CONTROL SYSTEMS, ROBOTICS, AND AUTOMATION - Vol. XVIII - Combined Cycle and Combined Heat and Power
Processes - Andrzej W. Ordys, Michael J. Grimble and ilhan Kocaarslan

COMBINED CYCLE AND COMBINED HEAT AND POWER
PROCESSES

Andrzej W. Ordys and Michael J. Grimble
University of Strathclyde, Glasgow, UK

Ilhan Kocaarslan
Kirikkale University, Kirikkale, Turkey

Keywords: Power plant, Gas turbine, steam generator, steam turbine, power generation,
control system, combined cycle, combined heat and power process, cogeneration.

Contents

1. Introduction

1.1. Economic Justification for CC/CHP Power Plants
1.2. Environmental Justification for CC/CHP Power Plants
2. Elements of Combined Cycle / Combined Heat and Power Processes
2.1. Gas Turbine

2.1.1. Classification

2.1.2. Properties of Gas Turbines

2.2. Boiler

2.3. Steam Turbine

2.4. Condenser

2.5. De-aerator and Feed-water System

3. Typical CC/CHP Configurations

3.1. Combined Heat and Power (CHP) Plant

3.2. Combined Cycle Power Plant

4. Operation of CC/CHP Plants

4.1. Start-up and Shut Down

4.2. Steady-state Operation

4.3. Dynamic Operation

5. Automatic Control in CC/CHP Plants

5.1. The Tasks of Control System

5.2. Gas Turbine Control

5.3. Boiler Control

5.4. Steam Turbine Control

5.5. Coordinated Boiler and Steam Turbine Control
5.6. Feedwater Control

5.7. Auxiliary Controls

6 .Control Philosophy in Future Combined Cycle Power Plants
6.1. System-wide Communication

6.2. Plant Management

7. Conclusions

Glossary

Bibliography

Biographical Sketches

©Encyclopedia of Life Support Systems (EOLSS)



CONTROL SYSTEMS, ROBOTICS, AND AUTOMATION - Vol. XVIII - Combined Cycle and Combined Heat and Power
Processes - Andrzej W. Ordys, Michael J. Grimble and ilhan Kocaarslan

Summary

This article looks at Combined Cycle (CC) and Combined Heat and Power (CHP)
processes for energy generation. In those processes heat energy and electrical energy are
produced in one cycle, which enables more efficient energy usage than in systems with
electricity and heat produced independently. Firstly, some typical configurations of
CC/CHP processes are presented. Then, the main components are discussed. Combined
Processes pose a challenge in terms of designing appropriate control system, which
would take into consideration necessary co-ordination between the control of heat
generation and the control of electricity generation. Also, those processes are required to
be flexible in responding to changing demand (load). The typical control problems
associated with Combined Processes and with their components are discussed in the
article.

1. Introduction

The generation of electric power has become even more important over recent years.
Due to the rising consumption and growing environmental awareness, new requirements
have to be met. The power supply has to be constantly adapted to the stochastic
requirements of the consumers, for the consumers of electric energy expect that they can
use this energy at all times and in any quantity desired. However, the electric power
cannot be stored in appreciable amounts. This means that it has to be produced at the
time when it is needed. Differences between generation and consumption result in
deviations from the adjusted target values of the network frequency and power delivered
to customers.

Many large-scale industrial processes like refineries or chemical plants use very
substantial amounts of electrical energy. In addition, very often, a hot water and/or
steam is required for the chemical reactions and for heating purposes. A further task to
be accomplished is to generate the thermal energy at a certain steam pressure and/or
steam temperature, i.e. a certain “steam quality”. This makes building a local, combined
heat and power (CHP) power station, on site, a sensible option. The CHP power station
can utilize steam turbines, gas turbines, internal combustion engines or both steam
turbines and gas turbines. In the latter case, it is called a Combined Cycle (CC) power
plant. The CC/CHP plant offers the highest available efficiency in both commercial and
industrial applications, where both power and thermal process demand are required.

Combined Cycle (CC) is a power plant system in which two types of turbines, namely
a gas turbine and a steam turbine, are used to generate electricity. Moreover the turbines
are to be combined in one cycle, so that the energy is transferred from one of the
turbines types to another. The Combined Cycle can be used to produce only electricity
or can be employed within the Combined Heat and Power scheme to produce both
electricity and steam.

Combined Heat and Power (CHP) plant, sometimes called Co-generation plants,
produce both electricity and heat. Heat is extracted as steam or hot water and exported
from the system. Combined Heat and Power processes can be applied with conventional
steam processes without gas turbines or may also include a Combined Cycle
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installation. Cogeneration or Combined Heat and Power (CHP) generation can be
defined as the sequential use of a primary energy source to produce two forms of
energy, basically heat and power at the same time.

