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ABSTRACT

When considering global as well as local energy scenarios, it is required to consume
energy in proper way and also required to harvest maximum possible output from the
available energy source. Therefore analysis, monitoring and optimization of available
power plants are major requirement in the sector. Generally the performance of
power plant is evaluated by energy performance criteria based on 1% law of
thermodynamics. However, as recent developments in thermodynamic studies exergy
analysis was identified as a useful method to design, evaluation, optimization and

improvement of power plants. It is based on 2" law of thermodynamics.

Therefore in this thesis, it is tried to find out potential of exergy efficiency
improvement opportunities in coal power plants through exergy flow analysis. A
methodology was developed to calculate exergy values in major thermodynamics
state in coal power plant and efficiency of major equipment in power plant. That was
done according to general equations which are used in thermodynamics. As a result,

set of thermodynamic equations were derived to analyze exergy flow in coal power

plants. fné

The methoaéogy which" mentioned v above was applied to unit 01 of Lak Vijaya
power station (LVPS) in Sri Lanka to validate it. In this calculation, thermodynamic
properties of water-steam cycle of LVPS unit 01 under both design and actual
calculation were used to evaluate exergy values of critical states of the cycle as well
as exergy efficiencies of major equipment. The obtained results were used for the
analysis of exergy of power plant. Then the exergy destruction, exergy efficiency of
major equipment as well as the overall exergy efficiency of LVPS unit 01 was

figured out under both design and operational conditions.

Boiler was identified as the major exergy destruction equipment in power plant and it
has less exergy efficiency also. It is around 49% in design condition and 45% in
actual operation condition. Also energy balance calculation was done for the boiler
to identify the difference of exergy and energy efficiency of equipment. The boiler

exergy destruction value is contributing extra percentage of total exergy destruction
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of power plant. Therefore the changes of boiler exergy destruction are directly

affected to overall exergy efficiency of the power plant.

Hence boiler sub system was analyzed to identify potential of exergy efficiency
improvement in coal power plants. The main variable parameters of boiler were used
to identify the exergy flow behaviors of the boiler. The main steam pressure, main
steam temperature, Feed water temperature, Gross Calorific Value of Coal and Load
variation of power plant were considered as major variable parameters of the boiler.
The above variables were taken individually to identify exergy destruction and
exergy efficiency of boiler in LVPS unit 01. Then potential of exergy efficiency

improvement in coal power plant was discussed using obtained results.

As per the results which were obtained from case study of LVPS unit 01, Coal power
plant should run in full load (300MW) conditions as much as possible to improve its
overall exergy efficiency. Also boiler main steam pressure should be kept in high
pressure condition at least above 16.0MPa.Above working conditions were identified

as better working conditions which will improve the exergy efficiency of overall

power plan%,;,g_

Also econdiﬁié analVy§i§ Wasl dofigIfori thelboiler to identify the benefits of doing this
kind of thesis. The steain generating cost was calculated in the thesis according to
past actual operational data in LVPS unit 01. The cost saving due to the improvement
of exergy efficiency also determined here. Not only steam generating cost saving in

power plant but also reduction of hazardous CO, emission calculation was done here.

Key words: Exergy, Energy, Exergy destruction, Exergy efficiency, 1* law of
Thermodynamics, 2" Jaw of Thermodynamics and Gross calorific

value.
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CHAPTER 01

1.0 Introduction

1.1 World energy scenario

The energy supply to demand narrowing down day by day around the world, the
growing demand of power has made the power plants of scientific interest. The total
energy requirement in world supply by different sources, the world primary energy
consumption in 2012 as follows.

WORLD PRIMARY ENERGY CONSUMPTION IN 2012
(data in Mtoe and in percentage)

795: 7% 205; 2%

600; 5%

iversity of Moratuwa, Stk
aoctronic Theses & DiSSertat
w.lib.mrt.ac.1k

4,081; 32%

2,914; 24%

W Oil W Natural gas M Coal ™ Nuclear ' Hydroelectric =~ Other renewable

Figure 1.1: World Primary Energy Consumption in 2012 [21]

These numbers will be changed soon as the world’s population grows, energy
demand rises, inexpensive oil and gas deplete, global warming effects continue to
rise and urban pollution worsens the living conditions. The development of
alternative energy sources and devices will emerge more rapidly to address the
world’s energy and environmental situation. The Figure 1.2 shows the world net

electricity generation by fuel.
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Figure 1.2: World net Electricity generation by fuel [22]

When consider above data it could be observed that maJor energy supply sources are

coal, natur“as & bilst Accordrng I the energy surveys those recourses are

Vy Therefore its requrred thutifize tHosE ithited resources in proper
manner in{' er to make sure the sustainability of future generation. Therefore the
maximum power plant efficiency obtains together with minimum investment costs
should be the main target of power industry. Also the highest reliability should
obtain from the overall design targets of power plants. To save primary energy
resources i.e. to reduce fuel consumption, and to reduce emissions, maximum power
plant efficiency is a crucial parameter. Therefore, optimizing the working conditions

of existing power plant to an economically reasonable extent is the challenge.

1.2 World energy related CO, emissions

Until the last decade the primary concern about energy impacts on the environment
was of a local nature, focused on the negative consequences of mining the fuels and
of producing power. Global warming due to CO, and other emissions is now widely
considered to be the real phenomenon, and has already resulted in the international

ban on CFCs, and evolving agreements to control and limit CO, emissions. The latter



would have a very significant impact on the ways we would convert fuels and
produce power, and is a powerful motivator for scientific and engineering progress in

these areas.

Therefore when we are using energy we have to think about emission more than
earlier as most of countries used energy only considering the power or electricity
demand without thinking of environmental. Therefore it is necessary to figure out
real thermodynamic losses and address the issues which will result to reduce the
hazardous emissions from power plants. The Figure 1.3 shows the world energy
related CO, emissions by fuels. It also shows that, emission rate of CO, increases due

to rapid growth in coal usage.

World energy-related CO2 emissions by fuel
1990 - 2035 (billion metric tons)

50 History 2008 Projections
|

20
Natural gas

10
Liquids
0! ' ' \
1990 2000 2008 2015 2025 2035

Figure 1.3: World energy related CO, emission by fuel [23]



1.3 Sri Lankan energy scenario

The early years in Sri Lanka, almost all of the electricity requirements were met by
hydro power plants. By 2008, the required capacity had increased to 2000 MW while
the total number of required electricity units had increased to 10,000 GWh [1].
According to the assessment of the CEB, the demand for electricity will increase by
7-10% per annum over the next twenty years [1]. Accordingly, demand shall double
every ten years. It is interpreted as the responsibility of the government to be able to
meet this demand at affordable prices. In order to address this issue, the CEB
prepared a plan but this only focused attention on the generation of electricity
through coal, petroleum and hydro power. Therefore Sri Lankan power sector is
trend to generate more power using coal. So we have to give more concern about it

due to these reasons.

CEB Generation Plan 2006

L) 1SsCEa (10N S
o
o == B B BN BN B BN B = = =
O

@O O ANAD NS LA LD LD
PO NN D S
A A A A S

m Cumulative new Oil = Cumulative new Hydro

® Cumulative Coal MW m Oil

Figure 1.4: CEB Generation Plan 2006 [1]

According to the above generation plan CEB already moved to coal power
generation in Sri Lanka. They have already built one coal power plant which has the
capacity of 900MW. It consists of three numbers of identical units of 300MW each.
(300MWx3). The total power complex is called as Lak Vijaya coal power station
(LVPS). Lak Vijaya Coal Power station is the only coal power plant in Sri Lanka,



Also now a days it generates 600MW (300MWx2) and it gives around 33% of daily
power requirement of Sri Lanka [2].

Energy Percentage %

CEB Thermal (Coal) 8.502 GWh 33.01
CEB Thermal (0Oil) 5.906 GWh 22.93
IPP Thermal (0Qil) 0.861 GWh 3.34
Laxapana Complex Hydro 4.726 GWh 18.35
Mahaweli Complex Hydro 3.344 GWh 12.98
0.415 GWh 1.61

1.593 GWh 6.18

0 GWh 0.00

Wind 0.41 GWh 1.59

Figure 1.5: Daily power supply by power plants in Sri Lanka [2]

The trend of the power generation sector in Sri Lanka also moves to Coal Power
generation. Therefore it is needed to do thermal analysis of existing power plant and

get idea about improve efficiency of existing and incoming power plants.

o,

When con;sf{ isng giobal-as-weH asHacal-energy; scenarios, it 4s required to consume
energy in peeger way andalsd required tiiharvest maximum possible output from the
available energy source. Therefore analysis, monitoring and optimization of available
power plants have become a major requirement in the sector. Generally the
performance of power plant is evaluated by energy performance criteria based on 1%
law of thermodynamics. However, as recent developments in thermodynamic studies
exergy analysis was identified as a useful method to design, evaluation, optimization
and improvement of power plants. It is based on 2™ law of thermodynamics. That is
used to analyze thermodynamic processes. It is the concept of exergy or a
substance’s availability to do useful work. This method can improve resource
utilization by determining inefficient, wasteful processes within thermodynamic
systems. Exergy is an extensive property of a substance like energy, but differs in
that in a given process, it can be destroyed due to irreversibility inherent to the
process. While a First Law analysis might suggest that the amount of energy is

conserved during a given process, it fails to identify the decline in the quality of the



energy, or the reduced availability of the substance to do work, in its final state.
Therefore it is useful to perform an exergy analysis for the same process to determine
the location, cause and magnitude of losses, so that opportunities to improve resource
utilization in the process are identified.

The Rankin power cycle which converts the thermal energy into mechanical energy,
does not differ between critical, sub-critical, supercritical, ultra supercritical and
advanced ultra-supercritical cycles. Energy can neither be created nor destroyed. It
just changes forms such as potential, chemical, electrical, heat and work. Energy
analysis based on the first law of thermodynamics embodies of conservation of
energy and is the traditional method used to assess the performance and efficiency of

the energy systems and processes.

Also most of the power plants are designed by the energy performance criteria based
on first law of thermodynamics only. The real useful energy loss cannot be justified
by the fist law of thermodynamics, because it does not differentiate between the

quality

Therefora fif?lo‘ ot | therrpagiynanti e <is use d] 19 cmeastirenihe ty of energy of
thermodynatiie systarissvid ib. usefiulicol id in systems in a

proper way. 1fie woid ‘Exergy’ was derived irom Greek woids ex (ineaning out) and
erg on (meaning work) [3]. Exergy is the useful work potential of the energy. Exergy
could not be conserved. Once the exergy is wasted, it can never be recovered. When
we use energy we never destroy any; we are simply converting it into a less useful
form, a form of less exergy. The useful work potential of a system is the amount of
energy we extract as useful work. The useful work potential of a system at the
specified state is called exergy (also called as availability). Exergy is a property and
Is associated with the state of the system and the environment. Exergy losses are
additive (i.e. the total exergy loss for the plant is the sum of all the component

losses). Exergy is always destroyed when a process involves a temperature change.

This destruction is proportional to the entropy increase of the system together with its
surroundings. Second law analysis is about understanding irreversibility in systems.

It focuses on changes in the quality of energy. The quality of energy is measured by



exergy. As energy is used in a process it loses quality and its exergy. The exergy
analysis is a tool to identify losses and destructions so that appropriate measures can
be implemented to reduce the losses and destructions. An exergy analysis is a very

powerful way of optimize complex thermodynamic systems.

Exergy analysis helps in improving plant efficiency by determining the origin of
exergy losses. Exergy helps in identifying components where high inefficiencies
occur, and where improvements are merited. The thermodynamic cycle can often be

optimized by minimizing the irreversibility.

Therefore the result of Exergy Analysis (2" low thermodynamic analysis) of coal
power plant can indicate the real thermodynamic loss in power generation process
and it is assisted to find out the improvement required area to improve the efficiency

of system.

1.4 The intentions of the study

1.4.1 Aim of t!

£.

To dev pé«an approach to identify potential .of ‘exergy efficiency improvement

opportunitiggs#'coal power plants in Sti L

1.4.2 Objectives of the stuay:

e To Study the Exergy Balance related to Coal power Plants.

e To develop methodology to identify and characterize of real thermodynamic
losses in coal power plants through exergy analysis.

e To apply the developed methodology to Lak Vijaya coal power plant unit 01.

e To identify the potential of efficiency improvement opportunities in coal
power plants in Sri Lanka by analyzing the obtained results from the case

study.



1.4.3 Methodology of the study:

Obijective 01

e Study on Exergy analysis of coal power plant using text books, journals,

research papers etc. as literature review.

Obijective 02

e Create methodology (model) to formulate Exergy analysis for coal power

plants.

Obijective 03

e Collect relevant thermodynamics data from Lak Vijaya coal power plant unit
01 (To do the case study).

e Do the necessary calculations using existent data and design parameters of
power plant.

e Evaluate the obtained results to find out location, magnitude, and sources of

I.ﬁ'( "" AIC 1055 e «J?_;w alidly ol

Objective QA:*'
o \ 0) )n component of

the coal power plant.

e Discuss the exergy efficiency improvement opportunities of that area.

The Chapter No.01 of this thesis discusses the current situation of energy scenarios
in both Global and Local. Also tendency of power generation sector in Sri Lanka is
discussed in furthermore. The energy systems evaluation processes using
thermodynamic approach is conversed and give an idea about exergy and energy
analysis. After concern above factors express objective of this thesis. That part

includes aim of thesis, objective of thesis and methodology of it.

Power generation from coal is discussed in Chapter N0.02 of this thesis. The topics
under natural coal formation process, existing type of coal in world and working

process of typical coal power plant are explained here.



The Exergy analysis of coal power plant is one of the objectives in this thesis. To
achieve this target it is needed to understand theoretical background of exergy
analysis of energy systems. Therefore Chapter N0.03 is reserved for theoretical
approach part of this thesis. Basics laws of thermodynamics are deeply discussed
here. Also a methodology for exergy analysis of coal power plant was developed
using general equation of thermodynamics. That exergy destruction and exergy
efficiency of major equipment in coal power plants can easily identify using that set
of equations. The cost calculation of steam generated in boiler sub system of coal
power plant is also discussed here.

LVPS unit 01 was used as case study in this thesis. Chapter No0.04 was used to
discuss introduction of LVPS unit 01. The specific data of major equipment in power
plant also expressed here. The major equipment which include Boiler, Turbines,

Feed water system, condenser cooling water system, feed water heaters and pumps

etc.

The co xergy values in
Chaptel JQJ this catcdlation, thermoédyrnamic-propérties‘of water-steam cycle
of LVF urﬁf o) ler both design and I Ised to evaluate
exergy €s iencies of major

equipment. The energy analysis of boiler is also done in this chapter. Furthermore the
cost calculation of steam generated in boiler is discussed here using actual

economical data in the power plant.

The result which was obtained from calculations of Chapter No.05 is discussed in
Chapter No. 06. The exergy values in each and every critical state in the power plant,
exergy destruction in major equipment and exergy efficiency of major equipment are
included here. Exergy improvement opportunities in coal power plant also discussed
in this chapter. This discussion is based on case study of LVPS unit 01. The benefits
which are obtained due to improvement of exergy efficiency also mentioned in this

chapter.

After summarize all results which obtained from this thesis is concluded in the last
Chapter of this thesis.



CHAPTER 02

2.0 Power Generation from Coal

Schematic diagram of typical coal power generation process is illustrated in Figure
No 2.1.

Electricity Steam Stack

S0,
Scrubber

Substation

Particulate
Transformer r

Collector

induced

Tirbiné- Combustion Air
Generator
Condenser

Water

Pum
ps to

Condensate Boiler

Pump

G Coal
Ebkydrizhsofl Supply

g 4 SR I i e 9 Y B B ———

ei*_fématic diagram of Typical Coal power generation process [24]

2.1 Natural coal formation process

Coal is a rock that burns (a solid hydrocarbon), formed from partially decayed plant
matter that collected in a stagnant swamp and later was subjected to heat over time
[4]. 1t is called a “fossil fuel” because all this happened millions of years ago. Oil and
natural gas are the other fossil fuels. Coal is the world’s most abundant and widely
distributed fossil fuel with reserves for all types of coal estimated to be about 990
billion tones [5], enough for 150 years at current consumption [5]. Coal is thought to
consist of a large polymeric matrix of aromatic structures, commonly called the coal
macromolecule. This macromolecule network consists of clusters of aromatic carbon

that are linked to other aromatic structures by bridges.
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There are different types of coal depending on the degree of coalification (amount of
heat and time). Such as peat, Lignite, Subbituminous, Bituminous and Anthracite
coal.

2.2 Existing types of coal

Types of coal

Carbon content or energy content of the coal

Humidity content of the coal

Z Ay

Brown coal Hard coal
/ 47% \ / 53% \
0
e
2 Lignite Subbituminous Bituminous Anthracite
@ 17% 30% 52% 1%
© | I / \ I
S : : Boiler Coking :
0 . . CDaJ coa' l
X § | I
S [nnePSPal Maoratuywa 3 . |
Wﬂﬂxi’ F F nesticfindustrial

1 g, wvirerhy avyeriug Ul sos including

keless luels

Figure 2.2: World coal classification [25]

The above mentioned coal could be used as power generating primary source. Such
as coal power plants use coal as raw material to generate power from it. The coal
power plants can classify into several ways. This is divided according to operating
pressure, boiler type, emission treatment methods, etc. Normally main classification
is done according to the operating pressure. Sub critical, super critical and ultra-super

critical power plants are now available in power industry to generate electricity.
2.3 Process of typical coal power plant

In a coal-fired plant, raw coal supply from coal mine to coal stock yard by several
ways. There are pulverizes to grind the coal into a fine powder for burning in the

furnace of the boiler. That stock coal transferred to mills to produce powder forms.

