
www.EngineeringBooksPDF.com



www.EngineeringBooksPDF.com



www.EngineeringBooksPDF.com



www.EngineeringBooksPDF.com



penn wen 
Copyright © 1997 by 
Penn Well Publishing Company 
1421 South Sheridan/P.O. Box 1260 

Tulsa, Oklahoma 74101 

ISBN 0-87814-736-5 

All rights reserved. No part of this book may be 
reproduced, stored in a retrieval system, or 
transcribed in any form or by any means, electronic 
or mechanical, including photocopying and 
recording, without the prior written permission of 

the publisher. 

Printed in the United States of America. 

CONTENTS 

Chapter 1 
Introduction .......................................................... 1 

Chapter 2 
Thermodynamic Principles of 
The Combined-Cycle Plant ...................................... 5 

Chapter 3 
System Layouts .................................................... 17 

Chapter 4 
Combined-Cycle Plants for 
Cogeneration ...................................................... 147 

Chapter 5 
Components ....................................................... 171 

Chapter 6 
Control and Automation ...................................... '2fJ7 

Chapter 7 
Operating and Part-Load Behavior ........................ 223 

Chapter 8 
Comparison of The Combined-Cycle Plant 
With Other Thermal Power Stations ...................... 241 

Chapter9 
Environmental Considerations ............................. 263 

Chapter 10 
Developmental Trends ......................................... 277 

Chapter 11 
Some Typical Combined-Cycle 
Plants Already Built ............................................ 305 

www.EngineeringBooksPDF.com



Chapter 12 
Conclusions ....................................................... 353 

Conversions .............................................................. 355 

Symbols Used ............................................................ 357 

Indices Used ............................................................. 359 

Appendix 1 ................................................................ 363 

Definition of Terms and Symbols ................................. 371 

Bibliography ............................................................. i5Tl 

Chapter 1 

INTRODUCTION 

The literature has often suggested combining two or more ther­
mal cycles within a single power plant. In all cases, the inten­
tion was to increase efficiency over that of single cycles. Thermal 
processes can be combined in this way whether they operate 
with the same or with differing working media. However, a com­
bination of cycles with different working media is more inter­
esting because their advantages can complement one another. 

Normally the cycles can be classed as a ''topping'' and a ''bot­
toming" cycle. The first cycle, to which most of the heat is sup­
plied, is called the "topping cycle." The waste heat it produces 
is then utilized in a second process which operates at a lower 
temperature level and is therefore referred to as a "bottoming 
cycle." 

Careful selection of the working media makes it possible to 
create an overall process that makes optimum thermodynamic 
use of the heat in the upper range of temperatures and returns 
waste heat to the environment at as low a temperature level 
as possible. Normally the ''topping'' and ''bottoming'' cycles are 
coupled in a heat exchanger. 

Up to the present time, only one combined cycle has found 
wide acceptance: the combination gas turbine/steam turbine 
power plant. So far, plants of this type have burned generally 
fossil fuels (principally-liquid fuels or gases.) 
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2 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Fig. 1 is a simplified flow diagram for an installation of this 
type, in which an open-cycle gas turbine is followed by a steam 
process. The heat given off by the gas turbine is used to gen-

erate steam. 

Other combinations are also possible, e.g., a mercury vapor 
process or replacing the water with organic fluids or ammonia. 

The mercury vapor process is no longer of interest today since 
even conventional steam power plants achieve higher efficienc­
ies. Organic fluids or ammonia have certain advantages over wa­
ter in the low temperature range, such as reduced volume flows, 
no wetness. However, the disadvantages, i.e., development costs, 
environmental impact, etc., appear great enough to prevent their 
ever replacing the steam process in a combined-cycle power 
plant. The discussion that follows deals mainly with the combina­
tion of an open-cycle gas turbine with a water/steam cycle. Cer­
tain special applications using closed-cycle gas turbines will also 

be dealt with briefly. 

Why has the combination gas turbine/steam turbine power 
plant, unlike other combined-cycle power plants, managed to 
find wide acceptance? Two main reasons can be given: 

• It is made up of components that have already proven 
themselves in power plants with a single cycle. Devel­
opment costs are therefore low. 

• Air is a relatively non-problematic and inexpensive 
medium that can be used in modern gas turbines at 
an elevated temperature level (above 1000 °C). That 
provides the optimum prerequisites for a good "top-
ping cycle." 

The steam process uses water, which is likewise inexpensive 
and widely available, but better suited for the medium and low 
temperature ranges. The waste heat from a modern gas turbine 
has a temperature level advantageous for a good steam process. 

INTRODUCTION 3 

It therefore is quite reasonable to use the steam process for 
the "bottoming cycle.'' That such combination gas turbine/steam 
turbine power plants were not more widely used even earlier 
has clearly been due to the historical development of the gas 
turbine. Only in recent years have gas turbines attained inlet 
temperatures that make it possible to design a very high­
efficiency cycle. Today, however, the installed power capacity 
of combined-cycle gas turbine/steam turbine power plants world­
wide world totals more than 30,000 MW. 

Figure 1-1 

Fig. 1-1: Simplified flow diagram of a combination gas turbine/steam turbine power 
plant 

1. Compressor 4. Steam turbine 
2. Gas turbine 5. Condenser 
3. Steam generator 6. Fuel supply 
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Chapter 2 

THERMODYNAMIC PRINCIPLES OF 
THE COMBINED-CYCLE PLANT 

2.1 Basic Considerations 

The Camot efficiency is the maximum efficiency of an ideal 

thermal process: 

1/C -
(1) 

Here, 

IJ C Camot efficiency 
Tw Temperature of the energy supplied 

TK Temperature of the environment 

Naturally, the efficiencies of real processes are lower since 
there are losses involved. A distinction is drawn between en­
ergetic and exergetic losses. Energetic losses are mainly heat 
losses (radiation and convection), and are thus energy that is 
lost to the process. Exergetic losses, on the other hand, are in­
ternal losses caused by irreverisible processes in accordance with 
the second law of thermodynamics [1]. 

There are two major reasons why the efficiencies of real pro­
cesses are lower than the Carnot efficiency: 

First, the temperature differential in the heat being supplied 
to the cycle is very great. In a conventional steam power plant, 
for example, the maximum steam temperature is only about 
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6 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

810K (980°F), while the combustion temperature in the boiler is 
approx. 2000 K. Then, too, the temperature of the waste heat 
from the process is higher than the ambient temperature. Both 
heat exchange processes cause losses. 

The best way to improve the process efficiency is to reduce 
these losses, which can be accomplished by raising the maxi­
mum temperature in the cycle, or by releasing the waste heat 
at as low a temperature as possible. 

The interest in combined-cycles arises particularly from these 
two considerations. By its nature, no single cycle can make both 
improvements to an equal extent. It thus seems reasonable to 
combine two cycles: one with high process temperatures, and 
the other with a good cold end. 

In an open-cycle gas turbine, the process temperatures attain­
able are very high because its energy is supplied directly to the 
cycle without heat exchangers. The exhaust heat temperature, 
however, is also quite high. In the steam cycle, the maximum 
process temperature is not very high, but the exhaust heat is 
returned to the environment on the cold end at a very low 
temperature. 

Combining a gas turbine and a steam turbine thus offers the 
best possible basis for a high-efficiency thermal process (Table 
2-1). 

The last line in the table shows the "Carnot efficiencies" of 
the various processes, i.e., the efficiencies that would be attain­
able if the processes took place without internal exergetic losses. 
Although that naturally is not the case, this figure can be used 
as an indicator of the quality of a thermal process. The value 
shown makes clear just how interesting the combined-cycle 
power plant is when compared to the single-cycle processes. Even 
a sophisticated installation such as a reheat steam turbine power 
plant has a theroretical Carnot efficiency 10 to 15 points lower 

THERMODYNAMIC PRINCIPLES OF THE COMBINED-CYCLE PLANT 7 

than that of a combined-cycle plant. On the other hand, the ex­
ergetic losses in the combined cycle are higher because the tern­
perature differential for exchanging heat between the exhausts 
from the gas turbine and the water/steam cycle is relatively great. 
It is thus clear why the differences between the actual effici­
encies attained by a combined-cycle power plant and the other 
processes are not quite that large. 

As shown by Fig. 2-1, which compares the temperature/entropy 
diagrams of the four processes, the combined cycle best utilizes 
the temperature differential in the heat supplied, even though 
there is an additional exergetic loss between the gas and the 
steam processes. 

Table 2-1: Thermodynamic Comparison of Gas Turbine, 
Stearn Turbine, and Combined-Cycle Power Plants 

Gas Steam Power Plant Combined-
Turbine with without Cycle 

Reheat Reheat Power Plant 

Average temperature of 
the heat supplied, inK 950-1000 640-700 550-630 950-1000 
(in °F) (1250 -1340) (690-800) (530- 675) (1250 -1340) 

Average temperature of 
exhaust heat, in K 500-550 320-350 320-350 320-350 
(in °F) (440-530) (115 -170) (115 -170) (115-170) 

Carnot efficiency, in % 42-47 45-54 37-50 63-68 
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8 COMBINED CYCI..E GAS & STEAM TURBINE POWER PLANTS 

Figure 2-1 

A B 
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BOOK 
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ENTROPY 

Fig. 2-1: Temperature/ Entropy Diagrams 

A. Gas turbine 
B. Steam turbine without reheat 
C. Reheat steam turbine 
D. Combined-cycle gas turbine/steam turbine 

power plant 
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2.2 Thermal Efficiency of the Combined-Cycle Plant 

It was assumed in Section 2.1 that fuel energy is being sup­
plied only in the gas turbine. There are, however, also combined­
cycle installations with additional firing in the steam generator, 
i.e., in which a portion of the heat is supplied directly to the 

steam process. 

Accordingly, the general definition of the thermal efficiency 
of a combined-cycle plant is: 

_ Per+ Psr 1JK - . . 
0;r + Qsp 

(2) 

If there is no ~upplementary firing in the waste heat boiler 
(heat supplied QsF = 0), this formula simplifies into: 

_ Per+ Psr 
1JK - Qer 

(3) 

In the general case, the efficiencies of the single cycles can 
be defined as follows: 

- for the gas turbine process: 

Per 
1Jer = Qer 

- for the steam turbine process: 

Psr 
1JST = 

QsF + .QExh 
fLexh ~ Qer (1 - 11 er) 

(4) 

(5) 

(6) 
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10 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Combining these two equations yields: 

PsT 
TJsr = . . 

QsF + QGT (1 - T\GT) 
(7) 

2.2.1 The Effect of Additional Firing in the Waste 
Heat Boiler on Overall Efficiency 

Substituting Equations ( 4) and (7) into Equation (2), one obtains: 

TJGT _Qc;T + TJsr (QSF + _Qc;T (1 - T/GT]) (8) 
TJK = _Qc;T + Qsp 

Additional firing in the waste heat boiler improves the overall 
efficiency of the combined-cycle installation whenever: 

0 TJK > O 
0 Qsp 

Differentiation of Equation (8) produces the inequality: 

(9) 

0 ~K = . 1 . 2 { T/GT . QGT ( 0 ~ST QsF + 7JST) 
0 QsF (QGT + QsF) 0 Qsp 

. . · [ 0 TJ ST n (1 _ )] ( ) 
· (QGT + Qsf) - TJST Qsp + 0 QsF ~GT T/GT · 10 

· cQGT + QsF) - TJ ST QGT (1 - 7JGT)} > 0 

This yields: 

0 ~ST [QsF + QGT (1- 7JGT)] + 7JST > 
o.QsF 

T/GT _Qc;1 + TJST [QsF + QGT (1- T/GT)] > . . 
QGT + Qsp 

(11) 
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Since the second term of the inequality is equal to K, the in­
equality reduces to: 

0 TJSI' . . o QsF [QsF + Qcr (1- 7JGT)] > TJK- TJST (12) 

. . 
The term [Qsp +QaT (1-TIGT)J is none other than the heat 

input to the steam cycle. The formula thus becomes: 

o ~sr . Psr > TJK 
0 QsF 7JST 

TJST (13) 

Equation (13) means that increasing the additional firing im­
proves the efficiency of the combined-cycle plant only if it im­
proves the efficiency of the steam process. The greater the 
difference is between the efficiencies of the combined-cycle and 
the steam process, and the lower the temperature is of the heat 
input to the steam process, the more effective that improve­
ment will be. For that reason, additional firing is becoming less 
and less interesting: the efficiency of the combined-cycle instal­
lation increases far more rapidly than that of the steam process, 
continually increasing the difference (llK -lisT). In view of the 
considerations in Section 2.1, it is generally better to burn the 
fuel in a modern gas turbine, because the heat is supplied to 
the process at a temperature level higher than that in the steam 
process. 

The problems involved in combined-cycle installations with 
additional firing are discussed in more detail in Section 3.2 below. 
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12 COMBINED CYCLE CAS & STEAM TURBINE POWER PLANTS 

2.2.2 Efficiency of Combined-Cycle Plants without 
Additional Firing in the Waste Heat Boiler 

Without additional firing, Equation (8) can be written as fol­

lows: (14) 

T/K = TJGT · QGT + TJ~T . QGT (1- T/GT) = T/GT + TJST (1- TJGT) 
QcT 

Differentiation makes it possible to estimate the effect that 
a change in efficiency of the gas turbine has on overall efficiency: 

a TJK = 1 + a TJST (1 - T/GT) - TJST 
a T/GT a T/GT 

(15) 

Increasing the gas turbine efficiency improves the overall ef­

ficiency only if: 

a TJK > 0 a T/GT 

From Equation (15) one obtains: 

_ dnST < 1 - TJST 

dflGT 1 - TJ ST 

(16) 

(17) 

Improving the gas turbine efficiency is helpful only if it does 
not cause too great a drop in the efficiency of the steam process. 

bl d 
. drlsT 

Table 2-2 shows the maximum allowa e re uctwn- --
as a function of the gas turbine efficiency. drlGT 

This table indicates that the higher the efficiency of the gas 
turbine, the greater may be the reduction in efficiency of the 
steam process. The proportion of the overall output being pro­
vided by the gas turbine increases, reducing the effect of lower 
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Table 2-2: Allowable Reduction in Steam Process Efficiency 
as a Function of Gas Turbine Efficiency (Steam 
process efficiency = 0.25) 

TJGT 

drlsT 

dflGT 

0.2 

0.94 

0.3 0.4 

1.07 1.25 

efficiency in the steam cycle. But a gas turbine with a maxi­
mum efficiency still does not provide an optimum combined­
cycle plant. For example- with a constant turbine inlet 
temperature- a gas turbine with a very high pressure ratio at­
tains a higher efficiency that a machine with a moderate pres­
sure ratio. However, the efficiency of the combined-cycle plant 
with the second machine is significantly better because the steam 
turbine that follows operates far more efficiently with the higher 
exhaust gas temperature and produces a greater output. 

Fig. 2-2a shows the efficiency of the gas turbine alone as a 
function of the turbine inlet and exhaust temperatures. The max­
imum efficiency is reached when the exhaust gas temperatures 
are quite low. (A low exhaust temperature means a high pres­
sure ratio.) 

Fig. 2-2b shows the overall efficiency of the combined-cycle 
in the same way. Compared to Fig. 2-2a, the optimum point has 
shifted toward higher exhaust temperatures from the gas tur­
bine. Due to economical considerations, present-day gas turbines 
are generally optimized with respect not to efficiency but to max­
imum power density. Fortunately, this optimum coincides fairly 
accurately with the optimum efficiency of the combined-cycle 
plant. As a result- most of today's gas turbines are optimally 
suited for combined-cycle installations. 
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14 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Gas turbines of a more complicated design, i.e., with inter­
mediate cooling in the compressor or recuperator, are less suit­
able for combined cycles. They normally have low exhaust gas 
temperatures, so that the efficiency of the steam turbine can 
only be low. We shall not discuss a reheat gas turbine here since 
this type of machine has disappeared from the market due to 

its complexity. 

In summary, it may be said that: 

The gas turbine with the highest efficiency does not necessar­
ily produce the best overall efficiency of the combined-cycle 
plant. The turbine inlet temperature is a far more important fac-

tor. 

Similar considerations also apply with regard to the efficiency 
of the steam cycle. These, however,are less important because 
the gas turbine is generally the "standard machine." The ex­
haust heat available for the steam process is thus a given, and 
the problem lies only in its maximum conversion into mechanical 

energy (refer on this point to Section 2.3.) 
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Figure 2-2 
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Chapter 3 

SYSTEM LAYOUTS 

The main problem in laying out a combined-cycle plant is mak­
ing optimum use of the exhaust heat from the gas turbine in 
the waste heat boiler. This heat transfer between the "topping" 
and the "bottoming" cycle entails losses (see Section 2). Heat 
utilization is therefore not optimum, either energetically or 
exergetically, and is limited by three factors: 

• The physical properties of the water and exhaust ga­
ses cause exergetic and energetic losses. 

• The heat exchanger cannot be infinitely large. 

• The low temperature corrosion that can occur at the 
end of the heat exchanger limits how far the exhaust 
gases can be cooled. 

It is mainly the first of these considerations that limits thermo­
dynamically optimum utilization of the thermal energy. Fig. 3-1 
shows the changes in temperature that would occur in an ''ideal'' 
heat exchanger of infinite size, operating without exergy loss. 

The product, mass flow times specific heat capacity, must be 
the same in both media at any given point in order to make such 
a heat transfer possible. 

Fig. 3-2 shows the temperature changes in a waste heat boiler 
that are far removed from this ''ideal heat exchange.'' Because 
water evaporates at a constant temperature, a boiler can never 

an "ideal heat exchanger.'' Even with an infinitely large heat 
transfer surface, the exergetic losses can never be equal to zero. 
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18 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

In addition to this physical limitation, there is also a chemical­
limitation on energetic use of the exhaust gases imposed by low 
temperature corrosion. This corrosion, caused by sulphur, oc­
curs whenever the exhaust gases are cooled below a certain tern-

perature, the sulphuric acid dewpoint. 

In a waste heat boiler, the heat transfer on the flue gas side 
is not as good as on the steam or water side. For that reason, 
the surface temperature of the pipes on the flue gas side is ap­
proximately the same as the water or steam temperature. If these 
pipes are to be protected against an attack of low temperature 
corrosion, the feedwater temperature must remain approximately 
as high as the acid dewpoint. Thus, a high stack temperature 
for the flue gases does no good if the temperature of the feed­
water is too low (refer also to Section 5.2). Low temperature 
corrosion can occur even when burning fuels containing no sul­
phur if the temperature drops below the water dewpoint. 

3.1 Combined-Cycle Plants without Additional Firing 

In combined-cycle plants without additional firing, all the fuel 
is burned in the gas turbine. The steam turbine then utilizes the 
exhaust heat from the gas turbine, with no additional source 
of thermal energy. This type of combined-cycle plant is already 
in widespread use because it is simple and inexpensive and high 
efficiencies can be attained with modern gas turbines. 

The number of systems possible for the steam process in such 
combined-cycle plants is quite large because attempts have been 
made to improve the quality of the heat exchange between the 
flue gas and the water or steam by using complex systems. This 
has led to systems that utilize the exhaust heat well both exer-

getically and energetically. 
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Combined-cycle plants without additional firing often are made 
up of sever~l gas turbines and waste heat boilers that supply 
steam to a smgle steam turbine. In the following, we generally 
speak only of one gas turbine and one waste heat boiler, but 
all layouts can also be adapted for several gas turbines. Because 
the simplest system is typical of all, it has been discussed more 
in detail, and the other possibilities have then been derived from 

it. 

3.1.1 Single-Pressure System 

The simplest arrangement for a combined-cycle plant is a single­
pressure system (Fig. 3-3) without special equipment added. This 
consists of one or more gas turbines with a single-pressure waste 
heat boiler, a condensing steam turbine, a water- or air-cooled 
condenser, and a single-stage feedwater preheater in the de­
aerator. The steam for the deaerator is tapped from the steam 
turbine. 

The waste heat boiler consists of three parts: 

• the feedwater preheater (economizer), which is 
heated by the flue gases; 

• the evaporator, and 

• the superheater. 

The evaporator used can either have forced circulation (as 
shown) or natural circulation. 

Example of Single-Pressure System 

Fig .. 3-4 shows the heat balance in a typical single-pressure 
cornbmed-cycle plant having a 70 MW gas turbine. The exhaust 
gases are used to generator approx. 35 kg/s (277 200 lb/hr) steam 
at 34 bar (480 psig) and 475 °C (887 °F). That s;earn then drives 
a steam turbine with an output of 35 MW. Because of the good 
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20 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Figure 3-1 
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Fig. 3-1: Temperature/Heat Diagram: Ideal Heat Exchange 
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Figure 3-2 
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Fig. 3-2: Temperature/Heat Diagram: Heat Exchange in a Waste Heat Boiler 
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22 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Figure 3-3 

Fig. 3-3: Flow diagram of the single-pressure system 

1 Compressor 
2 Gas turbine 
3 Bypass stack 
4 Superheater 
5 Evaporator 

6 Economizer 
7 Boiler drum 
8 Steam turbine 
9 Condenser 

10 Steam bypass 

11 Feedwater tank/ 
deaerator 

12 Feed water pump 
13 Condensate pump 
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Figure 3-4 
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24 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

river-water cooling system, pressure in the condenser is 0.04 
bar (0.58 psia), resulting in a gross efficiency of the installation 

of 45% (Table 3-1, page 30). 

Noteworthy is the poor energetic utilization of the exhaust 
heat from the gas turbine. Together with the relatively low live 
steam data, this produces a fairly modest efficiency in the steam 
process. Fig. 3-5 shows the energy flow. 

45% of the thermal energy supplied is converted into electri­
cal energy. The rest is removed in the condenser (28.3%) or 
through the stack (25.2%) or is lost elsewhere (1.5%). 

Fig. 3-6 shows the exergy f1ow of the same plant. The heat 
that has to be removed in the condenser is only about half that 
of a conventional steam power plant of the same size. 

One significant difference between a conventional steam plant 
and the steam process in a combined-cycle plant lies in the boiler 
feed water preheating. A conventional steam plant attains a bet­
ter efficiency if the temperature of the feed-water is brought 
to a high level by means of multi-stage preheating. In a com­
bined-cycle power plant, however, the boiler feedwater must 
be as cold as possible, with the limit determined by low tem­
perature corrosion: the temperature of the water must not be 
significantly below the dewpoint for sulphuric acid. There are 

two reasons for this difference: 

• Normally, a conventional steam generator is equipped 
with a regenerative air preheater that can further ut­
ilize the energy remaining_ in t~e flue g_ases after the 
economizer. There is nothmg like that m a waste heat 
boiler so that the energy remaining in the exhaust 
gases 'after the economizer is lost. 
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• As shown in Fig. 3-7, the smallest temperature differ­
ence between the water and the exhaust gases in the 
economizer is on the warmer end of the heat ex­
changer. That means: the amount of steam production 
possible does not depend on the feedwater tempera­
ture. In a conventional steam generator, on the other 
hand, the smallest temperature difference is on the 
other end of the economizer because the water flow 
is far larger in proportion to the flue gas flow. As a 
result, the amount of steam production possible de­
pends on the feedwater temperature. 

Fig. 3-8 shows two examples of conventional steam generators 
with differing feed-water temperatures. It is obvious that with 
the same difference in temperature at the end of the econo­
mizer, the heat available for evaporation and superheating is 
significantly greater where the feedwater temperature is high­
er. Thus, the amount of live steam produced by a conventional 
boiler can be increased by raising the feedwater temperature. 

The Influence of Ambient Conditions 
on Output and Efficiency 

We will discuss here only the effect that different ambient 
conditions have on the design point for the installation. How 

already dimensioned combined-cycle plant behaves will be 
:discussed in Section 7, Operating and Part-Load Behavior. Those 
considerations are valid, however, only for the steam turbine 

the gas turbine remains the same in all cases. Gas turbines 
of course, standardized, i.e., one given machine is used even 
widely different ambient conditions. This can be justified 

ecoomically because a gas turbine that has been optimized for 
air temperature of 15°C (59°F) does not look significantly 

from one that has been designed for, say, 40°C (104°F). 
costs for developing a new machine would thus not be 
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Figure 3-5 
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Fig. 3-5: Energy Flow Diagram for the Single-Pressure 
Combined-Cycle Plant 

Q Energy input 
Vl Loss in condenser 
V2 Loss in stack 
V3 Loss due to radiation in waste heat boiler 
V4 Loss in flue gas bypass 
V5 Loss in generator and radiation, gas turbine 
V6 Loss in generator and radiation, steam turbine 
GT Electricity produced in the gas turbine 
ST Electricity produced in the steam turbine 
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Figure 3-6 
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GT 30,1% 

14,9% 

3,5% 

3-6: Exergy Flow Diagram of the Single-Pressure Combined-Cycle Plant 

Exergy input 
Loss in condenser 
Loss in stack 
Loss in waste heat boiler 
Loss in flue gas bypass 
Losses in gas turbine 
Losses in steam turbine 
Electricity produced in the gas turbine 
Electricity produced in the steam turbine 
Exergy supplied to the waste heat boiler 
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Figure 3-7 
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Fig. 3-7: Temperature/Heat Diagram of the Single-Pressure Boiler with a Pinch 
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Figure 3-8 
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Table 3-1: Main Technical Data of the Single-Pressure 
Combined-Cycle Plant 

Gas turbine output 68 600 kW 

Steam turbine output 34 000 kW 

Station service power required 1 100 kW 

Net power output of plant 101 500 kW 

Thermal energy supplied (Diesel fuel) 228 000 kW 

Efficiency of gas turbine 30.1 % 

Heat contained in exhaust gases 157 000 kW 

Utilization rate for waste heat energy* 63.3 % 

Efficiency of the steam process 21.7 % 

Gross efficiency of the plant 45.0 % 

Net efficiency of the plant 44.5 % 

* 100% utilization if the exhaust gases are cooled down to 15 oc (59 °F). 

The situation is different on the steam end of the steam tur­
bine. The exhaust steam section designed for a condenser pres­
sure of, say, 0.2 bar (2.9 psia) can no longer function properly 
if the pressure is only 0.04 bar (0.58 psia). 

The design of the combined-cycle plant is affected mainly by 
the air temperature, air pressure, and cooling water tempera­
ture. The relative humidity is important only if the water for 
cooling the condenser is recooled in a wet cooling tower. 

Air Temperature 

There are three reasons why the air temperature has a large 
influence on the power output and efficiency of an open-cycle 

gas turbine: 

SYSTEM LAYOUTS 31 

• Increasing the air temperature reduces the density of 
the air, and thereby reduces the air mass flow drawn 
in. 

• The power consumed by the compressor increases in 
proportion to the intake temperature (in K), without 
there being a corresponding increase in the output 
from the turbine. 

• Because the absorption capacity of the turbine re­
mains constant, the pressure before the turbine is re­
duced, since the mass flow decreases as the air 
temperature rises. This again reduces the pressure ra­
tio within the turbine. The same principle applies in­
versely, of course, to the compressor, but because its 
output is less than than of the turbine, the total bal­
ance is negative. 

Fig. 3-9 shows this change in a temperature/entropy diagram. 
It is obvious that the exhaust gas temperature becomes higher 
as the air temperature increases. This is because the turbine pres­
sure ratio is reduced while the inlet temperature remains con­
stant. This behavior of the exhaust gas temperature explains 
why the effect that the air temperature has on the efficiency 

a combined-cycle plant differs from that which it has on the 
efficiency of the gas turbine alone. 

Fig. 3-10 shows the relative efficiencies of the gas turbine and 
combined-cycle plant as a function of the air temperature, 

ambient conditions remaining otherwise unchanged. As it 
an increase in the air temperature even has a slightly 
effect on the efficiency of the combined-cycle plant, 

the increased temperature in the gas turbine exhaust rai­
efficiency of the steam process (Fig. 3-11) enough to more 

compensate for the reduced efficiency of the gas turbine 

behavior is not surprising when one remembers the Car­
[Equation (1)]. The rise in the final temperature 
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Figure 3-9 
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Figure 3-10 
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Figure 3-11 
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of compression causes a slight increase in the average temper­
ature of the heat supplied Twas well. Because most of the ex­
haust heat is carried off in the condenser, the cold temperature 
Tw changes only insignificantly. The overall efficiency of the 
combined-cycle plant is thus more likely to increase. This be­
havior applies only if the temperature of the water cooling the 
steam turbine condenser remains unchanged. With a cooling 
tower or an air-cooled condenser, the efficiency of the steam 
process changes because the condenser pressure is now different. 

Fig. 3-12 shows how the overall efficiency of the combined­
cycle plant changes with the air temperature when the cooling 
water is being recooled in a wet cooling tower with a constant 
relative humidity in the air of 60%. Fig. 3-13 shows the same 
function for the case with direct air-cooled condensation. 

The power output from the combined-cycle plant reacts quite 
differently from its efficiency. Here the reduced flows of air 
and exhaust gases play a more important role than the exhaust 
gas temperature . 

Fig. 3-14 shows how the power outputs of the gas turbine and 
the combined-cycle plant change depending on the air temper­

The drop-off at higher temperatures is less pronounced 
for the combined-cycle plant than for the gas turbine alone. 

turbines are normally designed for an air pressure of 1.013 
(14.7 psia), which corresponds approximately to the aver­
pressure prevailing at sea level. A different site elevations 

in a different average air pressure (Fig. 3-15). 

effect of the air pressure on the efficiency of a gas tur­
is equal to zero if the temperatures remain unchanged. On 
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the other hand, the power output changes with the air mass flow 
taken in, which varies in proportion to the intake pressure and 
thereby also affects the flow of exhaust gas. The exhaust heat 
available for the steam process likewise varies in proportion to 
the air pressure. If one assumes that no change takes place in 
the efficiency of the steam process, which corresponds quite 
well to the real situation, this then causes a similar variation 
in the power output from the steam turbine. 

Because the power outputs of the gas turbine and the steam 
turbine vary in proportion to the air pressure, the total power 
output of the combined-cycle plant varies correspondingly. The 
efficiency of the plant remains constant, however, since both 
the thermal energy supplied and the air flow are varying in pro­
portion to the air pressure. 

Cooling media for the Condenser 

To condense the steam, a cooling medium must be used to carry 
off the waste heat from the condenser. Generally this is water, 
which has a high specific thermal capacity and good heat trans­
fer properties. Where water is in short supply, cooling can be 
done in air in a wet cooling tower; where no water is available, 
an air-cooled condenser or a dry cooling tower are necessary. 

The temperature of the cooling medium affects the efficiency 
of the thermal process. The lower that temperature is, the higher 
the efficiency that can be attained [refer to Equation (1)]. A lower 
temperature makes possible a lower pressure in the condenser, 
producing a greater useful enthalpy drop in the steam turbine. 

Fig. 3-16 contains typical approximate values for condenser 
pressure as a function of the design temperature for the cooling 
medium. There are three different cases: 
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Figure 3-12 
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Figure 3-13 
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Figure 3-14 
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Figure 3-15 
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Figure 3-16 
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• direct water cooling 
• water cooling, with water recooled in a wet cooling 

tower 

• direct air cooling 

The greatest vacuums are attained with direct water cooling, 
the least with direct condensation with air. In the comparison, 
it must also be borne in mind that the water temperature is gen­
erally lower than that of the air. 

For the wet cooling tower, a relative air humidity of 60% has 
been assumed. 

The Effect of the Most Important Design Parameters 
on Power Output and Efficiency 

When dimensioning a combined-cycle plant, the gas turbine 
design is generally a given, since the gas turbine is a standar­
dized machine. 

The free parameters for the design involve the steam process, 
and it is mainly these that are discussed below. One must not 
forget, however, that the output of the steam turbine is only 
approx. 30 to 40% of the total power output. Optimization of 
the steam process can therefore only influence that portion. 

Another important point: The efficiency of the steam process 
is always proportional to the output of the steam turbine, since, 
in a plant without additional firing, the thermal energy supplied 
to the steam process is a given. 

Live Steam Data 

The selection of the live steam data for a combined-cycle plant 
with a single-pressure system is a compromise between opti­
mum energetic and optimum exergetic utilization of the exhaust 
heat from the gas turbine. The main determining factor is the 
live steam pressure selected. 
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Live Steam Pressure 

In a combined-cycle plant, a high live steam pressure does not 
necessarily mean a high efficiency. Fig. 3-17 shows how the ef­
ficiency of the steam process depends on the live steam pres­
sure. It is striking that the best efficiency is attained even while 
the live steam pressure is quite low. 

A higher pressure does indeed bring an increased efficiency 
of the water/steam cycle due to the greater enthalpy gradient 
in the turbine. The rate of waste heat energy utilization in the 
exhaust gases, however, drops off sharply. The overall effici­
ency of the steam process is the product of the rate of energy 
utilization and the efficiency of the water/steam cycle. There 
is an optimum at approx. 30 bar ( 435 psia). 

Fig. 3-18 explains the increased rate of energy utilization in 
the waste heat boiler: the temperature/heat diagrams are for 
two examples with live steam pressures of 15 and 60 bar (203 
and 855 psig) respectively. At the lower live steam pressure, there 
is more thermal energy available for evaporation and super­
heating, since the evaporation temperature is correspondingly 
lower. The pinch point of the evaporator is the same in both 
cases, and the surface area of the heat exchanger is therefore 
similar in size. As a result, the stack temperature at 15 bar is 
about 40°C (72°F) lower than at 60 bar, which means that the 

heat energy is being better utilized. 

A change in the live steam pressure also greatly affects the 
of heat to be removed in the condenser (Fig. 3-19). The 

output increases when pressures are lower since a greater 
of heat is being removed from the exhaust gases and 

into electricity at a lower efficiency. 

"''"'''1Vlltu\..;d.1 considerations can thus make it advisable to raise 
steam pressure above the thermodynamic optimum. This 

the following advantages: 
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• a reduction in the exhaust steam flow, or, if the size 
of the steam turbine remains unchanged, smaller ex­
haust losses. 

• a smaller condenser 

• a reduction of the cooling water requirement 

Especially in the case of power plants with expensive air-cooled 
condensers, this can mean considerably lower costs. 

Live steam flows greater than that in the example shown shift 
the optimum toward higher live steam pressures, since the vol­
ume flows also are larger. The live steam pressure selected is 
thus less important for larger steam turbines than for "'-"-'-'.cuLcJ 

installations. For that reason, it is advantageous in larger 
combined-cycle plants with several gas turbines to select a 
steam pressure that is above the optimum. The reduced 
flow that results makes it possible to employ piping and 
with smaller dimensions. The trend is the opposite when the 
of live steam is reduced. The optimum live steam pressure 
depends on the total amount of live steam: increasing the 
improves efficiency in the high pressure section of the steam 
turbine. With a larger volume flow, longer blades are 
in the first row, which reduces the edging losses. 

