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Summary

This chapter deals with the exergetic analysis of three different types of power plants.
The potential for improvement is identified and changes for reducing the
thermodynamic inefficiencies are discussed.

1. Introduction

This chapter deals with energy analyses and detailed exergy analyses of complex energy
conversion systems such as steam power plants and combined-cycle power plants. Of
particular interest are the location and magnitude of the real thermodynamic
inefficiencies (exergy destruction and exergy loss) and the effects that caused them. The
exergy principles presented in Basic Exergy Concepts and Exergy Balance and
Exergetic Efficiency are applied here to conduct detailed thermodynamic evaluation of
complex energy systems. The system complexity, the interactions among the plant
components, and the variety of equipment options make optimization of such systems
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considerably more difficult than that of the simple systems discussed in Exergy Analysis
of Simple Systems.

Commercially available computer programs were used to study the thermodynamic
behavior of each system and to provide the mass flow rate, temperature, pressure, and
chemical composition of each stream. All exergy values were computed using
T, =288.15K as the temperature and p, =1.013bar as the pressure of the

thermodynamic environment, as well as Model | (see Basic Exergy Concepts) for
calculating standard molar chemical exergy values.
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Figure 1. Flow diagram of a conventional pulverized coal-fired steam power plant.
2. Steam Power Plant
2.1. Process Description

Figure 1 shows the flow diagram of the conventional pulverized coal steam power plant.
The design basis of this plant is a nominal 400 MW subcritical water/steam cycle with a
single reheating stage. The main plant consists of the following component groups: (1)
steam generator including an evaporator together with radiative superheaters (“fossil
boiler”, fb), a convective superheater (csht), a convective reheater (crht), an
economizer (eco), and an air preheater (aph), (2) steam turbine system (stl...st5), (3)

feedwater preheating ( fwhl...6, da), and (4) two condensers (cndl, cnd?2) operating at

different pressures. Illinois No. 6 coal (HHV,, = 27.14 MJ/kg as received, e, =

27.65 MJ/kg) is used as fuel.
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The steam turbine system consists of a high-pressure (stl), an intermediate-pressure
(st2), and a low-pressure section (st3,st4). The high-pressure section is supplied with

148 bar / 820 K steam (stream 6) from the steam generator. The exhaust steam from the
high-pressure turbine at 37 bar is reheated to 810 K in the steam generator and returns to
the intermediate-pressure turbine (IP). The IP exhaust steam is then routed to the two
low-pressure steam turbines st3 and st4 from which it is condensed at the design
pressures of 0.05 and 0.12 bar, respectively. A part of the IP exhaust steam is used in a
steam turbine (st5) to drive the feedwater pump p2. The four steam turbines stl to

st4 together generate about 408 MW of power. The condensate from the condensers is
pumped through the low-pressure feedwater preheating section ( fwhl to fwh4). The

deaerator (da) operates at 12 bar. Finally, the pump p2 supplies the feedwater to the
high-pressure feedwater heaters ( fwh5, fwh6) and to the economizer (eco) of the steam
generator.

2.2. Energy Analysis

Energy analysis identifies only energy transport to the surroundings in terms of
thermodynamic inefficiency. Thus, energetic analysis of the steam power plant shown
in Figure 1 leads to the conclusion that the thermodynamic inefficiencies are associated
with (a) the energy transport from the condenser to the environment (47.5% of
MeoatH HV ), (D) the rejection of the exhaust gas (10.5 % of myHHV ) and the ash

(1.7% of meagHHV ) to the environment, (c) the heat transfer from the steam
generator to the system surroundings (1.0 % of megHHYV ), and (d) the transport of
the blow down and the vent streams to the system surroundings (0.3 % of meeuHHV ).
The resulting energetic efficiency of the overall plant (subscript tot) is

=39.0% . 1)
MeoarH H Vcoal

On the basis of energetic analysis, no suggestions for improving the performance of any
adiabatic component in the entire plant can emerge since energy analysis cannot detect
any thermodynamic inefficiencies in such components. In addition, energy analysis of
the entire plant would misleadingly suggest that the largest potential for improving the
overall efficiency of the steam power plant is associated with the condenser whereas
exergy analysis correctly identifies the steam generator as the component with the
highest inefficiencies. Energy analysis fails to recognize that a reduction in the thermal
energy rejection in the condenser can be achieved only if the sum of exergy destructions
in the remaining plant components is reduced.

