energieträgern zu. 
Es sind jedoch nicht nur Effizienz- und Klimaschutzgründe, die eine dezentrale Stromerzeu-
gung heute sehr häufig als vorteilhaft gegenüber einer zentralen Stromerzeugung in Groß-
kraftwerken erscheinen lassen. Auch aus emotionalen Gründen wird eine vom gefühlten 
„Diktat“ der Großkonzerne unabhängige Erzeugung positiv bewertet. Beispielsweise wün-
schen sich nach einer von der Unternehmensberatung Accenture [1] in Deutschland durch-
geführten Umfrage 84 % der Teilnehmer eine stärker dezentrale Energieerzeugung; 12 % 
der Befragten überlegen dabei sogar, selbst ein Mini-Blockheizkraftwerk zu installieren. Für 
Österreich kann davon ausgegangen werden, dass dezentrale Erzeugungstechnologien ei-
nen ähnlich hohen Zuspruch innerhalb der Bevölkerung finden. 

Diese zunehmend pauschale Bewertung im Sinne „dezentral ist besser als zentral“ erfordert 
aus energiewirtschaftlicher Sicht jedoch eine differenziertere Betrachtung, um die dezentrale 
Stromerzeugung innerhalb des Zielsystems der österreichischen Energiepolitik (Abb. 1) ent-
sprechend ihres Beitrags zu den Dimensionen Umwelt-/Klimaschutz, Versorgungssicherheit, 
Wettbewerbsfähigkeit und Kosteneffizienz (Wirtschaftlichkeit ) sowie soziale Verträglichkeit 
einordnen zu können.  

 

Abb. 1: Ziele der österreichischen Energiepolitik [2] 

Während heute weitgehend gesellschaftlicher Konsens darüber besteht, dass dezentrale 
erneuerbare Technologien in Zukunft eine größere Rolle im österreichischen Stromversor-
gungssystem spielen sollen, ist die mögliche Rolle der dezentralen Stromerzeugung aus 
fossilen Energieträgern noch nicht klar definiert. Grundsätzlich geht die Energiestrategie Ös-
terreich davon aus, dass fossile Kohlenwasserstoffe weiterhin einen wichtigen Beitrag zur 
österreichischen Energieversorgung leisten werden. Die dezentrale Stromerzeugung aus 
fossilen Energieträgern in Klein- und Kleinst-Anlagen mit Kraft-Wärme-Kopplung (KWK) wird 
dabei vielfach als mögliche Alternative zu einer Stromerzeugung in großen GuD(Gas- und 
Dampfturbinen)-Kraftwerken gesehen. So sieht etwa die Energiestrategie Österreich nicht 
nur allgemeine Vorteile in der gekoppelten Strom- und Wärmeerzeugung, sondern im Spezi-
ellen in der dezentralen Stromerzeugung - „Keine Kraftwerke ohne KWK – Kraftwerksbau 
immer wärmebedarfsgesteuert, mittels dezentraler KWK-Anlagen“ ([2], vgl. Maßnahmenliste 
Punkt 86). Diese wird energiewirtschaftlich allerdings nur dann sinnvoll sein, wenn die einge-
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setzten fossilen Energieträger effizienter genutzt und darüber Kostenvorteile generiert wer-
den können. Andererseits sollte über eine dezentrale Stromerzeugung auf Basis fossiler 
Brennstoffe auch eine Minderung der Klimagasemissionen erreicht bzw. ein Beitrag zu den 
österreichischen Klimaschutzzielen geleistet werden. Zusätzlich muss sie die Stromnachfra-
ge in selber Art und Weise bedienen können wie die zentrale Erzeugung (d. h. gleiche Er-
zeugungscharakteristik), um das Niveau der Versorgungszuverlässigkeit nicht negativ zu 
beeinflussen. 

