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Introduction

This third edition of the book Combined-Cycle Gas & Steam
Turbine Power Plants has been updated and extended to give an
accurate picture of todays state of this interesting technology
for power generation. It also includes chapters on actual themes
such as C02capture and storage, as well as integrated gasification
combined-cycle plants (IGCC). These topics have gained a lot of
attention as part of the discussion around global warming as potential
solutions to this issue.

In substance, the book gives a comprehensive overview about
the combined-cycle power plant from a thermodynamic, technical,
and economical point of view. It is intended to provide material for
lectures and provide an excellent understanding of the potential of

this technology. Thanks to practical examples, it offers a real help for
profcooional work. It io equally well ouitcd for otudentc interested in
power generation.

The book strives to answer to the following two questions:
= What isa combined-cycle power plant?

+ Why are combined-cycle plants among the leading technologies
for large power plants?

Combinedcycle can be defined asacombination of two thermal cydes
in one plant. When two cycles are combined, the efficiency that can be
achieved is higher than that of one cycle alone. Thermal cydes with
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the same or with different working media can be combined; however, a
combination of cycles with different working media is more interesting
because their advantages can complement one another. Normally, when
two cycles are combined, the cycle operating at the higher temperature
level is called the topping cycle. The waste heat it produces is then used
in a second process that operates at a lower temperature level, and is
therefore called the bottoming cycle.

Careful selection of the working media means that an overall process
can be created, which makes optimum thermodynamic use of the
heat in the upper range of temperatures and returns waste heat to
the environment at the lowest temperature level possible. Normally the
topping and bottoming cycles are coupled in a heat exchanger.

The combination used today for commercial power generation isthat
of a gas topping cyde with a water/steam bottoming cycle. Figure 1-1
shows a simplified flow diagram for such a cycle, in which the exhaust
heat of a simple cyde gas turbine is used to generate steam that will be
expanded in a steam turbine.
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Replacement of the water/steam in this type of cycle with organic
fluids or ammonia has been suggested in the literature because of
potential advantages over water in the low exhaust-gas temperature
range. As gas turbine exhaust temperatures are increased in line with gas
turbine development, however, these advantages become insignificant
compared to the high development costs and the potential hazard to the
environment through problems such as ammonia leakage. These cydes
do not appear likely ever to replace the steam process in a combined-
cycle power plant.

The subject of this book is mainly the combination of an open cycle
gas turbine with a water/steam cycle. This combination—commonly
known as the combined cycle—has several advantages:

= Air is a straightforward medium that can be used in modern
gas turbines at high turbine inlet temperature levels (above
1200*C/2192*F), providing the optimum prerequisites for a
good topping cycle.

= Steam/water is inexpensive, widely available, non-hazardous,
and suitable for medium and low temperature ranges, being
ideal for the bottoming cycle.

The initial breakthrough of these cycles onto the commercial power
generation market was possible due to the development of the gas
turbine. Only since the late 1970s have gas turbine inlet temperatures—
and hence, exhaust-gas temperatures—been sufficiendy high to allow
the design of high-eflficiency combined cycles. This breakthrough was

made easier because the components of the plant were not new, having
already been proven in power plant applications with simple cycle gas

turbines and steam turbine processes. This helped to keep development
costs low. The result was a power plant with high efficiency, low
installation cost, and a fast delivery time.

Today, state of the art combined-cyde plants can reach net efficiency
based on the lower heating value (LHV) of the fuel above 58%, and it is
only a question of a tew years until 60% will be overcome.
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The Electricity
Market

Basic Requirements

The fundamental difference between electricity and most other
commodities is that electricity cannot be stored in a practical manner
on a large scale. Storing electricity directly is very expensive and can
be done only for small quantities (e.g., car batteries). Indirect storage
through water or compressed air is more suitable for large-scale
applications, but it is very much dependent on topography or geology
and is, in many cases, not economical. Actually only storage of water
pumped into lakes during off-peak time to be used during peak hours
has reached market acceptance.

For this reason, electricity must be produced when the customers

meed it. It has to be transported by means of extensive transmission and
distribution systems, which help to stabilize and equalize the load in

the system. Nevertheless, large fluctuations in demand during the day
require quick reactions from generation plants to maintain the balance
between demand and production.

 Fulfillment of this task has been the main focus of the industry from

beginning. A reliable supply of electricity, efficiently delivered, was
*nd is the major priority.

In the last few V£ars a nPW nrinritv hac Kpan cot Ku a orlrtk tronA In

~ wmPetition of what has been a generally closed and protected



6 Combtned-Cycle Gas & Steam Turbine Power Plants

industry. Private investors have begun to install their own power plants
and supply power to the grid. This has created a major focus shift:
generators now have to compete to sell their product.

In the past—in a regulated environment—generators sold the power
they generated on a cost-plus basis. Production costs were of lower
priority than the requirement ofgrid stability and reliability. Generators
focused on reliability through extensive specifications and sufficient
system redundancy. Costs could usually be transferred to the end-use
customers. The new competitive situation has altered key success
factors for the electricity generators.

Today, overall production cost is a key to their success. They must
offer electricity at the lowest cost, yet still meet the requirement of
flexible adjustment between demand and supply. This cost factor is of
major importance for the merchant plants. These are plants built by
investors who accept the full market risk, expecting that their assets
will be cost competitive, and that they will get a good return on their
investment during the lifetime of the plant. Risk and its mitigation carry
a much higher weight in this environment.

On one side of this equation, higher competitive risks must be taken
to survive in the new markets. On the other side, risks such as cost and
schedule overruns have to be minimized. These factors lead us to new
behaviors, one ofwhich is that electricity generatorsare buying plants for
fixed, lump-sum prices with guaranteed throughput times. Constructing
new plants—with long lead times and high capital costs—are considered
to be risky from the private investor's point of view.

Combined-cyde power plants benefit from this change. They have low
investment costs and short construction times when compared to large
coal-fired stations, and even more so when compared to nuclear plants.

The other benefits of combined cycles are high efficiency and low
environmental impact. Worldwide, levels of emissions of all kinds must
meet stringent regulations acceptable to the public. It is, therefore,
important for power producers to invest in plants with an inherently
low level of emissions. Risk mitigation and public acceptance are
paramount. Clean plants are easier to permit, build, and operate.
Combined-cyde plants—especially those fired with natural gas—are
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a good choice with their low emissions. (See chapter 10 for more

information about this point.)

Throughout this book, we will review different combined-cycle
applications, including cogeneration applications; however, more than
#0% of the market concerns plants for pure power generation. We will
examine how such plants affect and are affected by all of the variables

discussed so far in this chapter.

The data cited in table 2-1 are valid for 2007. All figures are rounded
to gigawatts (GW). The striking points in this table are:

¢ Steam turbine plant (STP) for coal-fired application represent

about 30% of the total installed capacity worldwide.

= Combined-cyde plants have a total capacity of more than

800 GW, and are approaching a share of 20% compared to less

than 5% ten years ago.

Table 2-1 Installed capacity 2007

Steam turbines Coal fired plant
Gas fired plant

Qil fired plant

Other steam plant
Nudear power plant

Steam turbine for combined cycle

Gas turbines GT in simple cycle

GT incombined-cycle

Hydro Hffro power plant
Hydro pump storage plant

Diesel

renewables»

jeurce GS4, BUD 20084)3-07 and IRINA 2008-03-10

*

GwW
1400
300
330
70'»
395
220

310
610

780
140

*»ewhermal,soUr. wind, wood and waste 2) cw t gas and oil fired plants

Total

Total

Total
Total
Total
Total

2,715

920

920
150
105
4,110
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Table 2-2 shows a geographical breakdown of the worldwide
electrical energy generated by technology by terawatt hour (TWh).

Table 2-2 World net electricity generation by type 2004 (TWh)

Americas  Asia & Oceania Europe Africa Total
Thermal Plants" 3,397.0 5318.2 1,811.7 407.7 10,934.6
Hydro Plants 12141 917.5 541.7 860 2,7593
Nudear Plants 902.0 717.7 980.9 14.3 2,6159
Other" 1401 58.6 140.8 2.0 3415
Total 5,653.2 7,012.0 3,475.1 510.0 16,6503

Source: Energy Information Administration: International Energy Annual, October 2007
1) coal, gas and ail find plants  2) geothermal, solar, wind, wood and waste

The salient points are:

= Two-thirds of the electricity produced worldwide is
generated by thermal plants. Coal alone represents more than
40% of the total.

= Combined cycles today generate more than 10%.

= Nuclear and hydro plants are each generating about
15% of the total.

« Other renewables account for about 2%.

Table 2-3 shows the breakdown of the thermal power plants by fuel
consumed in 2007.

Table 2-3 World fuel consumption for fossil fuelled power plants
Worldwide coasuaiption (TTOE")

Gil 283,419 9.6%
Gas 815,693 27.5%
Coal 1,862,587 62.9%
Total 2,961,699 100.0%

Soukc: 2005 Energy Balance hr World, 2007
1) Thousand Tom of Qil Equivalent
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Figure 2-1 shows the evolution of the installed new power plant
capacity over the year. Striking are the peaks in 2000 and 2007.
The first one is due to aboom in USA where substantial new capacity of
combined-cycle plants were installed. The second peak in 2007 is due
to large new construction in emerging countries such as China or India
as well as in oil producing countries, and also the replacement of old
power plants in Europe.

GWfa

7 82 *7 SC «7 oB 07

'« B #oTam Geothermal W atte

Figure 2-1 Market development since 1975 of new power plants sold per year

The Availability of Fuel

Critical for the future of combined-cycle power plants is the
long-term availability of natural gas at reasonable price conditions.

Table 2-4 gives indication about the availability of reserves compared
to production today for the main fossil fuels coal, gas and oil.

Taking into account all proven gas reserves, it can be calculated that
at the present rate of production the global natural gas reserves will
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last for approximately 60 years. This estimation shows that natural gas
should still be available in the foreseeable future.

Table 2-4 Fossil fuels: proved reserves vs. yearly consumption worldwide in 2007

Ftied Proved Reserves Tethy LonsufTriidnt  Ratio of Proved Reserves to Production
Natural gas  170*10” Nm3 3,020 - 10» Nn¥a S6a

Oil 1,300 x K9 barrels 31 - 10* barrete/a 42a

Coal 910 «  tan 6.2* 10»ton/a 147 a

Source: EIA and BP
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Economics

In today’s mostly liberalized electricity market, the economics of
a power plant are evaluated as any other industrial investment.

Typically, an investor sets a target return on an investment; for
instance, return on equity (ROE) or internal rate of return (IRR).
Similarly to any other investment, this expected return depends on the
risk profile of the project. The ROE depends on following factors:

= Market price of the electricity

* Production cost of electricity that includes
= Interest and amortization cost
« Fuel cost
= Operation and maintenance cost

Next to the fuel cost, the market price of electricity is usually the
biggest unknown factor. The market price in a liberalized economy can
fluctuate widely.

Private investors, or independent power producers (IPP), generally
try to find electricity off-takers who are buying the power at defined rates
under long-term sales contracts (LTSC). Ideally the rate is coupled with
the price of fuel, thus removing the most important investment risks.

Thanks to this project structure the investment risk is low,
enabling the investor to get access to good credit conditions from
Wncing institutions. -
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The risks remaining are mostly related to the plant itself: cost,
efficiency and reliability.

The extreme case of this type of project is the Tolling Agreement
The investor has an agreement with a client, who supplies him with the
fuel and takes off the electricity to convert the fuel into electricity at an
agreed-upon fee, based on expected efficiency and availability.

The normal power plant project is, however, fully exposed to the
market, which leads to a much higher risk profile. In this case, it is
important to make a thorough market analysis in order to develop a
solid market scenario. This analysis should include sensitivity analyses
and worst-case scenarios.

In fossil fuel plants, both electricity and fuel markets have to be
analyzed; however, both markets are coupled to a certain extent For
example, if in a given market most of the players are using gas as fuel,
the price of electricity will go up if the gas prices are going up and
vice versa.

The interest and amortization cost has a direct impact on the
production cost of electricity produced. The main factors are:

= Debt-to-equity ratio
« Terms of the debt, such as interest and amortization

The debt-to-equity ratio depends mostly on the risk profile of the
project. An IPP project with little market risk can be highly leveraged,
which means a high percentage of the project financing can be provided
in the form of debt. In good projccto up to 80% of the capital required
can be borrowed, and the equity share is only 20%.

In risky projects, a much lower leverage is possible. Typically, up to
50% of the capital required has to be provided as equity. The normal
utility project falls in this category.

Normally, these merchant projects are realized by large utilities with
a strong balance sheet. Financing is done based on the balance sheet
of the investor (on-balance sheet financing). In this case, the borrower
has the balance sheet of the owner of the power plant (the utility)
as a guarantee.
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On the other side, IPP projects are financed with project financing
schemes. Here, a special purpose company (SPC) is created that owns
only this power plant. Consequendy, the borrower has only the power
plants as a guarantee. It is important to have well-structured contracts
for construction, operation and maintenance, power sales, and fuel
supply to keep the risks at an acceptable level for the lender.

Generally, this type of project is realized by a general contractor
under afixed, lump-sum turnkey contract, also known as an engineering
procurement and construction contract (EPC).

Another important factor is the type of power the plant is producing:
The value of electricity varies over the year and over the day. Typically,
peak power has amuch higher value than off-peak power. Consequently,
a plant designed to run at base load, such as a nuclear power plant or
a coal fired power plant, will in average sell the power at a lower price
than a power plant designed to run at peak time.

Typically, one distinguishes among following type of plants.
= Base load (>5000 hrs/a)
= Intermediate load (2000 to 5000 hrs/a)
= Peak load operation (<2000 hrs/a)

Plants with low capital cost but cosdy fuels are more suitable for
peak load operation than those with high capital cost and cheap fuel,
which are better suited for base load operation.

Plant cost and flexibility are important factors when defining for
which kind of application a given power plant is suitable.

The terms of the financing depend on the market situation and the
risk of the selected financing structure. Usually, a project financing
structure leads to higher interest rates than a balance sheet financing,
provided the borrower has a solid balance sheet.
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Production Cost of Electricity

The production costs of electricity are generally expressed in
US$/MWh or US cts/kWh, depending on following parameters:

= Capital cost of the project
= Fuel cost
= Operation and maintenance cost

The capital cost per unit of electricity for a given power plant
depends on following elements:

= Investment costs

= Financing structure (discussed earlier in this chapter)

= Interest rate and return on equity

= Load factor of the plant (or equivalent utilization time)
The investment costs are the sum of following positions:

= Power plant contract price(s)

= Interest during construction (depending upon the
construction time)

= Owner's cost for the realization of the project (project manager,
owner’s engineer, land cost, etc.)

The financing structure io the defined by the debt to equity ratio
of the financing and the return on equity is the return expected by the
investors on his capital. Both are linked to the risks of the project.

The load factor results from the type of application the plant is
intended for: base, intermediate or peak load operation, and the
availability and reliability of the power station.

Fuel costs per unit ofelectricity are proportional to the specific price
ofthe fuel, and inversely proportional to the average electrical efficiency
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of the installation. This average electrical efficiency must not be mixed
up with the electrical efficiency at rated load. It is defined as follows:

M = M «MNop*, t3" 1)
where:

i] is the electrical net efficiency at rated load. (This is the %
of the fuel that is converted into electricity at rated load
and new and clean condition)

Ho,,, is the operating efficiency, which takes into account the
following losses:

« start-up and shutdown losses
= higher fuel consumption for part load operation
= aging and fouling of the plant

Operation and maintenance costs consist of fixed costs of operation,
maintenance and administration (staff, insurance, etc.), and the variable
costs of operation and maintenance (cost of repair, consumables, spare
parts, etc.).

The cost of electricity is calculated by adding the capital cost, fuel
cost, and operation and maintenance costs.

Present value is generally the basis for economic comparisons
among different types of plants. The various costs for a power station
are incurred at different times, but for financial calculations are

corrected to a single reference time. This is generally the date on which
commercial operation starts. These converted amounts are referred to

as present value.
The cost of electricity (US$/MWh) is calculated as:
v TCR-H YF s,
Y -T Tr A #T7 + PT4T *U- t” )
where:

TCR total capital requirement to be written off (current
value of all expenses during planning, procurement,
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construction, and commissioning, such as the price of
the plant, interest during construction, etc.) (US$)

Y annuity factor: V [1/4]
P rated power output in MW

T,, equivalent utilization time at rated power output, in
hours per annum (h/a)

Y+ price of fuel (US$/MWh thermal =3.412 xUSS/MBTU)
M average plant net efficiency
Ufa fixed cost of operation, maintenance, and administration

w»,  variable cost of operation, maintenance, and repair
(USS/MWh)

q 1+z
z average discount rate in percent per annum (%/a)
n amortization in years

The equivalent utilization time at rated output is the electrical energy
generated by a plant in a period of time divided by the electrical energy,
which could be produced by the plant running the whole year at rated
output (this is a measure for the load factor). This definition enables
corrections to be made for the effects of part-load operation, so that
different projects can be analyzed on a comparable basis.

For fuel, operation, and maintenance cooto, no cocalation rates have
been applied to calculate the cost of electricity.

For modeling purposes, the cost of electricity can be calculated by
using the equivalent utilization time and the fuel price as variables. In a
deregulated power generation market, power stations do not sell their
electricity based on an average cost ofelectricity basis, but rather on the
basis of demand and supply. Therefore, it is important to understand
that the previously referenced equation contains fixed and variable costs
in order to avoid producing electricity in times when the sale price is
lower than the variable costs.



Economics

Fixed costs are:
. Interest and depreciation on capital

= The fixed costs of operation, maintenance and administration
(e.g., staff)

Variable costs are:
« The fuel cost

« The variable costs of operation, maintenance and repair
(e.g., spare parts)

Ifthe market price of the electricity is falling below the variable cost,
the power plant should be shut down because no contribution to the
fixed cost can be generated.

Competitive standing of combined-cyde power plants

On the following pages, the combined-cycle power plant iscompared
with other thermal plants. The comparison evaluates the following
types of power stations:

= Steam turbine plants

= Gas turbine plants

< Nuclear plants

= Combined-cycle plants
= Biomaoo power planto

The range of output ratings under consideration is between 30 and
1250 MW. Combined cycles with a smaller output can, of course, be
built, but they are less interesting for pure power generation because
the specific costs increase very fast at lower rated output. Applications
for heat and power production (e.g., district heating or industrial
Processes) can make sense.

17
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Comparison of the power plant prices

Table 3-1 shows the specific price of the various types of power
plants considered. These prices «re valid for a power plant built under a
turnkey contract with a fixed, lump-sum price. They are based on prices
valid in 2007 assuming progress payment, without interest during
construction and other owner's costs.

Table 3-1 Specific price of various power plants in USS/kW

Type of Plant Specific Price (US$/kW)
Combined Cycle Power Plant (800 MW) 550-650
Combined Cycle Power Mat (60 MW) 700-800

Gas Turbine Plant (250 MW) 300-400

Gas Turbine Plant (60 MW) 500-600

Steam Power Plant (coal) (800 MW) 1200-1400
Steam Power Plant (coal) (60 MW1) 1000-1200
Nuclear Power Plant (1250 MW) 2000-3000
Biomass Power Plant (30 MW) 2000-2500

1) Simple non-reheat plant
Remark: These prices are valid for 2007. They do not indude owner’s cost and interest
during construction.

The data shown indicate trends, so appropriate caution must be
taken in applying the data because many factors affect the price of a
power plant. These factors include market conditions, site-related

factors, types of cooling and related structures, emission limits, labor
ratco, commercial rioko, legal regulations, and oo forth.

Table 3-1 also shows the low investment costs required for the
gas turbine, which have contributed significantly to its wide-spread
acceptance, especially in oil producing countries. Taken together with
its simplicity and short start-up time to full load, the gas turbine is an
attractive peak-load machine.

Steam power plants are more expensive than combined-cycle power
plants. A coal-fired plant, for example, costs approximately two times
more than a combined-cycle plant with the same output.
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The costs of a nuclear power station are much higher and can vary
from one country to the other due to the variety of safety requirements,
permitting processes, and other local requirements. In addition, this
type of plant has practically disappeared from the European and
American markets because of heavy political opposition. A revival
seems likely, but it is difficult at this time to give solid information on
the cost of nuclear plants.

Figure 3-1 shows the breakdown of the cost ofa400 MW combined-
cycle plant according to the different systems. Notice that the gas
turbine makes up only one-third of the cost, but delivers two-thirds of
the output. If we add the related auxiliary systems and civil work, the
cost of the gas turbine island would make up approximately 50% of the
total combined-cycle plant cost.

Figure 3-1 Breakdown of the capital requirement for combined-cycle power plant

Comparison off efficiency and fuel costs

Attoday’s fossil fuel prices, efficiency isthe most important cost factor
for installations operated at intermediate or base load. If an expensive
fuel is used, such as natural gas or liquefied natural gas (LNG), the
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efficiency is crucial. For that reason high efficiency is a prerequisite for
an economical fossil-fired plant The net efficiency of a power station
is defined as:

n= (*-3)

where:
P,« Power output at the high voltage terminals of the step-up
transformer in MW. This number considers the power
consumption of all plant auxiliaries

Q Heat input to the power station in MJ/s measured at the
plant boundary (i.e., mass flow of the fuel multiplied by
the lower heating value of the fuel (LHV)

Fuel that contains hydrogen produces water vapor when burned.
If the combustion products are cooled to the point where this entire
vapor is condensed, the maximum possible heat is extracted defining
the higher heating value (HHV) of the fuel. In practice, this latent heat
cannot be used in power plants, and the heat extracted is the lower
heating value (LHV). The considerations in the following chapters are
always based on the LHV of the fuel.

Table 3-2 indicates the electrical efficiency (new and clean) at
nominal output of the different types of power plant. Steam turbine
power plants have been subdivided into coal-fired and nuclear plants.
The values for combined-cycle plants are valid for plants without
supplementary firing. Table 3 2 pointo out the thermodynamic
superiority of the combined-cycle plant. This was made possible, to
a large extent, by the improvement of gas turbine technology, which
already achieves efficiency of 38% to 40% in simple cycle. Only a few
years ago, the efficiency of a newly installed coal-fired steam power
plant was at these levels, but with much higher investment cost
and complexity!

Coal-fired power plants are competitive for base load application in
places where cheap coal can be easily transported.
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Table J -2 Net efficiency of various power plants
Wet Efficiency LHV (TL,

Combined Cycle Power Plant (800 MW) 55-59
Combined Cycle Power Plant (60 MW) 50-54
Gas Turbine Plant (2soMwW) 38-40
Gas Turbine Plant (60 MW) 35-42
S*eam Power Plant (coal) (800 MW) (42-) 47
Steam Power Plant (coal) (60 MW) 30-35
Nuclear Power Plant (1250 MW) 35
Biomass Power Plant (30 MW) 28-32

»«sed on LHV of the fuel at 1ISO ambient conditions and equipment new and clean

Nuclear power plants have a low efficiency because the light water
reactor technology used today allows the generation of steam only
with low temperature and pressure. Typically, it is saturated or slightly
superheated steam with a pressure of approximately 60 bar (860 psig).

In the future, new technology using, for instance, high temperature
reactors will lead to higher efficiency.

Because ofits lowefficiency, nuclear power needs large cooling towers
that are approximately three times as large as for a combined-cycle
plant with the same output.

The right selection of the fuel and the corresponding type of power
plant is critical for the long-term economical operation of the plant.

The following considerations play a role for the selection of the type
of fnpl nepH in a giv*»n pnwpr plant project-

= Long-term availability of the fuel at a competitive price
= Alternative for the primary fuel as backup
= Risk of supply shortages due to political interference

« Environmental considerations that favor a clean fuel, such as
natural gas

= Independence from a single fuel source

. reasons to use a domestic fuel <

. redu,rements (e.g., uninterruptible fuel supply)



22 Combined-Cyde Gas & Steam Turbine Power Plants

Table 3-3 lists the fuels that can be burned in different types of
power plants today.

Table 3-3 Fuel flexibility of various power plants

M Gaslurtine Combined Cyde Steam Power Plant Biomass Power Plant
Natural gas/LNG Yes Yes Yes' No
Distillate (il «2) Yes *s Yes' No
Crude oil / heavy fuel to2 Yes2 Yes No
Coal No No4 Yes No
Refuse No No Yes Yes
Biomass No No Yes Yes
Cod gas, lowcalorificgas ~ Yes3 Mies3 Yes No
Nuclear fuel No No Yes No

1) Due to the lower efficiency of steam power plant using this kind of fuel leads to high production
costs  2) Heavy oil or crude oil can be burned in some older types of gas turbine  3) These luck can
be used in gas turbines. Modifications to the gas turbine are necessary for fuels with a low heating
value, see also chapter 6 4) Can be used inan I0CC plant see also chapter 12

LNG stands for liquefied natural gas.

Some gas turbines can burn heavy oil or crude oil. Industrial (heavy-
duty) gas turbines are more suitable for this type of fuel than those
derived from jet technology (aero derivatives). Large combustion
chambers are better capable of burning heavy fuels than those with
several smaller burners/combustion chambers because the latter are
more sensitive to changes in flame length, radiation, and so on. An
additional requirement for burning heavy oil or crude oil in a gas turbine
io the correct treatment of the fuel, generally by means of cleaning the
fuel and/or dosing it with additives. These steps make it possible to
remove or inhibit elements that cause high temperature corrosion, such
as vanadium and sodium.

It must, however, be mentioned that with todays environmental
regulations, the use of heavy (residual) oil in gas turbines is practically
impossible in industrialized countries.

Modern gas turbines with high firing temperatures are not designed
for heavy fuel operation, but only for natural gas and distillate oil.
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As can be seen from tables 3-1 and 3-2, combined-cycle plants
ue low in capital cost but burn an expensive fuel when compared
to coal-fired steam power plants and nuclear plants. The biggest
contribution in the cost of the electricity generated is, therefore, the
one for the fuel costs. Long-term supply agreements or partnerships
with fuel companies, or equity investments by fuel suppliers into
the plant, are possible ways to cope with the risk of wide swings in
the fuel prices.

Fuel flexibility is higher for a steam turbine power plant than a
combined-cycle power plant. But combined-cycle plants are superior
to steam power plants for power generation when gas or diesel oil is
used, due to higher efficiency and lower investment costs.

As seen in figure 3-2, the prices of fossil fuels are highly volatile,
especially gas and oil. This volatility must be duly considered during
the economic evaluation of a project and, as already mentioned, it is
important to understand how far the market prices of electricity are
coupled with the prices of the fuel selected.

3-2 The cost of fueh over the years
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Uranium, the fuel for nuclear power stations, and coal, the main fuel
for steam power plants, have comparatively low costs. Combined-cyde
power plants mainly use natural gas that is more expensive and generally
more volatile than coal. Since 2004 all the prices of all fuels have increased
substantially. Despite this apparent disadvantage, combined-cyde
power plants are very popular with investors because they:

= Efficiendy convert fuel into dectricity

< Have a low impact on the environment

= Have high operation flexibility (startup time, high-load gradient)
= Have a short construction time

= Are are easier to permit than other types of plants

Comparison of operation and maintenance costs

At current levels of fuel and capital cost, operation and maintenance
costs affect the economy of a power plant only in alimited manner. They
account for lessthan atenth ofthe cost of electricity inacombined-cyde
plant. Table 3-4 shows the variable operation and maintenance cost of
the different power plants (cost depending upon the operation regime of
the plant). Variable costs for acombined-cycle plant are lower than for
gas turbine plants because these costs are driven by the high spare part
cost of the gas turbine, which can be distributed over a larger output in
the combined-cyde plant.

Table 3-4 Variable operating and maintenance costs for various power plants of
different sizes

Type of Plant Cost in US$/MWh
Combined Cycle Power Plant (800 MW) 2-3
Combined Cyde Power Plant (60 MW) 3-4

Gas Turbine Power Plant (2SOMW) 3-4

Gas Turbine Power Plant (60 MW) 4-5

Steam Power Plant (coal) (800 MW) 25-35
Nudear Power Plant (12s0MW) 20

Biomass Power Plant (30 MW) n
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3-5 shows the fixed operation and maintenance costs of the
Eyent power plants (cost independent of the operating regime).
These are mostly personnel and insurance costs.

«gbli 3-5 operation and maintenance costs for various power plants

of Offerert Sizes

Cost in Mio. USVa

Combined Cyde Power Plant (800 MW) 6-8
Contaed Cyde Power Plant (60 MW) 3-4
CunbMmbTe Power Plant (250 MW) 2-25
Gasletine Power Plant (60 MW) 1-1.5
Steam tower Plant (coal) (800 MW) 12-15
Nuclear Power Plant (1250 MW) 40-60
Biomass tower Plant (30 MW) J-4

Remark: These costs indude the insurance cost

Nuclear power stations and conventional steam turbine power plants
require a much larger staff than for other kinds of plants, which explains
the high fixed costs of these types of power plant.

Comparison of availability and reliability
The eviilability of a power plant is defined as:

AN bH-SOH-FOH (M)

where:

4 PH hours of the period considered (normally one year)
which amounts to 8,760h

H p H scheduled outage hours for planned maintenance
forced outage hours for unplanned outages and repairs

~mpiabU Ity ofapower plant is defined as:

25
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So reliability is the percentage of the time between planned overhauls
where the plant is generating or is ready to generate electricity, whereas
the availability is the percentage of total time where power could
be produced.

Availability and reliability have a big impact on planteconomy. When
a unit is down, power must be generated in another power station or
purchased from another producer. In each case, replacement power is
generally more expensive. The power station's fixed costs are incurred
whether the plant is running or not.

In deregulated markets, reliability is crucial. At peak tariff hours, a
major portion of the income is generated and the plant must be reliable.
Scheduled outages can be planned for off-peak periods when tariffs are
close to or even below variable costs. Then only a small income loss
results from the planned outages.

Typical average figures for the availability and reliability of well
designed and maintained plants are indicated in table 3-6.

Table 3-6 Availability and reliability of various power plants

Type of Plant Availability Reliability
Combined cyde plant 90-94% 95-98%
Gas turtine plant (gas fired) 90-95% 97-99%
Steam turbine plant (coal fired) 88-92% 94-98%
Nudear power plant 88-92% 94-98%

These figures are valid for plants operated at base load. They would
be lower for peak- or intermediate-load operation because frequent
startups and shutdowns reduce the lifetime of critical components and
increase the scheduled maintenance and forced outage rates.

The major factors determining plant availability and reliability are:
= Design of the major components

« Engineering of the plant as whole, especially bl the interfaces
between the systems
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. Mode of operation (whether base-, intermediate-,
or peak-load duty)

. Type of fuel
« Qualifications and skill of the operating and maintenance staff

= Adherence to manufacturers operating and maintenance
instructions (preventive maintenance)

A high availability has a positive impact on the cost of electricity
because it allows an operator to run a power plant with a higher
utilization time per year and, therefore, achieve a higher income.

Comparison of construction time

The time required for construction affects the economics ofa project.
The longer it takes, the larger the capital employed because interest,
insurance, and taxes during the construction period add to the price of
the plant. It also creates an additional risk for the investor because the
market forecast has to look more in the future than for a plant with a
shorter realization time.

Table 3-7 shows the time required to build the various types of
power plants.

A gas turbine in a simple-cycle application can be installed within the
shortest time frame because of its standardized design. Gas turbines,
therefore, help secure power generation in fast-growing economies.
Additional time is needed for the completion ofa combined-cycle plant.
Combined-cycle plantscan be installed in two phases, with the gasturbine
running first in simple-cycle mode, and then in combined-cycle mode as
the steam cycle becomes available. With this procedure, two-thirds of
the power it available in the time required for a gas turbine installation.
However, an outage of two to three months is needed to convert the gas
turbine power plant from simple cycle to combined cycle.
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Table 3-7 Construction times for various power plants

Type of Plant Time in Months1
Combined cyde power plant2 20-30
Gas turbine plant2 12-24
Steam power plant (coal) 40-50
Nudear power plant 60-80"
Biomass power plant 22-26

1) Very difficult to give good figures due to the lack of actual experience at least in Europe
and USA 2) Depends very much on the market situation 3) From notice to proceed to
commercial operation

Besides the actual construction time of a power plant, the time
elapsing between start of the project until financial closing and its
predictability are also important factors to be considered in the
development ofa project.

The time for the development of a project varies widely from one
project to the other due to local factors. However, it is a fact that
gas-fired combined-cycle power plants are easier to develop than
coal-fired plants. The main reason is the easier permitting and lower
risk of opposition against this kind of project.

Comparison of the cost of electricity

Based on the data presented in table 3-8 and equation (3-2), the
cost of electricity has been calculated for various parameters of the
following plants.

= Combined-cycle power plant (800 MW)
= Gas turbine plant (250 MW)

= Steam-power plant (coal) (800 MW)

< Nudear-power plant (1250 MW)
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ble j_e mnuts foreconomical comparison
——————————— ' Investment Average efficiency Furiprice2 Depredationl

w-olPtait Desoipfcon cost’ in USMtW (LHV) in % inUSVMBTu tanein |a|
2 kOT
OHTfenedcy»* (O MA) | S ot 750 56.5 €.0 25
power plant
Gaslutbine ~ mw) 1* GT 413 375 1.0 25
plant
Steam power (800mW) 1* ST 1716 44 35 25
plant coal
1x ST 3500 345 05 40
rr,* . »o0“m

1) Indudtng interest during construction and owner's cost  2) Fuel price based on IHV

Figure 3-3 shows the cost of electricity for the various plants
running in base load (8000 hrs/a). The costs are broken down in fuel,
operation and maintenance (O&M), and capital cost. The gas-fired
plants, combined-cycle plants, and gas turbine plants show high fuel
cost and comparatively low capital cost. On the other side, we have the
nuclear power plant with its high capital cost but very low fuel cost. In
between, we have the coal-fired plant.

IBFU* aom  ncapwii

2L
«00MW CCPP 600 MW 250 MWOTPP 1260 MM Nuclear
PP(co#> (gat) P

3-3 Comparison of cost of electricity for base load operation
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Figure 3-4 shows the same comparison but for an equivalent
utilization time of only 4000 hrs/a. Here the combined-cycle power
plants (CCPPs) show the lowest cost of electricity and the nuclear
power plant the highest. Out of these figures, the obvious conclusion
is that CCPPs are best for intermediate load, and coal-fired or nuclear
power plants are well suited for base load application.

Figure 3-4 Comparison of cost of electricity for intermediate load

Figure 3-5 shows the influence of the charge of fuel cost on the cost
ofelectricity. The CCPP and the gas turbine have the highest sensitivity,
and the nuclear power plant hat the lowest.
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The influence of the equivalent utilization time on the cost of electricity
is shown in figure 3-6. This figure shows the following best technology:

= Below 1500 hrs/a gas turbine

= Between 1500 and 5000 hrs/a CCPPs

< Between 5000 and 8000 hrs/a coal-fired plant

= Above 7000 hrs/a nuclear power plant

Figure 3-7 shows the influence of the interest rate on the cost

electricity. In this case, the nuclear power plant due to its large
Investment cost shows the highest sensitivity. On the other side, with a
low sensitivity, we have the CCPP and gas turbine.
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Figure 3-6 Influence of the equivalent utilization time on the cost of electricity

Figure 3-7 Influence of interest rate on the cost of electricity



The C 0 2emissions of the plant are having a more direct impact on
Economics ofapower plant due to the effort to globally limit these
B fe ofemissions. If we compare the various plants under this aspect.

JNget the following picture:

combined-cycle plant emits about 40% of the C02 of a
coal-fired plant.

Nuclear power plants or biomass plants are obviously still better
because they produce nearly no additional C 02(see chapter 13).

No cost for CO 2emissions were considered in the previous calculations.

Efficiency improvements

As noted, combined-cycle power plants are generally fired with natural
gas, which is more expensive than uranium or coal. Consequently, the
efficiency of the conversion of fuel into electricity is very important. The
question of how much can additionally be invested in a combined-cyde
plant to gain additional electrical efficiency is answered as follows.

The maximum additional capital that can be invested to increase the
efficiency by 1% is given by the limit at which the cost of electricity
remains constant.

Using equation (3-2) to determine the cost ofelectricity, the following
calculations can be done.

\ TCR.'F Yr Unxi

| +u™,
“ltqg  H  PITYq
TCRj-y Yf U b_6)
LL.p,.T4 1010 1.01-P.TA  ~an { 1

m Index 1 isused for the plant that is used as the reference

I Index 2 isused for the plant with a 1% improved efficiency
and 1% improved output
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Because operation and maintenance costs are approximately only a
tenth of the cost of electricity and remain for both plants, the previous
equation can be simplified to:

TCR,Y t YF~A T C R ( Yf (3.7
P.T*. n. I-OIP.-TA 101 n.
which can be solved for TCR2

I Yr YF \1.01P,T,,

tcr2. TCR.1.01-(-~-xo0br) (3-8)
with:

TCR, z 600 million U.S. $

Yf s 8.0 US. $ /MBTU

H s 56.5%

Y B 9.37 (25 years/8%)

p. = 800 MW

= 5000 hrs/a
TCRj s 626.6 million US$ = 1.044 x TCR,

In this example, for a 1% efficiency increase, 4.4% more capital can
be invested. It can be seen from previous equation that this percentage
will increase if the fuel price is higher or a lower discount rate is used.

A smaller percentage results for fewer operating hours per year or a
shorter depreciation period.

These considerations are essential in optimizing a combined-cycle
plant for a given application.



Thermodynamic
"Principles of the
Ibined-Cyde Plant

Basic Considerations

The Carnot efficiency is the maximum efficiency of an ideal thermal

process:

4,1 Tt~ b . (4-1)
K Te

where:
't = Carnot efficiency [%)
TE =Temperature of the energy supplied [K)

TA =Temperature of the environment [K]

Naturally, tKo officioncioc of roal prococcoc aro lowor bocauco thoro aro
losses Involved. A distinction is drawn between energetic and exergetic
Iosses.EnergetiC lossesare mainly heat losses, and are thus energy that is lost
from the Process. Exergetic losses are internal losses caused by irreversible
processes iNaccordance with the second law of thermodynamics.

process efficiency can be improved by raising the maximum
ANAWBLture in the cycle, releasing the waste heat at a lower temperature.
°f Improving the process to minimize the internal exergetic losses.

interest in combined cycles arises particularly from these
BP~rations. Byits nature, no single cycle can irtake both improvements
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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 a simple-cycle gas turbine, attainable process temperatures are
high as energy is supplied directly to the cycle without heat exchange
The exhaust heat temperature, however, is also quite high. In the steam
cycle, the maximum process temperature is much lower than in the gas
turbine process, but the exhaust heat is returned to the environment
at a low temperature. As illustrated in table 4-1, combining a gas
turbine and a steam turbine thus offers the best possible basis for a high
efficiency thermal process.

The last line in the table shows the Carnot efficiencies of the various
processes (i.e., the efficiencies that would be attainable if the processes
took place without internal exergetic losses). Although that is not the
case in reality, 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 processes with only
one cycle. Even a sophisticated supercritical conventional reheat steam
turbine power plant has a Carnot efficiency around 20% lower than that
of a good combined-cycle plant.

For combined-cycle power plants actual plant efficiencies are around
75% of the Carnot efficiency, whereas for conventional steam power
plants this figure is around 80%. The differences between the actual
efficiencies attained with a combined-cycle power plant and the other
processes are, therefore, not quite as large as illustrated in table 4-1. The
relatively larger drop in the combined-cycle efficiency is caused by higher

internal energy losses due to the temperature differential for exchanging
heat between the gas turbine exhaust and the water/steam cycle.

Table 4-1 Thermodynamic comparison of gas turbine, steam turbine and

combined-cycle processes

GT ST cC
Average temperature of heat sopited, K (°C) 1(323:1332) gég:zgg) 1(3(2)(;:?832)
Average temperature of exhaust heat K (*C) (ggg:ggg) ?Egg::;g;) 8(3(2)2::732;)
Carnot efficiency, 4 45-55 45-57 65-78

GT « Gas Turbine Power Plant ST * Steam Turbine Power Plant CC * Combined Cyde Power Plant



Thermodynamic Principles of the Comtxned-Cycte Plant 37

In fioure 4- 1. which compares the temperature/entropy
As shown Qcessesi the combined cycle best utilizes the

diagrams 0 djjfcrentja, in the heat supplied despite an additional
between the gas and the steam process.

~nnnHlfemperature/entropy diagrams for various cycles

figurenn2°nS tUrne in‘et temperature (TIT) are shown ™M
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Temperature

system
mtan val Ges temperature

1 Firing
temperature

©

Temperature drop due to
«ir cooing of the first row
of the stationary Hades

Compressor

Flow Path

Figure 4-2 Gas turbine inlet temperature (TIT) definitions

All TIT values in this book are according to T(SO (calculated
mean value).

Efficiency of the
Combined-Cyde Plant

It Hoc boon ocoumod until now tKat fuol onorgy ioboing cuppliod to tKo
cycle only in the gas turbine. There are also combined-cycle installations
with additional firing in the heat recovery steam generator (HRSG), in
which a portion of the heat is supplied directly to the steam process.

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

Pgt + PST
(4-2)

Q gt + Qsf
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where:
PG Gas turbine output

psT Steam turbine output

I Qgt Gas turbine fuel consumption

| Additional/supplementary firing fuel consumption

This equation shows the gross efficiency of the combined cycle
because no station service power consumption and electrical losses,

also called auxiliary consumption (P”,). have been deducted. If station
auxiliary consumption is considered the net efficiency of the combined

cycle is given by:
Pgr + Pst ~ P*m (4.3)
Qgt + Qsf

Meen«

In general, the efficiencies of the simple cycle gas and steam turbine
processes can be defined in a similar manner:

Pgr (4-41
[ Mer=— — ' :
Qat
[ Hst = — — — — ;- <«-5>
Qgtx*th + Q sf
where:
| Or.,T M * OnT (1 —Hrrr) (4-6)

Combining these two equations yields:

Hst (4-7)

037(1 ~ Hgt) + Qsf

equation expresses the steam process efficiency of the
combined cycle.

L jfthere is no supplementary firing in the HRSG, equations (4-2) to
A 1" 7) can be simplified by eliminating Q¥ (Qs* = 0). In view of earlier
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considerations, it is generally better to burn the fuel directly in amodern
gas turbine rather than in the HRSG because the temperature level at
which heat is supplied to the process is higher (GT versus ST process
in table 4-1). For that reason, the utilization of supplementary firing
is decreasing.

The factors involved in combined-cycle installations with
supplementary firing are discussed in more detailed in chapter 5.

Efficiency of combined cycles without
supplementary firing in the HRSG

The most common and straightforward type of combined cycle is
one in which fuel is supplied in the gas turbine combustion chamber
without additional heat supplied in the HRSG. By substituting equations
(4-4) and (4-7) into equation (4-2):

ijcc 2 HgtQgt + Mat'OcrrM ~ Mor)
Qgt

X Mot + HstU —oT) (4-8)

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

A =147 7 (1_MoT)" BT 14£S)

Increasing the gas turbine efficiency improves the overall efficiency
only ifi

T ~ r >0 <4-,0 >

From equation (4-9):

~AHst 1 ~ Hst

or (¢-11)

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



Thermodynamic Principles of the Combtned-Cyde Plant 41

I Table 4-2 indicates that when the efficiency of the gas turbine is
Lued the reduction in efficiency of the steam process may be greater.
Erexam ple, steam process efficiency can be reduced from 30% to
J78% (30/1-08) in case the gas turbine efficiency is raised from 30% to
35% to keep the overall combined-cycle efficiency.

Table 4-2 Allowable Reduction in Steam Process Efficiency as a Function of Gas
LLiablne Efficiency (Tbl = 0-30)

03 0.35 04
Hgt

10 108 117

The proportion of the overall output being provided by the gas turbine
increases, reducing the effect of lower efficiency in the steam cycle. But
a gas turbine with maximum efficiency still does not always provide
an optimum combined-cycle plant. For example, for a gas turbine
with single stage combustion at constant turbine inlet temperature,
a very high-pressure ratio attains a higher efficiency than a moderate
pressure ratio. However, the efficiency of the combined-cycle plant
with the second machine is normally better because the steam turbine
operates far more efficiently with the higher exhaust gas temperature
and produces a greater output.

Figure 4-3 shows that in a simple-cycle (GT) power plant, the
efficiency is driven by the pressure ratio. However, in case of a

combined-cycle plant, the efficiency is driven by the gas turbine inlet
temperature (TIT).
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4.3a Simple Cycle Power Plant » 4.3b Combined Cycle Power Plaul

Specific wort

Open cycle g driven by pi CCPP n driven by TIT

Figure 4-3 The efficiency of a simple-cycle GT and a combined-cycle plant as
function of the gas turbine inlet temperature and pressure ratio

Figure 4-4a demonstrates the efficiency of the simple-cycle gas
turbine with single-stage combustion as a function of the turbine inlet
and exhaust gas temperatures. The maximum efficiency is reached
when the exhaust gas temperatures are quite low. In this case a low
exhaust temperature is equivalent to a high-pressure ratio.