Live Steam Temperature 

In contrast to the live steam pressure, raising the live 
temperature always brings with it a slight increase in ""L~.L'-'L'" .... '-:r 
(Fig. 3-20). There are two reasons for this improvement 
increased superheating: 

• improved thermodynamics of the cycle, 

• increased steam turbine efficiency due to reduced 
wetness in the low pressure section. 
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means an improved efficiency of the water/steam cycle 
more than compensates for the slight drop in the rate of 

heat energy utilization. Moreover, for the steam turbine, 
the live steam temperature means less erosion in the 

stages (because of the reduced water content in the steam). 

temperature of the gas turbine exhaust gas provides the 
limit for the live steam temperature. However, a suffi­

difference in temperature is necessary between the ex­
gas and the live steam in order to limit the size of the 
heat.:~r. Moreover, too high a live steam temperature can 

a disproportionate increase in plant costs since a great 
of expensive material is required for the piping, the su­

, and the steam turbine. In most cases, however, the 
gas temperature sets the limit for the live steam tern­
leveL 

order to attain a good rate of waste heat energy utilization, 
of the feed water should be kept as low as pos­

e thermodynamic quality of the water/steam cycle re-
largely unaffected (Fig. 3-21). 

example given in Section 3.1.1, preheating has been 
to a single stage: the feed water tank/deaerator. A multi­

preheating would improve the efficiency but it has not 
considered here because the solutions shown in Sections 
.and 3.1.2 are clearly better. Dividing preheating into sev­

does not improve the rate of energy utilization in this 
snun~e-~~re:s..'l"ltrP. system, which is the greatest disadvantage 
type of system. Even with minimum feedwater temper­
the stack temperature remains at approx. 200 °C (392 

of this lost energy can be recovered by improving the 
(refer to Sections 3.2 and 3.3). 
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Figure 3-17 
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Figure 3-18 
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Figure 3-19 

115 

\ 
\ 

110 

1\ 
~ 

105 

~ 

""' ~ 
~ 
~ 
~ 

100 

w 

95 

90 

85 
10 20 30 50 60 70 80 bar 

Fig. 3-19: Effect of the Live Steam Pressure on the Waste Heat from a Condenser 

Live steam temperature 475°C (875°F) 
Condenser pressure 0.04 bar (0.58 psia) 

Pes Live steam pressure 
Qc Waste heat from condenser 

SYSTEM LAYOUTS 49 
Figure 3-20 
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Figure 3-21 
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Condenser Pressure 

The condenser pressure has a major influence on the effici­
ency of the steam process because the enthalpy drop in the steam 
turbine changes sharply (Fig. 3-22). An increase in the pressure 
means an decrease in power output. However, plant costs are 
reduced, due to the lower volume flow of exhaust steam and 
therefore the reduced size of the steam turbine and condenser. 

Pinch Point of the Waste Heat Boiler 

An important parameter in the optimization of a steam cycle 
is the temperature difference rating (the "pinch point") of the 
waste heat boiler, which affects the amount of steam generated 
(refer to Fig. 3-7). By reducing the pinch point, the rate of en­
ergy utilization in the waste heat boiler can be influenced within 
certain limits. However, the surface of the heat exchanger in­
creases exponentially, which quickly sets a limit for the utiliza­

rate (Fig. 3-23). 

Pressure Loss on the Flue-Gas Side 
the Waste Heat Boiler 

design of the waste heat boiler should be such that the 
loss on its flue-gas side remains as low as possible. This 

affects the power output and efficiency of the gas 
by reducing the pressure ratio in the turbine. In present­
turbines, this loss is approximately 0.8% for each 1% 
loss. Some of the lost output is recovered in the steam 

but the maximum rate of recovery is 35%. 

Exhaust Temperature 

mperature level of the gas turbine exhaust gas is im­
for the efficiency of the steam cycle. If the turbine inlet 

remain constant, a gas turbine with a higher ex­
and a poorer overall efficiency produces 

combined cycle, assuming identical compressor and 
-~ .. 4·~•'-'J,L'-.L'""' (refer also to Fig. 2-2). 
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When the gas turbine exhaust temperature is lowered, 
the thermodynamic quality of the steam process and the c:u•cn!'V 

utilization rate of the waste heat boiler deteriorate (Fig. 3-24). 

When evaluating the suitability of a gas turbine for a 
cycle process then, consideration must be given not only to 
efficiency but also to its exhaust gas temperature. 

3.1.2 Single-Pressure System with a Preheating 
Loop in the Waste Heat Boiler 

The major disadvantage of the single-pressure system 
3.1.1) is its relatively poor rate at which it utilizes waste 
energy. The easiest improvement is to use an additional 
exchanger at the end of the waste heat boiler to recover 
tional heat for preheating the feedwater. This preheating 
must be designed so that temperatures do not drop below 
acid dewpoint. It is therefore not possible to send the 
sate directly into the boiler. 

There are two ways to solve this problem: with water or · 
steam. Fig. 3-25 shows the version using water, in which a 
is used to bring a large amount of water to a high pressure 
There must be more water than condensate: too great a 
perature rise due to the heat transfer would cause 
to drop below the dewpoint. After being warmed up in the 
heating loop, the water flows into a flash tank that 
the steam required for the deaerator. The remainder is 
directly to the feedwater tank. The main disadvantage of 
layout is the great amount of power required to drive the 
culating pump, since the water must be pressurized to 
20 bar (290 psi). 

Fig. 3-26 shows a version in which a low pressure 
generates saturated steam for the deaerator. In this case, 
power required to drive the pump is quite small, 
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Figure 3-23 
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Figure 3-24 
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Figure 3-25 

Fig. 3-25: Simplified Flow Diagram of the Single-Pressure System with Flash 
as a Preheating Loop 
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3 Flue gas bypass (optional) 
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8 Steam turbine 

9 Condenser 
10 Steam bypass (high pressure) 
11 Feedwater tank, deaerator 
12 Feed pump (high pressure) 
13 Condensate pump 
14 Preheating loop (flash system) 
15 Booster pumps 
16 Flash tank 
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Figure 3-26 

Simplified Flow Diagram of the Single-Pressure System 
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10% of that required for the version using water. The evapor­
ator itself can be of the natural circulation or the forced circula­

tion type. 

In this second design, it is sometimes possible to avoid a sep­
arate low pressure drum. The feedwater tank then functions 
as a low-pressure drum, resulting in a simple system since no 
feed pumps or drum level controls are required. However, be­
cause of the two-phase flow, special care must be taken when 
designing the piping and the introduction of the water/steam 
mixture into the feed-water tank. 

Example of a Single-Pressure Combined-Cycle 
Plant with a Preheating Loop 

This is shown in Fig. 3-27, using the same gas turbine as in 
the example for the simple single-pressure system (Fig. 3-4). 

Table 3-3 lists the main technical data of this system when 
equipped with a low pressure evaporator. 

Compared to the simple single-pressure system, it attains a 
nificantly higher steam turbine output, improving overall 
ciency by 2. 5%. This is because in this case no steam is 
from the turbine. As a result, the entire live steam flow can 
pand to the condenser pressure. But the larger volume flow 
exhaust steam produced is a certain disadvantage since the 
mensions of the steam turbine exhaust and the condenser 

be larger. 

The increase in the amount of heat to be removed from 
condenser is more than proportional to the increase in 
output. The energy utilization rate of the waste heat boiler 
by about 15% while the power output from the steam 
increases only by 8%, since the additional exhaust heat ~"'"'''0""' 
is at a low temperature level. The rate for converting it into 
chanical energy (exergy) is therefore modest. The increase 
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plant costs, however, is low compared to the improvement in 
efficiency. This type of system attains a high efficiency, but still 
remains uncomplicated and accordingly low in cost. Even if the 
fuel contains very high levels of sulphur, the feedwater can be 
preheated to sufficiently high a temperature without any re­
duction in efficiency worth mentioning. 

Fig. 3-28 shows the temperature/heat diagram for the waste 
boiler. The exhaust gases are cooled by approximately an 

additional 50 °C (90 °F) in the preheating loop in order to warm 
condensate to 130 °C (266 °F). 

Table 3-3: Main Technical Data of the Single-Pressure 
Combined-Cycle Plant with a Preheating Loop 

•"'"'-"'"" output from the gas turbine 
output from the steam turbine 

service power required 

ower output from the plant 

of the steam process 

iciency of the plant 

llU!ieztcy of the plant 

68 000 

36 800 

1 200 

104 000 

228 000 

30.0 

157 200 

72.5 

23.4 

46.1 

45.6 

kW 
kW 
kW 
kW 
kW 
% 

kW 
% 

% 

% 

% 

utilization if the exhaust gases are cooled down to 15 °C (59 °F) 

of Environmental Conditions 
Output and Efficiency 

conditions affect the combined-cycle plant with a pre­
P in approximately the same way as the simple single­

system (See Section 3.1.2). We will therefore no treat 
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separately the various parameters that depend on the environ~ 
ment. 

Fig. 3-29 shows the effects that the temperatures of the air 
and the cooling water have on the power output and efficiency 
of the plant as a whole. It is obvious that a rise in air temper­
ature causes a reduction in power output and a slight improve­
ment in overall efficiency. On the other hand, a high temperature 
for the cooling water affects both parameters negatively. 

Effect of the Most Important Design Parameters 
on Power Output and Efficiency 

The effect of most parameters is similar to that for the simple 
single-pressure system (See Section 3.1.1). 

Live Steam Data 

The effects of live steam pressure and live steam temp<>r•~t,,,.,.,:, 
on the efficiency of the steam cycle are practically the same 
for a simple single-pressure system. The optimum live steam 
sure is at approximately the same level. Slight shifts toward 
higher pressure can result due to a larger exhaust steam 
flow. 

However, installing a preheating loop in the waste heat 
imposes a limit on the minimum live steam pressure. As can 
seen from Fig. 3-30, the flue gas temperature after the 
omizer drops when the live steam pressure falls. Because 
minimum temperature of the water in the boiler is 
by the sulphuric acid dewpoint, the amount of useful heat 
the preheating loop is reduced correspondingly. 

If a high feedwater temperature is required, the live 
pressure selected must not be too low. Otherwise a portion 
the preheating would have to be done in a low pressure nr~~m~alil 

Figure 3-27 
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Figure 3-28 
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Fig. 3-28: Temperature/Heat Diagram of a Single-Pressure Waste Heat Boiler with 
Preheating Loop 

Pinch Point= l5°C (27°F) 
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Figure 3-29 
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Figure 3-30 
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Fig. 3-30: Flue Gas Temperature after the Economizer as a Function of the Live 
Pressure 

Flue gas temperature after economizer 
Live steam pressure 
Gas turbine exhaust gas flow 
Gas turbine exhaust gas temperature 
Live steam temperature 
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heated with extraction steam, thereby reducing the efficiency 
of the steam cycle because a portion of the steam is not expanded 
to condenser pressure. 

The live steam temperature affects the efficiency (or the power 
output) of the steam process in the same way as in a simple single­
pressure system. 

Because this system uses the waste heat in the exhaust gases 
heat the condensate, the preheating loop must be so dimen­

...• SJ.oneu that it can supply the heat required for the condensate. 
much heat is available for preheating depends on the live 
pressure and the feedwater temperature. Because the dif-

~~lrellt.ce in temperature must at least be at a certain level if the 
transfer is to take place, the exhaust gases can at best be 

to a temperature from 10 to 30 °C (18 to 54 °F) above 
F.a.,.rt~'"<>1-ortemperature. Fig. 3-31 shows how much heat can 
btained in a preheating loop with a temperature difference 

point) of 15 °C (27 °F). 

3-32 shows the heat required to preheat the feedwater 
function of the condenser pressure and the feed water tern­

' for an average live steam pressure of 30 bar (420 psig). 

eoJrnp:art~;on of Fig. 3-31 and 3-32 shows that problems are 
if all the pre-heating is done in the preheating loop when 

'"'"'' .. "'"'L pressure is very low and a high feedwater tern­
is called for. These problems occur whenever the fuel 
very high levels of sulphur, which raises the acid dew-

For deep vacuums in the condenser, then, it is often nee­
use a low pressure preheater heated with extraction 
reduce the amount of heat needed in the feedwater 

. This defuses the problem of the heat output re­
the preheating loop in the waste heat boiler. 
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A low pressure preheater has a negative effect on the steam 
process efficiency because less heat is recovered from the ex­
haust gases. However, the reduced wetness and exit losses in 
the turbine to a large extent compensate for that negative effect. 

Condenser Pressure 

The effect of the condenser pressure on the efficiency of the 
steam process is similar to that in the simple single-pressure sys­
tem, but the change in efficiency is somewhat more pronounced 
because the exhaust steam flow is about 10 to 15% greater. 

Pinch Point of the Waste Heat Boiler 

The effect that the pinch point of the waste heat boiler has 
on the efficiency of the steam process is similar to that in a sim­
ple single-pressure boiler (cf. Section 3.1.1). However, a reduc­
tion of the pinch point affects not only the surface of the 
evaporator and the economizer but also that of the preheating 
loop. There are two reasons for this: 

• The flue gas temperature after the economizer falls, 
reducing the amount of heat available for the pre­
heating loop. 

• The heat required for feedwater heating increases 
since a greater flow of feedwater is needed for the in­
creased steam production. The preheating loop has to 
take up more energy. 

Other Parameters 

We will not investigate the effects of the other design 
eters here because they differ only insignificantly from 
in a simple single-pressure system. 

3.1.3 Two-Pressure System 

A single-pressure system with a preheating loop provides 
ter waste heat utilization than a simple single-pressure 
Nevertheless, that utilization is neither energetically nor 
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getically optimum. In many cases, the low pressure evaporator 
could, at no great expense, produce more steam than required 
to preheat the feedwater and that excess steam could be con­
verted into mechanical energy if it were admitted into the tur­
bine at some suitable point. To do this, the steam turbine must 
have two steam admissions: one for high pressure, and another 
for low pressure steam (two-pressure turbine). 

Fig. 3-33 shows a system of this type, further equipped with 
low pressure pre-heaters. This not only provides better util-

ization of the waste heat as mentioned above, but also makes 
•.:h.,.++.,, ... thermodynamic use of the low pressure steam. A larger 
.:prol)l:>rtlon of the low pressure steam can flow into the turbine 
.... u.v ... , ....... the low pressure preheater, while the feedwater is be-

pre-heated in the first section using low quality steam. 

·Bef<>re the low pressure steam reaches the turbine, it can be 
super-heated. The thermodynamic advantage of doing 

however, is minimal because the pressure drop between 
steam turbine and the drum is increased. This reduces the 

of steam generated because the saturation temperature 
low pressure evaporator is raised. If the water separation 
drum is effective enough, the saturated steam can be sent 

into the turbine. 

using low-sulphur or sulphur-free fuels, further improve­
this system becomes possible. When the dewpoint is low 
the exhaust gases can preheat a more or less significant 
of the feedwater in a low temperature economizer. Fig. 

an example burning sulphur-free natural gas. The 
here is preheated far enough in a deaerator so that 

is above the water dewpoint of the exhaust ga-
50 ° C) (122 °F). Because this temperature is so low, 

erauontakes place in this case under a vacuum. Following 
tank/dearator, all the feedwater is heated in a 
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Figure 3-31 
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Fig. 3-31: Effect of Live Steam Pressure and Feedwater Temperature on the 
Heat in the Preheating Loop 
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Figure 3-32 
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Figure 3-33 

Fig. 3-33: Simplified Flow Diagram for a Two-Pressure System for Fuels 
Contain Sulphur 

1 Compressor 
2 Gas turbine 
3 Flue gas bypass (optional) 
4 High pressure superheater 
5 High pressure evaporator 
6 High pressure economizer 
7 High pressure boiler drum 
8 Steam turbine 
9 Condenser 

10 High pressure steam bypass 
11 Feedwater tank/deaerator 
12 High pressure feed pump 
13 Condensate pump 
14 Low pressure feed pump 
15 Low pressure evaporator 
16 Low pressure boiler drum 
17 Low pressure preheater 
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Figure 3-34 

18 10 

3-34: Simplified Flow Diagram for a Two-Pressure System for Sulphur-Free 
Fuels 

Compressor 
Gas turbine 

gas bypass (optional) 
pressure superheater 
pressure evaporator 
pressure economizer 
pressure boiler drum 
turbine 

10 High pressure steam bypass 
11 Feedwater tank!deaerator 
12 High pressure feed pump 
13 Condensate pump 
14 Low pressure feed pump 
15 Low pressure evaporator 
16 Low pressure boiler drum 
17 Low pressure economizer 
lB Low pressure steam bypass 
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low pressure economizer to approximately the saturation tem­
perature of the low pressure steam. It is then admitted to the 
low pressure drum. Next, a high pressure feedwater pump cir­
culates the feed water for the high pressure evaporator from the 
low pressure drum into the high pressure steam generator. In 
this case, too, it is possible to supply the low pressure steam to 
the turbine either as saturated steam or as slightly superheated 
steam. 

In addition to this system, there are further variants possible. 
Most of these are not as good thermodynamically, but offer cer­
tain operational advantages. 

One example is shown in Fig. 3-35, where the high pressure 
and low pressure feed-water are separated directly after the feed­
water tank. The low pressure economizer shown in Fig. 3-34 is 
therefore divided into a low pressure economizer for the low 
pressure feed water and a high pressure economizer for the first 
step in preheating the high pressure feedwater. This system has 
the following advantages: 

• better availability, since the high pressure portion can 
remain in operation even if either the low pressure 
pump or the circulating pump fails 

• fewer problems with steaming out in the low pressure 
economizer during part-load operation. 

On the other hand, a slight reduction of about 5% in low 
sure steam generation must be accepted in most cases. 

Another possibility that operates without vacuum dea(~ratiOl 
is shown in Fig. 3-36. The deaerator here operates at a 
overpressure. To do this, it requires extraction steam of a 
quality than that in a system with vacuum deaeration. To 
flows within reasonable limits, the condensate is preheated 
the feed-water in a water-to-water heat exchanger. This 
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that most of the f eedwater preheating is still being accomplished 
using exhaust gas heat. The boiler feed-water temperature must 
not drop below the water dewpoint (if the fuel is sulphur-free) 
or the acid dewpoint (if it contains sulphur). 

The disadvantage here is the reduced efficiency resulting from 
withdrawing higher quality steam from the turbine. Moreover, 
if the condensation pressure is low, it may become necessary 
to provide another low pressure pre-heater heated with ex­
traction steam in order to reduce wetness at the end of the tur­
bine. That would reduce the power output slightly further. 

Examples of Two-Pressure Combined-Cycle Plants 

We will discuss here examples of two typical two-pressure 
plants, both based on the same gas turbine as 

in the single-pressure systems. The first is designed for burn­
the second for burning sulphur-free natural gas. 

Bx:an1pJle 1: Two-pressure system for fuels containing sulphur 

Fig. 3-37 shows the main technical data for this unit. The rna­
difference from the single-pressure system with a preheat­
loop lies in the 3-stage feedwater preheating. Two 
'"DJressmre preheaters heated with extraction steam reduce 

of steam required for the deaearator, which sup­
quite a large amount of excess steam to the low pressure 

urbine where it produces additional mechanical energy. 
steam pressure has been raised to 60 bar (870 psia) in 
improve the efficiency of the steam process. Unlike the 

systems, this system is not significantly affected 
poor rate of heat utilization in the high pressure portion 
waste heat boiler because the heat that is not utilized is 

in the low pressure portion. Table 3-3 (page 83) 
the main technical data of this plant. 
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Figure 3-35 

Fig. 3-35: Two-Pressure System with Separate Economizer in the Low 

Range 

1 Compressor 
2 Gas turbine 
3 Flue gas bypass (optional) 
4 High pressure superheater 
5 High pressure evaporator 
6 High pressure economizer 
7 High pressure boiler drum 
8 Steam turbine 
9 Condenser 

10 High pressure steam bypass 
11 Feedwater tank!deaerator 
12 High pressure feed pump 
13 Condensate pump 
14 Low pressure feed pump 
15 Low pressure evaporator 
16 Low pressure boiler drum 
17 Low pressure economizer 
18 Low pressure steam bypass 
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Figure 3-36 

18 10 

Two-Pressure System with Feed water Used to Preheat Condensate 

Compressor 
Gas turbine 

gas bypass (optional) 
pressure superheater 
pressure evaporator 
pressure economizer 
pressure boiler drum 
turbine 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

High pressure steam bypass 
Feedwater tank/deaerator 
High pressure feed pump 
Condensate pump 
Low pressure feed pump 
Low pressure evaporator 
Low pressure boiler drum 
Low pressure economizer 
Low pressure steam bypass 
Feed water preheater 
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Figure 3-37 
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Fig. 3-37: Heat Balance of the Two-Pressure System for Fuels Containing Sulphur 

SYSTEM LAYOUTS 77 

Because the system has been improved thermodynamically, 
the power output from the steam turbine is more than 11% 
greater than that from the simple single-pressure system and 
J;nore than 3% greater than that in the system with a pre-heating 

The increase in station service power required only par­
detracts from this gain: net efficiency rises to approxi-

,.ru'"'"""~·' 46%. 

Practically the entire increase in efficiency over a single­
system with a preheating loop is provided by the thermo­
improvements made to the water/steam cycle. There 

improvement worth mentioning in the waste heat utiliza­
rate. The amount of heat to be carried off in the condensor 

somewhat so that the dimensions of the steam tur­
exhaust and the condenser may perhaps be somewhat 

system is significantly more complex than a system with 
turbine and is of interest only if the gain in 

output promises sufficient economic gain. 

2: Two-pressure system for sulphur-free fuels 

fuel contains no sulphur, the efficiency of the steam 
can be raised by increasing the rate of waste heat util-

in the steam generator. Fig. 3-38 shows the heat balance 
plant burning sulphur-free natural gas. The low pres-

COilOJni~~er at the end of the waste heat steam generator 
it possible to cool the exhaust gases down to practically 
(212 °F). Because the feed water temperature is then only 

°C (140 °F), the two low pressure preheaters in Ex-
are no longer needed. Otherwise, the design is the same. 

is somewhat greater however because the ex­
from a natural gas firing contain more heat. Table 

84) shows the main technical data of this plant. 
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Figure 3-38 
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Heat Balance of the Two-Pressure System for Sulphur-Free Fuels Fig. 3-38: 
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There are two reasons why the efficiency is better than that 
in Example 1: 

• Burning natural gas increases efficiency (approx. 40% 
of the improvement) 

• Better utilization of the waste heat (approx. 60% of 
the improvement) 

Because its temperature is low, the additional heat absorbed 
cannot efficiently be converted into work. A large portion of 
it is carried off again in the condenser. The exhaust steam flow 
from the turbine and the cooling water system are approximately 
20% larger than in Example 1, increasing the costs for the plant. 
However, the improvement in efficiency is great enough so that 
the increase in investment costs is in most cases worthwhile if 
sulphur-free gas is being burned. 

Fig. 3-39 shows the heat flow diagram for Example 2. Corn­
to the simple single-pressure system (See Fig. 3-5), the sharp 

~tlctilon in stack losses (V2) and the significantly greater con­
losses (V1) are striking. 

3-40 is the temperature/heat diagram of the steam gen­
. As it shows, approximately 70% of the heat exchange 
place in the high pressure portion and approx. 30% in the 

Dr4~SStJre portion. That corresponds approximately to the ra­
high pressure and low pressure steam generation respec-

of Ambient Conditions on 
Output and Efficiency 

shows the effect of the two most important ambient 
air and cooling water temperatures, for the plant 

economizer. As in the case of single-pressure 
an increase in the air temperature affects overall ef­

the plant positively. In this case, the gradient is even 

www.EngineeringBooksPDF.com



80 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Figure 3-39 
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Fig. 3-39: Energy Flow Diagram for the Two-Pressure Combined-Cycle Plant 
Low Pressure Economizer 

Q Energy input 
Vl Condenser Loss 
V2 Stack Loss 
V3 Loss due to Radiation in the Waste Heat Boiler 
V4 Loss in the Flue Gas Bypass 
V5 Loss due to the Gas Turbine Generator and Radiation 
V6 Loss due to the Steam Turbine Generator and Radiation 
GT Electricity Produced in the Gas Turbine 
ST Electricity Produced in the Steam Turbine 
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Figure 3-40 
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Figure 3-41 
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Fig. 3-41: Relative Power Output and Efficiency of Two-Pressure COJillDJneCL-\ 
Plants as Functions of the Air and Cooling Water Temperatures 
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111110 Relative Efficiency 
tA Air Temperature 
PIP 0 Relative Power Output 
tcw Cooling Water Temperature 
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:tnJWt:a because the improvement is produced by the steam pro­
whose share in the overall power output is greater. Again, 

in the case of single-pressure systems, the air pressure does 
have any effect on the efficiency of the combined-cycle plant. 
change in power output, however, is proportional. 

Effect of the Most Important Design 
on Power Output and Efficiency 

optimum live steam data for single-pressure combined­
plants are not the same as those for a two-pressure plant. 

because of the low pressure steam generator which re­
the waste heat that is not utilized in the high pressure 

3-3: Main Technical Data of the Two-Pressure 
Combined-Cycle Plant for Fuels 
Containing Sulphur 

output of the gas turbine 

output of the steam turbine 

service power required 

output of the plant 

68 200 

38 000 

1 320 

104 900 

228 000 

29.9 

157 400 

73.0 

24.1 

46.6 

46.0 

kW 
kW 
kW 
kW 
kW 
% 

kW 
% 

% 

% 
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Table 3-4: Main Technical Data of the Two-Pressure 
Combined-Cycle Plant for Sulphur-Free Fuels 

Power output of the gas turbine 69 400 kW 
Power output of the steam turbine 40 800 kW 
Station service power reired 1 200 kW 
Net power output of the plant 109 000 kW 
Heat supplied 230 000 kW 
Efficiency of the gas turbine 30.2 % 

Heat contained in the exhaust gases 159 300 

Rate of waste heat energy utilization rate* 82.4 % 

Efficiency of the steam process 25.6 % 

Gross efficiency of the plant 47.9 % 

Net efficiency of the plant 47.4 % 

* 100% Utilization if the exhaust gases are cooled down to 15 °C (59 

Live Steam Pressures 

Two aspects enter into consideration when selecting the 
pressure and low pressure live steam pressures: 

• The high pressure steam pressure must be relatively 
high to attain good exergetic utilization of the waste 
heat. 

• The low pressure steam pressure must be low to at­
tain good energetic utilization of the waste heat. 

Fig. 3-42 shows the efficiency (or the power output) of 
steam process for the second example as a function of the 
pressure live steam pressure. Other parameters remain 
changed. Fig. 3-43 shows the same data as a function of the 
pressure live steam pressure. 
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Figure 3-42 
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Effect of the High Pressure Steam Pressure on the Efficiency of the Steam 
Process 

Efficiency of steam process 
High pressure live steam pressure before turbine 
High temperature live steam temperature 475°C 
Low pressure live steam pressure 3.3 bar 
Gas turbine exhaust gas temperature 52S°C 
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Figure 3-43 
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Fig. 3-43: Effect of the Low Pressure Steam Pressure on the Efficiency of the 
Process 

11sT Efficiency of steam process 
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The paths of the two curves explains the contrary functions 
the high pressure and the low pressure evaporators. The pur­

pose of the first is to generate high quality steam, that of the 
A"-I''"''"'" is to utilize the remaining waste heat as fully as possible, 

can be accomplished only if the pressure in the evapor-
is relatively low. However, there are two reasons why the 

in the low pressure evaporator should not drop below 
3 bar (44 psia): 

• The enthalpy drop available in the turbine becomes 
very small, and 

' The volume flow of steam becomes very large, result­
ing in correspondingly large duct cross-sections. 

3-44 shows the rate of waste heat energy utilization in 
boiler as a function of the low pressure live steam pressure. 

as was the case for single-pressure systems, the live steam 
, ..... ,.1"1,.,."" should here, too, be as high as possible, without 

approaching too closely the gas turbine exhaust gas 

low pressure evaporator, to be sure, a higher superheat­
the efficiency slightly (Figure 3-45). However, 

completely without a super-heater provides the advant­
reducing the pressure drop between the evaporator and 

turbine. All in all, the lack of superheating is com­
for almost completely. 

the low pressure live steam temperature, the dif­
temperature between the high pressure steam after 
and the low pressure steam at the mixing point in 
must be taken into account. If the difference is too 

causes unnecessary thermal stresses within the rna­
a high low pressure steam temperature presents the 
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Figure 3-44 
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Fig. 3-44: Effect of the Low Pressure Steam Pressure on the Rate of Waste Heat 
Utilization 
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Figure 3-45 

26 

% 

25 

i VA L.----:.------- 8 
~ 

140 160 180 200 220 240 260 °( 

t LS- LP 

Effect of the Low Pressure Steam Temperature on the Efficiency of the 
Steam Process 

Efficiency of steam process 
Low pressure live steam temperature 
High temperature live steam temperature 
High pressure live steam pressure 
Gas turbine exhaust gas temperature 
with a low pressure superheater 
Limit, Ton low pressure superheater= ooc 

475°C 
57 bar 

200°C 

www.EngineeringBooksPDF.com



90 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

advantage of a kind of a low ''reheating,'' reducing the risk 
erosion due to wetness in the turbine. This consideration 
be the reason for installing a low pressure superheater, 
ularly if the pressure of the high pressure live steam is high 
that in the condenser is low. 

Feedwater Preheating 

As in the case of the simple single-pressure system, the 
water temperature greatly affects the efficiency of the 
process since it directly influences the rate of the waste 
utilization in the boiler. If it is necessary, in order to 
low temperature corrosion, to have a high feedwater 
ature, multi-stage preheating should be provided (1 to 2low 
sure preheaters and 1 deaerator). Fig. 3-46 shows how the 
feedwater temperature and the number of pre-heaters 
the efficiency of the steam process in such a case. 

Condenser Pressure 

Fig. 3-47 shows how the condenser pressure affects the 
ciency or the power output of the steam process in the 
example. 

A deterioration in the condenser vacuum has a greater 
here than with single-pressure systems because the exhaust 
flow is greater. In the first example, where feedwater 
atures are higher, the effect is approximately the same 
the system with a preheating loop, since the exhaust steam 
are similar in both cases. 

Pinch Point of the Waste Heat Boiler 

The pinch point of the high pressure evaporator is less 
tant here than with a single-pressure system because t 
that is not utilized is recovered in the low pressure 
The loss in power output is due only to the difference in 
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of the Feedwater Temperature and the Number of Low Pressure 
'l"l'elle,aters on the Efficiency of the Steam Process 

.'.Lc'lucmo,er of stages for feed water preheating 
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Figure 3-47 

1,05,.-----,---------,--------, 

0,95 

I-
V) 

~ 

---- 0,90 
t-
V) 

~ 

~ 7 5t----t----r---.----r----,-----; 
q025 0,05 0,1 0,15 0,25 

Fig. 3-47: Effect of the Condenser Pressure on the Efficiency of the Steam 
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between the high pressure and the low pressure steam portions. 
For that reason, it is about half as great as with single-pressure 
systems where the useful pressure drop in the low pressure steam 
is approximately half that of the high pressure steam. For that 
reason, the pinch point selected for the low pressure portion 
should also not be too low. 

In summary: With a two-pressure system, the pinch points of 
both the high pressure and the low pressure evaporators have 

of an effect on the efficiency of the steam proces than with 
single-pressure systems. If equal economic value is attached to 

efficiency, then, the pinch points selected for two-pressure 
should be larger than those for single-pressure systems. 

consideration is purely academic, however, since two­
systems are selected only where efficiency is valued 

, and that in turn means low pinch points. 

3-48 shows the relative efficiency of the steam process 
function of the pinch points of the high and low pressure 

in the exhaust gas temperature lowers the effi-
ofthe steam process. This reduction, however, is less pro­

here than with the single-pressure system (Cf., Fig. 3-24) 
the energy utilization rate does not drop off as quickly. 

the gas turbine exhaust gas temperature is, the more 
two-pressure system makes. Fig. 3-49 shows the ratio 

the efficiencies of the two-pressure and the simple 
·nT4=>"'!:!1nr., processes as a function of the gas turbine exhaust 

At a theoretical exhaust gas temperature of 
°F), this ratio is pracically equal to 1. This fact 

use in systems that have supplementary firing (refer 
2). 
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Figure 3-48 

1
1 
OS....-----.---...------.-----,-----,,------., 

0 5 10 15 10 25 

Fig. 3-48: Effect of the Pinch Points of the High Pressure and Low 
Evaporators on the Efficiency of the Steam Process 
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Figure 3-49 
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3.1.4 Special Systems 

In addition to the four systems discussed in Section 3.1.1 to 
3.1.3, there are also others that can at times prove useful. We 
will cite two examples: 

• A sy_stem with steam or water injection into the gas 
turbme to reduce nitrogen oxide emissions (NOx) 

• A system using a single waste heat boiler for two gas 
turbines 

The system with steam or water injection is taking on 
importance as environmental protection regulations become 
more stringent; the system using a single waste heat boiler 
two gas turbines is of interest mainly for smaller machines 
unit power ratings of between 5 and 30 MW. 

System with Steam or Water Injection 
into the Gas Turbine 

Environmental protection laws such as those currently in 
feet in the USA, Japan, and in most European countries 
that the NOx levels in the exhaust be very low. With on~se:nt··O 
gas turbine combustors, special measures must be taken in 
der to maintain these levels. 

One way to reduce the formation of NOx during 
is by lowering the temperature of the flame, since the 
of the reaction producing NOx is noticeably rapid only at 
high temperatures. Injecting water or steam into the 
can produce the temperature reduction desired (refer to 
9.1). 

For gas turbines alone, with no waste heat boiler, it is 
to if\iect water but efficiency is lower than with steam .... ~'"''"''"'"' 
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The problem with steam injection is finding steam at the suit­
pressure level. Live steam is generally either at too high 
pressure live steam) or too low (low pressure live steam) 

-~~"'""0 • Depending on the gas turbine and the load involved, 
pressure level required for steam injection is, at least for 

industrial gas turbines, between 15 and 25 bar (203 and 
psig). Using reduced high pressure steam is the simplest and 
least expensive solution but is exergetically undesirable. 

3-50 shows an improved solution which employs a three­
boiler with a standard high pressure portion, a 

evaporator for generating the if\iection steam, 
a low pressure portion for preheating the feedwater. The 
n~e:ment is relatively complicated. It can be simplified by 

steam from the turbine (Fig. 3-51), which makes it 
to use the standard systems without additional equip-

answer as to which of these two systems is the better must 
from one case to the next. It is certain that the three­

arrangement attains a slightly higher efficiency at full 
but it costs more. 

possible disadvantage of a solution employing steam 
from the turbine might be part-load operation in instal­
with several gas turbines. Unless all the gas turbines are 

the pressure at the extraction point decreases so 
it is in most cases inadequate. It thus becomes neces-

switch over to live steam, which again negatively affects 
. The three-pressure system is better in this regard. 
system, if the amount of if\iection steam generated 

t, only enough live steam need be used to cover 
shortage itself. 

3-5 shows a comparison between the single-pressure sys­
a pre-heater loop without steam if\iection into the gas 

and the same system with injection of extracted steam 
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Figure 3-50 

Fig. 3-50: System with 3-pressure boiler for Steam Injection into the Gas 

1 Compressor 
2 Gas turbine 
3 Flue gas bypass (optional) 
4 High pressure superheater 
5 High pressure evaporator 
6 High pressure economizer 
7 High pressure boiler drum 
8 Steam turbine 
9 Condenser 

10 Low pressure preheater 
11 Feedwater tank/deaerator 
12 High pressure feed water pump 
13 Condensate pump 
14 Low pressure evaporator 
15 Low pressure drum 
l6 Medium-pressure evaporator 
17 Steam injection line 
18 Medium- pressure drum 
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Figure 3-51 

Arrangement with an extraction turbine for steam injection into the gas 
turbine 

10 Steam injection 
11 Feedwater tank/deaerator 
12 High pressure feedwater pump 
13 Condensate pump 
14 Low pressure evaporator 
15 Low pressure drum 
l6 Medium-pressure evaporator 
17 Steam injection line 
18 Medium pressure drum 
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or with water iJ\jection. This comparison, of course, does not 
in itself possess any absolute validity because the amount of 
steam iJ\jected varies with specifications and type of gas turbine. 
It does, however, show trends. 