Dabei ist zu berücksichtigen, dass eine „positive“ energiewirtschaftliche Gesamtbewertung 
der dezentralen Stromerzeugung nicht zwangsläufig in allen Dimensionen des Zielsystems 
der österreichischen Energiepolitik einen Vorteil gegenüber der zentralen Stromerzeugung 
erfordert. Durch die dezentrale Stromerzeugung muss vielmehr insgesamt, über alle Wert-
schöpfungsstufen des Stromversorgungssystems betrachtet, ein positiver Effekt erzielt wer-
den. Für die energiewirtschaftliche Bewertung der dezentralen Erzeugung bedeutet dies, 
dass die Systemgrenze bspw. nicht am Verknüpfungspunkt mit dem öffentlichen Stromnetz 
gezogen werden darf, sondern auch die Wechselwirkungen mit dem zentralen Stromversor-
gungssystem zu berücksichtigen sind. 

Vor diesem Hintergrund wurden im Rahmen einer von der Energie-Control Austria beauftrag-
ten Studie „Dezentrale Erzeugung in Österreich“ insbesondere auch die energiewirtschaftli-
chen Aspekte Effizienz, Klimaschutz, Stromgestehungskosten sowie Beitrag zur Versor-
gungssicherheit dezentraler KWK-Anlagen analysiert [3]. Der vorliegende Beitrag stellt dabei 
die Ergebnisse eines dort beschriebenen Fallbeispiels dar, in dem die Aspekte Energieeffizi-
enz und Versorgungssicherheit der dezentralen im Vergleich zu einer zentralen Stromerzeu-
gung anhand eines Vergleichs der Stromerzeugung aus Erdgas in einem GuD-Kraftwerk und 
einem Mikro-/Kleinst-BHKW diskutiert werden. 

 

2 Methodik und Ergebnisse 

Ausgangspunkt des in [3] analysierten Fallbeispiels ist die Fragestellung, ob eine zentrale 
Stromerzeugung in einem Erdgas-GuD-Kraftwerk durch ein Kollektiv aus dezentralen Erd-
gas-Mikro- und/oder Kleinst-BHKWs ersetzt werden kann, so dass einerseits dieselbe Ver-
sorgungsaufgabe wahrgenommen und andererseits eine Primärenergieeinsparung erzielt 
werden kann. An dieser Stelle nicht betrachtet werden demgegenüber die unterschiedlichen 
wirtschaftlichen Aspekte der beiden Erzeugungsoptionen. Folgende Vorgehensweise wird 
zur Beantwortung der o. a. Fragestellung gewählt: 

1. Modellierung des Einsatzes eines erdgasbefeuerten GuD-Kraftwerks für die Jahre 
2008 bis 2009 anhand der EXAA-Spotmarktnotierungen sowie der entsprechenden 
Erdgas- und CO2-Zertifikatspreise.  

2. Ermittlung der Einsatzcharakteristik wärmegeführter BHKWs für zwei exemplarische 
Versorgungsaufgaben. 

3. Überlagerung der Einsatzcharakteristik des wärmegeführten Betriebs aus Punkt 2 mit 
dem GuD-Einsatzprofil aus Punkt 1 zu einer strom-/wärmegeführten Betriebsweise der 
BHKWs. 



4  Primärenergieeinsparung dezentraler BHKWs im Vergleich zu GuD-Kraftwerken 

2.1 Einsatzcharakteristik eines GuD-Kraftwerks am Strommarkt 

Die Entscheidung über den Einsatz eines GuD-Kraftwerks am Strommarkt hängt im Wesent-
lichen von zwei Randbedingungen ab - dem Strompreis (Erlös) sowie den variablen Einsatz-
kosten. Sind dabei die variablen Kosten der Erzeugung geringer als der zu erzielende Erlös 
kann ein positiver Deckungsbeitrag erzielt werden und der Einsatz der Erzeugungsanlage ist 
wirtschaftlich sinnvoll. Die Investitions- und sonstigen Fixkosten sind für die Einsatzentschei-
dung nicht relevant, da diese unabhängig vom tatsächlichen Einsatz anfallen. Allerdings 
müssen Investitions- und sonstigen Fixkosten über die Lebensdauer des Kraftwerks aus den 
Deckungsbeiträgen erwirtschaftet werden können. 