Figure 4-4b shows the overall efficiency of the combined cycle
bacod on tbo camo gac turbino. Comparod to figuro 4 4a,tbo optimum
point has shifted toward higher exhaust temperatures from the gas
turbine, which again indicates an over-proportional improvement
of the water/steam cycle when compared to the loss in gas turbine
efficiency. For economic reasons, current gas turbines are generally
optimized with respect to maximum power density (output per unit
air flow) rather than efficiency. Often, this optimum coincides fairly
accurately with the optimum efficiency of the combined-cycle plant.
As a result, most of todays gas turbines are optimally suited for
combined-cycle installations.
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and turbine exhaust temperature

Gas turbines of a more complicated design (i.e., with intermediate
cooling inthe compressor or recuperator) are less suitable for combined-
cycle plants. They normally have a high simple cycle efficiency combined
with a low exhaust gas temperature, so that the efficiency of the water/
steam cycle is accordingly lower.

The effects of high-pressure ratio and low combined-cycle efficiency
can be decoupled if the gas turbine is designed with sequential
combustion (air, upon leaving the compressor is passed through the
first combustion chamber and expands in the first turbine stage
before final combustion and expansion). Gas turbines with sequential

mbustion have practically the same simple-cycle efficiencies as single-
mbuotion gac turbinoc at tKko camo overall proccuro ratio.

For comparison the same curves shown in figure 4-4a and 4-4b
-re shown for gas turbines with sequential combustion in figure
4-5a and 4 -5b. Figure 4- 5a shows almost the same simple cycle gas
turbine efficiency level for the same gas turbine inlet temperatures
BNe T). However, the exhaust gas temperatures are substantially higher,
| clearly improving the combined-cycle efficiency levels of figure 4 -5b
when compared to figure 4-4b. As for figure 4-4a, a low exhaust gas
temperature is equivalent to a high pressure ratio of the sequential part
(low pressure part) of the gas turbine. For consistency, the pressure

. ratio of the high-pressure turbine is kept constant at a ratio of 1.7:1.
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and combined cyde as a function of turbine inlet temperature (TIT) and turbine

exhaust tem perature

The main advantage of a sequential-fired gas turbine is that the draw
back of single-combustion gas turbines (i.e., pressure ratio and exhaust
gas temperature) is eliminated through the reheat process. This gives
the ideal base for improved combined-cycle efficiencies, which also fits
well to the Carnot comparison.

In summary, it may be said that the optimum gas turbine for simple
cycle and the optimum gas turbine for combined-cycle plants are not the
same. The gas turbine with the highest efficiency does not necessarily
produce the best overall efficiency of the combined-cycle plant.

The type of gas turbine (i.e., gas turbine concept) and turbine inlet
temperature are important factors. Similar considerations also apply
with regard to the efficiency of the steam cycle. The gas turbine is
generally a standard machine, and must, therefore, be optimized by
the manufactures for its main application (i.e., combined cycle or
simple cycle). The exhaust heat available for the steam process is thus
given, and the challenge lies mainly in a cost effective conversion into a
mechanical energy.



mbined-Cyde
Incepts

Selection of the Combined-
Cyde Power Plant Concept

This section showswhat factors and process steps must be considered
when choosing acombined-cycle power plant concept (see figure 5-1).
There are three main steps in this process:

1. Analyze the customer requirements

2. Assess the site related factors/influence of the site conditions

3. Determine the plant concept solution
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with regard to the efficiency of the steam cycle. The gas turbine is
generally a standard machine, and must, therefore, be optimized by
the manufactures for its main application (l.e, combined cycle or
simple cycle). The exhaust heat available for the steam process is thus
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Selection of the Combined-
Cyde Power Plant Concept

This section shows what factors and process steps must be considered
when choosing acombined iycle power plant concept (see figure 5-1).
There are three main steps in this process:

1 Analyze the customer requirements

2. Assess the site related factors/influence of the site conditions

3. Determine the plant concept solution

45
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Plant Concept Solution

Figure 5-1 Selection of a combined-cycle power plant concept

For large combined-cycle power plants (>200 MW) with the main
goal being to produce electricity in an efficient manner, the following
described selections and optimization steps are normally done for the
“Reference plant.”
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Compared to the beginning period of combined-cycle power

I 1 nts most of the Engineering, Procurement and Construction
K p C ) companies, having their own gas turbine (product), applied a
jaKlization approach based on actual market conditions and or

eeds The development from tailor-made plants to standardized plants

iSshown in figure 5-2.

A000*
1M10» HittveSc
Rtftftncc P.owff Plant In an Opan Maitot

Design

Figure 5-2 Evolutionary change in combined-cycle design philosophy

For the power island, the idea of this approach (with some
flIxcbhangoablo moduloc cuch ac two or tKroo optiono for tKo cold ond of

the steam turbine with condensation unit) is that the pre-engineered
solution is fully reusable, and has the following benefits:

= Time (shorter delivery time)
* Quality (robust design)
= Risk (exchangeable components in case of problems)

= Cost (benefits by learning- and volume effect)
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These benefits outweigh the small loss of efficiency compared to a
fully customized designed power plant (see figure 5-3).

Figure 5-3 Standardization approach

With reference to a potential reuse, the one-to-one configuration
is the best choice for the standardization. See also the comparison
between multi-shaft and single shaft (table 5-3) later in this chapter.

Analysis of Customer Requirements

The customer (market) requirements define what a plant must be
able to achieve in terms of performance and operational capability. The
most significant requirement is the electricity power demand. When
identified, it is important to determine any limits above or below the
nominal power rating, which may be imposed, for example, by grid
limitations or the need to meet an internal industry power demand.
The best fit of turbines corresponding to this range must be found,
taking into consideration the base load point at which the gas turbines
will be operating.
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If there is a steam-process demand it is necessary to look at the
Lmperature, pressure, and mass flow required at the supply limit. The
Ef tuations allowed under these conditions and the demand variation
V7cr time should be known to design the plant for all possible operating
faulitions. Ifthere is a return of steam or condensate from the industrial
Eocess, its condition and quality need to be considered in the cycle
design . well (see chapter 6).

Combined-cycle power plants are intended for various uses such as
base load, cycling, or frequency control. To account for such factors at
the design stage, it is important to have information about expected
operating philosophy, operating hours as well as number of starts per
year, load scheme, grid requirements, and so on.

In case of a liberalized electricity market, financing becomes more
and more important. This is especially true in the case of project
financing. To be worthy of credit, any new power plant must be able
to compete with other power plants on the open market on the basis
of $/MWh generated, not just for the first year but throughout the
pay-back period of the plant and preferably even longer.

Site-Related Factors

Site-related factors are specific to the intended location of the
combined-cycle plant and are usually out of control of the power plant

developer. Those that affect the choice of the cycle must be considered
in the cycle selection process. One fundamental factor, which is usually

country dependent, is whether the local electricity grid is rated at 50 or
60 Hz. This affects the selection of the gas turbine type because larger
gas turbines are designed for specific frequencies. Smaller gas turbines

usually geared and, with an adequate gearbox, can operate with
both of these frequencies.
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Ambient conditions

Ambient conditions affect the performance of the cycle. This
section looks at possible influences of these conditions regarding
changes of the design point. How an already dimensioned combined-
cycle plant behaves with different ambient conditions will be
discussed in chapter 9.

The gas turbine is a standardized machine, and can be used
for widely different ambient conditions. This can be justified
economically because a gas turbine that has been optimized for an
air temperature of 15*C (59*F) does not look significantly different
from one that has been designed for air temperatures such as 40*C
(104°F). In such a case the costs for developing a new machine would
not be justified. Manufacturers quote gas turbine performances at
ISO ambient conditions of 15*C (59*F), 1.013 bar (14.7 psia), and 60%
relative humidity. The gas turbine will perform differently at other
ambient conditions, and this will have an effect on the water/steam
cycle process.

Unlike the gas turbine, the steam turbine is usually designed for a
specific application. The exhaust steam section design, for example,
depends on the condenser pressure at the design point, such as the
exhaust section that would be chosen for a condenser design pressure
0f0.2 bar (5.9”Hg). Itcan no longer function optimally if the operation
pressure is only 0.045 bar (1.3”Hg). Also, blade path design in a steam
turbine depends on the live-steam pressure, which is not the same for
all cycles.

Nevertheless, as already explained, this detailed optimization and
fine-tuning is done in most ofthe cases for the reference plant design and
not anymore on a case-by-case basis, or for each and every project.

Air temperature and pressure are the most crucial ambient
conditions. Relative humidity has only a minor influence, but becomes
more important if the cooling concept is equipped with a wet cell
(evaporative) cooling tower.
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~bient airtemperature

I There are three reasons why air temperature has a significant
Influence on the power output and efficiency of the gas turbine:

* Increasing the ambient temperature reduces the density of
the air and consequently reduces the air mass flow into the
compressor as constant volume engine. This is the main reason
for changes in the gas turbine power output.

z

The specific power consumed by the compressor increases
proportionally to the air intake temperature (in K) without a
corresponding increase in the output from the turbine part.

As the air temperature rises and the mass flow decreases,

the pressure ratio within the turbine is reduced. Due to the
swallowing capacity of the turbine section and the reduced
mass flow, the pressure at the turbine inlet of the GT is
reduced. This leads to a lower pressure ratio within the
turbine, and applies inversely, of course, to the compressor;
however, because its output is less than that of the turbine, the
total balance is negative.

Figure 5-4 shows the gas turbine characteristics at two different
ambient pressures in a temperature/entropy diagram. The exhaust gas
temperature rises as the air temperature increases because the turbine
pressure ratio is reduced, although the gas turbine inlet temperature
(TIT) remains constant. The result is a decrease in the gas turbine
efficiency and output while the ambient temperature rises. However,
tKo offoct on tKo performance of tKko combined cyclo ic comowhat locc
because a higher exhaust gas temperature improves the performance
(power output) of the steam cycle.
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1-2 * Compressor
2-3 - Combustion Chamber
3-4 m Turbine

Figure 5-4 EntropyAemperature diagram for a gas turbine process at two different
ambient air temperatures

Figure 5-5 shows the relative efficiency of the gas turbine, steam
process, and the combined-cycle plant due to the air temperature; other
ambient conditions aswell as the condenser pressure remain unchanged.
An increase in the air temperature has a slightly positive effect on
the efficiency of the combined-cycle plant. Because the increased
temperature in the gas turbine exhaust enhances the efficiency of the
steam process, it more than compensates for the reduced efficiency of
the gas turbine unit.
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This behavior is not surprising considering the Carnot efficiency
ation 4-1)- 'lhe increase in the compressor outlet temperature
uses a slight increase in the average temperature of the heat supplied
/T ) Most ofthe exhaust heat is dissipated in the condenser; therefore,
the cold temperature (TA does not change because the condenser
pressure is kept constant. The overall efficiency of the combined-cycle

plant will increase.

Figure 5-5 Relative efficiency of gas turbine, steam process, and combined cyde
as function of the air temperature

Figure 5-6 shows how the power output of the gas turbine, steam
turbine, and combined cycle decrease with an increase in the air
temperature. The effect is less pronounced for the combined cycle
than for the gas turbine alone. The power output of the combined
cyde is affected differently from the efficiency because change in mass
flow of air and exhaust gases are more dominant than the exhaust
8as temperature. .
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Figure 5-6 Relative power output of @ gas turbine, steam turbine, and combined

cycle as function of the air temperature

Ambient air pressure

Gas turbine performance is normally quoted at an air pressure of
1.013 bar (14.7 psia)—ISO condition, which corresponds approximately
to the average pressure prevailing at sea level. A different site elevation
and daily weather variations result in a different air pressure.

Figure 5-7 shows the relationship between site elevation and ambient
air pressure, and its influence on relative power output ofthe gas turbine,
steam turbine, and combined cycle. The air pressure has no effect on
the efficiency if the ambient temperature is constant, even though the
ambient air pressure has an influence on the air density similar to the one
ofthe air temperature. Ata lower ambient pressure, the backpressure of
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m L * turbineiscorrespondingly lower, not considering inlet and outlet

drops- This leaves no influence on the gas turbine process with
[wT~ception of the reduced mass flow. Assuming that no change takes
JJLXTn the efficiency of the steam process (which corresponds well to
dlereal situation), there is the same variation in the power output ofthe
steam turbine and hence the combined cycle.

Meunu,c c 7 Rolativo powor output of 90c turbine, ctoom turbine, and combined
cycle and relative air pressure versus elevation above sea level

Because the power outputs of the gas turbine and the steam turbine
V,rv in proportion to the air pressure, total power output of the
combined-cyde plant varies in proportion. The fact that the gas turbine

and outlet pressure drops were held constant for the calculations
® figure 5-7 accounts for the slight difference in the relative power
®**tput compared to the air pressure. The efficiency of the plant remains
Constant because both the thermal energy supplied as well as the airflow
in proportion to the air pressure.
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Relative humidity

Figure 5-8 shows that the gas turbine and combined-cycle output
will increase if the relative humidity of the ambient air increases,
with other conditions remaining constant. This is because at higher
levels of humidity there will be a higher water content in the working
medium of the gas cycle, resulting in a better gas turbine enthalpy
drop and more exhaust gas energy entering the heat recovery steam
generator (HRSG).

Figure 5-B Relative power output and efficiency of gas turbine and combined

cycle as function of relative humidity

There is a further influence for plants with wet cooling towers where
the relative humidity directly influences the condenser vacuum, and
hence the steam turbine exhaust temperature. A lower humidity results
in a better vacuum. This is discussed in the “Resources" section later in
this chapter.
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Legislation

Many environmental considerations affect design and construction
lof*1 Power stat'ons- be choice ofa combined-cycle concept is
mmainly influenced by legislation. This legislation limits emission levels,
I lespecially that of nitrous oxides (NO,). Current dry low NO, gas turbine
combustors can often achieve the required levels with gaseous fuel, but
special measures may have to be taken if oil fuels are fired.

One option to reduce the formation of NO, during combustion is to
lower the temperature of the flame because the speed of the reaction
producing NO, is noticeably faster at very high temperatures. The
common approach for gaseous fuels is to use premix burners to lower
the flame temperature, mixing air at the outlet of the compressor with
the fuel before it is ignited in a vortex breakdown zone. Injecting water
or steam into the combustor can produce the desired temperature
(eduction; however, it will affect the output and efficiency of the gas
turbine. This approach is, therefore, mainly used for fuel oil where
premix is problematic due to the risk of pre-ignition. The amount of
possible NO, reduction depends on the water or steam to fuel ratio as
described in chapter 10.

For gas turbines in simple cycle with no HRSG (and, therefore, no
evailable steam source), water is injected for NO, control, but with a
negative effect on efficiency.

The problem with steam injection is finding steam at a suitable

pressure level in the steam cycle. Generally the high-pressure (HP) live-
eteam pressure is too high and the intermediate-pressure (IP), in case of

GTswith a high compressor ratio and low-pressure (LP) steam pressure

I*too low. For large industrial gas turbines the pressure level required for

«team injection is between 25 and 50 bar (348 and 710 psig), depending

on the type of gas turbine as well as the load. Using pressure-reduced

"P steam is usually the simplest and the least expensive solution, but is
~ energetically undesirable.

K  For this reason, a base-load plant with steam injection into the
GT will usually have a steam extraction in the steam turbine at the
| aPPropriate pressure level, with a backup fronfthe HP live-steam line
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Resources

Available resources are different at every site. Cooling media and
fuel are the main resources affecting the selection of the cycle concept.
Although space is also a resource, it affects the cycle only when space
is restricted by, for example, the need to use existing buildings or part
of an existing cycle. This may lower the capital cost of the plant, but
could also limit the possibilities for performance improvements by, for
example, restricting the size of the HRSG or influencing the choice of
shaft configuration.

Cooling media

To condense the steam, a cooling medium must be used to carry off
the waste heat from the condenser.

There are three options for the main cooling system:
* Fresh-water cooling (with sea or river water)
» Evaporation cooling (wet cell cooling tower)

* Dry cooling system (in case of a direct system with an air-
cooled condenser [ACC])

Cooling with water has a clear advantage because water has a
high specific thermal capacity and good heat transfer properties.
Therefore, where water is available in required quantities, cooling can
be done in a direct system (fresh water from a river or the sea) or in a
wet cooling tower. The cooling water quantities in case of fresh water
cooling are approximately 60 to 100 times the exhaust steam flow (in
some special cases with very limited temperature rise even higher)
and for wet cooling systems as cooling tower makeup water around
1to 1.4 times the exhaust steam flow or approximately a minimum
amount of 0.3 kg/s (2400 Ib/h) per MW installed combined-cycle
capacity (without supplementary firing).
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m  Toease the permitting process where water is not available, a direct
L r cooling system with an air-cooled condenser (or a dry cooling tower
Nindirect system) is used. The disadvantages of this method include
~Lher costs and higher exhaust steam (condenser) pressure, mainly in
C e off-design points with high ambient temperatures (therefore less
eower output of the steam turbine) leading to lower plant efficiency.
combined-cycle plants with a direct air-cooling system (ACC)
far ambient air temperature directly influences the ST output and
consequently the efficiency, which is not (or to a less extent) the case
for the other cooling system (see table 5-1).

Ihble 5-1 Comparison of combined cycle performance data for different cooling
terns and ambient temperatures

Design: off-design:
ambient temperature * 6*C (43*f) Summer ambient temp = 30*C(8W)
PMW Efficiency q % PMW n%
Cooling tower 4117 575 363.5 56.1
100% 100% 100% 100%
ACC 408.1 57.0 3454 53J
991% 99.1% 95% 95%

Inspecial cases where only a limited amount of water is available, and
an evaporation system could be used with restrictions regarding visible
plumes, a combination ofa dry and wet system with hybrid cooler cells
(consisting of a dry and a wet section) could be the optimal solution.

Design parameters/performance data are similar to the wet cell cooling
*Owor, but would rocult in clightly Highor coctc.

The temperature of the cooling medium has a major effect on the
efficiency ofthe thermal process. The lower the temperature the higher
peefficiency that can be attained, because the pressure in the condenser
m | lower, producing a greater useful enthalpy drop in the steam turbine
Bjftd hence an increase in steam turbine output and in plant efficiency.
i*his is illustrated in figure 5-10.
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The trend is similar for single-, dual-, and triple-pressure cycles
(discussed later in this chapter). However, the effect is less significant
above approximately 100 mbar (3.0”"Hg) condenser pressure as the
relative change in the pressure decreases and there is less impact on
the steam turbine enthalpy drop. Plant costs are reduced if the pressure
is higher because of the lower volume flow of exhaust steam resulting
in a smaller steam turbine. Thi* impact of a change in the condenser
vacuum is increased with a dual- or even triple-pressure than with a
single-pressure cycle because the exhaust steam flow is larger.

Figure 5-11 shows typical condenser design pressure values as
function of the temperature of the cooling medium for direct water
cooling (fresh water), cooling with a wet cooling tower, and direct air
cooling. These values are calculated based on fuel gas price levels (2007)
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i gurope and the United States. The best vacuums are attained with
S t water cooling; the worst ones are with direct condensation with
£ mainly with ambient air temperatures higher than 20 to 25*C (68 to
77*F) In comparison with ambient air temperature, the corresponding
E «ter temperature is generally lower. The curves for direct cooling and
laoling tower cooling are calculated with cooling water temperature
rises 0of 9K and UK, respectively.

figure 5-11 "temperature of cooling medium versus condenser pressure for
different types of ceolirvg systems

case of wet cell cooling tower, the wet bulb temperature is
determined as temperature of the cooling medium. It is a function of
Nfcdry bulb temperature and the relative humidity, and can be read
p0*lan enthalpy-moisture content diagram for air (Mollier diagram).
H p o f the statistical values the maximum is not going beyond about
(86 F). Therefore, in case of higher ambient air temperatures in the
A B * bfabout 30 to 45°C, a relative humidity (phi) of 30% was selected
gure 5-11 for comparison reasons.
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Theinfluence on the steam turbine output ofthevariouscooling systems
can be derived out of figure 5-10 in combination with figure 5-11.

Fuel

This section explains how the sulfur content in the fuel influences
the cycle concept because of the feedwater temperature. The fuel
type and composition also have a direct influence on the gas turbine
performance and the emissions produced. Power plants often have a
main fuel and a backup fuel.

The lower heating value (LHV) of the fuel i* important because it
defines the mass flow of fuel, which must be supplied to the gas turbine.
The lower the LHV, the higher the mass flow of fuel required to provide
a certain chemical heat input, normally resulting in a higher power
output and efficiency. This is why low British thermal unit (BTU) gases
can result in high-power outputs if they are supplied at the pressure
required by the gas turbine.

The fuel composition is equally important in influencing the
performance of the cycle because it determines the enthalpy of the
gas entering the gas turbine and, hence, the available enthalpy drop
and gas turbine output as well as the amount of steam generated in
the heat recovery steam generator (HRSG). This is the reason why the
influence of the fuel on performance cannot be given as a function of
LHV only.

One way of improving the efficiency of the cycle is to raise the
apparent LHV (LHV i oonoiblo heat) oftho fuel by preheating it with hot
water from the economizer of the HRSG. This improves heat utilization
in the HRSG because additional water is heated in the economizer. The
fuel consumption is correspondingly reduced because each unit of
fuel contains more sensible heat, so a lower fuel mass flow is required.
Figure 5-12 shows schematically a hot water extraction from the
economizer (5) ofa dual-pressure HRSG. The cooled water (4) returns
to the feedwater tank. Preheating natural gas fuel from 15*C (59¢F)
to 150*C (302*F) can improve the plant efficiency by approximately
0.7% (relative). Today, depending on the type of gas turbine, fuel gas
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mheating can go up to 250*C (482°F); if hot water is not available, it
can a'lso be done economically with steam.

Figure 5-12 Flow diagram to show fuel preheating

NAnother factor, which may be important for gas-fired plants, is
e w *ilable gat supply pressure. "The gas turbine requires a certain
depending on the design of the burners in the combustor and
cgasturbine pressure ratio. Sometimes a gas compressor is required
0 - - supply pressure, which will also increase the temperature
fuel in proportion to the compression ratio. The benefit of
ANV *heater in such cases is reduced, perhaps by even rendering
ANBconomical because the efficiency improvement is too slight to
HRSG *dditional investment in the water/gas heat exchanger,
fn»i r surface>and piping. (See chapter 7 for nft>re information about
gas turbines.)
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Table 5-2 lists the fuels that can be fired in a gas turbine.

Table 5-2 Possible fuels for combined cycle applications

a) Standard Fuels b) Special Liquid fuels c) Special Gas Fuels

Natural gas Methanol/KeroseneMaphtha ~ Synthetic gas

Diesel oil (oil #2) Crude oil Blast furnace gas
Heavy oil, residuals Coal gas with medium or low heating value
0il shale

Note: The use of categories b) and c) is limited, because their burning depends on the exact chemical
analysis and the type of gas turbine involved. Generally, industrial gai turbines with large combustors
are better able to handle these fuels than modem gas turbines with high turbine inlet temperatures

Determining the Plant
Concept Solution

When plant requirements and the site data are known, a concept for
the cycle can be determined. In doing so, both technical and economic
aspects must be taken into account.

Selection of the gas turbine

The first stage of the cycle selection is to determine the size and
number of gas turbines needed to meet a certain power output and
eventually a ccrtain procooo oteam production.

For a plant with a given gas turbine, supplying process steam will
decrease the power output because steam is removed from the steam
cycle rather than being used for power generation. As a result, a larger gas
turbine could be selected, rather than if process steam were not required.
A gas turbine of a lower rating could be chosen for a given application,
with peak power produced by an additional steam turbine output through
supplementary firing (or with other power augmentation methods). With
regard to the steam turbine, it is of no importance if the required exhaust
gas temperature is attained directly from the gas turbine exhaust or by
means of supplementary firing in the HRSG. However, from an efficiency
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of view, preference would be to a fuel feeding directly in the gas
Sjbine at a higher exergetic level than in the HRSG duct burner.

I 1fmorethanonegasturbine isneeded, achoice must be made between

multi-shaft configuration or several single shaft blocks. Several

~nufacturers have developed single shaft power plants (power islands)

gas turbines. These standardized units provide advantages

(dated to fast installation times, availability, and space requirements.

Table 5-3 shows the comparison between a 2-1 multi-shaft combined
cycle and two single-shaft units.

Table 5-3 comparison multi-shaft versus single shaft (2 single shaft units versus a
multi shaft 2-1 unit)

Less generators required

Less HV-switchyards required
Less electric»! equipment required
One compact lube oil system

Components Single shaft:

No synchronous clutch required
Multi (haft: One large versus 2 smaller ST
Less auxilarles (pumps etc) requred
Civil Single shaft: Smaller footprint required
Multi thaft- Higher flexibility in plant layout

Lower specific costs of plant if standardized

Single shatft Lower cost foryid connection

At full load both solutions have almost the

Single shaft same performance level in case of larger planb

Faster start-up time from half load operation

Multi (haft 6l oad

Higher availability (less complexity - dear

Single shaft: .
ingle s maintenance concept)

Perfl)0t @®s tur*'nes with the same inlet airflow have the same
w B~ ance. Itdeptnds on the turbine inlet temperature (TIT), the design
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concept (i.e.. one or two stages ofcombustion), and the gas turbine exhaust
gas temperature (which is a function of the pressure ratio). Because this
has a marked influence on the performance of the combined cycle, it is
worth looking at in more detail

When the gas turbine exhaust temperature is lowered, both the
thermodynamic quality of the steam process (seen by the steam turbine
output) and the HRSG efficiency decrease as shown in figure 5-13.

GT Exbautl Gas Trmpri alarr (°C)

Figure 5-13 Steam turbine output and HRSG efficiency versus gas turbine exhaust

temperature for a single-pressure cycle

The effect is more pronounced with the single pressure than with a
dual or even triple-pressure reheat cycle because the energy utilization
rate falls off faster.
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I Figure 5-14 shows the ratio between the output of the dual-pressure
* d the singre-pressure cycles as a function of the gas turbine exhaust

gas temperatures.

~Vith increasing exhaust gat temperature, the advantage of a
Nemepressure versus a single-pressure cycle diminishes more and
***m an<* at a certain temperature the ratio equals practically to 1
M P theoretical temperature limit is a function of the chosen steam
~w*ieters (temperatures and pressures). For normal parameters
~B m it can be reached at around 750'C. Foj highly advanced and

ually optimized cycles, this limit can theoretically slide up to
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around 900*C or higher. Because cycles with (high) supplementary firing
are mostly derived from normal cycles (e.g., single or dual-pressure
cycles), the lower limit will apply here. Therefore, cycles with (high)
supplementary firing are mostly single-pressure cycle.

Combined Cycle—Water/
Steam Cycle Concepts

The main challenge in designing a combined-cycle plant with a given
gas turbine is how to transfer the gas turbine exhaust heat to the water/
steam cycle to achieve an optimum steam turbine output. The focus is
on the HRSG in which the heat transfer between the gas cycle and the
water/steam cycle takes place.

Figure 5-15 shows the energy exchange that would take place in
an idealized heat exchanger, in which the product (mass flow times
specific heat capacity, or the energy transferred per unit temperature)
must be the same in both media at any given point so that there are
minimum exergetic losses in a given heat exchanger. There must be
a temperature difference between the two media to allow the energy
transfer. Because the temperature difference tends towards zero, the
heat transfer surface of the heat exchanger tends towards infinity and
the exergy losses towards zero.
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The heat transfer in a HRSG entails losses associated with three
main factoro:

» The physical properties the of water, steam, and exhaust gases
do not match the higher exergetic losses than the ones of an
idealized heat exchanger as shown in figure 5-15.

» The heat transfer surface cannot be infinitely large.

» The temperature of the feedwater must be high enough to
prevent forming corrosive acids in the exhaust gas, where
it comes in contact with the cold tubes in the HRSG. This
minimum feedwater temperature limits tije energy utilization in
the HRSG (temperature to which the exhaust gas can be coded).
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The extent of loss minimization (and maximum heat utilization)
depends on the concept and the main parameters of the cycle. In a
more complex cycle the heat will generally be used more efficiently,
improving the performance, but also increasing the cost. In practice a
compromise between performance and cost must always be made.

Basic Combined-Cyde—Water/
Steam Cycle Concepts

In this section, the most common water/steam cycle concepts
are presented and explained, starting with the simplest and leading
to more complex cycles. A heat balance for each of the main cycle
concepts is given, based on 1SO conditions (ambient temperature 15°C
(59*F); ambient pressure 1.013 bar, (14.7 psia); relative humidity 60%;
condenser vacuum 0.045 bar (1.3”"Hg) with a gas turbine with sequential
combustion, rated at 178 MW and a steam turbine with water cooled
condenser. The gas turbine is equipped with cooling air coolers that
generate additional steam for the water/steam cycle and boost the
steam turbine output. Because these features are the same for all of the
heat balances, a clear comparison can be made among them, showing
how the cycle concept influences the heat utilization.

Additionally, an analysis is done for each concept to show how the
main cycle parameters, such as live-steam temperatures and pressures,
and HRSG dcoign parameters, influence tho performance of the cycle.
When designing a combined cycle with a given gas turbine, the free
parameters are those of the steam cycle. Therefore, the influence of
the various parameters is analyzed with respect to the steam turbine
output. This isbecause in a plant without additional firing, the thermal
energy supplied to the steam process is given by the gas turbine exhaust
gas and the efficiency of the steam process is always proportional to the
steam turbine output. The steam turbine does, however, account for only
about 30 to 40% of the total combined-cycle power output; therefore,
optimization ofthe steam process can only influence that portion.
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I Although the cycles shown have only one gas turbine, the concepts
I , results are also valid for cycles with several gas turbines, HRSG's,
~d other types of industrial gas turbines.

Single-pressure cycle

( Thesimplest type of combined cycle is a basic single-pressure cycle,
so called because the HRSG generates steam for the steam turbine at
only one pressure level. A typical flow diagram is shown in figure 5-16
with a gas turbine exhausting into a single HRSG.

conde* Steam tur®™¥ne (7) has a steam turbine bypass (8) into the
reasonnser’ is used to accommodate the steam if for any
B * cannot be admitted to the steam*turbine, for example
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during startup, in case ofa steam turbine trip, or because the steam
turbine is out of operation. After the condenser (9), a condensate
pump (10) is used to pump the condensate back to the feedwater
tank/deaerator (11). The feedwater pump (12) returns the feedwater
to the HRSG. Heating steam for the deaerator is extracted from the
steam turbine with a pegging steam supply from the HRSG drum, in
case the pressure at the steam turbine bleed point becomes too low
at off-design conditions.

The HRSG consists of three heat exchanger sections:
e The economizer (5)
e The evaporator (4)
* The superheater (3)

In the economizer, the feedwater is heated up to a temperature close
to its saturation point. In the evaporator, feedwater is evaporated at
constant temperature and pressure. The water and saturated steam are
separated in the drum (6) and the steam is fed to the superheater where
it is superheated to the desired live-steam temperature.

Figure 5-17 shows the temperature/energy diagram for the single-
pressure HRSG. The heat exchange in these three different sections is
distinctly recognizable. It differs from an idealized heat exchanger as
shown in figure 5-15 mainly because the water evaporates at constant
temperature. The area between the gas and water/steam temperature
lines illustrates the exergy lots between the exhaust gas and the water/
steam cycle. Even with an infinitely large heat transfer surface, this
exergy loss can neither be equal to zero nor can the heat exchange
process in a boiler ever be ideal.
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Figure 5-17 Energyrtemperature diagrim of a single-pressure HRSG

Two important parameters defining the HRSG are marked on the
diagram in figure 5-17. The approach temperature is the difference
between the saturation temperature in thedrum and the water temperature
«t the economizer outlet. This difference, typically 5 to 12K (9 to 22*F),
helps to avoid evaporation in the economizer at off-design conditions.

The pinch point temperature isthe difference between the evaporator
~PPerature on the water/steam side and the outlet temperature on the
W ttust gas side. This is important when defining the heating surface
B *he HRSG. The lower the pinch point, the more heating surface is
f*4Mred, and the more steam is generated. Pinch points are typically

‘ een 8and 15K (14 to 27“F), depending on the economic parameters
0 plant. .
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Example of a single-pressure cycle

Figure 5-18 shows the heat balance for the single-pressure cycle
where 73.3 kg/s (579’400 Ib/hr) steam at 105 bar (1508 psig) and 568'C
(1054°F) is generated. A small loss of temperature and pressure is taking
place in the live-steam line, after which the steam is expanded in a
steam turbine with an output 0f94.8 MW. The resulting gross electrical
efficiency of this cycle is 57.7%.

Energetic utilization of the exhaust heat is relatively low, considering
that the feedwater temperature is 60*C (140T) as illustrated by the
stack temperature of 133*C (271'F), as figure 5-19 shows in an energy
flow diagram; 11.4% of the fuel energy supplied is lost through the
boiler stack, another 29.9% is discharged in the condenser, and about
1% is equipment losses.
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Main design parameters of the single-pressure cyde

Live-steam pressure. In a combined-cycle plant, a high live-
steam pressure does not necessarily mean a high efficiency of the
Figure 5-20 shows how the steam turbine output varies with
live-steam pressure for a single-pressure cycle. Expanding the steam
«*y» higher live-steam pressure will give a higher steam turbine output
J*** to the greater enthalpy drop in the steam turbine. However,
®*e«use of the higher evaporation temperature in the HRSG, less
Will be generated, resulting in a higher exhaust gas temperature

fou' tUre’ore’ *n a I°wer HRSG efficiency. An optimum is normally
between these two influences. In the pressure range shown in fig.

How °PAmum "Ye-~eaT pressure is actually higher than 110 bar.
V% ver, at 110 bar the moisture content in tly? steam exhausted into
m condenser is already 16%, which is actually quite high for the last



78 Combined-Cycle Gas & Steam Turbine Power Plants

stage of the steam turbine and is, therefore, the limiting factor for the
selection of the live-steam pressure.

cyde (including steam turbine exhaust motsture content and HRSG efficiency)

The impact of the moioturc content on the polytropic otoam turbino
efficiency is shown in the appendices (equation A-29).

It is interesting that the high HRSG efficiency does not correspond |
to the high steam turbine output. At a lower live-steam pressure there
is a lower stack temperature and the energy in the exhaust gas is wdl
utilized. However, the steam turbine output at this live-steam pressure
is lower because of higher exergy losses in the HRSG. The reverse!
happens at higher dry air cooling section. It shows that exergy is morel
dominant than energy in determining the steam turbine output.
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ffect is illustrated in figure 5-21, the energy/temperature
e for two different single-pressure cycles with live steam
diagi»** of40and 105 bar (566 and 1508 psig). At the lower live-steam
pressure thermal energy is available for evaporation and
pressure» because (he evaporation temperature is correspondingly
SUpt'r The pinch point of the evaporator is the same in both cases. As a
the stack temperature at 4() bar is about 1I'C (2()"F) lower than at
105bar, which means that more waste heat energy is being utilized.

AMBBAfcWrgy/temperatjre diagram of a single-pressure HRSG with
'Ve"Steam P'Wsure of 40 and 105 bar (566 and 1508 psig)

CVgWNithImi** >t a higher live-steam pressure in asingle-pressure
turbine T* *ncrease in moisture content at the end of the steam
*nthe last mLIIMK" rno*sture increases the risk of erosion, taking place
content de turhine. Alimit is set at about 16%. Ihe moisture
pdsalso very much on the condenser pressure: the higher
e the lovwr the moisture content.
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A change in the live-steam pressure affects the amount of heat to be
removed in the condenser as shown in figure 5-22 (because of change
in the steam mass flow).

condenser pressure

A higher live-steam pressure creates the following economical
advantages:

* A smaller exhaust section in the steam turbine

« A smaller volume flow leading to smaller live-steam piping and
valve dimensions

« A reduction ofthe cooling water requirement

e Smaller cooling water equipment (condenser, pumps, cooling
tower, etc.)
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| dtoconsiderably lower costs, especially for power plants

Ih'S!'tiv e air-cooled condensers,
with «4*" . . .
1amount of live steam can also influence the optimum

The 10 e because it has an influence on the steam turbine
Uve-Steain P ret#ing the amount of live steam will result in a larger
efficiency A turbjne inlet, leading to longer blades in the first row
V 1Unturblne, which reduces the secondary blading losses. It follows
°K"~theOPtim”~m live-steam pressure also depends on the type of gas

because different exhaust gas conditions will result in
different Uve-steam flows for a given live-steam pressure.

In the example, a pressure of 105 bar (1508 psig) is chosen because
itis the highest pressure possible without excessive moisture content in
the steam turbine exhaust.

LIvMtM m temperature. For the chosen live-steam pressure as
shown in figure 5-23, raising the live-steam temperature causes a slight
decrease in steam turbine output. This is the result of two opposite effects.
Increasing the live-steam temperature (same as when live-steam pressure is
increased) «milts ina greater enthalpy drop in the steam turbine; however,
at the same time, additional superheating removes energy, which would
otherwise be used for steam production, resulting in a lower steam flow as
well as >corresponding loss in the steam turbine output and an increase in
the stack temperature. The latter is the dominant effect in this case.

The live-steam temperature cannot be reduced below a certain limit
for a given live-steam pressure because of the resulting increase in

le meistur« content in the steam turbine. To use a lower live-steam
temperature, the pressure would have to be reduced, which, would

>yt in a more negative effect on the steam turbine output than raising
the live-steam temperature

tem” tle menple with 105 bar (1508 psig) live-steam pressure, a

“Poem3101* °~ 6 8 ™ 54°F) ~as been chosen, which is close to the
1 current materials used for these plants.



82 Combined-Cycle Gas 8l Steam Turbine Power Plants

100

w—m

400 490 500 590 eoe
I-bf Steim Trmprrilitrt (49

Figure 5-23 Effect of live-steam temperature on steam turbine output for a
single-pressure cycle with 105 bar (1508 psig) live-steam pressure (including HRSG

efficiency and steam turbine exhaust moisture content)

For gas turbines with lower exhaust gas temperatures than the one in
the example, a lower live-steam pressure level would have to be chosen
for the reasons previously discussed.
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Design Parameters of the HRSG

Pinch point and approach temperature

Y ~ -porUnt parameter in the optimization of a steam cycle is the

of the HRSG (defined in figure 5-18), which directly affects

£9gIBOunt of steam generated. Figure 5-24 shows how by reducing the

A" Zgoint (with other parameters kept constant) steam turbine output

Increased. This is due to a better rate of heat utilization in the

However, the surface of the heat exchanger—and, hence, the cost

of the HRSG - increases exponentially as the pinch point tends towards
zero. In figure 5-24, a reference pinch point of 12K (21.6°F) is used.

T 190
HRSG HMtmg

Surface 180
Steam Turbine Output
m 170

160
50
140
*130
120
-110
. 100

* 4 6 8 10 12 14 16 18 20 22 24 26 28 3o’
Pinch Point Temperature («C»

point on relative steam turtyne power output and
surface
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Similarly, a smaller approach temperature (defined in figure 5-18)
leads to a better heat utilization but increased HRSG surface. For a
drum-type HRSG, a lower limit is set on the approach temperature
by the need to minimize steaming in the economizers for off-design
points. Our examples use 5K (9*R) for the approach temperature.

It is the sum of the pinch point and approach temperatures that
determine the steam production in the HRSG for a given live-steam
pressure and temperature. This means that a HRSG with 10K (18*F) pinch
point and 5K (9*F) approach temperature would have the same steam
production as one with 5K (9*F) pinch point and 10K (18*F) approach
temperature. However, the HRSG surface will not be the same in each case
(due to a different logarithmic temperature difference in heat exchange)
and so the optimum must be found, bearing in mind the limitation of the
steaming in the economizers and the impact of the HRSG surface.

Pressure drop on the water/steam side

A further influence on the energy available for evaporation and
superheating is the steam side pressure drop in the superheater. A
higher pressure drop for a given live-steam pressure means that the
evaporation takes place at a correspondingly higher pressure and
temperature level, where less energy is available for steam production
Other pressure losses, such as those in the economizers, do not influence
the steam production, but will have an effect on the power consumed
by the feedwater pumps.

Pressure loss on the exhaust gas side

The design of the HRSG should be such that the pressure loss on
the exhaust gas side (or backpressure of gas turbine) remains as low as
possible. This loss strongly affects the power output and efficiency of
the gas turbine because an increase in the backpressure will reduce the
enthalpy drop in the gas turbine. Some of the lost output is, however,
recovered in the water/steam cycle due to an increased gas turbine
exhaust gas temperature. This effect is shown in figure 5-25.
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en,m 5 3* Influcncc of HRSG backpressure on combined cycic output and

efficiency, GT output and efficiency, and HRSG surface

Lower pressure losses on the flue gas side, however, have a negative

.mPact °n the heat transfer due to lower gas velocities around the tube

undle leading to higher HRSG surface. Typical HRSG exhaust gas

Pfttsuri. losses are between 25 to 30 mbar (9.9 to 11.8“ WC). In the
25 mbar is used.
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Feedwater preheating

Between a combined-cycle power plant and a conventional steam
power plant, there are significant differences in the design/concept of
the feedwater preheating system.

Combin«d-cycle plant. Based on equation (4-2) It is clearly
visible that with a given gas turbine (power output and fuel input is
fixed) the efficiency of the plant will be maximized if the steam turbine
output is maximized. This is the case if no steam will be extracted
from the steam turbine for feedwater preheating.

Conventional Steam Plant. With a regenerative preheating of
the feedwater, an improved Rankine cycle (closer to the ideal C»mot)
will be achieved. This means that with a higher feedwater temperature,
less fuel input into the boiler is needed.

To attain a good rate of exhaust gas heat utilization in a combined
cycle, the temperature of the feedwater should be kept as low as
possible. Figure 5-26 demonstrates that for cycles with only one stage
of preheating using a steam turbine, extraction output and efficiency
fall sharply as the feedwater temperature is increased. This is because
the exhaust gases can, ideally, only be cooled down to a temperature
of about 10 to 15K (18 to 27*F) above the feedwater temperature.
The higher the feedwater temperature, the hotter the HRSG stack
temperature, the more energy is wasted.
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efficiency for cycles with one stage of preheating

This is one significant difference between a conventional steam
plant with a high feedwater temperature and the steam process in
0 co,"binod cycle plant. 1 conventional otcam plant attains better
efficiency if the temperature of the feedwater is brought to a high

evel by means of multistage preheating. There are two reasons for
thi* difference

conventional steam generator is usually equipped with a
~NeQeraiive air preheater that can further utilize the energy remaining
LiIne flue gases after the economizer. This is not the case in a HRSG,

energy remaining in the exhaust gases after the economizer

Ift principle, air coming into the gas turbine could be similarly

low ee™ At erlowering the stack temperatiye. However, this would
W e plant output significantly due to the decrease in air density at
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the compressor inlet and the fact that the gas turbines are volumetric:
machines, so that the inlet air volume flow to the gas turbine is always
constant, however the mass flow decreases.

Also, as shown in figure 5-27, the smallest temperature difference
between the water and exhaust gases in the economizer of an HRSG is
on the warmer end of the heat exchanger.

l.aero Tranxfrr (MW)

Figure 5-27 EnergyAemperature diagram for a single-pressure HRSG



Next Page
Combined-Cycle Concepts 89

meansthe amount ofsteam production possible does not depend
m the feedwater temperature. In a conventional steam generator, on
0 other hand, the smallest temperature difference is on the cold end

economizer because the water flow is far larger in proportion

Ace flue 8as “ow' As a I'Coi*L, in conventional boilers, the amount of
production possible depends on the feedwater temperature.

Kjgure 5-28 shows two examples of conventional steam generators

differing feedwater temperatures. It is obvious that with the
same difference in temperature at the end of the economizer, the heat
available for evaporation and superheating is significantly greater where
the feedwater temperature is higher. Therefore, raising the feedwater
temperature can increase the amount of live steam produced by a
conventional boiler. Further, by preheating the boiler feedwater, the
water/steam cycle efficiency is increased because more steam is fully
utilized and less energy is lost in the condenser.
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Applications of
Combined Cycle

The combined cycles described in chapter 5 are purely for electric ity
generation. In this chapter we explore how the thermodynamic
advantages of combining gas and steam cycles can apply for other
purposes-the production of thermal energy, or the repowering of
existing steam power plants by integrating a gas cycle into the existing
steam cycle. Some other, less conventional concepts are also discussed,
although most of these have limited commercial usage.

Cogeneration

Cogeneration means the simultaneous production of electrical and
thermal energy in the same power plant. The thermal energy is ueoally
in the form of steam or hot water. The types of cogeneration plants
discussed in this chapter fall into three main categories:

« Industrial power stations supplying heat to «n industrial process
« District-hcating power plants

« Power plants coupled to seawater desalination plants

The thermodynamic superiority of a combined-cycle plant over
a conventional steam power plant is even more pronounced 'n
cogeneration plants than in plants used to generate electricity alone- As
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X in chapter 4, table 4-1, the temperature difference between the
shown i . t"e QyCp ancj t[,e waste heat rejected to the environment

he® *bjgger in a combined-cycle plant than in a steam power plant.
'‘S~difference increases in relative terms if useful process heat is
4 * - ed In his case, the useful temperature drop gets reduced by the
pr alTlount, leading to an even higher ratio between combined-cycle
pUint* and steam turbine plants.

A cogeneration plant may also have supplementary firing in the
tegt recovery steam generator (HRSG). This offers greater design and
operating flexibility because the steam production can be controlled,
independently ofthe electrical power output, by regulating the fuel input
to the HRSG. The power output is controlled by the gas turbine. The
cycle efficiency will, however, be normally lower if supplementary firing
is used, not always making this an economically desirable solution.