A cogeneration system consists of six major components:

A furnace converting chemical energy into heat energy
Engine or turbine as a prime mover

Generator which converts mechanical energy into electricity
Heat exchangers

Electrical switchboards

Hydraulic interconnections

The fuel burned in the furnace is converted into thermal energy and then into
mechanical energy of the steam. The fuel burned in the gas engine or gas turbine is
converted into mechanical energy and thermal energy. The mechanical energy drives
the generator to produce electricity.

Heat exchangers are installed to recover the thermal energy contained in the exhaust
gases of the gas turbine, of the internal combustion engine, or of the steam generator, in
the bleed steam or exhaust steam of the steam turbine, in the cooling water of the
internal combustion engine jacket, in the lubrication oil and in the turbocharger. Up to
85 per cent of thermal energy can be utilized this way to generate steam or hot water.

Electrical equipment distributes the electricity. Pipe lines transport hot water or steam

wherever it is required.
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Figure 1: Schematic representation of a co-generation system.
1.1. Economic Justification for CC/CHP Power Plants
The CHP generating systems can be built in different ways depending on which prime
mover (engine or turbine) and which fuel (gas, diesel oil, coal or waste) is used. The

application of gas engines offers certain advantages. Among these are:

e High electrical efficiencies up to 40 per cent.
e High total efficiencies up to 85 to 91 per cent.
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e Extremely low emissions due to the use of clean natural gas in combination with
lean burning concepts or catalysts. Modern lean burning engine systems stay
clearly below legal emission standards for thousands of operating hours without
a catalyst to reduce NOx emissions.

Partial load efficiency and multi module plants make gas-engine cogeneration the most
flexible cogeneration system. There are substantial efficiency losses on partial load
operation and the interplay of different cogeneration units meets changing heat or
electricity requirements. The whole system is flexible to minimize total energy costs for
every day.

However, the gas engines are only available in the low range of output power. For
medium to high power requirements, the gas turbines have to be used.

The advantages and the properties of cogeneration system with gas turbine are:

Available in very high power range per module (1-300 MW)
Exhaust gas temperature and mass flow rates are very high
Variations in electricity frequency are small

2 or 3 kinds of fuel can be used in the same turbine.

Other types of fuel available for CHP plants have their own advantages. For instance,
using waste or biomass as a fuel contributes to keeping the environment clean,
especially around large cities. The fuel is also very cheap. However, the air pollution
has to be closely monitored.

The internal combustion engines, run on diesel oil, offer an option of building small size
CHP plant which may be appropriate for small, remotely located communities.
However, the exhaust is not as clean as with gas turbines.

The conventional power supply (separate generation of electricity in thermal power
stations, and heat in boilers) pollutes the environment and is uneconomical. In these
systems approximately 60 per cent of the energy input is lost as waste heat. However,
the waste heat which results during the generation of electricity by means of a gas
engine or a gas turbine and generator could largely be utilized by heat exchangers and
used for a various heating purpose such as hot water, steam, district heating, directly
drying etc.

The simultaneous generation of heat and electricity by gas operated CHP plants
achieves a total efficiency of about 90 per cent. Thus, the portion of energy losses is
minimized. In total, more than 50 per cent of the energy input can be saved. Figure 2
gives an example of comparison of production of electrical and thermal energy in a
cogeneration and a conventional system. In this figure, energy production for a factory,
which needs 34 units of electrical energy and 53 units of thermal energy, is compared
for two types of power plants (thermal and cogeneration). It is assumed that the same
electrical efficiency can be obtained for a condensing power plant and for a CHP plant.
As shown, energy production with cogeneration power plants causes 37% primary
energy savings. In practice, those savings can be slightly lower, as a power plant for
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electricity production can have a higher efficiency (up to 55%).
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Figure 2: Comparison of production of electrical and thermal energy in a co-generation
and a conventional system, for primary energy savings.

1.2. Environmental Justification for CC/CHP Power Plants

Environmental pollution that stems from energy generation is often directly proportional
to the amount of fuel burnt. For this reason a better usage of fuel can reduce fuel
consumption and thereby reduce pollution. On the other hand, if waste can be reduced
higher energy outputs can be achieved for the same levels of pollution. The combined
heat and power and combined cycle power systems offer this possibility. It does of
course depend upon the particular circumstances but if, for example, a gas turbine
driven power generator is needed because of the rapid start-up time combining this with
a coal fired boiler system in a combined cycle configuration can provide an efficient
system with reduced environmental impact, whilst still addressing the operational
demands.

2. Elements of Combined Cycle / Combined Heat and Power Processes
2.1. Gas Turbine

A gas turbine is a machine, which converts the energy of burning gas into the rotational
energy of its shaft. The gas burning in the combustion chamber expands and exerts
pressure on the turbine blades, causing the shaft to rotate. A compressor provides the air
necessary for combustion, whose blades, will normally be on the same shaft as the
turbine blades.