11



According to the grinding mechanism pulverizes also can be classified in several
ways. Such as Bowel mill, Ball mill etc. The heat produced from the burning of the
coal generates steam at high temperature and high pressure. The high-pressure steam
from the boiler impinges on a number of sets of blades in the turbine.

Another major component of coal power plant is the boiler. Normally water tube
boilers are used in power generation industry and that boiler can be classified in
several ways. The main classification is depended on the steam pressure. According
to that, it could be classified as subcritical, super critical and ultra-super critical
boilers. The pulverized coal from mills directly or indirectly supplies to the boiler to
combustion and produce heat. The Air preheater, Furnace, economizer, super-heater
panel, reheater panels are the major components of typical power boilers. Also air
and flue gas system is provided to supply required air for the combustion and transfer
pulverized coal to the furnace. This system consists of forced draft fans, induced
draft fans, primary air fan and seal air fans.

A typic m turbines used
in coal \é@%p S“consists’ of several*stages. 'Suchas ‘High*pressure, Intermediate
pressur maj 10\ furbines. The, ¢ I higl igh temperature
steam from th. tially. Then the

steam is expanded through high pressure turbine and exhaust steam is directed to
reheater part of the boiler. At the reheater, steam is heated to higher temperature and
then admitted to intermediate pressure turbine. This reheating process increases the
power output from the turbine. Finally exhaust steam from intermediate turbine
admitted to low pressure turbine and exhaust steam is condensed into water in the
condenser. Steam is extracted from different stages of the turbine which have
adequate pressure for pre-hating of boiler feed water in feed water heaters. This is

called as regenerative feed water heating, generally known as regeneration.

The generator is coupled with the turbine where mechanical energy in rotating shaft
of the turbine is converted into electrical energy and supplied to the power
distribution grid through a transformer. The purpose of the transformer is to step up

the voltage of the generated power to a suitable level for long distance transmission.

12



The steam leaving the turbine is condensed in the condenser as shown in the above
figure using cooling water which discharges low temperature heat to the
environment. The condensate produced is pumped back to the boiler through series
of the feed water heaters.

There are three major factors that determine the nature and extent of the flue gas
treatment process. The properties of coal used, the environmental legislation and
environment policy of a plant are those three factors. In some countries, due to
stringent environmental regulation, coal-fired power plants needed to be equipped
with denitrification plants (DeNOx) for Nitrogen Oxide (NOx) and flue gas
desulphurization plants (FGD) for Sulphur Oxide (SOx) removal.

The burning of coal in the boiler of a power plant produces flue gas. The main
constituents of the flue gas are Nitrogen (N2), Carbon Dioxide (CO;) and water
(H20). It carries particulate matter (PM) and other pollutants. There are traces of
some oxides such as Oxides of Sulphur (SOyx) and Oxides of Nitrogen (NOy)
depending on the combustion technology and fuel used. The flue gas clean-up unit
comprises aélv.ghe equipment fieeded for treating ‘the tlue gés. The power plant shown
in the above Aigure includes a DeNO, plant for NO, removal, followed by
Electrostatlc PreC|p|tator (ESP) to remove particulate matter (PM), and wet flue gas
desulfurization (FGD) to remove SOy from the flue gas.

13



CHAPTER 03

3.0 Theoretical Approach

3.1 First law of thermodynamics

The law of conservation of energy states that the total energy of an isolated system is
constant; energy can be transformed from one into another, but cannot be created or
destroyed. The first law is often formulated by stating that the change in the internal
energy of a closed system is equal to the amount of heat supplied to the system

minus the amount of work done by the system on its surroundings [6].

Energy Transformation

Energy Before

Figure 3.1: Sketch of Energy Conversion according to 1* Law

AU = Q & W

AU = Chahg&’in interaal Friergy

Q = Heate added to the system

W = Work done by the system

3.2 Second law of thermodynamics

The second law of thermodynamics states that in a natural thermodynamic process,

there is an increase in the sum of the entropies of the participating systems [7].

Energy Transformation
Energy Before ‘ Usable Energy After
Unusable Energy After

Figure 3.2: Sketch of energy conversion according to 2" Law
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There are many alternative statements of the second law. Two of them are frequently
used in engineering thermodynamics which are called as Clausius statement and

Kelvin—-Planck statement.
3.3 Clausius statement of the second law

The Clausius statement of the second law asserts that, it is impossible for any system
to operate in such a way that the sole result would be an energy transfer by heat from

a cooler to a hotter body [8].

_Metal ]

YES Bar

Figure 3.3: Sketch about Clausis statement

34 Kelvirff’“ \‘E;ﬁ'nck statement of the second, law:

The Kelvin-Planck statement of the second law states, it is impossible for any
system to operate in a thermodynamic cycle and deliver a net amount of energy by
work to its surroundings while receiving energy by heat transfer from a single

thermal reservoir [8].

Thermal Reservoir

A4

/’

NO chcle

System undergoing a
thermodynamic cycle

Figure 3.4: Sketch about Kelvin-Plant statement
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3.5 What is exergy?

In thermodynamics, the exergy of a system is the maximum useful work possible
during a process that brings the system into equilibrium with a heat reservoir [3].
When the surroundings are the reservoir, exergy is the potential of a system to cause
a change as it achieves equilibrium with its environment. Exergy is the energy that is
available to be used. The Exergy becomes zero after the system and surroundings

reach equilibrium.

The following terms should be identified clearly before doing the exergy analysis of

any energy system.

3.5.1 Theoretical definition of environment in exergy analysis

Environment - Intensive properties of this portion
of the surroundings are not affected
by any process within the power plant

orite immadiate enreonindinoc

1~ Jmmediate surpopndines-intapsive

iy witd pbwerplant

|

/
,/ River or other body
of water - the portion -
not interacting with
the power plant would
be in the environment

Figure 3.5: Schematic of a power plant and its surroundings [11]
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3.5.2 Theoretical definition of dead state in exergy analysis

System exchanges work, heat and mass with its surroundings during a process. If the
system reaches a state which is in equilibrium with its surroundings, then the system
cannot exchange work, heat and mass with its surroundings. This state is called a
dead state and its properties are denoted by subscript 0, such as pressure Py and
temperature To. At the dead state: [9]

e A system is at the same temperature and pressure of its surroundings.

e It has no kinetic or potential energy relative to its surroundings.

e It does not react with the surroundings.

e There are no unbalanced magnetic, electrical and surface tension effects

between the system and its surroundings.

3.5.3 Theoretical definition of reversible work

Reversible wo defined.as the maximum amognt of usef ork that can be
produced| {€F3ke minipy.workeansumed)) as. &-system g0es a process

between the 396 ed-initial @ndfinahstaltks
3.5.4 Theoretical definition of exergy destruction

Unlike energy, exergy is not conserved but destroyed by irreversibility within a
system. This phenomenon could be classified as internal and external irreversibility.
Main reasons of internal irreversibility are friction, unrestrained expansion, mixing
and chemical reaction. External irreversibility arises due to heat transfer through a

finite temperature difference.

3.6 Definition of exergy analysis

Exergy analysis is a method that uses the conservation of mass and energy principles
together with the second law of thermodynamics for the analysis, design and
improvement of energy systems. The exergy method is a useful tool for furthering
the goal of more efficient energy-resource use, as it enables the locations, types, and

true magnitudes of wastes and losses to be determined.

17



3.7 Difference of energy and exergy concept

Table 3.1: Deference of Exergy and Energy

Energy Exergy
1. Independent from environmental 1. Depends both on the
properties, and depends only on environmental conditions (i.e.
the properties of matter or energy reference conditions) and a
flow matter or energy flow
2. Not zero when in equilibrium 2. Equal to zero when in complete
with the environment equilibrium with the environment

3. Conserved for reversible

3. Conserved for all processes (first processes, and not conserved for
law of thermodynamics) real processes where part of it is

destroyed due to irreversibilities

4. Cannot be destroyed nor
produced ira reversible process,
always: destroyed or consumed in

4, Cangég_be destroyed or produced
e an irreversible process

5. Appears in many forms (e.g.,
Kinetic exergy, potential exergy,
work, thermal exergy) and is
measured on the basis of work or
ability to produce work

5. Appears in many forms (e.g.,
Kinetic energy, potential energy,
work, heat) and is measured in
that form

6. A measure of quantity only 6. Measure of quantity and quality
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3.8 Identification of exergy components

In the absence of nuclear, magnetic, electrical, and surface tension effects, the total
exergy of a system E can be divided into four components: physical exergy E™",

kinetic exergy EXV, potential exergy E”T and chemical exergy E" [10].
E = EKN 4 EPT + EPH 4 ECH (01)

If we consider above equation as unit mass basis

e = eKN 4 ePT 4 oPH 4 oCH (02)

Control volume exergy rate balance is; [11]

dEcv

: . PodV
= = L1 =To/T) Q) = Wey — =5~

o) T Zimies — Yemeere —Eq  (03)

Where
e = exit flow exergy
i = input flow exeray

The equatiotho.OB reprasent the;

=

R dEcyv
Rate of exeigy change 0. HiE
Rate of exergy transfer =2 (1 — %) Q] — (ch — %) + Y mjeq — Yo Me€fe
]

Rate of exergy destruction = E4

For the Steady state form [11];

dEcv
e 0 (04)
dVcev
=0 (05)
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Therefore considering the No: 05 & 06 equations, equation No 03 could be modified
as;

Yi(1—To/T) Q) — Wey + Xithjeq — YeMeere — Eq = 0 (06)
Also

2iEq = Wey + XiEf —2eEfe —Eq =0

Where

Egj = (1= To/T)Q

Ef = mjeq

Efe = meefe

The above N0.06 equation can express as;

Yi(1—To/T) Q — Wey + Ximy (e — ee) —Eq = 0 (07)

(efi — €fe);

When considering the power plant analysis, it has to be considered about flow

exergy, wh;‘ pass flow across the boundary aof control volume, there is an exergy

transfer acé@?rﬁﬁanying floww.
Specific flow exergy Is
e = h—hg—Ty(S—Sy) +v2/2 + gz (08)
If we considering single inlet and exit, it can be expressed as
vz v3

efy — ef, = (hy —hy) — Ty (S; —S3) +7—7+g(21 - Z,) (09)

Where the above kinetic and potential exergy can be represented as follows

2
ekE= = (10)

ePE =gz (11)
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Physical flow exergy for simple compressible pure substances is given as

ePl = eT + M (12)

Where;

eT = Thermal Exergy depend on the system temprature

eM = Mechanical Exergy depend on the system Pressure

Also physical exergy of liquid system can express as;

eP = (h— ho) = To (S —Sp) (13)
Also it can be expressed for gases forms as

ePH = C, (T —Tp) — C,Tp In(T/Tp) (14)

Chemical exergy is the exergy component associated with the departure of the
chemical composition of a system from that of environment. Standard molar
chemical exergy tables. are available jn literature.For. a hydrocarbon fuel, C,Hh,
standard ch@cal exergytables-mey, he used to-galculatesthe chemical exergy values.
Following ,ééﬁ_ation couid behusadt tacfiid out the chemical energy of the gaseous

form of fuel.

€h = X Xn (€cp)n + RTy XX, Inxy (15)
Where

X, = Mole Fraction of nth gas mixture

R = Universal Gas Constant

But according to the references [12] the chemical exergy value of fuel is nearly equal
to the HHV of that fuel

So;

eh ~ HHV of that fuel (16)
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Therefore by considering the exergy components explained earlier, the exergy

balance could be easily expressed as;
i1 Ei = X&=1Eo + Ep (17)

Where;
E; —Exergy input (kJ/s)
E, —Exergy Output (kJ/s)

Ep —Exergy destruction (kJ/s)

3.9 Definition of exergy efficiency in power plant

In defining the exergy efficiency, it is necessary to identify both a product and a fuel
for the thermodynamic system being analyzed. The product represents the desired
result produced by the system. Accordingly, the definition of the product must be
consistent with the purpose of purchasing and using the system. The fuel represents
the resourq_é;s";eixpended to- genérate theprodueiandlis not'negessarily restricted to
being an a‘c:*t;r:ﬁﬂ"f}fuel sucty as-rattral ‘gas; oil*or coat>Both'the product and the fuel are

expressed i'h‘i[féjrms of exergy [10]. This efficiency can be represented as follows;

3.9.1 Boiler sub system

. Eff _ Useful Exergy
Xergy sHicency = Exergy Supplied
. _ E:Product
Exergy Efficency = —w—————
Z E:Fuel

Also it can be expressed as;

Exergy Efficency = 1 — (Ep + EL)/ Y. Epyel (18)
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3.9.2 Turbines sub system

. Eff _ Useful Exergy
xergy sHicenty = Exergy Supplied

. Work of Turbine
Exergy Efficency = T — (19)
3.9.3 Pump sub system
Exergy Efficency = —2-r8Y out”EX€T8yin (20)

Wpump
3.9.4 Feed water heat exchanges
Y EXersye.,..a, -+

Exergy :

et 2 EXCLEY Source
Also it caif g;.ﬁre : 1
Exergy Efficen (21)
Where;
AExergysource = EX.Source;, — Ex.Sourceg,

3.10 Definition of exergy cost

The exergy analysis yields the desired information for a complete evaluation of the
design and performance of an energy system from the thermodynamic viewpoint.
However, it is required to know how much the exergy destruction in a plant
component costs the plant operator. Knowledge of this cost is very useful in
improving the cost effectiveness of the plant. The cost which includes in product and

fuel of energy system is called as exergy cost of that component.
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3.11 Exergy cost balance of system

A cost balance expresses that the total cost of the output streams in an energy-
conversion system (process) equals the total cost of the input streams plus the
appropriate charges due to capital investment and operating and maintenance
expenses (Z). For the following cost balance can be formulated into the energy
systems [13].

Ye(CeEe)k + CovxcWi = CqrEqx + Zi(GEDK + Zy (22)
Where:

C = Cost value [LKR] q = Heat

¢ = Unitary (specific) cost value [LKR/KWh]; W = Work

e = Product output w = Work or power

i = Feed input E = Exergy [KW or kJ/s]; and
k = Numbgf§ compohent 7+ Inuésiment cost [LKR]

g’ 3
<)
¥

Also with exergy costing, each of the cost rates is evaluated in terms of the associate
rate of exergy transfer and a unit cost. Thus, for an entering or exiting stream, it can

be expressed as,

C=cxE (23)
C = exergy cost (LKR/h)

E = exergy rate (kJ/s or kW)

¢ = exergy unit cost (LKR/kWh)

When considering the capital investment, operation and maintenance cost of power

plant, it is required to convert the values to present states. Hourly leveled method
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could be adopted for the said conversion. The following equations are used to

convert values into its present state [14].

