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(57) Abstract: The invention relates to a com-
bined cycle power plant (10a) comprising a gas
turbine (11a,b) the exhaust gas outlet of which
is connected to a heat recovery steam generator
(19), which is part of a water/steam cycle (35),
whereby, for having a large power reserve and
at the same time a higher design performance
when operated at base load, the gas turbine
(11a) is designed with a steam injection capab-
ility (26) for power augmentation. For having a
large power reserve at improved and optimized
design performance when the plant is being
operated at base load, the gas turbine (11a)
comprises at least one combustor (15, 16), and

24

a compressor (12) for providing cooling air for
that gas turbine (11a,b), which is extracted
from the compressor (12) and cooled down in
at least one cooling air cooler (17, 18). The
steam for steam injection is generated in said
cooling air cooler (17, 18), whereby said steam
is injected into an air side inlet or outlet of said
cooling air cooler (17, 18) and/or directly into
said at least one combustor (15, 16). The heat
recovery steam generator (19) is equipped with
a supplementary firing (22, 227), which is at
least a single stage supplementary firing (22) to

increase the high pressure steam production and providing augmentation power as power reserve to a grid when required.



10

15

20

25

30

WO 2013/144006 PCT/EP2013/056055

DESCRIPTION

COMBINED CYCLE POWER PLANT AND METHOD FOR OPERATING SUCH A

COMBINED CYCLE POWER PLANT
BACKGROUND OF THE INVENTION
The present invention relates to thermal power plants. It refers to a combined
cycle power plant according to the preamble of claim 1. It further refers to a
method for operating such a combine cycle power plant.
PRIOR ART
Grids in some regions need rather large power reserve from combined cycle
power plants (CCPPs) at a level of up to 10% of the plant’s net power output, or

even higher.

In the prior art, this large amount of power reserve is normally achieved by
designing the CCPP with large supplementary firing (SF) within the heat recovery
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steam generator HRSG of the plant (for the general idea of supplementary firing in

CCPPs see for example documents US 3,879,616 or WO 2010/072729 A2). The

supplementary firing will lead to the following two consequences:

1) Because a pressure margin has to be preserved for supplementary firing,
the base load and part load steam turbine live steam pressure with SF
being off will be lower than the allowed operating pressure. The larger the
SF, the lower the live steam pressure and plant performance when SF is
off.

As an example, for a triple pressure reheat CCPP with about 500MW power
output, considering 10% net power output to be provided by supplementary
firing as power reserve, the requested live steam pressure design margin
may result in a substantial drop of live steam pressure at base load and
correspondingly to a plant performance drop (can be up to 0.5%).

2) Due to steam turbine live steam pressure operating range and HRSG
supplementary firing design limit, solely relying on supplementary firing with
reduced base load steam turbine live steam pressure may not be able to
provide sufficient power reserve without a change in configuration of the
steam turbine ST and the HRSG, e.g. switching from 3p (p= pressure)
design to 2p or 1p design. This will lead to a further plant performance drop

when SF is off.

Document US 5,495,709 A discloses an air reservoir turbine installation having a
gas turbine group connected to a compressed air reservoir, and comprising a hot
water reservoir, a waste heat steam generator connected to receive an exhaust
gas flow downstream of the gas turbine, the gas turbine group comprising a
compressor unit, at least one combustion chamber and at least one turbine,
wherein the waste heat steam generator is connected to introduce steam into the
gas turbine group for increasing an output of the at least one turbine, and further
comprising at least one heat exchanger to cool working air compressed by the
compressor unit and a partial pressure evaporator to introduce water vapor into
the working air, the at least one heat exchanger being connected to deliver heated

water to the partial pressure evaporator.
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Document US 4,509,324 A discloses a shipboard engine system and method of
operating includes two compressors with an intercooler, a compressor turbine, a
power turbine, a combustor for combining fuel, air and water. Heat exchangers
remove heat from the exhaust and use it to preheat the water to the combustor.
Spray condensers recover water from the exhaust for reuse. Water purification
apparatus is used to remove acid from the water. The system is designed for
stoichiometric operation at full load and run with increased efficiency at part load to

give a total lower fuel consumption.