Für die Ermittlung der Erzeugungscharakteristik und damit der Einsatzdauer eines österrei-
chischen Erdgas-GuD-Kraftwerks wird von einem vereinfachten Ansatz ausgegangen. Der 
Einsatz wird ausschließlich gegen die Spotmarktpreise an der österreichischen Strombörse 
EXAA optimiert. Eine alternative Vermarktung an der deutschen Strombörse EEX (European 
Energy Exchange) sowie an den österreichischen und deutschen Regelenergiemärkten wird 
hier nicht betrachtet. Als variable Kosten des Kraftwerkseinsatzes werden die in Tabelle 1 
angeführten Kostenelemente sowie zusätzliche An- und Abfahrkosten in Höhe von 
27 €/MW*Start berücksichtigt.  

Tabelle 1: Eingangsparameter zur Ermittlung der variablen Einsatzkosten eines Erdgas-
GuD-Kraftwerks in Oberösterreich (u. a.[5], [6], [7] und [8]) 

  2008 2009 

Wirkungsgrad % 56 56 

CO2-Emissionsfaktor tCO2/MWhHu 0,2 0,2 

CO2-Zertifikatspreis €/tCO2 EEX CARBIX 

Gaspreis €/MWhHo EEX Spotpreis 

Netznutzung Gas €/MWhHo 0,429 0,425 

Netzverlustentgelt Strom (Netzebene 3) €/MWhel 0 0,7 

Systemdienstleistungsentgelt Strom €/MWhel 1,1 1,55 

Sonstige variable Betriebskosten €/MWhel 4,0 4,0 

An- und Abfahrkosten €/MWel*Start 27 27 

 

Da die langfristigen Erdgasbezugspreise der Kraftwerksbetreiber nicht bekannt sind, werden 
für die Modellierung die tagesscharfen Spotgaspreise der EEX herangezogen, da an der 
österreichischen Erdgasbörse (Central European Gas Hub, CEGH) die Spotpreise erst seit 
Dezember 2009 notiert werden. Der Fehler aus der Projektion deutscher Spotgaspreise auf 
Österreich ist allerdings vergleichsweise gering. Beispielsweise lagen im ersten Halbjahr 
2010 die Spotgaspreise an der CEGH im Mittel nur etwa 7 % über der EEX [5], [7]. Die Prei-
se der CO2-Zertifikate werden tagesscharf aus den Veröffentlichungen der EEX entnommen 
und für das Gasnetznutzungsentgelt sowie Netzverlustentgelt ein Standort in Oberösterreich 
unterstellt. In die „Sonstigen variablen Betriebskosten“ geht neben den Kosten für u. a. 
Rauchgasreinigung auch eine Mindestmarge für den Betrieb der Anlage ein. Die Erdgasab-
gabe fließt hingegen nicht in die variablen Kosten ein, da diese bei der Erzeugung von Elekt-
rizität rückerstattet wird. 

Aus der Summe der variablen Kosten kann nun für jede Stunde der Einsatz des modellierten 
GuD-Kraftwerks an der EXAA abgeleitet werden. In Abb. 2 ist dies beispielhaft für den Zeit-
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raum 1.- bis 7. Jänner 2008 dargestellt. Auf Grund der zu berücksichtigenden An- und Ab-
fahrkosten wird dabei die Anlage bspw. am Samstag nicht in der schwach ausgeprägten 
Mittagspitze sondern nur in der Abendspitze eingesetzt. 

 

Abb. 2: Prinzip der Einsatzplanung eines GuD-Kraftwerks am Strommarkt 

In Summe ergeben sich für das Jahr 2008 rd. 4.300 und für das Jahr 2009 ca. 4.800 Ein-
satzstunden mit jeweils knapp 330 An- und Abfahrvorgängen. Nicht berücksichtigt wurden 
dabei allerdings geplante und nicht geplante Nichtverfügbarkeiten auf Grund von Revisionen 
und Kraftwerksausfällen, sodass die tatsächlichen Einsatzstunden etwa 5 - 8 % unter den 
ermittelten theoretischen Einsatzstunden liegen. Dies wird bei den weiteren Betrachtungen 
vernachlässigt, sodass sich für 2008 und 2009 die in Abb. 3 dargestellte Verteilung der tägli-
chen Einsatzstunden für das modellierte GuD-Kraftwerk ergibt. 