Z =17U+47M (24)
7% = Capital Investmant Cost(LKR/hrs)

7OM = Operation and Maintance Cost(LKR/hrs)

PW = Cplane — Splant X PWF(i, n) (25)
PW = present worth of power plant

Splant = Salvage value of plant

Splant = Cplant X j (26)
j = Salvage value ratio

PWF =1/(1+1)" (27)
1 = infgéest rata

n = lif;%hne of plant

Annual Capital cost

CAplant = PWpjant X CRF(i, n) (28)
CRF = Capital recovery Factor

_ix@+n)"
CRF = GrDno1 (29)
A = CAplant /T (30)
T = Total anual operating hours
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If we consider individual component in power plant;
ZI(EI = Zgllant x PECk/ Zplant PEC

PEC = purchase equipment cost

Levelised Operation and maintenance cost of power plant

ZM = ZJM ¢ X PECy/ ¥ p1ant PEC

26
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3.12 Develop equation to find out exergy destruction and exergy efficiency of
major equipment in coal power plant

3.12.1 Boiler

| Flue Gas
33
Air
34 2
Main
I Steam
3
Fuel | BOILER I Cold Reheat
35 I Steam
I Hot Reheat
. 4 Steam
Feed Water : 36
€N i Blow
Down

Figure 3.7: Sketch of Exergy input and output in boiler sub system

According to the exergy balance of the boiler sub system, considering equation No:
(17)

i1 Ei = X501 E, +Ep
Ei = E34 + E35 + E; + E3
E, = E; + E4 + E3¢ + E3s
Therefore;
Ess +Ess + E; + E; = E, + E, + E3 + Eg3 + Ep
The exergy value of each component can be calculated separately. Such as

E = EXN 4+ EPT 4+ EPH 4 ECH
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For some selected systems, the kinetic and potential exergy values can be neglected
as those values are considerably smaller than the other components. Therefore the

exergy values depend only on the physical and chemical Exergy values.
Therefore;
E =EPH + ECH

Also the chemical exergy value of some input and output components are lesser than
physical exergy values. So in such conditions, only physical exergy values of that

components could be considered. Therefore considering equation No: (13)

E, = (h1 - ho) —To (51— So)
E.1 = my [(h; —hg) — Ty (S; — Sp)]

E3 = ms[(h3 - ho) - Ty (53 - So)]

Considering inpu

éﬂﬁ’“ T
: /3 i 3G
Ezy =1 ‘4[-6;:’\1 To) = CpTo In < \

2 ‘ ] Fol¥

Chemicai exergy vaiue of supply fuei,

E.s ~ HHV of selected coal

Ez = mz[(hz - ho) — Ty S, — So)]
E4 =mig[(hy —ho) — Ty (S4 — Sp)]

E.36 = mj3g[(hzg —hg) — Ty (S36 — Sp)]

Considering flue gas of boiler sub system

S Ts3
Ez3 = m33[cp (T35 —Tp) — CpTo In T ]
0
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Eppoiter = {Mi[(hy —hg) — To (S; — Sp)1} + {mi; [(hs —hg) — To (S3 — Sp)1}
Tz,
+ {mM [cp (Tsq — To) — CpTo In (Tio
— {mj[(hy; —hg) — To (S2 — Sp)1}
— {mi,[(hy —hg) — Ty (S4 — Sp)1}
— {m36[(hse —ho) — Ty (S36 — So)1}

T.
- {m33[cp (Ts5 — To)— CpTo In (Ti;)]}

)]} + HHYV of selected coal

Exergy efficiency of boiler sub system;

_ (Ep +Ep)

Exergy Efficencypgijer o
ue

Exergy Efficencyygijer = 1

3.12.2 HP Turbine

we | Ry

18

HTR1

HTR2

Figure 3.8: Sketch of Exergy input and output in HP turbine sub
system
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According to HP turbine sub system;

i=1Ei = X9-1Eo +Ep
Ei == EZ
EO == E18 + E19 + E3

E; = Es + Ejg+ E19 + Whp turbine + Ep

Where;

E, =mi,[(h, —hg) — Ty (Sz — So)]

E; = miz[(hs —hg) — Ty (S5 — Sp)]
Eqo = mio[(h1o —hp) — Ty (S19 — So)]
E1g = mig[(hyg — ho) — To (S1 — So)]

WHP Turbine = M (hz - h3)

Therefore: g"‘%

Epgp rurpise = iy [ChYY LR JILTRRES S S ) 1}
— tuig({z — hig) — To (53 — So)ls
— {mo[(hie —hg) — Ty (S19 — So)1}
— {mig[(hyg — hg) — Ty (S15 — Sp)1} — {h (h, — h3)}

i _ WHP turbine
Exergy E ICENCYYP Turbine — E E
in = DLout
WHP Turbine

Exergy Efficencyyp rurbine = E, — (Eyg + Eqo + E3 )
2
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3.12.3 IP Turbine

4

S

21 —+

Deaerator

20

HTR3

"@kre 3:97 Sketch of Exergy input and output.in IP turbine sub system

Accordingl{b_gli;F;’ turbine sub system;
}=1 Ej = Xo=1Eo + Ep
Ei=E,
Eo = Eyo+ Eyy +E5
E4 = Ezo + Ez1 + Es + Wip Turbine + Ep
Where;
E4 = miy[(hy —hg) — Ty (S4 — So)]
Es = nig[(hs —ho) — T, (S5 — So)]
E1g = mio[(hyo — hg) = Ty (Sz0 — So)]
Ezo = mi[(hyy — ho) — Ty (Sz1 — So)]

Wip Turbine = M (hy — hs)
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Therefore;

ED]p Turbine {mi,[(h, — ho) - Ty (Ss— So)]}
— {m[(hzo —hg) — Ty (S0 — So)I}
— {m3[(hy; —ho) — To (Sz1 — Sp)I}
— {mis[(hs —hg) — Ty (S5 — Se)1} — {m (hy — hs)}

Exergy EfficenCYHP Turbine

Exergy EfficenCYHP Turbine =

3.12.4 LP Turbine

Jvrzs

_ WIP Turbine
Ein - Eout
WIP Turbine

Fa

E, — (Ezo + Ez + Es5)

LP

.
Thell

b |

% Wi

—.

HTR8

HTR7

HTRG6

HTR5

Condenser

Figure 3.10: Sketch of Exergy input and output in LP turbine sub system

According to LP turbine Sub system

i _
i=1 Ei =

Ei=

Zg:l Eo + ED

Eg

EO == E22+ E23+E24 +E25+E6
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Where;
Es = ms[(hs — ho) — Ty (Ss — So)]

E¢ = mig[(hg —hg) — Ty (Sg — So)]

Ezz = mi;[(hgs —ho) — To (S22 — So)]
Es = m3[(hs —ho) — To (Sz3 — So)]
Ezs4 = ma[(hzs — o) — T (Sza — So)]
Ezs = mis[(hys — ho) — To (Sz5 — So)]

Wip Turbine = M (hs —hg)

Therefore;

EDLP Turbine — {ms[(hs - ho) — T (55 - So)]} - {me[(hs - ho) — Ty (S6 - So)]}
— {m;[(hy; —hg) — To (S22 — S}
— {m’3[(hy3 —hg) — Ty (S5 — S}
e — Mg Choy —ho) = To (Sps — So)}
g"%— {ms[(hys —hg) — T (Sgs —. So)]} —.{m (hs — hg)}

_ WLP Turbine

Exergy Efficencyp rurbine = E _F
n out

WLP Turbine
Es — (Ezz + Ex3 + Ezy + Eps + Eg)

Exergy Efficencyyp rurbine =
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3.12.5 Condenser

| CONDENSER

26

Figure 3.11: Sketch of Exergy input and output in Condenser sub
system

According_ft‘c;‘?(:ondenser Subsystam

E6+E26: E7+ED
Ee = m6[(h6 - ho) - Ty (56 - So)]
E.:7 = rr'17[(h7 - ho) - T (57 - So)]

E.zs = mj[(hye —hg) — Ty (Sz6 — Sp)]

lE:DCondenser = {m6 [(h6 - hO) — T (S6 - SO)]}
+ {m36[(hye — ho) — Ty (Sz6 — So)1} — {miz[(h; —hy)
- T (57 - So)]}
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Ep

Exergy Efficencycondenser = .
n

Ep

Exergy Efficencycondenser = E T b
6 26

3.12.6 Condensate pump

7
cp 8
Figure 3.12: Sketch of Exergy input and output in Condensate
pump sub system

According to Condenser Sub system condensate pump can be expressed explain as;
i=1Ei = 29-1Eo +Ep

E = Bl

E7 + Wcondensate pump = E8 + ED
E.7 = my[(h; —ho) — To (S7 — Sp)]
Es = mig[(hg — hg) — T (Sg — So)]

Weondensate pump — M (hin —houe)

EDcon.pump = {Iil7[(h7 —ho) =Ty (S; = Sp)1} + {ni (hj, — hgyo)}
— {mig[(hg —ho) — Ty (Sg — Sp)1}
Eout - Ein

Exergy Efficencyconpump = W
on.pump

. Eg —E;
Exergy Efficencyconpump =1 —
WCon.pump
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3.12.7 Boiler feed pump

14
BFP 15

Figure 3.13: Sketch of Exergy input and output in Boiler feed
pump sub system

According to the boiler feed pump
}=1 Ej = Xo-=1Eo + Ep
Ei = Eqy
Eo = Egs
Eis + Wppp = Ei5 + Ep
Eis = mia[(hyy —ho) = Ty (S14 — So)]
Eg = m% (h15 ~lipverk (8,9 =801

WBFP = Ik n - hout)

Epgpp = m,[(hys —hg) = Ty (S14 — Sp)1} + {m (hiy — hoye)}
— {mi5[(hys —hg) — Ty (S15 — So)1}

Exergy Efficencyggp =
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3.12.8 Feed water heater No: 01

HTR 1

32

-

Figure 3.14: Sketch of Exergy input and output in feed water heater No.01

Considering High Pressure Heaters
i=1Ei = X0, E, + Ep
E;, = ];}? + Eyp
E, :E': E33

Eig+E;; =E; + E; + Ep

Eys = mig[(hyg — ho) — Ty (S1g — So)]
E1; = mi,[(hy; —ho) — To (S17 — So)]
E; = m;[(hy —hy) — Ty (S; — So)]

Esz = mi;[(hsz —ho) — Ty (Ss2 — So)]

Epyrr1 = mig[(hyg —ho) — To (S1 — So)1} + {my7[(hy7; —ho) — To (Sq7 — So)1}
— {mj3;[(hs; —ho) — Ty (S32 — Sp)I} — {miy [(hy — hy)
— To (S1 — So) 13

E
Exergy Efficencyyrr; = 1 — D
AESource
: Ep
Exergy Efficencyyrpi =1 ——7—
Eig — Es3;
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3.12.9 Feed water heater No: 02
1j
/ \ 16
| %’_

17

HTR 2

32
Figure 3.15: Sketch of Exergy input and output in feed water heater No.02

Considering High Pressure Heaters No: 02

o1 Ei = X5-41E, +Ep

Ei9 = myo[(hyo — hg) — Ty (S19 — So)]
Eig = myg[(hig — hg) — Ty (S16 — So)]
E3, = m3,[(hsy —hg) — Ty (S32 — So)]
E3; = my[(hs; —hg) — Ty (S31 — So)]

E:.17 = mj,[(hy; —hgy) — Ty (S17 — Sp)]

Ebyrrz = {myo[(hyo — hg) — Ty (S1o — So)1} + {my6[(hys — ho) — Ty (S16 — So)I}
— {m3;[(hs; —hg) — Ty (S32 — Sp) 1}
— {mj3[(h3; —ho) — Ty (S31 — Sp)I} — {mi7[(hy7 — hy)
— To (S17 — So)1}
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Ep

Exergy Efficencyyrp, = 1 — ————
AESource

Ep
(Eq9 + E3p) — Egq

Exergy Efficencyyrrz = 1

3.12.10 Feed water heater No: 03

16
Tirra |

30

31

Figure 3.16: Sketch of Exergy input and output in feed water heater
No.03

Considering High Pressure Heaters No: 03
i=1Ei = 29-1Eo + Ep
Ei = Ezo + E31 + Eg5
E, = Ei6 + E3p
Ezo + E3; + Ei5 =Eg6 + E3o + Ep

E'zo = myo[(hyg —hg) — Ty (S0 — So)]
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E.31 = mj34[(h3; —hg) — Ty (S31 — Sp)]
Es = mys[(hys — hg) — To (S15 — So)]
Eis = m¢[(hye —hg) — Ty (S16 — So)]

E'so = m3q[(hzg —hg) — Ty (S30 — Sp)]

Epyrrs = {Hizo[(hzo —hg) = Ty (Sz0 — So)1} + {m3,[(hsy —hg) — Ty (S31 — Sp)1}
+ {ms[(hys —hg) — To (S15 — So) 1}
— {m[(hyg — ho) — Ty (S16 — So) 1} — {mi3[(h3e — hg)
— To (S30 — So)1}

Ep
AESource

Exergy Efficencyyrrs = 1

Ep
(Ego, + Eza o 1¥z0

Exergy Ef_%;genc}’mm il

3.12.11 Deaerator

21

_|_

30
—H( DEAERATOR )H—
13

14

Figure 3.17: Sketch of Exergy input and output in Deaerator sub
system
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According to the Deaerator exergy flow balance;
}=1 Ej = Xo-=1Eo + Ep
Ei = E3o + Ez1 + Eg3
Eo = Eq4
Ezo + Ez; + E;3 =Ejy +Ep
E3o = mizo[(hzo — ho) — Ty (S30 — So)]
Ey1 = m3; [(hzy —hg) = To (S21 — So)]
E13 = my3[(hyz —ho) = To (S5 — So)]

E'14 = my4[(hyy —hg) — Ty (S14 — Sp)]

EDD%emmr = {rri30[(h30 —hy) — Ty (S30 — So)1}
+ {m; [(hyy —hg) — To (Sz1 — S}
+ {m5[(hys —hy) = Ty (S5 — Sy}
i {my4[Chyy —ho) = Tor(Siq,— So)l}

Ep

Exergy Effi€ency p iy vy [ H0 1 E
Source

Ep
(E3p + Ez1 + Eq3)

Exergy Efficencypeaerator = 1

3.12.12 Feed water heater No: 05
22

13

HTR 5

29

e

Figure 3.18: Sketch of Exergy input and output in feed water heater No.05
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Considering Low Pressure Heaters
}=1 Ei = X0-1Eo +Ep
Ei = Ez; +Epp
Eo = Eq3+ Ey
Ezz + Eip =Ej3 + Ep + Ep
Ezz2 = m,[(hyy —ho) — To (S22 — So)]
Eiz = mi,[(hyz —ho) = Ty (Siz = So)]
Ei3 = my3[(hys —ho) — T (Sy3 — So)]
Ezg = miyg[(hye —hg) = Ty (Sz9 — Sp)]
Epyrrs = {m22[(hzz —ho) — To (S22 — So)1} + {mi,[(hy — ho) —

To (S12 — So)1} — {m5[(hy3 — hg) — Ty (S13 — Sp)1} —
{m3g[(hye —hg) — Tp (Sz9 — S)1}

E
Exergy Efficencyyrps = 1 — :
e AEsafrda
=
Exergy Effiténcyyyrs= i sromstic
ey L 1

3.12.13 Feed water heater No: 06
23 ‘

12

HTR 6

28

29
Figure 3.7: Sketch of Exergy input and output in feed water heater No: 06
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Considering Low Pressure Heaters No: 06
}=1 Ej = Xo-=1Eo + Ep
Ei = Eq; + Ez3 + Ey

Eo = Ejp + Egg

Ei1 +Ex3 +Eyg =Eqp + Exg + Ep

Eiy = myy[(hyy —ho) = To (Siq = So)]
Ezs = mi3[(hys — ho) — Ty (Sz3 — So)]
Ezg = mize[(hag — ho) — Ty (Sz9 — So)]
Eiz = my,[(hyz —ho) — T (Siz = So)]

E'zs = mg[(hyg —hg) — Ty (S8 — Sp)]

EDHTR6 = {nin[(hn —hg) = Ty (811 — S)1}

g+ {2 hsrsi Ro o Td 6zt w0 34

1038 (M4l (hoem o T Ta k28 TS0 b
2 {myo[(hyo mrhedi T 4942 — So)1} — {mg[(hyg — hy)
=Ty (Szs — So)1}

Ep

Exergy Efficencyyrrg =1 — ——
AESource

Ep

Exergy Efficenc =1-
&Y YHTRG (Ez3 + Ez9) — Epg
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3.12.14 Feed water heater No: 07

24

10

11

HTR 7

_’7

28

27

e

Figure 3.7: Sketch of Exergy input and output in feed water heater

No.07

Considering‘;ﬁgw PressurecHgaterONoy Q7

i £
i=1 Ei =

E; = Ejo + Ezg + Eyy

Eo = E;1 + Eyy
Eio +Exg +Eyy =E{1 + Eyy + Ep
E1o = mio[(hyo — ho) — Ty (S10 — So)]
Ezs = mig[(hyg — ho) — Ty (Sz5 — So)]
Ez4 = mia[(hzs —ho) — To (S24 — So)]
Eip = myy[(hyy —ho) = T (Siq = So)]

E:'27 = my;[(hy; —hg) — Ty (S27 — Sp)]
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Epgyrry = {Mio[(hio — ho) = To (S10 — So)1} + {mizg[(hyg — ho) — Ty (Sag — So)1}
+ {m4[(hys —ho) — To (Sza — So)I}
— {mi; [(hy; —ho) — To (S11 — Sp) 1} — {m37[(hz7 — hg)
— Ty (S27 — So) 1}

Ep

Exergy Efficencyyrry = 1 — ——
AESource

Ep
(Ezq + Ezg) — Eyy

Exergy Efficencyyrgrs = 1

3.12.15 Feed water heater No: 08

25
| I ] | 9
5':’ | | ) tatlons
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10
| HTR 8
26

27
Figure 3.7: Sketch of Exergy input and output in feed water heater No.08

Considering Low Pressure Heaters No: 08

}=1 E; = 8:1 E, + Ep

Ei == Eg +E25 +E27

Eo = Ejo + Eg
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Eg + Eys + Ey7 = Ejg + Epxg + Ep

Eo = mig[(hg —hg) — To (Sg — So)]
Ezs = mis[(hys —ho) — To (S5 — So)]
Ez7 = mi;[(hz; —ho) — Ty (S27 — So)]
E1o = mio[(hyo —ho) = Ty (S1o = So)]

E.26 = mj[(hye —hg) — Ty (Sz6 — Sp)]

EDHTRg = {Th9[(h9 — ho) = Ty (Sg — So)1} + {mizs[(has — ho) — To (S25 — So)1}
— {my7[(ha7 — ho) — T (S27 — So)1}
— {m1o[(hio — ho) — To (S10 — So)1} — {mz6[(h26 — ho)
— To (S26 — So)1}

Ep
AESource

Exergy Efficencyyrrg = 1 —

Ep
(Ezs + Ez7) — Ege

Exergy Lificencyyrrg = 1
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Table 3.2: Summary of set of equation of Exergy destruction & Exergy efficiency of major equipment in coal power plants

Equipment Exergy Destruction (Ep) Exergy Efficiency (1)
Boiler ED B (E34_ + E35 + E1 + E3 ) - ( EZ + E4 + E36 + E33) T,] — 1 _ ED + E33 + E36
HP Turbine ED = Ez —_ (E3 + E18 + E19 + WHP Turbine) ],] — WHP Turbine
E; —(Ejg+Ejo+ E3)
1P Turbine Ep = E,— (Ezo + Ez1 + Es + Wip turbine) f= Wip Turbine
Ey — (Ez + E51 + Eg )
LP Turbine ED = ES - (EZZ + E23 + E24_ + E25 + E6 + WLP Turbine) ﬁ — WLP Turbine
Es — (Ezz + Ez3 + Epy + Eps + Eg)
Ep =Eg + Eys — E; . Ep
Condenser n= T+ Epe Fae
Condensate Pump Ep = EZ + Weondepsate pump — Eg h=1— \/\};:8 —E;
"’i"‘f:" o Con.pump
. Ep 5 A Nerr =E1s Eis —Eqq
Boiler Feed Pum 2 )8 3 =1
P & ';‘ /| WhgEp
HTRI1 ED = (‘ 18_+E17) X (E3Z =l El) M = 1 o ED
S F1g — E3p
Ep = (Ew + Ei + E32) — (E31 + Eq7) Ep
HTR2 1 1-—
] (E19 + E3p) — E3
Ep = (Ezp + E3; + Eq5) — (Eg6 + E3p) , Ep
HTR3 =1-—
i (E20 + E31) — E3p
Ep = Ego + E3; + Eq3 —Eqy , Ep
Deaerator =1-—
" (E3o + E21 + Eq3)
LPHS Ep = (Ezz + E12) — (Ei3 + Eyo) h=1-— Ep
Ezp — Ep9
Ep = (E11 + Ez3 + Ez9) — (Eq2 + Ezg) , Ep
LPH6 =1-—
i (Ez3 + Eg9) — Egg
Ep = (Eio + Ezg + Ez4)— (E11 + Ez7) , Ep
LPH7 =1-—
i (E24 + Egg) — Eyy
LPHS Ep = (Eg + Ez5 + Ez7) — (Eqo + Ez6) " Ep

=1—
(Ezs + Ep7) — Epe
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CHAPTER 04

4.0 Introduction of Lak Vijaya Coal Power Station

Figure 4.1: Picture of Lak Vijaya coal power station

Lak Vijaya Coal power station is the biggest power station in Sri Lanka and it is the
one and only coal power plant in the country. It is located near the village of
Narakkallu’@ he Kalpitiya Péninsula, approximately 12 km west of the city of

Puttalam.