2.3. Exergy Analysis

The exergetic efficiency of the overall plant is

_ Whet
Stot = 2 .
Ecoal T Eair

=38.3% |, )
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where E .., Eair @nd W e denote the exergy flow rates associated with coal, air and

net electric output from the overall plant, respectively. Since the higher heating value is
the primary contributor to the chemical exergy of a fossil fuel, the deviation in the
values of energetic and exergetic efficiencies is relatively small. However, the
conclusions deduced from energy and exergy analyses differ significantly.

Component ID | Erx Erk | & | Eok | Yox
[MW] [MW] | [%] | [MW] | [%]
Fossil boiler fb 775.63 328.59 42.4 | 447.04 | 42.78
Convective superheater | csht 118.22 88.76 75.1 | 29.45 2.82
Air preheater aph 42.75 25.58 59.8 | 17.18 1.64
Economizer €co 54.55 43.13 79.1 | 11.42 1.09
Convective reheater crht 36.40 28.59 78.5 7.81 0.75
LP steam turbine st3 132.96 125.83 94.6 7.14 0.68
HP steam turbine stl 118.98 113.07 95.0 5.91 0.57
Generator gen 407.84 402.54 98.7 5.30 0.51
IP steam turbine st2 101.55 97.03 95.5 4.52 0.43
LP steam turbine st4 75.88 71.92 94.8 3.96 0.38
Deaerator da 18.99 16.57 87.3 2.42 0.23
LP feedwater heater fwh2 10.48 8.10 77.3 2.38 0.23
HP feedwater heater fwh6é 29.84 28.05 94.0 1.79 0.17
Steam turbine st 10.05 8.31 82.7 1.74 0.17
LP feedwater heater fwh4 12.46 11.00 88.3 1.46 0.14
HP feedwater heater fwh5 11.99 10.88 90.7 1.11 0.11
Feedwater pump p2 8.31 7.52 90.5 0.79 0.08
LP feedwater heater fwhl 2.23 1.66 74.2 0.57 0.06
LP feedwater heater fwh3 5.42 5.10 94.2 0.32 0.03
Condensate pump pl 0.73 0.63 85.9 0.10 0.01
Overall plant tot 1044.86 | 400.13 38.3 | 552.86 | 52.91

Table 1: Exergy of fuel E’F‘k , exergy of product E'P,k , exergetic efficiency ¢, , exergy

destruction rate E'D'k , and exergy destruction ratio y, , for selected plant components

of the steam power plant shown in Figure 1. The components are given in descending
order of Ep, .

Table 1 shows various exergetic variables for selected plant components at the design
point. These variables allow for a detailed evaluation of the plant performance. The
fossil boiler has the highest exergy destruction rate and an exergetic efficiency that is
considerably lower than that of any other plant component. The main causes of these
high thermodynamic inefficiencies are the combustion reaction, the large temperature
difference between the combustion products and the steam, and pressure drops in both
the water/steam and the air/fuel/combustion gas systems (see Exergy Analysis of Simple
Systems). In the following, we discuss ways for reducing these inefficiencies.
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The exergy destruction due to combustion can be reduced by lowering the excess air
and preheating the reactants. A part of the chemical exergy of coal is used to heat the
nitrogen, the excess oxygen as well as the coal and air moisture to the combustion
temperature. The lower the amounts of nitrogen, excess oxygen and moisture of the
reactants, the less exergy destruction per unit of fuel (the lower the irreversibilities
associated with direct heat transfer from the combustion products to these chemical
substances). However, such measures affect the completeness of fossil fuel combustion
and the maximum combustion temperature. Therefore, the measures to be taken to
reduce the exergy destruction due to combustion must comply with constraints imposed
by unburned fuel (exergy loss), materials used in the boiler, and maximum allowed
NO, emissions. The mass flow rate of air has also some impact on the temperature

profile of the hot stream in the superheater, reheater, and economizer.

Here, the combustion air is already preheated to 529 K in the air preheater aph and the
value of the excess-air fraction ((nair — Nair stoich)/ Nair.stoich = 15 % ) is at the lower limit

to ensure good combustion of the pulverized solid fuel. Further preheating of the air and
decreasing the excess-air fraction would decrease the exergy destruction in the fossil
boiler. Further air preheating also reduces the exergy loss associated with the exhaust
gas (58). However, low-temperature corrosion in the air preheater due to the presence of
SO, in the combustion products as well as the requirement for a high carbon-

conversion degree in the combustion process impose additional constraints to the
reduction of the minimum temperature of the exhaust gas, and of the excess-air fraction,
respectively.