The comparison shows that the system with steam il\iection 
has a slightly higher overall power output and less waste heat 
to be dissipated in the condenser than the dry system. This last 
fact indicates that there is less waste heat from the turbine and 
the condenser, which also makes the installation less expensive. 
Dis-advantages, on the other hand, are its lower efficiency and 
the greater amount of additional water required. In some '"'"''""".,· 
then, the solution with steam iJ\jection can be more economical 
that the standard solution. The prerequisite for this, however 
is having available a low cost source of additional water. 
system with water iJ\jection has the lowest efficiency but its 
put is approx. 7% greater. Water consumption is less by 30% 
because the water has a better cooling effect than steam. 

Table 3-5: Comparison of the single-pressure system 
with preheater loop with and without steam 
or water iJ\jection, Fuel Oil #2 

Injection in the gas turbine Water Stearn Dry 

NOx emission 75 75 250 vpprn 
Gas turbine output 73 800 76 000 68 400 kW 
Stearn turbine output 38 600 31 200 36 800 kW 
Heat input 255 700 239 500 228 000 kW 
Station service power 1 300 1 200 1 200 kW 
Net power output 111 100 106 500 104 000 kW 
Net efficiency 43.5 44.7 45.6 % 
Waste heat in condenser 78 900 61 800 76 100 kW 
Additional water required 7.0 10.0 0.4 kg/s 
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The sharp drop in efficiency, approx. 2% with steam and al­
most 5% with water iJ\jection explains why all gas turbine man­
ufacturers are working on the development of dry low NOx 
alternatives as presented in Section 10.3 in order to attain low 
NOx emission levels without requiring water or steam iJ\jection. 

It is also possible to conceive of a solution that no longer has 
steam turbine at all: All of the steam is directed into the 

turbine [69]. Fig. 3-52 shows one such system which could 
of interest as a peaking unit in countries where water is plen­

It is simple and attains an efficiency higher than that of 
gas turbine alone. However, if the steam flow iJ\jected is 

to more than approx. 2 - 4% of the air mass flow, major 
t>di:fi<:atioilS must be made to the gas turbine, principally mo­
lc~tti<ms to the compressor. This system is therefore only of 

limited interest. Because its efficiency is lower and its 
consumption far greater than with the normal combined 
the range for its economical application is quite limited. 

types of highly sophisticated systems are being marketed 
under such names as STIG (Steam-IJ\jected Gas Tur­

Turbostig, etc. [45], [46]. They all suffer from the disad­
that water consumption is high, and that their efficiency 

not as high as in normal combined-cycle plants. 
frequently require specially designed gas turbines, which 

limiting their acceptance. STIG systems are 
solutions for smaller cogeneration plants with aero­

gas turbines. Fig. 3-53 shows one such system, with 
heat boiler for two gas turbines. 

svlttP.lm is designed to simplify and reduce the costs of the 
nroc~~ss whenever the combined-cycle plant includes sev­

turbines. It is of interest mainly with smaller gas tur­
a real saving is possible with this system whenever 

steam generator is provided to serve two gas turbines. 
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The cost reduction is less with larger machines. The advantages 
of this solution (Fig. 3-54) are: 

• savings for the evaporator 

• simpler steam circuit 
• better efficiency when operating on only one gas tur­

bine. 

On the other hand, its disadvantage is that every gas turbine 
absolutely must be equipped with a flue gas bypass for start-up 
and shut-down. In plants where such a bypass is not otherwise 
required, a cost increase results which cancels out to a great 
extent the saving effected in connection with the boiler. 

The reduction in availability can be considered modest since 
the unfired waste heat boiler is a reliable component. 

In summary, it can be stated that this arrangement is inter­
esting only for combined-cycle plants employing small gas tur­
bines that one intends to equip with a flue gas bypass anyway. 
It is primarily of interest with jet gas turbines having a 
exhaust gas channel, since these can be built without highly 
pensive flue gas ducts. The boiler can be placed between 
gas turbines. 

3.2 Supplementary Fired Combined-Cycle Plants 

In an open-cycle gas turbine, only 25-35% of the oxygen 
tained in the air is used for combustion. The remainder can 
used for an supplementary firing in the steam generator, 
renders the combined-cycle process even more versatile 
regard to design, operation, and choice of fuel. 

Earlier combined-cycle installations generally had 
tary firing. The fact that that is frequently no longer the 
today can be attributed to progress in the development of 
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Figure 3-52 

3-52: Arrangement without a steam turbine, with 100% steam injection in the gas 
turbine 

lD Steam injection 
11 Feedwater tank/deaerator 
12 High pressure feedwater pump 
13 Condensate pump 
14 Low pressure evaporator 
15 Low pressure feedwater pump 
lli Low pressure drum 
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Figure 3-53 

Fig. 3-53: STIG Cycle 

1 LP - compressor 
2 HP Compressor 
3 Gas Turbine 

4 Combustor 
5 Steam Turbine 
6 Waste Heat boiler 
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Figure 3-54 

Diagram of the principle of a combined-cycle installation with two gas 
turbines and one waste heat boiler 

10 High pressure steam bypass 
11 Feedwater tank, deaerator 
12 High pressure feed pump 
13 Condensate pump 
14 Preheater loop (low pressure evaporator) 
15 Low pressure feed pump 
16 Low pressure boiler drum (optional equipment) 
17 Low pressure steam bypass 
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gas turbine. Thermodynamic interest in supplementary firing 
decreases as the gas turbine inlet temperature rises (Section 2.2). 
Fig. 3-55 (p. 109) shows the efficiency of the combined-cycle pro­
cess using the gas turbine inlet temperature as a parameter 
The curves are valid for single-pressure steam circuits wi 
supplementary firing. Older gas turbines had low turbine 
temperatures. With these machines, an inc_rease in 
ture to 750°C (1382°F) improves overall efficiency. Beyond 
point, supplementary firing brings increases only in the 

In gas turbines with inlet temperatures in excess of 
(1832 °F), the gain is negligible even in the lower range. In 
pressure processes, only a slight gain in efficiency can be 
with a supplementary firing to 750°C (1382 °F). Complete 
pressure processes, however, attain their maximum ef ...... '--•"'u"'" 
when utilizing the waste heat alone. 

As gas turbine inlet temperatures keep increasing, the 
tance of supplementary firing will diminish even further. 
ertheless, the increased operating and fuel flexibilities of 
combined-cycle with supplementary firing may be an 
in special cases. Particularly in installations used for cof.'(eJn• 
ation of heat and power, this arrangement makes it tJv•,.,u.~~eu, 
control the electrical and thermal outputs separately 
Section 4). 

Combined-cycle installations with supplementary firing fall 
one of two categories: 

• units with limited supplementary firing, which are 
similar to units without supplementary firing; 

• units with maximum supplementary firing, ill: which, 
most of the oxygen contained in the gas tu.r:bme ex-: 
hausts is utilized. This type of power plant IS based 
the conventional steam process. 
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8.2.1 Combined-Cycle Plants with Limited 
Supplementary Firing 

The supplementary firing heats the exhausts gas to at most 
800 to 900 °C (1472 to 1672 °F). The arrangement of the steam 
process used is similar to that of installations without supple­
mentary firing. Up to temperatures of 750 °C (1382 °F), simple 
waste heat boilers can be used, without cooling of the cornbus­

chambers. Beyond that point, a cooling similar to that used 
a conventional steam generator is necessary. 

fuels used are oil or gas. With a simple waste heat boiler 
uncooled combustion chambers, gas is the best fuel because 

its low radiation and ease of ignition. 

3-55 shows that the efficiency attains a maximum at a 
(after the supplementary firing) of 750 °C (1382 °F). 

true because the heat exchange in the economizer is op­
at 750°C since the curves for flue gas and water tern­

run parallel. The exchange of heat can therefore take 
with a minimum loss of exergy. Fig. 3-56 (p. 110) shows 
~m1per·ature/heat diagrams for temperatures of 500° (932° 

(1382°F), and 1000°C (1832°F) after supplementary fir-
5000C, the temperature curves in the economizer are 

with the minimum difference in temperature on 
,a ... ,n..-."t" .... end. This pattern is the same as that for a waste 

without supplementary firing (refer to Sect. 1). At 
on the other hand, the minimum difference in temper­

from the water end-is at the inlet to the 
This pattern corresponds to hat of a conventional 

{1382 °F) after the supplementary firing is the limit case 
~~UJV~ .... t difference in temperature along the entire econ­
This means that the exhausts can practically be cooled 
the feedwater temperature, thereby eliminating the 
low pressure evaporators (Sections 3.1.2 and 3.1.3). 
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Unlike conventional power plants, the feed water temperature 
here depends solely on the sulphuric acid dewpoint (Section 5.2). 
Thermodynamic improvement by multi-stage preheating to 
higher temperatures serves no purpose. This pattern corresponds 
to that of combined-cycle plants without a supplementary fired 
waste heat boiler. 

Example of a Combined-Cycle Unit 
with Limited Supplementary Firing 

Fig. 3-57 shows the heat balance of a typical combined-cycle 
plant with supplementary firing to 750 °C (1382 °F). Once again, 
the gas turbine is the same 70 MW machine as that used for the 
examples without supplementary firing. The intended fuel is 
sulphur-free natural gas, which produces results optimum 
regard to efficiency. Natural gas has the further advantage 
it can be burned easily in a waste heat boiler without a 
combustion chamber. With oil, even that is more 
(Section 5.2). The basic arrangement for this installation is 
same as that for the purely one-pressure system in 3.1.1. 
the fuel contains no sulphur, the feedwater temperature 
be reduced to 60 °C (140°F). Deaeration therefore takes 
under a vacuum. 

Fig. 3-58 shows the corresponding Temperature/Heat 
One can see the optimum temperature pattern in the ecc)nc)miz 
resulting in a low stack temperature. This is the reason 
low pressure evaporator would bring not further improved 
ization of the waste heat energy at full load. At part loads, 
ever, or when the supplementary firing is switched off, the 
temperature rises. For installations that are frequently 
at part loads, it can thus make economic sense to select 
rangement with a preheater loop. The same consideration 
applies to plants with a temperature after supplementary 
lower than 750°C (1382°F) at their design point. 
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Figure 3-55 
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Efficiency of the refired combined-cycle installation as a function of the 
flue gas temperature after supplementary firing and gas turbine inlet 
temperature 
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Gas turbine inlet temperature 
Flue gas temperature after supplementary firing 
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Figure 3-56 
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Fig. 3-56: Temperature/Heat diagram for 500° (932°F), 750° (1382°F) (b), and 
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Figure 3-58 
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Fig. 3-58: Temperature/Heat Diagram of a Combined-Cycle Installation with 
Limited Supplementary Firing 
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significant difference in comparison to combined-cycle 
without supplementary firing lies in the live steam data. 
~~+'"'"''v high flue gas temperature brings these up to 84 

psig) and 525 °C (977 °F), thereby improving the effi-
of the steam process. 

in combined-cycle plants without supplementary firing, 
steam data have practically no effect here on the rate 

of the waste heat energy. Accordingly, the criteria 
these data can be similar to those used for conven­
plants. The main technical data of this example 

in Table 3-6 below. 

steam turbine output and condenser waste heat are 
hen compared to combined-cycle plants without sup­

firing. The increased efficiency of the steam turbine 
sufficient to attain an overall efficiency almost equi­
hat of the two-pressure combined-cycle plant discussed 
3.1.3. 

Main Technical Data of the Combined-Cycle 
Plant with Limited Supplementary Firing 

Natural gas 

power 

output 
gas turbine (LHV) 

the supplementary firing unit (LHV) 

steam process 

of the plant 

69 100 

78 300 

2 100 

145 300 

230 000 

79 600 

30.0 

159 300 

32.9 

47.6 

46.9 

kW 
kW 
kW 
kW 
kW 
kW 
% 

kW 
% 

% 

% 
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The Influence of Ambient Conditions 
on Power Output and Efficiency 

If the temperature after supplementary firing is constant, the 
effects of air pressure and air temperature are similar to those 
in installations without supplementary firing. These two design 
parameters have a very pronounced influence on the power out­
put, but the efficiency remains to a large extent unaffected. 

Because the steam turbine is providing a greater portion of 
the total power output, the temperature of the condenser cool­
ing medium has a stronger effect on the overall power output 
and the overall efficiency. Its effect on the steam process alone 
is similar to that in plants without supplementary firing (Fig. 
3-22). However, because of the higher live steam data, the loss 
of enthalpy drop is slightly reduced. 

The Influence of the Most Important Design 
Parameters on Power Output and Efficiency 

Flue gas Temperature after Supplementary Firing 

The temperature after the supplementary firing is the 
important design parameter because it strongly influences 
power output and the design of the plant. 

Fig. 3-59 shows how relative power output and efficiency 
pend on the temperature after supplementary firing. The 
torn limit, 525 °C (977 °F), represents utilization of the gas 
waste heat alone. Two different systems have been nh.~~···· ... 
the diagrams: 

• a single-pressure system (Fig. 3-57) 

• a two-pressure system (Fig. 3-34) 

The basis for comparison is the single-pressure system 
out supplementary firing. Calculations assume use of a 
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free natural gas. When burning oil, the paths of the curves for 
the single-pressure system would not be significantly changed, 
but there would be less difference between the single and 
two-pressure systems (Section 3.6). 

One should note the decreasing difference between the effi­
ciencies of single and two-pressure systems as the flue gas tern­
perature after supplementary firing increases. The curve in Fig. 
3-49 confirms that the two-pressure process provides no advan­
tages over the single-pressure process at temperatures above 
750°C (1382 °F). Here, too, the improvement at low flue gas tem­
peratures is greater with the two-pressure process. It makes no 
difference at all for the steam turbine whether this flue gas tern­
perature is attained directly from the gas turbine or by means 
of supplementary firing. The results indicated in Section 3.1.3 

therefore also valid for installations with supplementary fir-

3-59 shows another reason why the machine behaves in 
anner. Here, the rate of energy utilization in the single­

process continues to rise as the temperature after the 
firing increases, up to 750°C (1382 °F). This is 

the decreasing stack temperature and the increasing tern­
differential between the steam generator inlet and out­

the rate of thermal energy utilization increases as 
.,,.,..,,."' ....... +. rises, the improvement possible with a two-

system becomes continually smaller. 

·e-~>te:arn data for a combined-cycle plant with supple­
to approx. 750 oc (1382 °F) are comparable to those 

..... .,~v.na1 steam turbine plant with the same power out­
the _steam turbine. The live steam temperatures have 

m parallel to the pressure, according to values 
for steam power plants. As is the case in 
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Figure 3-59 
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steam plants, efficiency increases steadily with 
The rate of waste heat utilization at 750°C (1382°F) 

firing is practically unaffected by the live 
. The reduction in exergy losses at higher live 

therefore directly affects overall efficiency of the 

combined-cycle plants without supplementary firing, the 
of the feedwater greatly influences the efficiency 

tctJ.JLa~>JlV.LI as a whole. Because it directly affects the rate 
heat utilization in the steam generator, the tempera­

should be as low as possible. If the risk of low tern-
corrosion makes it necessary to preheat to a higher 

, that preheating should take place in several stages. 

reason, when burning oil, a two to three-stage pre­
should be employed to reach the required 110 

(230 to 284 °F). The efficiency of a power station is, 
affected by the higher feedwater temperature. 

design temperature for the flue gas (after supple­
is less than 750 °C (1382 °F), a system with a pre­

can be a reasonable way to make optimum use of 
tie<~t.tcm 3.1.2). The more often the unit is run at part 

that becomes. 

em,entary fired combined-cycle plants, the increased 
e total power output being provided by the steam 

that condenser pressure is of more importance 
plants which merely utilize the waste 

in machines where the live steam data are low. 
data, the enthalpy drop in the turbine is greater 
reason, the relative effect of a change in condenser 
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pressure is less pronounced. More detailed information 
effect it has on the power output of the steam turbine 
obtained from [1]. It should be noted, however, that 
cycle plants have a greater exhaust steam flow than do 
ventional steam power plants with the same steam 
put, since there is less preheating of the feed-water. For 
reason, the condenser pressure exerts a greater influence 0 
power output from the steam turbine. 

3.2.2 Combined-Cycle Plants with Maximum 
Supplementary Firing 

The basic idea for combined-cycle plants without or 
ited supplementary firing in the waste heat boiler was to 
the best possible use of the gas turbine's waste heat. In 
with maximum supplementary firing, the point of 
not the gas turbine but the conventional steam process. 
was to provide a prior gas turbine in order to improve the 
ency of the large conventional power station. In this 
gas turbine is- stated with some exaggeration- only 
proved air blower with an air heater built in.'' It also 
to provide electricity. 

This approach is reflected in the ratio of the outputs 
steam and the gas turbines. Depending on the amount of 
air, this is between 4 and 10, as compared to 0.5 in 
cycle plants without supplementary firing. 

The steam process is consequently almost the same as 
a conventional steam power plant. In most cases, the 
a unit with steam reheating and multi-stage 
water heating. 

The number of possible systems available is large, 
tically all known steam processes can be equipped 
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. The ratio between the outputs of the steam turbine and 
turbine can be varied at will, either by increasing the 
ombustion in the steam generator using an additional c . . . 

·r fan or by using only part of the oxygen remammg m 
turblne exhaust gas. The example shown in Fig. 3-60 
of a gas turbine and a steam turbine with reheat. In a 
lant of this type, the regenerative air pre-heater usu­

in conventional steam generators is superfluous be­
hot gas turbine flue gas is being used as the combustion 
""'""~""'IT temperature would therefore be very high if waste 

the boiler were not being used for feed water heating. 
f feed water flow to flue gas flow is much greater than 
heat boiler. Due to considerations of exergy only a 

the feedwater should be directed through the econo­
is being heated with flue gas. The rest flows as nor­

the steam-heated high pressure preheaters. The 
in this part-flow economizer is therefore ideal 

the curves for water and steam temperatures run 
one another (Fig. 3-61). 

burning sulphur-free natural gas, the energy is the 
be put to even better use by using a second part­

•nomi:zer in the low pressure portion of the feed water 
This arrangement is advantageous, however, only if 

of the exhausts is very low (Fig. 3-62). 

cycle installations with maximum supplementary 
equipped with a fresh air fan which makes 

to operate the steam process even when the gas tur­
in operation. This increases the availability of the 
sure- but the efficiency in operation of the fan is 

Since this is only used as an emergency oper­
that is is no great importance here. 
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Figure 3-60 

Fig. 3-60 Arrangement of a Combined-Cycle Plant with Maximum 
Firing 

1 Compressor 
2 Gas Turbine 
3 Flue gas bypass 
4 Superheater 
5 Steam generator 
6 Intermediate superheater 
7 Part-flow preheater 

8 Steam turbine 
9 Condenser 

10 Low pressure economizer 
11 Feedwater tankldeaerator 
12 Feed pumps 
13 Condensate pumps 
14 High Pressure preheater 
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~ t = CONSTANT 

HEAT TRANSFER 
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Figure 3-62 

bar 

• C kg/s 

144 

~ KL = 45,3% 

~KL= 354,8 MW 

Fig. 3-62; Example of a Combined-Cycle Plant with Maximum SUflplemertta~y 
Firing (coal) 
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a large supplementary firing in combined cycle systems 
high gas turbine inlet temperatures causes efficiency to 
(Section 2). For that reason, combined-cycle plants with 

supplementary firing are only of slight importance 
. In comparison to simple combined-cycle installations they 
only two advantages: 

coal can be burned in the steam generator 

very good part-load efficiency. 

first of these considerations is a true advantage only where 
of gas or oil available at a low price from the gas 

is relatively slight. In other cases, it is generally a better 
to build either a combined-cycle plant utilizing only the 

heat or a conventional coal-burning power station. 

exception might be a case calling for peaking operation 
of the gas turbine and base load operation of the steam tur­
An arrangement of this type possesses the advantage that 
use the waste heat from the gas turbine without a special 
heat boiler. 

advantage of good part-load behavior is also valid only 
extent because combined-cycle plants without sup­
firing also attain high part-load efficiencies if they 

several gas turbines (refer to Section 7). 

tages of units with maximum supplementary fir­
compared to simple units utilizing merely the heat con­

in the exhaust gas are considerable: 

efficiency 

investment costs required 

complex installations, more difficult to operate 
maintain, especially if the steam generator is 
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For these reasons, this type of plant will not be discussed in 
further detail here. However, the example below can provide 
a basis for comparison with the other arrangements. 

Example of a Combined-Cycle Plant with 
Maximum Supplementary Firing 

This example is also based on the same 70 MW gas turbine. 
Its power output is lower here because there is a greater 
sure drop in the exhaust gases in the steam generator. The 
turbine burns natural gas, the steam generator coal. 

Due to maximum possible utilization of the oxygen in the 
hausts (excess air co-efficient = 1.3), however, a high 
plant output of approx. 340 MW is attainable. The steam 
cess has a simple reheating, a seven-stage regenerative f 
water preheater, and a high pressure part-flow economizer. 
main technical data for it are shown in Table 3-7. 

Table 3-7: Main Technical Data of the Combined-Cycle 
Plant with Maximum Supplementary Firing 

Gas turbine output 

Steam turbine output 

Station service power (not including feed pumps)* 

Net power output 

Heat input to gas turbine (natural gas) (LHV) 

66 800 

228 000 

6 000 

348 800 

230 000 

Heat input to the supplementary firing unit (coal)(LHV) 551 500 

Efficiency of the gas turbine 29.0 

Heat contained in gas turbine exhaust gases 

Efficiency of the steam process 

Gross efficiency of the plant 

Net efficiency of the plant 

* Steam turbine used to drive the feed pump 

161 900 

40.4 

45.3 
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With a gas-fired steam generator, a net efficiency of approx. 

45.5% can be attained by adding a low pressure part-flow econ­
nU.zer to the steam cycle. Because the power output from the 

:team turbine is so high, the heat flow to be dissipated in the 
ndenser is practically as great as that in a conventional steam co . . 

,ht'l,wE=~r plant. This therefore makes the selectwH of a s1te more 
d'i.l:tlClJit than with a simple combined-cycle plant, far more 

..~-·~+_,,.,. is required. 

Effect of Ambient Conditions and of Design Parameters 

Just as in combined-cycle plants without supplementary fir­
the air temperature strongly affects the overall power out­
at least in those cases where the oxygen in the exhausts 

fully utilized without employing an additional fresh air 

temperature of the cooling medium in the condenser is 
important than in units without supplementary firing be­
the steam turbine is larger. However, the greater enthalpy 

........... u''"' in the steam turbine partially compensates for this. 

criteria that apply to selection of the steam plant design 
same as those for conventional steam power plants. Due 

size of the units, turbines with reheat systems are gen­
selected. 

onversi·on of older steam power plants into combined­
also known as "repowering"- is one interesting 
it possible to continue using at least parts of older 
plants that have become uneconomical. In this pro­

boilers are normally replaced with gas turbines and 
boilers. Suitable for such an action are steam tur-
in older power stations which have relatively low 
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live steam data quite well adaptable for combined-cycle 
lations. These 20-to-25-year old steam turbines generally 
have a considerable service life expectancy left, but their 
ers are often ready for scrapping. 

Fig. 3-63 and 3-64 show the example of a conventional 
turbine plant, before and after such a conversion. From the 
inal installation, it was possible to reuse the following 
ponents: 

• building 

• steam turbine and generator 

• condenser 

• main cooling system 

• main transformer for the steam turbine 

• the high voltage equipment 

The following parts were dismantled: 

• boiler 

• piping and fittings 

• feedwater preheaters 

• condensate pumps 

• feedwater pumps 

• control equipment 

This list can vary from one case to another. 
however- as in the example- it makes sense only to 
components which can be continued in use with no 
pense. All parts with only a slight value remaining 
scrapped, for such elements frequently cause 
tra costs and negatively affect the availability of the 
installation. The feedwater pre-heating system is a 
because it must, for a combined-cycle plant, be r~~ 4'-~'"'""">f' 

4 

5 Condenser 
6 Feedpump 
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7 Condensate pumps 
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Figure 3-64 

Fig. 3-64: Combined-Cycle Plant with Existing Steam Turbine 

1 Gas Turbine 
2 Compressor 
3 Flue gas bypass 
4 Superheater 
5 Evaporator 
6 Economizer 
7 Drum 
8 Steam Turbine 

9 
lD 
11 
12 
13 
14 
15 
16 

Condenser 
Steam bypass 
Feedwater tank/deaerator 
HP Feed water pump 

LP evaporator 
LP Feedwater pump 
LP drum 
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that for a steam power plant because of thermody­
Thus, in most cases, no extraction points 

any more on the steam turbine, which increases the 
from that turbine. However, the generator and 

must be able to handle this additional power 
in certain cases that can lead to restrictions. 

shows the significant gain in efficiency that can be 
re-powering. The power output of the plant as 

actually been tripled. A supplementary firing could 
overall power output because the gas turbine exhausts 

only be covering a portion of the heat demand of 
generator. 

Comparison of a steam power plant before 
and after repowering to a combined-cycle 
power plant 

before after 
repowering repowering 

30 300 102 200 

from steam turbine 32 000 35 000 

from gas turbine 68 400 

1 700 1 200 

107 000 228 000 

28.3 44.8 

kW 
kW 
kW 
kW 
kW 
% 

of supplementary firing in repowering is the 
f closer adaptation to the live steam data of the orig­
Because the design of the gas turbine has been stan­

are fixed limits on the amount of steam that can 
, and these do not necessarily lie close to the design 

the steam turbine. 
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Another approach to repowering can be used with more 
dern steam power plants equipped with reheat steam 
To improve the efficiency of such a unit, the fresh air 
be replaced in supplying the oxygen needed for 
installing a new gas turbine before the existing steam 
tor. Here, the existing steam boiler continues in use, but 
be adapted to its new operating mode. The modifications 
are due mainly to the much higher temperature of the 
bine exhausts (approx. 500 °C/ 932 °F as compared to 300-
I 572 - 662 °F for the fresh air after an air preheater). The 
parts that must be modified are the: 

• burners 

• fresh air ducts 

• perhaps the reheater 

A waste heat recovery system must be installed after the 
generator to handle most of the condensate and faL"> .... u .... 

ing. The complete plant appears similar to those shown 
3-60 and 3-62. 

The major problems that arise with this type of .,.,.r'"'"'""' 
are in connection with: 

a) space availability for installation of the gas turbine 
and the waste heat recovery system 

b) adaptation of the boiler and the overall operating 
cept to the new mode of operation 

For steam power plants that burn gas or oil, however, 
one very interesting possibility for raising efficiency by 
than 10% and power output by 20 to 30% at relatively 
vestment costs. With coal-burning units, there is less 
economic gain because the conversion itself is more .... v.u''"'L' 

there is less improvement in efficiency. 
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Installations with 
Gas Turbines [63 to 68] 

may operate either in an open-cycle or a closed­
The closed-cycle process is, however, much l_ess 

built than the open-cycle. Fig. 3-65 shows the _sim­
rul~~menL, consisting of compressor, heater, turbme, 

Theoretically, the medium can be any g_as, bu~ al­
iru>talllataOilS that have been built employ mr. Hehum 

e other possible media, with helium in particular ar . 
interest for nuclear power statiOns. 

of the gas turbine can be raised by employing 
systems, e.g., a recuperator, compressor 
coiling, or the like. However, as was the 

no:JJp.t:eun.L-'"'c''y'"'cle gas turbines, the simpler arrangements 
the most suitable ones. 

advantage of the closed-cycle gas turbi~~ is the g:eat 
offers in selection of the fuel. In add1t10n to Oil or 
nuclear fuel can also be used. Its main disadvantage 

heat is supplied to the process via a heat exchanger, 
the turbine inlet temperature to levels lower than 

•n~:>n-c·v•~~~ gas turbines. According to [64], efficiencies 
45% should be attainable. Fig. 3-66 shows the way 

the efficiency of the combined-cycle process depends 
,m,:lrP~ssf>r pressure ratio and the gas turbine inlet tern-

;:erlestrn~ potential application involves nuclear power 
helium-cooled reactors (high temperature reactors 

reactors). In these plants, the gas would be in 
with the reactor. The maximum process temper­
because the highest process temperatures attain­

reactor are today at 950°C (1742 °F). 
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Figure 3-65 

4 

Fig. 3-65: The Closed-Cycle Gas Turbine 

1 Compressor 
2 Gas turbine 

3 Heater 
4 Cooler 

3 
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so --+---1 

so 

2.0 3.0 4.0 S.O 6.0 
TT 

UeJ>emien,ce of the Efficiency of a Combined-Cycle Plant with a Closed­
on the Compressor Pressure Ratio and the Inlet 

to the Gas Turbine (as in [64]) 

www.EngineeringBooksPDF.com



ps 

134 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

. The use of combined-cycle plants with closed-cycle gas 
bmes can be considered for the following applications: 

• burning coal in a fluidized bed 

• high temperature reactors. 

Fig. 3-67 shows one possible arrangement with fluidized 
combustion, a closed-cycle air or helium gas turbine, and a 
sequent reheating steam process. A combined-cycle plant 
a high temperature reactor, helium turbine, and steam 
can be seen in Fig. 3-68. In neither case can a commercial 
be expected in the near future because the technological 
economic hurdles are too great. 

3.5 Pressurized Steam Generators 

As one final combination we should mention a system 
a pressurized steam generator. This type of power ,,,.,.._., .. , ... :~. 
fall into one of two categories: 

• installations witl_l a simple charging group, which 
or may not provide (a small amount of) electrical 
power 

• in~tallations with gas turbines and subsequent .,.._,,n.,,.­
mizers 

Fig. 3-69 shows the diagram of the principle employed 
first of these arrangements. Power plants like this were 
quite early: the more than 100 Velox boilers built by 
veri operate in this way. However, such installations 
real future (at least for oil or gas-burning plants) bec~ausE 
cannot provide any genuine thermodynamic advanta 
conventional steam plants. The gas turbine is operating 
a very low temperature level because it is using the 
from the steam generator as a working medium. Thus, 
is being made of the high temperature potential offered 
machine, and its power output is for that reason pr:actica,lJ 
Typical efficiencies of such units are in the range of 40 
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important advantage is the small, compact steam gen­
. Because of the higher pressure and the greater speed 
combustion gas, the heat transfer is better than in a con­

steam generator. Consequently, the surface required 
heat exchange is smaller, and that theoretically should 
the costs of the installation. 

$.-70 shows an installation of the second type. Here, un­
the group employing a simple charging group, advant­

of the high gas inlet temperature. The steam 
simply replaces the gas turbine combustor. Net effi-
43 to 46% are within the range of possibility. That 
this arrangement should also have no thermodynamic 

when compared to combined-cycle plants with 
supplementary firing. But even these values are 

surpassed by simple combined-cycle plants with­
firing which today exceed 50%. The ques­

arises as to whether there will be any economic 
for an oil or gas-fired plant of this type in the future. 

to its lower efficiency, it has the following further 
when compared to the combined-cycle plant with 

waste heat boiler: 

omtue:x system requiring a special steam generator 
recuperator 

operation of the gas turbine and steam 
possible 

.,.,,., ........ generator- though this advantage is 
cancelled out by the subsequent economizer 

control over the steam process possible because 
small storage capacity of the steam generator. 

www.EngineeringBooksPDF.com



136 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Figure 3-67 

Fig. 3-67: Combined-Cycle Plant with Closed-Cycle Gas Turbine and li'h•itliivAl 

Combustion 

1 Compressor 
2 Gas turbine 
3 Heater 
4 Cooler 
5 Waste heat 

6 Steam turbine 
7 Condenser 
8 Feedwater tank/deaerator 
9 Feedpumps 

lD Condensate pumps 
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3 

Temperature Heactor with Helium Gas Turbine Followed by a 
Process 

6 Steam turbine 
7 Condenser 
8 Feedwater tank/deaerator 
9 Feedpumps 

lD Condensate pumps 
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Figure 3-69 

I' 

Fig. 3-69: Arrangement Employing a Pressurized Steam Generator and a 
Charging Group 

1 Charging group (Gas turbine) 
2 Steam turbine 
3 High pressure preheater 
4 Low pressure preheater 
5 Steam generator 

6 Economizer 
7 Condenser 
8 Feedwater tank/deaerator 
9 Feed pumps 

10 Condenser 
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'Altrangc~ment Employing a Pressurized Steam Generator with Gas 
Tu:!'lllllles and Subsequent Economizer 

6 Economizer 
7 Condenser 
8 Feedwater tank/deaerator 
9 Feed pumps 

10 Condenser 
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The balance is more likely to be on the negative side for 
oil or gas-fired plant. 

Plants with pressurized steam generators could 
still become very interesting in the future because they 
a possibility of burning coal cleanly in a pressurized ~~~~-.. .• ,.. 
bed combustor (PFBC). Refer to Section 10 below for 
information about such plants. 

3.6 Summary and Evaluation of the Various 
Arrangements Possible 

In our evaluation of the various arrangements possible, 
will omit from consideration systems with closed-cycle gas 
bines or pressurized steam generators because they are 
of academic interest only. The following six examples will 
compared below: 

• the single-pressure sytem (Fig. 3-4) 

• the single-pressure system with a preheater loop 
3-27) 

• the two-pressure system for fuels containing sulphur 
(Fig. 3-37) 

• the two-pressure system for fuels containing no 
phur (Fig. 3-38) 

• the combined-cycle plant with limited 
firing (Fig. 3-57) 

• the combined-cycle plant with maximum 
tary firing (Fig. 3-60) 

All arrangements are based on the same gas turbine, 
approx. 70 MW and are as a result directly comparable 
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3-9: Comparison of Power Output and Efficiency 
of the Various Systems 

Single- Single- 2-Pressure 2-Pressure Limited Maximum 
Pressure Pressure, Fuel with Fuel with Aux. Aux. 

Preheater Sulphur no Sulphur Firing Firing 
Loop 

101.5 104.5 104.9 109.0 145.3 348.8 

44.5 45.6 46.0 47.4 46.9 44.61) 

68.6 68.4 68.2 69.4 69.1 66.8 

34.0 36.8 38.0 40.8 78.3 288.0 

30.1 30.0 29.9 30.2 30.0 29.0 

21.7 23.4 24.1 25.6 32.9 40.4 

Oil Oil Oil Gas Gas Gas 

Gas Coal 

228.0 228.0 228.0 230.0 230.0 230.0 

0 0 0 0 79.6 551.5 

GT Gas turbine ST Steam turbine Suppl. Supplementary 

an oil or gas-fired steam generator with a low pressure part-flow econo 
3-62) 

striking point is the high net efficiency of the gas­
............. ""·"""' .... "' system. The unit with limited supplementary 

however, far behind: its efficiency is less only by 
approx. 1%. Its power output, however, is about 40% 

the steam turbine produces about twice as much 
arrangement can be of interest whenever a higher 

unattainable with utilization of the waste heat 
Moreover, the specific investment costs re­

more likely to be lower than those for the two-pres-
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sure system. But this type of plant is more complex and it 
become less and less attractive in the future as gas turbine 
temperatures continue to increase. 

The net efficiency of the combined-cycle with maximum 
plementary firing is poor, but it can cover 70% of its 
quirements with coal, which is frequently an advantage. 

Efficiency is only one of the important criteria when 
on the selection of a power plant. A second is the price, 
is difficult in a Handbook of this type to provide exact data 
Only comparative prices are possible. The basis for 
is in all cases the simple single-pressure system and 
ative prices are valid as specific prices for installations 
comparable power rating (Table 3-10). 

Table 3-10: Comparison of Specific Prices for the 
Various Systems, in % 

Single- Single- 2-Pressure 2-Pressure Limited Maximum 
Pressure Pressure, Fuel with Fuel with Suppl. Suppl. 