Document US 2006/248896 A1 discloses a method of operating a gas turbine
power plant comprising of a first gas turbine group, consisting of a compressor and
a turbine which are connected mechanically with one another, and a second gas
turbine group, including a combustion device, which is placed in the gas flow
stream between the first group's compressor and turbine, whereby the second gas
turbine group consists of a compressor, a fuel injection device, a combustion
chamber and a turbine, whereby the second gas turbine group's compressor and
turbine are mechanically coupled to one another and at least one of the gas
turbine groups having a device for the extraction of work, whereby the fact that a
first flow of water and/or steam is heated with heat from the flue gas from the first
group's turbine; that further amounts of water and/or steam are heated with heat
from a gas stream that is compressed by the first group’s compressor, and the
produced water and/or steam is injected into the gas stream in such amounts that
at least 60% of the oxygen content of the air in the stream is consumed through
combustion in the combustion device, and in that the combustion gas that is fed
into the turbine of the second gas turbine group has a pressure in the range 50-
300 bar.
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SUMMARY OF THE INVENTION

It is an object of the present invention to have a combined cycle power plant,
which provides a large power reserve at improved and optimized design

performance when the plant is being operated at base load.

It is another object of the invention to provide a method for operating such a
combined cycle power plant.

These and other objects are obtained by a combined cycle power plant according
to claim 1 and an operating method according to claim 6.

According to the invention, a combined cycle power plant comprises a gas turbine
the exhaust gas outlet of which is connected to a heat recovery steam generator,
which is part of a water/steam cycle, whereby, for having a large power reserve
and at the same time a higher design performance when operated at base load,
the gas turbine is designed with a steam injection capability for power
augmentation, whereby the gas turbine comprises at least one combustor, and a
compressor that provides cooling air for cooling said gas turbine, which is
extracted from the compressor and cooled down in at least one cooling air cooler,
and the steam for steam injection is generated in said cooling air cooler, whereby
said steam can be injected into an air side inlet or outlet of said cooling air cooler
and/or directly into said at least one combustor. The heat recovery steam
generator is equipped with a supplementary firing. The supplementary firing is at
least a single stage supplementary firing to increase the high-pressure steam
production and providing augmentation power as power reserve to a grid when

required.

According to an embodiment of the invention the at least one cooling air cooler is a

once-through cooler (OTC).
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According to another embodiment of the invention the steam for steam injection is

taken from said heat recovery steam generator.

According to another embodiment of the invention the supplementary firing is a
two stage supplementary firing with a first stage for increasing the high pressure
live steam production and providing augmentation power as power reserve to a
grid, and a second stage arranged after a high pressure evaporator within the heat
recovery steam generator for increasing intermediate pressure live steam
production and providing additional power as power reserve to the grid when
required.

According to a further embodiment of the invention a high-pressure steam turbine

module is connected to the steam turbine by means of an automatic clutch.

A first method for operating a combined cycle power plant according to the
invention is characterized in that in case of the need for power reserve the plant
power is in a first step increased by means of steam injection into the gas turbine,
and in the second step, the power of the steam turbine is augmented by means of
increasing the load of the supplementary firing.

Especially, when a high-pressure steam turbine module is connected to the steam
turbine by means of an automatic clutch, the method comprises the following
steps:

a) to provide fast power augmentation, the separated steam turbine module is
warmed up by bleed steam from the main steam turbine or from the heat
recovery steam generator, to keep the steam turbine warm;

b) when power reserve is needed, steam is injected into the gas turbine and
the supplementary firing is started, whereby
a. plant power is firstly increased with steam injection, and
b. then steam turbine power is augmented with a supplementary firing

load increase;

C) the high-pressure steam turbine module is started; and



10

15

20

25

30

WO 2013/144006 PCT/EP2013/056055

d)

6

before the steam turbine live steam operating pressure reaches a
predetermined limit during supplementary firing loading, the high-pressure
steam turbine module is ready for synchronization and connected by
operating the automatic clutch.

