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In this study, a parametric advanced exergy analysis was conducted for the waste heat recovery of a pulver-
ized coal-fired power plant. In this aim, a new attainable ideal and the technically available unavoidable case
for the combustion process were identified. Under the identified improved potential term, different unavoid-
able cases were parametrically investigated for the hybrid dewatering and air preheating process to improve
the combustion process. In this aim, different removed moisture contents, air preheating conditions, and

Keywords: effectiveness of both internal and external heat exchangers were thermodynamically evaluated in terms of
Advanced exergy the combustion process. The improved potential was calculated as 74.4% for the whole combustion system.
Air preheating The critical moisture removal ratio was calculated as 20%. The effects of rehabilitation on improved potential
Coal-fired boiler were found as 2.80 points per 1% of effectiveness increase for the self (internal) heat exchangers of the boiler,
CombUSFiOH 1.68 points per 1% of effectiveness increase for HE-I and HE-II (external heat exchangers), and 0.62 points per
\?ve::sgirgtg 1% increase of dewatered moisture ratio. Besides, a saving of about 29.54% was determined in fuel consump-

tion for the most appropriate unavoidable condition.

© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Depending on the large reservoirs, lignite is an indispensable
source to meet the thermal and electrical energy demand for Turkey.
By the end of the first half of 2019, 22.4 percent of electricity genera-
tion was provided from coal-fired power plants [1]. Due to their low
efficiencies, these technologies need to be developed or to be
improved on a component basis at least. The studies conducted on
the coal-fired power plants show that the most exergy destructive
component is the boiler system depending on the nature of the com-
bustion process. In Table 1, a brief summary of the literature review
on the exergy destruction values of the boiler system for the coal-
fired power plants is given.

According to Table 1, the exergy destruction rates of the boiler
could reach up to 91% of the total exergy destruction of the overall
power plant. Therefore, the boilers are the most important compo-
nents that should be early taken into consideration. The leading recu-
perations, which improve the combustion process without any

Abbreviations: B, boiler; CC, combustion chamber; CS, combustion system; DMR,
dewatered moisture ratio; G, generator; HE-I, air preheater; HE-II, drying air heater; R,
reheater; SH, superheater
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changes of the boiler’s self-components, can be sorted as the air pre-
heating and dewatering processes. In the literature, there are many
studies conducted on boiler recuperation. A brief summary of the lit-
erature review is given in Table 2.

The preheating of the combustion air by the flue gases is the most
common application to improve combustion efficiency. This method
enables the improvement of the combustion efficiency of the boiler
along with the recovery of the waste heat of the flue gases. It was
reported that saving about 10% of heater fuel is possible by the
increase of 200 °C in the combustion air temperature [27]. It was also
reported that it is possible to increase the combustion efficiency up
to 99.72% by the process of air preheating [13]. It is available to
increase the energy efficiency of the plant by 0.64% [14] and the exer-
getic efficiency of the plant by 0.48% [15]. Also, it is available to
reduce the fuel consumption in an amount of 5.38 g per hourly-gen-
erated electricity that means a reduction of the discharged pollutant
by about 1.48% [16].

The other common application is to remove the moisture content
for the increase of coal quality. It was reported that 20—25% of the
combustion energy was wasted for the removal of water content in
the combustion process [28]. In this regard, the dewatering process,
of course, would make a positive effect. The dewatering process has
also a secondary advantage preventing the ignition delay by the pre-
heating of the fuel. This indirect effect of the dewatering process
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Nomenclature

E energy rate (kW)

Ex exergy rate (kW)

h specific enthalpy (k]/kg)

h specific molar enthalpy (kJ/kmole)

1 exergy destruction rate (kW)

IP improvement potential (%)

IP* improved potential (%)

m Mass flow rate (kg/s)

n molar rate (kmole/s)

P Pressure (kPa, bar, or atm)

o] heat rate (kW)

Ry universal gas constant (kJ/kmole K)

s specific entropy (kW/kg K)