Thermodynamic inefficiencies associated with heat transfer in the fossil boiler are
mainly due to the large temperature difference between the hot combustion products and
the water in the evaporator. The exergy destruction in the steam drum of the evaporator,
where subcooled feedwater is mixed with water and steam at saturation temperature, is
relatively small. The average temperature difference between the hot and the cold
stream is a measure of the exergy destruction associated with heat transfer (see Exergy
Balance and Exergetic Efficiency). With increasing pressure level, the heat of
evaporation of water decreases and vanishes at the critical point. For constant values of
the feedwater temperature T;; and superheater outlet temperature T, the shares of the
heat transfer rate in the economizer, superheater, and reheater related to the total heat
transfer rate in the steam generator increase with increasing pressure while the heat
transfer rate in the evaporator decreases. Thus, with increasing pressure the temperature
profiles in the steam generator are matched better. This leads to an increasing of the
thermodynamic average temperature T, at which heat is transferred to the water and

steam, and to a decreasing of the exergy destruction rate associated with heat transfer.
The higher the value of T_, the lower the temperature difference during heat transfer
from the combustion gases to the steam. Also an increase in the steam generator inlet
temperature Ty, raises this thermodynamic average temperature. Such a change results
in an improved thermodynamic performance of the economizer eco and the total steam

generator when the exhaust temperature of the gas from the overall plant remains
unchanged by increasing the air preheating.
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From a thermodynamic viewpoint, steam power plants with supercritical steam
parameters are to be favored. However, the smaller temperature differences in the heat
exchangers of the steam generator require a larger heat transfer area which also results
in a larger total pressure drop. Even if the exergy destruction associated with friction is
small compared with the other sources of thermodynamic inefficiencies in a plant, it
should be noted that the pressure losses are covered by valuable (expensive) shaft work
in the pumps or result in less useful work in the turbines. A large pressure at the inlet of
the high-pressure turbine might lead to an unacceptably low value of the steam quality
at the outlet of the low-pressure turbine. The steam quality also affects the efficiency of
the low-pressure steam turbines. Hence, the steam temperature must also be increased
and more than one reheater may be required in the steam generator. In the design of the
plant shown in Figure 1, the reheater consists of a convective superheater (crht) and a
radiative heat exchanger, which is included in the boundaries of the fossil boiler ( fb).

In the optimization of the steam power plant, the values of temperature and pressure of
the main steam and reheat steam should be considered simultaneously. Reheating the
exhaust steam from the high-pressure turbine results in an increase in the average
temperature at which heat is transferred to the working fluid. Again, this improves the
efficiency of the total plant. From the economic viewpoint, such a measure raises the
investment cost of the power plant due to system complexity, larger heat transfer areas,
and perhaps, the use of more expensive materials.

The performance of the convective reheater (crht) depends on the parameters of the
main steam at the inlet to the HP turbine, the efficiency and the outlet pressure of the
HP turbine, and the amount of steam used in the feedwater preheater fwh6. All these

parameters have an effect on the temperature of the steam in the reheater. The mass
flow rate of steam mgq = mg—ma3 affects the slope of the temperature profile whereas

the values of pressure and temperature at the inlet and outlet of the HP turbine affect the
temperature differences in the reheater. The cost of material for the superheater and the
reheater restrict the maximum steam temperature. Since lower pressure in the reheater
causes lower mechanical stress in the material, a higher temperature might be selected
for the reheat steam than for the main steam.

Friction is the main cause of exergy destruction in turbines (see Exergy Analysis of
Simple Systems). This effect is more significant at higher mass flow rates and lower
temperature levels. The low-pressure turbines (st3,st4) have a lower exergetic

efficiency than the high-pressure and the intermediate-pressure steam turbines. Partial
condensation of steam in the last stages of the LP turbines disturbs the flow profiles
across the blades. Water droplets can also slow down the rotor. The steam quality at the
outlet of a low-pressure steam turbine decreases with increasing efficiency of the IP and
LP turbines. Among all parts of a steam turbine, the pressure ratio in the LP turbines has
the highest value. About 50 % of the gross electric power is generated in the two low-
pressure turbines. Thus, improvements in these components are more significant for the
overall efficiency than similar modifications in the HP or IP turbines. In recent years,
significant performance improvements of steam turbines have been achieved through
three-dimensional computational design of highly twisted blades, advanced blade
materials, and new manufacturing processes.
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In the feedwater preheating section, the highest exergy destruction rate occurs in the
deaerator (da; open-type feedwater heater). Exhaust steam from the intermediate-
pressure turbine provides most of the energy required to increase the temperature of the
low-pressure feedwater (26) to saturation conditions. The remaining energy is supplied
by the return stream (41) from feedwater heater fwh5. Large differences both in

temperature (AT =226K ) and pressure (Ap =8bar) between the entering streams

result in this ineffectiveness. Low-pressure steam should be used for deaeration, for
example by extracting steam at an appropriate pressure level from the LP turbine st4.