Alternatively, the method comprises the following steps:

a)

when a scheduled larger amount of power augmentation is needed, then,

before power reserve is needed, the steam turbine is warmed up by steam

admission to the high-pressure steam turbine module;

when power reserve is needed, steam is injected into the gas turbine and

the supplementary firing is started, whereby

a. plant power is firstly increased with steam injection, and

b. then steam turbine power is augmented with a supplementary firing
load increase;

the high-pressure steam turbine module is started; and

before the steam turbine live steam operating pressure reaches a

predetermined limit during supplementary firing loading, the high-pressure

steam turbine module is ready for synchronization and connected by

operating the automatic clutch.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is now to be explained more closely by means of different

embodiments and with reference to the attached drawings.

Fig. 1

shows a simplified diagram of a combined cycle power plant
according to a first embodiment of the invention with supplementary
firing in the HRSG and steam injection by means of OTCs into the

gas turbine;
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Fig. 2 shows a simplified diagram of a combined cycle power plant
according to a second embodiment of the invention with
supplementary firing in the HRSG and steam injection from the
HRSG directly into the combustor of the gas turbine;

Fig. 3 shows a simplified diagram of a combined cycle power plant
according to a third embodiment of the invention with supplementary
firing in the HRSG and steam injection by means of OTCs and from
the HRSG into the gas turbine; and

Fig. 4 shows a simplified diagram of a combined cycle power plant
according to a fourth embodiment of the invention similar to Fig. 1
and 3, with an additional high pressure steam turbine module being

connected by means of an automatic clutch.

DETAILED DESCRIPTION OF DIFFERENT EMBODIMENTS OF THE
INVENTION

The invention is essentially to combine in a CCPP gas turbine steam injection and
HRSG single or two-stage supplementary firing to improve the plant’s performance
when the supplementary firing SF is off, and to increase the capability of power

reserve when needed.

Using directly steam generated from once through cooler (OTC) for steam
injection has benefits in form of a design simplification compared to steam

extraction from HRSG.

A separated 2nd high-pressure steam turbine will further increase the plant’s

performance and power reserve capability.
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As shown in Fig. 1, a combined cycle power plant (CCPP) 10a has a gas turbine
11a with a compressor 12, two combustors 15 and 16, and two turbines 13 and
14, designed with steam injection for power augmentation through steam line 26
using steam generated from cooling air coolers such as once-through coolers 17
and 18. The steam can be injected into an air side inlet our air side outlet of said
air cooler 17 and/or directly into the combustor 15 (see Fig.1).

A steam injection to the hot air side (= air side inlet) of the cooling air cooler has
the benefit of avoiding water droplets, which have happened when injecting the
steam to the cold air side (= air side outlet) of the cooling air cooler. Such a steam
injection to the hot air side of the cooling air cooler for gas turbine power
augmentation (not necessarily combined with supplementary firing) is a preferred

embodiment.

The gas turbine 11ais cooled with cooling air from the compressor 12 through
cooling air lines 23a and 23b. A heat recovery steam generator (HRSG) 19, which
is part of a water/steam cycle 35 comprising a steam turbine 20 and a condenser
21 as well as a high pressure live steam line 33 and a feed water line 34, is
designed with a single stage supplementary firing 22 to increase the high pressure
steam production and providing augmentation power as power reserve to a grid

when required.

Alternatively, a HRSG design with two stage supplementary firing 22 and 22’ may
be used: one firing stage 22 for increasing the high pressure live steam production
and providing augmentation power as power reserve to the grid when required,
and another inter-stage supplementary firing 22’ after the high pressure evaporator
within the HRSG for increasing the intermediate pressure live steam production
and providing additional augmentation power as power reserve to the grid when
required.