T temperature (K or °C)

w work rate (kW)

X molar fraction

Greek symbols

€ exergy efficiency (%)

n effectiveness (%)

A coefficient of excess air

¢ relative moisture content (%)

v specific flow exergy (kJ/kg)

Subscripts

cc combustion chamber
destruction

f fuel

g generated

i inlet or ith component

k kth component

0 outlet

p product or reactant

T value at a specified temperature

0 value at the reference state

Superscripts

f formation

Q exergy term related to heat

w exergy term related to work

0 absolute

EX exogenous

EN endogenous

AV avoidable

UN unavoidable

results in saving of the fuel consumption and decrease of the emis-
sion [29,30]. It is possible to obtain an efficiency increase in the
power unit by about 1.0-2.5% by the dewatering process [31]. The
steam pre-drying, flue gas pre-drying, and air pre-drying systems are
commonly used in coal-fired power plants for the recovery of waste
heat. An increase in the plant efficiency was recorded as 2.19% for the
steam dryer where it was 1.55% for the flue gas dryer [21]. Rao et al.
[32] indicated that the use of waste heat from the boiler exhaust
gases is the best way for a drying and dewatering system near a
power plant since the location where drying technologies are
employed is an important factor. From this point, the flue gas drying
systems come into prominence for the recovery of waste heat after
the air preheater in the coal-fired power plants.

The better way to improve efficiency is to use the coupled air pre-
heating and dewatering processes. Han et al. [33] used the hot flue
gases taken after the superheater for the drying process. The dryer

exhaust was used for the pre-heating of the combustion air. Finally,
the exhaust of the boiler was used to heat the pre-heated air in the
main air heater. They reported an efficiency increase of 1.51% in the
plant efficiency. Han et al. [34], in a different study, used the hot flue
gases taken before the superheater. They used the exhaust of the
dryer for the preheating purpose of the combustion air. They
reported an efficiency increase of 1.70% in the plant efficiency. Han
et al. [35] reported an increase of 3.42% in the plant efficiency was
available by the coupled air preheating and dewatering processes.
This recuperation also provided an advantage of a decrease of 2.32%
in the exergy destruction of the combustion process. Although the
systems in which the flue gas is used directly as the moisture removal
media have more efficient drying, Nikolopoulos et al. [36] indicated
that the low-temperature air-dryers have recently received signifi-
cant interest for the drying systems because of the low-grade heat
source. Therefore, a low-temperature air-dryer sourced by flue gases
is used in this study. Also, the drying air is heated by the flue gases
taken after the air heater to protect the main structure of the boiler.

In this study, the concurrent effect of the pre-heated air and dewa-
tered coal was thermodynamically investigated concerning the
improvement of the combustion process of a 150 MW coal-fired boiler.
Advanced exergy analysis was conducted for this aim since it enables
to observe the irreversibilities sourced by internal and external factors
for an existing state of any system. In the analysis, the conditions of
steam at the outlet of the boiler were kept constant to discriminate the
exogenous effects of the other components of the plant on the boiler.
Besides, the operating conditions of the boiler self-components (except
for air pre-heater) such as superheater, re-heater, and economizer were
also kept constant. A conceptual design was formed combining the air-
preheater and air pre-dryer to observe the concurrent effects of pre-
heated air and dewatered lignite. The air pre-heater system also was
analysed separately to observe the single effect of pre-heated air. Six
different unavoidable cases were investigated in this aim.