Preheater Sulphur no Sulphur Firing Firing 
Loop (Gas) 

Relative 
price 100* 101-103 105-108 106-110 103-110 130-150 

• Basis for comparison 

The higher specific price for the unit with a comparable 
rating when employing maximum supplementary 
to the fact that a steam plant is more expensive than a 
bine, which means that the relative price for 
a proportionally large steam component will be less 
This is especially true for a plant with a coal-burning 
today usually requires installation of a scrubber to 
sulphur from the exhaust gases. 
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important consideration is the amount of cooling wa-

11: Comparison of the Amount of Cooling Water 
Required for the Various Arrangements 

Single- Single- 2-Pressure 2-Pressure Limited Maximum 
Pressure Pressure, Fuel with Fuel with Suppl. Sup pl. 

Preheater Sulphur no Sulphur Firing Firing 
Loop (Coal) 

64.3 76.1 74.6 88.4 133.4 670 

1530 1810 1780 2105 3180 15940 

101.5 104.0 104.9 109.0 145.3 348.8 

15.1 17.4 17.0 19.3 21.9 46.5 

of the cooling water: 10°C (18°F) 

advantage of the single-pressure system by itself 
specific cooling water requirement. The other 

plants without supplementary firing need be-
18% more water per installed MW because in these 

"'''.'""'·"',additional low exergy heat is being supplied 
process from the exhaust gas. Because this energy 
onvertable into mechanical energy, it must in large 

m::tte'O once again in the condenser. 

to the amount of cooling water required, the 
plant with maximum supplementary firing turns 

poor. It requires proportionally three times as much 
as do plants without supplementary firing. But 
here more with a reheating steam plant than with 

installation, and consequently the amount 
required is large. 
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Flexibility in fuel selection also plays an important 
Present-day gas turbines can only handle liquid or gas 
ble 14). 

Table 3-12: Possible Gas Turbine Fuels 

a) Standard Fuels 

b) Special liquid fuels 

c) Special gas fuels 

Natural gas 
Diesel oil 

Methanol 
Crude 
Heavy oil, residuals 
Oil shale oil 

Synthetic gas 
Blast furnace gas 
Coal gas, with medium or 

calorific value 

Note: The use of categories b) and c) is limited, because 
may be burned depends on their exact chemical anal 
type of gas turbine involved. Generally, industrial gas 
with large combustors are better able to handle these 
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of the steam process depends on the gas turbine fuel 
on the fuel used for supplementary firing. Table 
guidelines in this regard. 

Fuels for Gas Turbines and 
Supplementary Firing 

Single- Single- 2-Pressure 2-Pressure Limited Maximum 
Pressure Pressure, Fuel with Fuel with Suppl. Sup pl. 

Preheater Sulphur no Sulphur Firing Firing 
Loop 

Diesel Diesel Diesel No-Sulphur Diesel Diesel 
oil, gas, oil, gas, oil, gas, fuel oil, gas, oil, gas, 

etc. etc. etc. etc. 

Gas, Coal, 
Diesel Gas 

oil Heavy oil 

~.u:;o.::n,u"" system with a low pressure economizer is suit­
only with fuel with a very low or no sulphur level. 

it loses its advantage due to the higher feedwater 
required to avoid low temperature corrosion. 

ouput and efficiency of the system with a preheater 
practically unaffected by changes in the feedwater 
For that reason, it is equally suitable for all gas tur­

no-sulphur fuels, however, its efficiency is lower 
the two-pressure system. In such cases, it should be 

where efficiency is not the critical factor. 

of the unit with maximum supplementary firing 
........ fJ ... ,V .. "' of burning solid fuels as well. This additional 

not be overlooked when considering its disadvan-
respects, especially its high investment costs and 
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The installations without supplementary firing are of 
portance today. Their advantages include: 

• high efficiency 

• a simple steam process 

• low investment costs 

• quick installation 

• simple operation and maintenance. 

Particular trump cards of such plants are their 
their low live steam data (Table 3-15). These plants 
high availability ratings and provide easy operation and 
nance. 

Table 3-15: Comparison of Stearn Process Data for the 
Various Systems Discussed in Chapter 3 

Single- Single- 2-Pressure 2-Pressure 
Pressure Pressure, Fuel with Fuel with 

Preheater Sulphur no Sulphur 
Loop 

Reheat no no no no 

Live steam 
pressure,bar 37 37 60 60 84 

Live steam 
temperature, °C 480 480 480 480 525 

Feedwater 
temperature, °C 130 130 130 60 60 

No. of feed-
water pre-heaters 1 3 1 1 

Chapter 4 

MBINED-CYCLE PLANTS 
FOR COGENERATION 

advantage of a combined-cycle applies 
use in a power plant that produces power alone, 

those which provide heat or process steam as well. 
.,,,nu;•q the flow diagram of such an installation with a 

elllClO<lYitanruc superiority of the combined-cycle plant 
tvEmt.lOJlal power plant is even more pronounced in 

plants than it is in plants used only to generate 
The drop between the average heat input to the pro­

of the exhausts is greater in a combined-cycle plant 
.,.,, ........ ~ .. power plant. 

of power plants have to supply heat at the same 
level, the loss in temperature drop is the same in 

the relative loss in combined-cycles is smaller be­
total drop available is larger (Fig. 4-2). 

combined-cycle installations can be considered 
plants: 

ln4'•ll-•r>'""' 0 plant with an extraction/condensing 
(Fig. 4-3) 

with a waste heat boiler (Fig. 4-4) 
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Though the gas turbine with a waste heat boiler is no 
a genuine combined-cycle plant (it operates without a steam 
bine), it can be viewed as a limit case. All installations 
equippped with supplementary firing, which might even 
considerable advantage for the cogeneration process 
it offers a much greater design and operating flexibility 
available with waste heat utilization alone. The 
steam or thermal energy can be controlled independently 0 

electrical power output because the gas turbine assumes 
of the power output and the auxiliary firing handles con 
the steam or heat generation. Cogeneration plants can be 
sified into three categories as follows: 

• industrial power stations to supply process steam to 
industrial plants 

• thermal power stations to supply thermal energy to 
district heating systems 

• power plants coupled to seawater desalination 

4.1 Industrial Power Stations 

Wherever both electrical power and process steam are 
it is thermodynamically and generally also economically 
to produce both products in a single plant. 

The number of possible solutions is large because 
is a "special case." As an example, we will cite here a 
with a single pressure level for the process steam. Ofte 
ses involved are more complicated but the basic \..VJll;).l'lA' 

remain unchanged. One important core parameter for 
ration plants is the power coefficient, the ratio between 
trical power and the thermal energy produced [61]. 

One characteristic of the combined-cycle plant is its 
imum value for this power coefficient. It is therefore 
to be suitable for processes where a relatively great 
power must be generated. 
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Diagram of the Principle of a Combined-Cycle Plant used for 
Cogeneration 

5 Steam reducing station 
6 Supplementary firing 
7 Flue gas bypass 
8 Backpressure steam turbine 
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Figure 4-2 
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Fig. 4-2: Comparison of the Temperature Drop of Combined-Cycle 
Steam Turbine Power Plants 

A 
B 
A+B 

Temperature drop available in a backpressure steam turbine 
Temperature drop available in the industrial process 
Temperature drop available in a condensing steam turbine 
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Combined-Cycle Power Plant with Extraction/ Condensing Steam 
Turbine 

6 Supplementary firing 
7 Flue gas bypass 
8 Backpressure steam turbine 
9 Condenser 

5 

5 Steam reducing station 
6 Supplementary firing 
7 Flue gas bypass 
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Example of a Combined-Cycle Industrial Power 

Just as we did for power generation alone, we will 
further considerations here on one given example, 
a gas-burning plant with supplementary firing, eq .. ..,.,~_, .. 
the same 70 MW gas turbine as our other examples, and 
pressure turbine (absolute backpressure 3.5 bar). Table 
Fig. 4-5 contain the main technical data for this unit. 

The Effect of the Most Important Design Condi 

As with combined-cycle plants used for generation of 
alone, the air temperature is of particular importance 
for power output. In industrial processes, the demand 
generally does not depend on the ambient tempera 
result, one is often compelled to select the highest 
temperature for design purposes. 

Table 4-1: Main Technical Data of the Comnlr'"'"-' 
Industrial Power Plant 

Fuel 
Gas turbine power output 

Backpressure steam turbine power output 

Station service power 

Net power output of the plant 

Heat input to the gas turbine (LHV) 

Heat input to the supplementary firing (LHV) 
Process steam flow 

Process steam pressure 

Thermal energy of process steam 

Rate of fuel utilization 

Power coefficient 

Electrical yield 

Efficiency of power production 
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nrE~SStlfe level of the process steam and the power coef­
also are of importance for design, because the pressure 

'"""''ni"•Pj;lj;l steam directly affects the enthalpy drop in the 
The higher the pressure, the less electricity is 

Fig. 4-6 shows the effect on the overall output of the 
this pressure is very high, the use a steam turbine be­

since its pressure differential is then too 
that case, the steam process reduces to a waste heat 

coefficient of the plant is affected mainly by three 

amount of fuel supplied directly to the boiler 

size of the condensing portion of an 
turbine 

firing makes it possible to lower the power co-
1""''""'"'"',., this capability is limited because lowering 
would reduce the thermodynamic advantages of the 

plant. Combined-cycle plants should be employed 
the power coefficient is high. That feature must not, 

considered as a disadvantage since for industries 
low power coefficients it is often a better idea 

power needed from the connected grid and to gen­
in conventional steam generators. Fig. 4-7 shows 
coefficient depends on the temperature after 

!metnt~u-y firing. 

-..v'''U'<OJ.I.i=>J.HX turbine offers greater design and 
in the direction of higher power coefficients. 

portion of the turbine makes it possible to in­
--•. -.. ..... power produced at the cost of process steam 

, this procedure works out unfavorably on 
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Figure4-5 
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Figure4-7 
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Fig. 4-7: Effect ~f the Temper~ture after the Supplementary Firing on 

Coefficient (*Case w1thout Supplementary Firing) 

PC Power Coefficient 
t9_<' Flue gas temperature after supplementary firing 
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efficiency. As shown in Fig. 4-8, when the power 
increases, this indicator approaches asymptotically 

of the combined-cycle plant used to generate power 
means that the backpressure turbine represents the 

case for cogeneration. As soon as the power coefficient 
changes, one moves away from that optimum. To the 

maximum is the case with mixed process steam pro­
one portion of the process steam is being produced in 

turbine and the remainder in a steam genera­
' too, the efficiency of power production drops off ra-

the Most Important Parameters 

selecting the design data, it is necessary to distinguish 
a fired and an unfired waste heat boiler. With supple­

one should select live steam data similar to those 
~ .... , .............. steam power plants. Just as for plants used to 

supplementary firing, the live steam data should be 
""'"'""rt·•.-"1 to criteria similar to those indicated in Sec­

live steam pressure should, however, be higher 
reasonably high enthalpy drop between the live steam 

steam. This is especially true if a relatively high 
is required for the process steam. Poorer heat util­

and this loss must be regained in a low pressure 
Normally such low pressure systems are used only 

terating of process steam. Generally it is not worthw­
the low pressure steam into the turbine because 

differential available between the low pres-
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Fig. 4-9 shows a system employing an unfired I.VITn_.,.,.., 

waste heat boiler and a backpressure turbine. The low 
steam is fed directly into the process steam system. The 
sure economizer shown is of interest only when burning 
free fuel. In oil-burning plants, one should employ a"""' .. ~·~' 
lar to that in Section 3.1.2 (single-pressure system with 
heater loop). 

When designing a cogeneration power plant, the rule 
ways that for given economic conditions its design must 
be simpler and less expensive than that for a power plant 
generates power alone. Thus, for example, the efficiency 
turbine can be a bit poorer because the losses in the 
are recovered energetically in the form of additional pr,ocE:!S.~ 

4.2 District Heating Power Plants 

Generally, district heating power plants produce 
at temperatures lower than those in industrial power 
uallevels are between 80 and 150 °C (176 and 302 °F). 
steam is used to heat the water, it can, for exergetic 
be helpful in larger installations, to break down the 
two or even three stages. Fig. 4-10 shows the tempera 
hot water and steam in a 1-stage and a 3-stage process. 
only one stage is used, all the steam must be extracted 
higher pressure level, which means that the power 
tainable is less than that with a 3-stage system. 

Other design criteria for district heating power plants 
heat output and the water temperatures, which depend 
bient temperatures. The system used must therefore 
operating flexibility, but must not become too \-VJllll-Jll'-' 

too expensive. In particular, no district heating powe 
should ever be designed for extreme conditions: its 
operation would be questionable. 
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Figure4-9 

Fig. 4-9: Combined-Cycle Industrial Power Plant with Two-Pressure 
Boiler 

1 Waste heat boiler 
2 Gas turbine 
3 Steam user 
4 Feedwater tank/deaerator 

5 Pressure reducing station 
6 Supplementary 
7 Flue gas bypass 
8 Backpressure steam turbine 
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Example of a Combined-Cycle Power Plant 
for District Heating 

In district heating power plants, independent control of 
tricty and heat production is generally not required. These 
plants are usually integrated into large grids so that other 
stations can take over adjusting the electrical power 
to the demand. The only output parameter that must be 
lated is the heat output. For that reason, the design of the 
bined-cycle plant should be simple, which means without 
supplementary firing in the waste heat boiler. Fig. 4-17 
the arrangement and heat balance of a typical example 
an extractionlbackpressure turbine. Table 4-2 shows its 
technical data. 

Table 4-2: Main Technical Data of the Combined-Cycle 
Heating Power Plant 

Fuel Natural gas 
Gas turbine output 69 400 kW 
Steam turbine output 23 700 kW 
Station service power 1 000 kW 
Net power output 92 100 kW 
District heating water return temperature 70 oc 
District heating water supply temperature llO oc 
Heating output 109 500 kW 
Heat input (LHV) 230 000 kW 
Rate of fuel utilization (LHV) 87.6 % 
Power coefficient 0.84 
Electrical yield (LHV) 40.05 % 
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··---·+"''"" depicted is based on a single-pressure steam pro­
order to increase the rate of utilization of the waste heat 
it is followed by a heating circuit heated by the flue gas. 

' shown, this circuit is built as a closed system. 
employing the district heating water directly would 

but it would mean greater problems in operation. 

riant from the example shown, the steam turbine could 
va condensing turbine, which would provide a 

flexibility. Whether or not such an added in­
would be worthwhile depends mainly on the value at­
the additional electricity which could be produced. 

a system using an extraction/condensing turbine. 

cases, even a complete two-pressure system could 
. The prerequisites for this however would be that 

value be attached to the electrical power produced 
the district heating water supply temperature be low 

there would be a reasonable enthalpy drop between 
steam and the heating condenser(s). 

Parameters 

""""--"""''"" plants for district heating, the strong effect 
temperature has on the power output is more likely 

factor since maximum output is demanded when 
are lowest. 

in industrial power plants, the temperature level 
supplied affects the power output of the steam 

that reason, the temperatures selected for the dis­
water should be as low as possible. The design tem-

,."'"'",."'"0l'tt- a compromise between maximum electrical 
low costs for transportation of the heat. 

www.EngineeringBooksPDF.com



164 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

As in combined-cycle industrial power plants, the live 
pressure should also be higher than in power plants for 
generation alone. Levels of between 40 and 70 bar (565 and 
psig) are typical for optimum design of installations without 
plementary firing. 

4.3 Power Plants Coupled with Seawater 
Desalinization Units 

Combination of a power station with a seawater ~~·J ..... ll 
unit is one especially interesting application for 
Combined-cycle plants are outstandingly well suited to this 
pose because such power plants are generally built in 
countries and ideal fuels for combined-cycle installations 
therefore easily available at a reasonable cost. 

Larger seawater desalinization plants are always "'"'>.LJ<..Lu:: 

use the multi-stage "multiflash" process. One significant 
nical requirement imposed by the process of such 
is that the maximum temperature of the water being 
limited. The reason for this is the way in which the 
treated to prevent CaC03 deposits. Generally the ....... ,.,u·uu. 

volves treatment with polysulphate or sulphuric acid. 

With polysulphate, the maximum temperature to 
water can be heated is 90 °C (194 °F); with sulphuric 
oc (248 °F). The resulting heating steam pressures are 
1 and 2.5 bar (14 and 36 psia), which provide ideal 
for a combined cycle plant because the usable enthalpy 
in the back-pressure steam turbine is high, ensuring a large 
trical output. 
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combined-cycle plants used with seawater desalinization 
the electrical power output and the flow of process steam 

controlled independently of one another. A supplemen­
is therefore recommended. Fig. 4-13 shows the prin­

and the heat balance of such a power station. 

desalinization process is based on a "Multiflash" system 
the seawater is treated with polysulphate. The heating 

is 1.2 bar (approx. 17 psia) and the specific heat 
250 kJ/kg (108 Btullb) distillate. This corresponds 

"'u""'""'4" to a 20-stage desalinization plant. The main tech­
are shown in Table 4-3. 

"""""""''v .... of this type becomes very interesting if the value 
to the electrical yield is high. Even if the process heat 
as a pure loss, the electrical efficiency reaches approx-

40%. This high a value is attained in a conventional steam 
at best when only electricity is being produced. The 

plant is less suitable if the ratio between fresh 
electrical power must be high. The power coefficient 

be low. In such a case, either the additional steam 
for the desalinization unit must be supplied from an 

boiler, or a different type of power plant must be cho­
power coefficients can be attained using 

steam turbines. However, the significant 
of requiring only a negligible amount of cooling wa-

steam process is lost and the unit becomes more com­
and expensive. 
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Table 4-3: Main Technical Data for the Combined-Cycle 
Plant Coupled to a Seawater Desalinization 

Air temperature 

Fuel 

Gas turbine output 

Steam turbine output 

Station service power 

New power output of the plant 

Process steam flow 

Distilled water flow 

Process steam pressure 

Heat input to the gas turbine (LHV) 

Heat input to the supplementary firing (LHV) 
Rate of fuel utilization 

Power coefficient 

Electrical yield 

Natural 
2 X 69 100 

109 600 

2 700 
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Figure4-12 

Fig. 4-12: Combined-Cycle Heating Power Plant with Extraction/Condensing 
Turbine 

1 Heating circuit 
2 Heaters 
3-4 Heating condensers 

5 Preheaters 
6 Condenser 
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Figure4-13 

Pee= 247.8 MW 

Ops= 283 MW 

Example of a Combined-Cycle Power Plant Coupled with a Seawater 
Desalinization Unit 

6 Feedwater tank 
7 Pressure reducing stations 
8 Supplementary firing 
9 Fresh air fan 
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Chapter 5 

COMPONENTS 

gas turbine in the most important component in the corn­
gas and steam turbine power plant. The combined-cycle 
}las been able to become a competitive thermal process 

the result of the rapid development in the direction of 
gas turbine inlet temperatures. 

to this development in the turbine, there has also been 
troveJme~nt in the compressor. Today the compressor can 
much larger mass flows and higher pressure ratios, rnak­
'V""'u"'J·" to attain considerably higher power outputs and 

both reduce costs and improve efficiency. 

shows the historical development of maximum air flows 
*'"'"hi-no inlet temperatures. Inlet temperatures are higher 

than in industrial gas turbines. In a jet turbine, 
the dominant role: procurement and maintenance 

less important than with stationary gas turbines, where 
between overhauls are demanded. For that rea­

trend toward higher inlet temperatures and greater 
ms1tu~shas progressed more rapidly injet turbines than 

machines. 

gas turbines can be classified into one of three cat-

gas turbines derived from steam turbine 
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• industrial gas turbines derived originally from jet 
technology 

• the aero-derivative turbine, consisting of a jet engine 
followed by a power turbine 

The last of these is normally a two-shaft turbine with a 
iable speed for the compressor and the driving turbine. 
an advantage with regard to part-load efficiency since the 
of air taken in is reduced due to the lower speed. One 
advantage when operating with a generator, however, is 
there is no compressor braking the power turbine during 
shedding. Two-shaft turbines are usually used for'"''""""~,-­
or pump drives, where the operating speed of the power 
bine is also variable. On the other hand, turbines of 
two types are practially always built as single-shaft 
when used to drive a generator with an output greater 
to 20 MW. Fig. 5-2 to 5-4 show typical modern gas 
each of the three main types. 

One important fact is that the machines have become 
dardized. As a result, they can be built as stock units, 
possible shorter lead-times and lower prices. Because of 
dardization, there are only a few types of machines 
on the market and it is never possible to buy an exact 
power capacity. However, the advantages brought by 
ardization outweigh this consideration. 

Table 5-1 shows the characteristic data of modern gas 
used for combined-cycle installations. 
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5-l: Main Technical Data of the Most Common 
Gas Turbines Available on the Market 

output (ISO conditions) 1 - 150 MW 

(ISO conditions) 28- 35 % 

ratio 10- 18 

inlet temperature1) 950- 1150 oc 
480- 570 oc 
30- 500 kg!s 

to ISO definition. Actual hot gas temperatures are 100 
(180 to 360 °F) higher, depending on the amount of 

air required for the turbine. 

problem with gas turbines lies in how fast their de­
has been progressing. They are developed primarily 

a gas turbine alone. But because fuel costs are also 
the attempt is being made to make a correspond-

>veutt~HLin gas turbine efficiency and to reduce the sped­
costs required for them. As a result, turbine inlet 

have risen very quickly, which has not in the past 
had a positive effect on availability. 

present time, this situation has changed and gas tur­
attained a very high reliability. They can therefore 
in large base-load or medium-load combined-cycle 

provide the same high availability as conventional 
power plants. 

type of applications, fouling in the compressor and 
of greater concern. Compressor fouling occurs be­
turbine operates in an open cycle, drawing in air 

never be cleaned completely. Turbine fouling becomes 
only if such "dirty" fuels as crude or residual oils 
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Figure 5-1 
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Fig. 5-1: Historical Trends in Gas Turbine Inlet Temperatures and Fir 
the Years 

Note: The gas turbine inlet temperature indicated is the actual hot gas 
ture before the first stage of the turbine. The inlet temperature 
by ISO is 150 to 250°C lower in modern gas turbines. The upper 
temperatures reached in jet engines. 
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Figure 5-2 
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Figure 5-3 

Fig. 5-3: Diagram of an Aero-Derivative Turbine 

1 Intake housing 14 
2 Starting shaft 
4 Acoustic hood 15 
5 Base frame for gas generator 
6 Transition housing connecting gas 16 

generator and power turbine 17 
7 Power turbine 
8 Diffuser and exhaust housing 1B 
9 Auxiliaries and ancillaries 19 
10 Power clutch 2:) 

11 Base frame for power turbine and 
driven machines 21 

12 Mechanically driven lube oil 22 
pump for power turbine and driven 
machines 23 

13 Machine-mounted AC generator 2A 
(optional equipment 

Electrically powered lube oil 
power turbine and driven 
DC powered lube oil pump for 
the power turbine bearings 
Oil intake pipe, with strainer 
Oil vapor extraction fan, driven 
oil motor 
Switch-over twin lube oil filter 
Constant pressure valve for lube 
Lube and hydraulic oil system 
generator 
Lube oil tank for gas generator 
air/oil heat exchanger for gas 
generator 
Cooling air fan, driven by 
Cooling air fan, driven by 
motor 
Fuel control system 
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Compressor fouling is countered by installing an air 
system that is suited to the environment at the plant site. 
filters most frequently employed are self-cleaning pulse 
or 2-stage filters. The first of these is particularly suitable in 
climates. It is helpful in a base-load plant to oversize the 
in order to limit the rate of fouling. 

It is, however, impossible to keep the compressor 
clean. The fouling that results causes losses in output and 
ciency that are greater in single-cycle gas turbines 
combined-cycle plants. This is due to the fact that in 
cycle plants, some of the losses can be recovered in the 
cycle. Typical degradation after 1000- 2000 hours in 
on a clean fuel: 

• Reduction in output from the combined-cycle plant 
3to6% 

• Reduction in efficiency of the combined-cycle plant 
2 to 3% 

Two types of cleaning can be used to help recover these 

a) a "dry" cleaning, using nutshells or rice 

b) washing 

The second of these methods is more suitable for 
dern gas turbines because it is more efficient and does 
age to protective coatings on the compressor blading. 
it requires shutting down and cooling the engine it is 
to wash at low speed- typically ignition speed- with 
chine cold. The machine must therefore be put out of 
for approx. 24 hours. The compressor washing can also 
with the gas turbine at full load, but this is less 
low-speed washing. 
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'""' .. J.''"' in the turbine is due mainly to the ash contained in 
fuels and in the additives used to inhibit high temperature 

Turbine fouling is unavoidable, but it can be held 
limits by selecting the correct type of additives. It is less 

problem in peaking or medium-load operation because of 
self-cleaning effect produced by start-up and shut-down. 

degradation in combined-cycle plants after 1000 - 2000 
in operation on heavy or crude oil: 

in output from the combined-cycle plant 

washing of the cold turbine and compressor makes 
to recover from 50 to 80% of these losses. 

past, corrosion problems were one of the major causes 
failure. Because of the use of better blading rna­

coatings, problems of this nature have today prac­
solved. Whenever uncleaned fuels are being burned, 
ones containing vanadium or sodium, it is necessary 

tn•t·n'£"" to prevent high temperature corrosion. The ad­
~ornmonl~ used are based on magnesium, chromium, or 

·- ---~·u boilers are the links connecting the gas and the 
ce~)Se:s. There are three main types: 

heat boilers without supplementary firing 

heat boilers with supplementary firing 

generators with maximum supplementary firing 
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As can be seen from Section 3, the first of these types is 
most interesting and the remarks that follow therefore 
trate mainly on it. 

5.2.1 Waste Heat Boilers without 
Supplementary Firing 

A waste heat boiler without supplementary firing is ..... -~·~"-=· 
a heat exchanger. However, the requirements imposed 
eration in a combined-cycle installation pose special 
that are often underestimated. In particular, provision 
made to accommodate the short start-up time of the gas 
Even so, the waste heat boiler is a simple component with 
reliability and availability. 

Waste heat boilers without supplementary firing can be 
according to two principles: 

• steam generators with forced circulation (Lamont 
type), 

• steam generators with natural circulation 

Either type of waste heat boiler can be used in a 
cycle plant. A forced circulation boiler has advantages, 
that render it especially suitable for combined-cycle 

• minimum space requirements arising from its 
design 

• fast, easy start-up 

• suitability for designs with a low pinch point 

• less sensitivity to steaming out in the 

The main advantage of a natural circulation boiler 
circulation pumps are needed. 
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optimum waste heat boiler must fulfill the following­
contradictory-conditions: ,.,,...., ... ~~ 

losses on the flue gas side must be low in or­
to pre vent losses in power output and efficiency 

the gas turbine 

temperature corrosion must be prevented 

pressure gradient permissible during start-up must 
large 

"""'T'T'•r-nll'lrlv difficult to meet the first two of these con­
the same time. Because of the low temperature, the 

"Tt"n"r takes place- transfer by means of radiation is 
almost completely by convection. Since the differ­

lt•~mpeJrature between the exhaust gas and the water 
must be small in order to attain a good rate of waste 

tza1~10l1, the surfaces required for the heat exchange are 
would mean large pressure losses unless the speed 
gas were low, which would again increase the size 
exchange surface. However, this problem can be 

by using small-diameter finned tubes. An-
of the small tube diameter is the small amount of 
evaporator. This means that the thermal capacity 
and favors quick changes in load. 

heat boilers being built today have very low pinch 
pressure drops on the flue gas side. Values of 

to 18 °F) at pressure losses of 25 to 30 mbar (10 
are attainable. 

a typical modem forced-circulation waste heat 
features are: 

arrangement, with the heat exchangers sus­
in the steel structure 
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• circulating pumps to assure constant circulation 
within the evaporator 

• drum hung directly on the steam generator 

• finned tubes used for all heat exchange surfaces 

Low Temperature Corrosion 

When designing waste heat boilers, one must take care to 
vent or at least to restrict low temperature corrosion. To do 
all surfaces in contact with the flue gas must be at a 
ature above or only slightly below the sulphuric acid ,.,. ... , ..... ,.., 
When burning a sulphur-free fuel, the limit is determined 
the water dewpoint. 

Because the heat transfer on the flue gas side is less than 
on the water side, by a factor of approximately 100, it 
assumed that the temperature of the metal in the tubes 
same as the water or steam temperature. The water 
ture should therefore nowhere be below the dewpoint, 
when the flue gas temperature is very high. It is 
however, to drop slightly below the dewpoint for sulphuric 
because the rate of corrosion in that range remains 
5-6 [taken from Ref. 97] shows the relationship between 
due to corrosion and the temperature and concentration 
phuric acid in the flue gas. Points worth noting are, on 
hand, the maximum between 100 and 130 °C (212 and 
and, on the other, the rapid increase when the teinv,era~tulrE 
below the water dewpoint. The acid dewpoint depends 
the following factors: 

• the amount of sulphur contained in the fuel 

• the excess air in the combustion 

• the rate of conversion X of 802 into 803 

• the amount of water contained in the exhaust 
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Figure 5-6 

I 

80 

Fig. 5-6: 

100 120 

Material Loss due to Corrosion, as a Function of Temperature and 
Concentration of Sulphuric Acid 

Acid dewpoints 
Concentration of sulphuric acid 
Material loss 
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The rate of conversion X from S02 to S03 depends on the type 
gas turbine. Normal values are between 1 and 8%. Fig. 5-7 

from Ref. 97] shows how the acid dewpoint depends on 
sulphur content of the fuel, the rate of conversion X, and 
excess air coefficient. 

the corrosion attack is not rapid if the temperature only 
slightly below the dewpoint, and the surface temperature 
tubes is also a few degrees higher than the water tern­

, the feed water temperature with fuels that contain sui­
can be 5 to 10 °C (9 to 18 °F) below the theoretical acid 

with sulphur-free fuels, the feed water temperature must 
any circumstances be below the water dewpoint be­

of the rapid increase in the rate of corrosion as soon as 
temperature falls below that limit. 

~Dr•etitcall" , suitable precautions (selection of materials, ad­
can make it possible to operate heat exchangers at tem­

belowthe acid dewpoint. However, the effectiveness 
all the economics of such measures are questionable 

the additional heat obtained is low in value due to its 

5-2 provides guidelines for feedwater temperatures. 

Selection of Feedwater Temperatures 

140- 145 °C 

110- 130 °C 
50- 60 oc 
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Figure 5-7 
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Fig. 5-7: Acid Dewpoint as a Function of the Sulphur Content of the Fuel, 
Conversion from S02 to S03, and the excess air coefficient A 

Ts Acid dew points 
S Sulphur content of fuel 
X Rate of conversion from SOz to S03 

A. Excess air ratio 
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Optimum design of a Waste Heat Boiler 

When designing a waste heat boiler, one should strive for an 
optimum between cost and gain. The cost depends mainly on 
the heat exchange surface installed. The indicator generally used 

the pinch point of the evaporator (the minimum difference 
temperature between the water and the flue gas). As can be 

from Fig. 3-22, the area of the evaporator increases exponen­
as the temperature differential decreases, while the in­
in steam generation is only linear. For that reason, the 

point selected is the critical factor determining the heat­
surface. In installations where a high value is attached to 

, the pinch point is 10 to 15 K (18 to 27 °F); where 
is valued lower, it can increase to 15 to 20 K (27 to 

heat exchange surface constitutes 40 to 50% of the total 
of a boiler, while the other 50 to 60% remain practically 

rte,cte:a by the size of the surface. In an extreme case, too 
a heat exchange surface can cause pressure losses on the 

side to be such that the resulting reduction in power 
and efficiency of the gas turbine is greater than the power 
provided by the steam turbine. A pressure drop of 10 
in. WG) reduces the power output and efficiency by ap­

%. Only a portion of this loss can be recovered in the 

in Operation [105] 

problem affecting design of the waste heat boiler 
start-up of the gas turbine. The rapid expansions 

during a start-up can be accommodated taking suit­
precautions such as suspension of the tube bundles, 

limit on the rate of loading arises from the drum. 
quick start possible, the walls of the drum should 

-
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be as thin as possible, which can be done provided the 
live steam pressure is low. 

Optimum steam pressures for installations without 
tary firing are low, 30 to 70 bar (420 to 1000 psig), which is 
advantage for quick start-up. 

Another operating problem is the volumetric change 
the evaporator during start-up. The large differences in 
volume between water and steam at low and medium 
cause large amounts of water to be expelled from the 
ator at the start of the evaporation process. The drum 
able to take up most of this water since otherwise a 
amount of water would be lost through the emergency 
of the drum during each start-up. The gross volume of the 
should therefore- depending on starting time and 
water loss- be 1.5 to 2.5 times as great as the volume 
aporator steam in normal operation. This problem of 
change can be held within bounds by employing "''"''-''" 
so that at least no steaming out occurs in the ec<Jnc)m].~ 
improve part-load efficiency and behavior of the '-V.lllLIIJ 

plant, it is possible to operate the boiler at variable 

The system is generally operated at a lower pressure 
the steam turbine load is lower than at full load. This 
accomplished by employing sliding pressure ,..,..,...,.,.,.,,..+,,......., 

Chap. 7). For example, for half-load for the power 
whole, the waste heat boiler in a system with 2 gas 
and 1 steam turbine can be operated with only one of 
turbines running at full load. The live steam 
sliding pressure operation is only half as great as that 
load, which causes the volume flows in the 
superheater, and in the live steam duct to double. 
in operation is still at full load while the connected 
bine is at full load.) One consequence of this reducti 
steam pressure at part load is that some of the water 
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out in the economizer. In order to keep this within 
the economizer is generally so dimensioned that the 

at the outlet is slightly under-cooled at full load. 
r...,. ... ,,.nr•A between the feedwater temperature and its sa­

temperature is known as the "approach tempera­
., .. ,,.. .... ,.., it causes a reduction in the amount of steam 

it should be kept as small as possible, typically 5 to 

to l8°F). 

Waste Heat Boiler with Limited 
Supplementary Firing 

,u"--""'''~ of operation of a waste heat boiler with limited 
'"'"''u ... ··.J firing is the same as that for the unfired boiler. 

various designs available for the firing itself. Units 
exceed a gas temperature of approx. 750 oc (1382 

the supplementary firing can be built with simple duct 
n.u· ... ~·~~ requiring cooled combustion chamber walls (Fig. 

is particularly well suited to burning natural gas, 
there is no problem in attaining a uniform temper­

lbutio•n after the burners and the radiation to the walls 
iiJUl.:>LJ.u~• chamber is low. For that reason, most of the 

construction burn natural gas. There are systems 
burning oil but because they involve major problems, 

a better idea to look for a different solution when-
large volume of oil must be burned. A cooled com­

ch~unlJer with oil burners such as that used in 
steam generators is one good method of providing 

firing. Fig. 5-9 shows how it is constructed. The 
consists of a natural circulation portion, used to cool 

chamber, and a forced circulation portion. In 
unnecessary throttling of the flue gas flow, it may 

to supply the burners directly with cooling air from 
air fan. 
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Figure 5-8 

6 

5 

Fig. 5-8: Principle of a Waste Heat Boiler with Limited Supplementary 
Uncooled Combustion Chamber 

1 Economizer 
2 Evaporator 
3 Superheater 

4 Supplementary firing 
5 Circulating pump 
6 Drum 
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= Evaporator with forced circulation 
=Evaporator with natural circulation (Combustion chamber) 
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If the burners are supplied directly with flue gas, the main 
flow of the flue gas must be throttled down by approx. 20 to 
30 mbar (8 to 12 in. WG), corresponding to the pressure drop 
through the burner. This reduces the power output of the gas 
turbine by approx. 1.5%. 