 

 

Abb. 3: Tägliche Einsatzstunden GuD-Kraftwerk im Jahr 2008 und 2009 

Deutlich zu erkennen ist ein meist ausgeprägtes Einsatzmuster im Wochenverlauf, d. h. die 
Anlage ist hauptsächlich an Wochentagen in den Peak-Zeiten (8 - 20 Uhr) und z. T. auch 
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unmittelbar angrenzenden Stunden in Betrieb. Zusätzlich läuft die GuD-Anlage häufig an 
Samstagen in einzelnen Stunden (meist weniger als 6 Stunden) und teilweise auch an Sonn-
tagen (z. B. August bis Mitte Dezember 2009). Demgegenüber können ausgeprägte Phasen 
mit niedrigen Strompreisen (z. B. Mitte bis Ende Dezember 2008, April und Mai 2009) dazu 
führen, dass GuD-Kraftwerke nur in sehr wenig Stunden einen positiven Deckungsbeitrag 
erzielen können und damit kaum eingesetzt werden. 

2.2 Wärmegeführter Betrieb Erdgas-BHKW 

Entsprechend der Modellierung des Einsatzes eines GuD-Kraftwerks wird im Folgenden die 
Einsatzcharakteristik für zwei exemplarische Referenzsysteme mit erdgasbefeuerten BHKWs 
ermittelt. Die Versorgungsaufgabe der BHKWs lehnt sich an den Wärmebedarf eines „typi-
schen“ Ein- (EFH) und Mehrfamilienhauses (MFH) mit mittlerem Wärmedämmstandard an, 
wobei das Einfamilienhaus ohne und das Mehrfamilienhaus mit Spitzenlastkessel ausgestat-
tet ist (Tabelle 2). Die dargestellte Vorgehensweise lässt sich grundsätzlich auch auf andere 
Versorgungsaufgaben übertragen (z. B. Industrie- und Gewerbe).  

Tabelle 2: Referenzsystem Ein- und Mehrfamilienhaus mit BHKW-Kenndaten 

  EFH MFH 

Wärmebedarf 

Heizung kWh/a 15.000  250.000  

Warmwasser kWh/a 4.000  50.000  

Gesamt kWh/a 19.000  300.000  

BHKW 

Elektrische Leistung kWel 3 20 

Thermische Leistung kWth 8 35 

Wirkungsgrad elektrisch % 25 32 

Wirkungsgrad thermisch % 67 56 

Wirkungsgrad gesamt % 92 88 

Spitzenlastkessel 

Thermische Leistung kWth - 150 

Wirkungsgrad thermisch % - 90 

 

Für die Herleitung des täglichen Heizwärmebedarfs wird vereinfachend unterstellt, dass die-
ser entsprechend der täglichen Gradtagzahlen in ein kalendertägliches Raster übergeführt 
werden kann1. Da die Summen der Gradtagzahlen der Jahre 2008 und 2009 nur sehr gering-
fügig voneinander abweichen (1,5 %), muss der in Tabelle 2 angeführte Heizwärmebedarf 
nicht temperaturbereinigt sondern kann im Rahmen dieser Analyse für beide Jahre unverän-
dert herangezogen werden. Auf eine Differenzierung unterschiedlicher Gebäudetypen bzw. 
Wärmedämmstandards kann dabei ebenfalls verzichtet werden, da Ergebnisse aus anderen 
Studien zeigen, dass der jahreszeitliche Verlauf des normierten Raumwärmebedarfes (mittle-

rer Tageswärmebedarf bezogen auf den Jahreswärmebedarf) für die unterschiedlichen Ge-
bäudegrößen und Energiekennzahlen sehr ähnlich ist (Abb. 4). D. h. der Wärmebedarf der 

                                                
1 Es wird hierzu auf das arithmetische Mittel der Gradtagzahlen der Messstationen Wien-Hohe Warte, Wien-

Innere Stadt, Linz, Salzburg-Freisaal, Innsbruck-Universität und Graz-Universität gebildet [9]. 
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Gebäude unterscheidet sich nur durch die Höhe und nicht im Zeitverlauf. Der Zeitverlauf des 
Wärmebedarfs wird dabei im Wesentlichen durch das saisonabhängige Benutzerverhalten 
bestimmt, das in diesem Fallbeispiel über die Gradtagzahlen abgebildet wird. 