2. Material and method

Although the advanced exergy analysis is conducted for a whole
system with multi-component, it is available to be used for a single
component that includes one or more subcomponents [37]. More-
over, it is a useful tool to observe the improvements of the handled
component combined with the new systems or new components
since it allows to determine the endogenous and exogenous losses
keeping the inlet or outlet conditions constant. In this study, the
boiler of a coal-fired power plant with a 150 MW installed capacity
was taken into consideration. The current boiler system mainly forms
of four components namely superheater (SH), re-heater (R), combus-
tion chamber (CC), and economizer (E). Additionally, it includes an
air preheater system with lower effectiveness of about 49%. The sys-
tem is fed by pulverized lignite in a slurry form depending on its
moisture content. This moisture content reduces the boiler efficiency
affecting the combustion process. A dryer unit can be added to the
boiler system using the waste heat of flue gas. Since this addition
would affect the air preheating process alongside the combustion, all
the processes should concurrently be evaluated. In this regard, a con-
ceptual design was formed to observe the concurrent and separate
effects of air preheating and dewatering processes. The schematic of
the conceptual design is given in Fig. 1.

According to the conceptual design, the main structure of the
boiler was protected. A new heat exchanger (HE-I) was added to the
boiler for the air preheating. Besides, another exchanger (HE-II) was
also added to the boiler for the dewatering process of the lignite in
the dryer. Alternatively, HE-II was coupled with an electrical heater
(EH) with an efficiency of 99% for the case in which the waste flue gas
was insufficient for the dewatering process of lignite. HE-II is directly
connected to an air dryer unit. The power capacity of the electrical
heater was determined according to the drying behaviour of the
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Fig. 1. Flowchart of the conceptual design for dewatering and air preheating.

lignite given by Ref. [38]. The relative moisture content of the air inlet
was included as 100% considering the worst case. Taking the low-
rank coal into account, the required times for the drying process was
determined as 135, 225, and 330 s for the 20, 40, and 60% moisture
losses, respectively. The outlet condition of the fresh air was set to
100 °C according to the unavoidable conditions. The required power
for the pressure drops of the combustion air line and drying aerial
line was supplied by the fans with an efficiency of 90%.

2.1. Combustion analysis

The handled boiler is fed by Seyitomer with relatively higher mois-
ture and ash content about 31.5% and 47.3% by weight in order. The ulti-
mate analysis results of Seyitomer lignite and given in Table 3 [39].

Assuming air is composed of 21.1% of O, and 78.9% of N,, the reac-
tion in CCis given as:

(a-C+b-H+c-N+d-S+e-0+f HyOnyia)) Fuel

—Tf——
+4-x-(3.76 Ny + O5)Air —

g-CO+h-CO; +j-NOz + m-SO; +n-0; + t- Ny + V- HyO(gaseous) Products
(1

Table 1

Here, / indicates the coefficient of excess air. In the current com-
bustion case, A is a relatively higher value with 1.68 (68% excess air).
The flue gas compounds were determined by the measured values.
The unmeasured values were determined through Eq. (1) taking into
account the mass balance. The technical characteristics of measure-
ment equipment and coefficients of combustion reaction are given in
Table 4 and Table 5, respectively.

2.2. Energy, exergy and advanced exergy analysis

For the steady-state conditions, neglecting kinetic and potential
energy terms, the mass and energy balances for a component of the
system are given as;

> =Y i =0

Q-W+ mihi = righ, =0 3)

where Q is heat rate term, Wis work term, i is the mass rate. i indi-
cates the inlet conditions and o indicates the outlet conditions. For
the combustion process, the energy balance of the boiler is given as:

Q=3 n(y Ry~ Pagg ) — S i (Hl — Fy — Faog ) (4)

i

(2)

A brief summary of the literature of the boiler exergy destruction values for coal-fired power plants.