The great advantage of supplementary firing with cooled 
bustion chambers lies in its operating flexibility. The output 
the supplementary firing can be varied within a broad load 
and the maximum temperature is no longer restricted to 750 
(1382 °F). This system thus is particularly ideal for co:ge11e1·atjto: 
whenever a broad control range is required for the process 
flow at various gas turbine loads. 

Fig. 5-10 shows another system with 2-stage firing with 
the output of the supplementary firing of waste heat boilers 
uncooled combustion chambers can be increased. Here the 
gas is heated after the gas turbine in a first stage to a 
ature not to exceed 750 °C (1382 °F). This is followed by a 
ing in a first heat exchanger (e.g., evaporator or 
The exhaust gases can then be reheated in a second 
tary firing before they flow through the final section of the 
heat boiler. 

5.2.3 Steam Generator with Maximum 
Supplementary Firing 

With this type of steam generator, the exhaust gases 
gas turbine are used primarily as oxygen carriers. The 
tent of the exhausts is small in comparison to the output 
firing in the boiler. It is therefore no longer correct to 
a waste heat boiler. 

The design of a steam generator of this type is IJLC:l\.-LJL\.-c:l.U.Jr, 

tical to that of a conventional boiler, except that there 
generative air preheater. The gas turbine exhausts are 
at a temperature of 480 to 550 °C (896 to 1012 °F), 
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a further heating superfluous. Therefore, in order to make 
ssible to cool the exhaust gas after the steam generator to 

!:rmal temperature, an additional economizer is p~ovided 
."•vnlf~u takes over a portion of the feedwater preheatmg from 

regenerative preheating. The best arrangement divides the 
AU,.,T,~r between the economizer and the high pressure feed 

When the fuel is gas, an additional low pressure part­
economizer improves efficiency. The fuel burned in the 
may be oil, gas, or pulverized coal. Fig. 5-11 shows an ex­
. For more detailed information, see Ref. [102]. 

steam turbine used for a modern combined-cycle instal­
is a simple machine with relatively low live steam data. 

possess the following main characteristics: 

start-up times are of particular importance because the 
plants are often used as medium-load units with 

and shut-downs. These features are required above 
J.Wiva.~Ju: ... "'v .. ,,., without supplementary firing. With a fired 

problems that arise are similar to those in conventional 
nnur.:•r plants. 

shows a steam turbine used for a combined-cycle in­
without supplementary firing. This is a single-cylinder 

urbine with double exhaust section. Because the tur­
only in sliding pressure operation, no control stage 

provided. There are likewise no extraction points be­
preheating of the feedwater takes place in the waste 

When designing such a steam turbine, one must re­
t the live steam temperature is lower during part­

It order to maintain an approximately constant 
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Figure 5-10 

6 

5 

Fig. 5-10: Principle of the Waste Heat Boiler with 2-Stage Supplementary 

1 Economizer 
2 Evaporator 
3 Superheater 

4 Supplementary Firing 
5 Circulating pump 
6 Drum 
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Typical Steam Generator with Maximum Supplementary Firing 
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Figure 5-12 

COMPONENTS 197 

wetness at the end of the turbine, it is best to reduce the live 
steam pressure parallel to the load. Sliding pressure operation 
is ideally suited to this purpose. 

The major features of a steam turbine for a combined-cycle 
are compared below with those of a turbine for a conven-

, T'""'"'' steam plant: 

steam pressure, bar 
oc 

Combined-Cycle 

30-80 

450- 520 

No 

of bleed points 0 - 1 

exhaust steam flow, kg/MW s 1 

Conventional 
Steam Plant 

140- 250 

520- 540 

Yes 

6- 8 

0.6- 0.7 

majority of the gas or steam turbines used in combined-
are coupled directly to turbogenerators (2-pole gen­

For units with ratings less than 20 MW, however, high 
+n, .. h,,n"""' are used that require a reduction gear. In that 

generators are more economical. There would be three 
turbogenerators that could be considered for combined-

with open-circuit air cooling are best with regard 
cooling requirements, but problems can arise with 

and noise. Generator with closed-circuit air cool-
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ing are being built today for capacities up to appox. 200 MVA. 
These machines are reasonable in cost and problem-free in 
ation. The full-load efficiency of modern air-cooled 
a tors is quite high. Hydrogen-cooled generators do, in fact, 
even higher efficiencies (particularly at part loads) than aH-t:rJor,t:IL 

machines. However, they require additional auxiliaries and 
itoring equipment, are more complicated in design, and, as a 
suit, more expensive. 

Fig. 5-13 shows a generator with closed-circuit air cooling. W 
ter is used to cool the air and can, in turn, be cooled back 
with air. These machines are well-suited for use with gas or 
steam turbines with power capacities of up to 200 MV A. For 
outputs, or if a very high part-load efficiency is required, 
gen cooling must be selected. [100] 

5.5 Electrical Equipment 

The single-line diagram of a combined-cycle power plant is 
ilar to that of a conventional power station containing 
turbines. Fig. 5-14 shows an example in which the .._v,, ... .~,,.u..,. 
cycle plant consists of two gas turbines and one steam 

The power required for station service can be taken either 
each of the gas turbines or the steam turbine separately, or 
gas turbines can, by themselves, also supply the power fot: 
auxiliaries of the steam portion. In combined-cycle plants 
several gas turbines, each group of two gas turbines can 
nectedjointly to a three-winding transformer, producing 
particularly for the high voltage switchgear. Combined-cycle 
with an output less than approx. 100 MW generally do not 
a medium-voltage. All their auxiliaries are equipped with low 
age motors. 

5.6 Control Equipment 

The control equipment is the nervous system of a power 
Its tasks are the control and protection of the .ut~>La,u.a.•, .. v,., 
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Figure 5-14 
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Fig. 5-14: Typical Single-Line Diagram for a Combined-Cycle Installation 

1 Gas turbine generator 
2 Steam turbine generator 
3 or 3' Gas turbine block transformer(s) 
4 Steam turbine block transformer 
5, 6, 7 Station service transformers 

8 Starting transformers 
9 High voltage bus 

10 Medium voltage bus 
11 Low voltage bus 
12 Static starting device 
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acquisition. It must provide assurance of safe and reliable 
. ---·'"'r'"· Because the standard gas turbine is supplied as a fully 

machine, the steam process should likewise be corres­
automated so as to achieve a certain degree of stan-

·di2:ationin operation of the plant as a whole, thereby reducing 
of operator error. For this reason, the control and auto­

systems of a combined-cycle plant form a relatively com­
system even though the process itself is fairly simple. Modern 

plants generally have electronic control systems. 
and decentralized structure for the open and closed­

control systems is best adapted to the logic of the whole pro­
It simplifies planning, makes it possible to commission the 
in stages, and raises the availability of the power station. 
the open-loop controls as an example, Fig. 5-15 shows the 

of an hierarchic system of this type. A highly automated 
control system encompasses three hierarchic levels: 

drive level, all individual drives are controlled and mon­
The safety devices in the switchgear act directly on the 

and the relays. These signals are sent both to the logical 
circuits of the drive level and to the higher hierarchic 

functional group level, the individual drives for one com­
ofthe process are gathered together into functional 

logical control circuit on this level encompass inter­
~ut<omtat:tc throw switches and preselection of drives. Ex-

typical functional groups are: 

water pumps 

oil pumps 

level includes the logical control circuits that link 
groups to one another. These include, for exam­

automatic starting equipment for gas and steam tur-
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bines or overriding logical controls that coordinate the operation 
of the gas turbines, boilers, and steam turbine in fully automated 
installations. 

As in conventional plants, process computers are today play­
ing an important role in combined-cycle installations, since they 
can supply operators with valuable information needed to assure 
optimum operation and maintenance. Some of the tasks taken 
over by process computers here are sequencing events, keeping 
long-term records and statistics, optimization of the heat rate and 
of the intervals between cleanings and overhauls, etc. [101] 

5. 7 Other Components 

In addition to the major components mentioned above, the 
combined-cycle power plant also includes much more 
and many other systems similar to those in conventional 
power stations. For example: 

• condenser 

• cooling system 

• feedwater tank I deaerator 

• feed pumps 

• condensate pumps 

• piping and fittings 

• condenser ejector system 

• water treatment plant 

• compressed air supply 

• flue gas bypass 

• steam turbine bypass 

Three different cooling systems can be considered for 
cycle plants: 
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• direct cooling using river or seawater 

• indirect cooling with a wet cooling tower 

• direct air cooling in an air condenser 

For the last of these three, no cooling water is required. In­
direct air cooling requires additional water to replace evapora­
tion and drain losses. The amount needed is approximately equal 
to that of the condensate. The first variant with direct water cool­

requires water in an amount approximately 40 to 50 times 
greater than that of the condensate. 

If the combined-cycle plants are equipped with flue gas bypasses 
single-cycle operation of the gas turbine(s), the design and 
controls for the flue gas damper(s) play a special role. This 

meet the following requirements: 

It must provide a tight seal both to the boiler and to 
the bypass stack. 

During start-up or shut-down, it must take over the 
function of the firing in a conventional boiler. 

Its availability must be high. If it malfunctions, the gas 
turbine and the boiler go out of service. 

If twQ separate dampers are provid~d for the byf:>ass 
· ... 7 '"'P"" and the boiler, they must be mterlocked With 

another so they can never both be closed si-
multaneously. 

5-16 shows a flue gas damper with only one flap valve. 
be used to shut off either the boiler or the bypass stack. 

[fv2mu:tge is that both paths can never be closed at the same 

------ ----. 
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Figure 5-15 
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Fig. 5-15: Hierarchic Structure of the Control and Automation Equipment 
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Fig. 5-16: Typical Flue Gas Damper 
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Chapter 6 

CONTROL AND AUTOMATION 

Every power plant must cover the demand of an electrical grid 
either in part or completely. The equipment discussed below is 
used in modern combined-cycle installations not only regulate 
to their power output but also to assure the safe start-up and 
shut-down of the plants and their proper dynamic behavior. 

6.1 The Concept of Closed-Loop Control 
and Operation 

The closed-loop controls for a power station can be grouped into 

• the main control circuit which adjusts the output of 
the plant to demand; 

• the secondary control circuits which maintain the im­
portant process parameters within permissible limits. 
Controls for levels, temperatures, or pressure are like­
wise included among these. 

logically, this leads to the hierarchic structure of the 
control system already mentioned in Section 5.6. 

plants consisting of several gas turbines and 
turbine, there are several possible way to adjust the 
the power plant: 

the power output of the gas turbines is adjusted 

outputs of the steam and the gas turbines are ad-
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The first method is generally applied for plants without sup­
plementary firing because varying the steam turbine load pro­
duces only a temporary effect. Over the longer range, the output 
from the steam turbine automatically adjusts to the amount of 
heat being supplied by the gas turbine. It is, however, sometimes 
suggested that a load or frequency control of the steam turbine 
be provided in plants without supplementary firing to handle 
sudden increases or decreases in load. Additional complications 
and the poorer efficiencies at full and part loads, and expecially 
the fact that the gas turbine(s) generate(s) approx. 
of the total power output, argue generally for a solution 
out a control for the steam turbine power output. 

Fig. 6-1 shows the design of the closed-loop load controls 
the output of the steam turbine is not controlled. The entire 
cycle is operating with purely sliding pressure; the steam 
bine inlet valves are fully open. This is the mode of 
best suited for high part-load efficiencies and low 
the steam turbine exhaust during low-load operation. The 
level control is not absolutely necessary because the pow 
put of the plant can be adjusted by changing the 
the individual gas turbine controls. 

The output of the gas turbine is controlled by .......... u1~ .... ':l 
amount of fuel supplied. In the upper load range, it can 
times also be adjusted by varying the amount of intake 
iable guide vanes in the first stage of the compressor are 
used to accomplish this. With a system of this type, the 
inlet temperature remains constant between 100% and 
80% load. Below that level, the temperature must be 
in order to protect the last turbine stage from too high 
atures. 

If supplementary firing has been provided, it can 
idea to equip the steam turbine with a load control. 
process then operates in a manner similar to that 
tional steam plant. 
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Fig. 6-2 shows one possible design for the closed-loop controls: 

• The turbine inlet valve regulates the power output of 
the steam turbine. 

• The amount of steam generated is varied to fit de­
mand by adjusting the supplementary firing in order 
to maintain a constant live steam pressure. 

A control system of this type can be of advantage whenever 
fairly large jumps and changes in power plant load are required. 
The steam turbine is then capable of taking over a portion 
the load surges. This affects the service life of the gas 
positively because it reduces the changes in load and thus 
changes in temperature in that turbine. 

Up to this point, no distinction has been made between 
and frequency control systems. In principle, the remarks 
valid for both. However, one must bear in mind that in its 
per load range, the gas turbine can be switched over to 
ature control. In that case, neither fluctuations in frequen 
load have any influence on the plant: it is controlled 
the turbine inlet temperature. 

In conclusion, it can be said that combined-cycle mllmts.' 
very well suited to rapid load changes. The gas turbin 
extremely quickly because their time constant is very 
soon as the fuel valve opens, more added power becom 
able on the shaft. Gas turbine load jumps of up to 50% 
sible, but they cannot be recommended since they 
detrimental for the life expectancy of the turbine .., .. ..., ......... 
change in load produces thermal stresses in the gas 
cause of the change in turbine inlet temperature. 

6.1.2 Secondary Closed Control Loops 

Fig. 6-3 shows the essential closed control loops 
quired in a combined-cycle process without ., ..... ,..,., .. ~~· 
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ing to maintain safe operating conditions. These will be described 
briefly below: 

a. Drum level control: 

Thi~ is normally a three-element control system which forms 
one signal from the feedwater and live steam flows and the level 
within the drum. This signal is used to position the feedwater 
co~trol valve. Low pressure drums are often equipped only with 

smgle-element control that uses only the level within the d . rum 
as a signal. 

Live steam temperature control: 

n~"a.'"'"c of the low flue gas temperatures, no control of the 
steam temperature is absolutely necessary with unfired waste 

boilers. If such a control is provided, it serves more as a 
than as an actual control. Its purpose is generally to re­

the temperature peaks under extreme operating conditions 
as peaking operation. For that reason, the cooling often 
place after the superheater and not between two portions 
s~perheater as in a conventional steam generator. Nor­
high pressure feedwater is injected into the live steam 
the steam down to the required temperature. However 
sal~ deposits in the turbine, it is necessary to operat~ 
With fully demineralized water. This is impossible in 

plants, which means that the temperature of 
steam must be controlled either by mixing it with sat­

steam extracted after the drum or by means of a heat 

t~mperature control extending over a broad load range 
In purely waste-heat boiler operation because the tur­

gas temperatures drop off rapidly during part-load 
of the ~as turbine. In plants with supplementary fir­

ps are more like those of a conventional steam 
Because elevated gas temperatures are possible in 
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Figure 6-2 
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Gas turbine load control 
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Limit for gas turbine inlet temperature 
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Figure 6-3 
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FC!o~d Control Loops in a Combined-Cycle Plant without Supplementary 
trmg 

Low pressure drum level control system 
High pressure drum level control system 
Low pressure emergency control drain 
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temperature control 
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turbine and bypass co~trol system 
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these cases, it is important that the temperatures of the steam 
and the superheater tubes be maintained within safe limits. To 
do this, the superheater is divided into two or three sections 

with water injected between them. 

c. Feedwater temperature: 

In order to keep low temperature corrosion within acceptable 
bounds, the feedwater temperature must not, even in the lower 
load range, drop significantly below the acid or water dewpoint. 
On the other hand, this temperature must be as low as possible 
in order to assure good utilization of the heat available. It is there­
fore recommended that the feedwater temperature be held at 
a more or less constant level corresponding approximately to 

the acid dewpoint. 

Whenever steam is being extracted from a turbine bleed 
the deaerator must be heated at part loads by using reduced 
steam (back-up steam). In plants with a preheater loop in 
waste heat boiler, the opposite problem occurs during 
operation of the gas turbines: more low pressure steam is 
erated than required. This excess energy must be dissipated 
by increasing the pressure, which reduces the amount of 
generated, or by directing the excess low pressure steam to 

condenser. 

d. Live steam pressure: 

If the steam turbine is in sliding pressure operation, a 
uous control for the the live steam pressure becomes 
ous. However, such a control is necessary for non-stE~aa: 
conditions such as start-up, shut-down, or malfunction. 
pressure operation, on the other hand, the control 

gaged at all times. 

How this control is accomplished depends on the 
of the power plant. In principle one or several of the 
components can be used to control the live steam 
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• steam turbine control valves 

• steam turbine bypass 

• starting valve 

• flue gas bypass 

Practically all modern cornbined-c cle Ian . 
a steam turbine bypass wh· h Y ~ ts are eqmpped with 

' IC can provide several advantages: 

• flexible operation during st rt 
trip, or quick changes in lo:d -up, shut-down, turbine 

• shorter start-up times 

• environmental acceptability (since less steam escapes). 

Cornb~ed-~ycle plants ~ith repowered conventional steam tur­
o en. ave a startmg duct instead of the steam turbine 
~~n~ start-up, this directs the steam either across the 

an o t e atmosphere, or into a starting condenser. 

flue gas bypass is frequently omitted due to econ . 1 
l£>irtn .. n T OilllCa 

' speci Ically for the following reasons: 

!r ?!~:;: ~Js~~;~~;e~~:~s,1~n:d~-~ertain amount 

!~~~ ~i~ f~~~~aloss d~e to r:d~~~;~. t~~! ~~t':l 
0 5 d o ropers, may amount to be-

ga'se:.n 2% of the energy contained in the ex-

gas ~all~er~ are sensitive equipment. They must 
A chea esdgned to assure safe and reliable ope-

l k 
p am per can, over the course of time 

ea s. ' 

flue gas bypass is fairly expensive. 

hand, there are also many advantages in ha . 
a well-designed flue gas bypass: vmg 
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e greater flexibility in operation 
e increased availability, since the gas t~rbi~e can c~m­

tinue in operation even when the boiler IS unavailable 

e reduced risk of explosion within the boiler be~ause 
the gas turbine can be lit off in bypass operatiOn 

Table 6-1 shows which live steam pressure control systems un­
its are used for the various modes of operation of a combined­
cycle plant with an unfired heat recovery boiler. 

Table 6-1: Various Control Systems Used to Regulate 
Live Steam Pressure 

Type of 
Operation 

Steam Bypass Steam Turbine 
Control Valves 

Start-up + + 

Shut-down + + 

Normal operation (sliding pressure) 

Normal operation (fixed pressure) + 

Operation at low load + 

Steam turbine switch-off or trip + 

Waste heat boiler switch-off + 

Gas turbine trip + 

• if provided; + in operation, - not in operation 

Combined-cycle plants with supplementary firing are 
ally operated with a fixed live steam pressure. During 
operation, pressure is held constant by varying the 
to the boiler. The steam turbine takes over control of 
sure only in such special cases as start-up, shut-down, 

tary firing shut-down, etc. 

e. Level in feedwater tank and hotwell 

These are controlled by regulating the flows of co11Ut~"'' 
cycle make-up water. What level is assigned to 

+ 
+ 
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not particularly important: the selection depends on the size of 
the two tanks. 

f. Other control loops 

Other control loops, such as those for lube oil and control oil 
pressure, etc. will not be discussed here. 

6.1.3 Start-Up and Shut-Down of the 
Combined-Cycle Plant 

Combined-cycle power plants are usually started up and shut 
down to a large extent automatically. It must therefore be pos­

to operate the controls for units to be activated during start­
and shut-down from the central control room. Whether the 

are to be issued to the individual drives or drive groups 
the operating staff or from a higher-level automatic starting 

must be decided on a case-by-case basis. In base-load 
that operate with only a few starts, full automation 

steam process is not an absolute necessity. The starting 
differs depending on whether or not the plant has 

gas bypass. 

gas bypass is provided, the gas turbine can be started 
' and loaded practically independently of the steam 

As soon as the gas turbine is on line, the steam process 
started up. However, it is also possible to switch on the 
J>f«lCE~ss while the gas turbine is in load operation. The 
dampers are used to adjust the heat supply to the require­

the waste heat boiler. It may be necessary to place a 
on the flue gas temperature during a cold start of the 
boiler if the superheater cannot handle the full flue 

without being cooled. The steam turbine can 
up as soon as the steam data are high enough, which 

means that the steam must have reached about 40 to 
pressure and bwsuperheated by at least 50 to 80 

144°F). ' 
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The bypass stack is used for light-off of the gas turbine. If the 
flue gas damper closes 100% tight, no purging of the waste heat 
boiler is required prior to start-up since no fuel can get into the 
boiler even if fuel system malfunctions should occur. If the flue 
gas damper is not 100% tight, it is best to purge the boiler before 
starting the gas turbine, particularly after a malfunction or an 
overhaul. 

Until the steam turbine takes over the full steam flow, the 
excess steam flows across the steam turbine bypass or the start­
ing valve. If supplementary firing has been provided, it must 
not be lit until the gas turbine is at full load and the steam tur­
bine has taken over the entire steam flow. With the supplemen­
tary firing on, the steam process can then be further loaded. 
The plant is shut down by shedding load from the gas 
(or first, from the supplementary firing). Once the flue gas 
perature has reached a prescribed minimum level, the steam 
bine is shut down. The boiler and the gas turbine are then 
unloaded and shut off. The bypass damper must be open 
the boiler damper closed before shutting down the gas 

b. Plants without a flue gas bypass 

Here attention must be paid to the steam process when 
ing the gas turbine since the entire flow of flue gas passes 
the boiler. Particularly during a cold start of the waste heat 
the gas turbine must not be loaded at full speed or the 
temperature change in the boiler drum would exceed the 
mum level permissible. A second minor problem arises 
light-off of the gas turbine, during which a high peak 
the flue gas temperature. 

In order to prevent explosions, it can be advisable, 
with oil-fired gas turbines, to purge the boiler before 
the gas turbine. This is done by operating the gas 
nition speed for a few minutes, without igniting it. 
the start-up and shut-down of combined-cycle plants 
without flue gas bypasses are very similar. 
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6.2 Dynamic Behavior 

Th~ dynamic b~havior of modern combined-cycle plants is char­
actenzed by the1r short start-up times and quick load h 
capability. c ange 

Above .all, the ~as t~rbine can be started and loaded quickly. 
Be~ause 1ts reactwn t1me is also short, it is capable of following 
qmck changes and surges in load Generally 1 d h · , oa c anges are 
effectuated only by adjusting the turbine 1"nlet t . emperature. As 
a result, every maJor change in load reduces the lif f . e expectancy 
o the gas turbmes more than would be the case for a steam tur-

. If there are variable guide vanes at the compressor inlet 
red~ce the thermal stresses in the upper load range becaus~ 

load 1s regulated with a constant turbine inlet temperature. 
:one factor negatively affecting expected service life 

that th1s temp~rature is, on an average, higher than that in 
employmg only throttling of the fuel supply. 

steam process with an unfired waste heat boiler has 1 
steam dat~. It is therefore quite capable of following t~: 
start-up times of the gas turbine. However, the steam tur­
and the waste heat boiler must be designed to withstand 
stresses. 

combined-cycle plants with ratings between 100 and 
can be started within the following times: 

m,,.,,.+,,s~tart (after 8 to 14 hr. at standstill): 20 to 50 

the gas turbines are already at full load after 10 to 
2/3 of the power output is already available after 
even in a cold start. 
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Fig. 6-4 shows the example of a 120 MW combined-cycle plant 
which can be brought to full load in an little as 26 minutes after 
14 hours at standstill, and that with a normal start of the gas 

turbine. 

Because the time constant of a combined-cycle plant is quite 
low, the plant is well suited to handling quick changes in load. 
When used in grids that often call for larger changes in load, 
however, special precautions must be taken because the steam 
turbine cannot make any sudden jumps in load during sliding 
pressure operation. The entire surge must therefore be accom­
modated by the gas turbine, and that can, over the long range, 

mean severe stressing. 

Operating the steam turbine at a fixed pressure improves the 
situation somewhat. Equipping the waste heat boiler with 
plementary firing to increase the portion of the surge that 
be taken up by the steam turbine is another possibility. 
ever, since it increases the share of the share portion, 
reacts more slowly, it does not make the plant more 
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Figure 6-4 
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Chapter 7 

OPERATING AND PART-LOAD 
BEHAVIOR 

The way in which a power plant responds to changes in its 
outside conditions (ambient conditions, part load) is of great im­
portance both for its economy and its safe operation. It is there­
fore important to have precise knowledge of both the steady-state 
and the dynamic operating behavior of the plant. 

Theoretical calculation of the dynamic behavior is costly and 
For that reason, one frequently limits himself to op­

experience in other similar plants or to estimates. A more 
calculation of the behavior would certainly be advantage­

it is usually omitted due to considerations of time and 
In all cases, however, the calculations of steady-state oper­
and part-load behavior should be completed . 

.... ",., ... ., Used for Calculations 

of the steady-state part-load and operating be­
of the steam portion in a combined-cycle plant differs 

from that for a conventional steam plant. The dif­
involve mainly the boiler and the operating mode of 
In a waste heat boiler, the heat is transfered mainly 
of convection, while in a conventional boiler it takes 
to radiation. 

turbine of a combined-cycle plant functions most 
using the sliding pressure -sliding temperature pro­

it is run "uncontrolled." The steam data are deter-

223 www.EngineeringBooksPDF.com



224 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

mined only by the exhaust flow and exhaust temperature of the 
gas turbine and by the swallowing capacity of the steam tur­
bine. In contrast, a conventional plant is generally operated at 
a fixed pressure, i.e., the live steam pressure and temperature 
remain constant. That simplifies calculations because the steam 
pressure and the steam temperature are known in advance. The 
steam turbine and the boiler can therefore be considered inde­
pendent of one another. Calculations for the gas turbine are no 
problem since one is dealing with standard machines for which 
correction curves are available to account for changes in am­
bient conditions and for part-load operation. 

Statement of the Problem 

Calculating the operating behavior of an installation directly 
from the geometry of that unit would be very time-consuming. 
The process can, however, be simplified by referring all values 
to the thermodynamic data at the design point. If that design 
point is known, general equations (the Law of Cones, heat trans­
fer law, etc.) can be used to reduce the calculation problem to 
a reasonable number of equations, without the necessity 
considering the dimensions of the unit itself. A brief study 
the details of the method for calculation described in Ref. [1 
can be found in the Appendix to this Chapter. 

7.2 Part-Load Behavior 

A careful economic evaluation must also give 
to the part-load behavior of a power plant. Power plants 
also have as high an efficiency as possible at part-loads. In 
dern combined-cycle plants without supplementary firing, 
efficiency of the plant as a whole depends mainly on the 

ficiency of the gas turbine. 

Fig. 7-1 shows the efficiency curves for a gas turbine 
combined-cycle plant, based on the full-load efficiency 
gas turbine. The similarity of the paths of these two 
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striking, but the efficiency of the combined cycle is ap­
proximately 50% higher at every point than that of the gas tur­
bine. In other words: the ratio between the outputs of the gas 
turbine and the steam turbine remains approximately constant 
across the entire range of loads. Fig. 7-2 shows the curves for 
power outputs and live steam data. 

These calculations have been based on purely sliding pressure 
operation above 50% load. Below that point, the live steam pres­
sure is held constant by means of the steam turbine inlet valves. 
One striking point shown in Fig. 7-1 is the quick deterioration 
in efficiency at part loads. This is due to load control of the gas 
turbine (by changing the turbine inlet temperature). At part-load 
with single-shaft machines, the flow of intake air remains prac­
tically constant. When the load is reduced, the turbine inlet tem­
perature drops. This also lowers the average temperature of the 
heat being supplied and thus the efficiency. Improvements could 
be attained by: 

• reduci~g the amount of air taken in during part-load 
operatwn 

• installing several gas turbines 

The air flow can be reduced by: 

• installing variable inlet guide vanes in the compressor 

preheating the intake air 

using two-shaft machines 

machines are available only for low ratings: they 
from the disadvantages cited in Section 5.1. Compressors 

variable inlet guide vanes are offered for use in combined­
plants by several suppliers of gas turbines. Using this 

the power output can be rduced to approx. 80 to 85% 
a change in the turbine inlet temperature. Below that 

inlet temperature must be reduced to avoid overheat­
last turbine stagE! 
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Figure 7-1 
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Figure 7-2 
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Fig. 7-3 shows the part-load efficiency of a combined-cycle 
plant with variable inlet guide vanes. There is a perceptible im­
provement over the entire load range as compared to turbines 
employing temperature control alone. The advantage of preheat­
ing the intake air is that there are no particular difficulties in 
doing it. This increases the efficiency of a combined-cycle plant 
(refer to Section 7 .3), but, of course, a source of heat is required. 

Fig. 7-4 shows an example where the air is preheated using 
low pressure steam from a waste heat boiler. Fig. 7-5 shows the 
efficiency of a plant employing intake air preheating. In the up­
per load range, the efficiency here is even better than with var· 
iable inlet guide vanes, but this system has the disadvantage that 
its effectiveness drops off when the ambient temerature is 
The air can only be heated to approx. 50 - 55 °C (122 - 131 
without exceeding the limit imposed by compressor surge. 

To make an even greater improvement in part-load c:J.J.n .. JLc:u.,.;_ 

a design employing several gas turbines should be used for 
combined-cycle plant. This makes it possible to shut down 
dividual gas turbines at part loads. The other gas turbines 
run at a higher load and a higher inlet temperature, which 
erts a positive effect on the overall efficiency. Fig. 7-6 
the part-load efficiency of a plant with four gas turbines 
one steam turbine. The load of the plant as a whole is 
as follows: 

• down to 75%, there is a parallel reduction in load 
all four gas turbines 

• at 75% one gas turbine is shut down 

• down to 50%, there is a parallel reduction in load 
the three remaining gas turbines 

• at 50%, a second gas turbine is shut down 

• etc. 
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Figure 7-3 
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Figure 7-4 
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Figure 7-6 
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With this mode of operation, the efficiency at 75%, 50%, and 
25% load is practically as high as that at full load. 

7.3 The Effect of Ambient Temperatures 

7 .3.1 Effect of the Air Temperature 

At the design point, the air temperature exerts a great influ­
ence over the power output of the gas turbine and the combined­
cycle plant. The behavior of the plant designed responds to 
changes in the air temperature in a way similar to that described 
in Section 2. In particular, efficiency increases slightly here, too, 
.if the air temperature rises while the vacuum within the con­
densor remains constant (refer to Fig. 3-9). When, instead of river 
.w.,••·•:a with a constant temperature, air is used either directly 

indirectly to condense the steam, the efficiency of the cycle 
lPc'-rP:i.st'~s as the temperature rises. In that case, the behavior 

no longer comparable to that indicated by the curves in Sec-
2, since the steam turbine designed for this case has been 

,., ........ "''"'"' for a given condenser pressure. 

Cooling Water Temperature 

change in the cooling water temperature affects the volume 
of exhaust steam. Quite quickly, the exhaust steam vol­
flow no longer is correctly adapted to the size of the tur­
exhaust. This either increases exit losses when the 

falls or, if the temperatures are higher, increases 
"'~·'""' .. ''"''" pressure, thereby reducing the enthalpy drop in 

The operating behavior is thus quite different from 
... .., ............ ,cu in Section 2, in which the size of the turbine is 

adapted to the temperature of the cooling water. 
shows the effect of the cooling water temperature on 

and the power output of a steam process. 
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Figure 7-7 
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7.4 Aceptance Tests and Commissioning 

7 .4.1 Acceptance Tests 

Acceptance tests for a combined-cycle plant are always a spe­
cial problem because the gas turbine, waste heat boiler, and steam 
turbine all interact upon one another. It is therefore best to award 
contracts for combined-cycle plants to a single general contrac­
tor who will assume responsibility for supplying the entire plant 
on a turnkey or a semi-turnkey basis and who guarantees the 
power output and efficiency of the plant as whole. For combined­

plants, it is easier in any event to measure the values gu­
,_n·~.- .... ,.,.,.. for overall plant performance than those for each rna-

component individually. The amount of waste heat supplied 
the waste heat boiler by the gas turbine, in particular, cannot 
measured accurately. When overall values are guaranteed, 
fuel flow, electrical output, and ambient conditions of the 

plant must be measured. These are quantities which can 
determined with relative exactness. 

1lT1ect;1on Curves 

technical values guaranteed for a power plant or one of 
components are valid only if all ambient or design con­

are as defined. Suitable correction curves must be used 
for any deviations. Thus, for example, the effect that 

temperature has on the power output and efficiency of 
turbine must be measured and - if need be- correction 
be made. 

conventional power stations and for gas turbines, the me­
for corrections are described in the standards (e.g., 

ISO, DIN, etc.). No standards have yet been established 
plants. We will therefore indicate below one 

solution to this problem that has proven useful. 

rule is that a limit must be defined around the plant 
all components and systems supplied by a given 
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contractor are included, and only those components and systems. 
All others for which he is not responsible are excluded. The 
guaranteed values must clearly define the ambient or design 
conditions for which they are valid, i.e., the conditions as mea­
sured at the limit defining his responsibility. In the case of a 
combined-cycle plant used for power generation only and sup­
plied on a turnkey basis, such values and the marginal condi­
tions to be defined might be as follows: 

a. Guaranteed values 

• Overall power output of the combined-cycle plant 

• efficiency 

b. Design or Ambient Conditions for the Guarantees 

• Air temperature 

• Air pressure 

• Relative humidity 
• Cooling water temperature, and flow (if cooling water 

pumps are supplied by another party) 

• Frequency 
• Power factor of the generators 

• Voltage 

c. Comparison between Measured and Guaranteed V 

Two different methods can be used for doing this. In the 
the values measured are compared with those guaranteed 

lows: 

• Correction of the guaranteed values to the am 
conditions at the time of measurement 

• Comparison of the data measured with these cor­
rected guarantees 
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In this way, one takes into account the fact that the model 
used for calculations is, strictly speaking, valid only for the 
theoretical (guaranteed) installation, not for the installation as 
it actually has been built. This method is especially suitable if 
computer programs are used for making the corrections, since 
they can best calculate the behavior of the theoretical plant. 

The standards, however, recommend a second, reverse pro­
. The values measured are corrected to the design con­

dit;iorts of the guarantee, since in many cases, guarantees must 
'ven for several load points. In a contract, it is best to make 

for this fact by using a guaranteed weighted average 

same marginal conditions are generally used for all load 
but one can scarcely assume that the ambient conditions 

prevail will actually remain unchanged while all load points 
being measured. The theoretically correct procedure thus 

both mathematically and contractually to unsolvable prob­
in calculating the average value measured. On the other 

when the procedure indicated in the standards is used , 
points are corrected to warranty conditions. There 

no problem in comparing guarantees with measurements. 

theoretical arguments favoring the first of these proce­
be countered by recognizing that the ambient condi­
affect the theoretical and the actual plants in similar 
procedure in the standards is therefore not incorrect. 

in ambient conditions must remain within bounds 
measurements. This is another reason why the cor­

are valid both for the theoretical and for the ac­
and will not cause significant error. 
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Correction of the Measured Power Output 
of a Combined-Cycle Plant 

It has proven to be a good idea to correct the power outputs 
of the gas turbine and the steam turbine separately. For the gas 
turbine the usual correction curves are used to take into account , 
the effects produced by air temperature, air pressure, rotational 
speed, etc. 