-_f‘tdtal capacity .ef power plant i1s 900MW. Lak Vijaya coal power plant
is already g\enerdtmg 600MW and remaining 300MW will be added to power system
in the near future. A pre-feasibility report for the plant was done in 1993 and detailed
feasibility study was begun in 1996 and completed in 2000 including EIA study.

Norochcholai

aCoaI Power/Plant

Figure 4.2: Location of Lak Vijaya coal power plant
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The full capacity of the plant has been planned to be completed in 2 phases. The first
phase comprises the installation of a unit with a gross capacity of 300 MW with 85%
plant factor [15], providing 2122 GWh per annum. Construction of first phase had
begun in year 2004 and completed in 2010 and commissioned in midyear 2011. The
phase 2 will be completed in the end of 2014. The total project cost is estimated for
phase 1 as 455 million USD and phase 2 as 950 million USD [15].

The Power Plant is fueled by imported coal of high quality and low Sulphur content.
The mode of coal supply and especially its delivery methods to site are more
important criteria for the economic performance of the power plant .Coal required to
fuel the power plant is imported from Indonesia and transported by sea. Light oil is
used to support the coal combustion at low load, during the unit startup and

shutdown.
4.1 Design coal characteristics of LVPS

Table 4.1: Coal characteristic which is used in LVPS [16]

PaFicle Size < B num

Moisture Content <12%

Gross Calorific Value 5920-6900 kcal/kg

Ash Content <15%

Bulk Density 0.8-0.85 t/m’
Sulphur content 0.2-1.2%
Volatile matter >22%

Fixed carbon > 43%.

4.2 Introduction of boiler in LVVPS unit 01

The boiler HG-1025/17.3-YM25 is of subcritical pressure, once reheat, natural

circulation, single drum, semi-out door, tangential firing, balanced draft, steel
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suspension structure type, designed to burn the range of imported good quality
thermal bituminous coals specified. The boiler plant is equipped with low NOx
burners, equipment silencers, ESP and 150 meter high stack for environmental

controls. In addition, a flue gas desulphurization system is included [16].
4.2.1 Specific data of boiler sub system

Table 4.2: Specific Data of Boiler in LVPS unit 01[16]

Fuel Coal

Igniting oil Light oil (Diesel)

Draft system Balanced draft

Firing system Tangential corner firing & Tilting
burners

Maximum continuous rating (BMCR) 1025 t/h

Steam pressure at superheater outlet 17.3 MPa

Steam lméfpgralurc at superheater outlet 41°C

Reheat steagpinlet pressuia 3.99 MPa

Reheat steam outlet pressure 3.79 MPa

Reheat steam temperature inlet 337.8 °C

Reheat steam temperature outlet 541 °C

Boiler feed water temp 282.1 °C

Boiler efficiency (higher heat value) Around 88.58%

Minimum Stable load (MSL) Around 35%

Steam temperature control method of super Two-stage water spray

heater

Steam temperature control method of Re Tilting burners and emergency

heater: water spray
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4.2.2 Boiler furnace

The furnace is enclosed by welded membrane water wall tubes. The water wall
consists of four parts. There are upper, intermediate, lower and burner panel. Except
for the burner panels, each part is classed into front, rear and side elements. The
lower front and rear water wall tubes have an angle of 55° with the horizontal,
forming the cold ash hopper. To ensure liable boiler water circulation, water walls
are classed into 28 circuits according to geometric and heating properties. All load of
the water wall is hanged to the boiler top girder through the hangers. During the
operation the water wall expands downward as a whole. The adjustment of hangers

will ensure that the upper header axial is horizontal without any deflection.
4.2.3 Super heater system of boiler

The super heaters in this boiler consist of 5 major elements. Which are SH division
panel, SH platen, SH finish, low temperature vertical SH, low temperature horizontal

SH.
4.2.4 Re—he?tgr system of-botler

Re heater sy:stem of boilet Ithdinly. anchides wall radiant RH, RH platen and RH

finishing pancls.
4.2.5 Economizer

The economizer is a major waste heat recovery item in boiler sub system. This is
used to absorb wasted flue energy to boiler feed water. The LVPS unit 01
economizer is made from 20G material and those tubes are smooth tube type. The
heating surface is around 5741m? and pipe outer diameter and thickness of pipes are

respectively SImm & 6mm [16].
4.2.6 Air preheater

There are trisected two air pre heaters fixed with the boiler. It is used to heat

exchange between flue gas and air is in counter flow. The air preheater was equipped
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with double axial and radial seals device to keep the amount of leakage air to a

minimum.
4.3 Introduction of turbine systems in LVPS unit 01

The steam turbine N300/541/541/17.3 is subcritical, reheat, two casings and double
exhaust, condensing steam type. 300MW capacity turbine is divided in to three major
parts based on their working pressure called as High pressure, intermediate and Low

pressure turbine [17].
4.3.1 HP Turbine

HP turbine made as HP-IP portion together 130Cr1MolV heat-resistant alloy steel
non-central hole structure, high voltage part for the drum structure, medium part is a
drum-shaped structure, a total of 6983.6rnm long, with the maximum leaf outer
diameter 1532 mm. HP flow path is counterclockwise arranged, All moving blade
uses integral shroud which is connected to form a circle. Reverse T type moving
blades are used for HP turbine. The steam entering the HP turbine is discharged into
reheater at, é;q%h sides Of* outer-casing’ after ‘expdnding thfough one impulse control

stage and 12 reacnon HP stages.

4.3.2 IP Turbine

IP turbine has 9 reaction stages and it is also connected to HP turbine as one set .IP
flow path is clockwise arranged. All moving blades use integral shroud which is

connected to form a circle and P type moving blades are used for IP turbine.
4.3.3 LP Turbine

LP turbine made as 30Cr2Ni4MoV alloy steel integral structure with total length of
8181.6mm and the maximum external diameter of 3528mm with blades. LP rotor is
of double flow symmetric structure with Stage 1 to 5 of half drum structure and stage
6-7 having big integral wheel. 900mm L-0 blade is used for LP turbine for good
strength and good transonic performance. Rigid coupling is used between LP rotor

and generator rotor.
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4.3.4 Specific data of turbine system

Table 4.3: Specific Data of Turbine in LVPS unit 01[17].

Steam pressure at HP turbine stop valve 16.7 MPa

Steam temperature at HP turbine stop valve 538 °C

Steam temperature at [P turbine stop valve 538 °C

Final feed water temperature 274.2 °C

HP turbine bypass capacity % 60 TMCR flow
LP turbine bypass capacity % 60 TMCR flow
Turbine speed nominal 3000 rpm

4.4 Introduction of generator in LVPS unit 01

The genuaéag,ls a two-pole; cylindrical rotor type, synchronous machine. It has a
closed- ulcmt iydrogen cooling system to cool the stator core and the rotor,
including direct hydrogen cooling of field winding. The stator winding, leads and

terminals are cooled by deionized water.
4.5 Introduction of cooling system in LVPS unit 01

The Power Plant is located by the sea shore. In this plant, the once-through cooling
system is adopted. Cooling water is taken from the Indian Ocean. The water flows
through the intake installation to the inlet fore bay of the cooling water pump house.
Then after being filtered through mechanical bar screen and traveling screen, it is
pumped to the condenser and other plant heat exchangers via pressurized FRP pipes
by the cooling water pump after heat-exchanging, the cooling water is discharged
back to the sea. To maintain the water head of the cooling water pumps, on the
drainage pipes, a seal pit is arranged. After the seal pit, the drainage water is used as
the water source of the seawater FGD system, then the water is discharged to the sea

through a drainage culvert by gravity.
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Also the main function of the Cooling Water System (CWS) is to provide cooling
water to the condenser of the steam turbine and the various auxiliary coolers inside

the turbine house.
4.5.1 Specific data of power plant cooling system

Table 4.4: Specific Data of cooling system in LVPS unit 01[18]

Condenser cooling capacity (VWO) 1537 kJ/h
FGD capacity 180.83 kJ/h
Condenser cooling water flow rate 15.33 m’/s
Auxiliary coolers cooling water flow rate 0.92 m’/s
Total CW flow rate 16.25 m’/s
Design of Seawater temperature 28 °C
Total(W tetuparatirel tise(VWIQ) 7 °C

4.6 IntrodUction of Condender cooling system in LVPS unit 01

The condenser is equipped with 16000 special tubes to condense low pressure
exhaust steam. The main cooling water is taken from sea in this power plant.
Therefore condenser tubes are manufactured using special Titanium material to
protect from corrosion.

Table 4.5: Specific Data of condenser in LVPS unit 01[18]

Condenser pressure (Absolute) 7.0 kPa
Cooling water inlet temperature 28.0 °C
Cooling water temperature rise <7.0°C

Cleanliness factor for surface calculation | 0.85

Min. hot well capacity >55m’
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4.7 Introduction of feed water system in LVPS unit 01

The function of the boiler feed-water system is to deliver feed-water from the outlet
of deaerator feed-water tank to the inlet of boiler economizer inlet header. In the
process of handling the feed-water is heated by the extraction steam from the steam
turbine to improve the cycle efficiency. The system also supplies the feed-water to
the boiler super heater attemperator to moderate the superheated steam temperature.
Besides, feed-water tapped from the feed-water pump intermediate stage is sent to
the two sides of attemperator before the steam reheaters to protect them from
overheat. The feed-water system also supplies feed-water to turbine HP by-pass
system, acting as attemperating water to reduce the main steam temperature. The
feed-water system is provided with three numbers of motor operated pumps which
has 50% of total capacity of feed-water demand. Variable speed hydraulic coupling
is provided for each pump to meet the pressure capacity requirements of the system
with the varying loads. Further booster pump is provided to maintain the required

suction pressure at the main feed water pump.
4.8 Feed W%&J heaters i LVRS unit' 01

Three nunﬁﬁéﬁs of WallWcapacityl L listizéntal type, double flow HP heaters are
provided. Those heateis are designated No.3, 2 and 1 respectively in the order along
the direction of water flow. The feed-water is heated by turbine extraction steam
while passing through the tube bundles. Three heaters are provided with a motor
operated by-pass in order that it may be isolated during a fault. Also the condensate
system is equipped with another four numbers of LP heaters to increase the feed
water temperature of boiler system. Those heaters are also double flow horizontal
type heaters which are heated by low pressure steam from LP turbine extraction
steam. Those LP heaters can be by-passed individually in any fault condition of

heater occurred while keeping the power plant in operation.
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4.9 Emission control system in LVPS unit 01

In this plant, low Sulphur content coal (less than 0.5%) is used as the fuel to
minimize the generation of SO, Seawater desulphurization system is provided to
remove 90% SO, from flue gas [19]. Low NOx burners are provided to reduce the
NOx emission rate. High efficiency ESP (Dust removal efficiency no less than
99.5%) is equipped to lower the concentration of dust at the outlet of ESP [19]. By
taking the above measures, it is calculated that the emit concentration of SO, is 56
mg/MJ, concentration of NOx is 260 mg/MJ, concentration of dust is 15 mg/MJ,
meet the environmental requirements. At the BMCR condition, the amount of NOx
emitted to the air is 0.687 t/h, SO, emitted to the air is 0.148 t/h, and dust emitted to
the air is 0.038 t/h. Without seawater FGD, concentration of SO, is 373 mg/MJ [19].
Power plant monitoring tower, Kalmunai point monitoring tower, jetty monitoring
tower and Puttalam monitoring towers are located to control and inspect emission

levels of LVPS plant.

4.10 Ash removing system in LVVPS unit 01

Ash handli%md §ldg rerpgying | Systemy dgdoptssmethod ofi handling ash and slag
separately.i"l‘{ilndling dsvashDiildiyl prieiimatically. For the slag, it can be taken
directly i{ioim slag silo for utilization. For the diy ash, it can be loaded to truck
directly from ash silo and transported to users for integrated utilization. For the ash
not for integrated utilization, it can be mixed to be wet under ash silo and transported
to ash yard by dump truck. ESP adopts four (4) electric fields of electro static
precipitator with ash handling efficiency of 99.5%. Ash in ash hopper of ESP is
transported to ash silo for storage in positive-pressure pneumatic transportation
manner. Slag removing system adopts mechanical slag removing; its discharged
sewage water is reused after reclaiming and processing. The boiler is solid state slag

removing type, slag at bottom of the boiler is taken out by scrapper and transported

to slag silo directly for storage.

57



CHAPTER 05

5.0 Approaches to Case Study (Calculations)

Table 5.1: Steam water properties of LVPS unit 01 in design condition [20]

Temperature | Pressure Flow Enthalpy Entropy
State (°O) (MPa) | Rate (t/h) (kJ/kg) (kJ/kgK)

T P m h S
1 274.60 19.80 911.70 1204.60 2.978
2 538.00 16.70 911.69 3396.90 6.415
3 326.90 3.74 762.84 3043.00 6.528
4 538.00 3.37 762.84 3537.60 7.287
5 355.73 0.91 697.50 3172.60 7.366
6 39.00 0.01 585.36 2376.60 0.559
7 39.00 0.01 699.51 163.40 0.559
8 39.40 3.50 699.51 165.10 0.564
9 40.00 3.50 699.51 167.50 0.572
10 60.50 3.00 699.51 254.40 0.837
11 84.40 2.50 699.51 354.90 1.127
12 105.20 2.00 699.51 442.20 1.365
13 £4138.00 (:80 GO9S 581.20 1.719
14 (13120 082 The2kk 70 74000 2.083
15 na7s.00 20.0 941,70 765.50 2.120
16 ~203.40 20.0 911.70 875.20 2.363
17 243.40 20.0 911.70 1055.90 2.733
18 389.70 6.06 65.41 3152.40 6.497
19 326.90 3.74 70.94 3043.00 6.528
20 442.50 1.76 28.80 3344.80 7.326
21 356.00 0.93 38.52 3172.60 7.357
22 252.90 0.39 38.81 2970.80 7.406
23 155.30 0.14 23.95 2783.90 7.476
24 88.50 0.07 26.90 2653.30 7.499
25 64.40 0.02 22.85 2515.70 7.840
26 45.60 - 112.52 190.70 0.646
27 66.00 - 89.67 276.30 0.906
28 90.00 - 62.77 376.90 1.193
29 110.70 - 38.81 464.50 1.426
30 183.60 - 167.97 779.00 2.174
31 208.90 - 136.35 892.80 2414
32 249.00 - 65.41 1080.70 2.784
33 346.00 - 1050.00 - -
34 30.00 - 1000.00 - -
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5.1 Exergy values calculation for design parameters
Considering the equation (01) in Chapter 03;
E = EXN + EPT 4 EPH 4 ECH

The kinetic and potential exergy are negligible compared to other two components.
Therefore we can consider only physical and chemical exergy of relevant state. Also
when considering that some states are totally depended on physical exergy and some

are on chemical exergy values.