Thermal energy In the form of steam can be extracted from the
HRSG, the live-steam or reheat steam lines, or from an extraction in the
steam turbine. The optimum extraction point depends on the required
steam pressure, temperature, and quantity over the load range. These
parameters are very important in defining the type of cycle that should
be used. The advantages and disadvantages of various solutions are
discussed in the following sections.

Industrial power stations

Wherever both electrical power and process steam arc needed, it
«emodynarnu ally and usually also economically better to produce
JO® products in a single plant. The number of possible concepts is
*«*@* hecause each plant is, to a certain extent, unique. The following
txamP'M have only one process steam supply. Often, steam supplies
N m ™t pressure levels are required, but the basic considerations
AnnnB unchanged. There are three basic steam extraction concepts
**®te to the steam turbine:

AV tycle with back pressure steam turbine
i7" with extraction/condensing steam turbine

mCycle with no steam turbine .
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The last concept is not really a combined-cycle power plant, but
rather a gas turbine plant with HRSG.

A simplified flow diagram for a cycle with a back pressure stean
turbine is shown in figure 6-1. The steam turbine (7) is designed so that
the exhaust pressure matches the process requirement (3). A bypass
(5) around the steam turbine is designed to reduce the live steam to
the required pressure and temperature level for the process in case the
steam turbine is out of operation and the process must still be supplied
In this cycle all of the steam generated in the HRSG goes into the
process, except for a small quantity used for feedwater tank heating
and deaeration.

Figure 6-1 Simplified flow diagram of a cogeneration cycle with a back pressure
turbine

For such a cycle, all or some of the steam supplied to the industrial
process may be returned as condensate. Any loss in mass flow must
be replaced with makeup water that usually enters the cycle at the
deaerator because it is fully oxygenated. Ifcondensate is returned m>in
an industrial process, the quality may be poor and it may have to be
treated before re-entering the water/steam cycle to achieve a suitable ,
quality. If the return condensate is at a high temperature, this
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Uthe temperature at which the feedwater tank operates or the
infli*ent™ f ~gjting steam to be extracted from the steam turbine to get

am?Unt t deaeration and feedwater heating,
sufficien 1

£ 2 shows a concept using an extraction/condensing
L ere, the process steam is extracted from the steam turbine,
"ro cess steam system (5), which must be held at a constant pressure
2®*p*5”7egulated internally (4) within the steam turbine. A backup
ffllL process is provided through the live-steam reduction
jfea (7)- The steam- which is not extracted for the process, further
_ i j, ™e turbine and is condensed in a cold condenser (8), as for
ijjoncogeneratmn plant. For such cycles, even without supplementary
firing, the process steam flow can be varied without affecting the gas
turbine load. This provides some additional operating flexibility, but not
to the lame extent as with a supplementary firing in the HRSG, which
allows a «team output even at a low electrical output. This is because for
the same gas turbine output, the steam turbine output and the process
extraction flow are interdependent in a smaller range.

_flow diagram of a cogeneration cycle with an extraction/condensing
1turbine



Applications of Combined Cyde

A cycle with no steam turbine is shown in figure 6-3. Thjs
appropriate if a large quantity of process steam is required at a hi J
pressure and temperature, leaving little pressure drops for a sttd
turbine expansion. In this example, there is supplementary firing
achieve sufficient process steam mass flow. The steam goes direttij
from the HRSG to the industrial process (5) and the HRSG is designej
to generate steam at the process conditions. The pressure may b 1
controlled by a pressure reducing station (4), but it is quite common fol
the main pressure control to take place within the plant to which th]
process steam is being exported.

Evaluation of a cogeneration cycle

The performance of a cogeneration cycle is defined not only by
efficiency, but also by parameters such as fuel utilization and p‘sver|
coefficient. These parameters take into account the thermal as well a*
the electrical output.

Fuel utilization is a measure of how much of the fuel suppl® [
usefully used in the plant. It is equal to the sum ofelectrical outputans
thermal output divided by the fuel input.
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el

B r coefficient (also called the alpha-value) is defined as the
The P en electrical and the thermal output. Combined cycles
ratio ~ c”jgh power coefficients; they are, therefore, more likely to be
tend* ,generation applications with a relatively high power demand.
the electrical output of the gas turbine about two-thirds
plant output—cannot be converted into thermal energy. In
a, steam power plant, all of the energy produced could be

3Crted to the process, giving a possible power coefficient of zero.

6_4is a heat balance for a cycle with a back pressure turbine
m a the 178 MW gas turbine and a single-pressure cycle with
Iplementary firing to 750°C (1382"F). The exhaust pressure of the
A a fairbine (and, hence, the process pressure) is 3 bar (29 psig).
c ondensate returns from the process at 50°C (122'F). A small amount
,ifsteam is taken from the steam turbine exhaust for feedwater heating
toachieve a feedwater temperature of 60°C (140°F).

I ML
0)ul°9
1t 7 MW
JITHNV) -U ]\
»«e., >U Fyn 14 <e
jnpir ~ at balance for a single-pressure cogeneration cyc‘e with

' "nentary f,ring
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The cycle is directly comparable to figure 5-60 (single-press
cycle with supplementary firing for electricity generation only), &
that the cold condenser of figure 5-60 is replaced by the indust
process operating at a higher pressure level. Performance o]
HRSG is the same in both cycles with identical stack temperatures
steam flows. Due to the high turbine back pressure, the output in'J
cogeneration cycle is 50.8 MW less than in the condensing cycle ™
electrical efficiency decreases from 58% to 48.3%. However, 239.7 \ b
of thermal energy is exported to the process in this case. This resu|
in a fuel utilization 0f93.9%. The remaining 6.1% of the energy is |
through the stack (5.5%), in radiation losses, and in generator ;
mechanical losses in the steam turbine and gas turbine. There is
condenser loss because all of the steam is used in the process,
power coefficient is 105%.

The power coefficient ofa plant is mosdy affected by three paramet
« Amount of fuel supplied directly to the boiler (if any)

« Size of the condensing portion ofan
extraction/condensing turbine

» Pressure level of the process steam

Figure 6-5 shows the effect of process steam pressure on the
relative power output and power coefficient for a combined cycl /thl
a back pressure steam turbine. The relative power output is tht' iatio
between the electrical output of the considered cogeneration plant
and the output of a condensing plant based on the same gas turhine.1
The reference point at 100% relative power output i0 equivalent) o I
a condensing cycle. The higher the process steam pressure, the less
electricity is produced because there is a smaller enthalpy dropB
the steam turbine. In theory, the power co-efficient approac hes 17
for back pressures equal to those of condensing applications. AsjH
pressure increases the power coefficient falls exponentially to
limit set by the gas turbine output because the steam turbine elecl”
output is falling and the thermal output rising at the same time
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Figure 6-5 Effect of process steam pressure on relative combined-cycle

neroutput and power coefficient for a single-pressure cycle with 750°C
supplementary firing

P * pop'll coefficient increaoco, tho clcctrical cfficuniy
AW *-«*n.p«o.,tally that of a fully condensing combined ode
inanU Ihe fuel utilization remains nearK <onstant bei atise

nocondenser, almost all ol the steam entering the steam
h ISUrk~*" USt'd- With a variation of the process steam pressure.
N~ N e n  electrical and thermal output. lhe sum of

N ==@eb>TTleal® COnstant extl‘l5t sor some losses in the generator
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Figure 6-6 Effect of power coefficient on electrical efficiency and fuel utilization

for a single-pressure cycle with 750°C supplementary firing

Where supplementary firing is installed, additional steam generation
contributes to the electrical output of the steam turbine only and has no
impact on the gas turbine output. Thermal output, therefore, increases at
a much greater rate than electrical output with increasing supplementary |
firing temperature resulting in a decrease in the power coefficient.

If Higher power coefficients arc required, an extraction/condcno
steam turbine offersgreater design and operating flexibility. The condensilj
portion of the turbine enables the electrical power output to be increas
but only at the cost of thermal output and fuel utilization. If design®
properly, such a cycle can operate at any point in the range from “f |
condensing to full back pressure mode. For back-pressure mode, coolul
steam may be required for the low-pressure part of the steam turbine.

The highest fuel utilization can be obtained with a cycle with abac®
pressure turbine but the flexibility is poor because the steam product?
can only be reduced by decreasing the gas turbine load. This nieasue
would, however, have a negative impact on the electrical efficient)
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Mai,d»*9"Parame,erS
AKavior and the influence of the design parameters of a
The yck, ]JWer plant for cogeneration application is similar to
comb>ne (Mchapter 5 designed for pure power generation.

difference is because with increased process steam

ANNANE nay be better to increase the life steam pressure to keep a

JAT jtehigh enthalpy drop in the steam turbine. Ihis is especially, true
pressure steam turbines with a high back pressure are used.

However, this leads to poorer heat utilization in the HRSG in the
cucofaringk pressure process. To avoid these losses, a multipressure
ycie can be used where the low-pressure steam can directly be fed into

the process steam system.

Figure 6-7 shows a cycle using an unfired dual-pressure HRSG
(2) and a back-pressure turbine (3). The LP steam is fed directly into the
process steam system (4). The process steam supply is backed up with
a pressure reducing station (6) from the HP live-steam line. It may be
necessary to regulate the temperature of the process steam by injecting
feedwater in the process steam line.

eeoc*e HunC | *eo*yne<
Tw Wm I K» Pre*amr» Irtw>
o eresy 1LP PY— —

Ur* 6-7 ci — -
a cogeneration cycle with a dual-pressure HRSG
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District Heating Power Plants

A district heating system uses hot water or steam to supply heat fOr
house heating. An efficient way to produce this hot water or steam is by
extracting steam from a power plant at the required temperature level, g
combined-cycle power plant is well suited for this type of cogeneration
of power and heat.

District heating water is required at temperature levels much
lower than those used for processes in industrial power plants. Usual
forwarding temperatures are between 80 and 120*C (176 and 248 F)
with return temperatures of 40 to 70*C (104 to 158*F).

Steam extracted from the LP part of the steam turbine is used
to heat this water. For exergetic reasons in larger installations it is
better to divide the heating into two or even three pressure stages.
Figure 6-8 shows the temperatures of hot water and steam required
in a one-stage and a three-stage process. Where a single stage is used.;
all steam must be extracted at the higher pressure level. This means
there is less steam expanding in the steam turbine, so the steam turbine
power output is lower than the one with a three-stage system. If only
a small temperature increase in the district heating water is required, a
single stage of heating may be good enough.



|-Cyde Gas & Steam Turbine Power Plants

The main design criteria for district heating power plants are,
the heat output and the heating water tem peratures, according
0 the ambient temperature. The strong positive influence that low
j“frperature has on power output of the combined-cycle plant is
Newantage in this case, as maximum heating output is demanded,
~"mmnibient temperatures are lowest. 'lhe design temperatures of the
AABheating water represent a compromise between maximization
I"Vtrical output and low costs for transportation of the heat.

not must have a high degree of operating flexibility, but must
button°me to°® complicated or too expensive. In particular, district
tOnj ~ P°Wer plants should not be designed Tor extreme demand

YK 0*18because this would make them too expensive and bring into
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question the economical feasibility. Only about half of the peak h

demand will be covered by the cogeneration plant. *«

Indistrict heating power plants, independentcontrol ofelectric ity ,InJ
heat production is not always required. These power plants are Usua]|J
integrated into large grids, where other power stations are available fol
adjusting the total electrical power output to meet the demand. Usual
the only output parameter that must be controlled in the district heatim®
plant is the thermal output and the water temperature. .

Figure 6-9 shows the flow diagram and heat balance for a typiJ
example of combined-cycle plant using an extraction/back-prcssur)
turbine with heating in two stages and a dual-pressure cycle (with the
same HRSG as figure 5-33). The first stage of district heating is done
using the steam turbine exhaust steam. The exhaust steam, at a pressure!
0f0.38 bar (11.2”Hg), goes into the first district heating condenser whei*
it is used to raise the temperature of the district heating water from >0
to 70*C (122 to 158*F). An extraction from the steam turbine at 0.78 bar]
(23”Hg) is used for the second stage of district heating, bringing water'
temperature up to 90*C (194°F).

Figure 6-9 Heat balance for a cycle with two stages of district heating
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I tely half of the steam mass flow is used in each district
APPr0Xin)t,nser>and at the design point it is optimal to have the same
heating*®" stage, as shown in this case. Condensate from the
heat I°a condenser cascades into the first stage condenser and is

A ueri™ hefeedwatertank-
to the condensing cycle of figure ;j- 34, steam turbine
fajlen by 21.1 MW due to the steam extraction and the
°utPU pressure. Theelectrical efficiency falls from r>8.6% to 54.1%,

bS the fuel utilization is reaching 90.2%.

| fagf« 6-FO shows a cycle using an extraction/condensing steam
turbine. This time, each stage of district heating uses a steam turbine
extraction, and there is a cold condenser at the exhaust of the steam
turbine into Which the steam not used for district heating is condensed
liter having been expanded in the low pressure steam turbine. This
tvpe of cycle can be used if there is a need to increase the flexibility of
operation between district heating and electricity generation or in case
a higher electrical output is required.

diagram of a district heating/condensing cycle
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Cycles coupled with seawater desalination units

In desalination plants, sweet water is produced out of salt water
(usually seawater). There are several possible processes to desalt
seawater, but often the process involves distillation, most of them use
heat to evaporate part of the seawater. By condensation of the steam
produced sweet water is obtained. A combined-cycle plant is a good
source of heat for this evaporation process.

Combining a power station with a seawater desalination unit is
particularly suited to combined-cycle plants because such power plants
are generally built in oil- and natural gas-rich countries, where ideal
fuels for combined cycles are readily available at a reasonable cost.

Larger desalination plants are usually designed to use the multistage |
multiflash process. Seawater is heated in a row of cells with increasing |
pressure with the final stage of heating (at around 100°C [212°F]) taking |
place in a heater supplied with steam from the combined cycle. HeatedJ
water returning through the cells heats incoming seawater in a counter!
flow heat exchange process. On entry to each cell the heated water!
undergoes a sudden pressure drop, causing instant evaporation of aJ
part of the water, known asflashing. A part ofthe steam produced then|
condenses and is collected while the remainder recondenses, heatin;
the cold water entering the cell before it moves on to the next stage. Thi
heating steam is usually returned to the water/steam cycle in the form
of condensate that-provided the quality is in order-can be admitted
directly into the feedwater tank.

The maximum temperature of the water being heated io limited to
prevent excessive formation of calcium carbonate (CaCO3) deposit
This limit is between 90'C (194*F) and 120°C (248‘F) depemimg
upon the type of additives being used. Corresponding neating-steain
pressures are between land 2.5 bar (0 and 22 psig), which are ideal
a combined-cycle plant because a back-pressure steam turbine with
high enthalpy drop can be used, ensuring a high electrical output.

The electrical power output and the flow of process steam 'lluSj
usually be controlled independently of one another, so it is appropi ultl]
to install supplementary firing or to use an extraction-condens*1*
steam turbine.
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~'H ire6-11 shows a typical How diagram based on a single-pressure,
AnCentary-fired HRSG, a back-pressure turbine that feeds a
~NjCfh A M lination system.

w«na~>

figure 6-11 Flow diagram of a cycle coupled with a seawater desalination plant

, steam is directly exhausted from a back pressure turbine
«jji' to desalination unit (5), where it is used to heat the seawater.
N stean' condenses in the desalination process and is returned to
°fetle’ t ter (6). Ifthe steam turbine is out of operation, supply
AnnBksalination steam is provided through a pressure-reducing
The high quantities of process steam at a low pressure

P Very targe diameter pipes to the desalination unit.

With . . L
be reacacombined cycle, electrical efficiencies of more than 50% can
Po\veiC ec*”/orsuch desalination applications. A conventional steam
ff8nt or gas turbine would not reach this level of efficiency.
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A combined-cycle plant is less suitable if the ratio between fresh
water produced and electrical power must be high, such as a 10~
power coefficient. In that case, either the additional steam demanded
for the desalination unit must be supplied from an auxiliary boiler
or a different type of power plant must be chosen.

Repowering

In this part various applications of the principle of combined cycle to
repower existing steam or gas power plants are described.

Converting existing steam power plants into combined-cycle
plants is known as repowering. Itis ideal for plants in which the steam
turbine, after many years of operation, still has considerable service
life expectancy, but the boilers are ready for replacement. The boilers |
are normally replaced or supplemented with gas turbines and HRSGs. |
Steam turbine units in older power stations generally have relatively |
low live-steam data and can easily be adapted for use in a combined |
cycle. Repowering to a combined cycle can improve the efficiency of |
an existing plant to a level relatively close to that of new combined-1
cycle plants. Some plants are repowered purely to benefit from this!
efficiency increase, even though they are far from the end of theirl
design life.

Conversion of conventional steam power plants

Figure 6-12 is a simplified flow diagram for a typical conventional
steam turbine plant before repowering. The conventional boiler j
(1) generates steam for the nonreheat steam turbine (2). There are fHirl
extractions from the steam turbine for feedwater preheating-three tol
LP preheaters (4) and one to the feedwater tank (3). Condensing in t'11 !
case is done using a water-cooled condenser (5). HP preheaters an |1
reheat are not shown in this example, but their presence would n° I
affect the principle of the repowering concept.
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Figure 6-13 shows the same cycle after repowering with an oil-fired gas
turbine and single-pressure HRSG. A preheating loop is installed in the
HRSG to supply steam fordeaeration (6). This means that the existing heaters
are net needed, and the steam turbine extractions must be blocked off. An
additional feedwater pump (15) must be installed for the preheating loop.

d combined cycle plant using an existing steam turbine
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Fornatural gas fuel with low sulfur content, adual-pressure cycle would
have been chosen leading to a better utilization of the exhaust gas.

Ifa concept using several pressure levels or even reheat is used, th
question arises, where to feed the steam in the existing steam turbine
LP steam can often be admitted into the crossover pipe between the Hp
and LP parts of the turbine. Ifthe steam turbine is too small, it may not
have an internal crossover pipe. In such a case, one of the existing feed
heating extractions could be adapted for use as an admission point.

W hen repowering, a decision must be made about which equipmentl
will be retained from the existing steam plant. This will vary from easel
to case and depends on technical, economical, and reliability criteria.l
Typically, the following systems will be reused:

¢ Building and foundations

o Steam turbine and generator

» Condenser (maybe with new tubes)

e Main cooling system

e Main transformer for the steam turbine
* The high-voltage equipment

These larger components would be expensive to replace. It mad
however, be preferable to replace most ofthe smaller components ol the
steam cycle because this can be done at relatively low cost. Retaining
them may create operational problems and have a negative effect on the
availability ofthe ropowcrcd installation. Thcac itcma include:

« Condensate pumps
* Feedwater pumps
e Control equipment
* Piping and fittings
+ Valves

To achieve efficiencies close to those ofgreen field combined cycles
isimportant to have a good fit between the size of the gas turbine(s) a” |
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Km turbine and that the steam turbine has live steam parameters
the****” A Qptimum values of a new plant. If the steam turbine is too
do**  ~ tj,e gas turbine is too small, the HRSG will not be able to
W e * enough steam to build up sufficient steam pressure in the
Pro< _trbine to achieve good thermodynamic cycle data,
steam].‘l,{ g y y

I-~se the steam turbine has lower live-steam data than required for
optimum cycle, the efficiency will also suffer.

Gas turbine with a conventional boiler

Modern steam power plants with reheat steam turbines can be
wpowerea USING @ concept called the fully fired combined cycle plant

to improve the efficiency.

Conventional boilers use fresh-air fans to supply the air for
combustion. Combustion air can also be provided by the exhaust gas
of a gas turbine, if it is installed near the existing steam generator.
The boiler must, however, be adapted to this new operating mode.
Because the temperature of gas turbine exhaust is much higher than
air after an air preheater-typically up to 550 to 650°C, (1022 to 1202°F)
versus 300 to 350°C (572 to 662°F)-modifications of the burners, and
maybe of some heat transfer sections of the boiler, are required. The
high temperature of GT exhaust gas requires a quite sophisticated
tintting iystem between the GT and the boiler.

HH}6-14is the flowdiagram for such acycle. lhe gas turbine exhaust
>A K» first through the conventional boiler (4) where the remaining
YBonuyocclfor combustion and then through uwiv.tc heat recovery
and 8) used for most of the feedwater preheating. The rest of
ANNADIngis done using the existing steam turbine preheaters (8 and
0 ®**hair fan (14) is retained for use in case the gas turbine is out of
~h* bypass stack in the gas turbine exhaust (3) pro\ ides extra
'nod iff! #"x‘bility and allows the gas turbine to operate in single cycle
AV e water-/steam-cycle or main boiler is out of operation.

v*¥lue oftiL?)OWerin!" ‘s highly sophisticated and costly. The economical
solution is often questionable.
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Figure 6-14 Flow diagram of a gas turbine combined with @ conventional Steam

cycle (fully fired combined-cycle plant)

Obviously a key factor when considering such a conversion is the
availability of space close to the boiler so that the gas turbine and the |
heat recovery system can be installed at the end of the boiler.

For steam power plants that burn gas or oil, the efficiency can |
raised thanks to this conversion by more than 10% (relative) and powl
output by 20 to 30%. With coal burning units, there io Icor. potential
gain because the conversion itself is even more complex and there s
less improvement in efficiency.

Parallel-fired combined-cycle plant

Figure 6-15 shows the parallel-fired combined-cycle plant,
repowered cycle designed to have a very good efficiency com bined "™*m
high operating flexibility.

A special aspect of this concept is that it is primarily intended
conventional coal fired plants where the conventional boiler is to rein
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in operation. Ihe gas turbine (1) and HRSG (2 and 3)

untO®L . in parallel to the conventional boiler to provide a second
alemS f HP I‘'ve steam for the steam turbine. Also here, the exhaust
sour* en(j oj-thc HRSG is used for feedwater preheating. lhe

heat Action of the HRSG is designed to generate HI' steam to be used in

turbine in parallel to the steam provided by the conventional
the s existing steam and feedwater heaters are reused but only
be tidff fed wit® watcr’ reducing the steam flow extracted from the
P*Y7~~>ntj increasing the electrical output. Ihe remaining feedwater
Cheated up in the HRSG.

ANANpre6-15,total live-steam flow from the HRSG and conventional
boiler expands in the steam turbine (5) and the total amount of cold
reheat «team is fed to the reheat section of the conventional boiler
where it is reheated before expanding through the rest of the steam
turbine. The reheat temperature should be kept at the original level to
maintain maximum efficiency. If the additional flow from the HRSG is
relatively high compared to that of the conventional plant, measures
must b* taken to maintain the reheat temperature (e.g., exhaust gas
recirculation, tilting burners, etc.).
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There are three main operating modes for this concept;
¢ Original mode without the gas turbine and HRSG in operatioj

« Parallel mode, where the conventional cycle, gas turbine, and |
HRSG are in operation at the same time

e Pure combined-cycle mode, where the gas turbine, HRSg |
and steam turbine are in operation without the conventional |
boiler. If the original cycle has reheat, a reheat bypass is I
necessary for this mode of operation.

Table 6-1 shows some performance data for a converted 500 \|bl
conventional steam turbine power plant with the 178 MW gas turbiijj

Table 6-1 Conversion of a 500 MW steam turbine power plant into a paratlel-t rtd
combined cycle plant
Original mode Parallel mode combined Cyclo xxfc

Fuel Input (LHV) MW 1312.9 1,496.6 4730
Steam Turbine Output MW 502.3 4954 87.0
Gas Turbine Output MW 0 178 178
Total Gross Output MW 502.3 673.4 2650
Gross Efficiency (LHV) % 38.26 45.0 560
Auxiliary Consumption MW 327 305 4.9
Total Net Output MW 469.6 642.9 260 1
Net Efficiency (LHV) % 35.77 42.96 5500
Net Heat Rate (LHV) kI/VWh 10,065 8.380 6,545
Net Heat Rate (IHV) RtiAW h 9.540 7.943

Net Marginal Efficiency of Gas (LHV) % 58.90 55.00 __.

Highest overall efficiencies are obtained with pure combined
mode and the highest output with hybrid mode. However, in pal®
mode the net marginal gas efficiency (the contribution of the
in the gas turbine to the total efficiency) is higher than in conib'?J
cycle mode. This means that plant fired in parallel is a very ell®2 U
way of burning natural gas, making this an interesting alternati""»
separate plants. Combinations of the previously mentioned inodes™*
also possible resulting in high operating flexibility and a wide op11
regime. The conventional boiler can be fired with coal, oil, or gas
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c<*'b'ned

[ f operating mode at any moment will depend on the
The «b°1ce for electricity and fuels. As the relative prices of gas and
PriCeS., niand for electrical output vary, the operator can decide

coal»0**1 | nbe run most economically at any one time,
hich m °de i i i .
Amtowever, also be mentioned here that this solution is

il and Will not gain a large market acceptance.
comp’'03 a

Conversion of an Existing Gas Turbine
power Plant into Combined Cycle

The conversion of an existing simple-cycle gas turbine plant into
combined cycle is quite easy compared to the conversion of a steam
power plant, bownstream of existing gas turbines a steam cycle can
be added, having the same characteristics as the steam cycle of an
optimized new combined-cycle plant/Ihe major issue is the availability
of space close to the gas turbines to install the HRSG without long
ducts for interconnection. The other factors to determine whether
such a conversion makes economical sense are age and status of the
gas turbine.

If the gat turbines are too old or in bad condition it does not make
Inuch sense to install a complete new steam part, which has much
higher specific cost than the gas turbines (approximately twi<e the cost
ofagas turbine plant).

older gas tui bines. the resulting! omhined »w le plants
“Yhave a low efficiency compared to a completely new plant.



Applications of Combined Cycles

Special Applications

There are several variations in the way a gas cyde can be combined
with a steam cycle, which can largely deviate from the type ofcombined
cycles discussed so far. Some of these cycles have proven to be of sortie |
interest; others may gain some acceptance in the future; and some wj|
never be realized. As yet, few of these have achieved any commercial
status because they are either complex or costly or use components |
which are not commercially available. Some of the most important ofl
these applications will be discussed here.

Applications with alternative fuels

Where no natural gas is available, there is increasing interest ini
looking for ways to use available alternative fuels such as coal, heavy!
oil, and crude oils. Often these fuels have high sulfur content or are
unsuitable for firing in gas turbines, so they must be treated before
they can be used. Generally steam or heating is needed in the fuel
treatment process, which can be provided by the combined-cvcl®
plant and results in some very interesting but complex integrate®
processes. One ofthese processes has gained some level ofcommercia
acceptance and is described in chapter 12.

Pressurized fluidized-bed combustion (PFBC). A typicl
cycle of this type is shown in figure 6-16. The gas turbine has aij
intercooler (4) between a low-pressure (1) and a high-pressure (
comprcooor. Atthe outlet ofthe comprcooor, air io fed to the combuotic
vessel (5) with a pressure of 12 to 16 bar (160 to 218 psig) and forc<
through the fluidized bed where the combustion of the coal takes pl %*
Coal is mixed with sorbent before entering the combustion process |
bind chemically the sulfur contents in the coal. To obtain a high dcg<
of desulfurization, the bed is maintained at a temperature of 850
(1560"F). Before leaving the combustion vessel, the exhaust gas is
through cyclones (8) to clean it before it is expanded in the gas turbiflj
(3). The exhaust heat of the gas turbine is recovered in an economy
(10), which is used for the final stages of feedwater preheating (1?)-
steam turbine is a single-pressure turbine with reheat (11).
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Figure fr-16 Flow diagram of a PFBC process

Netefficiencies are clearly above those of conventional power
plants burning coal, although well below the level of pure combined-

cycle plants because of the relatively low gas turbine inlet temperature
(i.e., 850*C (1562*F)).

Anotheradvantage ofthis cycle is that the fluidized bed with its steam

generator is very compact. It takes much less space than a conventional

r>«though thio io portly counteracted by the large economizer

1 die gas turbine. Ihe small storage capacity of the steam generator

B W itthe steam process reacts very quii kI\ to changes in demand
fr°m the load control system.

the design is complex and requires a specially designed

‘urbine I\ Very different from today’s standardized industrial gas
t° ' % means that the investment cost are very high compared
chan*1*13* &s’ ®rec* combmed-cycle plant. Consequently, there is
major b MCe ™ at this system will ever gain market acceptanie. lhe only

buc?i*Mer Mav'ng promoted this technology is ABB, who has left
" ness altogether.
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Steam injection into the gas turbine (STIG) cycles

We have already seen how injection ofsteam into the gas turbine can |
be used to reduce NO, emissions. This decreases the efficiency of tht. 1
combined cycle, but increases the power output significantly. Cyclesm
in which steam is injected into the gas turbine are known as steam-1
injected gas turbine (STIG) cycles.

Figure 6-17 shows a STIG cycle in which all the generated stearnl
is directed into the gas turbine (4), apart from a small amount used forl
feedwater preheating and deaeration. Because steam is required only ini
the gas turbine at one pressure level, a single-pressure HRSG is used (214
The quantity of makeup water to the cycle is very high because all of the!
generated steam is lost to the atmosphere in the process. Thistype ofeyekl
is suitable for use as a peaking unit in countries where water is plentiful. it
is simple and cheap, attaining a high specific output and a higher efticiency!
than the gas turbine alone, although notas high as that ofa combined cycles
However, if the injected steam flow is equal to more than approximately
2% to 4% of the air-mass flow, major modifications must be made to the |
gas turbine. This limits the commercial viability of the conceptbecause gat]

m iy «>]

Figure 6 -17 Flow diagram of a STIG cycle
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L .C are standardized and are only modified for special applications

~mjToibstantial economic benefit can be expected.
when s
~mother, more efficient variation on this type of cycle is the Turbo

ABrycle, shown in figure 6-18. It is suitable for smaller plants with
ANK grivative gas turbines. A steam turbine (4) is installed on the
~B«haft as the gas turbine (1) and shares the gas turbine generator.
~Htale-pressure HRSG (2) generates steam for the steam turbine,

ding it to a level suitable for reheating in the HRSG and injecting
(fiHnto the gas turbine. Thanks to the steam turbine, the power output
L~fcjficiency of this cycle is higher than the STIG cycle, but still does
»o« reach the level of a normal combined cycle. This, and the fact that
the water consumption is so high, is part of the reason for the limited

ommercial acceptance of the STIG cycles or Turbo STIG.
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Humid air turbine (HAT) cycle

The principle here is to increase gas turbine output by using IiUrniJ
air as the working fluid. A flow diagram is shown in figure 6- 19.  j
from compressor cooling (3 and 4) and the gas turbine exhaust n
used to generate steam, which is being mixed with the compressel
air. The result is an airflow with up to 25% steam content. This air J
then heated, again using gas turbine exhaust heat, before entering thj
gas turbine.

Figure S-19 Flow diagram of a HAT cycle

Efficiencies reached with this cycle are not as high as thosi
normal combined cycles, but the HAT cycle can reach higher spt'l*m
output levels. The cycle is also suited for use with coal gasified'n
plants where available low-grade energy could be used to generate til
required steam.
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c”™ 60y

L ukies in the HAT cycle lie in the operational complexity and

consumption that would cause problems where water is

the hifS~j~ new gas turbine development is needed due to the changed

sea** ttern ,n both the compressor and turbine of the gas turbine. This
~  robably be the main obstacle in commercializing this cycle.

J gXwjth alternative working media

Another way of improving the performance of a combined-cycle

using fluids other than pure water/steam in the bottoming cycle.

lhe idea's [at usinKa mixture °f fluids, such as water mixed with

nunonia, the evaporation in the HRSG will no longer take place at

NVone temperature but over a range of temperatures. lhis serves to

educe the exergy loss between exhaust gas and working fluid, thereby
increasing the efficiency.

Thicycles operate at only one pressure and are theoretically more
suitable for gas turbines with relatively low exhaust temperatures, such
as aero derivative machines. Condensation takes place at more than
one temperature, which complicates the condensing system. Another
disadvantage is that this cycle relates to the toxicity or aggressiveness
of the fluids used. Leakages could lead to environmental pollution or
health problems.

As gas turbines develop towards higher inlet and exhaust gas
temperatures, the advantages of these alternative working media for
"mbined-cycle plants will vanish.
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Gas Turbine

The gas turbine is the key component of a combined-cycle g
generating approximately two-thirds of the total output.

The gas turbine process is simple: Ambient air is filtered, compre«
to a pressure of 14 to 30 bar (190 to 420 psig), and used to burn thefuel
producing a hot gas with a temperature generally higher than 1,
(1832°F). This gas isexpanded in a turbine that drives the compressora
generator. The expanded hot gas leaves the turbine at ambient ¥
and at a temperature between 450 to 650°C (842 to 1202°F) dependii
the gas turbine efficiency, pressure ratio, and turbine inlet temperad

The combined-cycle plant has become a competitive thern
power plant only ac a reoult of the rapid development in gas
engineering, which is still ongoing. Gas turbine development genefl
involves increasing gas turbine inlet temperatures (e.g., by impI®
cooling technologies) and increasing compressor air flows.

full

Increasing gas turbine inlet temperatures produce a higher
enthalpy drop and, therefore, increase the efficiency and outp®
the gas turbine and the combined-cycle plant. This can usua”B
achieved using the same compressor, and even though an add**
investment for materials may be necessary, the specific cost ol the B
is reduced. Because fuel costs and capital costs are the main d ®
for the cost of electricity generation, the gas turbine inlet ten>Pe” B
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co**r

mincreased tO the full potential of the material to improve the
sh~,Jenees ofthe product.

n ilJ to the development of the turbine, there has also been some
N H  f]t jn the compressor as well as substantial development
systems. Today's compressors can handle much larger
AT flows and higher pressure ratios, resulting in higher power
Jr"~reduced specific costs, and improved efficiency.

Annn) tion technology plays a leading role in modern gas turbine

Rapidly growing demand for increased turbine inlet

eC ratures and tightened emission regulations represent a great

j*ABConflicting demands must be brought into harmony. Ihe

mbustion system has to produce a turbine inlet temperature as high

ossiblefor performance reasons, but maintain a flame temperature

. 10w o+ POSSible due to emissions limits (NO, production increases
rapidly with flame temperature).

Stoichiometric combustion in diffusion burners results in high flame
temperatures; therefore, the use of premix burners for lean combustion
with significantly lower combustion temperatures compared to
diffusion burners is common practice. Various design configurations
exist for premix burners, but all are based on the targets of producing
a uniform fuel/air mixture, operation with reliable flame stability

'tequarding against extinguishing and flame flashback), achieving

‘form ubnperaturi' distribution at turbine inlet, and, last but not

M ensuring complete combustion of fuel.

requirements have to be overcome; these include aspects

Oltximum air for the combustion process but also sufficient

*g** for hot gas path parts as gas temperatures me rease lbis results
"'~mjmbustor designs with reduced surface area that requires less

N Jj** O ne positive aspect that results from smaller <oministors is the
en oxides formation. NO, formation directly depends on

of hot flue gases in the combustor. On the other hand,

Aptout of fuel must still be ensured in these small combustors.

Vhhioki . ) - :
Sst*ni8 Ydeveloped <omp.u tand highl\ stiossed premix i omhust ion

rpom™  “~combustion driven osi illations. I'ressuie fluctuations m
en by a thermo-acoustic resonance system causes
Nations at the burner outlet, which result in oscillating
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premixed fuel/air mass flow and additionally fluctuations in composite

(fuel to air ratio) caused by differences in the acoustic properties of the ajJ
and fuel system. The resulting heat release fluctuations can create a self!
induced feedback loop. Excessively increasing amplitudes in combination
with the harmonic frequencies of the combustion system can cau&
combustion disturbances (flame flashback or extinction), mechanic
influences, and pronounced casing vibrations resulting in wearing and
fretting damage, and so on. In case high combustion dynamics occu

during operation, it is good practice to use a protection system, whicj
takes action on engine parameters to decrease the dynamics.

Additionally, competitiveness is increased with new gas turbine]
concepts, such as sequential combustion that appeared on the marka
in the 1940s and was re-introduced in the 1990s. The gas turbine ha
two combustion stages, with an intermediate turbine section, and
a higher exhaust temperature. This means higher combined-cvcli
efficiencies can be achieved without raising the firing temperatures.!

Figure 7-1 depicts the historical development of maximum air fid
and gas turbine inlet temperatures.

Figure 7-1 Historical trends in gas turbine inlet temperatures and compressor
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o categories of turbines

power generation 9as turbines can be classified into two categories:

B*jhe aeroderivative gas turbine, comprising a jet turbine
m K indified for industrial duty and frequently incorporating a
jeparate power turbine

~meavy-duty industrial gas turbines, originally derived from
* gteam turbine or jet technology

1'S~roderivativcgas turbine is normally a two- or three-shaft turbine
«UhaSriable-speed compressor and drive turbine. lhis is an advantage
lor part-load efficiency because airflow is reduced at lower speeds.

Inlet iwnperatures in jet engines are higher than in industrial gas
turbines. In a jet turbine, weight plays the dominant role, and thus
product and maintenance costs are less important than with industrial
casturbines, where long intervals between inspections are demanded. For
that reason, and because of the smaller dimensions of the hot gas path,
the trend toward higher inlet temperatures and greater power densities
has progressed more rapidly in jet turbines than in stationary machines.

Aeroderivatives generally offer higher efficiencies than their frame
counterparts as a result of aero technology. Furthermore, they are
'mailer and lighter for a given power output, and can be started rapidly
because oftheir inherent low inertia. Because these turbines are derived
lomn jet engines, they retain many of the features designed to allow
d on the wing” maintenance of aero engines. lhe small physical

AnBplierodi'riviUive cnablco it to be removed from it: nacelle and
rePlaced within a day.

i, aff~tage when the aeroderivative is operating with a generator
of Im/1 Is no compressor braking the power turbine in the event
Or Iwo'sbaft turbines are usually used lor compressor
als® variakuVeS w”ere the operating speed of the power turbine is
O Lk to the maximum si/e of aircraft, aeroderivatives are
ANB~Mximately 50 MW electrical output.

3 *ingle_sha™ Inc"Ustr'al gas turbines are practically always designed
F machines when used to drive generators with outputs
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greater than approximately 30 MW. Due to the increased turbine jr

temperatures and compressor air-mass flows, today’s gas turbines fJ
power generation can achieve electrical outputs of up to 340 \jy
Figures 7-2 and 7-3 depict typical modern gas turbines. Figure 7.
shows an aeroderivative unit, and figure 7-3 a heavy -uty industrial J
turbine designed for 340 MW output.

As gas turbines have become standardized, they have begun to |
manufactured on the basis of sales forecasts rather than orders receivJ
This results in a series of frame sizes for each gas turbine manufacture
and, hence, shorter installation times, lower costs, and lower prit(
Major developments in heavy-duty industrial gas turbines have bei
achieved in the last decade. A major impact has been made by tl
introduction to the market of gas turbines with sequential combustion

Dry low emissions  Last two Stages

LP bleed added
combustor replaces of LPT and exhaust

New

compressor aero annular can redesigned

replaces fan
Rear drive |
added

Figure 7-2 Industrial Trent derived from the aero Trent 800.

Source: Rolls-Royce pic Registered trademark Rolls-Royce pic.
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Figure 7-fc Heavy-duty industrial gas turbine

Gas turbines with sequential combustion

Ina gas turbine with sequential combustion, compressed air enters
be firstjpmbustion chamber located downstream of the compressor
'let. Here, fuel is combusted, raising the gas temperature to the
nl?t temperature for the first turbine. The hot gas expands as it passes
'rough this turbine stage, generating power before entering the second
robuotion chambe r where additional fuel ir, combusted to reach the
*®jjjyeraturc for the second turbine section, where the hot gas is
*ted to atmospheric pressure.

1*h M ul?SamC ~as tur®int' in*t temperatures as in a gas turbine with
«frbustu.n stage, a higher efficiency can be ac hieved with the
ernisj,ions levels.

”'i?urg 7 o . .

npl(.~ j ;" shows a gas turbine with sequential combustion. The
*S ~es'8nec* f°r a pressure ratio of 30, followed by the

Prex*y|* Combustion chamber, the high pressure turbine, low

UnktmC°n™*H,Stion ch*mber, and low-pressure turbine. A compact
fits all this equipment into one casing on a single-shaft.
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Figure 7-4 Gas turbine with sequential combustion

Table 7-1 lists the main characteristic data of modern gas tirbi
designed for power generation.

Table 7-1 Main characteristic data of modern gas turbines for POWEI gene

Power Output (ISO condition) up to 340 MW

Efficiency (1SO condition) 34-40%

Gas turbine inlet temoerature (1SO 2314) 1,100-1.350"(2.012-2.4624)
Exhaust gas temperature 450-650°C (842-1202°F)

Exhaust gas flow 50-820 kg/s (397,000-6,500,000Ib/hr)]

In the past, gas turbines were mainly developed f([
simple-cycle operation and the majority of gas turbine insta®”M
were of this type. These gas turbines were often used as pea
stand-by machines. The first combined-cycle power P~~~y WU
based on the same gas turbines, but operated in intermedias
load applications.
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H application for the pas turbine is in a combined-cyde

lhe ,njrL. this has had a corresponding impact on gas turbine
a>figura nt ~d equipment. The mam market breakthrough of the
“velopnI* ~ coinbined-cycle operation took place in the mid 1980s
tur teChn<>logy is now mature and widely applied. Improving
and d*  performance lowers the cost of electricity, increases the
g»* tU» *iveni"»4 of the product, and thus motivates manufacturers to

Avest'in new designs and upgrades.

Because new models of given gas turbines are often sold before the
unit running has accumulated many operating hours, attention
st be paid to corresponding risk mitigation measures.

Inspections

Gas turbines achieve a very high level of reliability through regular
and properly administered inspection and maintenance activities.
Ina combined-cycle plant, the inspections for the other equipment
can usually be completed in the window defined by the gas turbine
inspection schedule

Degradation
*he output of a gas turbine is subject to degradation that has two
causes:
* is recoverable During operation, attention must

paid to compressor and turbine fouling.

is non-recoverable unless parts are replaced

°P*n <>cours because the gas turbine operates in an
lel>ed. QL f * “*nPressor ingests air that cannot be completely
" 4,it*d to ’ouing8 is reduced by an air filtration system that

'mqui-nj trUll("™ mental conditions at the plant site. The filters
r Merof thet**”N ** wo'*tage filters or self cleaning pulse filters
only suitable for use in dry climates.

- Corxmiicai,, 1 . .
“I, N «tee (+ ratlon °~a power plant with gas turbines, proper

a¥ filter system, togetherVith well balanced
for compressor cleaning (on-line and off-line) and



filter replacement, are essential. Pressure drops in the air intajg ™ *
result in performance losses. One mbar intake pressure drop Cau* * B

« Approximately 0.1% output loss
» Approximately 0.03% (approx. 0.013% point) efficiency 104

The design and size of the filter structure dictate the basic o fl
drop of the intake system. The design pressure drop ofa new
filter bank is normally on the order of 2 mbar. The approach) ﬁét04
air upstream of the filter surface is approximately 3 m/s.

It is, however, impossible to keep the compressor completelyi®B
Ihe fouling that results causes losses in output and efficiency

Two types of compressor cleaning can be used to help recol
these losses:

* On-line washing
» Off-line washing

On-line washing is straightforward but because the t peratfl
increases through the compressor, the cleaning solution evapc rates*
cleaning is limited to the first compressor rows.

Off-line washingis better suited to large, modern gas turbinesb e cifl
it is more effective. However, it requires shutting down and  olingP*
engine. Washing at low speed is preferred (e.g., ignition peed
the machine cold). The machine is, therefore, out of op iitionH
approximately 24 hours, chiefly forcooling down priortoand lor<uw
the engine after waohing. Thio type of washing io best done bcfol*B
after an inspection. The amount of cleaning solution needed isone
order of 40 to 200 liters per washing cycle.

Keeping degradation as low as possible requires an optimjB
maintenance program that includes a well-balanced combin®*T
following measures:

* On-line compressor cleaning
¢ Off-line compressor cleaning

 Air intake filter replacement (partial and complete n
dependent on distribution of dirt deposits)
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.onHation for replacement of air filter elements is a
x ivpiclL FEEOPUEL o g mbar over all filter elements.

cleaning in a gas-fired machine, anv remaining

After ccmPdueto aging. The symptoms of aging alter 8(XX) hours in
n t0r . dean fuel are a:

ctlon in combined-cycle plant output of about 0.8 to 1.5%
-b(pObb in combined-cycle plant efficienty of about 0. to 0.8%
#«in*decreases with time between major overhauls.
The rate ot ag»«s

ausedprincipaHy by theash formed by combustion
neavy TU*I* and in the additives used to inhibit high temperature
r~inn It Unavoidable with heavy fuels, but can be limited by
lecting the proper type of additives. Heavy- and crude-oil-fired gas
vines can also be equipped with a turbine washing system Turbine
fouling i* less of a problem in peaking or intermediate-load operation

because of the self-cleaning effect of startup and shutdown.