The power output measured for the steam turbine is corrected 
using curves that show the indirect effects of air temperature, 
air pressure, and gas turbine speed on the steam process and 
the direct effect of the cooling water temperature. To calculate 
these curves, it is best to use a computer model which simulates 
the steam process as a whole (refer to Section 7.1). Changes in 
the data of the ambient air produce changes in the gas 
exhaust data and these latter affect the power output of 
steam turbine. 

The advantage of this procedure is that it can, with 
adaptations, be used even if the gas turbine is put into 
tion at a somewhat earlier date than the steam turbine. rn,,._.., .. , 

ing to the standards, both the gas turbine and the steam 
must be measured as new machines. That necessarily means 
a certain time interval will separate the gas turbine and 
turbine measurements. 

To demonstrate that the guarantees have been met, 
aranteed power output is compared with the power output 
sured and corrected. 

The power output, measured and corrected, is defined 

lows: 

PI< -Corr PsT-Corr + PGT-Corr 
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Correction of the Measured Efficiency 
of a Combined-Cycle Plant 

The guaranteed efficiency of a combined-cycle plant without 
supplementary firing may be written in the form: 

PsT + L; PcTi PK 
7JK GAR = · = 

L; Qc;Ti L; QcTi 
(19) 

To compare the measurements, the heat flow supplied must 
be corrected. The measured and corrected efficiency is then ob­

t.·La.lLL'-'"' from the equation: 

pK CORR 
7JK-CORR = L; iL 

~T-CORRi 
(20) 

is a good idea to present the correction curves for gas tur­
in such a way that the heat input can be corrected directly 

detouring via the efficiency of the gas turbine. This pro-
can also be used for combined-cycle plants with supple­

firing. 

it is important whether or not the waste heat boiler is 
with a flue gas bypass. If so, the gas turbine can be 

independent of the steam process. Moreover, an earlier 
·~""'"'''u.l.'·"" of the gas turbine is quite conceivable, since stan­

gas turbines have a shorter lead time than steam tur­
are designed and built on a case-by-case basis. 

of the steam tubine can be similiar to that 
~u., .. vJLla.J. steam turbine plant, with the flue gas damp­
replacing the boiler firing. If there is no flue gas by­
gas turbine and the waste heat boiler must be put into 
parallel to one another. The gas turbine cannot start 

boiler has been mape ready for it and, inversely, the 
start until there is flue gas available for it. 
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Otherwise the commissioning of the gas turbine ar:d the ste~m 
· · ·lar to that of conventional installatiOns. Special processes 1s s1m1 . d 

attention must be paid to coordinating the operat1_ng mo ~ ~f 
the waste heat boiler, the gas, and the steam turbmes. Th1s IS 

even more particularly the case in fully automated plants. 

Chapter 8 

COMPARISON OF THE 
COMBINED-CYCLE PLANT 
WITH OTHER THERMAL 

POWER STATIONS 

Sections 2 and 3 show that combined-cycle plants are thermo-
........ u~·-~~., attractive. Thermodynamics does, indeed, play an 

role in selection of the type of power plant, but it 
not the only criterion for decision. Such other factors as price, 

impact, fuel availability, etc. must also be taken 

the following, we will compare the combined-cycle plant 
other thermal processes in order to determine those cases 

1:1tTh1t"'h it is actually of interest. 

main competition comes at present from steam and gas 
power plants and that situation will not change in the 

ture. For smaller to medium power outputs, however, 
power plant can also be a genuine alternative. The high 

of modern diesel engines is comparable to that of a 
plant with the same power rating. Up to a power 

of 20 to 30 MW, it is thoroughly conceivable that diesel 
t might be the optimum choice. On the other hand, 
power capacities, the diesel plant loses its attrac­

because investment and maintenance costs are higher 
for a combined-cycle plant, without compensating 
by providing greater fuel flexibility. The diesel en­

less desirable from an environmental point of view 
is more difficult to attain low emission levels with 

ly for NOx and upburned hydrocarbons. 
/ 
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The comparison below is restricted to the following types of 

power stations: 

• steam turbine plants 

• gas turbine plants 

• combined-cycle plants 

The main range of ratings under consideration is between 30 

and 500 MW. 

Combined-cycle plants with a smaller power output can, of 
course, be built, but they are less interesting for power gene­
ration alone because their relative costs increase as the power 
rating decreases. They are best used mainly for industrial or dis­
trict heating power stations, but even for these applications, their 
minimum economical size is approx. 10 MW. 

8.1 Economy 
Every industrial plant strives to keep production costs as 

as possible, and power plants are no exception in this 
Political factors and environmental protection legislation 
certain limits on this goal, but economy of operation 
the most important criterion when selecting what type of 

plant to build. 

The costs for producing electricity in a power plant vary 

elude three types of costs: 

• capital costs 

• fuel costs 
• operation and administrative costs 

The first of these depends on the price and the 
rate for the plant, on interest, or on the desired yield on 
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~~~:~~~~~r~ndneuity dfactor) and on the load factor of the plant 
' ' pen s on the load th · . ' 

and plant availability (refer to 8 1 4) ~ op:r~tmg time desired, 
fluenced by the interest inc d . h: apita costs are also in­

urre w lle the plant is being built. 

The specific fuel costs are inverse! . 
age efficiency of the installation Th~ proportwna~ t? the aver-

t h 
· IS average efficienc t 

no ' owever, be confused with the th . . Y mus 
load . It is defined as follows: ermal effiCiency at rated 

fj=7]•7] 
Oper (21) 

lloper is operating efficiency which take . t 
following losses: ' s m o account the 

• start-up and shut-down losses 

• higher fuel consumption for part-load . . operatiOn 
• miscellaneous other heat d 

to fouling, aging, operato:~rr~~e~~{ losses, e.g., due 

Operating and admistrative costs include: 

• constant costs of op t· . . costs, insurance, etc~)a wn and admmistration (staff 

• variable costs of operatio d . replacement parts, etc.) nan repair (maintenance, 

bas~s used for. comparisons of economy is generally a 
va ue companson. The various co t f due at diff . s s or a power station 

th erent times. For that reason, for financial cal-
ey are corrected to a single reference time wh· h 

the date of starting into commercial operatio~. Th~~e 
amounts are referred to as "present value". 
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The simplified formula used to figure the present value for 

all expenses is: 

(22) 

in which: 

TCR Total capital requirement to be written off (Present value 
of all expenditures during the period of construction and 
commissioning, such as the price of the plant, construc­
tion interest, etc.); in monetary units 

Equivalent utilization time at rated power output, in 
per annum; TNj = energy generated during the year, 

vided by the rated output 

price of fuel, in monetary units per kW hr. 

Average plant efficiency 

Annuity factor in 1/a; l/J 
q-l 

1- q-n 

q 1 + z 
z interest rate 

n Amortization period in years 

P Rated power output in kW 

U Operating and adrninstrative costs, including taxes 
insurance, in monetary units per annum 

The power production costs can be derived from the 
value using the following formula: 

y EL = --"P_,V __ 
TNj • P • \jl 

Below we will discuss and compare the most 
tors affecting the economy of a power plant for the 

of station. 
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8.1.1 Comparison of efficiency 

At today's fuel prices, the thermal efficiency is the crucial fac­
tor for installations operated at medium and base load. For that 
reason, high efficiency is a prerequisite for having an econom­
ical plant. 

Fig. 8-1 shows how the thermal efficiency at rated load for 
the types of power plant under consideration depends on the 
power output. Stearn turbine plants have been further broken 
down into plants with and without reheating. 

Double reheating steam plants have not been considered be­
cause they are seldom constructed. Among the combined-cycle 

,vL<.._. • .,.,, only those without or with only limited supplementary 
are shown. 

The chart makes clear the thermodynamic superiority of the 
cycle. Surpassed by far are the gas turbines which, 

with a high turbine inlet temperature of approx. 1100 °C 
°F), only attain an efficiency of 30% to 35%. 

Comparison of Price 

efficiency, price is the most important criterion for se­
Fig. 8-2 shows how the specific investment costs for the 
types of power plant depend on their power output. 

costs are valid for a turnkey installation including machine 
torme:r, but not as workshop, offices, staff facilities, and 

They have been based on 1988 price levels and 
payments, and do not include interest during 

ru<:tu>r.t. The data shown merely indicate trends: appro­
cautiOn must be taken in applying them, since very 

~ffect the price of a power plant: erection site, 
nsks, the political situation, impediments to 
legal regulations, etc. 
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Figure 8-1 
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Figure 8-2 
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This diagram clearly shows the low investment costs required 
for the gas turbine, which have contributed significantly to its 

wide-spread acceptance. 

Stearn power stations are significantly more expensive than 
a combined-cycle power plant. A coal-burning plant, for exam­
ple, costs two to three times as much as a combined-cycle plant 
with the same power output. Modern combined-cycle power 
plants are therefore simpler and less expensive than steam power 

units. 

Nuclear power plants have not been included in this coJ:np:a­
rison because the investment costs required for them are far 
dependent upon political and other local considerations. 

8.1.3 Comparison of Operating and 
Administrative Costs 

At today's fuel costs, the operating and administrative 
affect the economy of a power plant only slightly. They 
only to 5 to 10% as much as the fuel costs. 

Because of the simplicity of the gas turbine, it is lowest in 
erating and maintenance costs even if it requires more spare 
than a steam turbine alone. Little staff and maintenance 
quired. A steam power plant requires more staff and its 
nance costs are higher. Combined-cycle plants fall between 
two extremes: units without supplementary firing are 
like a gas turbine plant, and those with maximum 
tary firing more like a steam turbine power plant. 

8.1.4 Comparison of Availability 

The availability of a power plant greatly affects its 
Whenever a unit is down, the electricity must either 
ated in another power station or- if there is no 
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ble- purchased from another electric utility. In both cases, the 
replacement energy is more expensive than that generated by 
the plant itself, since capital costs are incurred whether the plant 
is running or not. 

No values for availability can be stated that will be valid for 
cases since such factors as preventive maintenance and op­

rnode make a huge difference. However, according to 
statistics, all the plants under consideration have 

3J.LUU.<U availabilities when used under the same operating con-
. [406] 

• gas turbine plants (gas-fired) 

• steam turbine plants (oil or gas-fired) 

• steam turbine plants (coal-burning) 

• combined-cycle plants (gas-fired) 

88- 95 % 

85- 90 % 

80- 85 % 

85- 90 % 

figures are valid for plants operated at base load; they 
be lower for peaking or medium-load machines because 

start-ups and shut-downs greatly reduce life expectancy 
machine and therefore increase the scheduled maintenance 

outage rates. 

~~,~u~n of the major components 

of the plant as a whole, especially of the 
··""-~ ... "'""'':;" between systems 

of operation (base, medium, or peak load) 

of fuel 

tions and skill of the operating and rnainte­
crews 

........ 
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8.1.5 Comparison of Construction Time 

The time required for construction affects the economy of a 
unit. The longer it takes, the larger the capital rqeuirement to 
be written off, since construction interest, price increases for 
materials, insurance, and taxes during the construction period 
add to the price of the plant. 

Fig. 8-3 shows the amount of time required to build the var­
ious types of power plants. The gas turbine, because of its stan­
dardized design, can be built with the shortest lead time., urhihl.. 

has encouraged its widespread acceptance. More time is 
up to the completion of a combined-cycle plant. One can, 
ever, commission the gas turbines prior to the steam ........ r.h~~ 
so that from 60 to 70% of the power output is available 
the same time as would be required for a gas turbine power 
This is a great advantage over a conventional steam power 
which can deliver power only after two to four years. 

8 .1. 6 Comparison of Economy 

The diagrams below show the effects of the most 
parameters on the economy of a power plant: 

1. Fig. 8-4 to 8-6: Dependence of Cost of Power 
on Fuel Prices, for 50, 200, and 500 MW plants 

2. Fig. 8-7 to 8-9: Dependence of Cost of Power 
on the Equivalent Utilization Time, for 50, 200, 

MW plants 

3. Fig. 8-10: Dependence of Cost of Power Generation 
Annuity Factor, for a 200 MW plant. 

A combined-cycle power plant has less fuel J.lt::.AJ.u'.uucT 

steam power plant. The question can therefore be asked 
an oil or gas burning combined-cycle plant is more 
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Figure 8-3 

5 

a 

4 

2 

1 

0 100 200 300 400 500 MW 

OUTPUT 

Comparison of the Construction Time for Various Types of Power Plants 

Combined-cycle plant 
Reheat steam turbine plant, coal-fired 
Steam turbine plant, oil or gas-fired 
Gas turbine power plant 

www.EngineeringBooksPDF.com



252 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Figure 8-4 
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Figure 8-5 
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Figure 8-6 
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Figure 8-7 
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Figure 8-8 
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Figure 8-9 
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Figure 8-10 
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than a steam power station that burns a less expensive fuel, e.g., 
coal. Fig. 8-11 shows the difference in the price of fuel between 
a 200 MW combined-cycle plant and a coal-burning reheat steam 
power plant of the same size, as a function of the equivalent 
utilization time. If the actual fuel price differential is above the 
curve, the coal-fired unit produces electricity cheaper; if it is 
below the curve, the combined-cycle is better. It must be stat­
ed, however, that it is generally easier to obtain a permit to build 
a clean gas-fired plant or a combined-cycle plant than to build 
a large steam turbine plant, particularly one that burns coal. 

The following conclusions can be drawn from these diagrams: 

• Whenever oil or gas is being burned in a power sta­
tion, the combined-cycle plant is more economical 
than the steam power plant. 

• For short utilization periods (a peaking plant), the gas 
turbine is most economical. At today's fuel prices, 
this limit is at about 1000 to 2000 hr per annum for 
large plants. Even when burning crude oil at a price 
of $20 (US) per barrel, the limit is around 1000 to 
1500 hr per annum. 

Conventional steam power plants are suitable for use 
as coal-burning base load or possibly medium-load 
power plants. However, the price differential be­
tween the coal and the gas turbine fuel must be suffi­
ciently great (approx. $3-6 US per GJ or MBtu). 

plants with maximum supplementary 
firing can be of interest if there is only a small 

t of gas or oil available at favorable terms, 
the rest of the fuel requirement can be covered 

using coal for the supplementary firing. 

of the fuel and the corresponding type of power 
not only by short-term economic conside­

also in accordance with political criteria and assump-
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tions about long-term developments in the prices for the vari­
ous possible fuels. In this regard, the following aspects can be­
come important in selecting the type of power station to be built: 

• long-term availability of the fuel at a reasonable cost 

e risk of a supply shortage due to political interference, 
such as war, boycott, etc. 

e political opposition to nuclear power plants 

• environmental protection 

The result of all these factors may well be that the fuel selected 
is may be one other than that which appears best at the time 

of plant construction. 

The long-term source of fuel can be taken into account only 
to a limited extent, by including in the calculations of economic 
costs an estimated price increase for the fuel during the expected 
service life of the unit. However such estimates should be han­
dled with care. In any case, the greater the fuel flexibility of 
the plant chosen, the less the risk from possible increases in fuel 

prices. 

Table 8-llists the fuels that can be burned in the various power 

plants today. 

The fuel flexibility of combined-cycle plants is less than 
of steam power plants. Some gas turbines can burn heavy oil 
or crude, provided the machine is designed to do so. Indu.,,, .. -, .. 
gas turbines are more suitable than those derived from jet 
nology. It is easier to burn special fuels in gas turbines with 
combustors than in those with several smaller combustors or 
annular combustor, since the latter are more sensitive to .._ ........ ,.,.,.. 

in flame length, radiation, etc. 
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A second requirement for burning heavy oil or crude in a gas 
turbine is the correct treatment of the fuel, generally by means 
of washing and dosing with additives. These steps make it pos­
sible to remove or inhibit elements that cause high temperature 
corrosion, such as vanadium, sodium, etc. The specific problems 
involved with the burning of coal in a combined-cycle plant are 
dealt with in more detail in Section 9.2. 

Table 8-1: Various Types of Power plants and 
the Fuels They can Burn 

Gas Combined-cycle Combined-Cycle Steam 
Turbine without sup. with sup. power 

firing firing plant 

Natural gas Yes Yes Yes Yes 

Diesel oil Yes Yes Yes Yes 

Yes 1) Yes 1) Yes 2) Yes 

Yes 1) Yes 1) Yes 2) Yes 

No No No Yes 

No No Yes 3) Yes 

No No No Yes 

No No No Yes 

furnace gas Yes 4) Yes 4) Yes 4) Yes 

industry gas Yes 4) Yes 4) Yes 4) Yes 

Yes 4) Yes 4) Yes 4) Yes 

Heavy oil or crude cannot be burned in every gas turbine. Generally a fuel 
treatment unit is required. 

1) ~pplies to the gas turbine. In the supplementary firing, however, 
heavy oil can be burned just as well as in a conventional steam generator. 

be used only in the supplementary firing. 

fuels can generally be used as gas turbine fuels. However, adaptations 
the machine are required if the heat value is low. 
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Figure 8-11 
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Chapter 9 

ENVIRONMENTAL 
CONSIDERATIONS 

The impact of any power plant upon its environment must be 
kept as low as possible, but striking a reasonable relationship 
between the cost and the results obtained should serve as a guide­

' even for those responsible for making and enforcing the 
The following emissions from a power station directly 

the environment: 

• products of combustion (exhausts and ash) 

exhausts can include the following components: H20, N2, 
NO, N02, C02, CO, CnHn (unburned hydrocarbons, UHC), 
soa. dust, fly ash, heavy metals, chlorides, etc. 

first three of these are harmless; the others can impact 
upon the environment. Their concentraion in the ex­

depends upon the composition of the fuel and the type 
, .... ..,., ... v.n in question. However, a high efficiency always 

positively since the proportion of emissions per unit 
energy produced drops off. 

plant is beneficial because of its high effi­
the high excess air coefficients customary in gas tur­

a practically complete combustion, i.e., a very 
~AnrJ'a,H .......... of unburned elements such as CO or unburned 
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hydrocarbons. The large air flows have the further advantage 
of strongly diluting the pollutants. 

For these reasons, a combined-cycle plant is quite well suited 
for use in heavily populated areas. Particularly when the fuel 
burned is natural gas, the only toxic emissions contained in the 
exhausts are NO and N02. The NOx (NO + N02) level is the 
most important environmental problem with gas turbines because 
NO generates nitric acid (H2N03) in the atmosphere, and this, 
tog~ther with sulphuric acid (H2S04) is one of the factors respons-

ible for acid rain. 

9.1 Reduction of N ox Emissions 

NO is produced in large quantities only at very high temper­
ature\evels. The NOx concentrations at the equilibrium shown 
in Fig. 9-1 as a function of the air temperature are attained 
after a very long time. The situation in a gas turbine 
is quite different, first, because a combustion actually takes 
and second because residence times at high temperatures 

' ' . . 
fairly limited. The major factors affecting NOx productiOn m 

combustor are thus: 

• the excess air ratio of the combustion ( A ) 
• the temperature of the air after the compre~sor, 

which, in turn, depends on the pressure rat1o, 

• the duration of the combustion 

As can be seen from Fig. 9-1, NOx is formed only 
temperatures are high, such as those found in the flame 
combustor. The temperature of this flame depends on 
cess air ratio A-; as shown in Fig. 9-2, it is highest in the 

of stoichiometric combustion ( A = 1). 

Fig. 9-3 also shows how concentrations of NOx dep~nd 
excess air ratio ( A ) and the compressor pressure rat1o. 
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ident that a peak is reached with a factor A of approx. 1.2. Be­
low that level, the flame temperature is higher but there is less 
oxygen available to form NOx, since most of it is used for the 
combustion. Above that level, NOx decreases because an over­
abundance of air within the flame lowers the flame temperature. 

Very low excess air ratios are beneficial from the point of view 
ofNOx formation but are very detrimental to efficiency and cause 
the production of large amounts of CO and unburned hydrocar­
bons (UHC). 

Normally, gas turbine combustors operate with an excess air 
ratio of approx. 1 at full load, ensuring a good, stable combus­
~on over the entire load range. Obviously, NOx emissions will 

very high unless special precautions are taken. Typically, NOx 
in the exhaust gases after mixing with the cooling and 

air are in the range from 120 to 300 vppm. 

simplest way to reduce the NOx concentration is to cool 
arne, which can easily be accomplished by il\iecting water 

into it. Fig. 9-4 shows the reduction factors for NOx 
which can be attained as a function of the amount of 

or steam il\iected, indicated by the coefficient n , the ra-
,;o.i",,n"'"''"' the flows of water or steam and fuel. At a ratio 
1, the typical reduction factor is approx. 5 with water, and 

3 with steam. Steam is less efficient than water because 
takes place outside the flame. 

this method, it is possible to attain NOx levels in the dry 
gases from a gas-fired gas turbine or a combined-cycle 
low as 40 vppm. In some cases, even 25 vppm is attain-

or water il\iection is a simple way to reduce emissions, 
entail the following disadvantages: 
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Figure 9-1 
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Fig. 9-1: NOx Equilibrium as a Function of Air Temperature 

Figure 9-2 
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• Large amounts of demineralized water are required. 

• The efficiency of the combined-cycle plant is lower, 
particularly if water injection is used. 

The fact that the output capability of the same plant is higher, 
especially with water injection, only partly compensates for these 
disadvantages. 

Fig. 9-5 shows how steam and water injection affect the out­
put and efficiency of a combined-cycle plant, as a function of 
the ratio of water to fuel, n. With a ratio n = 1, the following 
changes in output and efficiency from those in a normal dry cy­
cle without injection may be considered as typical: 

Table 9-1: Output and Efficiency of a Combined-Cycle Plant 
with Water or Steam Injection, as Compared to 
the Same Plant without Injection 

Change in Change in 
Efficiency, % Output, % 

Water injection, n 1 - 4.8% + 4.7 % 

Steam injection, n 1 - 1.9% + 1.1% 

In all cases the fuel is natural gas and a two-pressure cycle is being 

With steam injection, the cycle is similar to the example 
in Fig. 3-50, but there is a dual steam admission into the 

A 3-pressure cycle as shown in Fig. 3-49 would reduce the 
in efficiency caused by the steam injection but the gain 
in most cases, be offset by the additional costs of this 
plant (refer also to Section 3.1.4). 

These disadvantages of steam or water injection have 
all builders of gas turbines toward development of a 
of combustor with which the NOx levels attainable are 
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to those with injection systems Secti . 
more detailed information abo~t the on 10.3 provides further, 
as dry low NOx combustors. se combustors, referred to 

Some local regulations e g th . C . . 
. N ' .. , ose m alifornia or T k 

qmre Ox emission levels m h 1 o yo, re-
. . uc ower than 40 v I 

cases, It Is generally necessa t . PPm. n these 
the exhaust system These s;Yt o ms~all a reduction system in 
alyticReduction'' (SCR) s e~~· nown as "Selective Cat-

systems, nuect ammon. (NH ) . 
exhaust gases before a catalyst and Ia 3 mto the 
90% of the NOx from them Th ~n t~ereby remove approx. 

as follows: · e c emical reactions involved 

+ 
+ 

+ 8NH3 ---. + 

disa~h::~t:~:;ell-proven systems, but they entail the 

Investment costs are h · h ( 
cost of the gas turbine)~ equal to about 20% of the 

Replacement costs are h. h ( h . 
. catalyst is between 4 an~g 8 ;e:~re expectancy of the 

The ~::;yst must be installed in the center of the 
th" sure e_vaporator of the waste heat boile 

IS reactwn functions prop 1 1 r, 
between 300 and 400 oc (572er Y on Y at tempera­

and 752°F). 
use of ammonia is necessary. 

is slightly lower because of th . 
in the waste heat boiler. e Increased 

::::;:;~a typical SCR system for installation in a heat 

systems in conj t· . 
today tech . 11 unc _wn With steam or water injec-

mca Y possible to attain an NO le l . 
gases fr . x ve m 

om a conrbmed-cycle plant of less than 10 
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Figure 9-5 
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Fig. 9-5: Output and Efficiency of the Combined-cycle Plant as a Function 
or Steam Injection 

Figure 9-6 
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vppm. Catalytic reduction can also be used in conventional steam 
plants, but the minimum level of NOx attainable is higher, and­
at least in a coal-burning plant- much higher. 

9.2 SOx Emissions 
The concentrations of 802 and 803 produced depend mainly 

on the quality of the fuel. Because gas turbines generally use 
clean fuels, this is less of a problem in combined-cycle plants 
than in coal-burning power stations. The latter plants can, how­
ever, be equipped with scrubbers which reduce sulphur emis­
sions by approximately 90% by converting the 802 into plaster 
of Paris. A similar system could in theory be installed after a 
combined-cycle plant as well, but it would be much too expen­
sive due to the high excess air. The use of a fuel with a low sul­
phur content is therefore a less costly solution. 

9.3 Waste Heat Rejection 
Another environmental problem is the waste heat that 

power station supplies to the environment. Here, too, the 
efficiency of the combined-cycle plant is an advantage: 
any given amount of primary energy, a greater amount of 
tricity or steam is being produced, which reduces the 

of waste heat remaining. 

In addition to the quantity of waste heat, however, the 
in which that heat is given off the the environment is 
portant. The effect is less if the power plant heats the 
stead of giving off its heat to a river or the sea. 

One disadvantage of a steam power plant is that its 
can best be dissipated with water. It can, of course, also 
off to the air, but the expense involved (cooling tower 
cooled condenser) is greater. A combined-cycle plant 
advantage over a steam plant in that it requires only 

much cooling water. 
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. Table 9-2 shows the amounts of waste heat t . 
Sipated, as percentages ofth . hat must be dis-e pnmary energy i t c . 
ers have not been take . t . npu · ooling tow-n m o consideration · th 
is considered as being cooled .th . 'I.e., e condenser WI nver or sea water. 

A gas turbine requires practicall no . 
contributed greatly to I·ts w·d Y cooling water, which has 

I espread accept · countries. ance m water-poor 

Table 9-2: Comparison of the Heat to ben· . d ISSipate 
as Percentages of the Energy input 

Gas Turbine Combined-Cycle 
Plant 

68-75 

0 

mainly stack losses 

Noise Immissions 

27-14 

28-38 

Steam Power Plant 
without reheat with reheat 

10-14 

52-56 

10-15 

44-52 

final environmental bl . . 
the acoustic insula~i:on a::i~::~~~:~:~t t~~ can be solved 

•a.u.ua.•,~n the same f 11 · e costs are ap-
or a types of power plant installations. 
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Chapter 10 

DEVELOPMENTAL TRENDS 

Main trends in development are in three directions: 

• toward increased efficiency and power output of the 
gas turbine 

• toward the use of coal in combined-cycle plants 

• toward attaining lower NOx emission levels without 
water or steam injection (dry low NOx combustors) 

.The first of these trends is a continuation of the development 
has led to the break-through of the combined-cycle plant 

past few years. 

attempt to use fuels other than oil or natural gas in 
plants or gas turbines is not new. Development 

concentrating mainly on the utilization of coal in plants 
as Integrated Coal Gasification Combined-Cycle (IGCC) 

Fluidized Bed Combustor (PFBC) plants. 

positive effect of a high gas turbine inlet temperature on 
............ "' ... '~:t of a gas turbine or a combined-cycle plant has 

been discussed in Section 2 (refer to Fig. 2-2). It seems 
to look for further improvement mainly in the direc-

higher gas inlet temperatures, which has become possi­
the development of new materials and improved 

0~Y:ste:ms. Research projects here are concerned mainly 
air cooling of the hot gas path of the gas turbine. 

cooling technologies, for example, employing 
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water or steam cooling systems, do not yet appear close to a stage 
of development where they could be used in a real gas turbine. 

For these reasons, work at present is concentrating on the de­
velopment of new materials, e.g., ;y 1 superalloys, oxide disper­
sion strength (ODS) alloys, directionally solidified (DS) blades, 
and of more efficient air-cooling systems employing 

• improved film cooling 

• impingement cooling 

The use of ceramic materials in gas turbines, mainly for blad­
ing, still appears far from ready for commercial application be­
cause of the very low reliability that must be expected with such 
blades. Ceramics are presently being used only for certain parts 
in the hot gas path of a few gas turbines. 

Parallel to this, improvements are also being made to the corn­
pressor. The advantages offered by the higher gas temperature 
cannot by fully exploited only if the pressure ratio of the 
chine is increased to an appropriate level. High unit ratings 
also being attained by increasing the air flow through the 
pressor. With modern blading, compressors are able to 
volume flows that seemed utopian just a few years ago. 
the use of transonic stages, it is already possible to attain 
valent outputs and pressure ratios with many fewer "'v"' .. "'"' 

stages. 

With these improvements, combined-cycle efficiencies of 
than 50% are already being attained. Gas turbines with 
power capacities of more than 200 MW for 50 Hz 
and 150 MW for 60 Hz applications mean lower costs, 
combined-cycle power plants will become even more 
ing for large power stations. It can be expected that 
combined-cycle plants will, within the next 10 years, 
ficiencies of 52 to 55% or more (LHV). 
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10.2 Coal Gasification Fluid" d B . ' •ze ed Combustion 
This development is directed at rn k" . . 

directly or indirectly in co b. d a I~g It possible to use coal 
have been suggested and : me ~-cycle Installations. Two paths 

ern c ose to commercial realization: 

• autotherrnal coal gasification 

• pressurized fluidized-bed combustion 

10.2.1 A Combined Cycle Plant with 
Coal Gasification 

The gasification of coal is a ve 
ural gas was introduced on the ryk old technology. Before nat-

mar et coal g if" · 
to produce fuel gas for distrib t" . ' as Icatwn was used 
quite frequently in the che ~ IOln m urban areas. It is also used 

rnlca and petroche · 1 · d 
produce raw materials for ch . I mica m ustries ern1ca processes. 

Autotherrnal coal gasificati . b 
the coal in order to genera~: ~~e ~=:ton P~rtial combustion 

process itself in which the c I. reqmred for the gasi-
. ' oa IS converted ge 11 

•o.o·f'h,, ... With water into H CO CO , nera Y 
reactions involved ar;; , 2• CH4, H2S, and H20. The 

+ H20 --~ co + H2 
+ C02 --~ 2 co 
+ 2H2 --~ CH4 
+ 3H2 --~ CH4 + H20 
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2) oxygen-blown gasifiers, which produce a gas with a me­
dum calorific value, typically 15,000 kJ/kg (or 330 
Btu/scf), approx. one-third the calorific value of nat-

ural gas. 

Either type of gasifier can be employed in combined-cycle ap­
plications; the advantages and disadvantages of each will be dis­

cussed further below. 

Table 10-1 shows the composition of typical gas obtained in 
the two different gasification processes. 

Table 10-1: Typical Composition of Gas, in % by volume 

Natural Gas Coal Gasification 

(Reference) Oxygen-blown Air-blown 

co 60 

H20 
30 

C02 3 

N2 10 2 

CH4 90 5 

Relative heating 1 1/3 

value (Reference) 

Adiabatic flame 2100 oc 2300 oc 
temperature (3812 °F) (4172 °F) 

In addition to this general classification based upon 
ium used for oxidation, a distinction must also be 
on the flow pattern in the gasifier itself. There are 

types: 

1) fixed bed gasifiers with counter-current flow 
2) fluidized bed gasifiers with bubbling or 
3) entrained bed gasifiers with co-current flow 

25 

18 

7 

49 

1 

1/9 
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Fig. 10-1 shows the working principle of these various types. 
The gasifiers which are closest to large-scale commercial appli­
cation for combined-cycles are of either the fixed-bed type (Brit­
ish Gas-Lurgi slagging gasifier) or the entrained-bed type (Texaco, 
Shell, Dow, Prenflow), both oxygen-blown. 

Gasifiers can also be classified according to their operating pres­
sure, i.e., whether they operate at atmospheric pressure or at 
an overpressure. Only the second of these types is of interest 
for combined-cycle plant applications because the gas pressure 
at the inlet to the gas turbine must be at least 20 bar (290 psia). 

that reason, gasifiers for combined-cycle plants typically op­
at 20 to 30 bar (275 to 420 psig). Table 10-2 shows the clas­

of the major gasification processes. 

Coal gasification is particularly interesting from the point of 
of emission control. It is far easier to obtain a very clean 

by cleaning fuel gas than by cleaning the combustion gas 
a coal-fired boiler. The main reasons for this are: 

The volume flow of the coal gas to be treated is less 
than 1% that of the exhaust gas from the boiler. 

It i~ chemically much easier to remove H2s than so2, 
wh1ch makes it economically feasible to remove more 
than 99% of the sulphur, as compared to only 90% in 
the scrubber of a coal-fired boiler. 

Most other pollutants, i.e., heavy metals, chlorides, etc., 
are also removed in the gasification process. 

~e major byproduct of the desulphurization process 
With coal gasification, except in a fluidized bed gasifier, 

elemental sulphur, which is easy to transport and to 
With other desulphurization processes, 5 to 10 times 

.much waste product is produced, since the sulphur 
mtegrated into molecules of products like gypsum. 
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MAJOR COAL GASIFICATION SYSTEMS 

British Gas/ Texaco Shell Prenflo DOW KRW 
Lurgi 

Oxidant 02 62 02 02 02 o2/air 

Coal gas heating value Ml!tu Ml!tu Ml!tu Ml!tu Ml!tu Ml!tu/LBtu 

Type of gasifier Fixed bed Entrained Entrained Entrained Entrained Fluidized 
bed bed bed bed bed 

Flow pattern Counter- Cocurrent Cocurrent Cocurrent Cocurrent Bubbling or 
current flow flow flow flow flow circulating 

flow 

Raw gas temperature [°C] 500 - 600 1400 - 1700 1400 - 1700 1400 - 1700 1400 - 1700 850 - 900 

Gasifier pressure Compatible with gas turbine requirements 

Raw gas cooling: 
- syngas cooler No Yes Yes Yes Yes Yes 
- quench Yes Yes Yes Yes Yes (Yes) 2) 

- --------------------------- -------------------------- ------------------- -------~--- ~---~---- I -----------------

Notes: l) The syngas cooler is also referred to as a gasification heat recovery generator. 
2) With fluidized bed gasifiers, no quenching is required if hot gas clean-up is provided. 
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5) Most oxygen-blown gasifiers produce unleachable slag. 
Waste disposal is far easier than with the ash produced 
by coal-fired boilers. 

For all these reasons, it is clear that coal gasification may well 
be very interesting for power generation in the future: it is the 
most promising method to produce a truly clean coal-burning 

plant. 

Coal gasification can be either a system integrated into a 
combined-cycle plant, or a non-integrated system, with the ga­
sification and combined-cycle plants quite distant from one an­
other. Only the first of these two possibilities appears really 
interesting at present, since integration, with its good utilization 
of the waste heat generated in the gasification process, very 
greatly improves the overall efficiency of the entire system. 

One major consideration when designing an integrated gasi­
fication combined-cycle plant (IGCC) is the temperature at 
the gas is to be cleaned. All successful industrial systems 
used today work at near ambient temperatures, which 
that the coal gas must be cooled down after it leaves the 
ifiers. If the gas was very hot, it is important that this 
be recovered efficiently. One of the main differences "''"""'n""' 

fixed-bed gasifiers and entrained-bed gasifiers is that the 
temperature of the former is typically approx. 500 to 600 
(900- 1100 °F) and that of the latter approx. 1500 oc (2700 
This is why entrained-bed gasifiers are equipped with gas 
ers to generate either saturated or superheated high 
steam. This steam is then used in the combined-cycle 
generate more power. 

The example shown in Fig. 10-2 is a typical IGCC plant 
on a Shell entrained bed gasifier unit. The steam 
the gasifiers and that from the heat-recovery steam . 
of the combined-cycle plant both flow through the h1 
sure section of the steam turbine. About 40% of the 
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generated in the gasification plant, which demonstrates clearly 
the importance of integrating the gasification process into the 
combined-cycle plant. 