 

Abb. 4: Normierter Raumwärmebedarf (Tagesenergiebedarf) für Wohngebäude mit unter-
schiedlichen thermischen Isolationszuständen [4] 

Zusätzlich zum Heizwärmebedarf wird der Wärmebedarf zur Warmwasserbereitung dadurch 
berücksichtigt, dass der jährliche Warmwasserverbrauch gleichmäßig über alle Tage eines 
Jahres verteilt wird. Auf eine stundenscharfe Betrachtung kann unter der Annahme eines aus-
reichend dimensionierten Wärmespeichers verzichtet werden, wobei hier unterstellt wird, dass 
die für die Wärmebereitstellung erforderlichen täglichen Einsatzstunden der BHKWs im wär-
megeführten Betrieb flexibel innerhlab eines Kalendertags erbracht werden können. Mit diesen 
Randbedingungen kann nun die Einsatzcharakteristik der BHKWs im wärmegeführten Betrieb 
ermittelt werden, die in Abb. 5 für die beiden Referenzsysteme EFH und MFH dargestellt ist. 

Der Einsatz des BHKW im Einfamilienhaus folgt dabei dem Verlauf der Gradtagzahlen mit 
einer dem täglichen Warmwasserbedarf überlagerten Grundlast. Mit durchschnittlich 
2.380 Jahresvolllaststunden läuft die Anlage nur etwa halb so lange wie das in Abb. 3 darge-
stellte GuD-Kraftwerk, wobei das BHKW in rd. 2.800 Stunden nicht in Betrieb ist, in denen 
die GuD-Anlage Strom erzeugt. Umgekehrt erzeugt das BHKW in rd. 600 Stunden Strom, in 
denen das GuD-Kraftwerk nicht am Netz ist.  

Anders stellt sich die Situation bei dem betrachteten Referenzsystem MFH dar, wo das 
BHKW die Wärmegrundlast und nicht den gesamten Wärmebedarf abdeckt. Dadurch er-
reicht das BHKW 5.500 (2008) bzw. 5.000 (2009) Volllaststunden und deckt damit 65 bzw. 
58 % des Gesamtwärmebedarfs ab. Das BHKW läuft dabei während dem Winterhalbjahr 
praktisch ohne Unterbrechung mit Volllast. Umgekehrt muss im Sommerhalbjahr durch das 
BHKW im Wesentlichen nur der Warmwasserbedarf abgedeckt werden, wodurch die Be-
triebsstunden vergleichsweise gering sind. Dadurch ergeben sich gegenüber der Einsatzcha-
rakteristik einer GuD-Anlage rd. 1.700 Stunden, in denen das BHKW nicht in Betrieb ist bzw. 
2.300 Stunden in denen die dezentrale Anlage Strom erzeugt, nicht aber das GuD-Kraftwerk. 

Aus Sicht der Energieeffizienz liefert dieser wärmegeführte Betrieb der BHKWs die höchsten 
Energieeinsparungen gegenüber einer getrennten Strom- und Wärmeerzeugung. Für den 
Vergleich mit einer ungekoppelten Strom- und Wärmeerzeugung wird im folgenden unter-
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stellt, dass die alternative Wärmebereitstellung in einem Gasbrennwertkessel mit 90 % Wir-
kungsgrad erfolgt und durch die GuD-Anlage dieselbe Strommenge bereitgestellt wird, wie 
die dezentralen Anlagen erzeugen. Zusätzlich werden die, im Vergleich zur Stromerzeugung 
in einem Großkraftwerk vermiedenen Netzverluste der dezentralen Erzeugung mit 5 % be-
rücksichtigt. Für das Referenzsystem EFH liegt der gesamtenergetische Wirkungsgrad der 
dezentralen Variante bei 91,5 %, wohingegen die Stromerzeugung in einer GuD-Anlage mit 
getrennter Wärmeerzeugung eine Gesamteffizienz von ca. 76 % zeigt. Demgegenüber er-
reicht im Referenzsystem MFH die Variante BHKW + Spitzenlastkessel eine Gesamteffizienz 
von ca. 89 % und die Variante GuD + Gas-Brennwertkessel von rd. 76 %. 