Typical degradation (after compressor washing) in combined-cycle
plants after 8,000 hours of operation on heavy or crude oil are a:

* Reduction inicombined-cycle plant output of 4 to 5.5%
« Reduction incombined-cycle plant efficiency of 1.5 tol .9%

" [ite ofdegradation also decreases with time Figure 7 '>shows the

"relation between degradation and maintenance measures with a
nphfied graph.



Figure 7-5 Types of tosses contributing to overall performance degradation
(source: ASME Paper 2003-GT-38184)

In the past, corrosion problems were one of the major causesof |
gas turbine failures. Because of the use of better blading mater
and coatings, problems of this type have practically been elimina
Whenever heavy fuels are used, particularly those containing vanadeJ _
or sodium, it is necessary to use additives or treat the fuel to j ventl
high-temperature corrosion. The additives commonly used are ajed|
on magnesium, chromium, or silicon.

Fuels for gas turbines

More than three-quarters of installed gas turbine capac ity use ‘tunjl
gas and light distillate fuel whereas fuel oil is most often used orL{*H
a backup fuel. These clean fuels enable the highest performance
state-of-the-art gas turbines, allow dean combustion with the loI*"H
emissions levels, are easy to handle, are compatible with appr®*u
standard combustors and auxiliary equipment, provide the
mode of operation, are synonymous with high plant availability* m
require the lowest maintenance effort.

Ihe remaining quarter uses unconventional fuels, such a$Spii
like low BTU natural gas, off-gases from iron making processes



Gas & Steam Turbine Power Plants

ixX"

derived from various source fuels, but also heavy fud

OH crude oil, naphtha or gas condensate fuels, and so on.

oil- **+« . (j*pse fuels in gas turbines requires special efforts for the
L°ir* d e Sign- “or Sas turb‘ne compressor/turbine design, for fud
supply systems, for fuel treatment and/or conditioning, for

AN K jects and for emissions control. Table 7-2 gives an overview of

* Afcal fuel properties and their consequences for gas turbines.

Mb(e 7,3 Critical fuel properties

Fuel Properties

uaViwosity
(itduced lubricity)

High Viscosity

low density
\ValUTE flow)

low flash point
low boiling point =

(htfivapatir pressure)

lew ignition [nrt

(auto ignition)

CU*minan’s b ¢h
TPW»>WtOfros«i.
eh*P«rts)

[f*. heating value

n Bow)

value

"fiune flow)
~Hjc

Fuels

Naphtha. Kerosene.
Condensates

Heavy Oils
Heavy Residues

Naphtha, Condensates

Naphtha. Kerosene.

Liquified Petroleum Gases (LPG)

Hm Speed Diesel (HSD)
Condensates

Naphtha, Condensates

Contaminated fuel oik.
Crude oils. Heavy Oils
Heavy residues

Process and synthesis gases
(low calorific gases),
Low BTU natural gas

IPG, gaseous and liquid

~ocess and synthesis gases
(low calorific gases)

Gases with high
boiling components

Effect

Effect on fuel supply system
(e.g. pump design)

Effect on fuel supply system
(e.g. pump design, trace heating)
Requires start up, shut down and
flushing systems
Effect on fuel atomization (fuel heating)

Limits for fuel supply system and
burner nozzles

Increased explosion protection effort
fInkl. start-L|) and shut-down fuel system)
Increased ventilation effort

Effect on premix capability
Increased explosion protection effort
Increased ventilation effort

Effect on blading and hot gas path.
Counter-measures:
- Temperature reduction

(reduced performance)
- r-uel treatment (wasnognmonor dosing)

Effect on layout of compressor,
burner nozzles, fuel supply system

Effect on layout of burners, fuel
supply system
Limited start-up and part-load capability

High flame velocity.

Effect on premix capability
more explosive than natural gas

Droplets causese n m and non constant
heat flow
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Gaseous fuels

For comparison of gaseous fuels the heating value is not VI\]
only criterion. The Wobbe index (or Wobbe number) is used f,*I
classification of fuels. The Wobbe index is a key parameter for the he I
capacity of a gaseous fuel or, in other words, it is an indicator for th |
interchangeability of gases. Gases with same Wobbe index produce anl
identical burner heat load at the same burner pressure and can thereforJ
be used in the same burner.

The Wobbe index for lower heating value is defined as:

W, =—2 — [j/mJ, kWh/m’ or Btu/ft3] (7
N '

where W, =Wobbe index, Q » heat input based on lower heating value,
p = density of fuel gas at standard conditions, pr=density of air at
standard conditions.

Gases with same Wobbe Index or within a range of *2 to 5% fori
premix burners (x15% for diffusion burners) can be used in the samel
burner. The Wobbe index of a gaseous fuel can be adjusted by diluting
it with inert or lean gases (e.g., steam, nitrogen) or improved by adding
rich gases (e.g., evaporated LNG).

Some fuels are usually known as liquids, but will normally be
vaporized for combustion in gas turbine combustors. Propane, butane, |
and liquefied petroleum gas (LPG) are typical fuels of this kind.

Natural gas in pipeline quality is the typical standard fuel suitable
for use in standard fuel supply systems and combustors. Critical
properties such as Wobbe index, heating value, composition, and the
compounds with usually restricted concentrations such as hydrogen-
higher hydrocarbons (>C3), hydrogen sulfide, and mercaptans are set j
and maintained within defined and acceptable limits.

Depending on pipeline pressure and the pressure ratio of the gas
turbine, two different cases are possible:

» The pipeline pressure is too low and compression is necessarv
In this case it is of essential importance to avoid any carryover
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I fliquids (e.g., lubricants) from compressor equipment into the
f fuel ga* stream.

S pipeline pressure is too high and pressure reduction is

mlgggggaiy. The resulting temperature drop involves a risk of

[ condensation Of gaseous constituents. Separation of liquid
phases and heating of the gas may be necessary.

ma both of these cases, the control system for regulating the pressure
of fuel gas supplied to the gas turbine system requires particular
Mention. Rapid flow changes are frequent, especially during gas
turbine startup and shutdown, or, as an extreme case, on gas turbine
gte Typical gas pressure controllers are not able to handle such
rapid changes with a fast response. Gas turbine controllers require a
defined, constant fuel gas pressure upstream of the load control valve.
Pressure fluctuations result in load fluctuations. To moderate such
pressure fluctuations especially in multi-unit configurations, a certain
buffer volume in the fuel gas supply system between primary pressure
controller and gas turbine load controller should be provided.

The fuel gas temperature upstream of burners has to be kept in a
certain safety margin above the dew points of water and HjS to avoid
formation ofdroplets in the fuel gas stream and ingress into the burners
aswell as to prevent corrosion.

Liquefied natural gas (LNG) has to be vaporized to a gas. Produced
by a liquefaction process, LNG is a very clean and rich fuel gas, from
which all higher hydrocarbons (C6+), inert components (N2and C02
end most impurities have been removed. Pure evaporated LNG has a
Negher Wobbe index than pipeline natural gas. Nevertheless, variations

characteristic s are encountered with LNG from various sources.
Sudden changes in fuel characteristic must be avoided (e.g., between
W *«nt shipments). In particular the advanced premix burners
Geoiand tighter control of the variability in fuel constituents.

tow BTU natural gas contains a higher percentage of nitrogen
T* c>rbon dioxide as well as impurities such as hydrogen sulfide
Y Rlercaptans For calorific values below an engine-specific typical
B*num value (in the range of approx. 35 to 45 M|/kg), dry low-NO,
operation is excluded and for even lo*er values, modified
B*** 1 and gas turbine compressors are required. Blending with other
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high-calorific value gases may be necessary to achieve levels necessar
for ignition, flammability and Wobbe index as well as for composjt,,»
ofa constant, defined quality.

Offgases from iron and steel industries, such as top gas, blast furnj,,,
gas, and converter gas (COREX gas and coke oven gas arc more similar t()
syngases and are listed there) range in the very low to medium BTU classes
and have a high carbon monoxide content. They require careful cleaning
that may involve removal of many inadmissible contaminants. Blending
with high calorific gasesas well as storage systems for intermittent processes |
(e.g., converter gas) are required to maintain a constant gas composition.

Syngases are mainly gasifier gases derived from various source fuels
such as coal, biomass and refinery residuals, and so on. COREX gasand |
coke oven gas from iron production are included among the syngases |
due to their high hydrogen contents.

Typical characteristics of syngases are low calorific value, with high |
contents of hydrogen and carbon monoxide; therefore they require j
a special fuel supply system, modified burners as well as an adapted
gas turbine compressor design. Furthermore, increased explosion |
protection measures and provisions to safeguard against toxic carbonj
monoxide must be implemented.

Modified burners are necessary for hydrogen rich fuels and!
increased mass flow to compensate for low calorific value. The higher
flame temperature when firing hydrogen produces more NO, thanil
combustion of natural gas. Other concerns are related to the higher
flame velocity of hydrogen and thus the risk of flashback in dry low-NO,, |
premix burners. Use of diffusion burners and NO, control by diluting
the syngas with inert gases (e.g., nitrogen) is commonplace.

Compressor modification is required by the low calorific value of
these gases and the resulting higher turbine mass flows and therefore
increased pressure ratio in the gas turbine.

Vaporized liquids such as propane, butane, or mixtures of the two ;
(Le., LPG) are low-boiling hydrocarbons that have to be vaporized ,of1
use in gas turbines. These fuels belong to the very high calorific vali* j
dase. They are normally clean, but require a modified burner d#>ifn 1
and safety measures pertaining to explosion hazards.
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AL hen these fuels are used, it is essential that no liquid phase occurs
L fuel supply system that would result in disastrous load fluctuations
Mas turbine. The fuel system needs effective measures to prevent
nsati®no”Sas *nsich’ the piping system that occursespecially after
shutdown and cool down of the system.

Table 7-3 lists typical compositions of fuel gases for gas turbines.

7-3 Typ,ca*composition fuel gases for gas turbines

Naturalgat Neuralgai Gasifkjfon CmMoMm M W M [BU efurmn** GoiMrter 00FEX

SUndard  Low-BTU co<l residue biomass g«s 9» 9n
W pwoll 02 123 27.2 1.2 2.5 10 161
© pwdl 2438 318 20.2 22N 69.2 430
Q) (wo 02 05 0.8 4.9 12.0 2U 146 365
2 |%*>U 30 62.3 42.0 05 44)> 535 14.9 24
G4 pwds 930 36.0 0.3 56 16
AW I 06 0.7
Hjo  PWoll 19.1 346
0j pwoll 0.4
CnHm (NmU 38 1.0 0J 0.3
NMmlUkanty 0.77 1.06 1.03 0.82 1.10 142 126 132
"V fifufkg 4700 12.8 4.3 8.6 53 23 6.7 59
Liquid fuels

Light distillates, according to defined standards as ASTM D2880
(Distillate No. 2-GT) or EN DIN 51603 (Heizol EL), are products with
faed, reproducible properties that can be used with standard fuel supply

combustors, and hot gas path parts. Essential properties such
viscosity, density, ash, flashpoint, vapor pressure, admissible trace
contamination levels (mainly sodium, potassium, calcium,
JAdium, and lead), and so on are specified so that such fuels can

IpPftibusted without further measures and without any impact on
A n*1 Performanc € levels, maintenance intervals, duration, and effort

as the service life of parts.

~"h-forming fuels, such as heavy oils, residual Ails, and crude oils, are
contaminated with corrosive impurities (trace metals, mainly
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sodium, potassium and vanadium). These fuels require treatment befo J
combustion. Thi* indudes heating to lower the viscosity for punip,,, 61
washing, and finally foratomization by the burner nozzles. Depending,f*i
the type and amount ofcontaminants present, turbine inlet temperature
must be lowered (loss of performance), overhaul intervals are shortens |
(loss of availability), and hot gas path part replacement costs increase |
The burner system is normally identical to that for light distillate.

Sodium, potassium, and other water-soluble contaminants have to |
be washed out by forming an oil-and-water mixture, and removed by |
centrifuging or electrostatic separation.

Qil-soluble contaminants, mainly vanadium but also lead, must be
controlled with suitable inhibitors. Additionally, the gas turbine inlet 1
temperature has to be lowered to keep it below the melting point of
compounds formed from these contaminants to prevent molten |
corrosive products from adhering to the surface of hot gas path parts. |

Maximum acceptable limits for these contaminants need careful |
monitoring to prevent the hot gas path parts from high-temperature
corrosion, but also burner nozzlesand the entire fud system from wear, |
coking, and other forms of damage.

Unavoidable ash formation and the resulting deposits on blades and |
the entire gas flow path lowers performance in addition to the lower |
performance already caused by the reduced turbine inlet temperature. |
The requisite periodic off-line turbine washing after a minimum cool-U
down time of hot parts degrades the availability of the power plant; |

this is compounded by increased maintenance efforts associated with
shorter intervals for overhauls and longer outages. More frequent I

replacement of hot gas path partscompared to plants operated on light |
distillate fuel has to be expected.

Heavy fuels normally cannot be ignited for gas turbine startup; |
therefore a startup and shutdown fuel—usually light distillate—"s I
needed with its own storage, forwarding system, and fuel changeo'tr
equipment. This system must be able to flush the fuel system after g»5 |
turbine trip during operation on heavy fuel oil If flushing the pipeS I
was not possible by normal fuel changeover. Thermal insulation of -
fuel equipment as wdl as trace heating (or piping sections that are not |
fiushabk also have to be considered.
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mjHitional special features are valid for these ash forming heavy fuels if

LZrttain high volatile fractions. This applies especially for erude oil, but

Jjometim es f°r heavyoitsorresiduaToils if theyareBtended. Necessary-
pffcnreéare described under low boiling and high volatile liquid fuels.

row boiling and high volatile liquid fuels such as kerosene, naphtha

a refinery distillation product), and gas condensates (as natural gas

J j"s) are mostly free from impurities (contaminants typically enter

due to negligence during transport, storage and handling).

Maphtha and gas condensates have a high calorific value (>42 MJ/kg)

buta low density, low viscosity, and a comparatively high vapor pressure
(max-  bar at 38*C compared to 0.003 bar of light distillate).

Such fuels have nearly similar operating conditions as light distillates
ja terms of combustion. However, safety requirements for storage,
forwarding, and injection systems as well as for the environs are very
extensive compared to light distillate or natural gas. Leak-tight systems,
advanced ventilation, additional enclosures, leakage detection, and, in
some cases, explosion-proofequipment are mandatory.

Fuels with high vapor pressures (e.g., naphtha) require a safe startup and
shutdown fuel (normally light distillate) to prevent explosive vapors from
ring the combustion chamber and ultimately the entire gas turbine.

The low viscosity and lubrication properties of these fuels require
the use of centrifugal pumps instead of positive displacement pumps,
depending on the type of mechanical parts employed in the fuel
d*tribution system, lubricating additives may also be necessary.

~m‘orting and flushing cyotcms with safe media may be needed for
~eponents with open liquid surfaces (e.g., leakage collecting tanks) and
~ 'maintenance activities. If vapors are heavier than air, sewer systems as
"** 35 pipe and cable trenches have to be protected against vapor ingress.

These special features are also valid for liquid fuels with high volatile
"Mtons (especially crude oil and lighter fractions blended heavy oils
"eeidual oil*).

~Methanol iscomparable to naphtha in terms of its basic requirements
fuel supply system and safety aspects (additionally, the toxicity of
nol has to be considered). .



A significant difference to such other liquid fuels is methanol's | J
calorific value ofapprox. 20 Mi/kg, which is only about half that of | j°il
fuel oil or naphtha. Consequently, specific burners are necessary f j
methanol firing as well as an enlarged capacity fuel supply system J

Heat Recovery Steam Generator

The heat recovery steam generator (HRSG) is the link between th*
gas turbine and the steam turbine process. Three main configuration,
are widespread:

« HRSG without supplementary firing
* HRSG with supplementary firing
« Steam generators with maximum supplementary firing

Aselucidated in chapter 5, HRSGs without supplementary firing are
most common in combined-cycle plants.

The function of the HRSG i>to convert the thermal energy in the
gas turbine exhaust into steam. After heating in the economizer, water j
enters the drum at slightly subcooled conditions. From the drum, it
is circulated to the evaporator and returns to the drum as a water#
steam mixture where water and steam are separated. Saturated steam
leaves the drum and is forwarded to the superheater where it is exposed»
to the maximum heat exchange temperature of the hottest exhaufl
leaving the gas turbine. The heat exchange in an HRSG can take pl*c*
on up to three pressure levels, depending on the desired amount of
energy and exergy to be recovered. Today, steam generation at two or
three pressure levels is most commonly used.

HRSG without supplementary firing

Construction. A HRSG without supplementary firing is essential/ 1
an entirely convective heat exchanger. The requirements imposed bY|
operation ofthe combined-cycle power plant are often mnderestim.itt'

In particular, provision must be made to accommodate the shortstartup+
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K the gas turbine and the requirements imposed by quick load

The HRSG must be designed for high reliability and availability.

j € v nbebuiltin two basic configurations, based on the direction
exhaust (low through the boiler.

1

ci
ugrtical HRSG. In the past, vertical HRSGswere most often known
Jgged-circulation HRSGs because of the use of circulating pumps
positive circulation of boiler water through the evaporator
jettons. In this type of boiler, the heat transfer tubes are horizontal,
ggnended from uncooled tube supports located in the gas path. Vertical
HRSGs can also be designed with evaporators that function without
the use of circulating pumps. However, whereas natural-circulation in
norizontar DOIlErs starts automatically, it must be ensured in vertical
boilers by specific design measures.

Figure7 -6 shows a forced-circulation HRSG. Ihe exhaust gas flow is
vertical, with horizontal tube bundles suspended in the steel structure.
Circulating pumps ensure constant circulation within the evaporator.
Thestructural steel frame of the steam generator supports the drums.

5 b + |

Forced circulation heat recovery steam generator




Horizontal HRSG. The horizontal HRSG is typically also known
a natural-circulation HRSG because circulation through the evaporau*
takes place entirely by gravity, based on the density difference of Wa( I
and boiling water mixtures. In this type of boiler, the heat transfer tub
are vertical, and essentially self-supporting.

Figure 7-7 shows a natural-circulation HRSG. The exhaust-gas flow
is horizontal. The steel structure is more compact than on a unit witjj
vertical gas flow.

Figure 7-7 Natural circulation heat recovery steam generator

Design comparison. Either type—vertical or horizontal—can be
used in a combined-cycle plant.

In the past, vertical HRSGs had several advantages that made them
especially well suited to combined-cycie applications:

e Minimum footprint requirement arising from the
vertical design
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m SiO*Uer volumes because of the use of smaller
r diameter tubes

I Lee* sensitivity to steam blockage in economizers
F during startup

Thbe main advantage of the horizontal HRSG is that no circulation
K , whattoever are needed—an important consideration for
“plications with design pressures above 100 bar (1430 psig), where

must be designed and operated with special care. Additionally,
yet is an advantage with vertical tubes in the evaporator because
the tubes with the highest heat absorption in the evaporator have
the most vigorous circulation, and tube dry-out cannot occur in

vertical tubes.

Current design techniques for natural-circulation boilers have
overcome the disadvantage* relative to vertical boilers. Space
requirements and startup times are identical, water volumes in
evaporators have been reduced by the use of smaller diameter
tubes, and steam blockage is better handled in a modern, natural-
circulation boiler. The same pinch points can be achieved in the
high- and intermediate-pressure evaporator. Differences occur in
steam performance only in large HRSGs with a tight low-pressure
pinch point.

The presence of both technologies on the market indicates that both
roeel customer expectations and the preference for one or the other is
enore a historical or regional preference. Today most of the plants are
equipped with horizontal natural-circulation HRSGs.

~»ce-through HRSG. The HRSGs previously described use
* «team drum for water/steam separation and water retention.
7**7>ined-cyde plants are often operated in cycling duties with
7*V|]ent load changes and start-stop cycles. HRSGs employing a
"e'w ith design pressures of 100 bar (1430 psig) and beyond impose
Nefctions on this mode of operation.

a once-through steam generator, the economizer, evaporator,
~meuperheater are basically one tube—water enters at one end and
pu*m kaves at the other end, eliminating the drujn and the circulation

BP*- This design has advantages at higher steam pressures because



the drum does not impose limits during startups and load changes
Both horizontal and vertical HRSGs can be built with the once-through
circulation principle. The principle of once-through evaporation
(BENSON* Once-Through design) compared to a drum-type boiler
design is illustrated in figure 7-8.

Drum [)p* lIRM, BKNSON* Oner-1 hroui>li
M>

* Thick-walled * Eliminates HP
HP drum limitt drum, thereby
operating enhancing
flexibility due operating
to high thermal flexibility
stresses . .

* Maintain!

* Natural natural
circulation circulation florn
principle characteristic

Quovvm

Supdlwwi

Figure 7-8 Principle of drum type and once-through evaporation

Advanced HRSGs for maximum efficiency are of a three-pressure
reheat configuration with the high-pressure section in a once-through ;
design, and medium- and low-pressure sections as drunvtvpel
evaporators. Figure 7 9 ohowo o three preoouro reheat once through!
HRSG with horizontal gas flow. The high pressure section is of the
once-through type, while the low and intermediate pressure section*
are of conventional, natural-circulation design with LP and IP drum*!
located on top ofthe boiler.
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figure 7-9 Three-pressure reheat once-through HRSG with drum type LP and
IP sections

Casing of the HRSG. Two main variants are used for the casing
n HRSG:

« Cold-casing design with internal insulation
» Hot-casing design with external insulation

ANLLINColLI-canw> design is widely used with natural-circulation steam

1"V uors anf]has advantages at high exhaust temperatures. lhe casing

it  and* the exhaust pressure forces and the internal insulation keeps

N a °w temperature. The casing construction also imposes no limits
time to allow for thermal expansion of the casing.

Ky~ad Il }t-casing design is often used with th<*vertical HRSGs and
mvantages at lower exhaust temperatures. When fuels with high
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sulfur content are fired, a hot casing at the cold end ofthe HRSq

limit corrosion. fd

With modern gas turbines running at high exhaust temp<.>ratu,J
a hot-casing design requires high-alloy materials in the hot end of
boiler. Today, some vertical HRSGs also use a cold-casing design j

Finned Tubing. Heat transfer in the HRSG is mainly by convectil
Heat transfer on the water side is much better than on the exhaust sidJ
and so finned tubes are employed on the exhaust-gas side to incref,
the heat transfer surface.

Normal fin density for a HRSG downstream ofa gas turbine (finJ
natural gas or No. 2 oil) is 5 to 7 fins per inch (200 to 280 fins per metea
with a foreseeable development potential of up to 340 fins per meter. If
the gas turbine uses heavier fuels, the fin density is reduced to 3 to 4 fit*
per inch (120 to 160 fins per meter) to better handle deposits.

The optimum HRSG must fulfill the following, sometim]
contradictory, conditions:

» The rate of heat recovery must be high (high efficiency)

* Pressure drop on the exhaust side of the gas turbine must
be low to limit losses in power output and efficiency of the  fl
gas turbine

» The permissible pressure gradient during startup must be steepfl

e Low-temperature corrosion must be prevented

It io particularly difficult to meet the firot two conditions at the oait* i
time. Because ofthe relatively low temperature, the heat transfer take* j
place mainly by means of convection. The differences in temperature
between the exhaust and the water (or steam) must be small to obtaM
a good rate of heat recovery, which requires large surfaces. This
a large pressure drop in the exhaust unless the velocity of the g*s 4
kept low, which would result in a lower heat transfer coefficient Jid«
therefore, further increase the surfaces required. Using .~ .. -dianifte”
finned tubes helps to solve this problem.
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| ofsmall tube diameters is the small amount of water
aporator. resulting in a lower thermal constant, which favors

M L being built today have low pinch points and small pressure
exhaust side. Pinch point values of 6 to 15K (11 to 27'R)
N Seire dropsof25to 35 mbar (107 to 14”W.C.) are attainable even

*jlh?triple P«*sure reheat b°ner

lew-temperature corrosion. When designing HRSGs, care

n W taken to prevent or restrict low-temperature corrosion. o
ANE |sh this, all surfaces that come into contact with the exhaust
oust be at a temperature above or slightly below the sulfuric acid dew
nM . When burning a sulfur-free fuel in the gas turbine, the limit is
determined by the water dew point.

Suitable precautions enable operation of heat exchangers at
temperatures below the acid or water dew points. This can be done
by selecting appropriate materials, or by adding corrosion allowances
to the design of affected tubes. Because there are only a few tubes in
this temperature range, this strategy can be beneficial despite the low
exergy of the heat gained.

Optimum design of a HRSG. Designing a HRSG involves
optimizing between cost and benefit. The main cost driver is the heat
exchangesurface installed. The indicator generally used isthe pinch point
mtheevaporator The surface of the evaporator increases exponentially
“ the pinch point decreases, whereas the increase in steam generation

only linear. For that reason, the pinch point selected is a critical factor
I®<*terminm({ tlie heat transfer surface In installations where efficiency

valued, the pinch point is 8 to 15K (14 to 27‘R); where efficiency
1*®Met. the pinch point can be higher, 15 to 25K (27 to 45‘R).

Operating experience. One challenge affecting the design ofthe
is the quick startup capability of the gas turbine, especially for
cold and warm plant conditions. The rapid thermal expansion that
during a startup can be accommodated through suitable design

to-K* 'e* SUC™ as *usPeruion tube bundles, drum design, tube-
3 “erconnections, and so on.



Ihe main constraint for the loading gradient is often dictated by tht
drum. Toenable as quick a start as possible, the walls ofthe drum should
be as thin as possible, which can be achieved, provided the design live-
steam pressure is sufficiently low. Modern gas turbines have higher
exhaust temperatures than older models; therefore, higher live-steam
pressures, especially with reheat steam cycles, are now more attractive
and this results in longer startup times.

Once-through HRSGs eliminate the thick high-pressure drum and,
therefore, afford the desired high thermal flexibility.

Another point of concern is the volumetric change in the
evaporator during startup. The large differences in specific volume
between steam and water at low and intermediate pressures cause
large amounts of water to be expelled from the evaporator at the
onset of the evaporation process. If the drum cannot accommodate
most of this water, a large amount of water would be lost through the
emergency drain of the drum during every startup, or an undesired
emergency trip of the unit would be cequired to prevent water
carryover into the steam system.

Toimprove part-load efficiency and behavior of the combined-cycle
plant, the boiler is operated in sliding-pressure mode. That means the
system is generally operated at a lower pressure when the steam turbine
is not at full load. This can be accomplished by keeping the steam
turbine control valves fully open. For example, in a system with two gas
turbines and two HRSGs feeding a common steam turbine, half-load of
the whole power station can be accomplished with only one of the gas
turbincc running at full load. In sliding preoouro mode, the live otcom
pressure is at 50% of the pressure at full load. The steam volumes in the
evaporator, superheater, and live-steam lines of the HRSG in operation
are doubled.

During off-design conditions, economizers can start to generate
steam, which can block tubes and reduce the performance of the HRS?
To keep this within limits, the economizer is dimensioned so that the
feedwater at the outlet is slightly subcooled at full load. This difference
between the saturation temperature and the water temperature at the
economizer outlet is known ai the approach temperature. Becausf it
causes a reduction in the amount of steam generated, it should be k?P(
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mmall as possible (typically 2to 12K |4to 22°R]). Proper routing of the
f ~Niier outlet tubes to the drum also prevents blockage if there is
a wning in the economizer.

W Another Way Of preventing steaming in the economizer isto install the
* rfiv 2. cONtrol valve downstream ofthe economizer; the economizer
« thus kept at a higher pressure and steaming is prevented.

HPSG with limited supplementary firing

Despite the fact that the majority of the HRSGs are unfired, there
ae occasional applications where a limited amount of supplementary
firing is required.

The operating principles of a HRSG with limited supplementary
firing are the same as those for the unfired boiler. There are various
designs available for the firing system itself. Units that do not exceed
agas temperature of approximately 780*C (1436*F) downstream of
the supplementary firing can be built with simple duct burners. This
limit can be extended but requires modifications to the design of
the HRSG.

Figure 7-10 shows a HRSG with supplementary firing. This system is
particularly well suited to combusting natural gas, which attains uniform
temperature distribution downstream of the burners. Radiation to the
walls iif the combustion chamber is relatively low. For that reason, the
raajority of the HRSGs of this type combust natural gas. There are
systems available for oil, but the burner equipment is more complex

cootly to install, operate and maintain.

The Importance of supplementary firing in HRSGs used for
P°wer generation alone is diminishing. This is mainly caused by
facts;
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Figure 7-10 Supplementary fired heat recovery steam generator

e Modern gas turbines have exhaust temperatures closer to the |
maximum allowable HRSG inlet gas temperature, thereby
reducing the effect ofany supplementary firing.

¢ Supplementary firing downstream ofa modem gas turbine
rcoulto in an cfficicncy dccrcaac for the combined cyclc.
With older gas turbine models, the efficiency was more or
less constant.

Supplementary firing is most often applied in combined i\C'
cogeneration plants where the amounts of process steam must be
varied independently of the electric power generated. In this
supplementary firing is used to control the amount of process steaj
generated. Additional applications include combusting gases,
are not suitable for firing in the gas turbine (e.g., pressure is too j
heat content unsuitable), and reaching a higher power output, but
the expensive penalty ofa lower power generation efficiency.
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1 - eramount of fuel could be fired if the combustion chamber of
ctburner hascooled walls. Circulating water from the evaporator
~K jes cooling in such configurations. Despite the higher operating
Polity, the additional cost and complexity very seldom justify
i, solution.

ALgnging supplementary firing in various heat exchange tube
JSnescan alsoincrease HRSG output. In this application, the exhaust

cooled downstream of the gas turbine by a heat exchanger such as an
-~orator or superheater. The exhaust can then be reheated in a duct
[>K er before passing through the remaining portion of the HRSG. This
solution is rare and reserved for niche applications that have difficulty
competing with an unfired HRSG or other solutions.

Steam generator with maximum
supplementary firing

The maximum firing rate is set by the oxygen content of the gas
turbine exhaust. With this type of steam generator, the exhaust from
the gas turbine is used primarily as an oxygen carrier. The heat content
of the gas turbine exhaust is low compared with the heat input of firing
inthe boiler. Itis, therefore, no longer correct to speak ofa HRSG.

The design of a steam generator of this type is practically identical
to that of a conventional boiler with a furnace, except that there is no
regenerative air preheater. The gas turbine exhaust has a temperature
°f 450 to 650*C (842 to 1202T), rendering a regenerative heater
unnecessary. To cool the exhaust to a sufficiently low temperature
downstream of the steam generator, an additional economizer is

jjK”rided, which takes over a portion of the feedwater preheating from

F*r*generative preheating of the steam turbine. The best arrangement

the feedwater between the economizer and the high pressure

PJjM ers. When the fuel is gas, an additional low-pressure partial

Anyonaoriizer improves efficiency. lhe fuel combusted in the boiler
°*|. gas, or pulverized coal.

ANV *Pplication can be used to increase the output from an existing
steam turbine plant using a gas turbine and its exhaust

e 10 b*gh integration of both cyclt* (e.g., the burners of
Opting boiler must be retrofitted to make them suitable for the
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exhaust application), the complexity and the number of interfaces J
considerable (see chapter 6). el

Steam Turbine Technology

The most important requirements for a modern combined-cvle|
steam turbine are:

« High efficiency

e Short startup times

« Short installation times

e Floor-mounted configuration

In the past, combined-cycle steam turbines were applications of
industrial steam turbines or derivatives from conventional steam turbine
plants. The main differences between conventional steam turbines and
combined-cycle steam turbines are:

* Higher power output
» Higher live-steam temperatures and pressures
e Higher number of extractions for feedwater heating

Today new combined cycles frequently are equipped with reneat |
steam turbines.

The main differences between combined-cyde steam turbines and
conventional steam turbines are:

e Fewer or even no bleed-points as opposed to 6 to 8 for
feed heating

* Floor-mounted configuration
 Shorter startup times
* Lower power output

 Lower live-steam pressures 100 to 170 bar (1430 to 2460 peig)
as opposed to 160 to 300 bar (2310 to 4340 psig)
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t~e different requirement profile and the large volume of the
AAPAj_cyCle plant orders, an optimized design for this application

0 ~ racteristics of combined-cycle steam turbines

~AK gm turbines used for combined-cycle installations are simple

.j.M in the past they used relatively low live-steam parameters;
JUincreasing gas turbine exhaust temperatures, optimal steam
~BlJres also increased. Live-steam temperatures have now reached
[helevel of those at conventional steam power plants.

Combined-cycle plants frequently generate steam at more than one
pressure level. Due to multiple inlets, the steam mass flow in the steam
turbine Increases from the inlet towards the exhaust (the bleed for
the partial feedwater preheating involves only a small reduction). In a
conventional steam turbine, the steam-mass flow is reduced to roughly
60% of the inlet flow at the exhaust.

Short startup times are of particular importance because combined
cyde plants are often used as medium-load units with daily or weekly
startups and shutdowns.

Table 7-4 illustrates how in recent years, the combined-cycle plant
has profoundly changed gas turbine technology, resulting in a major
impact on steam turbine requirements;

fabifc 7-4 Change of boundary conditions for steam turbines in
combr

—_— Traditional Modern
torbine exhaust temperature 450-550°C 550-6WC
(842-1.022¢F) (1,022-1,202T)
B 520-600*C
1*» steam temperatures 355955280@% (968-1112°0
SA**n» pressure levels 1o0r2 20r3
30-100 bar 100-170 bar

"esteam pressure

cycle

o( 9** turbines per steam turbine

(420-1,430 psig)
no

1to5

(1,430-2,460 psig)

y«
lor 2
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Multishaft and Single-Shaft Plants

In a multishaft combined-cycle plant, there are generally several |
gas turbines with HRSGs generating steam for a single-steam turbine |
The steam and gas turbines use separate shafts, generators, step W |
transformers, and so on. By combining the steam production of all the |
HRSGs, a larger steam volume enters the steam turbine, which generally |
raises the steam turbine efficiency.

Modern gas turbines achieve higher output with high exhaust I
temperatures. With the large gas turbines on the market, one steam turbine 1
per gas turbine or one steam turbine for two gas turbines is common.

If one steam turbine per gas turbine is installed, the single-shaft I
application is the most common solution—gas turbine and steam 1
turbine driving the same generator.

A plant with two gas turbines can be built either in a two-gas- turbine-1
on-one-steam-turbine configuration (multishaft) or as a plant with two 1
gas turbines, each in a single-shaft configuration.

There are two concepts for single-shaft plants. In the first, the 1
generator issituated between the gas turbine and the steam turbine, each
turbine driving one end of the generator, the steam turbine is coupled |
to the generator rigidly or with a clutch. In the second, the generator is
at one end of the line of shafting, driven by both turbines from the same
end. The steam turbine, therefore, is rigidly coupled to the gas turbine |
on one end and to the generator on the other. Figure 7-11 illustrates
various single-shaft arrangements.

Figure 7-11 Different single-shaft combined-cycle configurations
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Ifhe type °f turbine-generator configuration (multishaft or single-
fft with or without clutch) has a significant impact on components
in the respective combined cycle.

fcjngle-shaft configurations with the generator situated between the
t  turbines also require a connecting flange on the generator exciter
2 thatis designed for handling the steam turbine torque.

Steam turbines arranged between gas turbine and generator in
Jrfe-shaft units also need a connecting flange on the high-pressure
Xfeine end and the rotor must be able to transfer the torque of the gas
turbine. Steam turbines located at the end of single-shaft power trains
4 e mostly connected to the generator on the high-pressure turbine end
and have an axial steam outlet at the end.

dutch

A combined-cyde single-shaft configuration with the generator
between the two turbines enables installation ofa clutch between steam
turbine and generator. The clutch is normally of the synchronous self-
shifting type. This means the dutch engages in that moment when the
steam turbine speed tries to overrun the rigidly coupled gas-turbine
generator and disengages if the torque transmitted from the steam
turbine to the generator becomes zero.

Theclutch allows startup and operation ofgas turbine without driving
the steam turbine. This results in a lower starting power requirement
and eliminates certain safety measures for the steam turbine (e.g.,
1°°ling steam or sealing steam).

ytrthermore, it provides design opportunities for accommodating
«Jpl thermal expansion. The clutch itself compensates a portion

displacements, and the two thrust bearings allow selective
;Vbution of the remaining axial expansion (reducing tip clearance
°**gs). In addition, the clutch allows more operational flexibility such
**8®* turbine simple cycle operation or early maintenance activities on
meeturbine during steam turbine cool down.

the other hand, the dutch is an additional component with
JNMential impact on availability. Additionally, the generator
Jex** *t the end of the line of shafting has advantages during
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generator overhaul and the rare necessity of rotor removal. Howev
single-shaft units without a clutch definitely need auxiliary St,.dTI
supply to cool the steam turbine during startup. This is not necissa
in units with a clutch.

Figure 7-12 shows a steam turbine for a single-shaft unit jn
triple-pressure reheat plant. The steam turbine output is 142 MW 4,1k j
live-steam parameters of 170 bar (2460 psig) and 565*C (1049T). |

Figure 7-12 Cross section of a 142 MW reheat steam turbine with a separate HP j

turbine and a combined IP/IP turbine with axial exhaust

Live-steam pressure

Early gas turbines had lower power outputs and with their lowe
exhaust temperatures, the optimum pressure for the steam Y
was low. This was beneficial for the steam turbine for two reason
low pressures yield larger steam volumes that can be more efficient
expanded in the steam turbine, and with a non-reheat cycle, a I°y
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f afn pressure limits the moisture content in the steam turbine
and, therefore, erosion.

~Modern gas turbines with their high exhaust temperatures result in
~B” ned cycles with high live-steam pressures in the steam cycle.

geared high-pressure steam turbine enables high-efficiency
.tension with low live-steam volumes by using a gearbox to increase
I5need ofthe high-pressure turbine, increasing blade length, reducing
~K dary blade losses, and resulting in an improved overall efficiency.

i «ure 7_13 depicts a steam turbine with a geared high pressure
gjfnethat takes advantage of high steam pressure/low steam volume
AMBcomblned-cycle plant. It also shows the compact dimensions
of the geared high-pressure turbine. The additional investment for
theeearbox is also justified by the increased thermal flexibility of the
hidh-pressure turbine, which is important for the cycling duties of
the combined-cycle plant.

Cross section of a two-casing steam turbine with geared HP turbine
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Generators

The majority ofgas turbines and steam turbines are directly con
to two-pole generators. For units with ratings below 40 iIM\X r
pole generators that run at half speed are more economical i,
advantageous that turbines in this output range usually already nlv |
gearbox, therefore, using a four-pole generator only requires adaptat™B
of the gearbox reduction ratio.

Four types of generators are used in combined-cycle plants:
 Air-cooled generators with open-circuit air cooling

» Air-cooled generators with a closed-circuit air (totally endot,
water to air-cooled, TEWAC)

« Hydrogen-cooled generators
« Water-cooled generators in single-shaft plants

Generators with open-circuit air-cooling are low in cost and have no
need for additional cooling; however, problems with fouling, coimsw*
atmospheres, and noise can arise. Generators with closed- . cuit
air-cooling are built for capacities up to 480 MVA. These machines are
reasonable in costand provide excellent reliability. The full-load effi< engr
of modern air-cooled generators is above 98%. Hydrogen and niter-
cooled generators attain efficiencies of approximately 99% at full load,
making their efficiency performance superior, particularly at part load,
to air-cooled machines. The power density of water-cooled generator* is
greater, but their physical dimensions are smaller. However, water-i i M
machines require additional auxiliaries and monitoring equipment, are
more complex in design, and, as a result, more expensive than air-'
machines. In general, generators achieve high reliability; air-'
machines offer somewhat higher reliability because of their simple ity

Figure 7-14 shows a generator with closed-circuit air cool!
Water is used to cool the air. These machines are well suited forl
in single-shaft combined-cycle plants where the gas turbine
the steam turbine drive the same generator. Nowadays, air-co-
generators of up to 480 MVA have been built and tested due
the overall benefits of air cooling. For higher outputs, hydrogen
water-cooling must be selected.

.Cyde Gas & Steam Turbine Power Plants

fiQur 7-14 Cutaway drawing of an air-cooled generator for use in combined-

power plants

Electrical Equipment

Aneingle-line diagram for a combined-cycle power plant with a single
0 < l«*town in figure 7-15. It is similar to a single-line diagram for
* types of power stations. Key features in this diagram are:
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Figure 7-15 Single-line diagram

« One generator for the gas turbine and steam turbine (only on
set of leads to the high voltage switchyard is needed)

« Auxiliaries fed from the generator output, which eliminates a”
separate feeder from the grid and allows the plant to run at nr
speed no load during a grid blackout, ready for reconnection

¢ Auxiliary transformers to feed the auxiliaries and to feed the
static frequency converter to start the gas turbine using the
generator as a motor

e Medium voltage bus for large motors

e Uninterruptible power supply for important loads
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Cooling System

fundamentally different cooling configurations can be
~plemented in combined-cyde plants:

Direct air cooling in an air cooled condenser (alternatively
Indirect air cooling)

Evaporative cooling with a wet or hybrid cooling tower
. Once-through water cooling using river water or seawater

Fof direct air cooling, no cooling water is required, but the output
andtcictency Of the plant are reduced due to higher vacuum levels
(figulf 7-16). This is used in regions where no water is available, or as a
means to minimize the impact on the infrastructure and environment,
thereby facilitating permitting.

'-16 Typical arrangement of an air-cooled condenser

Anjjjjitoativx’ly, an indirect air cooling system could be used that

doling towers. Indirect cooling systems are more flexible

n °farrangement, but usually also more expensive.

and b [ j~ Ve coo'mg systems require water to ivplace evaporation
HuOwn losses. This amount of makeup water depends on the
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exhaust steam of the steam turbine and amounts to approximately!
0.3 kg/s (2400 Ib/h) per MW installed plant capacity for a combine/ ]
cycle plant without supplementary firing.

An evaporative cooling system forcombined-cyde plants is primarily |
of the mechanical draft type (wet-cell cooling tower as shown jn|
figure 7-17). Thisis based on the fact that only halfofthe cooling capacity |
is necessary for combined-cycle plants compared to conventional steam
power plants with an identical installed capacity. As the specific cooHnJ1
demand is relatively small in combined-cyde plants, the required
auxiliary power consumption for mechanical draft evaporative cooling
systems is also low related to the gross plant capacity. On the other hand,
the specific investment for natural draft cooling towers is very highJ
even for small cooling demands; therefore, mechanical draft cooling
towers are most often the more economical option for combined cycle |
plants (auxiliary power consumption versus investment).

Mechanical draft evaporative cooling systems for combined culg
plants require approx. 0.5 to 0.7% of the gross plant capacity as auxilia#
power consumption (cooling water pump and cooling fan power), wheriB
the demand for natural draft systems is less then 0.5%, which is comparalbé

to direct air cooling with approx. 0.4 to 0.5% (for large ACC).

Figure 7-17 Typical arrangement of a wet-cell cooling tower
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K jie once-through water-cooling variant has a water requirement
Lison the order of 40 to 60 times greater than for evaporative tooling

SLms. After serving as heat sink, this water is returned to the water

XXpce (e g >rver’sea’ or co®l‘n8 pond) from which it was taken.

XNormally. the decision on the type of cooling system used depends
Krite available supply of cooling water because the most economic
system is often a once-through water-cooled condenser. In a
number of cases, boundary conditions such as plume abatement
limitations prevailing at the site are determining factors when
selecting the type of cooling system.

For example, a typical plume abatement concept for evaporative
cooling systems is a hybrid cooling tower (figure 7-18). In hybrid
cooling towers, 10to 15% ofthe waste heat is rejected inadry air cooling
section, and the remaining waste heat in a conventional mechanical
draft evaporative cooling system. The hot dry air downstream of the
dry section reduces the humidity in the evaporative section and thus
prevents formation of a visible plume.

&Y cooling pdn

lAir inlet
Wet coding
tel pan
Cold
Hot water

Principle of hybrid cooling tower
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Inacombined-cycle plant, however, the steam turbine generates ,,ni
one-third of the installed electrical capacity (the gas turbine generates
the other two-thirds), and requires only half the cooling capacity Of
a conventional steam power plant with an equal installed capacity
Hence the cooling system for combined-cycle plants has less impact on
power output and efficiency when compared to the cooling system in
conventional steam power plants.

Bypass Stack

Combined-cycle plants are sometimes equipped with exhaust bypass
dampers and bypass stacks to permit for simple-cyde operation of the
gas turbine(s). With modern gas turbines, this feature is becoming less
and less important.

The reasons for this are:

e The design is expensive with gas turbine exhaust temperatures |
0f600*C and above.

 Ifthe damper fails, the entire plant must be shut down.

« An exhaust damper has leakage losses with resultant losses in |
output and efficiency.

e The associated costs are significant.

« All these aspects become even more pronounced with
advanced large gas turbines and the resulting larger dimensions,

increased leakages, as well as higher exhaust temperatures.

An exhaust bypass stack (with or without damper) is a prerequis't*
for phased installation of a combined-cycle plant—one in which thl
gas turbine runs in simpie-cycle operation before the steam cycle u
connected. This allows the plant operator to get two-thirds o flhe
final plant capacity on line sooner and thus create revenue at 1
earlier time. This can be economically attractive for plants with lafg <
capital payments. However, connection of the steam cycle requ>re4
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L-niption of normal gas turbine operation because the gas turbines
"Aneeded for commissioning of the steam cycle.

mIn deregulated markets, none of this is justified—the investment for
4 . byPaSS stack’ the exPensive Power generation during gas turbine
bple-cycle operation, and the business interruption to connect the
LLL n cycle—especially because a steam cycle can be installed in less

than two years.