E = EPH 4+ ECH

Physical exergy of liquid components;

EPH = (h — hy) — Ty (S — So)

Physical exergy of gas component

EPH = C, (T —Tp) — C,To In(T/Tp)

Therefore considering above system flow diagram, State 01 exergy value can be
calculated _zlisfﬁfollows. Refoigtioe @hvidoniaénral ‘conditiom was . taken as T,=27 °C,
P=101 KB

Er= (b~ hy) Ty (5~ So)

T = 274.60°C

P = 19.80 MPa

h = 1204.60 k] /kg

hy = 113.20 k] /kg

S = 2.978k]J/kgK

So = 0.39 kJ/kgK

m =911.70t/h

E, = (1204.60 kJ/kg — 113.20 kJ/kg ) — 300 K(2.978 k] /kgK — 0.39 k] /kgK)
E, = 315.0KkJ/kg

E, = 315.0kJ/kg x 253.25kg/s
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E, =79773.75K]/s

E, =79773.75 kW

Considering state 02;

E; = (h—hg) — Ty (S—So)
T = 538.00°C

P = 16.70 Mpa

h = 3396.90 k] /kg

hy = 113.20 k] /kg

S =6.415 kJ/kgK

So = 0.39 kJ/kgK

m =911.69 t/h

E, = (3396.90 k/kg — 113.20 k] /kg ) — 300 K(6.415k]/kgK — 0.39 k] /kgK)
E,= 14768 1J/kg

E, = 147._", _.___Z;".k]/kg leob78G /b

E, = 37384765 K]/s

E, = 373847.65kW

The exergy value of other all states which are in liquid state can easily find out using

above calculations.
Considering the states which are in gaseous states;

EPH = C, (T - T,) — C, T, In(T/Ty)

Cp,.. at27°Cand 110 kPa = 1kj/kgK

PAj

Therefore exergy value of input air;
T=30°C

T, = 27 °C
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Ezy = Cp (T—Tp) — C,To In(T/Ty)

1kJ /kgK x (303K — 300K) — 1k]/kgK X 300K x In(303K/300K)

eyl
w
~

Il

0.0149K] /kg

3]
w
~

Il

E;, = 0.0149K]/kg x 277.77kg/s

E;, = 4.139K]/s

E;, = 4139 kW

Exergy value of flue gas (before Air pre heater);
EPH = C, (T —T,) — C,To In(T/T,)

Cp,.. at27°Cand 110 kPa = 1k] /kgK

PAj

Therefore exergy value of input air;

T =345°C

Ty = 27°C

Eyy = cpé;[’&— To) LGN B MET /1)
o)

1k]‘/;kg'K X (618K +1B00K) ~~1kj/kgK x 300K x In(618K/300K)

™
w
w

Il

E;; = 101.18kj/kg

E;; = 101.18K]/kg x 277.77kg/s

E;; = 28107.05K]/s

E;; = 28107.05 kW

Chemical Exergy Calculation of flue gas;
Considering the fuel using in LVPS coal power plant;

Table 5.2: Specific data of coal on air dried basis

Inherent Moisture 4.40%
Ash 15.15%
Volatile Matter 40.51%
Fixed Carbon 39.94%
Sulphur 0.60%
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Table 5.3: specific data of coal on dry Basis

Ash 15.85%
Volatile Matter 42.37%
Fixed Carbon 41.78%
Sulphur 0.63%

Table 5.4: Ultimate analysis of coal

C 63.75%
H 4.5%
N 1.25%
S 2.51%
Cl 0.29%
Ash 9.7%
M 11.12%
O 6.88%

Considering equation No (15) of Chapter 03, Chemical exergy of flue gas

€ch = X &r'%t"i‘*éch)n YR To Z Xn Iy

X, = Molefractionof nthieompenent
R = Universai Gas Constant

Table 5.5: Mole fraction of chemical component

% mole Mole/molec
C 63.75 5.313 1
H 4.5 4.5 0.85
N 1.25 0.3125 0.06
S 2.51 0.0784 0.015
0) 6.88 0.43 0.081

Therefore;

CHo.85N0.0650.01500.081
Combustion equation for coal

CHo.85N0 0650.01500.081+%X (05 + 3.78N,)=CO, + 0.425H,0 + 0.01550, + (3.78
+0.03)N,
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x =1+ 0.425+ 0.015 — 0.0405

x=1.19

Nt = Total No of moles in combustion gas
= 1+0.425+0.015+4.52
=5.968

Mole fraction of combustion products

Yco: =1/5.97 =0.167
Y mo =0.425/5.97 =0.071
Yso2 =0.015/5.97 =0.00251
Yno =4.52/597 =0.757

Standard chemical molar exergy values are taken from Fundamental of Engineering

thermodynamic text book [21].

Y x, X eP =(0.167x14175+0.07x8635 +0.0025x301940 +0.757x720) kJ/kmol

o = 3712.2 kl/kinol

RT, X x 1= = 8B T4WmoIKKZOZK(0.167In(0.167)+0.071In(0.071)+
0.0251n(0.025) + 0.757In(0.757))

=-1765.10 kJ/kmol
el =3712.2 — 1765.10 k] /kmol
=1947.2 kJ/kmol
= (1947.2kJ/kmol) / 18.82kg/kmol
= 103.46 kJ/kg
If consider flue gas flow rate as 1050 t/h at maximum load running condition;
= (103.46kJ/kg x 10° x 1050) / 3600 kJ/s

=30175kl/s
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Total Exergy value of flue gas = E' + EPH
=30,175 kJ/s +28,107.05 kJ/s
= 58,282.88 kl/s

= 58,282.88 kW

Chemical exergy of fuel (coal)

According to the reference, the exergy value of coal base fuel can calculate using
HHYV of fuel. It is shown that exergy value of fuel equal to [19]

e! ~ HHV of that fuel

The HHV of coal which is use in LVPS power plant should be in between,

HHV = 5,800 — 6,900 kcal/kg

According to the design values

If we consider 6300 kcal/kg as average HHV of coal which can be used in LVPS
power plang .

HHV = 6,388¥cal/kg
HHV = 26,370k} /kg
eh ~ 26,370k] /kg

Ess = 26,370 k] /kg

5.1.1 Exergy destruction and exergy efficiency calculation of major equipment

The exergy destruction & efficiency in major component in LVPS unit 01 can be
calculated using exergy values of each and every major state which is obtain from
above calculations. The exergy values of other all states in flow diagram also
calculated using Excel data sheet and only obtained results are used to calculate

destruction and efficiency of equipment in following steps.
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» Boiler sub system
Ep = (E34 + Egs + E; + E3 ) — (E; + E4 + Egg + E33)
Es, = 4.14 kW

Ess5 = 805,750.67 kKW
E, =77,702.51kW
E; =230,142.30 kW
E, = 374,380.61 kW
E, = 287,486.83 kW
Esq = 661.34 kKW

E,; = 58,282.82 kW
Ep = 392,787.33 kW

Ep = 392.78MW

. Ep +EL
Exergy Effigencyyofide= L e
é‘"’g EFuel
= Ep + E33 +Es36

Exer Effiiéé’f)c wway b
& Yboites E34 + E35 + Eq

(392,787.33 + 58,282.82 + 661.34)kW
(4.14 + 805,750.67 + 77,702.51) kW

Exergy Efficencyypgijer =

Exergy Efficencyyijer = 48.86%

» Turbine sub system

HP Turbine

Ep = E; — (Es + E18 + E19 + WHp Turbine)
E, = 374,380.61 kW

E; = 230,142.30 kW

E,g = 20,018.89 kW
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E,o = 21,063.73 KW

Wiip rurbine = 90,951.64 KW
Ep = 12,204.05 kKW

Ep = 12.204 MW

W, :
Exergy Efficencyyp turbine = ;P_t_u;;w:
n out
WHP Turbine
E; —(Eig + E;o+ E3)

Exergy Efficencyyp turbine =

Exergy E:fficenCYHP Turbine
90,951.64 kW

- 374,380.61kW — (20,018.89 + 21,063.73 + 230,142.30 )kW

Exergy Efficencyyp turbine = 88-17%

» Feed water heat exchanger

HP He?har N N1

E,, = 60,333.26 kW

Es, = 4,530.41 kW

E, = 77,702.51 kW

Ep = (21,710.80 + 61,123.46) kW — (4,530.41 + 77,702.51)kW
Ep = 601.34 kW

Ep = 6.01 MW

Ep

Exergy Efficencyyrpy =1 — ————
Al:-‘:Source

601.34 kW
20,018.89 kW — 4,530.41 kW

Exergy Efficencyyrr; = 1

Exergy Efficiencyytgrs = 96.12%
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» Feed water and condensate pump
Condensate Pump

Ep = E; + Weondensate pump — Es

E, = 123.09 kW

Eg = 263.73 kW

Wep = 917.814 kW

Ep = (123.09 + 917.814) KW — 263.73 kW
Ep= 777.174 kW

Ep =0.777 MW

Eout — Ej
Exergy Efficiencyconpump =1-— w
on.pump

. Eg —E;
Exergy Efficiencyconpump =1-— Wc—
on.pump

(263.73 — 123.09)kW
917.814 kW

EXEI‘gy Efﬁ_;,céQFYCon.pump
)

Exergy Efficencycynpump iH §4:67%

5.1.2 Overall Power plant exergy efficiency calculation for design parameters

Use Full Exergy

Exergy efficencygyeran = Supplied Exergy

Exery Destruction & Losses

Exergy efficencyoyeran = Supplied Exergy

(493 MW)
(805 MW)

Overall Exergy efficiency for
Design Condition =38.75%
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5.2 Exergy values calculation for operational parameters

Table 5.6: Steam water properties of LVPS unit 01 in operating conditions

Temperature | Pressure Flow Enthalpy Entropy
State (°0O) (MPa) Rate(t/h) (kJ/kg) (kJ/kgK)
T P m h S
1 272.95 17.190 869.36 1196.88 2.97
2 540.50 15.250 882.71 3421.84 6.48
3 275.76 3.290 737.52 2919.33 6.37
4 540.50 3.000 737.52 3548.17 7.35
5 355.73 0914 697.50 3172.00 7.37
6 41.00 0.009 585.36 171.72 0.59
7 40.00 0.009 650.00 167.54 0.57
8 41.00 3.100 650.00 171.72 0.59
9 43.00 3.005 650.00 180.08 0.61
10 60.50 3.005 650.00 253.25 0.84
11 87.00 1.200 650.00 364.35 1.16
12 107.00 1.200 650.00 448.67 1.39
13 137.00 0.945 650.00 576.33 1.71
14 162.00 0.725 910.00 684.28 1.96
15 |@g 17500 17.500 910.0Q 715 2.09
16 ;';é“"ﬁ"g'}jQOS.OO 1.7.5P0 910:00 865.94 2.36
17 N#&4239.00 17.500 910.00 1032.76 2.69
18 [ 395.00 5.490 65.41 3175.07 6.58
19 302.00 3.330 70.94 2989.13 6.49
20 450.00 1.520 28.80 3364.39 7.42
21 315.00 0.733 38.52 3090.12 7.33
22 285.00 0.245 38.81 3040.55 7.75
23 205.00 0.056 23.95 2887.30 8.13
24 88.50 0.040 26.90 2661.12 7.74
25 64.40 0.020 22.85 2617.45 7.93
26 46.00 - 112.52 192.62 0.65
27 72.00 - 89.67 301.40 0.98
28 93.00 - 62.77 389.59 1.23
29 94.06 - 38.81 394.06 1.24
30 181.95 - 167.97 771.81 2.16
31 208.52 - 136.35 890.98 241
32 244.97 - 65.41 1061.35 2.75
33 345.00 - 1100.00 - -
34 30.00 - 940.00 - -

68




Also the Exergy calculation equations which are derived from Chapter 3 can be used
to identify exergy values, exergy destruction and exergy efficiency of relevant state
and objectives in actual operating conditions. Therefore considering above system
flow diagram, state 01 exergy value can be calculated as follows. Reference
environmental condition was taken as Tg=270°C, P;=101kPa

E; = (h—ho) =T (S—So)

T =272.95°C

P = 17.190 MPa

h =1196.88 k] /kg

hy = 113.20 k] /kg

S =297K]J/kgK

So = 0.39 kJ/kgK

m = 869.36 t/h

E; =( 119688 k] /kg 326 kj [ KglOra 300K (207kjkgki — 0.39 k] /kgK)

E, = 309-‘.@?3 /kg

E, = 30971.6-6773‘.1(]/kg X 241.49kg/s

E, = 74,784.62K]/s

E, = 74,784.62 kW

Considering state 02;

E; = (h—hg) — Ty (S—So)
T = 540.50 °C

P = 15.250 MPa

h = 3421.84 k] /kg

hy = 113.20 k] /kg

S = 6.48 kJ /kgK
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Sp = 0.39kJ/kgK

m = 882.71t/h

E, = (3421.84 kJ/kg — 113.20 k] /kg ) — 300 K(6.48 kJ /KgK — 0.39 k] /kgK)
E, = 1481.64k]/kg

E, = 1481.64k]/kg x 245.19 kg/s

E, =363,294.01Kk]/s

E, =363,294.01 kW

The exergy value of other all states which is in liquid state can easily find out using
above calculations.

Considering the states which are in gaseous form;
EPH = C, (T —Tp) — CpTy In(T/Tp)

C . at 27°Cand 110 Kpa = 1k]J/kgK

Paj
Therefc :
To = L

Ezy = Cp(T—To) — CpTo In(T/To)

E;, = 1KJ/kgK X (303K — 300K) — 1kJ/kgK x 300K x In(303K/300K)
E;, = 0.0149K]/kg

E;, = 0.0149K]/kg x 261.11kg/s

E;, = 3.890K]/s

E.;, = 3.890kW

Exergy value of flue gas (before air pre heater);

EPH = C, (T —T,) — C,To In(T/T,)

C at 27°C and 110 Kpa = 1kJ/kgK

PAir
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Therefore exergy value of input air;

T = 345°C

Ty = 27°C

Es3 = Cp(T —To) — CTo In(T/Tp)

1kJ /kgK x (618K — 300K) — 1k]/kgK X 300K x In(618K/300K)

™
w
w

Il

E;; = 101.18K]J/kg
E;; = 101.18kJ/kg x 305.55kg/s
E;; = 62,530.61K]/s

E;; = 62.530 MW

Chemical exergy of flue gas

€h = % Xn (€cn)n + RTo X xp Inxy,
Xn = Mole fractionofnith- componens

R = Uni \elséjaEGas Constant

Table 5.7: Mole fraction of chemical component

% mole Mole/molec
C 63.75 5.313 1
H 4.50 4.500 0.85
N 1.25 0.313 0.06
S 2.51 0.078 0.015
0] 6.88 0.430 0.081

Therefore;
CHo.85N0.0650.01500.081
Combustion equation for coal

CHo 85N0 06S0.01500.081+%X (05 + 3.78N,)=CO, + 0.425H,0 + 0.01550, + (3.78
+0.03)N,

x=1+0.425+ 0.015 — 0.0405

x=1.19
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Nr = Total no of moles in combustion gas
=14+0.425+0.015+4.52

=5.968

Mole fraction of combustion products

Ycor =1/5.97 =0.167
Y mo =0.425/5.97 =0.071
Yso2 =0.015/5.97 =0.00251
Yno =4.52/597 =0.757

Standard chemical molar exergy values are taken from Fundamental of Engineering
thermodynamic text book [21].