 

 

 

 
Abb. 5: Einsatzcharakteristik BHKW im wärmegeführten Betrieb für die Referenzsysteme 

EFH und MFH in den Jahren 2008 und 2009 

Aus Sicht der Versorgungssicherheit können die Varianten dezentral und zentral allerdings 
nicht unmittelbar miteinander verglichen werden. Während das GuD-Kraftwerk bedarfsorien-
tiert Strom erzeugt, wird die Stromerzeugung der dezentralen Anlagen vom Wärmebedarf 
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der zu versorgenden Gebäude bestimmt. Werden beispielsweise die Spotpreise als Indikator 
für die vom konventionellen Kraftwerkspark zu deckende Nachfrage herangezogen, zeigt 
sich in den Jahren 2008 und 2009 keine einheitliche Beziehung zwischen Strom- und Wär-
mebedarf (Abb. 6). Während 2008 die EXAA Spotpreise (Tagesmittelwert) mit zunehmen-
dem Wärmebedarf tendenziell abnahmen, kann für 2009 eine umgekehrte Tendenz festge-
stellt werden. Dies bestätigt damit die in Abb. 3 dargestellten täglichen Einsatzstunden eines 
GuD-Kraftwerks, wo auch während der Sommermonate ein häufiger Einsatz festzustellen ist. 

    

Abb. 6: Korrelation EXAA Spotpreise (Tagesmittelwert) und tägliche Gradtagzahlen ausge-
wählter österreichischer Messstationen im Jahr 2008 und 2009 (Daten: [6], [9]) 

Durch diese unterschiedlichen jahreszeitlichen Anforderungen an die Strom- und Wärmebe-
reitstellung müssen die Erzeugungsschwankungen dezentraler KWK-Anlagen vom Kraft-
werkspark der öffentlichen Versorgung ausgeglichen werden. Während es im Winter vor al-
lem in den Nachtstunden zu Rückspeisungen in das Netz kommen kann, muss im Sommer 
ein Großteil des benötigten Stroms von außen bezogen werden. Die wärmegeführte Be-
triebsweise von dezentralen KWK-Anlagen führt damit insbesondere bei Anlagen mit ausge-
prägter saisonaler Einspeisecharakteristik, wie sie typischerweise bei der Heizwärmebereit-
stellung zu finden ist, zu einer geringeren Auslastung des konventionellen Kraftwerksparks.  

2.3 Strom-/Wärmegeführter Betrieb Erdgas-BHKW 

Die in 2.2 diskutierte wärmegeführte Betriebsweise der BHKWs liefert zwar die höchsten 
Primärenergieeinsparungen gegenüber einer ungekoppelten Strom- und Wärmerzeugung, 
kann die Versorgungsaufgabe eines GuD-Kraftwerks allerdings nicht ersetzten. Im folgenden 
Abschnitt wird daher analysiert, wie sich eine zusätzliche übergeordnete stromgeführte Be-
triebsweise der BHKW auf die Gesamteffizienz auswirkt. Hierzu wird das ex post modellierte 
Einsatzprofil der GuD-Anlage auf die dezentralen Anlagen übertragen, d. h. die dezentralen 
Anlagen sollen zusätzlich zu dem vom Wärmebedarf abhängigen Betrieb auch in den selben 
Stunden wie das Großkraftwerk Strom erzeugen, um dadurch dessen Versorgungsaufgabe 
übernehmen zu können. Abb. 7 zeigt die entsprechende Einsatzcharakteristik der BHKWs 
für die Referenzsysteme EFH und MFH. 

Deutlich zu erkennen ist dabei die Überlagerung der Einsatzprofile aus dem strom- (Abb. 3) 
und wärmegeführten Betrieb (Abb. 5). Durch diese geänderte Betriebsweise kann die Ab-
wärme der BHKWs jedoch nicht mehr vollständig genutzt und muss daher teilweise über den 
Notkühler abgeführt werden. Entsprechend sinkt damit auch die Gesamteffizienz der dezent-
ralen Varianten auf etwa rd. 56 % (EFH) bzw. rd. 78 % (MFH). Gegenüber einer ungekoppel-
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ten Strom- und Wärmeerzeugung zeigt das Referenzsystem MFH im Mittel der Jahre 2008 
und 2009 eine um knapp 3 %-Punkte höhere, das Referenzsystem EFH hingegen eine um 
rd. 15 %-Punkte geringere Gesamteffizienz.  