Author(s) Explanation Exergy destruction rate of the boiler ~ Exergy efficiency of the boiler
Gaoetal. [2] 330 MW coal-fired combined heat and power (CHP) plant is investigated. ~ 87.1% 44.10%
Adibhatla and Kaushik [3] 660 MW supercritical coal-fired power plant is investigated. ~90.0% 40.23%
Yang et al. [4] 660 MW ultra-supercritical coal-fired power plant is investigated. 63.9% 67.50%
Honget al. [5] 600 MW supercritical coal-fired power plant is investigated. 86.3% -
Regulagadda et al. [6] 32MW coal-fired power plant is investigated. 86.8% -
Oktay [7] 160 MW fluidized bed coal-fired power plant is investigated. 81.2% 65.00%
Arslan and Acar [8] 150 MW coal-fired power plant is investigated. 70.0% 56.14%
Chauhan and Khanam [9] 250 MW coal-fired power plant is investigated. 89.0% 57.33%
Li and Liu [10] 250 MW coal-fired power plant is investigated. 71.9% 49.69%
Rocha and Silva [11] 660 MW ultra-supercritical coal-fired power plant is investigated. 90.8% 50.67%
Shietal.[12] 160 MW fluidized bed coal-fired power plant is investigated. ~75.0% ~65.0%
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Table 2
A brief summary of the literature review of the recuperation for the boiler.
Author(s) Explanation Process Benefit
Songetal. [13] A new self-sustained preheating technology for the combustion of Air preheating Combustion efficiency up to 99.72%.
the pulverized coal is investigated.
Chenetal. [14] A new air-preheating concept including the integration of a Air preheating Increase of 0.64% in the overall system efficiency. Decrease of
bypass flue-waste heat recovery system is investigated. 0.94 g/kWh in the fuel consumption.
Chenetal. [15] A new conceptual design of air preheating system in a 1000 MW  Air preheating Increase of 0.48% in the exergetic efficiency of the plant.
coal-fired power plant is investigated.
Yanetal.[16] A new method for the recovery of the waste heat of the flue gasis  Air preheating Decrease of 5.38 g/kWh in the fuel consumption.
investigated.
Maetal. [17] A novel air preheating system using exhaust gas recirculation is Air preheating Decrease of 3.49 g/kWh in the fuel consumption.
investigated.
Liuetal. [18] Thermodynamic analysis of coal-fired plant with steam pre-dryer ~ Dewatering Increase of 1.89% in the plant efficiency.
is conducted
Geetal.[19] The effect of the coal upgraded by dewatering on the combustion ~ Dewatering The decrease in activation energy during the combustion stage
process is investigated. indicates an important advantage of the utilization of
upgraded coals.
Wang [20] A fluidized bed coal drying system is experimentally investigated = Dewatering Decrease of 3.8% in auxiliary power consumption by reducing the
moisture content from 40% to 25%.
Liuetal. [21] Thermodynamic analysis of two pre-drying methods namely Dewatering Increase of 2.19% and 1.55% in the plant efficiency for steam and
boiler flue gas drying and steam drying is conducted flue gas dryer, respectively.
Kakaras et al. [22] External dryer using flue gases for the fluidized coal-fired power =~ Dewatering Increase of 5% in the plant efficiency.
plant is investigated
Agraniotis et al. [23] A pre-dried lignite-fired power system integrated with boiler flue Dewatering Increase of 1.5% in the plant efficiency for the case of the firing of
gas drying is investigated. 25% pre-dried lignite.
Liu et al. [24] The incorporation of a rotary-tube steam dryer in a lignite-fired Dewatering Increase up to 1.90% in plant efficiency.
system plant is investigated.
Xuetal. [25] A novel concept of steam pre-drying of lignite in a supercritical Dewatering Increase up to 1.80% in plant efficiency.
power plant is investigated.
Atsonios et al. [26]  Different drying methods for lignite are thermodynamically Dewatering Most effective drying is found as the air dryer using hot water
investigated. from the feed-water tank. Increase of 0.89% in the plant
efficiency.
Here, Q; describes the heat of fuel. 1, h{,, hr and hagg are respectively
the mole ratio, enthalpy of formation, enthalpy at the temperature T, ) T
and enthalpy at 298 K. The exergy balances for the k™ component of ~ Ex2 = ( - TO) Q 9)
the system, exergy efficiency, and exergy destruction ratios are
respectively given as: EXY Wi, (10)
Ex — EX = (i) = D (o) — Exape =0 (5)
W = (h— ho) — To(s — So) (11)
o1 Pk 6) T
Ex; v=c (T—To —To-ln(T—())) (12)
Exqx Here, h and s indicate orderly the enthalpy and entropy at a certain
k= m (7) state. ¢, is the specific heat of gas-phase flow. Subscript of 0 indicates
" the reference state conditions which are taken as 25 °C and 1 atm in
: this study. For the combustion process exergy balance of the boiler
. Exap . )
= (8) can be given as [41,42]:
EXq tor