Augmentation air or oxygen for the 2nd SF 22’ may be required to allow sufficient
O2 over the section area of the 2nd SF. One of the possibilities is to preheat
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augmentation air with feed water, exhaust gas, cogeneration return water, CCS

return condensate, or other sources to improve the efficiency.

As the steam from the cooling air coolers (OTCs 17 and 18) is partially or totally
used for gas turbine steam injection at gas turbine 11a, for a given percentage of
power reserve, e.g. 10% of plant net base load power output, a higher live steam
pressure when SF is off could be utilized and the plant performance will be

improved.

On the other hand, it allows a large power reserve if needed. When an even larger
power reserve is required, and the live steam pressure, when SF is on, is reaching
the limit, the two-stage SF design (22 and 22’) can provide additional power
reserve. Optimizing HP and IP steam pressure margin for a given power reserve
percentage can on the other hand improve the plant’s performance at base load

without power augmentation.

As shown in Fig. 2, a CCPP 10b has a gas turbine 11b designed with steam
injection at the combustor 15 for power augmentation using steam from the heat
recovery steam generator (HRSG) 19. Again, a HRSG design with single stage
supplementary firing 22 may be used to increase the high-pressure steam
production and provide augmentation power as power reserve to the grid when

required.

Again, a HRSG design with two stage supplementary firing 22 and 22’ may be
used as an alternative: one (22) for increasing the high pressure live steam
production and providing augmentation power as power reserve to the grid when
required, and another 2nd supplementary firing (22') after high pressure
evaporator for increasing the intermediate pressure live steam production and
providing additional augmentation power as power reserve to the grid when

required.
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Again, augmentation air or oxygen for the 2nd may be required to allow sufficient
O2 over the section area of the 2nd SF. Augmentation air can be preheated with
feed water, exhaust gas, cogeneration return water, CCS return condensate, or
other sources to improve the efficiency.

As shown in Fig. 3, a CCPP 10c according to another embodiment of the invention
is similar to Fig. 1. The steam for power augmentation can be injected into the
Cooling Air Cooler’s (17, 18) air side outlet or inlet, or directly into the combustor
15. In addition, steam can be used from heat recovery steam generator (HRSG)
19 through steam line 28. The HRSG design is the same as in Fig. 1.

As shown in Fig. 4, a CCPP 10d similar to Fig. 1 and 3 further comprises a
(second) high pressure steam turbine module 30 connected to the (first) steam
turbine 20 by means of an automatic clutch 31 (such as a SSS clutch) and a
steam line 32.

For each embodiment of Figs. 1 to 4 the method of operation is as follows:
e  When power reserve is needed, the gas turbine steam injection and
supplementary firing SF will start;
e Plant power will firstly increase with steam injection;
e Then steam turbine power is augmented with supplementary firing load

increase.

For a CCPP 10d according to Fig. 4 the operation steps are:

e When a large amount power augmentation is needed, then before power
reserve is needed, the steam admission to the 2nd high pressure steam
turbine 30 starts to warm up the steam turbine 20;

e When power reserve is needed, gas turbine steam injection and SF will
start;

e Plant power will firstly increase with steam injection;

e Then steam turbine power is augmented with supplementary firing load

increase;
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e The 2nd steam turbine high pressure module 30 will start;

e Before the steam turbine live steam operating pressure reaching the limit

during supplementary firing loading, the 2nd steam turbine 30 shall be

ready for synchronization and the SSS clutch 31 starts to engage.

For a CCPP 10d according to Fig. 4, further operation step includes:

e The separated steam turbine module is warmed up by bleed steam from the

main steam turbine or from HRSG, to keep the steam turbine warm to be

able to fast startup.