The gas in the coal bed of a fixed-bed gasifier is cooled to a 
much lower temperature because of the countercurrent flow 
of the gas and the coal. Heat recovery after the gasifier is there­
fore far less important, and such plants therefore usually gen­
erate only a very limited amount of low pressure steam. Fig. 
10-3 shows an example of a coal-fired combined-cycle plant us­
ing British Gas-Lurgi slagging gasifiers. It can be seen quite clearly 
that the degree of integration is far less important here than 
with the Shell gasifier. 

The systems used to clean the gas are quite similar in both ca­
ses. One difference is that the gas produced in a fixed-bed gas­
ifier contains tars and phenol which must be separated out and 
recycled to the gasifier. This is not true with an entrained-bed 
,,., ... ,u ..... .., ... because of the much higher process temperature which 
·"'-""""""'"' the heavy hydrocarbons. 

Table 10-3 provides the main technical data of the IGCC plant 
in Fig. 10-2, using a 150 MW ABB gas turbine, with an 

of 34% under ISO conditions. 

10-3: Main Technical Data of IGCC Plants 

turbine output 

consumption for auxiliaries 
output 

efficiency (LHV) 

entrained bed 

Illinois No. 6 

12 500 kJ/kg (290 Btu/scf) 

99% 

~ 135 rng/GJ (75 vpprn) 

577 MW 

173 MW 

110 MW 

33 MW 

250 MW 

43.3 % 
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These figures show the efficiency that can be expecte~ from 
an IGCC plant employing commercially proven components m 1988. 
To reduce the NOx emissions to the low level indicated for these 
two plants, the fuel gas is mixed with water vapor. The costs for 
such a plant are in approximately the same range as those for 
modern coal-fired units with scrubbers and de-NOx systems. 

Two fairly large IGCC plants already built demonstrate that this 
is a proven technology. The first of these is the 100 MW Cool­
water plant in California, a demonstration plant that h~ been op­
erating since 1984 with a Texaco gasifier. Altho~gh t~s.pla~t has 
an efficiency of only 31.3%, the main purpose m bmldmg 1t was 
not to achieve the highest efficiency possible, but to show that 
the integration of coal gasification and a combined-cycle ~lant 
actually work. The second of these is at the Dow chem1cal plant 
in Plaquemine, LA, with a total output of approx. 160 MW. 

One very interesting feature of IGCC plants is their 
for phased or staged construction, i.e., an IGCC plant can be 

pleted in two or three steps: 

Step 1: 
Step 2: 

the gas turbine portion 
conversion to a combined-cycle plant 

Step 3: coal gasification 

The advantage of this method for building an IGCC pla~t 
course, the relatively small capital requirement for the .frrst 
steps. Larger investments do not have to be mad~ until 
when economical and operation considerations requrre 
of the gas-fired plant into a coal-fired unit. 

It can be expected that the efficiencies of IGCC plants 
year 2000 will be between 46 and 48% (LHV) due to the f 

improvements: 
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• gas turbines with higher inlet temperatures 

• dry low NOx combustors 

• hot gas clean-up 

The introduction of cleaning systems operating at 400 to 500 
°C (752 to 932 °F) would improve the outlook for air-blown gas­
ifiers. At present, this type of gasifier is at a disadvantage because 
of the larger exergetic and energetic losses that occur during cool­
ing of the gas prior to the gas treatment. The gas flow is approx­
imately three times as great as in the case of oxygen-blown gasifiers. 
As soon as the fuel gas only needs to be cooled down to 400 to 

500 °C, that disadvantage will be greatly reduced. Air-blown 
gasification systems obviously have the advantage that no air sep­
aration plant is needed. 

Still another field for possible application of coal gasification could 
the cogeneration of power and chemical raw materials in the 

plant (e.g., power and methanol). 

.2 Pressurized Fluidized Bed Combustion 
Systems (PFBC) 

idea behind pressurized fluidized bed combustion systems 
is quite different from that on which the IGCC is based. 
gasification, one will want to burn coal cleanly, utilizing 

of the gas-fired combined-cycle plant. Essentially, 
mE~arLS using gas turbines with a high turbine inlet temper­

In contrast to this, PFBC takes its point of departure from 
steam power plants. 

knows, subsequent flue gas desulphurization and 
is very involved and expensive. For that reason, 

beds, both atmospheric and pressurized, desulphur­
accomplished by reaction of the sulphur with limestone 

the combustion. Since the temperature must not exceed 
900 °C (1652 °F), relatively little NOx is produced as well. 
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This process is presently being used in many boilers with fluidized 
beds that operate at atmospheric pressure. Because the maximum 
power density permissible is quite low, the dimensions of fluidized 
beds of this type become very large, even for low steam generation 
outputs. This quickly gave birth to the idea of operating the en­
tire process at an overpressure, which provides the following ad­
vantages: 

• The dimensions of the fluidized bed and the steam gen­
erator are reduced approximately proportional to the 
pressure. 

• The efficiency of the overall plant can be raised by us­
ing a gas turbine as the charging unit. 

At present there are two different types of PFBC plant, differ­
ing in the inlet temperature to the gas turbine: 

1) PFBC plants with a low temperature gas turbine, i.e., 
the turbine inlet temperature is approx. 450 - 500 °C (842 
- 932 °F), or just high enough so that the gas turbine is 
capable of driving a compressor (Fig. 10-4). 

2) PFBC plants with a high temperature gas turbine. In this 
case, the turbine is located directly after the fluidized 
bed and is driven by exhaust gas with temperatures of 
approx. 800 to 850 °C (1572- 1662 °F). This means that 
the turbine produces a greater amount of power in ex­
cess of that needed to drive the compressor (Fig. 10-5). 

Plants of the first type are not true combined-cycle plants 
cause the gas turbine is only a charging unit. The principle 
is exactly the same as in power plants of 50 years ago which 
equipped with BBC Velox boilers (refer to Section 3.5). 
dynamically, such a plant is equivalent to a conventional 
turbine power plant. 

Figure 10-4 
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Figure 10-5 
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The principal advantage of this type of plant may be the rel­
ative ease with which dust may be removed from the flue gas, 
which, at temperatures of 450 to 500 °C (842 - 932 °F), is not likely 
to be too problematic. 

On the other hand, PFBC plants with a high temperature gas 
turbine attain efficiencies of 43 to 44%, i.e., significantly above 
those of the steam power plant. The major technical problem with 
this type of plant is obtaining effective filtration of the flue gas 
at a temperature level of 850 to 900 °C (1572 to 1662 °F). 

More information about this will become available in the early 
90's when operating experience with the first PFBC plants from 
Asea {the present Asea Brown Boveri) has been gathered and an­
alyzed. The main technical data of this type of plant are as follows: 

• net power output 80 MW 

• gas turbine output 17 MW 

• steam turbine output 67 MW 

• net efficiency 42.5% 

The diagram in Fig. 10-5 shows the principle of operation of this 
of plant; Fig. 10-6 shows details of the pressurized fluidized 

boiler. The flue gas is cleaned in 2-stage cyclones, since no 
temperature filters are yet available for commercial appli­

This means that the flue gas must then be cleaned in elec­
filters after the economizer. 

development of such plants may attain efficiencies of 
44 to 45% by using larger units and steam cycles with 

live steam data. 

main advantages of the PFBC plant are assuredly its com­
and its potential efficiency, which is from 5 to 10% 

that of a conventional steam power plant. Disadvantages, 
, involve the neces.<;ity of flue gas scrubbing at high tern-
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peratures and the fact that the gas turbine is of a special design 
which cannot fully utilize the high temperature potential avail­
able with modern gas turbines because of restrictions on the tem­
perature within the fluidized bed. Then too- unlike in plants with 
a low temperature gas turbine, the economizer in a plant with 
a high temperature gas turbine operates at atmospheric pressure 
because it is situated after the gas turbine. This affects the compact­
ness of the plant. 

Suggestions for using the full temperature potential of the gas 
turbine do, of course, exist, but whether or not they can be re­
alized commercially is an open question, since they make the plant 
more complicated and problematic. These are based on partially 
gasifying the coal or directing it through a pyrolysis before sup­
plying it to the fluidized bed. The gas produced thereby is burned 
following the fluidized bed to bring the gas turbine inlet temper­
ature to the levels usual for normal turbines. Overall efficiencies 
of 48 to 50% should be attainable with such systems. 

How the PFBC process might make a breakthrough on the 
ket in competition to IGCC and conventional steam power 
is a question that remains to be answered. If success is 
in the first four large-scale plants currently under 
the prospects for the process could well be very good. 

In addition to these two types of installations with gas 
there are also suggestions for using a hot air turbine. This 
has been shown in Section 3.4 with a closed-cycle gas 
Similar systems employing an open air-process have also been 

gested. 

In both cases, the air is used as the medium to cool the 
bed. It thereafter expands in the turbine before being used as 
bustion air in the open process. 

DEVELOPMENTAL TRENDS 295 

The advantage of these arrangements is that the turbine is op­
erating on a clean medium. Their disadvantage, however, is the 
large surface area required for the atmospheric fluidized bed. A 
further problem lies in selection of the material for the fluidized 
bed cooling tubes, which are not as efficiently cooled. The heat 
transfer coefficient of air is lower than that of water or steam. 

10.3 Dry Low NOx Combustors 

As was shown in Section 9.1, the methods commonly used to­
to reduce NOx emissions are indeed effective, but they entail 
disadvantages: 

• high water consumption 

• a reduction in the efficiency of the combined-cycle 
plant 

in the case of base-load installations, this impacts 
on plant economy. Moreover, the high rate of water 

is not unproblematic from an environmental point 
. For these reasons, various development projects are cur­

in progress, directed toward reducing NOx emissions by 
in the combustion technology. Theoretically, there are 

paths that such development can take: 

oxygen-lean combustion (A < 1) 

oxygen-rich combustion (A > 1) 

9-3 shows the dependence of the NOx concentrations on 
air ratio. Only a small amount of NOx can form in an 

combustion, despite the high flame temperature, be­
is scarcely any oxygen available for that to happen. 

in order to attain a complete combustion, there must 
, follow-up combustion stage in which there is almost 

formed due to the lower temperature. This approach is 
in modern steam generators and is referred to as ''staged 

" 
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For gas turbines, however, because of the high overall excess 
air ratio (A= 3 to 3.5), a different and more effective procedure 
is being applied: combustion with excess air. This functions on 
the same principle as reduction by means of steam or water in­
jection: the large amount of excess air effectively cools the flame. 
The procedure is subject to limits due to con..<>iderations of flame 
stability. With excess air ratios A of approx. 3, the combustion 
becomes very poor and the flame is completely extinguished. 

This represents no problem while the gas turbine is at full load, 
because there is not enough air available for the burner anyway 
for the excess air ratio to exceed 2.0 significantly. The remaining 
air is required to cool the hot parts and the turbine blading. It 
is, however, a major problem at part loads. 

For the combustion actually to take place at the desired excess 
air ratio, the air and fuel must be mixed homogenously with one 
another. For that reason, the burners used with this procedure 
are referred to as "premix" burners. Fig. 10-7 shows a typical 
ample. The air and the natural gas are premixed in a tube and 
are burned downstream from the swirl basket, which is 
at the end of the premixing tube and is used to hold the 
The basic problems involved with this type of burner can also 
seen immediately from this example: 

• It is very difficult to burn liquid fuel, since mixing be­
comes problematic. 

• There is a risk of back-flash, i.e., that the combustion 
will take place even in the premixing zone. 

This sytem operates very well with natural gas, provided 
the air temperature is not too high, which means that the 
sure ratio of the gas turbine must be less than approx. 15 

With gases with a higher flame propagation speed, e.g., 
gen (Hz) or carbon monoxide (CO), this procedure can 
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Figure 10-6 
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Fig. 10-6: ABB Pressurized Fluidized Bed Boiler 
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Figure 10-7 
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Fig. 10-7: Premix Burner 
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be employed due to that factor. This type of burner has scarcely 
ever worked well with liquid fuels. 

There are a few gas turbines from various manufacturers in com­
mercial operation that have dry low NOx combustors of this type, 
operating on gas only. 

Fig. 10-8 shows a combustor of this type equipped with 36 burn­
ers similar to that in Fig. 10-7; Fig. 10-8 shows a photograph of 
the burners viewed from below, with the swirl baskets of the 36 
burners that are used to contain the flames. This combustor is 
mounted on a 70 MW gas turbine. 36 burners were selected in 
order to solve the problem of part-load operation. To prevent the 
excess air ratio in the burners from becoming too high at part loads, 
thereby extinguishing the flame, the burners can be switched on 
Md off in groups. Fig. 10-9 shows the loads at which the various 
groups are switched on or off, and the corresponding changes in 
NOx concentrations in the exhausts. In all, there are five groups 

burners in this combustor: Fig. 10-10 shows how they are con­
nec~tea on the fuel end and controlled with a single control valve. 

There are other solutions to the problems at part load, such as, 
example, a more or less progressive switch-over from premix 

nb11stiion to normal diffusion combustion, or the installation of 
bypass on the burner which allows more or less air to escape 

endlru! on the load involved. This also makes it possible to as­
both a high excess air ratio and a stable flame. 

this combustion technology, there are large gas turbines 
in operation with NOx emissions ranging, in gas-fired 
at full load, between 25 and 75 vppm at 15% 02, de­

on the design. Further development of this type of burner 
"'"'"UJ.J.'LX in the direction of even lower emission levels and, 

toward greater fuel flexibility. Of particular importance, 
oe<:orrte possible in the future to burn liquid fuels and coal 

are rich in H2 or CO. 
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So-called "surface burners" represent another path toward NOx 
reduction in which use is made of a different parameter to achieve 
low NOx emission levels, viz. time. The placing of several very 
small flames over a large surface area makes the residence time 
within the flame very short, leaving little time for NOx to form. 
The major problem in this case is keeping the residence time as 
short as possible while still maintaining a good combustion that 
does not produce large amounts of carbon monoxide (CO) and un-

burned hydrocarbons (UHC). 

Fig. 10-11 is a typical annular combustor that operates on this 
principle, used as equipment for a gas-fired 45 MW turbine. One 
can see the swirl baskets used to hold the small flames. In all, there 
are 200 swirl baskets installed on the ring. Theoretically, this com­
bustor could also be fired on oil. NOx emission levels in the ex­
hausts at full load are in the range from approx. 50 to 80 vppm. 
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Figure 10-8 

Fig. 10-8: Dry Low NO C b x om ustor: Principle 
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Figure 10-9 
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Figure 10-10 
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Figure 10-11 

"th Swirl Basket Burners 
Fig. 10-11: Annular Combustor WI 

Chapter 11 

SOME TYPICAL COMBINED-CYCLE 
PLANTS ALREADY BUILT 

11.1 Combined-Cycle Plants without 
Supplementary Firing 

11.1.1 The 120 MW Combined-Cycle Plant of the 
NEW AG at Korneuburg (Austria) 

This gas-burning combined-cycle plant began operation in 1980. 
Fig. 11-1 shows the principle on which it was built. It consists 
of an 80 MW gas turbine and a 45 MW 2-pressure steam tur­
bine. Because very good use is made of the waste heat from the 

turbine, a net efficiency of 46.6% is attained in base-load 
oueraLtiO•n. Table 11-1 shows the main technical data. 

The unit was constructed within an existing machine building 
replace an older combined-cycle plant. Fig. 11-2 shows the 

Fig. 11-3 the machine building with the gas and steam 

combined-cycle plant is being used to cover medium loads 
is started and shut-down daily. It therefore has fully auto­

controls which, after 14 hours at standstill, bring the plant 
full load again within approx. 26 minutes. 

operation of the gas turbine alone scarcely enters into 
nA .. ,!:\,..,.,.,, .... the plant was built without a flue gas bypass. How-
the waste heat boiler is designed to permit operation of 

turbine at full load even while the boiler itself is dry. 
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Figure 11-1 

1 Gas turboset 20 High pressure feedwater pumps 38 

2 Waste heat boiler 21 High pressure resuperator 39 

3 Steam turboset 22 High pressure drum 40 

4 Air intake filter 23 High pressure circulating pump 41 

5 Turbocompressor 24 High pressure evaporator 42 

6 Fuel supply line 25 High pressure superheater 43 

7 Combustor 26 High pressure steam li.ne 44 

8 Gas turbine 27 Low pressure water separator 45 

9 Gas turbine generator 28 Low pressure trip valve 46 

10 Exhaust sound damper 29 High pressure trip valve 47 

11 Stack rain damper 30 Steam turbine 48 

12 Low pressure feedwat.er pumps 31 Steam turbine generator 49 

13 Low pressure feedwat.er control 32 High pressure and low pressure 50 

valve 
bypass 

51 Air cooler, steam 

14 Low pressure economizer 33 Bypass control valves 
generator 

15 Low pressure drum 34 Injection steam heater 52 Steam turbine oil 

16 Low pressure circulating pump 35 Injection water pump 53 Gas 

17 Low pressure evaporator 36 Condenser 
54 Air cooler, gas 

18 Low pressure superheater 37 Condensate pumps 55 Gas turbine oil 

19 Low pressure steam line 
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Figure 11-3 

. f th 120 MW Combined-cycle Plant at 
Fig. 11-3: Machme room o e 
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Table 11-1: Main Technical Data of the 120 MW 
Combined-Cycle Plant at Korneuburg 

Fuel Natural gas 
Air temperature 10 
Cooling water temperature 8 
Gas turbine power output at base load 81.1 
Steam turbine power output 48.7 
Station service power 1.0 
Net power output 128.8 
Net efficiency 46.6 
Condenser pressure 0.036 
Stack temperature 95 
Low pressure feedwater temperature 58 
Gas turbine exhaust gas flow 363 

turbine exhaust gas temperature 491 
turbine inlet temperature 945 
pressure live steam data 33 

438 
pressure live steam flow 43 
pressure live steam data 4.4 

182 
pressure live steam flow 7.9 

.2 The Tunghsiao Combined-Cycle Plant 
of the TPC, Taiwan [26_1 

oc 
oc 
MW 

MW 

MW 

MW 

% 

bar 
oc 
oc 
kg/s 
oc 
oc 
bar 
oc 
kg/s 

bar 
oc 
kg/s 

Tunghsiao combined-cycle plant consists of three blocks, 
a power capacity of approx. 300 MW. The unit de­

in detail here is the third of these blocks, but blocks one 
are similar in construction. The entire plant has been 

since 1982. Fig. 11-4 shows the principle of the struc­
the installation, which consists of three 60 MW gas tur-
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bines and a 95 MW single-pressure steam turbine and is capable 
of burning either residual or diesel fuel. Economic consideratons 
lend special interest to the burning of residual. The oil is washed 
and dosed with additives for combustion so as to prevent high 
temperature corrosion. Table 11-2 contains the main technical 

data. 

The gas turbines and the waste heat boilers are built outdoors, 
the gas turbines in a light enclosure (Fig. 11-5). On the other 
hand, the steam turbine is accommodated in a conventional ma-

chine building. 

Table 11-2: Main Technical Data for the Tunghsiao 
Combined-Cycle Plant, Unit 3 

Residual oil 
Fuel 32.2 oc 
Air temperature 
Cooling water temperature 

29.4 oc 

Gas turbine power output at base load 
3 X 60.1 

Steam turbine power output 
95.3 

3.9 
Station service power 
Net power output of the plant 

271.7 

Net efficiency of the plant (LHV) 
44.4 

0.09 
Condenser pressure 

171 
Stack temperature 145 
Feedwater temperature 

Gas turbine exhaust gas flow 
262 

Gas turbine exhaust gas temperature 
523 

Gas turbine inlet temperature 
1000 

Live steam flow 
3 X 32.2 

Live steam data (at base load) 
52 

474 

Low pressure steam flow 
3 X 6.8 

.SOME TYPICAL COMBINED-CYCLE PLANTS ALREADY BUILT 

Figure 11-4 
3

11 

Design Principle of th T h . e ung slao Combined-Cycle Plant (Unit 3) 
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Figure 11-5 

3 

. d Waste Heat Boilers at the Tunghsiao 
Layout of the Gas Turbmes an . 

Fig. 11-5: b" d Cycle Power Plant (Umt 3) 
Com me -

1 Gas turbine 
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11.1.3 The 1200 MW Trakya Combined-Cycle Plant 
TEK, Turkey [111] 

The Trakya combined-cycle plant of this Turkish utility com­
prises four 300 MW units, each having two gas turbines and one 
steam turbine. The gas turbines are rated at 95 MW under site 
conditions. The steam turbine, with a single casing and two low 
pressure exhausts, is rated at 110 MW, Fig. 11-6 shows the cycle 
of the plant, which is a typical dual pressure cycle. 

One interesting feature of this plant is that the condenser is 
cooled with a dry cooling tower built on the Hungarian Heller 
principle. The condenser is therefore not a surface heat ex­
changer: the steam is condensed by mixing it with cooling wa­
ter. Table 11-3 shows the main technical data. 

Table 11-3: Main Technical Data for one 300 MW unit of 
the 1200 MW Trakya Combined-Cycle Plant 

Base load Peak load 
15 15 oc 

natural gas 
2 X 97.5 2 X 104.5 MW 

105 118 MW 

3.6 3.7 MW 

296.4 323.3 MW 

49 50 % 

86.5 93 kg/sec 
477 498 oc 

49.4 53.9 bar 
steam flow 20.5 20 kg/sec 
steam temperature : 197 197 oc 

4.9 5.2 bar 
98 99 oc 
51 51 oc 
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11.1.4 The 1090 MW Combined-Cycle Power Plant 
at Higashi-Nigata, Japan 

The 1090 MW Higashi-Nigata combined-cycle plant owned by 
Tohuku Electric comprises two blocks, each with three 133 MW 
gas turbines and one 196 MW steam turbine. The plant is fired 
on vaporized liquid natural gas (LNG) and is operated as a base-

load unit. 

The plant has a dual pressure steam cycle and its 
condenser is cooled directly with sea water. 

NO emissions are less than 15 vppm. In order to attain this 
low :level, the gas turbines have been equipped. with dry low 
NO combustors which reduce the NOx concentratiOn to am)ro:x:. 
75 ~ppm. The emissions are then further reduced in the 
tive catalytic reduction (SCR) system installed in the heat 
ery steam generator. Table 11-4 shows the main technical 

of this plant. 

Table 11-4: Main Technical Data of One Unit of the 1090 
Higashi-Nlgata Combined Cycle Power Plant 

Fuel LNG 

Air temperature - 1 oc 
Cooling water temperature + 18 oc 
Gas turbine power output 133 MW 

Steam turbine power output 195.5 MW 

Station service power 19.9 MW 

Power output of the plant 1090 MW 

Efficiency of the plant (LHV) 48.5 % 
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High pressure live steam flow 150 kg/sec 

High pressure live steam data 64.7 bar 

500 oc 
Low pressure live steam flow 44.1 kg/sec 

Low pressure live steam data 5.9 bar 

saturated 

Condenser 0.043 bar 

Stack temperature 109 oc 

Fig. 11-7 shows the general layout of the power plant and Fig. 
11-8 a view of it. 

11.2 Combined-Cycle Plants with 
Supplementary Firing 

11.2.1 Lausward Power Station of the Stadtwerke 
Duesseldorf AG, Germany 

This 420 MW combined-cycle block consists of a 60 MW gas tur­
a 70 MW gas turbine, and a 300 MW reheat steam turbine. 

r.st.l~rt.,>fl into operation between 1974 and 1976. The gas turbines 
natural gas or light heating oil, and the steam generators nat­

gas, heavy, or light heating oil, individually or in any mixture 
fuels desired. 

11-9 and 11-10 show the structural design of the plant, which 
be started up and shut-down fully automatically. Each gas 

has a 100% capacity flue gas bypass, making single-cycle 
•H•~Lvupossible. At any given time, one of the two gas turbines 

over combined-cycle operation along with the steam gen­
while the other is available for solo operation in the upper 

range or as a standby unit. The exhaust gas heat can 
to a district heating system heat exchanger. But it is 

'""''~'"'''~to operate the steam process by itself since the steam 
is equipped with a fresh air fan. Table 11-5 shows the 

data and Fig.; 11-11a and b the general layout. 
/ 
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Figure 11-6 

Fig. 11-6: Design Principle of the Trakya Combined-Cycle Plant (1 Unit) 

1 Gas turbine 5 Dcaerator/feedwater tank 

2 Steam turbine 6 Mixing Condenser 

3 HP drum 7 Cooling tower 

4 LP drum 
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Figure 11-7 
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Figure 11-8 

Fig. 11-8: View of the Higashi-Nigata Combined-Cycle Plant 
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Figure 11-9 

Piping Diagram for the 420 MW Combined-Cycle Power Plant at 
Lausward 

Steam generator 12 
High pressure superheater 
Reheater 13 
Steam turbogroup 
Condenser 

14 
15 

High pressure reducing station 16 
Low pressure reducing station 
Reheater safety valves and 

17 
18 
19 sound damper 

Condensate pumps 
Condensate cleaning unit 
Generator cooler 

ID 
21 

Condensate tank with replacement 
water deaerator 
Low pressure feedwater heater 
Feed water tank with spray deaerator 
Feed water pumps 
High pressure feed water heater 
Part-flow economizers 
Full-flow economizer 
Flash-box 
Start-up flash-box 
Boiler start-up flash system 
Boiler circulating pump 

www.EngineeringBooksPDF.com



320 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

32 32 

Fig. 11-10: Flue Gas/Air Flow Diagram of the 420 MW Combined-Cycle Plant at 

La us ward 

Z:l Steam air preheater 3i Gas turbine exhaust duct to exhaust 

2A Fresh air ventilation fan 
gas heat exchanger (to be installed 

25 Fresh air duct to steam 35 Steam heated heat exchanger for 
district heating 

generator 
ffi Gas turbine exhaust gas heat 

a; Silencer exchanger for district heating 
'lJ Burners 
a3 Flue gas duct '37 District heating system 

2) Stack ~ Flue gas duct to main stack (to be 

00 Gas turbines 1 and 2 installed later) 

32 Gas turbine exhaust duct ~ Hydraulically operated dampers 

to steam generator 40 Sealing air supply 

33 Gas turbine exhaust stack for 
single-cycle operation 
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Table 11-5: Main Technical Data of the Combined-Cycle 
Plant at Lausward 

Air temperature 5 

Gas turbine power output (bypass operation) 74/83 

Gas turbine power output (combined-cycle operation) 62no 
Steam turbine power output 300 

Live steam flow 236 

Live steam data 188 

540 

Steam data at outlet from reheater 40.6 

540 

Condenser pressure 0.028 

Gas turbine exhaust temperature (combined-cycle operation) 415/452 

Gas turbine exhaust gas flow 378 

Gas turbine inlet temperature 890/935 

Net power output when burning oil (LHV) 34.9 

Net efficiency, in best point, burning oil 43.8 

.2.2 The 750 MW Power Plant Gersteinwerk, 
Block K, VEW, Germany 

oc 
MW 

MW 

MW 

kg/s 

bar 

oc 
oc 
oc 
bar 

oc 
kg/s 

oc 
MW 

% 

This 750 MW combined-cycle plant consists of a gas-burning tur­
followed by a coal-burning forced-circulation steam genera-

and a reheat steam turbine. Two fresh air fans make it possible, 
restrictions on load, to operate the steam process by itself, 

the gas turbine. One of the fresh air fans also supplies 
combined-cycle operation to the steam generator burner, 
oxygen level in the gas turbine exhausts is not sufficient 

steam generation. 

of the flue gas is sent to a desulphurization unit after it 
the steam generator. The uncleaned portion is mixed with 
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the cleaned to attain a stack temperature of approx. 70 °C. The 
power plant is cooled using a natural circulation wet cooling tower. 

Fig. 11-12 shows the principle of design and Fig. 11-13 the lay­
out. Table 11-6 contains the most important technical data. 

Table 11-6: Main Technical Data (Combined-Cycle Operation, 
of the Power Plant Gersteinwerk, Block K 

Fuel for gas turbine 
Natural gas 

Fuel for steam generator 
Bituminous coal 

10 oc 
Air temperature 

80 % 
Relative humidity 
Gas turbine power output 

112.5 MW 

Steam turbine power output 
656 MW 

Net power plant output 
711 MW 

Net efficiency of the installation (LHV) 
40.85 % 

Gas turbine exhaust gas flow 
503.4 kg/s 

Gas turbine exhaust gas temperature 
481 oc 

Gas turbine inlet temperature 
950 oc 

Live steam flow 
495.5 kg/s 

Live steam data before turbine 
186 bar 

530 oc 

Live steam data after reheater, before turbine 
40 bar 

530 oc 
0.066 bar 

Condenser pressure 
Auxiliary fan supply capacity 

233 kg/s 

This plant was designed to allow later conversion to a 
coal gasification system, with the gas produced being used 
gas turbine and the char in the boiler. 

SOME TYPICAl 

Figure 11-11a 
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Fig. 11-lla: Layout of the 420 MW C b. d C om me - ycle Plant at Lausward 

1 Steam generator 14 2 High pressure Feedwater tank with 
superheater spray deaerator 
Reheater 15 Feedwater pumps 
s 16 High pressure 

taam turbogroup feed water heater 
Condenser High pressure 17 Part-flow economizers 

reducing station 
1 

and 
2 

Low pressure 18 Full-flow economizer 
reducing station 22 Boiler circulating 

Reheater safety valves 23 pump 
and silencer 24 Steam air preheater 
"- d Fresh air ventilation 
,.,.,n ensate pumps fan 

cleaning 25 Fresh air duct to 
steam generator 

26 Muffier 
27 Air enclosure 
28 Flue gas duct 
29 Stack 
30 Gas turbines 1 and 2 

Air intake shan for 
gas turbine 

31 

32 Gas turbine exhaust 
duct to steam 
generator 

33 Gas turbine exhaust 
stack for single-cycle 
operation 

34 Gas turbine exhaust 
duct to exhaust gas 
heat exchanger (to be 
installed later) 

35 Steam heated heat 
exchanger for district 
heating 

36 Gas turbine exhaust 
gas heat exchanger for 
district heating (to be 
mstalled later) 

39 Hydraulically operated 
dampers 

40 Sealing air supply 

41 Steam turbogroup 
transfonner 

42 Gas turbogroup 
transformers 

43 Station service 
transformers 

44 Control room 
45 Machine hall crane 
46 Gas turbine machine 

hall crane 
4 7 Machine hall 
48 Boiler room with water 

section and electrical 
section 

49 Gas turbine machine 
hall 

50 Reducing station for 
natural gas 
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Figure ll-11b 

\ 

II 0 
oY oo 
~0-'<t 

0 
,0 

~ IJJ 
r 

SOME TYPICAL COMBINED-CYCLE PlANTS ALREADY BUILT 325 

Figure 11-12 

11-12: Design Principle of the 75- MW Unit, Block K, at the ~rsteinwerk Power 
Plant 

7 Part-flow economizer 12 Feed pumps 
8 Steam turbine 11 Condensate pumps 
9 Condenser 14 High pressure feed-

10 Low pressure feed- water heater 
water heater 15 Air preheater 

11 Feedw<yter tank/ 16 Condensate tank 
deaen£or 
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11.2.3 Hemweg Unit 7, EB Amsterdam, 
the Netherlands (Repowering) [112] 

This plant is a very interesting example of the repowering of 
an existing steam turbine plant. Unlike the example discussed in 
Section 3.3, the boiler here has be reused in the new regime. Hem­
weg 7 formerly was a modem 500 MW steam turbine plant with 
reheat, fired either with natural gas or heavy oil. To increase the 
efficiency of this plant, which uses relatively expensive fuels, it 
has been converted into a combined-cycle plant. The resulting plant 
is similar to that with maximum supplementary firing in the boiler 
as presented in Section 3.2.2, but with one major difference: 
Neither the boiler, nor the steam turbine, nor the feedwater heat­
ing system was originally designed for operation with a gas tur­
bine instead of an air blower and regenerative air preheater. 
Modifications of both the boiler and the feedwater heating sys­
tem were therefore necessary. The following changes had to be 
made on the boiler to allow it to operate on hot gas turbine ex-

hausts instead of preheated air: 

• new ducts to the burners 

• new wind box with gas burners 
• additional new low and high pressure economizers 

Fig. 11-14 shows the thermal diagram of the Hemweg 7 
bined cycle after repowering, Fig. 11-15 the layout of the 
The main technical data before and after the conversion are 

in Table 11-7. 
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Table 11-7: Main Technical Data of the Hemweg 7 
Power Plant 

Before After 
Repowering Repowering 

Fuel for gas turbine natural gas 

Fuel for steam generator oil/gas oil/gas 

Air temperature oc 15 15 

Gas turbine power output MW 134.9 

Steam turbine power output MW 500 464 

Station service power MW 13.5 8.7 

Net efficiency of the plant (LHV) % 41.3 45.9 

Gas turbine inlet temperature oc 1070 

Gas turbine exhaust temperature oc 534 

Gas turbine exhaust flow kg/s 506 

kg/s 414.9 344.4 

steam data before steam turbine bar 177.5 161 
oc 535 535 

pressure bar 0.035 0.036 
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11.3 Combined-Cycle Plants for Cogeneration 

11.3.1 Pegus Unit 12, Utrecht, the Netherlands 

The Pegus Unit 12 combined-cycle plant in the Netherlands is 
one of the most modern combined-cycle plants. It has been con­
ceived as a cogeneration plant suplying heat to three different 
district heating systems and power to the grid. The most inter­
esting feature of this plant is that despite its being a cogenera­
tion plant, it is capable of supplying power alone during the 
summer, at the extremely high efficiency of nearly 52%. Fig. 11-16 
shows the principle of design of the plant, which includes one 
150 MW gas-burning industrial gas turbine equipped with a dry 
low NOx combustor that produces less than 50 vppm of NOx 
without the injection of water or steam. Fig. 11-17 shows a 
model of the 150 MW gas turbine. 

The energy in the exhaust gas is recovered in a sophisticated 
3-pressure boiler, with the steam from the high pressure section 
being reheated. The intermediate pressure steam is used in the 
steam turbine. The low pressure steam is produced by .u ... .:auLQi 

high pressure water and is used for feedwater heating in 
deaerator, with the excess being piped to the steam turbine. 
hot water from the flash system is either used for the 
heating systems or, in summer, to heat condensate. 

The steam turbine has three casings. The steam expanded 
the high pressure turbine is reheated in the boiler. The 
mediate pressure turbine has a second admission for the 
mediate pressure steam and three extractions for 
heating steam to four district heating condensers. The ste 
is not extracted is fed to the low pressure turbine, whic 
signed to operate at optimum efficiency even when no 
being extracted. 
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Figure 11-13 

\ ' 

Fig. 11-13: Layout of the 75- MW Unit Block Kat th Ge t . k 
' e rs emwer Power Plant 

1 Steam generator 7 E-filter 
13 2 Steam turbogroup 8 Desulphurization unit 

3 Condenser 9 Intake duct 14 
4 Gas turbo group lD Fresh air ventilation 
5 Coal crushers 11 G 15 

ypsum storage Jfl 
6 Feedwater pumps 12 Stack 

Gas turbogroup trans­
former 
Steam turbogroup 
10 kV switchgear 
Low voltage switchgear 

www.EngineeringBooksPDF.com



1 Gas turbine unit 

2 Steam generator 

3 Steam turbine unit 

4 Condenser 

5 Boiler feed pump turbine 

HC-gas~ 

6 Auxiliary condenser (BFPT) 

7 LP-Eco 

8 HP-Eco 

9 Circulating pump 
(during oil firing or 
low load operation only) 

1 0 Boiler feed pump 

11 Oeaerator 

12 Bypass stack 

38 bar 1536"C 

Fig. 11-14: Design Principle of the Hemweg Unit 7 Combined-cycle Plant 
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Figure 11-16 

Fig. 11-16: Design Principle of the Pegus Unit 12 Combined-Cycle Plant 

1 Gas turbine 4 Steam turbine 
2 Waste heat boiler 5 Heating condensers 
3 Deaerator/feedwater tank 

6 Condenser 
7 Flash tank 

SOME TYPICAL COMBINED-CYCLE PLANTS ALREADY BUILT 333 

Table 11-8 lists the main technical data of this plant. 