The main components of a gas turbine (Fig. 3) include: a compressor with an air inlet, a
combustor with fuel (gas) supply system, a turbine, an exhaust gas duct and a cooling
system. It is possible to add some other turbines and compressors into the system, and
intercooler between the compressors, an inter-heater between the turbines, a heat
exchanger before entering the combustion chamber in order to preheat the gases using
some of the exhaust gas energy.
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While such equipment increases the system efficiency and power; it also increases the
weight, the cost and the dimensions.

exhaust gas
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Figure 3: Schematic diagram of a Gas Turbine.
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Contemporary gas turbines produce electric power in a range up to 300 MW, and the
outlet gas temperature is around 550°C while the combustion gas temperature may
exceed 1200°C.

There are about 100 companies today manufacturing around 600 models of gas turbines.
The power outputs range from 2-3 kW of model planes to 300 MW of complex electric
plant systems, their fuel consumption per kilowatt ranges from 0.220kg/kWh to
0.880kg/kWh with the efficiencies varying 25%-40%. In addition, their pressure rates
range from 2.5:1 to 16:1.

2.1.1. Classification
Taking into account various features, gas turbines can be classified as follows.

With respect to heating method: Constant volume gas turbines and Constant pressure
gas turbines.

With respect to the type of cycle: Open system gas turbines (used in majority of
applications), Closed system gas turbines, Combined system gas turbines (Fig. 4).

With respect to the mechanical arrangements: Single shaft gas turbines, Two or more
shafts gas turbines, Distinct power turbines (without inter heater), Serial flow (with
interheater) gas turbines, Parallel flow (with two combustion chambers) gas turbines

(Fig. 5).
With respect to the equipments used: Basic gas turbines, Gas turbines with regenerators,

Gas turbines with intercooler, Gas turbines with interheater, Complex (interheater,
intercooler and regenerator) gas turbines.
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Figure 4: Open, closed, and combined system gas turbine.
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Figure 5: Parallel flow gas turbine.

2.1.2. Properties of Gas Turbines

Heating and start-up time: Cold gas turbines are heated in a period of 6-15 minutes
following the start-up. There is no need for a heating period of 1-1.5 hours as in the

steam turbines.

Configuration simplicity: The turbine rotor is the rotational part of the system.
Therefore, there are no unbalanced forces and vibrations caused by these forces. The

combustion chamber is cheap and light.

Dimensions and machine density: The space occupied per unit power in gas turbines
(0.02-0.61 sqgft/kW) is less than those in steam turbines (<0.1 sqft/kW). Having a greater
power from a smaller space and a less machine weight per kilowatt produced in this
machine is an important feature. Dimensions of gas turbines for low powers are quite
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greater than those of high-spin diesel engines. However, gas turbines are more
advantageous than diesel engines for high powers regarding their dimensions.
Independence: Comparing with the steam turbines with condensers, the gas turbines
(except combined cycle) do not need water at all. They only need some water to cool
the air in inner cooling cycles. The gas turbines do not require accumulators if their
initial movement is supplied by compressed air. Lubrication: The parts requiring
lubrication in gas turbine systems are compressors, turbines and bearings. In diesel
engines, a complicated lubrication circuitry and special lubrication oil are required.

2.2. Boiler

The boiler is a part of a power plant, which produces steam. The water enters the boiler
and goes through a stage of preheating in the economizer, exchanging energy with the
combustion gases. The evaporation process occurs in the risers and the water/steam
mixture circulates though the risers passing the combustion chamber. The separation of
vapor and water is taken place in the drum. Modern combined cycle plants have boilers
with 2 or 3 pressure stages and correspondingly 2 or 3 drums. The steam from the drum
is extracted into the super-heater section and from there enters the steam turbine. The
reheater section is used to reheat the steam between two stages of the steam turbine. In
contemporary combined cycle power plants, the boiler is a pure heat recovery steam
generator. The exhaust gases are used to heat water in a boiler to raise steam. The boiler
may not have the combustion chamber since the energy from the gas turbine exhaust
temperature is sufficient to convert water into steam. In addition, the boiler can have
various auxiliaries, such as burners, fans, emission control equipment, and stack.

Boilers are used in both fossil and nuclear fuel power plants. Modern boilers produce
high-pressure (2400 to 3500 psia, 165 to 240 bar) superheated steam, the exception
being pressurized-water reactor steam generators, which produce lower-pressure (1000
psia, 70 bar) saturated steam. Boilers represent by far the greatest energy converters for
power plants in the world today.
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Figure 6: Schematic diagram of a boiler.
Types of boilers include:

e Fire-tube boilers,
e \Water-tube boilers,
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Natural-circulation boilers,
Controlled-circulation boilers,
Once-through flow,
Subcritical,

Supercritical.
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