The exergy destruction in the closed-type feedwater heaters is due to (a) temperature
differences between the feedwater and the steam, (b) mixing of hot streams with
differences in temperature and pressure, and (c) pressure drops. In improving the
thermodynamic performance of the overall plant, the steam generator inlet temperature
and the number of feedwater heaters should be considered simultaneously. For a given
temperature increase in the overall feedwater preheating section (ATg,, = Ty = Toy),

the exergetic efficiency of the total plant increases when more feedwater heaters are
being used. Because the temperature difference during heat exchange decreases in each
feedwater heater, the exergy destruction also decreases. If the number of feedwater
heaters is kept constant and both the steam generator inlet temperature T;, and the air

preheater outlet temperature Tg, are increased, an optimum temperature Ty . exists

where a maximum efficiency of the total plant is achieved. Below this optimum
temperature, an increase of T, improves the thermodynamic performance of the steam

generator. Above this optimum value, an increase in the exergy destruction rate due to
larger temperature differences in the feedwater heaters outweighs the performance
improvement in the steam generator. Optimal values for the steam generator inlet
temperature and the number of feedwater heaters have to be determined not only from
the thermodynamic but also from the economic viewpoint.

The sum of the exergy losses associated with the streams rejected to the environment
(exhaust gas, cooling water in the condenser, ash, and blow down) is 8.8 % of the
exergy E g gt supplied to the overall plant by coal and air. A significant exergy stream

is still associated with the exhaust gas (4.0 % of E 4 ). This loss should be reduced in

a future design. The temperature of this stream depends on the combustion temperature,
the heat transfer rate in the heat exchangers of the steam generator, and the steam
generator inlet temperature T,,. For example, an increase in the feedwater temperature

T3, improves the exergetic efficiency of the steam generator but requires an increase in

the temperature of the preheated air (54) to keep the temperature of the exhaust gas at a
low value.

The purpose of a condenser in a power plant is to remove the entropy added to the
working fluid in all the other plant components. Hence, the quantity of heat transferred
to the cooling water is a consequence of the second law of thermodynamics and of the
thermodynamic inefficiencies in the other plant components. To reduce the exergy rate
rejected to the surroundings in the condenser (4.4 % of Ep ;) some of the exergy

destruction in the total plant must be avoided. In addition, lower values of the condenser
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pressure increase the efficiency of the overall plant. The condenser pressure depends on
the available mass flow rate and temperature of cooling water as well as on the finite
temperature difference between the steam and the cooling water. Although these factors
are site specific, it is very important to keep the pressure in the condenser as low as
possible. In Figure 1, two condensers operating at different pressure levels are used. The
cooling water flows in series through condensers cnd2 and cndl. At a given mass flow
rate of cooling water, such an arrangement results in a lower average condenser pressure
than parallel flow through the condensers.

In general, exergy losses associated with ash, blow down, or vent streams are small.
Depending on the type of steam generator, the ash is removed from the combustion
chamber below or above the ash melting point. The physical exergy of ash might be
further used for preheating process streams such as feedwater. Unburned carbon
increases the chemical exergy of ash and may be reduced by increasing the excess air in
the combustion process in the steam generator.

2.4. Discussion and Conclusions

Some of the exergy destructions in a power plant are justified by operational, economic,
environmental, or safety reasons. For example, if the steam generator operates at
constant pressure, then the steam turbine load is controlled by varying the outlet
pressure of the throttle valve at the inlet of the high-pressure steam turbine. For each
load, the fuel flow rate and the pressure at the outlet of the feedwater pump p2 are

adjusted to keep the pressure at the inlet of valve vl at a constant value. It is apparent
that increased throttling of the steam at partial load is unfavorable from the
thermodynamic viewpoint. However, this information cannot be obtained from an
energy balance of the throttling device, since the enthalpy rate across an adiabatic valve
is constant (H;=Hg)- An exergy balance shows that the exergy destruction rate
E b1 = Eg— E7 Might be significant at partial load. Today, sliding-pressure control or

a combination of fixed-pressure and sliding-pressure control is often applied in
advanced steam power plants.
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