K/ta exception might be feasible for locations with very low fuel
costs and for countries with urgent need of new electricity supply.
10 such cases, phased construction could be economical also for
advanced, large gas turbines. Nevertheless even for such cases a
flue gas damper seems not to be recommendable due to previously
mentioned inherent disadvantages. Use of simple blanking plates
should be considered for changeover from simple-cycle operation
to combined-cycle operation after completion of the water-steam
cycle. For maintenance reasons, changeover to bypass operation will
be possible within a reasonable time.

Instrumentation and Control

The complexity of acombined-cycle plant with its rapid interac tions,
especially during fast startup, requires a modern, advanced control
system. Several power plant automation tasks such as turbine control

for the gas turbine and steam turbine, boiler control, balance of plant
*BOP), and integration of secondary equipment have to be performed

inan optimized manner to maintain full control over the entire plant
forall operating procedures involving transient processes and including
~ettup and shutdown of the overall plant. Refer to chapter 8 for more
‘formation on this subject.
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In addition to the major equipment described in this chapter, Ji
combined-cycle plant includes other equipment and systems. TH™
include, for example:

* Fuel supply systems including a gas compressor, if required
* Steam turbine condenser

 Feedwater tank/deaerator

« Feedwater pumps

« Condensate pumps

* Piping and fittings

« Evacuation system

« Water treatment plant

» Compressed air supply

 Steam turbine bypass

« Civil engineering

* Heating, ventilation, and air conditioning
« Auxiliary boiler, if required

These are similar regardless of whether used in combined-
plantc orin othortypoc ofpowor plantc and, tHoroforo, aro not dc

here in detail.
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Control and
Automation

Power plants are normally operated to meet a demand dictated by
theelectrical grid, and where there is one, by the process steam system.
The control systems discussed in this chapter are used to fulfill these
requirements, to ensure correct control in transient modes such as
startup and shutdown, and to ensure the safety of the plant under all
operating conditions.

Control System

Tty control system is the brain of the power plant. Its tasks are the
supervision, control, and protection of the plant. It enables safe and
reliable operation.

gas turbine is supplied with a standardized control system.
Providing ,i fully automated machine operation. The water/steam
m JJ18 correspondingly automated to achieve a certain degree of

rm operation of the plant as whole, thereby reducing the risk of
hu*an error.

this reason, the control and automation systems of a combined-

AnmPlant form a relatively complex system, even though the thermal

8% fairly simple. Fully electronic control systems are applied in
combined-cycle plants. .
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Main features of the control system for combined-cycle p0
plants are:

* Truly distributed architecture

« Complete range of functions for process control

« Communication capability due to several bus levels

» Compliance with standard communication protocols
¢ Openness for third-party applications

e On-line programmability with easy creation/editing of
the programs

A hierarchic and decentralized structure for the open- and closed-I
loop control systems is best adapted to the logic of the whole process. It
simplifies planning and raises the availability of the plant.

A highly automated control system encompasses the following
hierarchic levels (see figure 8-1):

« Drivelevel: Allindividual drives are monitored and controlled.
Drive protection and interlockings are provided by the control
system. Signal exchange with higher hierarchical levels is
also provided.

Functional group level: The individual drives for one
complete portion of the process are assembled into functional |
groups. The logical control circuit on this level encompasses

interlocks, automatic switching, and preselection of drives, |
Examploc of typical function groupc oro foodwator pumpc, 1

cooling water pumps, and lube oil system.

» The machine level: Includes the logical control circuits that
link the function groups to each other. These include, for
example, the fully automatic starting equipment for the gas |
turbine or the steam turbine.

The unit level: This includes the controls that coordinate the
operation of the whole combined-cycle power plant.
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Figure 8-1 Hierarchic levels of automation

For a base-load power plant, a lower degree of automation could be
selected because the frequent starting and stopping of an intermediate
or peak load duty plant requires a higher degree of automation.

m Process computers provide sequencing events, keep long term
**°ordi; and ctaticticc, provide monagomonl information of tKo

economy of the plant, optimize the heat rate and operation of the plant,
and advise on the intervals between cleanings, inspections, and other
Ptatenance work.

N Figure 8-2 shows a standard layout for a modern combined cycle
®W\er plant control room.
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One type of control in a combined-cycle plant is closed loop control.
This is when a controller receives actual measured data as an input, and
uses it to correct a signal to a control device, with the aim of reaching
the set point of a given parameter. The important closed control loops
for a combined cycle fall into two main groups:

« The main plant load control loop

 The secondary control loops, which maintain the important
process parameters, such as levels, temperatures, and pressures
within permissible limits

A third group of closed control loops are component specific, such
as minimum flow control for a pump or lube oil pressure control,
and are intended primarily for the safe working of individual items of
equipment. Because they do not direcdy affect the control of the cycle
as a whole, they are not discussed here.
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I adpM logically, this leads to the hierarchical structure of the entire
Control system already mentioned.

Load Control and
Frequency Response

e The electrical output of a combined-cycle plant without
Lpplementary firing is controlled by means of the gas turbine only.
The steam turbine will always follow the gas turbine by generating
power with whatever steam is available from the heat recovery steam
generator (HRSG).

f The gas turbine output is controlled by a combination of variable
Inlet guide vane (VIGV) control, and gas turbine inlet temperature
(TIT) control. The TIT is controlled by a combination of the fuel flow
admitted to the combustor and the VIGV setting. Modern gas turbines
are equipped with up to three rows of VIGVs allowing a high gas turbine
exhaust gas temperature down to approximately 40% GT load. Below
that level, the turbine inlet temperature is further reduced because the
airflow cannot be further reduced.

| After a gas turbine load change, the steam turbine load will adjust
automatically with a few minutes delay dependent on the response time
ofthe HRSG. ltis, however, sometimes suggested that independent load/

frequency control of the steam turbine should be provided for sudden
Uioroacoc or docroacoc in load. Such a cyctom would roqutro tho ctoorm

turbine tobeoperated with continuous throttle control, resulting in much
Poorer efficiencies at full and part loads and additional complications.
Pecause the gas turbine generates approximately two-thirds of the total
power output, a solution without control for the steam turbine power
e«'Put is generally preferred. This is also supported by the fact that
*Modern gas turbines react extremely quickly to frequency variations,
V*|d can usually compensate for the delay in the steam turbine response
falling frequencies.
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Figure 8-3 illustrates the concept of closed loop load/frequent
control without separate steam turbine control for a plant with two galj
turbines and one steam turbine. An overall plant set point, Ps, is givcn
to the overall plant load control system, KAR, which determines how
the load should be distributed between the gas turbines. It receives a
load/frequency signal LFC from each of the three generators, which
is used to determine whether it is necessary to make any correction
to the load. The load of the individual gas turbines is controlled by
setting the position of the VIGVs and the TIT control, which varies
the air and fuel flow to the gas turbine. Because the TIT cannot be
directly measured, readings are taken of the turbine pressure ratio
and exhaust gas temperature, from which the TIT is calculated.

Figure *-3 Principle diagram for a combined-cycle load control system

The entire steam cycle is operated in sliding pressure mode with
fully open steam turbine valves down to approximately 50% live-steam
pressure. This is the mode of operation best suited for high part-load
efficiencies. More sophisticated control is not absolutely necessar:
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B ~ the power output of the plant can be adjusted by changing the
Join ts ofthe individual gas turbine controls.

LLL .supplementary firing is provided, it may be beneficial to provide
~Coendent load control for the steam turbine. Ihe steam process then

ina manner similar to that ofa conventional steam plant, where
yLgmount of steam generated is varied to fit demand by adjusting the
ljpplementary firing fuel input.

mUp to this point, no distinction has been made between load and
~Euency control. In principle, the remarks remain valid for both.
However, another very important aspect of the load/frequency control
isthe capability ofa plant to react to rapid fluctuations in frequency that
K y occur in the electrical grid. This is known as frequency response,
and must normally be done in a matter of seconds, whereas loading
takes place over several minutes.

To sustain stable operation of a plant, a grid frequency dead band
of typically +/- 0.1 Hz is introduced within which the plant will not
respond. Outside this dead band a droop setting is followed. The
standard gas turbine droop setting is 5%, which means that a grid
frequency drop of 5% would cause a 100% load increase. The droop
characteristic setting is defined during the planning phase, and is
typically in the range of 3 to 8%.

' Forplant configurations without steam turbine load control, the steam
turbine will not be able to support falling frequencies within the 10 to
1S seconds normally required by grid codes, so the total response will

have to come from the gas turbine. However, for increasing frequencies
both tho gac turbine and ctoam turbine will bo able to cupport tko grid.

« »uch a mode the steam turbine valves will just close, allowing less
«team to expand through the steam turbine.

KFigure 8-4 shows a typical droop characteristic for acombined cycle
Power plant with a 5% droop setting. If the frequency drops by 1% the
turbine load will initially jump 20% and the steam turbine load 0%.
result corresponds to a combined-cycle response of approximately

On the other hand if the frequency increases by 1%the combined-
response of 20% is achieved by load changes of 20% in both the
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gas turbine and steam turbine, illustrated in the diagram by equivalent
gas turbine load change of 27%.

Figure 8-4 Typical combined-cyde droop characteristic of a GT load controller

To perform a plant load jump while the frequency is falling, it is
essential that the gas turbine is operating below the maximum output

level. Any operation, even in frequency support mode, above this level
maximum is not possible. For frequency support gas turbines are
typically operated between 50 and 95% load.

In conclusion, it can be said that combined-cycle plants are very
well suited to rapid load changes. Gas turbines react extremely quickly
because their time constant is very low. As soon as the fuel valve opens
more added power becomes available on the shaft. Gas turbine load
jumps of up to 35% are possible, but they are not recommended because
they are detrimental to the life expectancy of the turbine blading
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Secondary Closed Control Loops

I p}aure 8-5 shows the essential closed control loops that are required

L maintain safe operating conditions in a dual-pressure combined

The diagram shows the input signals into each controller and the

Ejninand signals to the control valves. These control loops, which are
typical for all combined-cycle concepts, are described as follows.

Rgure 8-5 Closed control loops in a combined-cycle plant

Drum level control, BLC-HP, and BLC-LP

I This is normally a three-element control system, as shown in figure
P-5 which forms one signal from the feedwater, the live-steam flows,

the drum level. This signal is then used to position the feedwater
EBntrol valve. .

219



220 Combined-Cycle Gas & Steam Turbine Power Plants

Live-steam temperature control, STC

The live-steam temperature control loop in drum-type HRSGs
actually limits rather than controls the live-steam temperature. Its
purpose is to reduce the temperature peaks during off-design operating
conditions, such as hot ambient temperatures, part load, and peak load
For that reason, attemperation often takes place after the superheater
and not between two portions of the superheater as in a conventional
steam generator. Normally, high-pressure feedwater is injected into the
live steam to cool it down to the required temperature.

No real temperature control extending over a broad load range is
possible in purely HRSG operation because the turbine exhaust gas
temperatures drop off with cold ambient temperatures and extreme
part loads of the gas turbine. In plants with supplementary firing, the
relationships are more like those of a conventional steam generator.
Because higher flue gas temperatures within the HRSG are possible
in 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 could be divided into two sections with the attemporator
installed in between them.

Ifthe HRSG is of the once-through type, the live-steam temperature
is generally controlled by the feedwater flow to the HRSG. With such an
arrangement, however, attemperation is still required at extreme part
load conditions and during startup.

Feedwater temperature, DPC

To avoid low temperature corrosion in the cold part of the HRSG,
the feed water temperature should not, even in the lower load range,
drop significantly below the acid or water dew point. On the other
hand, this temperature must be as low as possible to ensure good
utilization of the heat available, as discussed in chapter 5“combined-
cyde Concepts”. It is, therefore, recommended that the feedwater
temperature be held at a constant level corresponding approxim ately
to the acid dew point.
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| For the control loop shown on the diagram in figure 8-5, deaerator
L ting >sdone primarily with a steam turbine extraction, but if the
KLsurein thisextraction is not sufficient at any load point then pegging
m J - fromalive-steam source (LP in figure 8-5) is used. In plants with
E no-pressure preheater loop in the HRSG, the opposite problem could
~ceur during part load operation of the gas turbines, where more low-
oressure steam could be generated than required. This excess energy
Eust be dissipated either by increasing the pressure in the feedwater
tank/deaerator, which reduces the amount of steam generated, or by
directing the excess low-pressure steam to the condenser, which again
Rightly increases the vacuum and, therefore, marginally lowers the
steam turbine output.

For plants without a feedwater tank, the minimum feedwater
temperature is normally controlled by hot water recirculation from the
low-pressure economizer outlet into the HRSG feedwater inlet (see
figure 5-57). To compensate the pressure losses in the economizer, a
small booster pump is foreseen. The amount of water is determined
by the desired feedwater temperature. For high sulfur fuels (normally
backup fuels), the economizer is bypassed and the water enters directly
into the low-pressure drum.

e-steam pressure, STBC-HP and STBC-LP

Jsually the steam turbine is in sliding pressure operation down to
approximately 50%, so continuous control for the live-steam pressure
is needless in this range. Below this the pressure is kept constant by

dosing the steam turbine valves. Control is, however, necessary for
nonsteady-state conditions such as startup, shutdown, or malfunction.

How this control is accomplished depends on the plant equipment.
The live-steam pressure is controlled by the steam turbine control valves
@®@nd/or steam turbine bypass control valves.

f A 100% steam bypass provides the following advantages:

« Flexible operation during startup, shutdown, turbine trip, or
quick changes in load

« Shorter startup times
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< Environmental acceptability (because no steam is vented to
the atmosphere)

¢ No actuating of the HRSG safety valves in case of a steam
turbine trip

Table 8-1 shows when main steam turbine valves and steam bypass
valves are used for various modes of operation of a combined-cycle
plant with an unfired HRSG.

Table S-1 Operation of steam turbine control loops in a single shaft combined
cycle plant

type of operation Steam by-pass ST control valves
Startup .

Shutdown + *

Normal sliding pressure operation

Fixed pressure operation below 50% - +

Steam turbine switch off or trip +

HRSG switch-off

Gas turbine trip +

+ inoperation, - not in operation

Level in feedwater tank and condenser
hotwell, DLC and HLC

These levels ensure that there is sufficient head for the feedwater and

condensate pumpsand the necessary water buffer in the cycle condenser.
Hotwoll lovoliccontrolled by adjusting tho main condoncato flow control

valve, which will open for increasing and close for decreasing hotwell
levels. If the level in the feedwater tank is too high, the drain valve in
the main condensate line is opened to prevent the level rising further.
If the feedwater tank level is too low, makeup water is admitted to the
cycle, usually via the condenser, which in turn raises the hotwell level,
and thereby the feedwater tank level.
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mentary firing

If the plant has supplementary firing, this will usually be controlled

-ndently to meet a required output or process steam demand by

ating the amount of fuel admitted to the burners. This is often

uwse<j t0 control variations in process steam flows, which cannot be

* hieved by the combined-cycle GT load control alone. Ifdemand falls,

supplementary firing load is normally reduced first before the gas
turbine load is decreased.

Process energy

If there is a process steam extraction, it is usually controlled
pendendy ofthe main processcontrol loops as previously described,
etimes the control may even be done externally to the combined

cle, in the plant that is receiving the process. Usually, however, the
ure must be regulated, either internally or externally to the steam
ine, or using a combination of both. Sometimes the temperature

must be controlled with attemperation.

Power augmentation

I The various possible solutions are described and explained in
chapter 9. The control of this system is done manually from the control
room, and is normally not part of the plant load controller.
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Operating and
Part-Load Behav

The way in which a power plant responds to changes in its outside
conditions (ambient conditions, power demand by the grid) is of great
importance for the overall plant economy as well as for a safe and
reliable operation.

In a liberalized open market, gas turbines as well as combined-cyde j
power plants have the unique potential to react quickly and with flexibility
to changes in grid and market requirements, and can, therefore, be used j
as trading tool. Itis thus important to have the following:

« A well-designed power plant with the required flexibility
(e.g., short startup time, high-loading gradients, possibilities for
frequency support, good part-load behavior, additional system
for power augmentation, etc.)

« Owd knowledge (Uiul) to foivcaM acitual, pwtwiitial
load jumps, or calculate cost of electricity at certain part-load
conditions.

Combined-Cycle Off-Design Behavior

As opposed to the plant design, in which all the components ot
the water/steam cycle are defined to meet certain design criteria,
the performance of a plant under off-design conditions will depe |id
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[ behavior of these fixed components with changes in the
JjAnvironmen..

~m»im portant to ~ave Precise knowledge of both the steady state and
ANCnamic operating behavior of the plant Theoretical calculations

dynamic behavior are costly and difficult. For that reason, to
°l ~cttj,js behavior, operating experience from other similar plants or
* -Ktee (sometimes a simulator) are frequently used in combination
with steady-state plant calculations.

H more exact calculation of the behavior would certainly be
aAygntageous, but it is usually omitted due to consideration of time
Sbcost. However, the calculations of the steady-stale operating and
part-load behavior have to be done.

Calculation basis

The calculation ofthe steady-state operating and part-load behavior
of the steam part in a combined-cycle plant differs significantly from
that of a conventional steam plant. The difference is related mainly
to the boiler and the operating mode of the plant. In a heat recovery
steam generator (HRSG), the heat is transferred mainly by means
of convection, whereas in a conventional boiler it takes place due to
radiation.

The steam turbine of a combined-cyde power plant functions
most economically using sliding pressure, as shown in figure 9-1.
(Sliding temperature process; that is, runs uncontrolled.)
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Steam data are determined only by the exhaust flow and exhaust
temperature of the gas turbine, and by the swallowing capacity of the
steam turbine. In contrast, a conventional steam plant is generally
operated at a fixed pressure; that is, live-steam pressure and temperature
remain constant. Calculationsare thus simplified because steam pressure
and steam temperature are known in advance, and the steam turbine
and the boiler can, therefore, be considered independent of each otheb
Calculations of the gas turbines are not a problem because gas turbines

are standardized machines for which correction curves (or calculation
toolc) oro available to account for cHangoc in ambiont condition*, ac ” oil

as for part-load operation.

Solution approach

Calculating the operating behavior of an installation, consider: ng
the geometry of tnis plant, would be very time-consuming. The proce* |
can, however, be simplified by referring all values tothe therm oaynam ¢
data at the design point. Ifthe design point is known, general equation
(the Law of Cones, heat transfer law, etc.) can be used t0 reduce t
calculation problem to a reasonable number of equations, without 11
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L -ity of considering the dimensions of the unit itself. A brief study

neCf ralculation method can be found in appendix A.
oft*155

Combined-Cycle
Off-Design Corrections

The influence of a variation of the operating conditions is generally

AN L rent from the behavior shown in chapter 5. Iherefore, the variations

of the design conditions generally lead to a different design of the

deponents of the water/steam cycle (exceptions are standardized

IK ts). In the case of off-design operation, the actual geometry

of the components, such as HRSG, steam turbine, cooling system,
(«mains unchanged.

mOperating behavior will differ from plant to plant, depending
on the actual design point. In the following paragraphs, some
typical variations are shown. These parameters should normally be
coasidered when correcting the combined-cycle performance from
one set of operating conditions to another (e.g., for combined-cyde
performance testing):

L « Plant load

m « Ambient air temperature

K ¢ Ambient air pressure

I « Ambient relative humidity

V « Cooling water temperature (only in case of fresh-water cooling)
, * Frequency

I« Power factor and voltage of the generators

I" « Process energy extraction (only for cogeneration application)

* Fuel type and quality
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Effect of ambient air temperature

At the design point, ambient air temperature has a large influenc
on the power output of the gas turbine and the combined-cycle pjant
(see chapter 5). Operating behavior ofthe plant in off-design conditions
with changes in ambient air temperature is very similar to the behavior
for different design points.

In particular, efficiency increases slightly if the air temperati e
increases (under the assumption that the vacuum within the condenser
remains constant, as shown in figure 5-6). However, this effect if
marginal and mainly affects the pinch point in the HRSG and condensei
These changes in performance are so slight and hardly detectable ai
the curve compared to the design influence discussed in chapter 5.

In case of combined-cycle plants with direct air cooling (e.g., wi]
air-cooled condenser) or a wet cooling system, the ambient temperatur
will also have an influence on the condenser pressure and, consequently
on the steam turbine output and combined-cycle efficiency. Such a
correction curve is plant specific (indicative values can be taken fron
figure 5-11 and figure 9-2.)

Effect of ambient pressure

The main factor influencing the ambient pressure is the site elevation
which is purely a design issue, as described in chapter 5. For a give
site the power plant may see daily weather variations, which are the
only causes of change in the ambient pressure. These corrections are
bacically tko camo ac doccribod in cKaptor 6. TKo oorroction will only -

affect plant output, and the efficiency will remain practically constant.

Effect of ambient relative humidity

The effect of changes in the ambient relative humidity is also simil
to the one described in chapter 5. An increase in relative humid'
increases the enthalpy of the working media of the cycle as well as thi
density of the air into the gas turbine. Compared to the design P°I
it enhances the energy to the HRSG, causing slightly higher eneri
transfer through the HRSG sections. This leads to a marginal increase 141
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InCh point of the HRSG to transfer this additional energy, resulting
a slight negative tendency for off-design calculations.

I In the case of combined-cyde plants with a wet cooling system the
NEjjye humidity will also have a larger influence on the condenser
~Cyng water inlet temperature and, consequently, on the condenser
NEgiure, steam turbine output, and combined-cycle efficiency. Such a
E jection curve is plant specific (indicative values can be taken from
figure 5-11 and figure 9-2.)

Cooling water temperature

* The cooling water temperature has a major impact on the efficiency
of the thermal cycle, directly affects the condenser pressure, and,
consequently, affects the enthalpy drop in the steam turbine and the
Iteam turbine output. At a given steam turbine exhaust area (selected
at the design point) a change in the cooling water temperature affects
with the corresponding condenser pressure the volume flow of the
«team turbine exhaust, the steam velocity in the steam turbine exhaust
part, and, consequently, the exhaust losses. Deviating from the design
point the exhaust steam volume flow will be different as well as the
echaust losses. Generally exhaust losses are increased if the cooling
temperature (condenser pressure) falls, so the benefit due to a better
condenser vacuum is reduced. If the cooling water temperature is
higher, the condenser pressure increases, thereby reducing the steam
turbine output. The operating behavior is thus quite different from the
one to arise if the size of the turbine was in all cases adapted to the

|i*nperature of the cooling water (identical starting point in the exhaust
locses curve), as it is the case in chapter 5.

Kt Figure 9-2 shows the effect of the condenser vacuum (steam turbine
(B~Pfessure) on the relative efficiency of the combined-cycle plant
. typical direct water cooling (and wet cooling tower with reduced

turbine exhaust area) application. It is a plant-specific curve,

AV *d on agiven steam turbine with a fixed exhaust area (designed for
pertain vacuum). The curve is, therefore, only generally applicable for
with identical design conditions. To determine the condenser
WijpPressuie of different cooling media temperature, figure 5-11 is

as long as the plant runs at full load. *
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Figure 9-2 Effect of condenser vacuum on combined-cycle efficiency

For part-load conditions, less steam is produced in the HRSG,
consequently reducing the amount of steam leaving the steam turbine
exhaust into the condenser. If the cooling water flow is maintained lor
full ac well ac part loadc, tHo vacuum ic roducod ovon furthor for part

loads due to the lower heating of the cooling media and the smaiter
pinch point in the condenser.

Electrical corrections

Frequency. The grid frequency has a major impact on plllt
behavior because it determines generator speed and, consequently. BS
turbine speed. The gas turbine compressor speed defines the airfl«w
entering the gas turbine, which is significant for the plant performai'lL-
Gas turbines are normally designed to operate at nominal

N
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[-oeraturcs for frequencies from 47.5 to 52.5 Hz for a 50 Hz grid,
B *j57 to 63 for a 60 Hz grid. The same design criteria are valid for
~eam turbines.

m figure 9-3 shows a typical variation of combined-cycle output and
efficiency for frequency variations. The output decreases for lower
Cquencies and the efficiency stays within a narrow range of the
nominal frequency point.

Hgure 9-3 Effect of frequency on relative combined-cycle output and efficiency
MfuD-load operation

Power factor. lhe plant power factors are dictated by the grid and
ABwuence the maximum generator capability as well as the generator
*®ciency, which in turn affects the output at the generator terminals,
j* normal power factor is in the range of 0.85 to 0.95. At the nominal
Paint of the generator, a change in power factor from 0.8 to 1 would
miprove the generator efficiency by 0.3 to 0.4%. For lower loads of the
Iterator the difference tends asymptotically towards zero.
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Process energy. Plants with process heat extractions (cogenerati0 |
plants) are often highly customized, and universally valid off-design I
behavior cannot be given. The extracted process energy has a major
effect on plant performance, making a plant-specific curve necessary |
(or calculation with an off-design heat-balance simulation program) !

Fuel type and quality

The main off-design influence of the fuel on cycle performance
occurs when a backup fuel is fired (e.g., oil instead of natural gas). The
reason for this lies in the fuel composition and possibly the need for |
water or steam injection to meet local emission requirements.

Variations in the composition for the same type of fuel also influence
the plant performance because a different fuel composition results ina
different chemical composition after combustion.

Fuel components will also determine the lower heating value (LHV)
of the fuel. Ifthe LHV decreases, the fuel mass flow (heat input divided j
by LHV) increases to provide the same heat input to the gas turbine. I
This again results in increased flow through the turbine part of the gas
turbine, which has a positive impact on output (provided the fuel has I
not first to be compressed in the plant).

If the chemical impact of the combustion products drags the I
performance in the opposite direction to the LHV influence, however, |
the total influence could be different. The normal tendency is, though, |
positive. It is, therefore, not possible to show an impact on a variety |

of fuels. These influences should be treated on a project specific basis, |
where the actual fuel compositions are known. A typical correction for |

gas fuel is shown in figure 9-4.
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output and efficiency (base-load, gas operation with wet cooling tower)

Part-Load Behavior

iln combined-cycle plants without supplementary firing, efficiency
®*Pends mainly on the gas turbine efficiency, the load of the gas
exhaust gas temperature, and plant size. So far, all of the
Infections discussed have been related to a plant performance with
e®s turbines running at full load (with nominal firing temperature).
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Figure 9-5 shows the part-load efficiency of a combined-cyc]e
plant and the associated gas turbine, each relative to the 100% pa(j
case. At higher loads the part-load efficiency is acceptable down to an
approximately 50% load due to the following reasons.

The gas turbine used is equipped with one or even more rows of
compressor variable inlet guide vanes, keeping the efficiency of the
combined-cycle plant almost constant down to approx. 80 to 85% load.
This is because a high exhaust gas temperature can be maintained as
the air mass flow is reduced. Below that level, the inlet temperature
(TIT) must be reduced, leading to an increasingly fast reduction
of efficiencies.

Also, the steam turbine is calculated with sliding pressure mode down
to about 50% load, also providing good utilization of the exhaust gas in
this range. Below that point, the live-steam pressure is held constant by
means of the steam turbine inlet valves, resulting in throttling losses
and increasing stack losses.

n n
Lm4 (M

Figure 9-5 Partload efficiency of gas turbine and combined cycle
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I Reheat gas turbines have a different (better) part-load behavior
mainly at lower loads.

I For full load operation the gas turbine accounts for two-thirds of the

output, and the steam turbine for one-third. Figure 9-6 shows
tow the ratio of steam turbine to gas turbine power output (PST/PGT)
jhifts towards more steam turbine output at part loads.

Combined Cycle Load [%] . HP Stum Pressure
- P-STf-Gt calculated
-— HP StNcn 1«np*rtuf*
GI' Umet GasT«npfatur®

9-6 Ratio of steam turbine and gas turbine output and live-steam data of a
etbined-cyr le plant at part load

madditionally, the live-steam temperature and relative live-steam
~pP***raofthewater/steam cycle are shown. The live steam temperature
constant by means of attemperation at the HRSG superheater
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outlet. The reason for the flat temperature profile lies in the varjal
inlet guide vane control, which allows the gas turbine to operate atH
lower flow with the nominal TIT. The live-steam pressure drops dovnB
to 50% of the full-load live-steam pressure and is then controlled by /1
steam turbine valves.

There are several site-specific possibilities for further part p*|
efficiency improvements, such as;

« Several gas turbines in the plant configuration
* Air preheating for sites with cold ambient air temperatures

A combined-cycle plant with several gas turbines is operat
differently at part load to keep the efficiency at highest possible
For a plant with four gas turbines and one steam turbine, the load of the
plant as a whole is reduced as follows:

» Down to 75%, there is a parallel reduction in load on all four
gas turbines.

* At 75%, one gas turbine is shut down.

» Down to 50%, there is a parallel reduction in load on the three
remaining gas turbines.

At 50%, a second gas turbine is shut down.

With this mode of operation, the efficiency at 75%, 50%, and 25%
load is slightly lower than at full load. If, however, four indepenCent
single-shaft combined-cycle blocks are selected, the part load
efficiencies are as shown in figure 9-7. In this case, the full locad
efficiency would be achieved at the points 100, 75, 50, and 25% lo**
because at these points the individual steam turbines are also run
at full load.
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Combined-Cycle Testing Procedures

s’ld"*nL?*r’ormanCe 8uarantees are 8iven when a power plant is
guarantees will apply to a set of performance parameters

ptrf ambient conditions that cannot normally be recreated for the
have€5” lance test. Therefore, to demonstrate that the guaranteed values
met>plant performance must be measured under actual site



Operating and Part-Load Behav.
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conditions, and the results must be corrected with aseries ofcorrectiO
for the parameters described previously. These corrected values
then be compared with the guaranteed values.

In a combined-cycle plant, the gas turbine, HRSG, and steai*
turbine all interact with each other. Ifthe contract for the plant goes 1
a single general contractor on a turnkey basis or to a single contract/l
for the power-island (including all main equipment such as gas turbinj
boiler, steam turbine, generator, condenser, etc.), the power outputaril
efficiency of the plant as a whole can be guaranteed. For combined,
cycle plants, it is much easier and linked with fewer uncertainties to
measure the values for overall plant performance instead of each major
component individually. The amount of exhaust heat supplied to the
HRSG (by the gas turbine in particular) cannot be measured accurately.
When overall plant values are guaranteed, the fuel flow, lower heating
value (with fuel samples), electrical output, and ambient conditions
of the power plant must be measured. These are quantities that <an
be determined with relative accuracy. Nevertheless, a certain oviral
measurement uncertainty will remain; in case ofa gas-fired combined-
cycle power plant, about +0.5% in overall power output and min +0 8%
in net efficiency.

Thereafter, a correction factor is determined for each paramete
quantifying its influence on actual performance because each parameti
is not at design/guarantee value. These correction factors are multiplie
to give values, which can be directly compared with the guarantees.

The power output of the gas turbine and the steam turbine are ofte
corroctcd 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, and so on.

» The power output measured for the steam turbine is
corrected by using curve* that show the indirect effects of
air temperature, air pressure, and gas turbine speed on the
steam process as well as the direct effect of the cooling water
temperature (or air temperature and humidity).
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ISu caiculate these curves, it is best to use a computer model that
the steam process as a whole (as previously described in this
sinU r) Changes inambient air data produce changes in the gas turbine

ch]F]P" td”a, and these affect the power output of the steam turbine.
exhalls

| B ¢ advantage of this procedure is that it can, with certain
e d ification”, be used even if the gas turbine is put into operation at
~K gwhat earlier date than the steam turbine (phased construction),
«mmethod is. however, rather complicated and requires quite a few
corKctions to cover the interactions between the gas turbine(s) and
steam turbine. Therefore, especially for single-shaft combined cycles
and for plants without phased construction, there is a trend towards
overall combined-cycle corrections.

For steam turbine plants and gas turbines and combined-cycle power
plants the methods used for corrections are described in international
standards such as ASME PTC 22 and 46 or 1SO 2314.

Correction with a heat balance computer model: In cases of more
complex combined-cycle plants (e.g., with district heating or process
steam extractions), the correction procedures with correction curve for
each and every parameter would be too complex. Therefore, it is easier
andmoreaccurate to make thecorrection from test results to guarantee
condition (or vice versa) with a heat balance calculation program.
Principles of correction are shown in figure 9-8. The correction from
the measured condition back to guarantee condition (3 -+ 4) has an
advantage In case of a weighted guarantee, resulting out of different
individual guarantee points. Of course, the calculation model must be
tooted and jointly agrocd by all portico prior to tooting.
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Figure 9-8 Performance guarantee comparison

Combined-Cyde Power
Plant Degradation

Performance predictions or even performance guarantees
required for long-term economical evaluation to be given after atert4
number of operating hours or years of operation. After commiss>or* B
at the time of the plant performance test, the plant is normally I~
in "new and clean condition” For operating hours beyond this poL

the power plant performance value will slightly decrease as funiu
of time due to degradation, which is mainly caused by the gas tut
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LLin partially recuperated in the steam process. Typical values are
Y r  chapter 7. Plant performance degrades from new and clean
fjjues because of many factors, including GT compressor fouling,
wreased leakages, and airfoil surface finish changes. Plant operation
Ign also have a significant impact on performance. Off-line and on-line
Knpressor washes, inlet filter replacements, frequency of start/stops.
K it chemistry, readjustment of instruments, and controller setting
values can be major factors.

I Figure 9-9 indicates a typical degradation on power output and
efficiency for a large combined-cycle plant with natural gas firing after
GTcompressor off-line washing and with a state-of-the-art maintenance
and operation of the entire plant. The last one can be achieved by an
operation and maintenance contract with the plant (GT) supplier, with
clearly defined guarantees for degradation as well as for availability.

9-9 Expected non-recoverable combined-cyde power plant degradation of
Pewir output and efficiency with GT operating on dean fuels

already explained in chapter 7, the degradation factor is a function
**rjous elements A few of them can be optimized (e.g., compressor

- inK exchange of GT air intake filter, etc.) and kept as low as
Neple. To visualize the performance degradation over the plant
time, a performance monitoring system in the control room

(s« tCord specific values, and correct these data to inference conditions
figure 9-10).
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Figure 9-10 Gas turbine compressor efficiency as function of days operation (or
operation hours)

Figure 9-10 clearly shows that the real average power output,
and officioncy at guarantood condition over a defined intc«®
(e.g., between PAC and first GT overhaul) is the base for an economic”
calculation, is not easy to forecast, and will, in most of the cases,
be guaranteed.

For a well-maintained and operated combined-cycle power
the real figures are about 3 to 4% for the average power output, afd
about 2 to 3% below the values for efficiency according the cure
shown in figure 9-9.
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plant performance monitoring

I Such an on-line power plant management software tool can
jisist the local operation and maintenance team in maximizing
olant performance (minimize permanent degradation losses) and
Ksequently owners' operating income. The systems primary duty
is to correct and compare the current plant performance values with
the base line plant (mostly new and clean, or a predefined degradation
curve) at guaranteed conditions, with a correction procedure as
described under combined-cycle off-design corrections. By means
of such a tool, the operator gets a clear and early indication about
deviation to target performance, and he can react with improvement
measures (e.g., off-line, on-line washing of compressor, GT air intake
filter replacement, calibrate instruments etc.).

| Power Output Enhancement-
Power Augmentation

After the selection of the combined-cycle power plant concept has
been done, other factors are addressed. These factors include:

* Isthere a need for peak power production with premium paid
I" for the resulting power?

» Does peak power demand occur on hot days
m (summer peaking) only?

* |s there a need to compensate the power reduction
I continuously during summer period?

H k frequency support required?

these questions must be checked individually. The goal of power

comhfnUti°n basical |y * to increase the overall net power output of a
with u™ d'CyCle power Pfant  alim'ted time (i.e., during midday peak
ambient air temperature) with possibly some concessions

W U ng efficiency. .
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There are different possible solutions for power ai
applications, such as:

 Supplementary firing in boiler
 Steam/water injection into the gas turbine
* GT peak load firing

e GT air inlet cooling

GT air inlet cooling is mainly for larger combined-cycle |---g4
plants a realistic economical option and use the effect, that with
lowering oftheair inlet temperature the power output will be increa” |
(see correction curve power output as function of the air temp, r tm*
in chapter 5).

The control ofthis system is usually done manually from the control
room, but today, mainly in cases where these systems are used for
load jumps, they are integrated in the overall plant load controller,

GT air inlet cooling

Because gas turbines are constant-volume-flow engines, thes are
very sensitive to changing ambient temperature and pressure, rhis
reduction of plant performance at high ambient temperature is
particularly unfortunate because of the retail price for electricity that
usually rises rapidly with higher ambient temperatures. The resulting
mismatch of demand and supply does have a negative impact on
the profitability of combined-cycle power plants. Thus, a variety of
options have been developed to particularly account for this pn
such as:

« Evaporative cooling

* Fogging

 Evaporation compressor cooling (over/high fogging)
* Chiller

An overview of the different air inlet cooling systems is gven 4
table 9-1.
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(Demin) water Power Air humidity Net efficiency Spec. Investment
consumpt.  increase limitation reduction cost

X
X
XX
XXX
ATxxmid XXX high

gvaporative cooling. The aim of this system is to cool down
~B | r entering the gas turbine by evaporation of water, which also
increases the mass flow. The evaporative cooler increases humidity
dose to saturation. The best result in power Increase can be achieved if
the air inlet temperature is high and humidity is low.

An overview of cooling potential at different locations is shown in
table 9-2.

Tabla9-2 Max ambient temperature and corresponding cooling potentials at
different locations

Gulf-region Saudl-Arabia  Tropical

on Germary (seashore) (mainland)  Region South USA
Mexair temperature of C 3840 46 %5 3638 i)
Gooling Potertial K 1416 1415 2628 10-12 18

Theamount of evaporated water depends on ambient air temperature
*** humidity and is, in caac of ambient temperature of 10'C and BO*
humidity with a typical evaporative cooler efficiency of 85%, about 0.4%
°fthe gas turbine inlet air mass flow.

corresponding relative power increase of a combined cycle is
shown in figure 9- 11.
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Figure 9-11 Relative power increase of a combined-cycle power plant as functi
of ambient temperature and humidity

Forrough estimations the following could be applied: PC temperat
decrease corresponds to a combine-cycle power increase of about *0.4
to 0.5%; the overall efficiency remains more or less the same.

An evaporative cooler solution does only make sense at locatio
with humidity below 70 to 80%. At air temperature levels lower thi
10*C the cooling is usually not anymore in operation.

The system consists ofan ovaporativc coolor (ccllulosc or
and a droplet separator producing an additional pressure drop of aboU
1.5 to 3 mbar in the air intake system.

Fogging system. The principles are similar to the evaporative
cooler. That means, the injected water (demineralized water)
downstream of the air intake filter (see figure 9-12) cool down the
inlet air with an improved cooling efficiency (up to 95% compared to
about 85%). The injected water (small water droplets) evaporates and
the air is cooled down close to saturation. In contrast t0 evaporative
coolers, fogging systems have a negligible pressure drop and are idea
for retrofitting.
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High-fogging system. To further increase power augmentation,
an additional nozzle rack is installed near the gas turbine compressor
intake. These systems have different names such as high fogging, wet
compression, over spray, or over-fogging system, and are usually in
operation together with a fogging or evaporation cooling system.

The high-fogging system sprays small water droplets (<50uT)
through nozzles into the air stream. These droplets evaporate mainly
inside the compressor as the air is heated up during compression. Two
effect! mainly increase the power of the gas turbine:

 The air is intercooled in the compressor, which reduces the
I compression worU and the comproooor exit temperature.

 The mass flow through the turbine is increased.

fh* increase of power with fogging or evaporative cooling depends
LLL ambient conditions. The high-fogging power increase is nearly
~kpendent of ambient humidity and temperature.

"he total water mass flow capacity of a high-fogging system is gas
~pee-epecific and currently about 1.2% of the air intake mass flow
«*SO condition, which results in a gas turbine power output increase
P»bom 8 to 10%; combined cycle, about +5 tc*7%. At high ambient
m | |Perature the total amount of water for air inlet cooling can go up
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to 2% of the air intake mass flow. The overall combined-cycle p|]1 |
efficiency will be reduced by about -1.5% in case of a spray wat |
amount of 2%. rl

To avoid erosion corrosion problems within the first part of the GT |
compressor, awell-designed and tested water spray system is mandatory |
to secure a uniform and fine water atomization into the GT air intake |
system. Additionally the first few rows in the GT compressor may need |
some modification for this kind of operation.

Chiller. Refrigerated air cooling is one of the most effective I
ways to increase the power of a gas turbine during high ambient |
temperatures. Chillers, unlike evaporative coolers, are not limited I
by the ambient temperature, and do not need additional water,l
which can be an important factor at dry area locations during the |
summer season.

The gas turbine inlet air can be cooled down to a fixed value (>10°C),A
which can be lower than the wet bulb temperature.

As shown in figure 9-13 the power consumption for the chiller |
unit increases drastically for cooling beyond the line when the air J
saturation line is reached (amount of work Ah2to cool down airB
from 23*C to 10*C is much higher than Ah, for cooling from 35°C
dow n to 23*C).
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figure 9-13 Alrinlet cooling process with chiller in Mollier diagram

Most of the chilling energy in this case is used for the condensation of
*nd not for the temperature decrease. Therefore, an economical

of the overall possible temperature decrease needs to be

IP* by considering the additional cost as well as the additional power

<®*umptlon for the chiller unit.
typical diagram ofa chiller system is shown in figure 9-14.
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"The cooling of air can be provided either continuously or by using
a thermal storage. Continuous cooling makes sense in cases where
power enhancement is required for more than six to eight hours a day.
A system with thermal storage is the better solution in all other cases.
With such a thermal energy storage (TES) system, a cold reserve (in
form of ice) can be built during the nonpeak hours and then be used for
power increase during the few peak hours.

A typical example of a power improvement In a combined
cycle power plant with a chiller (without a TES design) is shown in
table 9-3.

281
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Table 9-3 Typical example of combined cycle power improvement with chiller
Without chiller With chiller

Design ambient temperature K 33 5
Design wet bulb temperature C % %
Design ambient RH % 0 20
GT inlet air temperature C 3 10
Total net power output w/o chiller MW 36 a1
Parasitk power from chiller MW 113
Total net power output MW 35 3B
Net power Increase MW D
% change % 9.0%

The parasitic loads are in the range of about 20 to 30% of the power
gain. In the example shown in table 9-3, the load is almost 30% because
of the quite low cooling air temperature.

Summary

All systems, except the solution with chiller, need additional high-
quality water (demineralized water) and are limited by the amount of
moisture present in the air. Therefore, the application of these solutions
islimited for sites with an average relative humidity of about 70 to 80%.
The control of the different systems is done as follows:

» Evaporative cooler: No control of the evaporated water (only
on-off possible)

« Fogging system: Air inlet temperature at GT compressor
inlet can be controlled by the amount of injected water (with
certain limits)

« Chiller system: Inlet air is cooled down to a fixed set point by
a closed loop control (minimum temperature 10 to 13*C)

The high- or over-fogging (wet compression) solution has the largest
Potential for an increased power output by 10% (up to 20%). With this
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system special attention has to be given to a well-designed spray system
(optimized droplet spectrum), including an adequate integration into
the plant control system, as well as to the GT compressor (first 5 to
stages), to avoid extensive erosion/corrosion problems.

The specific costs of these additional systems are quite different
Table 9-4 gives a rough estimation, but as previously explained, mainly
for the chiller system, various figures can heavily influence these costs.

Table 9-4 Specific investment costs for additional output of air inlet cooling system
Spec. Investment Cost

Fogging System USSAW 2550
Evaporative Cooing System USSAW 4070
High Fogging System USI/kw 120160
Chilling System (W/0 TES) USsAkw 250350

Startup and Shutdown of a
Combined-Cyde Power Plant

Combined-cycle power plants are usually operated automatically.
Therefore, during startup and shutdown it must be possible to activate
equipment from the central control room. Whether the commands are
to be issued to the individual drives, drive groups by the operating staff,
from a higher level automatic otorting program must be decided on a
case-by-case basis. In base-load installations operating with few starts,
full automation of the steam process is not always necessary.

The dynamic behavior of modern combined-cycle plants is
characterized by the short startup time and quick load change capability
Above all, the gas turbine can be started and loaded quickly. Because
its reaction time is short, it is capable of following quick changes and
surges in load.

Modern combined-cycle plants in the 80 to 400 MW range can be
started within the following times:

5
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, Hot start after 8 hours standstill: 40 to 60 minutes
, Warm start after 48 hours standstill: 80 to 120 minutes
. Cold start after 120 hours standstill: 120 to 170 minutes

Larger figures correspond to 250 to 400 MW combined-cycle plants
(one-to-one configuration)

Gas turbine startup is basically independent of its standstill time,
allowing two-thirds of the combined-cycle power to be available within
30 to 40 minutes after activating the startup sequence. The startup
time for the steam turbine depends on the time required to heat up
parts of the machine (i.e.,, rotor) without exceeding thermal stress
limits imposed by the material. Therefore, the stand still time is very
significant because it determines the temperature of these parts when
the startup sequence is initiated. This temperature is the base for the

wable loading gradient of the steam turbine and the HRSG.