Yx, X eh = (0.167x14175 +0.07x8635 +0.0025x301940 +0.757x720) kJ/km

= 3712.2 ki/kmol
RTy Sx,Inx, = 8314F/molK x 208K x (0.167In(0.167) + 0.071In(0.071)+
e 0025In(0,025) + 0,757In(0.757))
S} - iestmrikdd

St = 37129 2176510 k] /kmol
= 1947.2 kJ/kmol
= (1947.2kJ/kmol) / 18.82kg/kmol
=103.46 kJ/kg

If consider operational flue gas flow rate as 1100 t/h at maximum load running
condition;
= (103.46kJ/kg x 10°x1100) / 3600 kJ/s

= 31,612 kl/s
Total Exergy value of flue gas = E" + E™
=31,612 kJ/s +28,107.05 kJ/s
=59,719.05 kl/s

=59,719 kW
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According to the reference, the exergy value of coal based fuel can be calculated
using HHV of fuel. It is shown that exergy value of fuel equal to [19]

e ~ HHV of that fuel

Therefore coal which is use in LVPS power plant
HHV = 6,605 kcal/kg

HHV = 27,647K] /kg

eh ~ 27,647 k] /kg

E.c = 27,647 k] /kg

5.2.1 Exergy destruction and Exergy efficiency calculation of major equipment

Calculate the exergy destruction in major component in LVPS coal power plant
using exergy values of each and every major state which is obtain from above

calculat

o
» Boil Slgj';y
Ey = (i, + L.
Es, = 3.84 kW
E4s = 883,168.06 kW
E, =73,629.83 kW
E; =207,032.36 kW
E, =363,070.66 kW
E, =275,899.34 kW
Ess = 661.34 KW
Eq = 62,530.61 kW
Ep = 461,672.13 kW

Ep = 461.67 MW
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Ep + EL

Exergy Efficencyygijer = 1 —
EFuel

Ep + E33 + E3q

Exergy Efficencyyijer = 1 —
gy Yboiler E34 + E35 + El

(461,672.13 + 62,530.61 + 661.34) kW
(3.84 + 883,168.06 + 73,629.83) kW

Exergy Efficencyypijer =

Exergy Efficencyyjier = 45.14%

» Turbine sub system

HP Turbine

Ep = E; — (E3 + E1g + E19 + Whp Turbine)
E, = 363,070.66 kW

E; = 216,415.56 kW

E,g = 21,804.04 kW

Eig = 20,6%%84 kW

Wip Tw,)l-n;‘; 100,312:62 KW

Ep = 5061.632901 kW

Ep =5.06 MW
W, .
Exergy Efficencyyp turbine = };‘P_t—u;;me
m out
WHP Turbine

Exergy Efficencyyp tyrbine = E, — (E1g + E;o + E3)
2 18 19 3

Exergy EfﬁcenCYHP Turbine
100,312.52 kW

- 363,070.66 kW — (21,804.04 + 20,670.84 + 216,415.56 )kW

Exergy Efficencyyp turbine = 88-33%
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» Feed water heat exchanger

HP Heater No: 01

Ep = (Eig + E17) — (E32 + Ep)

E,s = 21,804.04 kW

E;; = 60,333.26 kW

Es, = 4,341.95 kW

E, = 77,702.50 kW

Ep = (21,804.04 + 60,333.26) kW — (4,341.95 + 77,702.50)kW
Ep = 92.85 kW

Ep = 0.093 MW

Ep

Exergy Efficencyyrpy =1 — ———
AESource

£ 92,85 kW
21,804 .04. kW, 4, 341,95k

Exergy Efﬁgg;gCYHTRl -

Exergy Efficencyyrr1 = 99.46%

» Condensate and feed water pump
Condensate Pump
Ep = E; + Weondensate pump — Es
E, = 123.09 kW
Eg = 244.89 kW
W,p = 852.25 kW
Ep = (123.09 + 852.25)kW — 244.89 kW

E p = 730.45 kW

75



Ep=0.73 MW

Eout — Ej
Exergy Efficencyconpump = 1 — w
on.pump

. Eg —E;
Exergy Efficencycon pump = 1 — Wc—
on.pump

(244.89 — 123.09)kW
852.25 kW

Exergy Efficencycon.pump

Exergy Efficencycon pump = 85.70%

5.2.2 Overall power plant exergy efficiency calculation for operational
pardieters

Use Full Exergy

Exergy efficencygyeran = Supplied Exergy

Exery Destruction & Losses

Exergy efficencygyeran = Supplied Exergy

(570 MW)
(883 MW)

Overall Exergy efficiency for
Operation conditions =35.44%
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5.3 Energy efficiency of boiler

5.3.1 For design values of LVPS unit 01

I Flue gas
33
Air
34 2
|
I
BOILER 3
Fuel i |
35 |
[
4
Feed Water
36 | ~ BIOW
Down

Figure 5.1 ,,e\tch ofi Bugrgh mput-amdoolitput in boiler sub system
Energy balance of boiler

El + E34 + E35 + E3 s EZ + E4 + E33 + E36 + ElOSS

Also Es3 & Esgcan take as energy losses.

Therefore

El +E34 +E35 +E3 == EZ +E4 +EIOSS

El = 911 t/hx 1,204 kJ/kg
= 304,612 kW
E, = 911t/h x 3,396.9 kl/kg

= 859,415.7 kW
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E; = 762.84 t/h x 3043 kJ/kg

= 644,101.6 kW

E4 = 762.84 t/hx3,537.6 kl/kg
= 748,792 kW

Ess = 110 t/h x 26370 kJ/kg
= 805,750 kW

Es = E e + E Blow down TE other

= E1+E34+E35+E3—(E2+E4)

146256.6 kW

Energy Output

Energy Efficiency = Energy Input

_ Energy Loss
Energy Input

_146,256.6 kW
1, 794463 16 kW,

= 1

= 0.9166

Q

92%

5.3.2 For actual operating values of LVPS unit 01
Energy balance of boiler
E; + E3q + E3s + Es = E; + E4 + E33 + Egg + Ejoss
Also E33 & Esgcan take as energy losses.
Therefore
E; + E34 + E35 + E3 = E; + E; + Ejos
El = 869 t/h x 1,196.88 kl/kg

= 288,913.53 kW
E> = 882.71t/h x 3,421.84 kl/kg

= 839,025.66 kW
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E; = 737.52t/h x 2,919.33kJ/kg
= 598,073.40 kW

E4 = 737.52t/hx3,548.17kJ/kg
= 726,901.76 kW

Ess = 115th x27,647 k/kg
= 883,168.056 kW

Es = E e + E Blow down TE other

= E1+E34+E35+E3—(E2+E4)

163,435.53 kW

Energy Output

Energy Efficiency = Energy Input

_ Energy Loss
Energy Input

223,673.75 kW
1,83088M kW

— 1—

= 0.87

N 87%

5.4 Calculation of exergy cost

From equation (22);

Ye(CeEk + CopxcWie = CqiEqx + Zi(CEDy + Zy
5.4.1 Calculation of levelised capital investment cost
7 = 704 70M

Considering LVPS power plant unit 01

Total Capital investment for unit 01 = USD 450 million
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Interest rate of loan =2%
Salvage value ratio of plant =15%
Life time of plant =30yrs
According to the equ.no (24)
PW = Cpjant — Spiant X PWF(i, n)
From equation No (26)
PWF =1/(1+1)"
=1/(1+ 0.02)3°
=0.5520
From equation No (25)
Splant = Cplant X j
= USD450 millionx15/100
= USD 67.5 million
PW - uﬁﬁ"gso Hillionr ST Samiltioh< 03520
_USBA12.7
From equation (28)

CRF — ix@G+ 1"
i+ -1

_0.02 % (0.02 + 1)3°
~(0.02+1)30 -1

=0.0446
From equation No (27)
CAplant = PWiane X CRE(i, )
= USD 412.74 million x 0.0446

= USD 18.42 million
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Consider last year (2013) total running hours of LVPS power plant unit 01 to
calculate followings,

AL = CAplant /T

_ USD18.42 million
B 6153 hr

= USD 2,993.66/hr

The above result shows levelised total capital investment cost of power plant, if we
consider only boiler sub system in LVPS unit 01;

Zl():éiler = Z(P:llamt X PECk/ Zplant PEC
Ze er = USD2,993.66/hrs x USD63million/USD450million

=USD 419.11/hr

5.4.2 Calculation of operation and maintenance cost of the power plant

PECy )
Zplant PEC
Consider Tetal O&M.,. cost.ofi LVPS, power plant anity O 1n, year 2013 (USD7.5
million) é‘"’g

70M _ 70M
Zplant - ZPlant X (

. SHED 7 omilliodib. shagdklion
Zioll = X (

oiler 6153 hr 450MUSD
— USD 170/hr

5.4.3 Calculation of fuel cost

Normal average coal price of power plant =LKR16.57/Kg

Total coal consumption in year 2013 = 585,589.0t

Total Energy generation in year 2013 =1,422,152.875 MWh
Total coal price (Million Rs) = LKR9704.5Imillion
Unit price for kWh = LKR9,704.51 million

1,422,152.875 MWh

= LKR 6.82/kWh
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5.4.4 Calculation of demineralize water production cost

Normal demineralize water cost =LKR 156.83/m’

Normal makes up water requirement per day = 500m’

Total boiler capacity = 600m’

Total cost for water per day = LKR156.83 /m’x 1100m’

=LKR 172,513.00

Average energy generation per day =6.0 GWh
Average Demineralize cost =LKR 172,513.00
6.0 GWh
=LKR 0.03/kWh

5.5 Exergy cost balance in boiler sub system

The exergy cost balance of boiler sub system can express as follows.

Y [ L ST L dindeaGas
33
|
34 2
% Main Steam
3
Fuel | BOILER % Cold Reheat
35 I Steam
[ Hot Reheat
. 4 Steam

Feed Water

36
N Blow

Down

Figure 5.2: Sketch of Exergy cost flow input and output in boiler sub system
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C34+C35+C1+ C3 +ZCI+ZOM= C2+ C4+C36 +C33

Cost of boiler blow down water, cost of supply air and cost of flue gas can be
neglected compared to other cost component in above equations. For simplicity, we
assume the combustion air enters the boiler with negligible exergy and cost, and the
combustion products are discharged directly to the surroundings with negligible cost.
Also assume the economical value of entering cold reheat and leaving hot reheat of
boiler is almost same. Therefore above cost balancing equation can be simplified as

follows,

C35 +C1 +ZCI +ZOM = CZ

From equation 23;

5.5.1 Calculation of the boiler main steam unit cost
Therefore;
CZXEZ :C35XE35+C1XE1+ZCI+ZOM

. . . . .CI . .OM .
C; =35 X (E3s/Ep) + ¢y X (E1/Ex) +Z7 /E; + 727 /E,

C, = LKR6.82 % (883,168.056kW) LKRO0.03 % ( 73,629.825kW)
2 =

kWh 363070.655kW kWh 363,070.655kW

LKR41911

363,070.655kW 363,070.655kW

C, =LKR 16.75/kWh
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5.5.2 Calculation of boiler main steam cost
Boiler main steam unit cost = LKR 16.75/kWh

Boiler main steam cost at plant running with rated capacity (300MW);
Boiler main steam exergy Value(Ez) = 363,070.655 kW
Boiler main steam unit cost(c,) = LKR16.75/kWh

Boiler main steam cost rate ( C,) = 363,070.655kW x LKR16.75/kWh

=LKR 6.081 million/h

84



CHAPTER 06

6.0 Results and Improvements of Exergy Efficiency

Considering design parameters of power plant, Exergy value of each state in system

flow diagram as follows.

Table 6.1: Exergy of each state in system flow diagram for design parameters

1 77,70251 |  77.70 19 21,364.64 21.36
2 37438061 | 374.38 20 9,161.41 9.16
3 230,142.30 |  230.14 21 10,443.17 10.44
4 287,486.83 |  287.49 22 8,092.02 8.09
5 187,347.08 |  187.35 23 3,599.45 3.60
6 & L4/AB8:5%4i(y oA 24 3,047.70 3.05
7 ({5} Fiesie 0:k2 P5 15674.67 1.68
g = 263V73 356 26 117.43 0.12
9 263.73 0.26 21 246.43 0.25
10 1,390.55 1.39 28 429.33 0.43
11 4,080.91 4.08 29 445.51 0.45
12 7,121.49 7.12 30 6,125.21 6.12
13 13,693.73 |  13.69 31 6,569.96 6.57
14 29,803.12 |  29.80 32 4,530.41 453
15 31,208.93 |  31.30 33 58,282.83 58.28
16 4139273 |  41.39 34 4.14 0.01
17 60,333.26 |  60.33 35 805,750.00 805.75
18 21,710.80 | 21.71 36 661.34 0.66

The Design Exergy destruction & efficiency values of major equipment in the power

plant are shown in Table 6.2.
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Table 6.2: Exergy destruction and Exergy efficiency of major equipment

in the power plant for design parameters

plant

Exer Exergy
: gy Efficiency of
Equipment Destruction Equi
MW quipment
(%)
Boiler 392.78 48.86
HP Turbine 12.20 89.91
IP Turbine 2.99 96.45
LP Turbine 2.70 98.30
Condenser 14.15 99.14
Condensate pump 0.78 84.68
Feed pump 2.96 66.43
LP Heater 8 0.68 6247
LP Heater.7 0.53 93.49
H.;P Heater® 0%7 84.10
TTP Heater 5 1.07 05 05
HP Heater 3 2.20 7705
HP Heater 2 0.38 98.01
HP Heater 1 0.60 96.50
Deaerator 0.46 98.48
Total Exergy
destruction of power 435.09
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m Boiler
m Turbine
= Heaters
= Pumps

m Condenser

Figure 6.1: Exergy Destruction percentage of major equipment in LVPS unit 01
for Design Conditions

The figure 6.1 shows the design exergy destruction in major equipment in LVPS coal
power plant. The boiler exergy destruction of this power plant is 435.086 MW. This
is about 90% of total exergy destruction in the power plant. The exergy destruction
values of other all-maijor eauipment, which include turbine, pumps, condenser &
heaters, areizbelow [10%,~Considering|dhe 1ahove €xerpy;yelies it can be easily
identifiedi,?ztje bbilex :i’S"thefr-ﬁaj(')ﬁrexer:gy‘deéfruction ¢omponent in power plant.

Major equipment in power plant

Figure 6.2: Exergy efficiency of major equipment in LVPS unit 01 for design
conditions
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The Figure 6.2 shows the exergy efficiency valves in major equipment in the power
plant. Except the boiler, all the other major equipment in the power plant shows more
than 60% exergy efficiency. The boiler exergy efficiency of LVPS power plant for
design parameters is around 49%.

When considering full load (300 MW) operating conditions of LVPS unit 01, the
exergy values of each state in flow diagram as follows.

Table 6.3: Exergy of each state in system flow diagram for operational parameters

1 73,629.83 73.63 19 20,670.84 20.67
2 363,070.66 363.07 20 8,896.89 8.90
3 207,032.36 207.03 21 9,967.43 9.97
4 275,899.34 275.90 22 7,855.02 7.85
5 | 17849352 178.49 23 3,599.45 3.60
6, fimy, 14,1588 14.16 24 2,584.66 2.58
7\ 123.09 0.12 25 1,552.17 1.55
8 244.89 0.24 26 92.84 0.09
9 244.89 0.24 27 323.99 0.32
10 1,291.23 1.29 28 469.82 0.47
11 4,040.10 4.04 29 298.43 0.30
12 6,932.81 6.93 30 5,982.76 5.98
13 12,505.68 12.51 31 6,569.96 6.57
14 25,512.01 25.51 32 4,341.95 4.34
15 30,174.01 30.17 33 62,530.61 62.53
16 41,392.73 41.39 34 3.84 0.01
17 58,274.37 58.27 35 883,168.06 | 883.17
18 21,804.04 21.80 36 661.34 0.66
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Table 6.4: Exergy destruction and Exergy efficiency of major equipment

in the power plant for operational parameters

plant

Exergy I_E>_<ergy
Equipment Destruction efflc!ency of
‘MW equipment
(%)
Boiler 461.67 45.14
HP Turbine 5.06 88.33
IP Turbine 2.54 98.14
LP Turbine 3.44 96.81
Condenser 14.15 99.31
Condensate pump 0.72 87.82
Feed pump 9.73 67.61
LP Heater 8 0.74 58.67
LP Heater 7 0.05 98.04
k=P Heater.6 0.24 84.35
% Heaterds 1588 73.75
FHP Heater 3 1.94 79.55
HP Heater 2 1.56 91.54
HP Heater 1 0.88 94.94
Deaerator 3.15 88.92
Total Exergy
destruction of power 508.17
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3%_ 2% 2%

Figure 6.3: Exergy Destruction percentage of major equipments in LVPS unit 01
for operational condition

2%

m Boiler

m Turbines
= Condenser
m Heaters

= Pumps

This Figure 6.3 shows the exergy destruction of major equipment in LVPS for
operational parameters. It also displays, the major exergy destruction is occurred in
boiler sub system in the power plant same as design conditions. The operational

exergy destructron in the borler |s around 508 174 MW. Thrs exergy destruction
values are -

er than the desrgn condrtron and rt is around 91% of total destruction
of the powet glént. The turblne condenser pumps and heaters destruction values are

less than 10% it is same as desrgn condltlons

120
100
80
60
40

Exergy Efficiency (%)

Major Equipment in Power plant

Figure 6.4: Exergy efficiency of major equipment in LVPS unit 01 for
operational condition
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The Figure 6.4 shows the exergy efficiency of major equipment of LVPS power
plant in actual operation conditions. The boiler exergy efficiency is around 45.14%.
This efficiency is less than the design values. Considering all the other major
equipment of the power plant it is obvious that, exergy efficiency of those items are

more than 60% same as deign conditions.

Obtained exergy efficiency results from above calculations for both design and

operational conditions are summarized as follows.

120
100

Exergy Efficiency (%)

= Design Efficency

= Major Equipmenitih power plant w Actual Efficency

Figure 6.5: Exergy efficiency of major equipment in LVPS unit 01 for both design
& operational conditions.

Most of the major equipment in power plant deliver lesser exergy efficiency under
operation condition than design conditions. Some equipment show high exergy
efficiency values than design conditions. Considering both exergy destruction and
efficiency values of equipment, It was easily identified boiler as the major
contributor of power plant exergy efficiency reduction process. Exergy destruction of
boiler under design and operational conditions are 392 MW and 461 MW
respectively. Also exergy efficiency of the boiler under design condition is 49%
while 45% under operation condition. Exergy destruction of all other equipment are

very much lesser than that of the boiler. Therefore boiler was identified as the major
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component which affects the power plant exergy performance. Hence there is high
possibility of improving power plant efficiency by reducing the exergy destruction of

the boiler system.

When considering above obtained results, it is obvious that the boiler system is the
major exergy destruction equipment of the power plant. Therefore, cost calculation
of the power plant was done based on the boiler sub system. The fuel cost of boiler,
feed water cost, capital investment and operation and maintance cost of boiler were
used for the exergy cost calculation of the boiler. The unit cost of boiler main steam
was obtained as LKR16.75/kWh and total exergy cost rate of boiler main steam was
around LKR6.081millon/hr. Therefore reduction of boiler exergy destruction is a

cricticl parameter for efficiency improvement process in the whole power plant.