where Exgy, Ex;) and Exq, describe the exergy destruction rate of
the kth component, the exergy inlet to the k™ component, and the
total exergy destruction rate. Eku, Ex}:" and ¥ respectively describe
the exergy of heat, the exergy of the work and the specific exergy of
flow, and are given as:

Table 3

Ultimate analysis of the Seyitomer lignite [39].
Compound weight (%)
C 13.657
S 0.544
N 0.034
(o] 4.067
H 2.860
Moisture 31.498
Ash 47.340

(13)

. To
by (1)

where subscript cc indicates the combustion chamber, I describes the
exergy destruction rate and is given as [43]:

I=Exgqp = ToSg (14)
5g:50*5i+?ff (15)
cc

where S,, S; and S are respectively the entropies of products, the
entropy of reactants, and generated entropy of fuel-air mixture, and
are given by the following equation:

Sk= Z 11 (Sp(T, Po) — Ruln(xP)) (16)
0

Here, 57, R, , X, and P are orderly absolute molar entropy of the kth

component, universal gas constant, mole ratio of the kth compound,

and total pressure of the flow. The energy and exergy balance
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Table 4
Technical data for measurement equipment [40].

Property IR Thermometer

Digital Thermometer

Gas analyser

Measurement range ~ —30/900 °C

Sensitivity +2°C(-30...-5°C)
+0.75°C(~49...74.9°C)
+0.75% mv (75...900 °C)

Solution 0.1°C

—50/1000 °C

+ 0.7 °C (~50...900 °C)
+1°C(900.1...1000 °C)

0,0-21%

C0 100,000 ppm maximum
NOyx 4000 ppm maximum
SO, 4000 ppm maximum
Tmax 1000 °C

0, +2%

CO+5%

NOy £ 5%

SO, + 5%

Temperature + 2 °C

0.1°C(-50...199.9°C)  0.1°C
1°C(200...1000 °C)

1 (for emission measurement)

Table 5
Coefficients of combustion balance for ash-free lignite for the real case.
Lignite Flue gas
Compound n (kmole) Compound n (kmole)
C a 0.0113810  CO, g 0.0108745
S b 0.0001701  CO h 0.0005065
N c 0.0000120 SO, j 0.0001701
0 d 0.0012708  NO, m 0.0000240
H e 0.0142992 N, n 0.1102411
Moisture f 0.0174991 O, t 0.0121200
X 0.0174540  HyOgaseous)y  V 0.0317983

equations for each system component and the whole system are as
given in Table 6.

The exergy destruction for the kth component can be given in the
terms of endogenous and exogenous destructions as follows [44]:

Exqy = EXE + ExEY (17)

Endogenous term (Exﬁf‘,’() is the destruction that occurred within
the component sources by the irreversibilities where the exogenous
one occurs because of the irreversibilities of working conditions of
the other components. Depending on the technological develop-
ments, environmental conditions and working parameters, some
parts of exergy destructions can be avoided. This part of the destruc-
tion is named avoidable exergy destruction (Ex4%). Therefore, the
exergy destruction can be given in the terms of avoidable (Exﬁf,’{) and
unavoidable (Exg}) destructions as follows [45]:

Exqy = ExfY + Ex{Y (18)

Splitting the endogenous and exogenous parts into avoidable and
unavoidable ones, the following equations are observed [46]:

BB = EXENAY 4 N (19)

» EvEX AV - EX,UN

Exgi = Exgy™ + Exg); (20)

Exi = Bxp ™ + Bxgy (21)

ExXYN = Ex ™ + ExPUN (22)
Table 6

Energy and exergy balance equations of the components.