LIST OF REFERENCE NUMERALS

10a-d
11a,b
12
13,14
15,16
17,18
19
20,30
21
22,22’
23a,b
24
25-28,32
30

31

33

34

35

combined cycle power plant (CCPP)
gas turbine

compressor

turbine

combustor

once through cooler (OTC)

heat recovery steam generator (HRSG)
steam turbine

condenser

supplementary firing (SF)

cooling air line

feed water line

steam line

high pressure steam turbine module
clutch (automatic)

high-pressure live steam line

feed water line

water/steam cycle
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CLAIMS

1. Combined cycle power plant (10a-d) comprising a gas turbine (11a,b) the
exhaust gas outlet of which is connected to a heat recovery steam generator (19),
which is part of a water/steam cycle (35), whereby, for having a large power
reserve and at the same time a higher design performance when operated at base
load, the gas turbine (11a,b) is designed with a steam injection capability (26, 27)
for power augmentation, whereby the gas turbine (11a) comprises at least one
combustor (15, 16), and a compressor (12) for providing cooling air for said gas
turbine (11a,b), which is extracted from the compressor (12) and cooled down in at
least one cooling air cooler (17, 18), and the steam for steam injection is
generated in said cooling air cooler (17, 18), whereby said steam is injected into
an air side inlet or outlet of said cooling air cooler (17, 18) and/or directly into said
at least one combustor (15, 16), and the heat recovery steam generator (19) is
equipped with a supplementary firing (22, 22°), characterized in that the
supplementary firing is at least a single stage supplementary firing (22) to increase
the high pressure steam production and providing augmentation power as power

reserve to a grid when required.

2. Combined cycle power plant according to claim 1, characterized in that

the at least one cooling air cooler (17, 18) is a once-through cooler (OTC).

3. Combined cycle power plant according to claim 1 or 2, characterized in
that the steam for steam injection is taken from said heat recovery steam

generator (19).

4. Combined cycle power plant according to claim 1, characterized in that
the supplementary firing is a two stage supplementary firing (22, 22) with a first
stage (22) for increasing the high pressure live steam production and providing
augmentation power as power reserve to a grid, and a second stage (22)
arranged after a high pressure evaporator within the heat recovery steam
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generator (19) for increasing intermediate pressure live steam production and
providing additional power as power reserve to the grid when required.

5. Combined cycle power plant according to one of the claims 1 to 4,
characterized in that an additional high-pressure steam turbine module (30) is
connected to the steam turbine (20) by means of an automatic clutch (31).

6. Method for operating a combined cycle power plant according to one of
the claims 1 to 5, characterized in that in case of the need for power reserve the
plant power is in a first step increased by means of steam injection into the gas
turbine (11a,b), and in the second step, the power of the steam turbine (20) is
augmented by means of increasing the load of the supplementary firing (22, 22").

7. Method according to claim 6 for operating a combined cycle power plant
according to claim 5, comprising the following steps:
a) to provide fast power augmentation, the separated steam turbine module is
warmed up by bleed steam from the main steam turbine or from the heat recovery
steam generator (19), to keep the steam turbine warm;
b) when power reserve is needed, steam is injected into the gas turbine and
the supplementary firing is started, whereby

a. plant power is firstly increased with steam injection, and
b. then steam turbine power is augmented with a supplementary firing load
increase;

C) the additional high-pressure steam turbine module (30) is started; and

d) before the steam turbine live steam operating pressure reaches a
predetermined limit during supplementary firing loading, the high-pressure steam
turbine module (30) is ready for synchronization and connected by operating the
automatic clutch (31).

8. Method according to claim 7 for operating a combined cycle power plant
according to claim 5, comprising the following steps:
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a) when a scheduled larger amount of power augmentation is needed, then,
before power reserve is needed, the steam turbine is warmed up by steam
admission to the additional high-pressure steam turbine module (30);

b) when power reserve is needed, steam is injected into the gas turbine (11a)

and the supplementary firing (22) is started, whereby

a. plant power is firstly increased with steam injection, and
b. then steam turbine power is augmented with a supplementary firing load
increase;

C) the high-pressure steam turbine module (30) is started; and

d) before the steam turbine live steam operating pressure reaches a
predetermined limit during supplementary firing loading, the additional high-
pressure steam turbine module (30) is ready for synchronization and connected by
operating the automatic clutch (31).
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