Fig. 11-18 shows the dry low NOx combustor for the gas tur­
bine. This has 54 burners which operate on the premixing prin­
ciple, i.e., air and natural gas are mixed together before they enter 
the combustor. Groups of these burners must be switched off at 
part load in order to maintain an excess air ratio low enough to 
ensure good combustion. Fig. 11-19 shows the layout of the power 
plant, which is entirely an indoor installation. 

Table 11-8: Main Technical Data of the Pegus Unit 12 
Combined-Cycle Cogeneration Plant 

Air temperature 

Cooling water temperature 

Stearn turbine power output 

Station service power 

Total net electrical output 

Net electrical yield (LHV) 

Inc:orning temperature, heating water 

temperature, heating water 
of fuel utilization (LHV) 

turbine exhaust temperature 

turbine exhaust flow 

turbine inlet temperature 

steam temperature 

oc 
oc 
MW 

MW 

MW 

MW 

% 

MW 
oc 
oc 
% 
oc 
kg/s 
oc 
kg/s 

bar 
oc 

Maximum 
Heating 
Output 

natural gas 

0 

4 

153.5 

59.7 

2.1 
211.1 

45.65 

180.6 

65 
lffi 

84.7 

520.1 

529.1 

1070 

54.8 

69.5 

490 

Maximum 
Electrical 

Output 

natural ga'i 

15 

20 

141.4 

84.6 

2.7 

223.3 

51.74 

51.74 

524.6 

505.4 

1070 

53.5 

68 

490 
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11.3.2 The Combined-Cycle Gas and Steam Turbine 
Cogeneration Plant, Unit 10, at PEGUS, in 
Utrecht, the Netherlands (Repowering) [50] 

This combined-cycle plant started operation in late 1978. It is 
equipped with two 30 MW gas turbines and one 40 MW 
extraction/condensing turbine. One important feature is the steam 
turbine, which was built as long ago as 1959 as a two-cylinder 
condensing turbine. During the repowering, an extraction was 
installed between the high pressure and the low pressure casings. 
This makes it possible to operate either as a heating plant alone 
or as a straight condensing plant (Fig. 11-20). The exhausts from 
both the two gas turbines are supplied to two single-pressure waste 
heat boilers. At the end of the boilers, there is a heating loop 
which recovers the heat that remains downstream from the steam 
generator. This is used partly for district heating and partly for 
feedwater preheating. Because the fuel burned is sulphur-free 
gas, the exhausts can be cooled to 100 °C (212 °F). For the main 
technical data, refer to Table 11-9. 
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Table 11-9: Main Technical Data of the Combined-Cycle 
Cogeneration Plant, Unit 10, at PEGUS, Utrecht 

Maximum Maximum 
Heating Electrical 
Output Output 

Fuel Natural gas Natural gas 

Air temperature oc 0 0 

Gas turbine power output MW 2 X 30.8 2 X 30.8 

Steam turbine power output MW 26 38 

Total electrical power output MW 87.6 99.6 

Electrical yield (LHV) % 35.9 40.9 

Heat output of heating condenser MW 79.8 0 

Heat output of heat exchanger MW 31.8 18.6 

Total heat output MW 111.6 18.6 

Incoming temperature, heating water oc 65 65 

Outgoing temperature, heating water oc 95 95 

Rate of fuel utilization (LHV) % 81.8 41.5 

Gas turbine exhaust temperature oc 519 519 

Gas turbine exhaust flow kg/s 2 X 158 2 X 158 
oc 945 945 

kg/s 2 X 19 2 X 19 

bar/°C 38/645 38/465 
oc 100 100 
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Figure 11-17 
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Figure 11-18 

Fig. 11-18: Dry Low NOx Combustor 
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Figure 11-19 
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A comparison of the data for maximum heating output with 
those for maximum electrical output shows the great flexibility 
of this installation. In winter, it provides heat and electricity at 
an energetic utilization rate of 82% and in summer it produces 
electricity at an afficiency of approx. 41%. 

Fig. 11-21 shows the layout of the power plant. The gas tur­
bines and the waste heat boilers are installed in the converted 
boiler house of the former steam plant. Fig. 11-22 shows one of 
the two gas turbines, Fig. 11-23 the repowered steam turbine with 
the new extraction and cross-over pipes. 

11.3.3 The Combined-Cycle Cogeneration Plant H 4/5 
of Elektromark AG at Hagen, Germany 

This plant is another interesting example of the cogeneration 
of heat and electricity, The 220 MW combined-cycleplant started 
into operation in 1981. It consists of two gas-burning 75 MW gas 
turbines, two two-pressure waste heat boilers, and one extrac­
tion/condensing turbine (Fig. 11-24). It supplies process steam at 
12.8 and 4.5 bar (170 and 50 psig) to a paper mill and district 
heating water at a max. temperature of 110 °C (230 °F) to a large 
printing plant nearby. Provision has been made for expansion 

provide additional district heating in the future. 

The waste heat boilers each have a high pressure and a low 
steam generator with a economizer and a superheater. 

low pressure steam is fed either into the process steam sys­
or into the steam turbine. Table 11-10 shows the data at the 

point of the installation. The overall layout of the entire 
is again that shown in Fig. 11-25. Fig. 11-26 shows a gen­

view of the power station. 
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Figure 11-20 

Fig. ll-20: Design Principle of the 100 MW Combined-Cycle Cogeneration Plant, 
Unit 10, at PEGUS, Utrt-'Cht 

1 Gas turbine 7 Heating Condenser 13 Feed pumps 

2 Waste heat boiler 8 Hot condensate pumps 14 Steam bypass 

3 Heating loop 9 Heater 15 Steam bypass to 

4 Steam turbine 10 Preheater heating condenser 

5 Steam turbine con- 11 Recirculating pumps 16,17 District heating 

denser 12 Feedwater tank/ water system 

6 Condensate pumps deaerator 
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Figure 11-21 
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Fig. 11-21: Layout of the 100 MW Combined-Cycle Cogeneration Plant, Unit 10, at 
PEGUS, Utrecht 
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Figure 11-22 

Fig. 11-22: Gas turbine for the 100 MW Combined-Cycle Cogeneration Plant, Unit 
at PEG US, Utrecht 
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Figure 11-23 

Fig. 11-23: Steam turbine for the 100 MW Combined-Cycle Cogeneration Plant at 
PEGUS, Utrecht 

www.EngineeringBooksPDF.com



344 COMBINED CYCLE GAS & STEAM TURBINE POWER PLANTS 

Figure 11-24 

Fig. 11-24: Design Principle of the 220 MW Combined-Cycle Cogeneration Plant at 
Hagen 

1 Gas turbines 6 Condenser 
2 Waste heat boilers 7 Reducing station 
3 Steam turbine 8 Auxiliary condenser 

4,5 Steam users 
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Figure 11-25 

Fig. 11-25: Layout of the 220 MW Combined-Cycle Cogeneration Plant at Hagen 

1 Gas turbines 5 Auxiliary condenser 9 Water treatment unit 
2 Waste heat boilers 6 Main transformers lD Batteries 
3 Steam turbine 7 Low voltage switchgear 11 Auxiliary boiler 
4 Condenser 8 Feedwater and boiler 

circulating pumps 
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Table 11-10: Main Technical Data of the Combined-Cycle 
Cogeneration Plant at Hagen 

Fuel 
Natural gas 

15 
Air temperature 

2 X 76.6 Gas turbine power output 

Steam turbine power output 72.1 

Total electrical power output 225.3 

Electrical yield (LHV) 
42.2 

Process steam flow (12.8 bar) 2.8 

Process steam flow (4.5 bar) 34.7 

Process heat 
93.7 

Rate of energy utilization (LHV) 59.8 

Gas turbine exhaust temperature 500 

Gas turbine exhaust flow 2 X 365 

Gas turbine inlet temperature 945 

High pressure live steam flow 2 X 40.3 

40.8 High pressure live steam pressure 
470 High pressure live steam temperature 

Low pressure live steam flow 2 X 10.4 

5.5 Low pressure live steam pressure 
210 Low pressure live steam temperature 

55 Low pressure feedwater temperature 
110 

Stack temperature 

11.3.4 The 100 MW Combined-.C~cle Plant 
AES-Placerita, California, USA [113] 

oc 
MW 

MW 

MW 

% 

kgls 

kgls 

MW 

% 
oc 
kgls 
oc 
kgls 

bar 
oc 
kgls 

bar 
oc 
oc 
oc 

The 100 MW combined-cycle plant built at Placerit~ 
near Los Angeles is a typical example of a US cogeneratiOn 
built under the PURP A law (Public Utility Regulatory . 
Act), which was passed with the intention of e~cour;~ng 
cogeneration of heat and power. The plant supplies 1 
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electrical power to the grid and generates 31.5 kg/s (250,000 lblhr) 
of wet steam (85% quality) at 70 bar (1000 psig). This process 
steam is used for enhanced oil recovery, i.e., it is injected into 
the ground to increase the production from the oil wells located 
around the power plant. 

Fig. 11-27 shows the thermal diagram of the combined cycle. 
The plant has two gas-fired gas turbines rated at 43 MW under 
site conditions. Under normal operating conditions, steam is in­
jected into the combustor to reduce NOx emissions. In case of 
emergency, water injection is also possible. The exhaust from one 
of the gas turbines is directed to a heat recovery boiler which 
generates the 85% quality process steam (steam if\iection boiler), 
while the flue gas from the other is used to generate superheated 
steam in a normal dual pressure boiler (steam electric boiler). Both 
high pressure and low pressure steam are expanded in the 
2-pressure condensing steam turbine. An interconnecting duct 
makes it possible to control the process steam flow. If less pro­
cess steam is required, some of the flue gas from the first gas 
turbine is ducted over to the steam electric boiler. The cooling 
water is cooled back down in a forced-draft wet cooling tower. 

The extremely low emission levels from this power plant are 
certainly its most interesting feature: The concentration of NOx 
in the dry exhaust had to be held below 7 vppm at 15% 02. The 

of steam or water into the combustor is not by itself 
to attain this low a level. Selective catalytic reduction 

, ,...,v ..... systems had to be installed in both boilers. These systems 
ammonia to convert the NOx into nitrogen and water. The 

,',.,,u•~:luJLI.,;(lJ reactions have already been indicated in Section 9.1. 
catalytic reduction works properly and with good con­

efficiency only within a temperature window of about 
°C (662 °F). If the temperature drops below 250 to 300 °C 
to 572 °F), the reaction is too slow. Above 400 to 450 °C 
to 842 °F) the ammonia is converted into NOx. The SCR un-
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its therefore must be installed in the evaporators of the heat re­
covery boilers, thereby dividing them into two sections. 

A catalytic converter for CO has also been installed in each boiler 
to reduce by oxidation the emission of carbon monoxide from 
less than 10 vppm to approx. 1 vppm after the turbine. The basic 

reaction here is 

Expensive acoustical precautions were taken to reduce noise 
levels at 240 m (800 ft) to less than 39 dbA, including the use 
of a cooling tower with low speed fans, special building walls, 
large silencers on the gas turbines, etc. 

Table 11-11 shows the levels of the most important pollutants 
after the gas turbines and after the boilers. 

Table 11-11: Emission levels from the AES Placenta Plant 

NOx (dry, 15% 02) 

co 
UHC (Particulates) 

Noise 

After the gas turbines After the boilers 

38 

< 10 
<2 

39 dbA at 800 ft 

7 

< 2 
< 1 

Table 11-12 summarizes the main technical data for this 

Fig. 11-28 shows its layout. 
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Table 11-12: Main Technical Data of the AES Placerita 
Combined-Cycle Plant 

Fuel natural gas 

Air temperature oc 24 

Relative humidity % 26.7 

Gas turbine power output MW 2 X 43.8 

Steam turbine power output MW 15.0 
Station service power MW 2.6 

Net power output MW 100 

Process steam flow kg/s 31.5 
Process steam conditions bar 70 bar I 85% quality 

High pressure: 

Live steam flow kg/s 24.4 

Live steam pressure bar 41.4 

Live steam temperature oc 475 

Low pressure: 

Live steam flow kg/s 4.9 

Live steam conditions bar 5.3 bar I saturated 

Condenser pressure bar 0.082 

Stack temperature oc 115 I 123 

Gas turbine inlet temperature oc 1085 
Gas turbine exhaust temperature oc 535 

Gas turbine exhaust flow kg/s 2 X 167 
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Figure 11-26 

Fig. 11-26: View of the 220 MW Combined-Cycle Cogeneration Plant at 

SOME TYPICAL COMBINED-CYCLE PLANTS ALREADY BUILT 351 

Figure 11-27 

Fig. 11-27: Design Principle of the AES Placerita Combined-Cycle Plant 

Gas turboset 21 SCR catalytic converter :J7 SE-boiler feedwater 
SI-boiler 22 Ammonia injection tank 
SE-boiler Z:l SI-boiler feedwater pre- :E Deaerator/feedheater 
Steam turboset heater ffi Replacement water 
Gas turbine (GT) 2i SE-boiler feed water pumps 40 Steam turbine (ST) 
Turbocompressor 25 Condensate return pump 41 ST turbogenerator 
GT turbogenerator a> Stack silencer 42 HP stop and control 
Evaporation cooler 27 SE-boiler HP economizer valve 
Air intake silencer (Part 2) 43 LP stop and control 
Combustion chamber 2B SE-boiler economizer valve 
Fuel feed (Part 1) 44 Bleed steam line 
Steam injection ::9 SE-boiler HP evaporator 45 Back-up steam 
de-superheater :D SE-boiler HP superheater bypass to deaerator 
Steam injection 31 SE-boiler LP economizer 46 Back-up steam bypass 
Water injection ::Q SE-boiler LP evaporator to steam injection 
Exhaust silencer 33 SE-boiler HP drum 47 HP steam bypass sect 
Flapgate isolator 34 SE-boiler LP drum 48 LP steam bypass 
Modulating damper 35 SE-boiler HP feed- section 
Si-boiler economizer water pumps 49 Steam condenser 
SI-boiler steamer :I) SE-boi~r LP feed- 00 Condensate pumps 
CO catalytic converter water pumps 
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Figure 11-28 

\0 
0' 20' 32' .., • ............., 

Fig. 11-28: Layout of the AES Placerita Combined-Cycle Plant 

Gas turboset building 7 Chemical treatment area 13 Cross-duct for exhaust 1 
NOx water injection SI-boiler 8 ST transformer and aux- 14 2 

3 SE-boiler iliary transformer area pumps 

4 Steam turboset build- 9 GT transformers 1'5 Ammonia storage 
tank ing 10 Substations 
Environmental Warehouse and workshop 16 5 Control building 11 
control module 6 Cooling tower area 12 Exhaust gas silencers 

Chapter 12 

CONCLUSIONS 

The thermodynamic advantages of the combined-cycle plant 
over simple gas or steam processes and its great potential for 
development will favor its increased use in the future. Systems 
employing waste heat utilization alone will stand in the fore­
ground in the future, since only they can fully exploit the high 
temperature potential of the gas turbine. For that reason, instal­
lations with maximum supplementary firing will further lose in 
importance. 

The combined-cycle plant without supplementary firing has 
the following advantages: 

• high efficiency 
Efficiencies of more than 50% can be attained. 

• low investment costs 
Because 2/3 of the output is produced in a gas turbine 
and only 113 in a simple steam process, the invest­
ment costs required are approx. 30% less than those 
for a conventional steam power plant. 

• small amount of water required 
The amount of cooling water required is only about 
40 to 50% as much as for a steam plant. 

• great operating flexibility 
The simple steam process makes it possible to start-up 
and shut-down the plants quickly, which also affects 
efficiency in a positive direction (reduced start-up 
losses) 

• phased installation 
Because the gas turbines can go into operation much 
sooner than the steam process, expansion in stages is 
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possible. This makes it possible to adjust to the 
growth in demand for energy in a grid. In a third 
step, coal gasification can be installed if there is too 
sharp an increase in the price of gas or oil. 

• simplicity of operation 
A combined-cycle plant without supplementary firing 
is significantly simpler to run than a conventional 
steam plant. Moreover, because combined-cycle plants 
are generally operated fully automatically, they are 
also especially suitable for use where operating staff 
is less experienced. 

• low environmental impact 
Gas-burning combined-cycle plants in particular are 
ideally suitable for use in heavily populated regions 
because of their high efficiency and their low emis­
sion levels for pollutants. In particular, the very low 
nitrogen oxide levels of clean combined-cycle plants 
will be one of their most attractive features. Further­
more, gas-fired combined-cycle plants produce per 
kWh only 40% of the C02 produced by a coal-fired 
plant. 

• advantages for cogeneration of heat and electricity 
The good thermodynamic properties of the combined­
cycle are highly desirable here. Electrical yields of 
more than 40% are quite common in heating or indu­
strial power plants with a backpressure turbine. 

The limited fuel flexibility of the combined-cycle plant is its 
greatest disadvantage for use in countries where oil and gas are 
in short supply. However, combined-cycle plants with coal ga­
sification or PFBC plants could in the future become an attractive 
alternative to conventional coal-fired steam power plants with 
flue gas scrubbing. Net efficiencies of more than 45% can cer• 
tainly be attained, which would permit the environmentally 
sound and economical use of coal in a combined-cycle plant. 

CONVERSIONS 

Conversion of the main units used 

Multiply by 

bar 14.504 
Btu 1.055 
Kelvin 1.8 
ft 0.30480 
gal (US) 3.7854 
inch 2.54 
kJ 0.94781 
kg 2.20046 
1 0.26417 
rn 3.2808 
m 1.0936 
psi 0.068948 

Conversion formulas 

into 

to obtain 

psi 

kJ 
0 Rankine 

rn 

1 

ern 

Btu 

lb 

US gal 

ft 

yd 

bar 

Formula: 

(9/5)°C + 32 
5/9 (°F- 32) 

K + 273 

efficien.cies cited in this book are in all cases based on the 
Heatmg Value (LHV). 
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TlwB 
Tlc 
c 
dl 

d2 

f 

h 

~h 

f) IS 

k 

m 

n 

Nu 
p 

p 

PC 

~p 

SYMBOLS USED 

Rate of heat utilization in waste-heat boiler 

Carnot efficiency 

Velocity 

Outside diameter of a tube or pipe 

Inside diameter of a tube or pipe 

Frequency 

Enthalpy 

Difference in enthalpy 

Isentropic efficiency 

Heat flow coefficient 

Mass flow 

Rotational speed 

Nusselt number 

Power output 

Pressure 

Power coefficient 

Difference in pressure 

~ Pk Pressure loss on flue gas end in waste-heat boiler 

Tl pol. Polytropic efficiency 

f) pol.tr. Polytropic efficiency for dry steam 

Pr Prandtl number 

Q Heat flow 

Q Heat flow, amount of heat 

Re Reynolds number 

S Surface area 

T Temperature in K 

357 
www.EngineeringBooksPDF.com



358 COMBINED CYCLE CAS & STEAM TURBINE POWER PLANTS 

t 

b.t 
v 
v 
X 

a 
l1 
l1 
r 
A. 
"A 
~ 
p 

Temperature in oc 
Difference in temperature 

Loss 

Specific volume 

Steam content of the wet steam 

Heat transfer coefficient 

Efficiency 

Dynamic viscosity 

Pinch point of the evaporator 

Excess air coefficient 

Heat conductance 
Average absorption capacity of the turbine 

Density 

A 

A 
cw 
E 
Eco 
Exh 

G 

GT 
H 
HP 
K 
kl 

INDICES USED 

Air 

Outlet from a heat exchanger or feedwater heater 
Cooling water 

Inlet to a heat exchanger or feedwater heater 
Economizer 
Exhaust gases 
Flue gas 

Gas turbine 
Heater 
High pressure 

Combined-cycle plant I Waste-heat boiler 
At the generator terminals 

LP Low pressure 
Live steam 
Medium pressure 
Process steam 
Steam 

Supplementary firing 

Steam turbine, steam process 
Supplied 

Waste-heat boiler 
Water/steam circuit 
Design point 

Gas turbine inlet 
Gas turbine outlet 

Flue gas temperature after supplementary firing 
Stage group of a turbine: inlet 
Stage group of a turbine: outlet 
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APPENDIX I 

CALCULATION OF THE OPERATING PERFORMANCE OF 
COMBINED-CYCLE INSTALLATIONS 
(Refer to Section 7.1) 

1. Equations for the heat exchangers 

The equations of energy, impulse, and continuity are used to 
calculate the steady-state behavior of economizers. The conti­
nuity equation comes down in the steady state to: 

~m = o. (24) 

The impulse equation can be simplified into: 

!1p = (geometry) (25) 

However, because the pressure losses both in the economizer 
and in the evaporator has a negligible influence on the energy 
equations, the assumption 

!1p = 0. (26) 

is valid. In this case, the pressures along the heat exchanger re­
main constant, on both the gas and water sides. The energy equa­

for a small section dx of a heat exchanger, which can be 
u·A~..-"'11 approximately as a tube, can be written as follows: 

d.Q = k · !1t · n · d · dx. (27) 
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If it is assumed that the heat transfer coefficient k remains 
constant over the entire length of the heat exchanger ( econo­
mizer or evaporator), Equation 27 becomes: 

L 
Q = k · S J D.l (x). 

0 
(28) 

L 

In the general case, the expression l D.l (x) cannot be inte­
grated. The heat exchanger must therefore be dealt with in the 
small element. 

In the special cases of a heat exchanger with counter or par­
allel flow, however, integration is possible assuming that the 
specific heat capacities of both media along the heat exchanger 
remain constant. 

The result of the integration is the logarithmic average value 
for the difference in temperature, which can be written in the 
form: 

L 
J D.l (x) -
0 

(29) 

This average value can also be used for a recuperator or an 
evaporator. The heat exchangers do not, in fact, operate in ac­
cordance with an ideal counterflow principle, but the errors re­
main negligible. 

Substituting Equation (29) into Equation (28) yields: 

Q = k · S · D.tm. 

From Equation (24), the amount of heat exchanged can be ex­
pressed as follows: 

Q = in . D.h - me · D.hc. s s 

T'" 
l 
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At the design point, Equations (30) and (31) become: 

~ = ko · S · D.tmo· (32) 

~=in so· D.h so= inco· D.hco- (33) 

Dividing Equation (30) by Equation (32) and Equation (31) by 
(33) yields the formulas: 

(34) 

(35) 

Subtracting Equation (35) from (34) produces: 

ko · inc· D.hc 
k . inco . D.hco. 

(36) 

This is the non-dimensional, global equation of heat transfer 
for the heat exchanger. If, in addition, Equation (31) is taken 
into consideration and the heat flow coefficient k is known, a 
system of equations is obtained that defines the heat exchanger. 

2. Finding the heat flow coefficient 

This can be calculated using the following equation: 

k = 1 
_1_ + ~ In ~ + -=-d--'1'-­
ac 2 A d2 d2 · a 8 

(37) 

However, the relative values k/k0 appear in the heat transfer 
equation. From this: 

K=_!_­
ko 

_1_ + d1 
ac0 d2 · a80 

_1_ + j/1 
ac d2. as 

(38) 
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The heat transfer coefficients on the gas end of the econo­
mizer and the evaporator( CliG) are from 0.1 to 0.01 times as large 
as those on the steam end ( Cl\ s). Moreover, both values always 
shift in the same direction ( + + , - ) 

For these reasons, the following relationship may be used: 

(39) 

The Q\-value on the gas end can be calculated as follows using 
the Nusselt number: 

(40) 

Here C m and n are constants that depend mainly upon the 
' ' ' geometry involved. From this, the following expression is ob-

tained: 

ac = C' · ilc · Rem · p,n. (41) 

If this is substituted into Equation (39), the geometric constant 
C' disappears: 

ilc · Rem · p,n 
K = il R m PrR. Go · eo · o 

(42) 

For gases, the Prandtl number is almost exactly a constant. 

Therefore: 

For the Reynolds number, the following expression applies: 

cc · PG · d1 Re = 
'IJG 

( 

APPENDIX I 365 

By substituting ma/S for cG QG, one obtains: 

Re = inc. dl 
'IJG. S. (45) 

Then, substituting this expression into Equation ( 43), the geo­
metric parameters disappear: 

(46) 

If the mass flow is constant, all that remains is: 

(47) 

Form, one can use 0.57 for pipes that are offset from and 0.62 
for pipes that are lined up with one another. 

ilc 'fJG m 
The value of the expression -,--- · ( ~) , 

AGo 'IJG 

does not vary greatly and depends practically only on the prop­
erties of the gas. It can be replaced with the following approx­
imation: 

ilc . ( 'IJGo) m 

ilco 'IJG 
1 - (to - t) · 5 · w-4 

(48) 

(in SI-Units) 

to and are t the average gas temperatures along the heat ex­
changer in the design and operating point. This produces for the 
relative value of K : 

K = ( ~G ) m • [1 - (to- t)] · 5 · 10-4 . 
mco 

(49) 

In this equation, only m de:gends to a slight extent on the geo-
metry of the boiler. r 
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It is more complicated to calculate an exact value for K in the 
case of a superheater because the heat transfer on the steam 
end is poorer than that in the evaporat9r. 

When all of these equations have been obtained for all parts 
of the boiler, the waste-heat boiler has been defined mathemat­
ically. Similar equations can also be formulated for calculating 
the condenser. 

When calculating the economizer and the evaporator of a drum 
boiler, the problem arises that the state of the feedwater at the 
inlet to the drum is not clearly defined. For that reason, two 
different cases must be considered: 

• The feedwater is supplied with steam at its entry into 
the drum (partial steam out in the economizer) 

• The feedwater is undercooled at its exit from the 
economizer and must be heated to saturation temper­
ature in the drum. 

3. The Steam Turbine 

Most steam turbines in combined-cycle plants operate in slid­
ing pressure operation and generally have no control stage with 
nozzle groups. This simplifies calculations, because simulation 
of the control stage and the inlet valves is fairly complicated. 

A portion of a steam turbine with no extraction is defined by 
one equation for its absorption capacity and one for its effici­
ency. The absorption capacity is approximately using the Law 
of Cones. In general, according to Ref. [1]: (50) 

ms 

mso 
M· Pa 

Mo · Pao 

P n + 1 
1- (i:-)_n_ 

P n+l 
1- (~)-n-

Pao 
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In steam turbines, the pressure ratio is always very small. This 
makes it possible to replace the quadratic expression with 1. The 
ratio of the absorption capacities is likewise close to 1. 

What remains is then: 

ms = ;--;;:-:--;;;;;-. 

mso v Pao. Va 
(51) 

At a constant rotational speed, the efficiency of a stage de­
pends only upon the enthalpy drop involved. In part-load op­
eration, however, no relatively great change occurs in that 
gradient except in the last stages. Because this means that the 
greatest portion of the machine is operating at a constant effi­
ciency, it can be assumed that the polytropic efficiency remains 
constant. The turbine efficiency is calculated in the same way 
as for the design point. 

The following formulas are used to calculate efficiency: 

For parts of the turbine operating in the superheated zone: 

1Jpol. tr. = constant (52) 

For parts in the saturated steam: 

1J l = 1J - (1 - Xa) + (1 - Xa) 
po pol. tr. Z (53) 

The polytropic efficiency selected should be such that the de­
sign power output is once again actually attained in the design 
point. 

The following equation is used to determine the adiabatic ef­
ficiency: 

1Jis 

P x I 
1 - (-fa)_x_ llpol 

1 _ (~:) x ~I . (54) 
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These equations make it possible to establish the expansion 
line of the steam turbine. The power output of the steam 
turbine can be determined from this by allowing for dummy 
piston, exhaust, generator, and mechanical losses. The 
dummy piston losses in single-flow reaction turbines are 
approx. proportional to the live steam pressure, and are 
typically between 400 to 600 kW. Mechanical losses range from 
150 to 250 kW and exhaust losses at full load are generally in 
the range of 20 to 35 kJ/kg steam. 

4. Solving the System of Equations 

Taken together, all the equations in the waste-heat boiler, the 
steam turbine, etc. produce a system which can only be solved 
by iteration. 

The following values are known: 

• thermodynamic data in the design point 

• the marginal conditions for the particular operation 
to be calculated (exhaust data for the gas turbine, 
cooling water data, etc.) 

• oper-:tting mode of the feedwater tank (sliding or fixed 
pressure) 

• Gas and Steam Tables 

The following information must be found: 

• behavior of the steam circuit 

Fig. Appendix-1 shows the method used for solution. One starts 
with the superheater, inputting into the computer a first esti­
mate for live steam temperature and pressure. Using the Law 
of Cones and the energy equation, one can then calculate the 
live steam flow and the gas temperature following the super­
heater. Next, from the heat transfer equation, a new value for 
live steam temperature can be determined. This is then used 
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for further iteration. The procedure is repeated until all three 
equations have been fulfilled. 

The energy and heat transfer equations for the economizer 
and the evaporator can be used to determine a second approx­
imation for live steam pressure. 

If the feedwater tank is in sliding pressure operation, a first 
estimate for feedwater temperature is also necessary. 

The new value obtained for live steam pressure is then used 
to continue calculation of the superheater and the turbine until 
all equations for the boiler and the Law of Cones agree. The next 
step is to calculate the preheating of the feed water. This is used­
if the pressure in the feed water tank varies- to find a new ap­
proximation for feedwater temperature. The boiler is then re­
calculated, using this new value. Finally, the condenser pressure 
and extraction flow are determined in another iteration. Then, 
from this information, one can determine the power output of 
the steam turbine. 
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Figure Appendix-! 
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1. APPROXIMATION 

Fig. Appendix 1: Calculation of Operating and Part-Load Behavior: Method for 
Solving the System of Equations 

DEFINITION OF TERMS AND SYMBOLS 

The selection of terms and symbols below has been based on national 
and international definitions and expanded- where it appeared 
necessary- with additional terms and symbols. The selection wa'> 
adapted to the special technical requirements of this book. 

Term Symbol Unit 

Annual service hours T ann. hr/yr 
(Annual operating time) 

Annual utilization time TNj 
for nominal output 
(utilization time, util-
ization hours) 

Approach temperature ST 

Availability factor in 
terms of nominal work 
(Energy) 

hr/yr 

K 

371 

Definition 

Number of hours per year (oper­
ating time per year) during which 
a unit (or a group of units) was 
or is to be operated, continuously 
or with interruptions 

The annual utilization time for 
nominal output is obtained by 
dividing the operating output 
during the operating period by 
the nominal power output. 

Undercooling of the feedwater 
at the inlet to the boiler drum 
(difference between actual tem­
perature of feedwater and sat­
uration) 

The quotient obtained by divid­
ing the work available Pv·Tv by 
the nominal work 
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Term 

Availability (time) 

"Bottoming cycle" 

Efficiency of power 
generation 

Symbol Unit 

llT 

Efficiency of the steam l1 ST 
process 

Efficiency of the 
steam/ water cycle 

l1 sw 

Definition 

The availability (time) of a power 
station or power plant unit is ob­
tained by dividing the availabil­
ity (the sum of operating time 
plus time at readiness) by the 
nominal time: 

A thermal process that operates 
in the lower range of tempera­
ture, following after a high tem­
perature process 

In cogeneration plants, the effi­
ciency of power generation is 
obtained by dividing the electric­
al power output by the amount of 
additional fuel supplied. This ad­
ditional fuel is required because 
electricity is being produced in 
addition to the process heat. 

The efficiency of the steam pro­
cess is obtained by dividing the 
electrical power output of the 
steam turbine by the heat sup­
plied to the steam process. In a 
process with waste heat utiliza­
tion alone, it can be found using 
the formula: 

The efficiency of the steam/ 
water cycle is obtained by divid· 
ing the electrical output from the 
steam turbine generator by the 
amount of heat supplied to the 
water or steam in the boiler. 

Term 

Power coefficient 

Exergy 

Exhaust loss of the 
steam turbine 

Forced outage rate 
(FOR) 

Generator output 
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Symbol Unit Definition 

PC 

or 

a 

E(e) 

kWs/kJ The flow coefficient of a plant 
cogenerating heat and electricity 
is obtained by dividing the net 
electrical power generated in a 

kWs/kJ given time span by the usable 
heat generated in that same time 
span, both limited to the limit of 
the plant 

kJ/kg The maximum technological 
work obtainable from a system 
in accordance with the Second 
Law of Thermodynamics if the 
system is brought reversibly into 
equilibrium with its environ­
ment. 

kJ/kg Non-recoverable losses due to kin 
etic energy in the exhaust steam 
of the turbine 

The forced outage rate of power 
stations, power plant blocks, or 
their components is obtained by 
dividing their outage time due to 
malfunction by the sum of the 
operating time plus outage time 
due to malfunction: 

PGEN kW The generator output of a power 
station or a power plant block is 
the power available at the gener­
ator terminals. The generator 
output is the gross output. 

(kVA) 

PGEN = PGROSS 
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Term Symbol Unit 

Heat output 

ISO conditions 

Pinch point of a waste f 
heat boiler 

Rate of fuel utilization Tln 

Rate of waste heat util- Tl WB 
ization 

Rate of work utilization 11AE 

kW 

K 

kJ/kJ 

Definition 

The heat output to cover non­
block-connected heat demand, 
e.g., heat supplied to a district 
heating system 

Standard environmental condi­
tions per ISO: 
Total air temperature 15 °C 
Total air pressure 1.013 bar 
Relative humidity 60 % 

The minimum difference in tem­

perature between the exhaust 

gas and the water or steam is a 

waste boiler. 

The rate of fuel utilization in a 
plant cogenerating heat and 
electricity is equal to the quo­
tient obtained by dividing the 
sum of net electrical power and 
usable heat generated in a given 
time span by the energetic equi­
valent of the fuel supplied in the 
same time span. 

The quotient obtained by divid­
ing the heat supplied to the wa­
ter or steam by the waste heat 
available to the waste heat boiler 

The rate of work utilization of a 
production capacity in a given 
time span is the quotient of the 
production in that time span di­
vided by the work which the 
same unit could have produced 
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Term Symbol Unit 

Reliability (time) 

Station service power PEIG(EL) kW 

Thermal efficiency 

"Topping cycle" 

Wetness or moisture 
losses 

Tl kl 

Definition 

with the full production capacity 
continually in operation. 

The two work measurements 
must be of the same type, gross 
or net. 

The reliability (time) is obtained 
by dividing the operating time by 
the sum of operating time plus 
outage time due to malfunctions: 

The station service power of a 
power station or power plant 
block is the amount of power re­
quired to drive all motor-driven 
block auxiliaries and ancillaries 
(power consumption of the mo­
tors), plus the electrical losses in 
station service transformers and 
electrical transmission losses 
within the power station. 

The thermal efficiency of a 
power station or a power plant 
block generating electricity alone 
is obtained by dividing the elec­
trical power output by the 
amount of energy supplied. 

A thermal process operating in 
the upper range of temperatures, 
followed by a low temperature 
process. 

The energy losses due to wetness 
in the wet steam section of the 
turbine 
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