The advanced exergy analysis is based on the ideal working with
reversible processes. Therefore, if one changes one component with
the real one, then the exergy destructions that occurred in the overall
system is endogenous exergy destruction of the component since the
others work under reversible conditions. According to advanced anal-
ysis, the improvement potential of the kth component is given by:

FyAV
P, = Exd (23)

However, it would be more suitable to give this ratio in terms of yj
for the parametric studies in which the inlet or outlet conditions dif-
fer from each other. Besides, the whole component including the aux-
iliary equipment should be taken into account to determine the
improvement potential. In this aim, it is best to identify the improve-
ment potential in terms of the ratio of improved to improvable (yy).
The improved potential (IP*) can then be identified as follows:

Real _ 4
IP* = yi{eal _ yl%i/eal (24)
where y™? and yRe® are the exergy destruction ratios of the ideal

case and real case, respectively. y' is avoidable exergy destruction
rate for the handled case. Improved potential ( IP*) can be used for
the comparison of the cases which are parametrically formed during
the analysis. The real and ideal conditions should be identified first to
perform the advanced exergy analysis. In this regard, these condi-
tions are determined as given in Table 7.

According to Table 7, the different unavoidable cases in the num-
ber of six were determined to perform the improvement potential of
the boiler. In Case I to III, the air preheating system (HE-I) was just
taken into account. In this aim, the other parameters were saved. In
Case 1V, the exchanger group of the boiler, including superheater,
reheater, and economizer, was handled together with the adapted
dewatering system including HE-II/EH and dryer. In Case V, a differ-
ent condition of Case IV, in which the boiler heat exchanger efficien-
cies were developed with the less energetic dewatering system, was
handled. In Case VI, the effectiveness of Case V was saved to investi-
gate the effect of boiler self-heat exchangers. Since all the parameters
affect each other, the available maximum effectiveness was deter-
mined and analysed for Case IV and V.

Component Energy Balance

Exergy Balance

B Ep +Q + titghy + tighs — fiiphy — tighy = 0

HE-I Q + Wy + tiishs + tityshys — mighs — tiishys = 0
HE-I/EH" Q= (Wi + Win) + itz hy + fiyshys — tighs — tityghye = 0
Dryer Q + thghg + iy iy — Mighio — Mizhiz =0

Exg i — Expo + EXY 4 1y + fits Yy — titghy — tighy = Exg
EXQ+ﬁ15w5+m14¢14*m6¢6*m15¢15 =Exg
EXC + EXY + 1y Yy + s g5 — g g — e Yy = EXq
EX2 + titgYrg + 11171y — 1o Wyo — 1a¥yp = Exg
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Table 7
Parameters of the real, ideal, and unavoidable conditions.
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Component  Real (Measured) Case  Ideal Case Unavoidable Case
Case | Case Il Case 111 Case IV Case V Case VI
B n=0.79" n=1.00 n=0.79* n=079* n=0.79* n=090" n=0.95" n=0.85"
HE-I n=0.49 n=1.00 n=0.60 n=0.65 n=0.70 n=0.82 n=0.70 n=0.70
AP=0 AP=1% AP=1% AP=1% AP=1% AP=1% AP=1%
HE-II/EH - - - - - Nue-n=0.82  Nue=0.70  nypy=0.70
nen=0.99 nen=0.99 ney=0.99
AP=2% AP =2% AP =2%
Dryer - - - - - n=0.90 n=0.90 n=0.90
AP=2% AP =2% AP =2%

* Effectiveness of boiler heat exchangers including superheater, reheater, and economizer.