6.1 Identification of exergy efficiency improvement opportunities

As explained in the previous section, it was identified the boiler as the major exergy

destruc as Iy as ;Jess.exergy refficient .equipment .ing, i wer generation
process of ®) i @t Fhergforeihers;isthighercpassibititys yrove the overall
exergy icigficy ofvtte pouidp plant By 1mif y efficiency and
reducing of exergy destiuction in Loiler subsystein process. Further the maximum

exergy destruction in boiler system was occurred due to irreversibility in the
combustion process compared to other losses. The major heat losses are occurred in
the boiler as flue gas losses, blow down and internal exergy destruction. Flue gas
losses occurred in several ways. There are conduction, convection and radiation.
Blow down water also carrying some considerable amount of heat from feed water.
Boiler blow down is an essential measure to maintain the water quality parameters in
acceptable limit which prevents the boiler tube scale formation. Blow down process
is done continuously and periodically based on to the boiler water quality. Heat
recovery processes can be introduced to the system to recover the heat from blow
down water which will improve the boiler efficiency. But the amount which can be

recovered from waste heat is negligible comparing the internal exergy destruction of
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the boiler. The Figure 6.6 shows the comparison of flue gas loss, blow down loss and
exergy destruction loss of boiler.

500
450
400
350 - m Boiler Heat Losses in

300 —— MW
250
200
150
100

50 0.66

0 T
Blow Down Loss Flue Gas Loss  Exergy Destruction

Heat losses in MW

(2]
N

Type of Boiler Heat Losses

Figure 6.6: Types of boiler heat losses in MW

Therefore reguction pfjinteral exergy gestructionsdug to,irreversibility of boiler

should be! e 7 djor tahget of improViog thegxdrgy effitiénoy of the boiler.
Fiue Gas
33
Air
2 ]
34 “> Main
I Steam
Fuel — BOILER 3 | Cold Reheat
35 | Steam
! Hot Reheat
1 4 Steam
Feed 36
Water —t— Blow
Down
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Table 6.5: Exergy input and output values in boiler sub system

Component State Exergy Value MW
Air Ez4 0.01
Fuel Ess 883.17
Feed Water E; 73.63
Flue gas Ess 62.53
Main Steam E, 363.07
Cold Reheat Steam Es 207.03
Hot Reheat Steam E4 275.90
Blow down water Ess 0.66

Ep = (E34 + Ess + E; + E3 ) — (E; + E4 + E3¢ + E33)

Ep = 461.67 MW

Unlike energy, exergy is not conserved but destroyed by irreversibility within a
system. This irreversibility may be classified as internal and external irreversibility.
Main reasons of internal irreversibility are friction, unrestrained expansion, mixing
and chemic@'féreaction. External irreversibidity-arises due to heat transfer due to a

finite terwwpg'taﬁul'e differance;

Therefore the reduction of internal irreversibility can be done in two ways. Redesign
the boiler and improve exergy efficiency or optimize the operation condition to
reduce exergy destruction of it. When considering the existing power plant it is
difficult to redesign and the best way to improve exergy efficiency through better
operating practices. When designing new power plant, it is required to consider

above results and optimize the design in order to minimize the exergy destruction.

It is required to consider some critical parameters to reduce the boiler exergy
destruction. So behavior of exergy destruction and exergy efficiency of the boiler can
be obtained with the changing of critical parameters. Those critical parameters can be
identified as Load, Main steam pressure, Main steam temperature, Feed water

temperature and Gross calorific value of fuel.
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6.1.1 The variation of power plant load

Generated power from any power plant depends on the power grid demand-supply
requirement. So the unit 01 of LVPS also operated under different load conditions to
meet the power system requirements. The Figure 6.7 shows the total power demand
of the country and power supplied by LVPS unit 01 to achieve the said demand.
(Consider 2014.06.01 24 hours data as example)

2000 ——————————————————————————————————————————vve TFotal Demand

1800 P Iv b
;" e POWET SUpply by

1600 : .  Coalunitol

1400 : E

1200 T e -

1000 e :
800
600
400
200

Load (MW)

l

310
300 T 7 7
290 — == /! '
280 L B ! :
S 270 - 2 y A | [ |
= \ ] ‘.
'c'g 260 +—*y " === Load
- 250 LAY 2 variation in
Coal.unit 01
240 Maximum
230 Load
220 TTT T TTTTTTTTTT ITT T I TITIOTT TT T T TTTTTTTITTTTTITTITTITTIrIrrrori
O O O O O O O O O O O o oo o o o
O AN M O O 0O OO 1A N < IO~ 0 O+ M
I A d d 4 AN N N
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Figure 6.8: Daily load Pattern in LVPS unit 01
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Power plant operating condition within 24hrs is shown in above Figure 6.8.

According to the figure, it is obvious that, power plant is not operated at its rated

capacity throughout the day. Therefore exergy destruction and exergy efficiency of

the power plant was calculated with varying load. Obtained results are presented in

Table 6.6. (Exergy Values are in MW)

Table 6.6: The variation of Exergy destruction and Exergy efficiency with load

Load | E34 El E35 E3 E33 | E36 E2 E4 Ed Eff.
300 | 0.004 | 73.55 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 472.62 | 44.91
275 | 0.004 | 67.74 | 837.84 | 183.66 | 55.01 | 0.69 | 323.00 | 244.65 | 465.90 | 42.40
250 | 0.004 | 59.04 | 782.89 | 162.74 | 54.73 | 0.85 | 293.22 | 222.07 | 433.80 | 41.87
200 | 0.003 | 45.78 | 666.20 | 129.05 | 50.65 | 0.82 | 240.33 | 181.26 | 367.99 | 41.09
180 | 0.003 | 39.13 | 613.86 | 99.27 | 50.38 | 0.78 | 188.48 | 142.09 | 370.53 | 35.42
500
S 450 —
= 400 : _
= Jakp M
5180) Fle —
g —
2 igg Boiler Exergy
> Destruction with
2 100 Load
g 50
0 . | .
300 275 250 200 180

Power plant Load (MW)

Figure 6.9: The variation of Boiler exergy destruction with load under operation

conditions.

Behavior of the boiler exergy destruction with load is shown in the Figure 6.9.

According to the figure, destruction of exergy decreases with the boiler load

reduction and at the loads less than 200MW exergy destruction becomes almost

constant value.
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Figure 6.10: The variation of Boiler Exergy efficiency with load under operation
conditions.

The variation of boiler exergy efficiency with load is shown in the Figure 6.10. The
exergy efficiency of boiler is around 45% at 300MW and it decreases with the load.
Therefore, higher exergy efficiency can be obtained when the power plant operating
under rated load condition. And also the exergy efficiency of the boiler varies with
its load vargation due.to systam keguirements.or any; etherireasons. Hence power

S0,

plant shou{@g@é operatedtabits ¢dieddoad i ardersto-aehiisve the maximum exergy
efficiency afthe boifer
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S 400 40 3
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50

0 T T T T 0
300 275 250 200 180
Power Plant Load (MW)

Figure 6.11: The variation of the boiler exergy destruction and exergy efficiency

with load under operation conditions.
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6.1.2 The variation of main steam pressure

The variation of the main steam pressure is shown in the Figure 6.12 under actual
running condition of LVPS unit 01. The boiler exergy destruction and exergy
efficiency at various main steam pressure and rated load are tabulated in Table 6.7.
The main steam pressure varies between 15.0MPa to 17.2MPa. The maximum
permissible pressure of unit 01 of LVPS is 17.2MPa.

7W°U°VWV’V‘WW.M)\,NW\AW

== Reference Pressure Value
16MPa

[EY
[ee]

= e
A~ O
Il

[y
N

[N
o

- Actual operating pressure
with rated load

Main Steam Pressure (MPa)

o N B OO

Figure 6.12: The variation of the Main steam pressure under rated load running
condition of LVPS unit 01

The variation of the main steam pressure at rated load is shown in the above graph
for unit 01 of LVPS. The variation of the boiler performance with varying main

steam pressure is tabulated as follows.
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Table 6.7: The variation of Exergy destruction and Exergy efficiency with main

steam pressure.

P
(MPa) | E34 El E35 E3 E33 | E36 E2 E4 ED Effi.
15.0 | 0.004 | 73.55 | 883.17 | 207.74 | 56.85 | 0.71 | 363.51 | 276.30 | 467.09 | 45.16
15.2 | 0.004 | 73.55 | 871.39 | 207.74 | 56.85 | 0.71 | 363.58 | 276.30 | 455.25 | 45.73
154 | 0.004 | 73.55 | 859.62 | 207.74 | 56.85 | 0.71 | 363.63 | 276.30 | 443.42 | 46.31
15.6 | 0.004 | 73.55 | 847.84 | 207.74 | 56.85 | 0.71 | 363.68 | 276.30 | 431.59 | 46.91
158 | 0.004 | 73.55 | 836.07 | 207.74 | 56.85 | 0.71 | 363.73 | 276.30 | 419.78 | 47.52
16.0 | 0.004 | 73.55 | 824.29 | 207.74 | 56.85 | 0.71 | 363.77 | 276.30 | 407.96 | 48.15
16.2 | 0.004 | 73.55 | 812,51 | 207.74 | 56.85 | 0.71 | 363.80 | 276.30 | 396.16 | 48.79
16.4 | 0.004 | 73.55 | 800.74 | 207.74 | 56.85 | 0.71 | 363.82 | 276.30 | 384.35 | 49.45
16.6 | 0.004 | 73.55 | 788.96 | 207.74 | 56.85 | 0.71 | 363.84 | 276.30 | 372.56 | 50.13
16.8 | 0.004 | 73.55 | 777.19 | 207.74 | 56.85 | 0.71 | 363.86 | 276.30 | 360.77 | 50.83
17.0 | 0.004 | 73.55 | 765.41 | 207.74 | 56.85 | 0.71 | 363.86 | 276.30 | 348.99 | 51.54
17.2 | 0.004 | 73.55 | 753.64 | 207.74 | 56.85 | 0.71 | 363.87 | 276.30 | 337.21 | 52.28
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< 400 g —
€ 350 & - ik
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Figure 6.13: The variation of exergy destruction with main steam pressure under

rated load operation condition.

According to the Figure 6.13 exergy destruction of boiler is decreased with the main

steam pressure increment. Exergy destruction of the boiler is around 521MW and

391MW at the main steam pressure of 15.0MPa and 17.2MPa respectively. Hence
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the exergy destruction of the boiler can be reduced by maintaining higher main steam
pressure as much as possible.
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Figure 6.14: The variation of boiler exergy efficiency with main steam pressure
under rated load condition.

The variation of the boiler exergy efficiency with its main steam pressure is shown in
the Figure 6 &4. Exergy: efficiancy, ofitha boiler is arqynd 4506 when its main steam
pressure ls@;}ahd I5MParand ceXergys effigiencysof thethorer is increased linearly
with mainsstéam pressure. [Therefdré ¢he<maximum exergy efficiency of the boiler

can be achiieved wiien the boiler is operating its possibie maximuim pressure.
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Figure 6.15: The variation of Boiler exergy efficiency and exergy destruction with
main steam pressure under rated load condition.
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6.1.3 The variation of main steam temperature

The variation of the main steam temperature is shown in the Figure 6.16 under the

rated load of the power plant. Main steam temperature varies between 538°C and

541°C due to instabilities in boiler operations in actual working condition. The

maximum permissible temperature of the boiler is 541°C.

Main Steam Temparature (°C)

ol
SN
w

it

Main Steam
Temparature with rated

load(C)

Reference temparature
with rated load

The boiler exergy destruction and its exergy efiiciency with various main steam

temperatures are shown in the following table under the rated load condition.

Table 6.8: The variation of exergy destruction and exergy efficiency with main steam

temperature.

T(°C) | E34 El E35 E3 E33 | E36 E2 E4 ED Effi.
535 | 0.004 | 73.55 | 888.78 | 207.74 | 56.85 | 0.71 | 361.25 | 276.30 | 474.97 | 44.66
536 | 0.004 | 73.55 | 888.78 | 207.74 | 56.85 | 0.71 | 361.67 | 276.30 | 47454 | 44.71
537 | 0.004 | 73.55 | 888.78 | 207.74 | 56.85 | 0.71 | 362.10 | 276.30 | 474.11 | 44.75
538 | 0.004 | 73.55 | 888.78 | 207.74 | 56.85 | 0.71 | 362.53 | 276.30 | 473.69 | 44.80
539 | 0.004 | 73.55 | 888.78 | 207.74 | 56.85 | 0.71 | 362.95 | 276.30 | 473.26 | 44.84
540 | 0.004 | 73.55 | 888.78 | 207.74 | 56.85 | 0.71 | 363.38 | 276.30 | 472.83 | 44.88
541 | 0.004 | 73.55 | 888.78 | 207.74 | 56.85 | 0.71 | 363.80 | 276.30 | 472.41 | 44.93
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Figure 6.17: The variation of the boiler exergy destruction with main steam

When considering the exergy destruction with varying main steam temperature, it is
noted that, exeray destruction at hiagher temperate is lesser than that of lower

temperatur%;;;{ he fowest rexergy | destrustion qwasy aceuited at the maximum

temperature under rated load condition.
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Figure 6.18: The variation of boiler exergy efficiency with main steam temperature

under rated load condition.
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The behavior of the exergy efficiency with the variation of main steam temperature is
shown in the Figure 6.18. The exergy efficiency vary around 44% to 45% with the
variation of MST considered. Variation of the exergy efficiency upon main steam
temperature variation is too small when comparing to its variation due to change of
the other critical parameters discussed here. Although when considering the cost of
steam generation in this kind of the power plant, even small variation in exergy

efficiency is also important.
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Figure 6.19Fhe varigtion 0P boilérdexergy destruction and exergy efficiency with

imain steaimn temperature.
6.1.4 The variation of feed water temperature
The behavior of the boiler exergy destruction and its exergy efficiency is shown in
the Table 6.9 at rated load of the power plant. The feed water temperature varies
between 272°C and 280°C.

Table 6.9: The variation of exergy destruction and exergy efficiency with feed water

temperature.

FW(C) | E34 El E35 E3 E33 | E36 E2 E4 ED Effi.
272 0.004 | 73.00 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 472.08 | 44.93
273 0.004 | 73.58 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 472.65 | 44.91
274 0.004 | 74.15 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 473.22 | 44.88
275 0.004 | 74.73 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 473.80 | 44.85
276 0.004 | 75.31 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 474.38 | 44.82
277 0.004 | 75.89 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 474.97 | 44.80
278 0.004 | 76.48 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 475.55 | 44.77
279 0.004 | 77.07 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 476.14 | 44.74
280 0.004 | 77.67 | 888.78 | 207.74 | 56.85 | 0.71 | 363.59 | 276.30 | 476.74 | 44.72
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Figure 6.20: The variation of boiler exergy destruction and exergy efficiency

with feed water temperature.

The exergg;eﬁlmency of thelbpiler 1slgdcredsgd . with thélimgtement of feed water

temperaturg : Lhen the-feed Water tempetattire”is”hcreased to 280°C, boiler exergy

destruction 15 mcreased to 476 MW.

6.1.5 Altered gross calorific value

The behavior of the boiler exergy destruction and exergy efficiency with various coal
is shown in the Table 6.10 at the rated load of the plant. The gross calorific value of
coal is changed between 5,600kcal/kg to7,000kcal/kg. The recommended GCV of
coal of this power plant is 5,920kcal/kg to 6,900kcal/kg.
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Table 6.10: The variation of exergy efficiency and exergy destruction with GCV of

used coal
(kfa?/\(g) E34 | E1 | E35 E3 | E33 | E36 | E2 E4 ED | Effi.
5,600 | 0.004 | 73.548 | 862.229 | 207.738 | 56.847 | 0.710 | 363.593 | 276.295 | 446.073 | 46.18
5700 | 0.004 | 73.548 | 866.094 | 207.738 | 56.847 | 0.710 | 363.593 | 276.205 | 449.938 | 45.99
5800 | 0.004 | 73.548 | 869.517 | 207.738 | 56.847 | 0.710 | 363.593 | 276.295 | 453.361 | 45.82
5900 | 0.004 | 73.548 | 872.571 | 207.738 | 56.847 | 0.710 | 363.593 | 276.205 | 456.416 | 45.67
6,000 | 0.004 | 73.548 | 875.185 | 207.738 | 56.847 | 0.710 | 363.503 | 276.295 | 459.029 | 45.55
6,100 | 0.004 | 73.548 | 877.428 | 207.738 | 56.847 | 0.710 | 363.503 | 276.295 | 461.273 | 45.44
6,200 | 0.004 | 73.548 | 879.232 | 207.738 | 56.847 | 0.710 | 363.503 | 276.295 | 463.076 | 45.35
6,300 | 0.004 | 73.548 | 880.665 | 207.738 | 56.847 | 0.710 | 363.593 | 276.295 | 464.509 | 4528
6,400 | 0.004 | 73.548 | 881.692 | 207.738 | 56.847 | 0.710 | 363.503 | 276.295 | 465536 | 45.24
6,500 | 0.004 | 73.548 | 882.281 | 207.738 | 56.847 | 0.710 | 363.593 | 276.295 | 466.125 | 45.21
6,600 | 0.004 | 73.548 | 882497 | 207.738 | 56.847 | 0.710 | 363.503 | 276.295 | 466.342 | 45.20
6,700 | 0.004 | 73.548 | 882.277 | 207.738 | 56.847 | 0.710 | 363.593 | 276.295 | 466.121 | 45.21
6,800 | 0.004 | 73.548 | 881.682 | 207.738 | 56.847 | 0.710 | 363.593 | 276.295 | 465.526 | 4524
6,900 | 0.004 | 73.548 | 880.682 | 207.738 | 56.847 | 0.710 | 363.503 | 276.295 | 464.527 | 45.28
7000 | 0.004 | 73548 | 879.247 | 207.738 | 56.847 | 0.710 | 363.593 | 276.295 | 463.091 | 4535

The variation of exergy destruction and exergy efficiency with the GCV of used coal
is shown in the above chart. GCV range between 5,600kcal/kg to 7000kcal/kg was
adopted (0,8
observed th:

due to lesser exergy destruction in the process.