 

 

 

 
Abb. 7: Einsatzcharakteristik BHKW im strom-/wärmegeführten Betrieb für die Referenzsys-

teme EFH und MFH in den Jahren 2008 und 2009 

 

3 Bewertung der Ergebnisse 

Im wärmegeführten Betrieb können dezentrale KWK-Anlagen Strom und Wärme deutlich 
effizienter bereitstellen. Allerdings ist das Potenzial zur Verdrängung von Erzeugungsleistung 
im konventionellen Kraftwerkspark im wärmegeführten BHKW-Betrieb vergleichsweise ge-
ring. Mit zunehmender Ausrichtung des BHKW-Betriebs auf die Anforderungen des Strom-
marktes sinkt jedoch die Energieeffizienz, da die Abwärme dann nicht immer vollständig ge-
nutzt werden kann. Diese grundsätzliche Problematik, dass eine parallele Optimierung von 
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zwei nur eingeschränkt korrelierenden Systemen (öffentliche Stromversorgung bzw. Wärme-
versorgung eines Objektes) nur bedingt darstellbar ist, lässt sich durch größere Wärmespei-
cher zwar zum Teil verringern, eine vollständige Substitution von GuD-Kraftwerken durch 
Klein- und Kleinst-BHKWs ist energiewirtschaftlich jedoch nicht zielführend.  

BHKW-Systeme mit Spitzenlastkessel sind dabei deutlich flexibler als Systeme ohne zusätz-
lichen Wärmeerzeuger, d. h. die Wärmeerzeugung kann unabhängig vom Stromverbrauch 
des zu versorgenden Objektes bzw. von den Randbedingungen am Strommarkt erfolgen. 
Durch die zu erwartende weitere Zunahme der Stromerzeugung aus fluktuierenden erneuer-
baren Energien kann es unter dem Aspekt CO2-Minimierung zukünftig daher durchaus sinn-
voll sein, ein BHKW nur dann zu betreiben, wenn der Strom aus dem öffentlichen Netz nicht 
aus erneuerbaren Energien kommt. Anderenfalls würde das BHKW indirekt Strom aus er-
neuerbaren Energien verdrängen und damit eine Abschaltung von Wind- oder PV-Anlagen 
erzwingen. Neben der höheren Flexibilität haben BHKW-Systeme mit Spitzenlastkessel ei-
nen weiteren energiewirtschaftlichen Vorteil: Die Erzeugung ist konstanter und damit langfris-
tiger planbar, da aus dem BHKW in solchen Systemen i. Allg. nur die Wärmegrundlast abge-
deckt wird und dadurch hohe Jahresvolllaststunden erreicht.  

Grundsätzlich kann die dezentrale Stromerzeugung damit zu einer Verringerung der Abhän-
gigkeit von fossilen Energieimporten sowie einer Reduzierung der CO2-Emissionen einen 
Beitrag leisten. Ein Ausbau der dezentralen Stromerzeugung in Österreich führt auf Grund 
der engen Einbindung des österreichischen in das europäische Elektrizitätsversorgungssys-
tem jedoch kaum zu einer Verdrängung fossiler Stromerzeugung in Österreich selbst. Viel-
mehr werden die Erzeugung und damit die CO2-Emissionen fossiler Kraftwerke an einer an-
deren Stelle in Europa substituiert. Auch ist in der Diskussion über den Ausbau der dezentra-
len KWK zu berücksichtigen, dass die dezentrale Stromerzeugung aus fossilen Energieträ-
gern einen negativen Effekt auf die von der EU vorgegebenen nationalen Klimaschutzziele 
haben kann, da die CO2-Emissionen dezentraler Anlagen nicht vom EU-weiten Emissions-
handelssystem erfasst werden und damit die österreichische Treibhausgasbilanz belasten. 
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