Table 8
The real and ideal combustion conditions for the boiler.
Material Compound  Unit Value
Real condition  Ideal condition

Lignite (kmole/s) C kmole/s 0.011381 0.0166142
S 0.000170 0.0002483
N 0.000012 0.0000176
0 0.001271 0.0018551
H 0.014299 0.0208743
H20(f1uid) 0.017499 -

Air (kmole/s) N, kmole/s  0.110253 0.095671
0, kmole/s  0.029323 0.025445
X - 0.017454 0.025444

Flue Gas (kmole/s) CO, kmole/s  0.010875 0.016614
Cco 0.000505 -
SO, 0.000170 0.000248
NO, 0.000024 -
N, 0.110241 0.095689
0, 0.012120 -
H30(gaseous) 0.031798 0.020874

For the combustion process, the real condition is based on the
measured values. The ideal conditions were determined considering
the best attainable situation in theory. The combustion parameters
for the real and ideal conditions are given in Table 8.

In the study, the unavoidable conditions were also parametrically
handled. So, it was enabled to observe the degree of rehabilitation of
the system. In this aim, the dewatered moisture ratio (DMR) and the
effectiveness of the heat exchangers (1) were determined as the
main parameters. In this regard, three main conditions were

Table 10
The conventional exergy analysis results of the combustion process for ideal case,
real case, and Case I to IIL.

Parameter  Unit Ideal Real Casel Case Il Case III
Tee (°0) 2392.8 1340.7 1378.7 13940  1409.6
Tiignite (°C) 25.0 25.0 25.0 25.0 25.0

m (kg/s) 349 85.3 82.3 81.1 80.0

Q; (kj/kg) — 41314  3906.2 3804.0 3700.3
Q, (kJ/kg)  10,904.0 97772 97587 97403  9721.7
Ex; (KJ/kg) - 3368.1 32012 31238  3044.7
Ex, (kJ/kg)  9684.6 79709 79973 79984  7999.2
Qf (kj/kg)  10,904.0 56459 58524 59363  6021.3
Exf (kJ/kg)  9291.9 2648.7 28306 2901.8 2974.2
Exy (kj/kg)  392.7 19542 19655 19729 19803

determined according to A taken as 1.68 (which is the current value)
and determined according to the available best A value. According to
the best of the authors’ knowledge, the A changes between 1.25 and
1.5 for effective combustion in the pulverized coal-fired boiler [8].
The most important factors are the pulverized coal size and water
content that forms a slurry media that makes harder the incorpo-
ration of fuel and air. So, 4 was selected as 1.30 for available effective
combustion. The combustion parameters for the unavoidable cases
are given in Table 9.

3. Results and discussions
In the study, the combustion process was first analysed according

to performed cases. Later, the conventional exergy analysis was con-
ducted and the advanced exergy analysis was performed finally.

Table 9
The unavoidable combustion conditions (4=1.30).
Material Compound DMR (%)
0 20 40 60

Lignite (kmole/s) C 0.0113810 0.0121462 0.0130217 0.0140332
S 0.0001701 0.0001815 0.0001946 0.0002097
N 0.0000120 0.0000128 0.0000138 0.0000148
0 0.0012708  0.0013562  0.0014540  0.0015669
H 0.0142992 0.0152606 0.0163606 0.0176314
H20(f1uia) 0.0174991 0.0149405 0.0120130 0.0086308

Air (kmole/s) N, 0.0852561  0.0909881  0.0975463  0.1051234
0, 0.0226745 0.0241990 0.0259432 0.0279584
X 0.0174419 0.0186146 0.0199563 0.0215064