@_Iyze the! behavior-of ‘exXergy “with: réspeet'to~GCV of coal. It was
":xergy efficiency of the boiler is higher-when using a low GCV coal
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Figure 6.21: The variation of Boiler exergy destruction and exergy efficiency with

GCV of used coal.
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However it is not possible to identify the coal with less GCV as the best coal to
improve the exergy efficiency of the boiler. The behavior of coal flow rate with the
GCV of coal is shown in the Figure 6.22. Therefore, it is required to select the best
coal with suitable GCV by considering the exergy destruction, exergy efficiency as

well as the coal flow rate to improve the efficiency of the power plant.
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Figure 6:227 The variation of boilerexergy efficiency and its coal flow rate with
GCV of used coal.

The variation of exergy destruction, exergy efficiency and coal flow rate with GCV
of used coal is presented in the Figure 6.21 & 6.22. It was observed that, higher
exergy efficiency and less exergy destruction can be achieved with coal having lesser
GCV. But the coal flow rate is higher than that of other types of coal. If high calorific
value of coal is selected (which has GCV of 7,000kcal/kg) exergy efficiency of
boiler can be improved. The boiler of the LVPS unit 01 has been designed to utilize
the coal which is having maximum GCV of 6,900 kcal/kg. Therefore it is required to
re- design and modify the boiler if higher calorific value coal is used. Therefore for
the existing boiler design, it is required to select the best coal with calorific value
between 6,200kcal/kg to 6,900kcal/kg which will deliver the best exergy efficiency.
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6.2 Benefits of exergy efficiency improvements opportunities
6.2.1 Saving of boiler steam generating cost.

It is required to identify the benefits which can be obtained from the improvements
of exergy efficiency as discussed in previous sections; the exergy cost calculation
shows steam generating cost of boiler is equal to 6.081million rupees per hour for
full load running conditions. Following cost calculation shows how much of cost

could be saved from exergy efficiency improvement opportunities.

Design exergy efficiency of Boiler = 49%
Actual operational Exergy efficiency of boiler = 45%
Fuel consumption for design full load conditions = 110 t/n
Fuel consumption for actual full load conditions = 115 t/h

Fuel consumption different between design and actual 115t/h - 110t/h

Condition = 2 t/h
o
Fuel co 'Ei,{i*';t.i“" \Grament:due to:1%5.exe 25t/h

Therefore we can calculate boiler steam generating cost saving due to increase

exergy efficiency of boiler using any of efficiency improvement opportunities;
C35 + Cl + ZCI + ZOM - Cz

If we consider boiler exergy efficiency increase with 1% the fuel consumption will

reduce 1.25 t/h for full load operating conditions.
Therefore exergy value of fuel Efyel = 27,647kJ/kgx31.597 kg/s

= 873,568.40 kW
szEz :C35XE35+C1XE1+ZCI+ZOM

.. S e .OM -
C; = C35 X (E35/Ep) + ¢4 X (E1/Ep) +Z7/E; +Z7 /E,
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(41,911LKR)
hrs
363,070.655kW

6.82LKR 873,568.40kW 0.03LKR 73,629.825kW
2~ Tkwh X(363,070.655kW)+ kWh ><(363,070.655kW)
(LKR17,000/hrs)
363,070.655kW

C, = 16.57 LKR/kWh

18.0

175 —o—Boiler Steam generating cost
' Rs/kWh

17.0

165 e

16.0 idaaaa.____ -

Steam generating cost (Rs/kWh)

Exerdyl Efficienoy( %0}

ZFhe Variation Of bolter-stéam generating tost with boiler exergy
T efficiency.

Total steam cost for full load conditions =c, XE,

=LKR16.57/kWhx 363070kW
= LKR6.017million/h

Cost saving due to 1% exergy efficiency improvement of boiler
= LKR (6.081- 6.017) million/h
= LKR0.0633million/h
= LKR63,303.51/h
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6.2.2 Reduction of CO, emission.

As a result of exergy efficiency improvement of the boiler, fuel consumption can be
reduced. This reduction of fuel consumption directly affected on the reduction of flue

gas emissions.

Ultimate analysis of fuel used in LVPS unit 1

C 63.75%

H 4.5%

N 1.25%

S 2.51%

Cl 0.29%

Ash  9.7%

M 11.12%

O 6.88%

If we c :

C+0, %6’%

If we b 1:9‘ it it ER; 1kg/12kg
= 3.66 kg

Amount of C contain inlkg coal which isused in LVPS = 0.64kg

Amount of CO;emission from 1kg of Coal = 3.66kgx0.64kg
= 2.34 kg

Required coal amount to produce 300MWh in LVPS = 115 t/h

CO, emission rate of power plant during full load condition = 269.1 t/h

CO; emission rate per MWh = 269.1/300
= 0.89 t/MWh

If we improve boiler exergy efficiency, it will reduce the coal consumption of the
boiler; Therefore

CO; emission due to 1% efficiency improved condition 2.34x113.75

266.175 t/h
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CO, emission saving per hour

CO, emission saving per year

(269.1-266.17)t/h
2.92t/h
2.92%24x365
25.579 kton/year
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CHAPTER 07

7.0 Conclusion and Recommendation

This thesis was based on exergy analysis of coal power plant to identify the
improvement opportunities of the exergy efficiency of that. Also a methodology was
developed to identify the exergy values and the exergy efficiency of major
equipment in coal power plants by using general equation of thermodynamics. Then

the developed methodology was applied to LVPS unit 01 as the case study.

The exergy destruction of the boiler of LVPS unit 01 is around 392.78MW and it is
nearly 90% of the total exergy destruction under the design condition of the power
plant. However this value under the actual operational condition is around
461.67MW and it is almost 91% of the total exergy destruction. The exergy
destruction of all other major equipment are lesser than 10% under both design and

operation conditions. Hence, the exergy efficiency of most of other equipment are

greater than 80%. HP, IP and LP turbines show 88%, 98% and 96% exergy
efficien es% sV actualoperationall conditiong ] Theseexergy efficiencies are
almost same s the 'exergy ‘efficiency ofdesign conditions 'n ower plant. The
exergy iciency of the feed pUMip vias sign and actual

operation conditions. The exergy efficiency of the all feed water heaters including

deaerator was more than 75% under both design and operation conditions.

Also the overall exergy efficiency of the power plant was calculated by using above
calculated exergy values. It was around 39% and 35% in design and operation

condition respectively.

The energy balance of a power plant can be find out using the energy conservation
law which was based on 1* law of thermodynamics. Same theory could be applied to
the major equipment of the power plant to get an idea of its energy efficiency. In
order to identify the difference between the exergy and energy efficiency of
equipment, the energy efficiency of boiler sub system was calculated in this study.
However, it is not possible to compare the energy and exergy efficiency. The
calculated energy efficiency of boiler sub system in LVPS unit 01 is around 92% in
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design condition and it is around 87% in actual operational conditions. When
considering LVPS unit 01 case study, Boiler shows the less exergy efficiency and
high exergy destruction in both design and operational conditions. The boiler design
exergy efficiency is around 49% and operational exergy efficiency is around 45%.
The turbines, pumps, heat exchangers and deaerator show high efficiency than boiler

sub system.

According to the above results, lowest exergy efficiency as well as the highest
exergy destruction was recorded in the boiler sub system compared to the other
equipment of the power plant. Therefore reduction of exergy destruction in boiler
will directly affect to increase the overall exergy efficiency of the power plant. In this
thesis, opportunities of reduction of exergy destruction were considered in order to
improve the exergy efficiency of the power plant. Hence the reduction of exergy
destruction and improvement of exergy efficiency of boiler sub system can be
realized in two ways which were identified as the design modification of the boiler

sub system and optimize the operation of the boiler sub system. In this thesis, the

existing coal=p lant, in. Sri Lankai(Unit, 01 of LMPS) was ied. Therefore it
, ‘ ‘ = : : .

was co :kdé}gﬁ onli leptimizing Thecopsration)parametersin to improve the

exergy efficighey ofithié boilépofithe saidip

Following five parameters were considered to optimize the boiler operation
conditions and improve the exergy efficiency. Those parameters are Main steam
pressure of the boiler, Main Steam Temperature, Gross Calorific Value of Coal, Feed
Water Temperature and Load variation of power plant. The exergy efficiency of the
boiler is mainly affected by the variation of the load and variation of main steam
pressure. Based on the actual operation data of unit 01 of LVPS, calculations were
done to identify the behavior of exergy efficiency with the variation of said two
parameters. The exergy efficiency of the boiler was slightly affected by the
remaining three parameters mentioned earlier. When considering the operational
behavior of the power plant, it was observed that variation of load and variation of
main steam pressure were taken place. The power plant was not operated under rated
power condition due to requirements of the power system. And also variation of

main steam pressure can be observed even at constant load due to various practical
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reasons. So increasing of the exergy destruction and reduction of exergy efficiency
were observed as direct results of said variation of the parameters. Therefore actual
operational exergy efficiency of the boiler totally deviates from its design exergy
efficiency. Eventually the overall efficiency of the power plant also affected directly
due to these variations. The design exergy efficiency of the power plant can be easily
achieved by operating at its rated capacity with maximum permissible main steam

pressure.

GCV of coal also was considered as a parameter which affects the exergy efficiency
of the boiler. The boiler of the LVPS was designed to utilize the coal which is having
the GCV between 5,600 kcal/kg - 6,900 kcal/kg. But the GCV of used coal in LVPS
was around 6,300kcal/kg. Therefore it was difficult to find out the effect of variation
of GCV of coal on the parameters of boiler as well as exergy of the boiler. Hence
theoretical calculation was carried out to find out the behavior of the exergy
efficiency of the boiler with the variation of GCV of the coal. That calculation
indicates slight exeragy efficiency variation with GCV. Also considering flow rate of
fuel consurapt ind, Qthet ;parameters that . results.ishow, 16200 kcal/kg to 6900

kcal/kg ,1@1@85[ efltacyse in & VRSheHer

The cost of s reduced by the
improvement of exergy efficiency of the boiler as discussed. If boiler exergy
efficiency improves by 1%, power plant can reduce steam generating cost by
LKR63303.51 per hour and hazardous CO, emission can be reduced by 25.579 kton

per year.

That means potential of exergy efficiency improvement in coal power plant is
directly related to reduction of exergy destruction in overall power plant. The boiler
sub system is the major contributor of overall exergy destruction in the coal power
plant. Therefore worthy exergy efficiency improvements of overall power plant can
be achieved by reducing of destruction of exergy of the boiler. Hence proper
consideration shall be given to above discussed boiler parameters to improve its
exergy efficiency. As a result overall efficiency of the coal power plant can be

improved.
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7.1 Recommendation

Coal power plant shall be operated under its rated load condition as base load plant
as much as possible. Also the main steam pressure of the boiler shall be maintained
at maximum working pressure in order to improve the overall exergy efficiency of
the power plant. According to the results obtained, it is required to operate Unit 01 of
LVPS at its rated capacity of 300MW and boiler main steam pressure around 16MPa

to improve the overall efficiency of the power plant.

7.2 Future work

To develop exergy analysis methodology, excel spread sheet calculation was used.
But it can be modified developing a program which can be easier to find out exergy

values and exergy efficiency of major equipments.

In this thesis only boiler sub system was considered as major exergy destruction
equipment gad it used to discuss averakl plant efficiency;impioyement opportunities.
Therefore iézé?'t:an copsigen Other leguipment, also g @iscyss potential of exergy

efficiency improvements,

In this thesis only consider boiler steam cost calculation to find out steam generating
cost, but we can use all product and fuel cost of all major equipment in power plant

to find out complete exergoeconomics analysis of the power plant.
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APPENDIX A: Contract Price Table of Puttlam Coal Power Project

Contract Price Table
Phase | Puttalam Coal Power Project
[1tem uo.| Description IPhnt 8 Mahriall Service ] Total Amount
Section 1: Unit 1 the 300MW unit plus related common works
1 [Unit L, the 300MW unit plus related common works
11 |Main Power Block (MPB)
T.1.1_|Boder and Auxhanes 53308000] 9717000] 63025000
112 |Steam Turbine & Generator and Auxilianes 49550000] _ 5000000] 54550000
1.1.3 |Steam & Water Piping System 4000000 2956100 93561000
1.1.4_|Insulaton. Lagging and Painting 2500000] 1757000] 4257000
115 ' 39000000 4'617000] 43617000
1.1.8 [Communication System 260000 103000 1'063000
1.1.7_|instrument and Control System gE50000] 2510000] 1
1.1.8 |Chemical System 2500000 752000 3252000
1.1.0_[Civi Work for Man Power Block 5814000] 45050000  50'864'000
[1.1.10 [Spare Parts (Supphed with equipment)
Total (MPB) 169°'582'000] 72'462°000]  242'044'000]
12 |Balance of Plant (BOP)
121 S 4976000 576000 5552000
122 |Fuel-Od System 110000
1.2.3 |FGD
124 |Ash S 3276000
125 4670800
1.2.6 24577000
1.2.1 150000
126 1410000
126 5440000
12.10 | B0'064'000
1211 0
S4396600| 72838000]  127234600]
1.3 |Ste Development 150000] 300000 4500000
1.4 |Logstics 16500000 18500000
1.5 |Engneering Survey. Design and Drawing 7000000
16 |Equpment Supervision & Inspection (Contractor & Employer) 2000000 2000000
1.7__|Commissioning. Trial Operaton til TOC 6000000 6000000
18 |Traning Cost Bomed by Contractor — 3500000 3500000
150'000{ 37300000] 3T :
Total (Section 1) 224‘128‘800] 182'600'000] __ 406728'600
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APPENDIX B: Standard Molar Chemical Exergy of Selected Substances

Standard Molar Chemical Exergy, 8 (kJ/kmol), of
Selected Substances at 298 K and p,

Substance Formula Model I Model I1”
Nitrogen Na(g) 640 720
Oxygen 01(2) 3,950 3,970
Carbon dioxide CO,(g) 14,175 19,870
Water H,0(g) 8,635 9,500
Water H,O(1) 45 900
Carbon (graphite) C(s) 404,590 410,260
Hydrogen Hy(g) 235,250 236,100
Sulfur S(s) 598,160 609,600
Carbon monoxide CO(g) 269410 275,100
Sulfur dioxide SO,(g) 301,940 313,400
Nitrogen monoxide NO(g2) 88,850 88,900
Nitrogenz “\'i_dUni\rersily OFM,‘:'ITT’MUWH, SPPRANka, 55,600
Hydrq@@@|fide lectronic THESES) & Dissdifidhs 812,000
AMMOBES  www.lib. mrtH&IK 336,685 337,900
Methane CHy(g) 824,350 831,650
Ethane C,H(g) 1,482,035 1,495,840
Methyl alcohol CH;OH(g) 715,070 722,300
Methy! alcohol CH;0H(l) 710,745 718,000
Ethyl alcohol C,HsOH(g) 1,348,330 1,363,900
Ethyl alcohol C,HsOH(l) 1,342,085 1,357,700
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APPENDIX C: Property Report of Unloaded Coal
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Appendix D: Costing Sheet of Water Treatment System

COSTING SHEET OF WATER TREATMENT SYSTEM (Operation)

. . k) . e
Desalinated. (Rs/m”) |Service water. (Rs/m°) | Potable system. (Rs/m”) | Dematerialized water. |
. | (Rs/m’)
Chemical | Electrical | Total Chemical [ Electrical | Total Chemical Electrical [ Total Chemical | Electrical Total
cost cost ___cost s cost |  cost cost_ ... _cost - _c_(_;s_t___{__ cost | __cost -+ cost cost
3830 [44.55 [82.85 3830 | S00 89200 (164l i AGTS U 15349 | 664k o | 90.39 156.83
e LA PPN (AN TPRA 4] e § PR L

[Et;b_legnd.f)cminaralizcd ]

Chemicals Cost (R;é;’fn;lf" water
_ i | Chemicals 1 Fn_.‘;t__a{sjm )

NaoCl 8.04 ' '

HCI 6.15 NaoCl 10.57

Reductant 5.76 HCI 9.15

Scale 14.78 Reductant 8.52

NaOH - Scale 32.90

PAC 1.82 NaOH -

PE 1.75 PAC 2.70

Total 38.30 PE 2.60
Total 66.44
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