K To increase the flexibility during plant startup a stress controller
for the steam turbine (TSC) can allow different startup modes for the
ST. It can be preselected by the operator, following grid requirements.
Thermal stress and, as a result, lifetime consumption of the ST is
cumulated, monitored, and Indicate the remaining lifetime of the ST.

[ The operator has the choice between FAST, NORMAL and
ECONOMIC loading modes. The FAST startup mode (maximum
800 ST starts) reduces the ST startup time, whereas the ECONOMIC
mode (maximum 8,000 ST starts) saves ST lifetime consumption. The

NORMAL loading is equal to standard cycling duties (maximum 2200
etarts during ST life).

Starting procedure

I Topreventexplosion ofany unburned hydrocarbons left in the system
“°m earlier operation, it may be advisable—eventually mandatory

NFPA boiler code, especially when firing oil—to purge the HRSG
before igniting the gas turbine. This is done by running the gas turbine
H* Ignition speed (approximately 20 to 30% of nominal speed) with
F** generator as a motor, or with similar starting equipment, to blow

through the HRSG. The purge time (approximately five minutes)
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system special attention has to be given to a well-designed spray system
(optimized droplet spectrum), including an adequate integration int0
the plant control system, as well as to the GT compressor (first 5 to (,
stages), to avoid extensive erosion/corrosion problems.

The specific costs of these additional systems are quite different
Table 9-4 gives a rough estimation, but as previously explained, mainly
for the chiller system, various figures can heavily influence these costs.

Table 9-4 Specific investment costs for additional output of air inlet cooling system
Spec. Investment Cost

Fogging System USSAW 2550
Evaporative Cooing System USVKW 40-70
High Fogging System USSAW 120160
Chilling System W/0 TES) USSAKW 250350

Startup and Shutdown of a
Combined-Cycle Power Plant

Combined-cycle power plants are usually operated automatically.
Therefore, during startup and shutdown it must be possible to activate
equipment from the central control room. Whether the commands are
to be issued to the individual drives, drive groups by the operating staff,
from a higher level automatic starting program muot be docidcd on a
case-by-case basis. In base-load installations operating with few starts,
full automation of the steam process is not always necessary.

The dynamic behavior of modern combined-cycle plants is
characterized bythe short startup time and quick load change capability
Above all, the gas turbine can be started and loaded quickly. Because
its reaction time is short, it is capable of following quick changes and
surges in load.

Modern combined-cycle plants in the 80 to 400 MW range can be
started within the following times:
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. Hot start after 8 hours standstill: 40 to 60 minutes
. Warm start after 48 hours standstill: 80 to 120 minutes
, Cold start after 120 hours standstill: 120 to 170 minutes

I L*rger figures correspond to 250 to 400 MW combined-cycle plants
(one-to-one configuration)

; Gas turbine startup is basically independent of its standstill time,
allowing two-thirds of the combined-cycle power to be available within
30 to 40 minutes after activating the startup sequence. lhe startup
time for the steam turbine depends on the time required to heat up
E fts of the machine (i.e., rotor) without exceeding thermal stress
limit* Imposed by the material. Therefore, the stand still time is very
significant because it determines the temperature of these parts when
the startup sequence is initiated. This temperature is the base for the
allowable loading gradient of the steam turbine and the HRSG.

To increase the flexibility during plant startup a stress controller
for the steam turbine (TSC) can allow different startup modes for the
ST. It can be preselected by the operator, following grid requirements.
Thermal stress and, as a result, lifetime consumption of the ST is
cumulated, monitored, and indicate the remaining lifetime of the ST.

The operator has the choice between FAST, NORMAL and
ECONOMIC loading modes. The FAST startup mode (maximum
800 ST starts) reduces the ST startup time, whereas the ECONOMIC
mode (maximum 8,000 ST starts) saves ST lifetime consumption. The

NORMAL loading is equal to standard cycling duties (maximum 2200
starts during ST life).

Starting procedure

I Topreventexplosion ofany unburned hydrocarbons left in the system
earlier operation, it may be advisable—eventually mandatory

by NFPA boiler code, especially when firing oil—o purge the HRSG
Nefore igniting the gas turbine. This is done by running the gas turbine
A Ignition speed (approximately 20 to 30% of nominal speed) with
P*** generator as a motor, or with similar starting equipment, to blow
P k through the HRSG. The purge time (approximately five minutes)
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depends on the volume behind the gas turbine (e.g., bypass stack or
HRSG), which has to be exchanged by up to a factor of five with dean
air before gas turbine ignition can take place.

Plant startup begins after purging with the ignition of the gas
turbine, running up to nominal speed, synchronized, and loading to the
desired load.

An overview of expected values for unit startup times is given in
table 9-5.

Table 9-5 Expected start-up times for a400 MW combined cycle plant
Expected values for  SToperating

Start-up condition unit start-up imes* e

Cold start-up (plant shutdown for 120h) 155 min. FAST

Warm start-up (plant shutdown for 48h, over weekend) 16 min. NORMAL

Hot start-up (plant shutdown for sh, over night) 47min. (3Lmin) ECONOMIC (fast)

‘ Plant start up time begins with GT ignition and is completed with CT at IGV bese load position and
HP and IP/HRH bypass station closed.

the plant start-up time does not consider any pre-start preparations Ike filling of the water /steam
cycle and HRS<i cold purging of the HRSG or waiting time for sufficient steam chemistiy. Further It
is assumed, that the plant was shut down without any disturbances and the steam turbine follows
the regular cool down behavior (i.e. no forced cooling).

All systerns of the plant have to run smoothly without upsets. The plant start-up time Is achieved
due to the high level of automation.

The operating regime is based on the optimized use of the turbine stress controller. NORMAL
operation mode of the ST is determined by the design load regime as requested by the customs
The possible operating regime for FAST/ECONOMIC ST-operation mode used during start-up are
resulting in higher reflectively lower stress during ST start-up, With the selection of the start up
mode different start-ie times can be achieved.

During gas turbine startup, depending on the actual startup
condition (hot, warm, or cold), steam is generated more or less rapidly
in the HRSG. In general, appropriate steam properties for a steam
turbine startup are reached at approximately 50 to 60% gas turbine
load. This means 40 to 60% of nominal pressure and a sufficient degree
of superheat (e.g., around 50 K). Before starting the steam turbine, the
gland steam system must be in operation and the condenser evacuated.
Until the steam turbine takes over the available steam flow, the excess
steam flows through the steam turbine bypass. If supplementary firing
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I jpstalled, it should not be brought into operation until the gas turbine
I isat full load, respectively the steam turbine bypasses are closed and the
turbine can accommodate the additional steam flow.

Figures 9-15, 9-16, and 9-17 show the three different startup

I sequences for a 250 to 400 MW class combined-cycle plant (in a one-

GT-to-one-ST configuration), which can be brought to full load in as
little as 40 to 50 minutes after eight hours standstill.

To ensure an early as possible GT load where the exhaust gas

I emissions are within acceptable limits and on the other side to produce

with the exhaust gas energy in the HRSG sufficient steam (pressure and

| temperature) a shorter or longer holding {joint at around 40% GT load

isset in all cases. A further loading of the GT up to full load or set target

load is normally done at the point where the steam bypasses are closed
and the steam turbine is able to admit all produced steam.

Single Shaft CCPP 400 MW Class
Start-up Curve, Triple pressure HRSG - Start after 8 hour shutdown

. Tim* (minutes) M | load adweved
------------- GTspeed
' — GTexhausttemp — —-—- HRSG HPpressure  --------------- Plant load
HRSG HP-temp. — — Gllbad s ST speed
— e GTexhaust massflow-------------- HRSG HP-massflow--------------- ST load

Fflur* 9-15 startup curve for a 250 to 400 MW class combined cycle after eight
houfs standstill



Single Shaft CCPP 400 MW Class
Start-up Curve, Triple pressure HRSG - Start after 48 hour shutdown

30
70
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40

— GT speed TIm* (mintM) 1M bY «M»e<1
GTexhausttemp - HRSG HP-pressure
HRSG HPtemp. GTload
GT erfiaust m assflow------------- HRSGHP-massfta*

Figur* 9-16 Startup curve for a 250 to 400 MW class combined cycle after
48 hours standstill

Single Shaft CCPP 400 MW Class
Start-up Curve. Triple pressure HRSG - Start after 120 hour shutdown

L O]
____________ GT speed Time (minutes) Full load achieved
GT erfuust temp — e HRSG HP-pressure — ---------------- Plant bad
----------- HRSG HP-temp. GTload weemenmeneeene ST
------------ GT etfi*ust massflow-----------------HRSG HP-massflcw---------------- ST load

Figure 9-17 Startup curve for a 250 to 400 MW class combined cycle after
120 hours standstill
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plant shutdown

During unit shutdown, gas turbine and consequently steam turbine
moed i* reduced according to the allowable transients to the inlet
Eyjde vane (IGV) point at nearly constant GT outlet temperature and
mapproximately M)%of the exhaust gas/steam mass flow. At this point the
GT load is kept constant and at full steam temperature the shutdown
program of the ST is started. The excess steam is dumped into the
condenser via the respective bypass stations. At a preset load the ST
tripis initiated to not cool down the ST unnecessarily.

After ST disconnection, GT load is reduced temperature controlled
rording to HRSG requirements.

o reduce the startup time after an overnight outage, closing of
the HRSG outlet with a damper is recommended. Breaking of the
Condenser vacuum and shutting down of the gland (seal) steam system
il recommended only in case of major plant outages. Thus the ingress
of O, and COr into the water/steam cycle is prevented, and the waiting
time for the required steam purity is reduced at the next startup.

A typical shutdown diagram is shown in figure 9-18.

Fuel Changeover

m  Degpite of the fact that the majority of the gas turbines are fueled by
natural gas during normal operation, many of them are equipped with
facilities to change over to fuel oil operation. Because of its suitability
for storage, fuel oil is a good substitute in case of a sudden breakdown
le* the natural gas supply. The changeover delay has to be as short as
Possible, with a changeover avoiding shutdown and restart of the gas
~Phine to prevent an unplanned interruption of the power generation,
shift back to natural gas operation is usually less critical in terms
t"ne, and a plant shutdown before changing back to natural gas is,

«fore, acceptable.
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Single Shaft CCPP 400 MW Class
Shut-down Curve, Triple pressure HRSG
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Figure 9-18 Combined-cycle shutdown curve

"The overall time of the changeover is determined by the lead times
of the fuel oil supply system, the gas turbine fuel oil system, and the

changeover operation itself. The latter includes the following steps, and
is shown in figure 9-19:

« Stepl: Load reduction from full-load operation (natural gas
premix mode)

« Step 2: Change over to fuel oil diffusion mode

 Step 3: Switch over to fuel oil premix mode, followed by a load
increase back to full load

2%
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The transition from gas to oil fire in Step 2 can be done in the easiest
way during the diffusion regime because no pilot burners are in service.
Special attention should be paid to the maintenance of minimum flow
rates of gas and oil to avoid flame pulsation, or even backfiring. Because
ofthe enhanced NO, emissions, the diffusion regime should be as short
as possible.

. The reverse sequence from oil to gas fuel operation needs water
flushing of the closed oil burners to avoid clogging. The flow rate of
the water is optimized between a maximum cleaning capability and a
minimum impact on the stability of the gas flame.



Environment
Consideratio

The impact any power plant has on its environs must be minimized.
Legislation in different countries establishes rule» and laws that have to
be fulfilled. Quite often, emission limits are based on the best available
emissions control technology. Exhaust emissions to the environmer
are mainly controlled in the gas turbine. Often, regions with les
stringent air emission requirements profit from the same combustion
technology as areas with stringent requirements because the san
hardware is used.

The following emissions from a power station directly affect th
environment:

e Combustion products (exhaust and ash)

. Wastg heat

» Wastewater

* Noise

 Radioactivity and nuclear waste (nuclear power stations only)

Exhaust gases can include the following components: HD, N;.
NO, NQOj, CO,, CO, CrHm(unburned hydrocarbons, UHC), S02 S
dust, fly ash, heavy metals, and chlorides.

HjO, Nj, and 0 2are harmless; the others, however, can negate*lha
affect the environment. Concentration levels of these substances in
exhaust depend on the fuel composition and the type of installs
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However, the greater the efficiency of the installation the greater
E* dropoff in the proportion of emissions per unit of electrical

energy product.

I Because most combined-cycle plants combust natural gas, they
Lpduce low exhaust emissions. Their high efficiency results in low
fissions to the atmosphere per MWh of electrical power produced as
we|las a small amount of waste heat. lhe high excess air ratios typical
of gas turbines enable practically complete combustion, which results
inavery low level of unburned constituents such as CO or UHC in the
exhaust. Because of the extremely low sulfur content of natural gas,
SO, (SO* S03 emissions are negligible. Particulate emissions from
combined-cycle power plants are low due to the restrictions of solid
matter input Imposed by the gas turbine. Both fuel and combustion air
have to be thoroughly cleaned to protect the gas turbine from corrosion
and blockage of cooling-air passageways in air-cooled blades and in
the combustion chamber. Therefore, a combined-cycle plant can be
considered environmentally friendly and well suited for use in heavily
populated areas.

For plants that combust natural gas, the most relevant emissions
in the exhaust are NO, (NO and NO2). NO, emissions generate nitric
acid (HNO,) in the atmosphere which, together with sulfuric and
sulfurous acids (FASO*, H2S03). are factors that cause acid rain. COj
is created by burning fossil fuels and is considered responsible for
global warming.

Reduction of NOxXEmissions

is produced in air in large quantities at very high temperature
Figure 10-1 shows NO, concentrations in the air as a function
temperature. The concentration shown is at equilibrium in air

~ ned after an infinite time.
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Figure 10-1 NO, equilibrium as a function of air temperature

The situation in a gas turbine combustor is different becau
combustion of fuel in air takes place, and also because the ni
temperature residence time is fairly limited. The major factors affectin
NO, production in the combustor are;

« Fuel to air ratio of the combustion process

» Combustion pressure

* Air temperature in the combustion chamber
 Duration of the combustion process.

As seen in figure 10-1, NO, is formed only when tem peratures are
high; this is the case in the flame in the combustor. The tem perature
of this flame depends on the fuel-to-air ratio of the flame and the ‘ir
temperature in the combustion chamber, as shown in figure 10- 2.
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Figure 10-2 Flame temperature as a function of the fuel-to-air ratio and

combustion air conditions

Ibis temperature is highest in the case of stoichiometric combustion,

(fuel-to-air ratio = 1). Figure 10-3 shows how concentrations of NO,
depend on the fuel-to-air ratio and the combustion air conditions.

Itis evident that a peak is reached with a ratio of approximately 0.8.
Above that level, the flame temperature is higher but there is less oxygen
*v*able to form NO, because most of it is used by the combustion
~Dcess- Belov, that level, NO, decreases because of the abundance of

air within the flame, thus lowering the flame temperature.

u 1erYhigh fuel-to-air ratios are beneficial from the point of view of
0*/ "utare detrimental to combustion efficiency and cause the production
amounts of CO and unburned hydrocarbon” (UHC).
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Figure 10-3 NO, concentration aS d function of fuel-lo*air ratio and combustion

air conditions

Conventional gas turbine combustors with diffusion burners were
designed to operate with a fuel to air ratio of approximately 1 at fun
load, ensuring thorough, stable combustion over the entire load range.
Obviously, NO, cmiooiono arc high unlooo opocial precautions arc taken.
Nowadays burners operate at a lower fuel-to-air ratio that results in
lower NO, emissions.

The simplest way to reduce NO, concentrations in these diffusion
burners is to cool the flame by injecting water or steam into it-
Figure 10-4 shows the reduction factors for NO, emissions that can
be attained as a function of the amount of water or steam injected.
The amount of water or steam injected is indicated by the coefficient
I (the ratio between the flows of water or steam and fuel). At a rat0
of M =1, the typical reduction factor is approximately 6 with water
and approximately 3 with steam. Water is more efficient than steam
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ause evaporation takes place in the flame at low temperature, which
ances cooling efficiency.

relative NOx emission in %

100100

WATER TO FUEL RATIO (11)

11 Steam Injection & Water Injection

Figure 10-4 no, reduction factor as a function of the water or steam to fuel ratio

in gas turbines with diffusion combustion

. With this wet method, it is possible to attain NO, levels as low as
40 ppm (15% 0 2dry) in the exhaust from gas-fired gas turbines or a
“mbined cycle. Steam or water injection is a simple means to reduce
NO, emissions, but it does entail the following disadvantages:

* Large amounts of demineralized water are required.

« The efficiency of the combined-cycle plant is lower, particularly
if water injection is implemented.

r The fact that these methods can increase the plant output (especially
iith water injection) can be of interest In plants with a low number of
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operating hours per year. In general, however, this does not compels
for the loss in efficiency and the high water consumption (for fu
details see chapter 5, figure 5-9). <&

The disadvantages inherent to steam or water injection havl
motivated all gas turbine manufacturers to develop combustors whiHy
achieve low NO, levels with dry combustion (l.e., without injectirj
steam or water).

The principle behind keeping NO, levels low is to always dilute the
fuel with as much combustion air as possible to maintain a low Mart3
temperature, and to keep the residence time In the hot combustion
zone short. With this dry low-NO, method and firing of natural ga%
NO, levels below 25 ppm (15% 02 dry) are achieved by modern g jl
turbines with high firing temperatures and efficiencies.

Theoretically, there are two ways that reduced NO, emissions can
be achieved:

« Oxygen-lean combustion
< Oxygen-rich combustion

Figure 10-3 shows the dependence of NO, concentrations on the
fuel-to-air ratio. Despite a high-flame temperature, only a small amount
of NO, can form in oxygen-lean combustion because there is hardly
any oxygen available to produce NO,. However, to attain complete
combustion there must be a second, follow-up combustion stage here
in which almost no NO, is formed due to the lower temperature lhis
approach is being used in modem steam generators and is referred t0
as staged combustion.

For gas turbines with dry low-NO, burners, a different—and more
effective—procedure is applied because of the high overall excess air
ratio (2.5 to 3.5). It is called combustion with excess air and is the san®
principle as the injection of water or steam, where a large amount
excess air effectively cools the flame. The procedure is subject to Mt/
due to consideration of flame stability. With excess air ratios ext vediiej
approximately two, combustion cannot take place and the flame *J
completely extinguished. This risk does not exist while the gas turbi”*]J
is at full load because there is not enough air available for the buffie'B
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Bnificantly exceed an excess air ratio of two. The remaining air is

[° *lled to cool the hot parts and the turbine blading. It is, however,
at part loads. For combustion to actually take place at the

* ANexcess air ratio, the air and fuel must be mixed homogeneously
Neach other

N Lire 10-5 shows a typical low NO, burner. lhe air and natural gas
JAEremixed in the burner and combusted downstream of the burner.

vortex breakdown structure holds the flame in the free space,
/" racteristiis of this burner include:

 No flashback due to the vortex breakdown structure
Low fuel-to-air ratio (and, therefore, low NO))
m « For liquid fuel, water injection is used to limit NO, emissions

With this combustion technology there are modern gas turbines
with high firing temperatures in operation with NO, emissions clearly
below 25 ppm NO, at 15%0 2

farther development of the low NO, burners is proceeding toward
even lower emission levels. Due to investments in combustion research,
lower NO, levels are attainable and potential for further improvement
isaisumed
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Table 12-2 Commercial solid fuel IGCC plants 2007

IGCC power plant  Buggenum Wabash-River Tampa  Puertollano Vreshova
Location Netherland USA USA Spain Czech Republic
Commissioning 1994 1995 1996 1998 1996(2005)*
Net Power 253 MW 262 MW 250 MW 300 MW 351 (430) MW
Fuel/Coal Hardcoal/Biomass Hardcoal/Petcoke Hardcoal Hard coal/Petcoke Lignite
Gasifier Prenflo E-Gas (CoP) GE Shell Sasol-Lurgi/SFG
Gasturbine Siemens GE GE Siemens GE
V4.2 TFA TFA V4.3 9FE
Net Efficiency (LW) 43% 39% 41 % 42% 44%

‘ Plant extension 2005

Gasification Technologies

Gasification became a commercial process in 1812 and was initially
used to produce town gas for lighting and heating purposes. Since
the early 1900s syngas has also been used as a chemical feedstock.
Development of today s large-scale gasification processes took place in
the 1920s to the 1940s, mainly in Germany.

In a gasification reactor, first drying of the feedstock nparticles
takes place. As the temperature rises, devolatilization occurs and tars,
oils, phenols, and hydrocarbons are formed. With further increased
temperature these devolatilization products are decomposed to lighter
products ouch ao co, Hi( and CHV The fixed carbon, which rcmaino j
after devolatilization, is gasified via reactions with 0 2 H2, and C0 21
Beyond hydrocarbons other fuel constituent elements such as sulfur,
nitrogen, and ash are of major consideration because they also react!
and their reaction products (e.g., H2S, COS, HCN, NH,, alkaline,
chlorine, slag, and ash) have to be removed either out of the gasifier or
downstream in a gas cleaning process.

Since the 1920s, three basic gasification technologies have beenl
developed thatare applicable for IGCC in principle: fixed-bed process »
fluidized-bed (FB) processes, and entrained-flow processes. All type |
of gasifier can be designed to operate with air or pure oxygen ( s’
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as gasification agent. Oxygen-blown gasification offers a number of
advantages over air-blown systems because they promise a higher cold
gas efficiency and carbon conversion rate and smaller plant component
dimensions due to absence of nitrogen surplus. Gasifier technologies
differ in temperature operating range, carbon conversion rate, particle
size, and hydrocarbon content in raw gas starting from fixed-bed to
entrained flow gasification. A summary of technologies is given in
figure 12-3.

Fixed Bed Fluidized Bed Entrained Flow
400-500°C. 10-100 bar 800-1000 °C 10-25 bar 1500-1900 °C. 25-40 bar
Coal Gas Gaa

(3-301mm) Gas Coal i Coal

O0lmm J (Olmm)

Coal
(1-5 mm)

Staam f ( I1f steam
+ Cc €02 jILL Jul _*Qi
r f Slaam  1i 1,
+02 T
b <11
Ash/Slag Ash Slag
I Process Examples Process Examples  Process Examples
SFG
Lur8ipry Ash; BGL HTW KRW SHELL GE
(PRENFLO MHI E-GAS
'l Autothermal gasification with oxygen Autotltarmal gamificatfon witt air

figure 12-3 Basic technologies of gasification and gasifier technology vendors

“Noxed-bed gasification is characterized by significant steam
~mtirements for temperature control, long carbon conversion time,
UH a high content of higher hydrocarbons in the product such as
and oils. The process is, therefore, not preferable for IGCC
M otions. Modern large-scale IGCC applications are based on FB or
"Vijned-flow gasification concepts. | Bgasification is characterized by
AM3k>n temperature below the ash melting point and subsequently
oxygen consumption, which leads to a higher 1GCC efficiency.

con\* °Ver aS 3 conse4uence of lower gasification “mperature, carbon
F * lon rate reduces resulting in extensive char recycle and significant
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carbon loss. FB gasifiers are, therefore, suited only for high volatile coals
such as lignite or Powder River Basin (PRB) sub bituminous coal.

Entrained-flow gasifiers operate with gasification temperature
above ash-slagging conditions, achieve carbon conversion rates higher
than 98%, and offer very short residence time leading to highest unit
capacity. Although oxygen consumption is higher and 1GCC efficiency
lower compared to FB gasification, entrained-flow gasification systems
are compatible with almost all kind of liquid and solid hydrocarbons.

There are numbers of solid-based entrained-flow gasifier types
available, which differ in various features. They are summarized in
figure 12-4 and explained in more detail following the following sections.

Siemens SFG GE/Texaco Krupp-Uhde/Shell Conoco Phillips/E-Gas MHI Air-Blown

Macty  km (b»ga

222 - W -

« | *tn’

lup
Kasdb J

fewam
stz

Figure 12-4 Entrained-flow gasifiers

Shell coal gasification process (SCGP)
+Single-stage gasification with dry feed
* 0 2blown

+ Reactants flow upward and molten slag downwards; reactor
employs a vertical tube membrane wall for cooling that
generates IP steam

« Syngas cooling done by recycle of cooled syngas and further
cooling by HP/IP steam generation in water tube cooler design
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4 vantage: Highest IGCC efficiency due to dry feed and heat
recovery with HP/IP steam generation

Disadvantage: High investment caused by high alloy heat exchanger
materials to prevent corrosion

GE coal gasification process (former Texaco)
« Single-stage gasification with slurry feed
« 0 2blown

. Reactants and molten slag flow downwards; reactor is
equipped with refractory (ceramic brick liner)

Syngas outlet temperature reduction is done by either full
water quench or radiant and convective fire tube cooler

Advantage: Extensive commercial operating experience

advantages: Limited lifetime of refractory and burner
Long startup time due to need of refractory preheating
Limited ability to handle low rank coals
Relatively high oxygen consumption due to slurry feed

Siemens fuel gasifier (former GSP/Future Energy)
« Single-stage gasification with dry feed

* Reactants and molten slag flow downwards; reactor employs
a spiral wound coil cooling ocrccn

+ Syngas cooling done by full and potentially also partial water
quench; in case of partial water quench convective heat
recovery for coal under development

vantages:  Low specific investment and oxygen consumption
Proven for low-rank coals and most suitable for IGCC
with C 02capture due to water quench
Fast startup

advantage: Limited operational experience »p to 200 MW
thermal throughput
Lower efficiency due to quench cooling
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ConocoPhillips E-Gas gasification process

» Two-stage gasification with slurry feed—first stage
accomplishes exothermic oxidation and second stage
provides syngas temperature reduction to 300-350*C by
endothermic chemical and water quench (slurry); further
cooling by fire tube syngas cooler

 Char/solid recycle to first stage

* Reactants flow upwards and molten slag downwards; reactor
employs a refractory wall

Advantage; Relative high IGCC efficiency due to chemical quench
and heat recovery

Disadvantages: Limited lifetime of refractory and burner
Long startup time due to need of refractory preheating
Limited ability to handle low-rank coals
Limited suitability for C 0 2capture due to high methane
content in syngas

MHI dry-feed gasifier
« Air-blown gasifier

« Two-stage gasification with dry feed—first stage is exothermic
oxidation and second stage is chemical quench by endothermic
chemical reaction

« Reactants flow upward and molten slag downwards; reactor
employs a cooled membrane wall

 Syngas cooler
Advantage: High IGCC efficiency

Disadvantage: Technology in demonstration phase, no commercial
reference yet
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Syngas Cleaning Technologies

-jhe Syngas cleaning process is required to remove compounds,
which harm the environment and/or lead to corrosion and thus a limited
lifetime Of components. Alkali compounds are especially responsible
for high-temperature gas turbine corrosion and, to a very high extent,
have to be removed. Table 12-3 provides gas turbine limitation for
chemical impurities and dust.

Table 12-3 Allowed chemical impurities of gas turbine fuels (Siemens source)

Limits for diemial impurities (Fuel Weighting factor f=1) downstream filter
Pollutant Test/Check Unit Syngas
oust (with natrural Total DIN EN 12622 <20
t (with natrural gas) d<2 pm VDI 2066 (1994) <185
sediments (with EL 2<d<10pm ASTM D 2709 ppm(wt) <15
distillate Fuel) d>10pm :
d > 25pm & 0 6304 <0.002
Vanadium (V) DIN 51790
m (wt <0.5
(in case of fuel oil) ASTM D 3605 PP™ (WD
Lead (Pb) DIN 51790
t <0.1
(in case of fuel oil) ASTM D305 PPMWD
EPC method <05
Total of Sodium (Na) + potassium (K) DIN 51790 ppm (wt) < O. 3
ASTM D 3605 ’
Calcium (Ca) ASTM D 3605  ppm (wt) <10
Hydrogen sulfide (H2S) ASTM D 6228 ppm(vol) <100

Limits for fuel impurities (dust and ash, V, Pb, Na, K, Ca) are based on a lower heating value (LHV)
*42 NNNUNg

formula X = LHV/42 |X= pollutant content LHV in MJ/kg] shall be used to correct for deviations in
=ower heating value

Totreatand purify the syngas leaving the gasifier anumber of cleaning
steps are needed, starting with removal of soot, char, and ash particles.
This is followed by halogen, ammonia, and alkaline removal, and finally
with sulfur, mercury, metal carbonyl, and, if required, COzcapture.
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Dedusting

The particulates removalas firststep can either be done bywater scrubbing
or using dry filtration methods such as cyclones or ceramic candle filters.
In case of high particle flow and significant unconverted carbon (char)
containing syngas as it occurs in two-stage entrained-flow gasifiers (E-Gas,
MHI) or FB (HTW), a dry removal and char recirculation into the gasifier
reaction zone is applied. Bulk removal ofchar and fly ash is done by cyclones
or/and ceramic candle filter systems, which are sensible against plugging but
require regular cleaning by flushing. The water Venturi scrubber operates at
syngas dew point and also washes some soluble vapors such as ammonia,
HCN (hydrogen cyanide) halogen, and alkali contaminants. Therefore,
current gasification systems employ water scrubbers for final mechanical
cleaning and removal of soluble compounds. Gasifiers with full-water
quench such as GE and Siemens apply water scrubbing only (figure 12-5),
whereas gasifiers with heat recovery such as Shell (figure 12-6), E-Gas, FB,
and so on normally use dry fly ash/char removal steps and water scrubbing
for final dust and ammonia removal. Full quench systems, therefore, are
simpler with regard to particle removal.

Figure 12-5 Schematic of Siemens full water quench gasifier with water scrubbing
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fly ash removal

Acid Gas Removal (AGR)

The next step in the syngas cleaning chain is acid gas removal to

take out sulfur compounds such as HXS (hydrogen sulfide) and COS
(carbonyl sulfide), and if required also C02 In case of C 02removal an
additional catalytic shift reactor is needed to convert CO into C02

AGR systems currently employed in IGCC application are
regenerable solvent-type processes (figure 12-7). The following three
types of processes are known.

» Chemical solvent processes (e.g., Methyldiethanolamine
(MDEA). or ADIP)

» Physical solvent processes (e.g., Rectisol, Selexol)

» Mixed chemical/physical solvent processes (e.g., FLEXSORB)

297
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Figure 12-7 Regenerable solvent-type AGR process

AGR processes for IGCC application without C 02 capture target
to leave as much C02as possible in the syngas to maximize the gas
turbine syngas flow and power output. Thus, high selectivity for
HAS and COS io needed. Numerous studies concluded that 1GccC
application favors processes using MDEA solvent as a low capital cost
option. Because MDEA is a selective H2S remaoval process only, a COS
hydrolysis (catalytical conversion to H2) needs to be applied before.

COS +HD =HZXS +C 02 (exothermic) (12-1)

An alternative promising AGR process applied in several
gasification projects is the SELEXOL process. SELEXOL as a physical
solvent process is more effective with increasing syngas pressure
because its solubility directly depends on partial pressure and follows
Henry’s law.
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The sour gas (HZ enriched) leaving the desorption column of the
AGR process is further processed in sulfur recovery and tail gas treating
units. Sulfur recovery involves HX conversion into elemental sulfur
or alternatively to sulfuric acid (H2504). However, the most common
technology for sulfur recovery is the Claus process that produces liquid
sulfur by means of multiple catalytic conversion. Today air- and oxygen-
blown Claus processes are used. Ifthe HX feed content is low, modified
Claus processes such as CLINSULF can also be applied. The overall
chemical Claus reaction is:

3HZE +3/202=2H2 +3S (exothermic) (12-2)

A simplified Claus process is shown in figure 12-8.

Figure 12-8 Claus process

Because Claus plants typically have sulfur recovery rates of less than
the tail gas leaving the process still contains some sulfur and needs
farther processing. Depending on the sulfur emission level allowed, it
can be fed to an incinerator, recycled upstream of the COS hydrolysis
unitafter hydrogenation of the Claus tail gas, or converted via additional
hydrogenation/hydrolysis units.
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Alternative and Advanced
Gas Cleaning Technologies

Alternative processes to AGR and subsequent tail gas treating
are direct oxidizing desulfurization methods such as SulFerox or
LO-CAT. Both technologies use iron as oxygen carrier to directly
convert HX into elemental sulfur, which is then filtered to produce
sulfur filter cake.

Further technology development for syngas cleaning focuses
on warm gas desulfurization processes, which target higher IGCC
efficiency and cost reduction. These processes operate at temperatures
of 400 to 500'C, which means that the syngas-cooling step can be
limited. It allows feeding the gas turbine with syngas temperatures well
above 400°C. The hot and warm gas reactor of such processes makes
use of H2S adsorption with metal oxide sorbents such as Zn or Ni. For
continuous operation the reactants have to be regenerated by contact
with air in a separate vessel. Although these developments have been
tested successfully for sulfur removal, other contaminants (e.g., alkalis)
are difficult to capture, and harm the gas turbine lifetime.

C02 capture becomes more and more important and leads to
zero-emission 1GCC concepts (ZEIGCC). COj capture is done in two
steps, shifting of CO to C 02and subsequently capturing the C 02 by
using AGR solvent processes. Future ZEIGCC concepts could also
use more advanced membrane systems.

Depending on capture rate and selected gasification technology,
two different shift reactor systems are commonly applied: high
temperature sour gas shift (HT sour shift) or low temperature
sweet gas shift (LT sweet shift). HT sour shift reactors achieve a
CO conversion rate down to about 1 to 5 vol% residual CO, and LT
sweet shift reactors down to about 0.05 to 0.5 vol% residual CO-
Although LT sweet shift reactors are more efficient, their catalyst
price is higher and operation much more complex. Thus, LT sweet
shift reactors are applied only ifa high carbon capture rate is required,
or if the syngas has high methane content that cannot be converted
toC02
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The water gas shift reaction is described as:
CO +HA =COj + H2(exothermic) (12-3)

An HX to CO ratio of about 1.1 to 1.3 is required to convert
CO to C02 The water gas shift reaction is an exothermic reaction
producing sensible heat, which can be used for HP or IP steam
generation. Hence chemical energy is disposed causing lower gas
turbine throughput and significant efficiency losses compared
to standard IGCC processes. The conversion steam can either
be introduced by full water quench (GE, Siemens gasifier) or
additional IP steam injection or syngas saturation. For IGCC with
C 02 capture entrained-flow gasifiers with water quench are the
preferred solution because of simpler process design and lower
investment cost.

After-shift reaction, the syngas consists mainly of H2and C02
and the C02can then be removed by a standard AGR process. It
has been shown that C 02capture can most preferably be done by
simultaneous sulfur and C 02 removal using a physical absorption
process (figure 12-9) such as Rectisol or Selexol. These processes
consist of one column for C02 absorption and a second column
for sulfur removal. The desorption process separates the H2S/COS
from C02and feeds the sulfur gas to the Claus plant. The C02is
sent to further compression or liquefaction units.
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For IGCC application with C 02capture the Rectisol process is mainly
considered today. The Selexol process shows a number of similarities to
Rectisol, but leads to lower capture rate and an additional COS hydrolysis
step caused by relatively poor selectivity between COS and C 02 Another
process available for C 0 2capture is an activated MDEA.

Air Separation Technology

Nowadays, almost all IGCC concepts are based on oxygen-blown
gasifiers because they offer a number of advantages. The oxygen is
supplied by an air separation unit (ASU). The oxygen is mainly used for
gasification, and the pure nitrogen is used for feeding, pressurization,
and flushing after shutdown. For IGCC cryogenic air separation units
are used. Typical 0 2purities are approximately 95 vol% and N2purities
are >99vol%. Remaining nitrogen is used for syngas dilution and control
ofgas turbine NO, emission. The cryogenic ASU (figure 12-10) consists
of a cold box where oxygen and nitrogen are separated, a molecular
sieve to remove C 02and water vapor and for downstream compression
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Another technical concept available on the market, which follows
the same principles, is shown in figure 10- 6.

Premixed Flame

Fuel Qil
Natur&!' ﬁas ’ Natural Gas
(premix flame (pilot flame)
Air
Homogenous
Gas/Air -
Mixture

- Stabilized by internal piloting

- Shorty cold flame ,.

- Good uniform aH71mBl-ratio-mixing
- Low temperature peaks

- Low NOXx

figure 10-6 Cross section of the Siemens dry low NO, burner

Local regulations in some parts of the United States and in Japan
require NO, emissions well below 25 ppm (15% 0 2dry). In these cases,
itisgenerally necessary to install a reduction system in the heat recovery
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steam generator (HRSG). Known as selective catalytic reduction (SCR),
these systems inject ammonia (NHj) into the exhaust upstream of a
catalyst and can thereby remove up to approximately 85% of the NO,
in the exhaust leaving the gas turbine. The chemical reactions involved
are as follows:

ANO +4NHj +0 2=4Nj +6HD (10.1)
6N 02+8NH3=7N2 + 12HD (10.2)

Technically these are well-proven systems, but they entail the
following disadvantages:

* Investment costs are high; the HRSG is 10 to 30%
more expensive.

* The use of ammonia is necessary, with a fraction of the
ammonia passing through the SCR (ammonia slip).

 Power output and efficiency of the power plant are reduced by
approximately 0.3% due to the increased back-pressure of the
gas turbine.

e When firing oil in the gas turbine, sulfur in the fuel reacts
to form ammonium sulfate, which precipitates in the cold
end of the HRSG and further increases back pressure to
the gas turbine. Power output and efficiency of the plant is
further reduced.

» The HRSG requires periodical cleaning, and the waste must
be disposed of.

* The catalyst must be installed in the evaporator section of the
HRSG because the reaction takes place only in a temperature
window of 300 to 400eC (572 to 752"F).

* Replacement costs are high.

Figure 10-7 shows a typical SCR system installed in a HRSG. NO,
levels of less than 5 ppm (15% 0 2dry) can be achieved by implementing
a SCR system in conjunction with a gas turbine equipped with dry
low-NO, burners.

Combmed-Cycle Gas & Steam Turbine Power Plants

Figure 10-7 Heat recovery steam generator with selective catalytic reduction

SOXEmissions

Concentrations of S02and S03produced depend only on the quality
ofthe fuel. Approximately 70% ofthe gas turbines in operation use clean
natural gas fuel; therefore, the SO, emissions are negligible.

Liquid fuels contain between 0.05% sulfur in the case of
sulfur-reduced No.2 oil (used only by few older gas turbines) and 2%
sulfur for heavy or crude oil (used by approximately 4% of the gas
turbine fleet). If the resulting SO, emissions are not acceptable, the
most economic way to reduce these emissions is to directly reduce the
sulfur content in the fuel, either by chemically removing sulfur or by
blending the fuel with a fuel with lower sulfur content.
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CO2Emissions

Each fossil-fired power plant produces C02 which is considered
responsible for global warming. However, a modern combined-cycle
plant combusting natural gas produces approximately 40% of the
C02per MWh of electricity of a conventional coal-fired power plant.
There are two reasons for this:

« The higher efficiency of the combined-cycle plant

 Use of natural gas fuel, which is mainly methane (CH4), as
opposed to coal (C)

During the 1990s, with deregulation of the power generation
market in the United Kingdom, modern, high-efficiency, gas-fired
combined-cycle plants replaced many old coal-fired power stations.
This replacement meant that C 02 production per MWh of electricity
generated by these new power plants dropped to a third of the value for
the coal-fired plants. This example shows that deregulation can have a
strong positive ecological effect.

New concepts to reduce and even to avoid C 02emissions in power
generation from coal will use combined-cycle plants as the major
component of plants that first generate gas from coal by gasification
followed by gas cleaning and the power generation process itself. These
innovative Integrated Gasification Combined-Cycle plants (IGCC) are
described in chapter 12.

Waste Heat Rejection

Another environmental concern is the waste heat that every
thermal power station releases to the environment. Here too, the high
efficiency of the combined-cycle plant is an advantage: from any given
amount of primary energy, a greater amount of electricity or useful
output is produced. This reduces the amount of waste heat released to
the environment.

>3
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in addition to the quantity of waste heat, however, the form in which
the heat is transferred to the environment is also important. Ihe effect is
less severe if the power plant heats air instead of releasing its waste heat
toariver or the sea. Conventional steam power plants often dissipate the
waste heat to water for efficiency reasons. The most economic solution
for combined-cycle plants is frequently to dissipate waste heat to the
air through a wet cooling tower. Direct air cooling is also possible, but
results iN a reduction in output and efficiency together with increased
costs due to the air-cooled condenser (see chapter 7).

A combined-cycle plant needs only half the cooling water of a
conventional steam plant of the same output and a third of what is
required fora nuclear power station.

A gas turbine usually requires practically no external cooling except
for the lube oil and generator. This fact has contributed greatly to its
widespread acceptance in countries where water is scarce. Because the
steam portion of the combined-cycle plant accounts only for a third of
the output, an air-cooled condenser is an economic solution for dry
areas, underscoring the wide range of possible applications.

Table 10-1 shows the amount of waste heat that must be dissipated
for various types of plants with 1000 MW electrical output. All steam
cycles are cooled by river water or seawater.

Table 10-1 Comparison of the heat to be dissipated for various types

of 1,000 MW station

Heat sink Gas turbine Combined cycle Steam plant Nuclear plant
IMW] IMW] MW IMWI
Air /stack 1,500-2,000 130-180 70-100 0

Water 0 550-700 1,100-1,400 1,800-2,000
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Noise Emissions

An environmental issue that is considered during the design and
construction of a combined-cycle power plant is noise. This issue
can be resolved using acoustic insulation and silencing equipment
available today.

A distinction is made between nearfield noise and farfield noise.
Near field noise refers to the noise levels at the machinery. Far field
noise often based on the plant site boundary and indicates the noise
emitted to the environs. Main sources for this noise are the gas turbine
inlet, the gas turbine exhaust (or HRSG), the stack and cooling tower,
or an air-cooled condenser. Steam bypass operation during startup and
shutdown is an additional source of noise.

Conclusion

Due to their low emissions levels, low cooling requirements, and
noise levels capable of meeting stringent requirements, combined-cycle
plants are considered environmentally friendly and are well suited for
decentralized power generation in urban areas.
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New technology developments and operating modes of combined-
cycle power plants are being driven primarily by economic needs
and—with growing importance—by ecological constraints. At the end
ofthe day these ecological constraints will also result in a commercial
impact on the competitiveness of the respective technical concepts.

This means in general that new competitive combined-cycle power
plants have to generate electrical energy at lower cost than competing power
stations in the different market segments of base and intermediate load
with their fluctuating electricity prices today and in the foreseeable future.

This can be achieved by plants that offer:
 High energy conversion efficiency
« Low investment and operating costs resulting in low life-cycle cost
* High reliability, availability, and maintainability
* Higher plant flexibility
* Improved maintenance concepts
» A broad range of applicable fuels and fuel flexibility

» Environmentally compliant operation and preparations for
increasing environmental requirements

As a matter of course all these features have to£e optimized from a
commercial point of view to achieve the ability to compete.

277
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Seven major developmental trends can be identified to meet the
aforementioned objectives.

« Increased gas turbine firing temperatures to enhance the
efficiency of the gas turbine, and simultaneously of the
water/steam cycle thanks to higher main steam parameters

* New technical gas turbine concepts that will achieve a
higher efficiency

« Increased gas turbine power output to benefit from the
economies of scale

» Enhanced load cycle capabilities to enable intermediate load
and frequency control operation

« Reduced operating costs by applying remote control and
service packages

* Less emissions, especially NO,, to reduce environmental impact

The development of hydrogen-fired gas turbines as a prerequisite
« for new plant concepts using other fuels than natural gas and oil
« and/or to improve environmental compatibility (C 02capture),

(see chapters 12 and 13).

Increased Gas Turbine Firing Temperatures

The positive effect of high gas turbine inlet temperatures on the
efficiency of the combined cycle and the resultant reduction in the fuel
coot component in the coot of clcctricity io pushing gaa turbine inlet
temperatures higher.

It seems reasonable to look for further improvements from even
higher gas turbine inlet temperatures that have become possible through
the development of new materials and improved cooling systems.

Research projects in this area focus primarily on improved air cooling
of the hot-gas path of the gas turbine. Alternative cooling technologies
employing steam cooling, for example, have been announced by gas
turbine manufacturers and implemented in both prototype and
commercial plants, but, due to the increased complexity, without the
expected breakthrough.
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one main constraint on raising the temperature is the allowable
strength of the blades and vanes. One major effort concentrates on
the strength of the base alloy and its crystal structure, going from
conventionally cast low-nickel to high-nickel alloys with a single
crystal. In the future even more important will be the development
of the coating technologies, protecting the base alloy not only against
corrosion but also against the temperature of the flue gas (thermal
barrier coating or TBC). Some companies are considering ceramic
structures (CMC) at least for the vanes. The respective development
programs are ongoing but the results do not meet expectations. In
particular the required mechanical strength and parts life remains a
challenge for further research. Figure 11-1 shows the increase of the
gas turbine inlet temperatures over the course of time, and as a function
of the specific development steps.

=material and cooling technologies
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Closed-steam cooling of stationary parts

The majority of gas turbines presently in operation have air-cooled
blades and combustion chambers.

Cooling of the blading allows turbine inlet temperatures to be
increased beyond the allowable material temperatures. If air cooling
is employed, the cooling air first cools the blade internally and then
exits onto the blade surface, providing a cooling film that separates
the hot gas from the blade surface. However, mixing the two flows
leads to a disturbance of the flow pattern and the cooling of the hot
gas, which reduces efficiency. An alternative is to use steam as a
cooling medium. Closed-steam cooling takes advantage of the fact
that steam has a higher heat capacity than air, and doesn't deteriorate
the expansion efficiency. Additionally, more air is available for the
combustion process, which results in a lower flame temperature and
lower NO, levels.

Additional output is achieved by the increased mass flow through
the turbine. Steam for cooling is available from the steam part of the
water/steam cycle. Itcan be taken from the cold reheat line exiting from
the steam turbine.

An increase in plant efficiency can be achieved with closed-steam
cooling of the stationary parts, but this performance improvement has
the following disadvantages:

 The gas turbine and steam turbine cycle get more
interconnected, resulting in restriction or even prevention
of operation of the plant as a simple-cycle gas turbine.

* Prolonged startup times of both gas turbine and whole plant
leads to reduced operational flexibility.

 Higher complexity leads to slighdy reduced reliability and
availability figures.

Steam cooling of stationary and rotating parts

The improvement potential is even larger for steam cooling if the
rotating parts are steam cooled as well.
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A combined-cycle plant with a fully steam-cooled gas turbine is
expected to offer higher efficiency and produces a larger specific power
output per unit of inlet airflow. This could eventually result in lower
specific costs, although maintenance costs are expected to be higher
due to the higher blading costs. The following points are challenges for
this type of gas turbine.

« Cooling of the thin front and rear ends of the blades
« Steam purity requirements for the cooling steam

« Leak tightness of the steam system (steam must be supplied to
the gas turbine rotor and returned from there)

This type of plant is attractive from an economic point of view only
if these challenges are resolved satisfactorily and the plant achieves
the corresponding reliability. Also the disadvantages of steam cooling
in general, mentioned in the previous paragraph should be taken
in consideration. Whether the benefits of highly sophisticated and
complex technology will be high enough to make it competitive is still
an open question. The manufacturer is speaking about a ‘..combined-
cycle system capable ofbreaking the 60% efficiency barrier..."

Larger compressors

Parallel to these developments, improvements are also being made to
the compressor. The advantages offered by the higher gas temperatures
can only be fully exploited if the pressure ratio of the machine is
increased to an appropriate level. Increasing the airflow through the
compressor also produces high unit ratings. With modern blading,
compressors are able to handle volumetric flows that seemed utopian
just a few years ago. With latest compressor models developed using
modern design tools and incorporating long-term experiences with
aero engines, it is possible to increase pressure ratios and reduce the
number of compressor stages.

Higher main-steam parameters

Early combined-cycle plants had water/steam cycles with low steam
parameters compared to conventional steam power plants. Main steam
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pressures in a range of 50 to 80 bar (710 to 1,150 psig) and main steam
temperatures of 450 to 500*C (842 to 932*F) were standard.

Modern, large-capacity combined-cycle power plants for power
generation operate at a main steam pressure of up to 170 bar (2,310 psig)
and a main steam temperature up to 565*C (1,049*F), with the latest
figure as high as 600°C.

For steam turbines beyond approximately 100 MW capacity, reheat
machines are now standard compared to the previous non-reheat units.
This was made possible by the sequential firing technology or higher
firing temperature ofthe gas turbines, which, as a result, provided higher
exhaust temperatures and, therefore, higher inlet temperatures to the
heat recovery steam generator (HRSG). Higher gas turbine exhaust
temperatures yield a higher optimal main steam pressure based on the
net present value (NPV) ofthe plant. Inthe near future it can be expected
that these trends will continue. Large plants for power generation will
have higher main steam pressures, increased main steam temperatures,
and reheat for the steam cycle.

The following points must be considered when the main steam
parameters are increased.

< Higher main steam temperatures require more expensive alloys
in the HRSG, steam piping, and steam turbine. The gain in
output must, therefore, justify this additional investment.

« Higher main steam pressures cause wall thickness to increase,
which, in general, reduces thermal flexibility and increases cost.
Once through HRSGo will bo installed more frequently to avoid
the negative impact on thermal flexibility of the higher main
steam pressures.

 High main steam pressure in combination with a reheat steam
turbine reduces the main steam volume, which may result in a
reduction in the efficiency of the high-pressure steam turbine
due to shorter blading.

The last mentioned effect would result in a main steam pressure that
is too far away from the thermodynamic optimum. To avoid this relative
disadvantage either two gas turbines and HRSGs are combined with one
steam turbine to the typical 2 + 1 configuration, or the high-pressure
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steam turbine runs at higher speed, which reduces rotor diameter and
allows an increase of blade length. A side benefit is the smaller casing
dimensions, which improve thermal flexibility. Figure 11-2 shows a
geared high-pressure turbine.

As the exhaust gas temperatures of the gas turbine rise further, the
optimal cycle selection is affected.

The triple-pressure reheat cycle is often the optimal steam
cycle for a gas turbine with an exhaust temperature of approximately
600°C (1,112*F). The optimal cycle will move towards a single-pressure
reheat cycle for gas turbines with an exhaust temperature of 750 to
800°C (1,382 to 1,472*F).
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Figure 11-2 Geared high-pressure turbine
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With these improvements combined-cycle plants with typical
guaranteed net efficiency of around 58.5% are already in commercial
operation, and the first modern plants achieving 60% are already in
test and validation. New gas turbines will now be available with unit
power capacities up to 340 MW for 50 Hz applications (figure 11-3)
and 270 MW for 60 Hz applications leading to lower costs, so that
combined-cycle plants will become more competitive for large
power plants.

Figure 11-3 Siemens SGT5-8000H gas turbine

Plant operations and service— Plant flexibility

High operational flexibility—the ability of a power plant to
achieve fast startup and to adjust load output quickly and predictably
to changing market requirements, as well as high reliability and
availability—are essential prerequisites to ensure economy of operation
in a liberalized market.
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Major factors limiting the load variation ofan existing combined-cycle
power plant are the allowed pressure and temperature transients of the

steam turbine and the heat recovery steam generator, waiting times to
establish required steam chemistry and warm-up times for the balance
of plant and the main piping system. Those limitations also influence
the fast startup capability of the gas turbine through required waiting
times compared to a simple-cycle startup. Enabling combined-cycle
power plants to improve operational flexibility requires a range of
so-called fast cycling provisions. The most important ones are shown in
figure 11-4, with the main emphasis on warm-up of the steam turbine
with the first steam produced after start of the gas turbine and run-up
during continuous pressure and temperature increase. As an example,
these measures allow a startup time of less than 40 minutes.

Modified unit coordration
Patented ST and BOP control system HRSG Stand-by heating
=tress controller
HRSG fatigue
monitoring system

"(FMS)
ST roll off with first

=team production .
p Continuous G T load

" ramp to base load

Earty closing of HP/

IP- bypass valves _ High-capacity

attemperators

High pressure ramp rates ST run up durng contiguous pressure
w*ti limited HP bypaw flow and trmp«ratur* ncrmu

Figure 11-4 Plant impact for fast cycling capability

Maintenance and performance
degradation optimization

Thereliability and availability ofa power plant are strongly dependent
on an optimized operations and maintenance concept covering the
whole lifetime of the plant. The originaUequipment manufacturers
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(OEMs) offer a lot of service packages to support the power plant
operator. Beyond the simple case-by-case or routine maintenance,
refurbishment of the hot gas path parts, supply and installation of
spare parts for components, these packages might be long-term and
full-scope maintenance programs for components or the whole plant,
and finally the complete operations and maintenance done by the OEM.
To minimize the gas turbine performance degradation described in
chapter 6, either the measures of the routine maintenance are applied
or customized upgrade packages for the main components of the power
plants, especially for the gas turbines, could be implemented. A classic
example is the download of modern gas turbine technology into the
older engines that have been operating for many years. That could be
compressor upgrade to increase the air mass flow or upgrade of the hot
gas path parts to make an increase of the firing temperature possible.

Incremental as well as disruptive technical improvements linked
with aligned operational and service concepts are mandatory to ensure
the competitive position of combined-cycle power plants in a market
driven by changing economic and ecological challenges.
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4n oxygen pump and nitrogen compressor station. The cryogenic air
ieparation process operates at temperatures levels lower than -150*C
2nd can be designed for different pressure levels depending on gas
turbine/ ASU integration.

figure 12-10 ASU process

Large-scale cryogenic air separation units are commercially
Proven and optimized, but represent the largest consumer of auxiliary
P°wer consumption within an IGCC application. Thus alternative air
egparation processes such as high temperature oxygen or ion transport
"‘embraru- systems (OTM, ITM) are under development to minimize
0N consumption and to also reduce 1IGCCinvestment. Expected

dalization is onwards 2010.
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Combined-Cycle Technology and Integration
of Gas Tlirbine and Air Separation Unit

The combined cycle part of an IGCC is normally based on a three-
pressure reheat cyde with additional water/steam side interfaces
to a gasifier, gas deaning, and air separation unit. Differences to
standard combined-cycle configurations can be found in gas turbine
modification* to accomplish compressor air bleed, higher turbine mass
flow, and additional systems for syngas dilution and preheating. These
adaptations are introduced to minimize NO, emission and combustion
instabilities butalso to maximize IGCC efficiency. Asyngas conditioning
system is installed prior to the gas turbine inlet (figure 12-11).
This system has the objective to first dilute the syngas with nitrogen and
then to humidify the diluted gas with water vapor. Heat is needed for
syngas saturation to evaporate the water, which can be recovered from
gas turbine air bleed or supplied from the gas island or the combined
cyde water/steam system. If air bleed is selected the sensible air heat
is recovered in two steps, first for steam generation and second as heat
supply for saturation. After syngas saturation, the diluted syngas is
preheated to enhance overall IGCC efficiency.

Figure 12-11 Gas turbine syngas conditioning system (Siemens concept)
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Syngasdilution isprimarily required for NO, control. Forthis purpose,
water vapor reduces flame temperature peaks and NO, emission more
efficiently than nitrogen because of its higher specific heat capacity
(figure 12-12). The level of syngas saturation has a direct impact on
IGCC efficiency and power output, which can be maximized by low
temperature heat utilization through adding water of temperature
between 150°C to 200*C up to a water content of approximately 10%
(mass in syngas). In case a high syngas water content is required to
reduce NO, emission, the water temperature supplied to the saturator
needs to be increased, which in turns lowers steam turbine power
output and plant efficiency.

After syngas dilution, saturation, and preheating, the syngas is fed
to the gas turbine combustor. Compared to natural gas combustion,
syngas combustion differs in various parameters, which require
gas turbine modification with special focus on combustor design
(figure 12-13). Advanced natural-gas-fired gas turbines are designed
w”h pre-mix combustion systems to minimize thermal NO, emission,
but syngas contains significant amounts of hydrggen that cause higher
®*n»mability and risk of flashback and burner overheating.
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For these reasons, diffusion-based combustion systems are
currently used for syngas utilization. Syngas pre-mix combustors are
under development and might be available for the next generation
of gas turbine applications. Although diffusion combustors offer
higher flame stability than pre- mix combustors, the fuel/air mixture
is inhomogeneous and leads to higher combustion temperatures
and NO, formation, respectively. Syngas dilution helps to bring
NO, emissions down to <25 ppm. By dilution, syngas heating values
are in the range of & to 10 MJ/kg, depending on diluent type and
turbine inlet temperature. Thus, large fuel pipes and flow control
valves as well as an increase of turbine mass flow and corresponding
imbalance of compressor and turbine section compared to the
standard natural gas design have to be considered (figure 12-14).
The higher turbine mass flow leads to a higher pressure drop over
the turbine section and a higher compressor exit pressure.
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figure 12-14 Gas turbine mass flow imbalance

With increasing compressor exit pressure, the surge limit of gas
turbine compressors is approached or can even be exceeded. Under
these conditions the risk of abrupt reversal airflow of compressor
blades increases, which would harm the gas turbine compressor
section. Beside surge limit, the increasing compressor exit pressure
also affects the pressure profile of the gas turbine compressor and has
an impact on the gas turbine cooling system. Therefore, compressor
°f turbine modification io required) for example, adding otagco and
daggering critical stages to enable high pressure ratio at lower mass
flow, or opening the first turbine vane stage to reduce compressor
exit pressure at given turbine mass flow. Alternative solutions to
overcome these modifications are part load operation with throttled
inlet guide vanes or air bleed to ASU at compressor exit. This has been
done for both European IGCC plants at Buggenum and Puertollano
where the gas turbine compressor supplies all the air needed in the air
egperation unit.
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Conceptual Design
of Solid Fuel IGCC Plants

Although IGCCapplication can be designed forvarious solid or liquid
fuels and can be used for electricity generation only or co-production
of chemicals, the main market is expected to push IGCC applications
based on coal and used only for power generation.

Differencei not only among gasifier technology but also various
options of gas cleaning with and without C 0 2capture offer a number
of IGCC concepts today. Four exemplary IGCC concepts with and
without C 02capture are discussed in the following section, which
covers coal diversity and differences in gasification technologies
HTW (high temperature winkler) and Shell gasification have been
selected for demonstrating IGCC concepts without C 02capture, and
Shell and Siemens gasifier technology for concepts with COj capture.

IGCC Concept Based on Hard Coal and Shell
Gasification and Siemens Combined-Cycle Technology

The Shell-based IGCC plant concept has been derived from the
existing demonstration plant at Buggenum, but improved by using
advanced gas turbine F-class technology as well as MDEA gas cleaning
and partial air-side integration between ASU and gas turbine toenhance
operational flexibility (figure 12-15). Heat and mass balance calculation
are based on 1SO ambient conditions, and a typical hard coal such as
Douglas Premium is assumed.

The hard coal must be milled and dried before entering a Shell
gasification process where it is converted to syngas. The hot syngas
leaving the Shell gasification reactor is quenched with recycled raw
gas down to about 800*C to 900*C and subsequently further cooled to
about 250*C while generating high-pressure and intermedlate-pressure
steam. Particle removal takes place by use of ceramic filter units, and
the raw gas is further processed by Venturi scrubbing to remove alkali
and halogen contaminants. About 80% of the initial chemical heat
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combined cyde technology

content of the feedstock is still present in the syngas after gasification
and first cleaning steps are completed. Part of the chemical energy is
Iconverted to HP/IP steam and used for power generation in a steam
turbine. Although this energy is still used for power generation, the
energy conversion is less efficient because it is used only at the lower
(temperature level of the Rankine cycle and is not using the high
mtemperature potential of the full combined cycle. The heat losses of the

entire gasification island are present in fly ash, slag, and cooling water,
ee«| Have been estimated to about 2.6%.

After water scrubbing, a combination of COS hydrolysis and
MDEA has been assumed to remove sulfur compounds. The sour gas
leaving the MDEA is treated in a conventional Claus plant and tail gas

nation unit. Energy losses of entire sulfur removal step are
ated to about 3.1%.

309
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The oxygen needed for Shell gasification process is supplied by a
conventional ASU process, which is integrated with the gas turbine
on air and waste nitrogen side. All the waste nitrogen separated from
compressed air returns for syngas dilution, and about 50% of the air
input is supplied by the gas turbine compressor leading to a partially
integrated concept. Energy losses by ASU have been estimated to about
53% and belong to cooling water consumption.

The diluted syngas enters the gas turbine combustor where the
remaining chemical heat is converted to electricity and sensible heat
of leaving flue gas. Based on original chemical heat input of coal the
gas turbine efficiency can be estimated to about 27.3%, assuming a
typical F-class engine with turbine inlet temperature of 1230*C (1SO).
The flue gas leaving the gas turbine has a temperature of more than
600°C and is used for steam generation within a triple-pressure reheat
HRSG configuration. The HP and IP saturated steam imported from the
gasification island is fed to the HP and IP drum, and jointly superheated
with internal generated steam fraction. To accommodate the saturated
steam import from gasifier island, the HP/IP superheater section is
oversized for secondary fuel operation and, therefore, higher water
consumption for steam attemperation is needed if the gas turbine is
operated with natural gas or fuel oil. In coal gas operation the steam
turbine power output is about 45% higher due to steam generation
in gasifier heat recovery and results to approximately 19.1% relative
to entire chemical heat input (figure 12-16). To achieve the highest
IGCC efficiency level while limiting NO, emission, the gas turbine is
integrated with the air separation unit on the air and nitrogen side.
Nitrogen dilution iouucd to rcducc N O, cmiooion, but incrcaooo turbine
mass flow. To compensate the resulting turbine imbalance, part of
compressed air is extracted and supplied to the air separation plant.

IGCC Concept Based on Lignite and HTW
Gasification and Siemens Combined Cyde

The most mature pressurized FB technology is the high temperature
winkler (HTW) process, which was tested on demonstration scale at
Berrenrath, Germany. Because of its high efficiency potential overall
performance estimations based on I1SO condition, a blended German
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Wgure 12-16 Sankey diagram of Shell-based IGCC concept

Ignite coal and the Siemens combined-cycle technology have been
performed. Although more efficient than entrained flow 1GCC
appluaiion, the FB technology is characterized by a limited carbon
oonvefsion rate and a carbon-containing ash leaving the bottom of

gasifier (figure 12-17). The bottom product cannot be disposed
°fand is used for HP steam generation in an additional fiuidized bed
Qombustor. The superheated steam is exported to the HP steam section

e combined cyde HRSG.
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Figure 12-17 IGCC concept based on lignite and HTW gasification and Siemens

combined cycle

Lignite applications suffer from the high moisture content of the fuel
of typically more than 54%. Establishing an effective lignite gasification
at the HTW gasifier a moisture level of <12% Is required, which cannot
be achieved by conventional coal milling and drying systems. Therefore,
fluidized bed drying systems such as WTA from RWE have been
developed to effectively treat the lignite before feeding the gasifier. The
WTA process recydes the evaporated steam coming out of the drying
process for heat input into the system after compression. For balancing
energy losses, LP steam from combined cyde is used and integrated. The
eruohed and dried lignite leaving the WTA unit ontero the fluidized bed
of the gasifier and reacts with oxygen and IP steam at about 100043 but
below ash mdting point. The produced hot syngas leaves the reaction
zone and contains still significant amounts of carbon and fly ash, which
are separated in a cyclone and re-injected into the fluidized bed After
coarse ash removal, the syngas is cooled down to about 250*C in a
heat recovery generator where saturated HP/IP steam is produced.
Downstream of the syngas cooler, an additional fine ash removal filter is
situated to separate the remaining fine ash from the syngas stream. Total
losses of coal conversion and mechanical deaning process are about 1.4%.
and 10.6% of chemical energy is converted to steam. Further treating
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pep are needed after syngas cooling and de-dusting, starting with
water scrubbing to remove trace solids, ammonia, and acids. Afterwards
the syngas enters the COS hydrolysis unit and COS is converted into
HjS, which than is removed by a FLEXSORB SE+ absorption process.
FLEXSORB SE+ represents a very selective chemical solvent well suited
to «move low HjS concentration After desorption the HZ is fed to a
CLINSULF reactor (comparable to Claus process; see figure 12-8) and
converted to elemental sulfur while the off gas leaving the CLINSULF
unit is converted back to HX by hydrogenation and returns upstream to
the FLEXSORB SE+ unit. Beyond sulfur removal the FLEXSORB unit
also absorbs naphthalene, which is formed in the HTW gasifier due to its
lower gasification temperature. The total energy losses of sulfur removal
amounts to about 1%and ofair separation to about 3.3%.

The combined cyde in case of HTW gasification represents a highly
integrated system ofimportingandexporting steam and water on different
pressure levels and temperature condition. Although the entire IGCC
net efficiency levd is higher than for Shell gasification (see table 12-4),
the efficiency benefit is compensated by higher investment and system
integration in case of lignite application. Gas turbine integration on the
air and nitrogen side has been considered similar to the Shell case.

Table 12-4 Investment and efficiency of IGCC concepts

Shell based IGCC HTW based Shell based IGCC SfG based IGCC
(hard C08l)  IGCC (Lignite) with CO2capture with CO] capture

(50 Hi) (50 Hz) (50 Hz) (50 Hz)
NIpower output 874 MW 826 MW 737 MW 681 MW
CHQKIMH- numun IMVW BLMN WOMNV a4 mw
Gasification island 36% X % 32% 23%
G*s «leaning 6% - 9% 13% 15%
AsSU 7% 5% 7% a%
Combmed Cycle 28% 27% 24% 28%
*oP and Owners cost 23% 23% 24% 26%
*x< total costs 1SO0O0KW 1600 €/KW 2050 t/KW 1850 C/KW
Net Hfcjency (LHV) 46.3% 51.7% 35.9% 34.5%
eewriency(HHV) 4415% 43% 34,4% 33,1%

Cod Douglas Pictnium 2 Lignite Douglastremiwn 2  Douglas Premwm 2
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IGCC Concept with CO, Capture Based on Hard Coal
and SFG Gasification and Siemens Combined Cyde

The SFG technology is currently based on a dry feeding system and
a full water quench for syngas outlet cooling to about 200*C and leads
to a syngas water content of more than 50 vol% when the syngas leaves
the gasifier quench section. SFG gasification with partial water quench
system and heat recovery can also be applied for future application
presently under development, which in general leads to higher IGCC
efficiency levels. But if COj capture is required more than 50% syngas
water level is needed to perform the water gas shift reaction from
CO into C02and H2 In this case a full water quench solution such
as SFG gasification offers the most economical and simplest IGCC
configuration. No or limited steam injection is needed to accommodate
the water gas shift reaction and the Siemens IGCC concept with COr
capture comprises only few interfaces between the combined cyde and
gas island, which are shown in figure 12-18.

fuel gasifier (SFG) and Siemens combine<*<yde technology
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ISO ambient condition, a typical hard coal such as Douglas
premium, and 90% C 0 2capture have been assumed for performance
estimation of an IGCC concept based on SFG technology. The C02
isassumed to be compressed to about 110 bar.

Before gasification the hard coal is milled, dried, and fed to
the gasifier where the coal reacts with oxygen and steam under
lambda values of 0.4 to 0.5. After gasification and water quench,
tbe syngas is cleaned by water scrubbing to remove particles and
acids, and is then fed to a CO raw gas shift reactor to convert CO
into C 02and H2by exothermic water gas reaction. After leaving the
shift reactor, the syngas contains about 42 vol% H2 30 vol% C 0 2and
still 24 vol% HD which depends on water/gas ratio and uses catalyst
material (iron or cobalt molybdenum). The syngas temperature
rises during shift reaction to more than 500*C and HP steam can
be generated and exported to the combined cycle. After shift
conversion, the CO*, HZ, and COS as well as other syngas traces are
removed by a two stage Rectisol process. The sulfur compounds are
absorbed in a first column and converted to elemental sulfur in an
OxyClaus process followed by a tail gas treatment—hydrogenation—
plant as sulfur recovery process. The C02is removed in a second
column, separated from solvent (methanol) by flashing on lower
pressure levels, and compressed for transport and sequestration.
The syngas leaving the Rectisol process contains of about 85 vol%
hydrogen and needs to be diluted with nitrogen and water vapor
(uturator) to control NO, emission and reduce flame speed during
gas turbine combustion. To enhance IGCC efficiency an additional
*yngaG preheating atop io acrmmed before the hydrogen rich ayngoo
enters the gas turbine combustor. Main energy losses are caused by
CO conversion, C02removal, and compression. The entire IGCC
net efficiency level is estimated to be about 34.5% based on F-class
gas turbine. Integration of gas turbine and air separation unit
we considered to be comparable to IGCC cases without capture.
The water steam cycle is based on a three-pressure reheat with only
few interfaces to gasification and gas cleaning. Thus the combined-
cycle operation does not change between syngas/hydrogen and
eecondary fuel operation.
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IGCC Concept with CO Zapture Based
on Hard Coal and Shell Gasification and
Siemens Combined-Cyde Technology

The Shell gasification technology for IGCC with C02 capture
corresponds to the standard Shell application, and performanu
estimations are based on 1SO ambient condition, a typical hard coal,
and 90% C 02capture with COI compression to about 1lObar (figure
12-19). The syngas leaves the Shell gasification island after water
scrubbing and contains than about 9 vol% water vapor, 57 vol% CO,
and 23 vol% hydrogen, which needs to be converted to hydrogen and
C 02for downstream C 0 2capture. To accommodate the water gas shift
reaction the syngas needs to be saturated first to about 50 vol% water
vapor. This can be done by adding a cooler/saturator cycle that transfers
the heat for water evaporation from shift reactor outlet to inlet side
and by additional IP steam injection to cover the remaining steam
requirement. Thus the sensible heat generated during exothermic water
gas reaction is used efficiently, but significant investment and higher
plant integration need to be considered, too.

Figure 12-19 IGCC concept with C0O2 capture based on Shei gasification and

Siemens combined-cyde technology
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The shifted gas is then fed to a Rectisol process where C 02and sulfur
gompounds are removed in two separate columns. The process design
of gas cleaning and conditioning corresponds to the SFG concept
consisting of dilution, saturation, and preheating of hydrogen-rich
cyngas and the energy losses of CO shift, COj, and sulfur removal are
in the same range as the previously described SFG concept. Hence,
the total efficiency is slightly higher and results in about 35.9% due to
high temperature heat recovery from the raw gas (figure 12-20). But
compared to the previous concept the Shell based 1GCC design leads
to higher investment and higher plant integration. The water steam
cycle represents a three-pressure reheat design and is highly integrated
between gasification and gas cleaning. Thus the heat exchanger surface
of gas turbine heat recovery generator is basically designed for syngas
operation leading to different operational concepts between syngas/
hydrogen and secondary fuel operation.

Q>m*
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figure 12-20 Sankey diagram of Shell-based IGCC concept with CO, capture
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Other IGCC concepts with and without C02apture

Apart from Shell, SFG, and HTW concepts with Siemens combined-
cyde technology, other IGCC concepts based on GE energy or MH1 gas
turbine technology as well as CoP, GE and MHI gasification technology
are well known. The IGCC concept of GE energy is primarily based
on GEs gasification technology, which is currently in operation in
Polk County, Florida, and consists of a coal slurry gasification process
with radiant heat recovery for first syngas cooling. For gas cleaning a
sulfinol washing unit and GE’s advanced F-class gas turbine technology
is considered. In case of configuration without CO, capture, the plant
produces a net power output ofabout 640 MW, if the plant is designed
for 90% COj capture, about 555 MW can be achieved when a two-train
concept is assumed.

Another well-known IGCC concept based on F class gas turbine
technology is the CoP E-Gas IGCC plant. The two-train concept is
equipped with either an MDEA gas cleaning unit for IGCC plant
concepts without COa capture that produces a net power output
of 623 MW, or a sulfinol-based gas cleaning unit for configurations
with C02 capture and 518 MW, respectivdy. Due to the higher
syngas methane content of CoP E-Gas gasification, a C 02 capture
rate of 88% only is practicable. The third IGCC concept available
today is based on MHI gas turbine and gasification technology. The
first 250 MW demonstration plant is situated in Nakoso, Japan, and
commercialization is planned with IGCC concepts of 500 to 650 MW
sizes based on G-dass gas turbine technology and an MHI two-stage
air blown gaoificr.
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Summary and Investment
Cost of IGCC Concepts

Current IGCC concepts consist of different gasifier, gas cleaning,
and combined cycle technologies, and their competitiveness is very
much depending on feedstock and C 02capture rate. Under predefined
condition the four selected IGCC concepts represent optimal
solutions. For lignite application with COj capture SFG and Shell
based IGCC solutions are suitable, too. Alternative 1GCC solutions
such as GEand CoP E-Gas™-based IGCC application are preferred
for high-rank coals and not optimal for low-rank coals because of
their slurry feeding limitations.

Today’s investment cost calculation for IGCC application are
based on front-end engineering design (FEED) studies, which leads
to encertainties of about +20%. IGCC still presents a new power
feneration technology with only few demonstration plants in
operation Thus cost basis for components, units, and contingencies
are tentative and estimated on database available 2006. Moreover, the
price increase of about 30% to 40% due to economy growth between
2005 and 2007 resulted in higher cost uncertainties, and delayed a
number ofinvestment decisions.

it can beconcluded that a number of IGCC concepts available today
vary with regard to performance and investment costs, depending
on selected technology, coal quality, and emission requirements;
1594 to 304 (with C02capturc) of grosc power output io internally
consumed for syngas generation and gas compression. Therefore,
efficiency numbers of IGCC application are generally not applicable,
depending on selected technology, component design, and integration
features. Although natural gas compression cannot be neglected as
*ell for natural-gas-fired combined-cycle plants, it is typically not
considered for efficiency calculation.
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IGCC in total suffers on high investment but also offers a high
potential for cost reduction and further efficiency improvement when
the latest features of gas turbine, air separation, and gas cleaning
developments are introduced. IGCC applications are promising for
future fossil power generation, focusing on lowemission and capability
for C 0 2capture.
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Carbon Dioxide
Capture and Storage

After decades of expert and public-level discussion, the existence of
global warming and its reasons are undisputed to a far extent today.
Increasing ambient temperatures, more frequent heat waves, and
disastrous storms and floods are indications. Among all natural or
technical gases, which are assessed to be responsible for the global
warming effect, C 02is the most important one. This results, to a lesser
extent, from its physical characteristics, but more from the high amount
emitted from all carbon conversion processes. The world population
has grown more than four times since the beginning of the 20th
century, resulting In steeply rising energy consumption (figure 13-1).
In addition, the per-capita energy demand increased as a consequence
of the growing prosperity in the industrialized countries. As most
of the energy was and is based on fossil (carbon-containing) fuels,
the atmospheric carbon dioxide (C02 concentration accumulated
from 280 up to some 370 ppmv today. In parallel, the global average
temperature rose by about 0.8K. According to the Intergovernmental
Panel of Climate Change (IPCC) fourth assessment report, a doubling
°f the C 02 concentration results in an increase of the global mean

ature by 2 to 4.5K, with a best estimate of 3K.
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Figure 13-1 Historical trend of energy consumption and global warming

To meet the challenging taigets of significant C 02emissions
reduction a diversified package of measures is needed.
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Methods for CO2Reduction

In addition to measures, which are aiming at directly reducing
Ae COi concentration in the atmosphere such as biological sinks
(photosynthesis, reforestation), there are two fundamental pathways
for mitigating the COj problem.

« Efficient production and use of energy

« Substitution of high-carbon fossil fuels by low-carbon/
carbon-free fuels

The combination of the two thermodynamical processes—Joule
(Bryton) and Clausius-Rankine cycle (combined cycle)—results in high
efficiencies and consequently low CO* nitrogen, and sulphur oxides
emissions. There is a direct correlation among power plant efficiency,
caving of primary energy, and emission of COj in case of fossil-fuel-
fired technologies (figures 13-2 and 13-3). Most ofthe combined-cycle
plants in operation today are based on natural gas and consist mainly of
methane, the fossil fuel with the highest hydrogen to carbon ratio.
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Figure 13-3 Typical specific C02-em*ssions from fossil fuels

Both effects, high efficiency and use of low-carbon fuel, are of
advantage with aview to global warming mitigation. On the other side,
at least the conventional resources of natural gas are dearly limited and
a significant and lopsided switch towards natural gas might be contrary
to a safe, independent, and sustained energy supply for many countries
worldwide. For this reason, switching to less carbon-intensive fossil
fuels doesnt have the potential to significandy reduce the emission
of greenhouse gases. In fact, power generation from coal, which is
widespread worldwide and available for long-term, has to be taken in
an environmental benign way. Beside the development of high-efficient
steam-power plants also the combined-cyde technology is to be applied
for coal (e.g., Integrated Gasification Combined Cyde, or IGCC).

Reducing the emissions of CO2to the
atmosphere—carbon capture and storage (CCS)

For that, the C 0 2molecule is in-situ captured and stored. Storage in
this connection means the isolation of the COj from the atmosphere
for a long time. Carbon capture and storage (CCS) could allow the
continued use of fossil fuels, also coal, whereas other COj*free energy
sources are developed and applied. However, CCS reduces the efficiency
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jjf power generation, and, consequently, such measures need more
primary energy. In addition, investment and operational costs rise.

CCS is considered first for large-point COr sources, central power
generation plants, and large C O 2emitting industries such as refineries
or chemical plants. In principle, the separated C02 can be reused as
feedstock for synthesizing chemicals or fuels, possibly using C O 2-free
produced hydrogen. But these applications are not expected to
contribute to a significant abatement of COr emissions. Main options
for C0O2storage are geological formations, selected areas of the
worldwide oceans, and depleted oil and gas fields. An application, which
is already a commercial option, is to use the C0 2as driving medium in
the enhanced oil recovery (EOR). By injecting COathe pressure of the
oil field is enhanced, and density and viscosity of the oil is reduced.
Thus, EOR can potentially increase the total recovered production
from an oil reservoir by 10 to 30%. In a similar way C 02 could be used
for enhanced gas and coal-bed methane production.

The concepts for C 02 separation are divided in three fundamental
categories.

= Capture ofthe carbon fraction before being combusted
(precombustion capture)

= Capture ofthe combustion product C02
(post-combustion capture)

< Combustion of the fuel with nearly pure O 2to get C 0 2enriched
flue gas (Oxyfuel fired concepts)

Separation of CO2from Gas Mixtures

There are various applications for C02 removal in the chemical
Industry or the long-term purification of natural gas. However, the
requirements for C O 2capture processes when being implemented into
Power generation concepts are partly different and more challenging
"®e behaviour of the power plant caused b” the grid demand is very
W Kk ,and the volume flows to be handled are higher. In addition.
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oxygen and trace elements such as sulphur or alkali compounds may
cause degradation of the solvent.

Sorption

The COj is loaded to a liquid (absorbent) or solid (adsorbent),
and released under changed temperature and/or pressure conditions
(desorption). With view to the reversible bonding mechanism it is
differentiated between physical and chemical sorption with a smooth
transition. Physical absorption depends strongly on temperature, and
can be used in a very effective way at increased total gas pressures and
high content of the compounds to be removed. Due to Henry’s law.
which is exacdy valid for diluted solutions only, the amount of removed
substance is nearly proportional to its partial pressure (figure 13-4). As
a rule chemical absorbents are more efficient at low gas pressures.

Hereby, an aqueous alkaline solvent, usually an amine, reversiblv
reacts with the acid C 0 2gas such as for monoethanolamine (MEA):

2RNHj +C020 RNHj* +RNHCOOQ" (R: organicgroup) (13-1)

Solubility

Figure 13-4 Typical trend of solubility in physical and chemical washing agents
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sesides cycling the solvent, the main energy consumption is
caused by the desorption unit. Depending on capture rate, desorption
t™mperat uu- (reboiler temperature, see figure 13-11) and solvent flow
—te. the steam consumption such as for the MEA process was found
equal to around 4 MJ/kg COj. As a consequence of degradation and
loss in activity, some makeup is always needed, which contributes to the
operating costs. Particularly for C 0 2from flue gases (post-combustion),
new or modified solvents are under investigation for high C 0 2loading,
high lifetime, and low energy demand.

ftlembranes

Membranes for gas separation are thin layers made from porous
materials, which are selectively permeable for gases. Plant concepts
based on membranes are considered to be less complex and more cost-
effective. COj-selective membranes are already applied in industry, such
as for the treatment of natural gas, but have to be further developed
for large-scale plants, high stability, and availability, as well as the
application at high temperatures.

Generation of Oxygen

Precombustion and Oxyfuel fired CCS concepts use highly oxygen-
:hed air, which results in lower dilution and, thus, improved reaction
litiono ao well as rcducod dimcnoiono of apparatus and pipings

(lower investment). On the other side an additional process unit for air
tion is needed, which makes the overall plant more complex and

«eases the internal power demand.

nic temperature air separation unit

Today, large-scale air separation necessary to provide precombustion
Or Oxyfuel plants in the order of hundreds of megawatts are based on
J*°ven air distillation at cryogenic temperatures. For reduced power
<emand the product oxygen fraction may be pifmped instead of being
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compressed. Single-train plants are available for more than 4,000 t/d
with typical 95% to beyond 99% purity of the oxygen fraction.

lon transport membranes

For these innovative concepts the oxygen is transported as an ion
through a membrane of adapted lattice structure (figure 13-5). These
ion transport membranes (1TM, or specifically OTM in case of oxygen)
are highly selective. The active thin layer is manufactured from ceramic
material and applied on a porous carrier for mechanical stability. For
sufficient separation capacity the ionic mechanism needs high operating
temperatures of about 850*C, which can be realized, for example, by
directly heating up the air through combustion.

Figure 13-5 Principle of ion transport membrane

Chemical looping

In the chemical looping concept there is no direct contact of
combustion air and fuel. In fact, the oxygen is fixed on a solid carrier
medium and then moved to another, separate area where it is used for
oxidizing. The reduced carrier is cyded back to the air to be loaded
again (figure 13-6). As a consequence, no NO, formations can occur.
Typical materials are metals such asiron, nickel, copper and manganese-
The process is currently in the state of a pilot plant.
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figure 13-6 Principle of chemical looping combustion

Precombustion Capture
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The feedstock is processed in away to get the carbon content ready
for separation. This is realized by reaction of the carbon to CO, which is

then converted to C 0 2and hydrogen (figure 13-7).

13-7 Schema of precombustion CO2 capture
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Conversion of carbon to CO
There are two reaction paths resulting in the synthesis gas (syngas)

Partial oxidation (POX), gasification. Reaction with oxygen;
typically 1250 to 1500°C (entrained-flow gasification).

QHy +x/20j 0 xCO +Yyf2Hbexothermic 13-2)

The syngas is cooled by quenching (water, recycled gas) and/or
through a heat recovery system. By using nearly pure oxygen instead
of air, the volumes to be handled at downstream CO02 separation
are reduced.

Steam reforming. Reaction with HjO; typically 800 to 900*C.

CxHr +xHjO «* xCO +(x +y/2)H2 endothermic 13-3)

The process is catalysed and indirectly heated. A waste heat system
is used for cooling down the products to the temperature needed for
the following shift reaction. Steam reforming followed by pressurc-
swing absorption is today’s way to produce highly pure hydrogen from
natural gas.

Autothermal reforming (ATR). Combination of partial
oxidation and steam reforming (figures 13-2 and 13-3); typically
950 to 1050*C.

The reaction takes place in a refractory-lined vessel containing
a nickel catalyst bed. The heat needed for the reforming process
is directly produced from partially oxidizing the feedstock. There
is no indirect heating by combustion, which would need a second
separate CO} capture plant when aiming for high capture rates in
total. In addition, compared to steam reforming, the process is more
compact, favorable for large-scale plants, and the investment costs
for the reactor are lower. To prevent carbon soot deposition on the
catalyst and to limit methane slip, steam has to be added in excess of j
the stoichiometric requirements. ATR needs an oxygen generation
plant, which also provides nitrogen, if necessary, for moderating tfie »
combustion conditions.
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Conversion of CO to C02(CO shift). The temperature level for this
POcess depends on the applied catalyst (180 to 500 C). Its sensibility
to sulphur compounds needs the shift to be performed up- (raw gas
juft) or downstream (clean gas shift) of the desulphurisation unit. To
gupe with the excess heat of the reaction, a two-stage adiabatic reactor
system with intermediate cooling is applied.

CO +HD o C02+H2exothermic (13-4

Separation of the CO,

Gasification and downstream combustion of the syngas in a gas
turbine take place under elevated pressure levels. Compared to
post-combustion capture, the C02 partial pressure is higher in the
syngas. Thus, the C 0 2separation unit is smaller in size and the specific
energy consumption Is lower. Physical solvents such as methanol
(Rectisol process) are most suitable to such conditions. Depending
on the applied shift systems and the requirements for transport and
storage, both sulphur compounds and C 02 are washed out together
or selectively.

Use of the remaining H, enriched gas
for power generation

Independent of the feedstock, also for coal as a solid or liquid

arbon, the precombustion decarbonization process ends with a

'‘gen cnricHcd fuel in gaocouo otatc usable in a gao turbine. TKic ia

*hy precombustion concepts are predestined to be integrated into a
bined-cycle process:

In the case of natural gas, the concepts are known as Integrated
orming Combined Cycle (IRCC) (figure 13-8). For coal or refinery
‘dues, they are called Zero Emission Integrated Gasification
hied Cycle (ZEIGCC). The basic IGCC process is described in

e 12 In principle, the modifications needed for carbon capture

P * lhnited to the gas treatment and the gas turbine combustion system.
a* a consequence mainly of the high stean} demand for the CO

the interactions between the water/steam cycle and the gas island
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are also affected. By reducing this steam export, gasification systems
applying a water quench system for cooling the raw gas downstream of
the gasifier may be advantageous for ZEIG CC concepts.

Table 13-1 shows typical compositions of the decarbonized,
undiluted synthesis gas from the C 02 removal for different processes
and feedstocks. For the use in the combustion systems of modern
high-temperature gas turbines, such hydrogen-enriched gases have to
be conditioned.

Table 13-1 Typical hydrogen enriched syngases downstream gas cleaning

RCC ZHGCC ZHGCC
Natural Ga« IAT»  Hard Coal | SCGP Lignite/HTW
vd% 952 853 817
co Yd% 07 48 08
COj vo)% (e} 05 01
CH, «*% 14 6.6
Nj +At vd % U U 109

HO w 1% 04
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The different combustion behavior of hydrogen compared to the
gtandard fuel natural gas results in special requirements for burner
design and gas turbine operation (Table 13-2).

uble 13-2 Characteristics of typical gas turbine fuels

o4 o ©
Mg 500 1199 101
L/ MMNSTP 8 102 124
Rarme spdl in «if ans e £s0) 20
SloidViometric combustion termperature K 227 2370 2374
Dersity IGfon~TP 074 009 us
Speific heat KIftgk 218 1424 105
Ramnubility limits vol4 515 475 12574

Important for the geometric burner design is the substantially
smaller density leading to higher volumetric flow rates. The use of
todays natural gas burners for hydrogen-rich gases would lead to
high fuel injection velocities and high fuel-side pressure losses. Thus,
the burner nozzles need to be redesigned. An additional crucial
characteristic is the very high reactivity and laminar flame speed of
hydrogen Special burner modifications are necessary to avoid the
risk of flame flashbacks and pre-ignition. These modifications ensure
stable combustion at low NO, formation. For this, a homogeneous
fuel/air mixture and the avoidance of recirculation areas within the
burner are of particular importance. These are the specifications
for the development and optimization of premix burner concepts,
applied for innovative high-temperature gas turbines. The design
shown in figure 13-9 is derived from the Siemens standard natural
gas premix burner. J1 concentrical passage Is added for enabling the
high volumetric throughput of the hydrogen-rich gas, feeding directly
downstream to the diagonal swirier into the fuel/air reaction zone.
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processes of 338
ZESOFC concept for 32

oxygen generation

chemical looping and 328
cryogenic ASU and 327
ion transport membranes and 328
oxygen-lean combustion 267
oxygen-nch combustion 267

P

Palos de la Frontera combined-cycle plant

efficiency of 361
HRSGs in 363
layout of 362
location of Bl
technical dataof 364
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parallel-fired combined-cyclc plant

operating modes for 157
reheat in 156
repowering and 155
steam turbine coaverted to 157
partial oxidation (PO X) gasification 330
part-load behavior
calculating 226
efficiency improvements for 237
gas tuibine efficiency with 235
live-steam pressure/live-steam
temperature with 236
reheat and 236
single-shaft combined-cycle plants and 237
peak load operation 13

performance guarantees

comparison for 241

heat balance computer model for 240

measuring 238

power output correction factors far 239
performance monitoring 244
performance test 241
performance valu*

degradation impacting 241

monitoring 244
petcoke 2*9
Phu My 3 combined-cyde plant

as BOT project 357

location of 358

as multishaft corabined-cycle plant 358
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ptiu My 3 combined-cycle plant (Comn.)

Siemens combined-cycle and
armangement of 359

technical dataof 360
pinch point

in HP/LP evsporator, dual-pressure cycle 104

in HP/LP evaporator, thplc-pressure

cycle 114
HP/LP interrelation in 16
in HRSG 10
HRSG heating surface determined by IS 3

steam turbine power output, impact of 3
piston losses 39
plant concept solution 45 132

gas turbine selection for 66
plume abatement 206
population growth 1
postcombustion CO; capture

methods for 335

SARGAS cycle for 337

sorption and 335

sorption systemns for 337
power augmentation

applications for 245

control system for 223

goal of 244

high-fogging system increasing 248
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power coefficient
determining 139
parameters impacting 4

process steam pressure impacting

combined-cycle plants and 141
single-pressure cycle, fuel utilization
impacted by 142
supplementary firing impacting 143
power factor 232
power island 67
benefits of 47
power output

ambient air pressire, site elevation
impacting s4

ambient air temperature impacting S3
chiller improving combined-cycle plant

and 1
cycle performance summary for 130
evaporative cooling system in combined-

cycle plant increasing 246

frequency impacting combined-cycle

plants and 232
g u lutbiiwD, for 171
of heavwy-duty industrial gas turbines 163
HP, LP impacting steam turbines and 100
performance guarantees, correction

factors for 239
pinch point impacting steam turbines and 83

process steam pressure impacting

combined-cycle plants and 4
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power output (Conl.)

relative humidity and 56
steam injection, water injection
impacting 53
of steam turbines 72 399

temperature, after supplementary firing.
impacting 128 130
power plants. See alto combined-cycle
plants; district-heating power plants; gas
turbines; industrial power stations; seawater

desalination plants; steam power plant;

steam turbines

availability of 25
base load operation, electricity cost

comparisons for 29
CO; emissions impacting economics of 33
construction time comparisons for 27
credit and 49
electricity value impacting choice of 13
fuel flexibility of 22
fuel selection considerations for 21
installed capacity evolution of 9
intermediate load operation, electricity

cost comparisons for 30
net efficiency comparisons for 20
O&M costs, fixed costs for )
O&M costs, variable costs for 24
present value determined for 15
reliability of ps)
risks for 12
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power plants (Com.)
as trading tool 225
waste heat dissipation in various 274
precombustion CO? capture 329
ATR and 332
CO; separation and 331
hydrogen behavior in 333
syngases and 332
preheating. See also feedwater preheating
= fuel and 54
increasing stages of 94
present value 15

pressure. See also ambient air pressure;
condenser pressure; dual-pressure cyde;
high-pressure; intermediate—pressure.
live-steam pressure; low-pressure; process
steam pressure; single-pressure Cycic;
triple-pressure cycle

compressor increasing 65

HRSG exhaust gas, loss in 84

natural gas, fluctuations in 177

«eam extraction, district-heating power

plants, otagve of 145

superheater, water/deam cycle drop in A
pressure ratio 51 165

gas turbine efficiency impacted by 11 65
pressurized fluidized-bed combustion (PFBC)

combined-cyde plant applications with 159

design/investment cost complexities for 160
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process energy

control system for 223
operating behavior and 233
process steam pressure MI

production costs

amortizatioa interest impacting 12

electric power market and 6

of electricity 14
propane 17
PreloVano IGCC plant

ASU in 33

availability issues of 34

design of 382

technical dataof 334
pulverized coal (PC) plants 288
purge time 254
radioactivity 261
recirculation

feedwater preheating with 90

loop for 124
Rectisol 302

reheat. See also dual-pressure reheat cycle;

triple-pressure rebeat cycle

combined-cyde efficiency impacted by 133
gas turbines impacted by 114
moisture content and 115
in parallel-fired combined cycle plant 156
part-load behavior and ~236
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reheat (Con/.)
steamn turbine expansion line impacted by 113 118
relative humidity
operating behavior and 229
power output and 56
reliability
deregulation and 26
determining 26
of power plants 25
repowering
efficiency increased in 151
with fully fired combined-cycle plant 14
gas turbines, conventional boiler
adaptation for 14
in parallel-fired combined-cycle plant 155
steam turbine before/after 151
steam turbine, problems with 153
steam turbines, equipment reuse in 153
Vado Liguire power station, thermal
process after 379
resources 60

See also cooling media; fuel

return on wjuity (ROE) 11
risks
electric power market and 6
IPPs mitigating 11
power plants and 12
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S
SARGAS cycle 337
icawalcr desalination plants 135
combined-cyde plants coupled witb 149
flashing in 149
melective catalytic reduction (SCR) 271
SELEXOL 298
IGCC and 302
separator 123
sequential combustion
gas turbine's advantages with 44
gas turbines with 170
shell coal gasification process (SCGP) 292
Shell gasification
ASU for 310
diagram of 3
efficiency/investment costs of 317

IGCC concept based on COr capture,

hard coal, Siemens combined-cyde

and 316
IGCC concept based on Siemens

combined-cvcle and IH
shutdown 258

Shuweit S| Independent Water and Power

Plant (IW PP)
as desalination plant 373
functioning of 372
location of 371
technical dataof 374
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Siemens combined-cycle
IGCC concept based on CO* capture,

hard coal. SFG and 314
IGCC concept based on CO2capture,
hard coal. Shell gasification and 316

IGCC concept based on lignite. HTW
process and 311

IGCC concept based on Shell gasification

and 308

Phu My 3 combined-cycle plant
arrangement and 359
Siemens dry low-NO, bumer 270

Siemens fuel gasifer(SFG)
gasification with 293
IGCC concept based on COj capture,

hard coal. Siemens combined-cyde

and 314
Siemens SGT5-8000H gas turbine 284
single-line diagram 202

single-pressure cycle

design parametersof 77
energy flow diagram for 77
snergy/tampMntura diagram for HRSG in 75 79 H
example of 76
exhaust temperature, dual-pressure cycle v. 69
flow diagram for 73
gas turbines in 171
heat balance for 76

heat balance for cogeneration with

supplementary firing in 140
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(ingle-pressurc cycle (Comt.)
heat balance for supplementary firing in 129
HRSG in 74
power coefficient impacting fuel
utilization in 142
steam turbines, dual-pressure cycle v. 96

lingle-shaft combined-cycle plants

clutch and 18
configuration for 197
cross sectionof 199
part-load behavior and 237
single-line diagram for 202
steam turbines in 198
SINTEF 344
site conditions n 45
site elevation 4
site-related factors 45
See also ambient air
pressure; ambient air temperature; ambient
conditions; relative humidity
location and 49
sliding pressure 226
oobd ox.do fuel o«tl (SOFC) 312
torption
CO, separation and 326
postcombustion CO2capture and 335
postcombustion CO? capture, systems for 337
SO, emissions 272
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Spain. See Areas |1l combined-cycic plant;
Palos dc la Fronlcra combined-cycle plant;
Puertollano IGCC plant

Special purpose company (SPC) 13
stack loses 109
staged combustion 267
standardization 132 351
customization compared to 43
standstill
startup 8 hours 256
startup 48 hours 257
startup 120 hours 257
startup and 254
startup. See also ignition
8 hours standftill. curve for 256
48 hours standstill, curve for 257
120 hours standstill, curve for 257
combined-cyde plants and |%
combined-cycle plants’ range oftimes for 253
gas turbines, quickness of 253
HRSG, challenges with 190
procedure for 254
Dtondotill impasting 354
for steam turbines 255
times/values for 255
steam bypass 221
steam cooling 280
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(team extraction

cycle with 138
district-heating power plants, pressure
stages for 14S
industrial power stations and 136
steam injection
combined-cyde plant, impact of 58
efficiency and 57
NO, emissions and 263
power output impacted by $8
steam parameters. See main-steam parameters
steam power plant. See also power plants
feedwater preheating in 86
price comparisons for 18
steam process efficiency
ambient air temperature impacting $2
combined-cyde plant, equation for 39
gas turbine efficiency impacting 1
steam reforming 330
steam turbine expansion line
reheat impacting 113 118
in triple-pressure reheat cycle 122
otMm turbinoo. See al-robook prwour* m bl m ;
extraction/condensing steam turbines;
water/steam cycle
ambient conditions and O
bypass stack and 207
Camot efficiency of 36
characteristic* of 196
dosed control loops operation for 222
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steam turbines (Con/.)
cogeneration with no 139
combined-cyde plants v. conventional 19S
efficiency equations for 399
energetic lose* v. exergetic lose* in 78
exhaust losses for 400
feedwater preheating impacting A
generator losses in 400
hotwell in 9
HP, LP impacting power output of 100
installed capacity of 7
live-steam pressure impacting 77 199

live-steam temperature impacting 8l
mechanical losses for 400
parallel-fired combined-cycle plant

converted from 157
pinch point impacting power output of 83
piston losses and 399

power outputof 72 399

repowering, before/after for 151
repowering, equipment reuse in 153
repowering problems in 153

eingU preooui* eyele v. dual praoour* oyola
in 96
in single-shaft combined-cycle plants 198
startup for 255
398

swallowing capacity of
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gleam -injected gas turbine (STIG) eyelet.
See also turbo STIG cycle

economics of 161
energy flow diagram for 161
iloichiometric combustion 166
flame temperature in 264
dress controller. See turbine stress controller
Sulferox 300
Sulfur 64 159
See also high sulfur fuels; low
sulfur fuels; SO, emissions
recovery 299
superheater
role of 74
simplicity v. 103
water/steam cycle pressure drop in 37
supplementary firing
advantages of 125
cogeneration, HRSG with 136
control system for 223
energy/temperature diagram for HRSG
and 126
h«ot bolono* for oogonorution, oingu
pressure cycle with 140
heat balance for single-pressure cycle
with 129
HRSG and 125
HRSG construction without 183
HRSG with limited 12
HRSG with maximum 14
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supplementary firing (Comt.)

load control and 217

power coefficient impacted by 143

lemperature impacting power output.

efficiency after 128 130

swallowing capacity 398
sweep gas A
Switzerland 387

See also Monthel cogeneration plant

symbols 408
syngas conditioning system 304
syngases 176
advanced cleaning technology for 300
characteristic* of 17
cleaning techniques for 29%
dedusting and 296
gas turbine modification for utilizing 30$
gasification process with 288
NO, emissions, dilution of 30%
precombustion CO; capture and 332
water gas shift reaction and 01
system o f equations 400

Taranaki combined-cycle plant

arrangementof 352
control system for 353
design of 330
process diagram for 1
technical dataof 352
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temperature. S&-ofo ambient air temperature:
approach tempcraUre; cooling water
temperature; energy/temperature diagram;
exhaust temperature; feedwater temperature;
flame temperature; high temperature winkler
(HTW) process; Uve-fleat temperature;
low-temperature corrosion; pinch point

combined-cyde plants, diagrams on

entropy and 37
condenser pressure v. cooling mediaand 62
cooling media impacted by 61
economizer, changes in 83
HRSG and controlling 220
power output/efficiency, after

supplementary firing impacted by 128 130

terawatt hour (TW h) 8
thermal barrier coating (TBC) 279
thermal cycles 1

consumption breakdown of 8

popularity of 8
thermal energy 135
thermal energy storage (TES) 251
6«N»| prooeoo 370
thermodynamics 35 389
Tolling Agreement 12
top gas 19
lopping cyde 2
trading tool 225
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triple-pressure cycle

turbine inlet temperature (T IT) (Cant.)

UQks

adding 105 importance of 44
energy flow diagram for 106 109 turbine mass flow 306
energy/temperature diagram for HRSG in 108 turbine stress controller (TSC) 254
heat balance for 106 turbo STIG cycle 162
live-steam pressure in 110
live-steam temperature in 1 u
moisture content, dual-pressure cycle unconverted carbon (char) 206
compared to s Union Fenosa Generacion (UFG) 6L
pinch point of HP/LP evaporator in 114 unit level 212
triple-pressure reheat cycle United Arab Emirates. See Shuweit S|
energy flow diagram for 116 19 Independent Water and Power Plant
energy/temperature diagram for HRSG in 119
exergy transfer in 17
heat balance for 116
live-steam pressure in 120 vacuum deaeration 9
live-steam temperature in 122 Vado Liguire power station
moisture content decreased in 118 design of 378
performance benefit in 13 emissions in new 381
steam turbine expansion line in 122 main equipment supply for 3719
tubing. See finned tubing new layout for 376
turbine inlet temperature (T 1T) 67. pre-existing situation of 375
s * alao G T air mht cooling «powering, thermal process of 379
chronology ofcooling media improving 279 technical data of 3
combined-cyde plant efficiency impacted by 4 vaporized liquids 1
control system end 215 variable costs 17
definitions 38 power plants, O&M costs and 24
economics ofincreasing >78 variable inlet guide vane (VIG V) 215
gas tuibine development increasing 165 Vietham. See Phu My 3 combined-cycle plant
gas turbine historical trend* in 167

This page has been reformatted by Knovel to provide easier navigation. Thispage has been reformatted by Knovel to provide easier navigation.



Index Terms link»

W
waste heat 261
combined-cyde plants reducing 273
environment impacted by form of 274
power plants' dissipation of 274
wastewater 261

water. See also cooling water temperature;

makeup water; waste water

bottoming cyde, ammonia mixing with 164
for cooling media 60
water gas shift reaction 301
water injection S7
combined-cyde plant, impact of 58
efficiency problems with 266
NO, emissions and 265
water-cooled generators 201
water-soluble contaminants 13

water/steam cycle
bottoming cyde and 2
combined-cyde plant design challenges

with

concepts for
evaluating
exhaust gas' heat transfer v.
superheater, pressure drop in

wet cell coding tower

Wobbe index

83BN 3

gaseous fuel comparison with
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z

Zero Emission Integrated Gasification
Combined Cycle (ZEIGCC) 31

zero emission solid oxide fuel cell (ZESO FC) concept 342
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Figure 14-7 Process diagram of the Phu My 3 combined-cyde power plant

The arrangement of the plant is based on the Siemens combin
cycle reference power plant SCC5-4000F 2x1 (figure 14-8).

------------ = A
Figure 14-8 Arrangement of the combined-cycle reference power plant SCC5-4000f *m
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selected gas turbine is a Siemens SGT5-4000F machine, a
NKduty gas turbine, structured as a completely pre-engineered unit.
"N Ksingle-shaft machine with horizontally split casings, disk-type
1 IS with center tie bolt and cold end drive. The combustion system
dets of an annular combustion chamber with 24 hybrid burners.
C burner* are designed to operate on both gas and liquid fuel in
A KrN O, modewithout water injection. lhe system .ilsu has provisions
~~Ler/fuel oil emulsion injection for NO, control in diffusion mode.

pollutant emissions are negligible when burning natural gas, and CO
missions in the load range above 60% are below 10 ppm, which is typical
turbines featuring combustion chambers with ceramic tiles.

The steam turbine, which drives an air cooled generator, is a three-
stage.ieheat, two-casing machine. It is built as a two casing turbine with
acombined opposed-flow HP/IP turbine and a double-flow LP turbine.

The main technical data are shown in table 14-4.

Table 14-4 Main technical data of Phu My 3 combined cycle power plant

Plant Configuration SCCS-4000F 21
Nurrber of Nods
Nunoer of gas tufbines/blodk 2
Mainfuel Gas
Conditions:
Anbiwt temperatLre <CIf 30/86
Ambient pressure mbar 1013
Native humidity % 3%
— S5EH9 type— coolina water termoerature Cl f once-through 29/84
data per block:
"u i fuel input to gas tuibines MW 12612
Glo» output MW 724
~«W citncyOHV) % 5784
consumption and losses MW 1260
PW*r output MW 7168
LHVv) % %584
e fote (LHY) KD 6334
"rHLHVY) BlUMM = oo
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The 1200-MW Combined-Cyde Power Plant Palos
Frontera, Spain.

The 3x 400-M W combined-cycle power plant Palos de la Fro
is owned by Union Fenosa Generacion (UFG), a fully owned subsidy
of the Spanish utility Union Fenosa. The plant is located in Andal
100 kilometers southwest of Seville. Handover of the third unit m
place in June, 2005. )O*

The Palos de la Frontera CCPP consists of three separately hou”
Siemens SCC5-4000F combined-cycle blocks, each made up of

turbine, generator, and steam turbine in a single-shaft configurati
(figure 14-9).

Figure 14-9 View of the Palos de la Frontera combined-cycle power plant

The modularized Reference Power Plant concept developed by
Siemens isimplemented for the three units. This conceptischaracterise
by optimum standardization of plant systems and components in
with the specific needs of the power plant operators. Special custo
requests can be met by using a modularized building-block s3st

~Ljped-Cyde Gas & Steam Turbine Power Plants

| n be saved and the plant can be tailored to the respective

CO**ta" p special feature of the single-shaft technology used in

Spanish plants is the arrangement of the key components.

th< efator ,s required, which is arranged on a common shaft

On” °n the gas and the steam turbine. lhe single-shaft design allows

betTvestment costs, short construction periods, and highest efficiency
2 jia s well as high operational flexibility (figure 14-10).

P®** 14-10 Layout of the Palos de la Frontera combined-cycle power plant

57""BPgas turbines are Siemens SGT5-4000F (formerly V94.3A)
At site conditions, each gas turbine has a power output of

and an electrical efficiency of 18.6%. The rotor has a hollow
_2?**ith disks that are interlocked via Hirth jerrations and axially
a central tie-bolt. Ihe compressor has 15 stages with variable
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inlet guide vanes for optimized flow control. The turbines featu |

annular combustion chamber with 24 low NO, hybrid burners el

The heat-recovery steam generators (HRSGs) are located outd<”B
next to the turbine buildings. The HRSGs supplied by DooSant* r5
horizontal, natural circulation units with three pressure levels
reheat. The pipe bundles, which receive the exhaust gas from the ™|
turbine, are arranged vertically (figure 14-11). S

Figure 14-11 Process diagram of the Palos de la Frontera combined-cycle p oW
plant (one unit)

The plant is operating with an average efficiency of56%. For 2006, LL
plant achieved an availability of more than 98% (even when accourr
for scheduled outages) and produced 7,023 GW h of power. TyP'
the plant operates at nearly full load in the summer and winter, ki
operates on a stop-start basis in the spring and fall according t0
national grid demand and electricity market price.

the

In todays market, the two main areas of plant operator interest n
achieving minimum load while meeting emission limits and in real’
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Kuwun output with minimum startup time. Accordingly, Siemens
W V adapting its technology to improve the cycling capability of the
b** _iantand not only individual components Siemens has applied this
philosophy to develop what they refer to as advanced fast cycling
capability that was first fully tested for hot-start operation at

~m|n 2005 ind has since been sold into a number of power stations.

hot-start capability (after an eight hour shutdown) means that

ftjl load can be achieved in less than 40 minutes. During the startup

ANEure, the steam turbine is run up to load on cold steam in parallel

wijdlthe gas turbine. Siemens designed a new type of Benson boiler to

)pl with the much higher thermal and mechanical stresses imposed

on th« boiler. Additional stresses on the steam turbine from a fast hot
start are within the range that is included in the lifetime calculation.

Table 14-5 summarizes the performance data of the Palos de la
Frontera combined cycle power plant

Table 14-5 Main technical data of Palos de la Frontera combined cycle power plant

NantConfiguration SCC5 4000F IS
Nurber <Nodks 3
Nuner of ges turbines/block 1
Memfuel Natural gas

ArblelL| Conditions
Atnbint temperatLre *C/eF 18.3/649
Ambient (xessue moar 1015
Wativ* humicity % &%

input to gas turbines MW 673
output MW 3366
G 'ofc efficiency (LHV) % 575
«'sumption nd losses MW 47
**powef output MW 319
pRpowKy (HY) % 56J
Meatrete (HV) KV 6343
) BTUMKWh 6012

<AL “wt MVfs 0
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The Arcos lll Combined-Cycle
Plant Spain

Arcos de la Frontera Grupo Ill in Cadiz, Spain, is the third jnJ
assembly of plants that make up a significant investment and lara
power plant in the 100-year history of Spanish energy produc
Iberdrola Generacion, S.A.—also owner and operator of the plant

In commercial operation since March 2006, Arcos |11 generates mo
than 820 MWnet of power for the Spanish electricity grid. The pi*
is located just between the city of Sevilla and the Port of Algeciraj.T
heavy industrial area with a high demand for energy.

Arcos | and Il began commercial service in January 2005, and ach |
of the groups' 109FA (single-shaft units), together with Arcos Ill, hgs 5
common infrastructure with an administration building/control rooiy,
400kV substation, demineralized and makeup water systems, efflu e«
plant, compressed air and auxiliary steam, natural gas regulation statiion,
and other components. The gas turbine, steam turbine, and generator
of each combined-cycle unit are located inside a building where the
condenser is also housed (figure 14-12).

Figure 14-12 View of the Arcos combined-cycle power plant

M b ned-Cycle Gas & Steam Turbine Power Plants

1 GE 209FB (2-to-I multishaft) combined-cycle configuration

fV.os hi consists of two GE frame 9FB gas turbine generators.
at GE 209D steam turbine, three GE 330H generators, and two heat
°nC. .y «team generators/The steam turbine hasa single high pressure/
~mmediate-pressure (HP/IP) section and one dual-flow low-pressure
n*) section with control and shutoff valves for each sections. The
up steam supply is at 1800 psia (124 bar) and 1050F (565*C) and the
ediaust pressure is 1.73 inches Hg (0.059 bar).

B o o natural gas, Arcos Ill is operating at a combined-cycle
J/tfency of around 58%, placing it among the world’s most efficient
combined-cyde power stations. The plant reached another milestone
in October 2007, when it surpassed 8000 hours of operation.

~ Arcos |l was the commercial launch site for GE’s 50 hertz, 9FB gas
turbine technology, a project commissioned by Iberdrola Ingeneria
y Construccidn. The frame 9FB is among the world’s most advanced,
air-cooled. 50-hertz gas turbines. Addressing the need for cleaner
power, the frame 9FB gas turbines are equipped with GE’s advanced.
Dry Low NO, 2+ combustion systems, which limit NO, emissions to
25 parts per million or less. Table 14-6 summarizes the performance of
Arcos |1l combined-cycle power plant.
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Table 14-6 Main technical data of Arcos lll combined-cycle power plant
Plant Configuration:

Number of blocks
Nurber of gas turbines
Nurmber of stearmn turbines
Main fuel
Ambient Design Conditions:
Ambient termperature -C/f 179/642
Ambient pressure mber 1006
Relative humidity % 6
Cooling type Cooling tower
Performance data per block:
Total fuel input to ges turbines MW 1423
Gross output MW 83
Gross efficiency (LHV) % 539
Auxiliary consumption and losses MW 15
Net power output MW 83
Net efficiency (LHV) % 578
Gross heat rate (LHV) KAWh 61125
Gross heat rate (LHV) BTUAWN 54
NO,, emissions pom 12
QO emissions* pam 06
* corrected at 15% Oj

The Arcos |l project is designed to produce one-third of the C
omittod by a conventional cool plant and 10 timoc lower lovolc of M

while not emitting any SO 2

The units also feature GE's SPEEDTRONIC" Mark VI turbi
control systems, which offers complete integrated control, protectio
and monitoring for generator and mechanical drive applications of g
and steam turbines.

There are currently 43 GE Frame 9FB gas turbines operating
committed for projects worldwide, including 16 in the Iberian region-

The GE 209D steam turbine at Arcos |11 features 48-inch, last-stag
buckets, the industry’s largest steel, full-speed (3000 rpm) last-stag



Conclusion

The thermodynamic advantages of the combined-cycle concept
enable efficiencies to be reached far above those of other types of
thermal power plants. This technology above all others can fully
exploit the high-temperature potential of modern gas turbines
and the low-temperature cold end of the steam cycle. Coupled
with low investment and operating costs, short delivery times, and
high operational flexibility, these factors ensure an overall low cost
of electricity.

The thermodynamic advantages are also beneficial in cogeneration
applications, e»pecially where high electrical output is required because
of the stable electrical output contribution of the gas turbine, which is
not influenced by the steam process. lhe possibility of supplementary
hr‘ng in the HRSG provides even greater operational flexibility where
veriotiono in the otcom extraction demand arc roquirod.

=«Combined-cycle plants are suitable for daily cycling operation due

*h°rt startup times as well as for continuous baseload operation.

~Mt-load efficiencies are also high due to the control of the gas turbine
mass flow using variable inlet guide vanes in the compressor.

~Ne<Hnbined cycles can be cooled by a cooling tower, a direct

2 * r-cooling system, or air-cooled condensers ensuring a wide range

~applications Where water is scarce, they are advantageous because

~ r Co’ltng requirement per unit of electricity produced is low because

, P main cooling requirement applies only to ~he steam process
oftotil output).
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Combined-cycle technology is one of the most environmentally
acceptable large-scale power plant technologies in use today. Fuelled
mainly by natural gas, they are ideally suited for use in heavily populated
regions due to low emission levels for pollutants such as nitrous oxides
(N OJ, carbon monoxide (CO), and particles. High efficiency means
less fuel must be burned for each unit of electricity produced, which
also contributes to these low emission levels.

The carbon dioxide emissions (CO @ are the lowest of all fossil-fired
power plants. In a modern gas-fired combined-cycle plant they are
only 40% of those of a coal-fired plant with the same output. This is, of
course, a great advantage with today’s awareness of climatic change as
well as an economical advantage when COr emission certificates have
to be acquired.

Today’s combined-cycle plants have reached a very high technical
standard: net efficiencies of up to 59% are achievable. Block sizes of
over 400 MW are state of the art. Nevertheless the development in
combined-cycle plants continues through the advancement of the
constituent components, which are now being developed specifically
for use in combined-cycle applications. This has influenced the gas
turbine in particular, with a trend towards pressure ratios and turbine
inlet temperatures optimized for combined-cycle applications and a
move towards more innovative machine concepts such as sequential
combustion or even steam cooling.

Although the fuel flexibility of combined-cycle plants is limited
to gases and some oils, this is becoming less significant as global gas
distribution incroaoco bringing natural gas to many countrioo that do
not have their own natural reserves. Gas is either transported through
pipe or shipped as liquid (LNG).

A wide range of combined-cyde power plant concepts is available
and selection of a cycle concept is made according to the criteria of a
specific project. Now that the combined-cycle is established as one of
the main global power generation technologies, ideal cycle solutions
are emerging matched to certain sets of criteria. Manufacturers have
recognized in this a potential for the development ofa range ofstandard
plants. This leads to shorter delivery times, faster permitting, and lower
risk to the investor due to proven components and systems.
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These and other factors point to a continuing dependence on

I combined cycle technology for generating a main part of the world’s

electrical energy well into the future. Especially if the concept of carbon

capture and storage (CCS) gets imposed, combined-cyde plants with

integrated coal gasification (IGCC) could be the standard coal fired
stations of the future.
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Appendix A

Calculation of the
Operating Performance of
Combined-Cycle Installations

When determining the performance data of a combined cycle, the
gas turbine data are usually given and only the HRSG and steam turbine
can be individually calculated. This appendix thows the main steps
involved in such a calculation process, starting with the HRSG.

1. Equations for the heat exchangers of the HRSG

The equations ofenergy, impulse, and continuity are used to calculate
the otcady otatc behavior of oconomizcro.

The continuity equation comet down in the steady state to:

I ih=0 (A-1)
The impulse equation can be simplified into:

Op =flgeometry) (A-2)

However, because the pressure loss both in the economizer and
in the evaporator has a negligible influence on the energy equations,
the assumption .

Ap =0 (A'3)

393
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is valid. In this case, the pressures along the heat exchanger remain
constant on both the gas and water sides. The energy equation for a
small section dx ofa heat exchanger, which can be treated approximately
as a tube, can be written as follows:

dQ =k-Atnddx (A-4)

If it is assumed that the heat transfer coefficient k remain* constant
over the entire length ofthe heat exchanger (economizer or evaporator),
equation A-4 becomes:

(A-5)
0

In general, the expression cannot be integrated. The heat exchanger
must, therefore, be dealt with in small elements.

In the special cases of a heat exchanger with counter or parallel
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
jAtx) = (A-6)

This average value can also be used for a superheater, an evaporator,
or a recuperator. The heat exchangers do not, in fact, operate in
accordance with an ideal counterflow principle, but the error* remain
negligible.

Substituting equation A-6 into equation A-5 yields:
(A-7)

From equation A -1, the amount of heat exchanged can be expressed
as follows:

Q =rfvAhs =rhe-Ahc (A-8)
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At the design point, equations A-7 and A-8 become:
(ljo = ko'SAtmo (A-9)
Qo = rnsoAhso = riiai'Ahco (A-10)

Dividing equation A-7 by equation A-9 and equation A-8 by A-10
yields the formulae:

Em3 KA

_Q_g rtic-Ahc (8-12)
<Y ihco-Ahco

Subtracting equation A -12 from A -11 produces:

Atm _  Itorhp-Ahc (A-13)
Atmo k-rftGo-AhGo

This is the nondimensional, global equation of heat transfer for the
heat exchanger. If, in addition, equation A-8 is taken into consideration
and the heat transfer coefficient k is known, a system of equations is
obtained that defines the heat exchanger.

2. Finding the heat transfer
coefficient of HRSG sections

The heat tranofor coefficient can bo calculated uoing the
following equation:

(A-14)
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However, the relative values k/k< appear in the heat transfer equation.
From this:

(A-15)

(@3] d2os

The heat transfer coefficients on the gas side of the economizer and
the evaporator (og) are from 0.1 to 0.01 times as large as those on the
steam side (as). Moreover, both values always shift in the same direction
(++!").

For these reasons, the following approximation can be used:

K .-i— 2a (A-16)
KO ctco

The a-value on the gas end can be calculated as follows using the
Nusselt number:

Here, ¢, m,and nare constants that depend mainly upon the geometry
involved. From this, the following expression is obtained:

a33 ¢' XGRenPrn (A-18)

If thio io oubotitutod into equation (A 16), the geometric conotant
¢’ disappears:

K_  XRemPr"
" Xe-Reb-PiS

(A-19)

For gases, the Prandtl number is almost exacdy a constant; therefore:
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For the Reynolds number, the following expression applies:

Re = 5EEEEL. (A-21)
Ve

By substituting rftc/S for GqPg, one obtains:

Re = (A-22)
M-S

Then, substituting this expression into equation (A-20), the
geometric parameters disappear:

K=-K-. /"G Hooj (0-23)
Xgo \mooMc |

Ifthe mass flow is constant, all that remains is:

K=-k../.*L (A-24)
go \Mmyl

For m one can use 0.57 for HRSG tubes that are staggered and 0.62
for inline pipes.

The value of the expression K * | does not vary notably

\X \Mmy

and depends mainly on the properties of the gas. Itcan be replaced with
the following approximation:

Jijj=1- (to- t)-51(H (in SI-Units) (A-25)

toand t are the average gas temperatures along the heat exchanger in
the design and operating point. This produces the relative value of K

K=]-"X1-(to-t>-51(>4 (A-26)

In this equation, only the exponent mdepends to a slight extent on
the boiler geometry.
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It is more complicated to calculate an exact K-value for the
superheater because the heat transfer on the steam side is lower than
that in the evaporator.

As soon as all these equations are available for all parts of the boiler,
the HRSG is defined mathematically. Similar equations can also be
formulated for calculating the condenser. With this methodology it
is possible to calculate off-design points of operation without having
to know the actual geometry of the boiler; only the design point has
to be known.

3. The steam turbine

Most steam turbines in combined-cycle plants operate in sliding
pressure mode and 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 swallowing capacity and one for its efficiency. The
swallowing capacity can be defined using the Law of Cones (ellipse law).

l7|[||'

ms\ vePcsl PO 1l 1 (fr)

(A-27)
rib./  VoPoojf p.-U, ]

In condensing steam turbines, the pressure ratio is always very small
due to the low pressure at the steam turbine exhaust pu. If simplified,
this makes it possible to replace the quadratic expression with 1. The
ratio of the swallowing capacities is as well close to 1

What remains is:

(IS |% (A-28)
\itisol y P.o-U.

At a constant rotational speed, the efficiency of a stage depends only
upon the enthalpy drop involved. In part-load operation, however, no
important change occurs in that drop except in the last stages.
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Because this means that the greatest portion of the machine is
operating at a constant efficiency, it can be assumed that the polytropic
efficiency remains constant. The turbine efficiency is calculated in the
same way as the design point.

The following formulae are used to calculate efficiency. For parts of
the turbine operating in the superheated zone:

MMHat =constant

For parts in the wet steam region:

(«n

The polytropic efficiency selected should be such that the design
power output is once again actually attained in the design point.

The following equatipn is used to determine the isentropic efficiency:

Lo ft)

L T)‘*; ------ (A_30)

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 considering dummy piston, steam turbine
exhaust, mechanical, and generator losses. The actual losses are based
on the steam turbine type, sire, and live-steam pressure. As a guidance
the following losses can be considered:

« Piston losses
For reaction type steam turbines, the piston losses account
for 400 to 1000 kW mechanical equivalent losses. On the
other hand impulse type steam turbines by their nature do
not need a piston to compensate the axial thrust and would
only have gland steam losses accounting for approx. 0.2% of
the mechanical output.
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 Steam turbine exhaust losses
Steam velocity at the steam turbine exhaust cause enthalpy
losses, generally in the range of 20 to 35 kj/kg

* Mechanical losses
Bearing losses and other mechanical losses normally account
for 0.3% mechanical losses

« Generator losses
The generator efficiency varies from 97 to 99% dependent on
the steam turbine size

4. Solving the system of equations

All the equations in the HRSG, the steam turbine, and so on create a
system that can be solved only by iteration.

The following values are known:
* Thermodynamic data at the design point

» The marginal conditions for the particular operation to be
calculated (exhaust data for the gas turbine, cooling water
data, etc.)

» Operating mode of the feedwater tank (sliding or
fixed pressure)

» Gasand steam tables
The following information must be found:

 Behavior of the steam cycle

Figure A -1shows the method to find the solution. Starting with the
superheater a first estimate for live-steam temperature and pressure is
made. Using the Law of Cones and the energy equation, the live-steam
flow and the gas temperature after the superheater are found. Next, from
the heat transfer equation, a new value for live-steam temperature can
be determined. This is then used for further iteration. The procedure is
repeated until all three equations have been solved.
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The energy and heat transfer equations for the economizer and
the evaporator can be used to determine a second approximation 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 feedwater. This is used to find a
new approximation for feedwater temperature if the pressure in the
feedwatertank varies. The boiler isthen recalculated with this new value.
Finally, the condenser pressure and extraction flow are determined in
another iteration. Then, from these new values, the power output of
the steam turbine can be determined.
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I. APPROXIMATION

PI*. (V»)
= 4 |
LAW OF CONES

£

SUPERHEATER

ECONOMISER AND
EVAPORATOR

+«U

PREHEATING SYSTEM

CONDENSER

OUTPUT OF
STEAM TURBINE

Figure A-1 Calculation of operating and part-load behavior: method for solving
the system of equations
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GT air inlet cooling; steam cooling

combined-cycle plant configurations for204 207 389

condenser pressure v. temperature of 62
dry cooling system with ACC for 61
options for 60
reusing 153
temperature impacting 61
TIT chronology aided by 279
water for 60
cooling water temperature 59 204
operating behavior and 230
CoP E-Gas IGCC plant 318
COREX goo 179
correction factors 239

corrosion. See also low-tempcrature corrosion
alkali compounds causing 295
gas turbines impacted by 175
costs. See capital cost; electricity costs; fuel
costs; investment costs; operation and

maintenance costs; production costs
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credit
power plants and

-*nic ASU
IGCC, process of
oxygen generation and
mer requirements
determining
ization
cycle concept

cycle performance summary

damper 207
deaeration

in condenser

importance of

leakages and

types of
deaerator

eliminating

debt-to-equity ratio

IPPs and
= dedusting
degradation See also aging; corrosion; fouling

combined-cycle plant, typical 174
gas turbines, causes of 172
maintenance for limiting 285
performance value impacted by 241
preventing 173
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deregulation

electric power market and 5
reliability and 26
desalination plants 149

See also multistage flash
desalination units; seawater desalination plants
ShuweitSI IWPP as 373
design. See also cold-casing design; drum-type
design; hot-casing design; off-design
behavior; once-through design
for cogeneration 144
combined-cycle plants, evolution of 47
combined-cycle plants, water/steam cycle
challenges for 70

of Diemen combined-cycle cogeneration

plant 368
district-heating power plants, criteria

for 146
for economizer 191

HRSG, horizontal/vertical comparisons

for 185

HRSG, optimizing 190

PFBC, oomploxitioo of 160

of Puertollano IGCC plant 382
single-pressure cycle, parameters of 77

of Taranaki combined-cycle plant 350
ofVado Liguire power station 378

design point 227
development time 28
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Diemen combined-cycle cogeneration plant

design of 368

efficiency of 369

general arrangement of 3r1

process diagram of 369

technical data of 370
dilution 305
direct air-cooling system (ACC)

arrangement of 204

cooling media using dry cooling system

with 61

dirty fuels 287
district-heating power plants 135
design criteria for 146

extraction/condensing steam turbines

in 148

heat balance for dual-pressure cycle and 147
process of 145

steam extraction, pressure stages in 145

drive level 212
droop characteristic 217
drum level control 219
drum type deoign 188
evaporation in. 187

dry cooling system 204
cooling media using ACC and 61

-pressure cycle

closed control loops in 219
cogeneration with HRSG in 144
district-heating power plant's heat balance for 147
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energy flow diagram for 97
energy/temperature diagram for HRSG in 98
exhaust temperature, single-pressure cycle v. 69
heat balance for 96
for high sulfur fuels 93
live-steam pressure in 100
live-steam temperature in 102
for low sulfur fuels 95

moisture content, triple-pressure cycle

compared to 113
pinch point of HP/LP evaporator in 104
steam turbines, single-pressure cycle v. 96

dual-pressure reheat cycle

energy flow diagram for 123
performance benefit in 123
dynamic behavior 226
economics
bypass stacks and 208
CCS, future estimations for 345
chiller and 250
COr capture and 343
CO2emissions impacting power plants
and 33
condenser pressure impacting 62
construction time and 27
environmental restraints impacting 277
higher live-steam pressure and 80
main-steam parameters increased and 282
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mics (Conl.)
operational flexibility and 284
sliding pressure and 226
STIG cycles and 161
TIT increases and 278
ofturbo STIG cycle 162
mizer
design for 191
roleof 74
temperature changes in 88

~ency. See also average electrical efficiency;
Carnot efficiency; gas turbine efficiency; net
efficiency; steam process efficiency
of aeroderivative gas turbine 168

ambient air temperature impacting

combined-cycle plant and 52
of Arcos 111 combined-cycle plant 367
CCS and 324
closed-steam cooling aiding 280
COj capture and 343
combined-cycle plants, improving 33
combined-cycle plants, TIT impacting 41

ofoombined cyolo plonto with added hoat
in HRSG 38

of combined-cycle plants without added

heat in HRSG 40
condenser vacuum impacting 230
cycle performance summary for 130

of Diemen combined-cycle cogeneration
plant 369
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exhaust gas (Cont.)
water/steam cycle’s heat transfer v. 91
exhaust losses 400

exhaust temperature
dual-pressure cycle v. single-pressure cycle

and 69
gas turbines impacted by 68
exit pressure 306

extraction/condensing steam turbines

cogeneration with 138
in district-heating power plants 148
F
far field noise 273
fast cycling provisions 28S
See also advanced fast

cycling (FACY) capability
feedwater preheating

combined-cycle plant and 86
conventional boiler and 89
evaporator loop for 91
HRSG impacted by 86
recirculation and 90
in steam power plant 86
steam turbines impacted by 94
feedwater temperature
closed control loops and 220
HRSG and control for 221
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financing structure

creating 14

terms of 13
finned tubing 189
fixed costs 17

power plants, O&M costs and 25
fixed-bed processes 290
flame temperature

NO, emissions, gas turbines and 263

in stoichiometric combustion 264
flashing 315

in seawater desalination plants 149

flexibility. See operational flexibility

FLEXSORB unit 313
fluidized-bed (FB) processes 290
fly ash 2%
fogging system 245
See also high-fogging system
control system for 252
evaporative cooling system compared to 247
principles of 247
typical arrangement 248

foot.11fuolo

CO2emissions from 323

consumption of 8

price volatility of 23

proved reserves v. yearly consumption for 10
fouling

in compressor 172

of turbines 174
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gas turbines (Com.)

combined-cycle plants converted from 158
combined-cycle plants with optimized 42
combustion and 166

conventional boiler adaptation for

repowering 154

corrosion impacting 175
degradation causes in 172 242
exhaust temperature impacting 68
fuel for 175
high-fogging system impacting 248
HRSG's function for 183
ignition and 254
inspections for 172
load jumps and 218
multi-shaft v. single shaft 67
NO, emissions, flame temperature in 263
plant concept solution, selecting 66
power output data for 171
pressure ratio impacting efficiency in 41 65

price comparisons for 18
process of 165
reheat impacting 114
sequential combustion and 170
sequential combustion's advantages for 44
in single-pressure cycle 171
startup quickness of 253
syngas utilization in modified 305
TIT, compressor air flow historical trends in 167
TIT increased in development of 165
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gas turbines (Con.)
turbine mass flow imbalance in 306
gaseous fuels
typical composition of 180
Wobbe index for comparing 177
gasification. See also high temperature winkler
(HTW) process; Integrated gasification
combined-cycle plants; partial oxidation

(POX) gasification

basic technologies for 290
ConocoPhillips E-Gas gasification process for 294
GE coal gasification process for 293
history of 290
MHI dry-feed gasifer for 294
SCGP for 292
SFG and 293
syngas process in 288
GE coal gasification process 293
GE energy, IGCC concept 318
geared high-pressure turbine 282
generator losses 400

generators. See heat recovery steam generator

GE'o SPEEDTRONIC 367
global warming 1
CO2emissions and 321
energy consumption impacting 321
natural gas mitigating 324
NO, emissions and 262
Graz cycle 339
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GT air inlet cooling

chiller impacting 249
investment costs of 253
overview of 246
types of 245
H
hard coal
IGCC concept based on COj capture, SFG,
Siemens combined-cycle and 314
IGCC concept based on CO?

capture. Shell gasification, Siemens
combined-cycle and 316
heat balance
for cogeneration, single-pressure cycle

with supplementary firing 140
for district-heating power plant with

dual-pressure cycle 147
for dual-pressure cycle 96

performance guarantees, computer model

for 240
for single-pressure cycle 76
for single-pressure cycle with

supplementary firing 129
for triple-pressure cycle 106
for triple-pressure reheat cycle 116

heat exchangers). See also economizer;
evaporator; superheater
energy exchange in idealized 70
energy/temperature diagram for 7
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heat exchangerts). (Com.)
HRSG, equations for 393
HRSG. sections of 74
heat recovery steam generator (HRSG).
See also economizer; evaporator; superheater

approach temperature and 84
cogeneration with dual-pressure cycle

and 144
cogeneration with supplementary firing in 136
cold-casing design for 188
combined-cycleplants’ efficiency, added heat in 38

combined-cycle plants' efficiency, without

added heat in 40
construction without supplementary

firing for 183
contradictory conditions for 189

design, horizontal/vertical comparisons
for «85
design optimization for 190
dual-pressure cycle, energy/temperature
e« diagram for 98
energy/temperature diagram for

cuppUmontory firing and *26
exhaust gas pressure loss in 84
feedwater preheating impacting 86
feedwater temperature control and 221
finned tubing for 189
forced circulation in 184
gas turbines, function of 183
heat exchanger equations for 393
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heat recovery steam generator (HRSG) (Com.)

heat exchanger sections o f 74
heat transfer coefficient for 395
heat transfer factors for 71
heat utilization improved in 64
horizontal type of 185
hot-casing design for 188
limited supplementary firing in 192
low-temperature corrosion in 90 190
LP impacting efficiency of 101
maximum supplementary firing in 194
natural circulation in 185
once-through design for 186
in Palos de la Frontera combined-cycle
plant 363
pinch point determining heating surface of 75 83
pinch points in modem 190
with SCR 271
in single-pressure cycle 74

single-pressure cycle, energy/temperature

diagram for 75 79 88
startup challenges with 190
ouppUmontary firing and 125
temperature control and 220

triple-pressure cycle, energy/temperature

diagram for 108
triple-pressure reheat cycle, energy/

temperature diagram for 119

vertical type of 184

heat transfer coefficient 395
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heavy-duty industrial gas turbine* 170
developments in 169
power output of 168

Henry’ s law 326

hierarchic levels ofautomation 212

high sulfur fuels 91
dual-pressure cyde for 93

high temperature winkler (HTW) process
efficiency of 310
IGCC concept based on lignite, Siemens

combined-cycle and 311

high volatile liquid fuels 182

higher heating value (HHV) 313
determining 20

high-fogging eystera
gas turbines impacted by 248
potential of 252
power augmentation increased in 248

high-pressure (HP) 57
dual-pressure cycle, pinch point in

. evaporator with 104
pinch point, LP's relation to 105

flUam turbine power output impasted by
LP and 100
triple-pressure cyde, pinch point in

evaporator with 114
hot-casing design 188
hotwell
control system for 222
steam turbines and 99
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HT sour shift 300
humid air turbine (HAT) cycle
challenges of 164
efficiency of 163
humidity. See relative humidity
hybrid cooling tower 206
hydrogen 177 305
precombustion COi capture and behavior of 333
hydrogen-cooled generators 201
|
ignition
ash-forming fuels, problems with 181
in gas turbine* 254

independent power producers (IPPs)

debt-to-equity ratio and 12

risks and 11

SPC used by 13
indices 406
indirect air-cooling system 204
industrial power stations 135

steam extraction in 136
inlet guide vane (IGV) 258
inspections

gas turbines and 172

intervals between 168

installed capacity

ofcombincd-cycle plants 7
power plant evolution in 9
of steam turbines 7
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Integrated C 02 capture. See Oxyfuel
integrate*! gasification combined-cycle plants
(IGCC) |
Seealso CoP E-Gas IGCC plant;
Puertollano 1GCC plant; Zero Emission
Integrated Gasification Combined Cycle
AGR processes for 298
CO: capture, hard coal, SFG, Siemens

combined cyde concept for 314
CO: capture, bard coal. Shell gasification,

Siemens combined cycle concept for 316
concepts for 308
cryogenic ASU process in 302
demonstration plants for 289
efficiency/investment cost of concepts for 313
emissions of 289
environment and 287
GE energy concept for 318
investment costs of 289 319

lignite. HTW process, Siemens combined

- - cycle concept for 311
Rectisol/Selexol and 302

Shell goeifieetoon, Saxmeno combined oyolo
concept for 308
syngas conditioning system in 304
Integrated Reforming Combined Cycle (IROC) 331

interest

construction time and 27
production costs impacted by 12
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