Flue Gas (kmole/s) CO, 0.0113810 0.0121462 0.0130217 0.0140332
Cco - - - -
SO, 0.0001701 0.0001815 0.0001946 0.0002097
NO, 0.0000120 0.0000128 0.0000138 0.0000148
N, 0.0852561 0.0909881 0.0975463 0.1051234
0, 0.0052300 0.0055900 0.0059800 0.0064500
H20(gaseous) 0.0317983 0.0302011 0.0283736 0.0262622
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Table 11
The conventional exergy analysis results of the combustion process for Case IV and Case V.
Parameter DMR (%)
Case IV CaseV Case VI
0 20 40 60 0 20 40 60 0 20 40 60
Tee (°C) 1618.6 1700.7 1784.2 1874.9 1555.8 1633.1 17114 1796.2 1624.1 1707.6 1792.7 1885.3
Tiignite (°C) 25.0 39.2 39.2 39.2 25.0 39.2 39.2 39.2 25.0 39.2 39.2 39.2
m (kg/s) 63.5 57.8 52.5 475 60.4 55.0 50.0 453 70.3 63.9 58.1 52.5
Q; (kJ/kg)  4123.0 3291.3 2365.8 1286.8 4469.9 3677.5 2797.3 1772.3 4092.5 3251.7 23154 1222.6
Q, (kJ/kg)  10,781.0 10,6080 10412.1 10,1844 11,1049 10964.5 10,8048 10,6198 10,462.8 10,256.3 10,023.0 97515
Ex; (kJ/kg) 34732 2794.2 20229 1108.2 3741.2 3102.3 2377.0 1517.0 3449.3 2762.7 1981.3 1053.7
Ex, (k/kg)  9081.9 9005.7 8903.1 8770.8 9294.6 9249.5 9181.5 9089.7 8818.5 8712.5 8576.4 8404.5
Q[ (kJ/kg)  6658.0 7316.7 8046.3 8897.6 6635.0 7287.0 8007.6 8847.5 6370.3 7004.7 7707.6 8528.9
Exf (kJ/kg)  4086.4 5435.6 6213.4 7134.6 4266.7 5434.0 6195.1 7095.6 37735 51103 5856.7 6739.7
Exy (kJ/kg)  1522.2 775.9 666.8 528.1 1286.7 713.2 609.4 4771 1595.7 840.0 738.5 611.1
Table 12
Technical data of the handled system for real condition, ideal condition, and Case I to III.
State  Fluid Real Ideal Case | Casell Case III
m(kgfs) T(°C) P(bar) rm(kg/s) T(°C) P(bar) m(kg/s) T(°C) P(bar) m(kg/s) T(°C) P(bar) m(kg/s) T(°C) P(bar)
0 - - 25.0 1.0 - 25.0 1.0 - 25.0 1.0 - 25.0 1.0 - 25.0 1.0
1 Water 1319 2200 1573 131.9 2200 1573 131.9 2200 1573 131.9 2200 1573 131.9 2200 1573
2 Water 1319 5380 1373 1319 5380 1373 1319 5380 1373 1319 5380 1373 1319 5380 1373
3 Water 1205 349.0 343 120.5 349.0 343 120.5 3490 343 120.5 349.0 343 120.5 349.0 343
4 Water 120.5 538.0 338 120.5 538.0 3338 120.5 538.0 338 120.5 538.0 33.8 120.5 538.0 33.8
5 Air 3432 25.0 1.0 235.2 25.0 1.0 331.1 25.0 1.0 3264 25.0 1.0 321.8 25.0 1.0
6 Air 3432 2367 1.0 235.2 2200 1.0 331.1 290.1 1.0 3264 3143 1.0 321.8 3389 1.0
7 Air - - - - - - - - - - - - - - -
8 Air - - - - - - - - - - - - - - -
9 Air - - - - - - - - - - - - - - -
10 Air — — — — — — — — — — — — — — —
11 Lignite 85.3 25.0 - 349 25.0 - 823 25.0 1.0 81.1 25.0 - 80.0 25.0 -
12 Lignite 388.1 458.7 - 132.7 2200 - 374.5 466.8 1.0 369.3 4701 - 364.0 4734 -
13 Flue gases  388.1 2911 - 132.7 55.1 - 374.5 2553 1.0 369.3 2386 - 364.0 2216 -
14 Flue gases — - — - - - - - - - - - - - -
Table 13
Technical data of the handled system for Case IV and Case V.
State Fluid Case IV Case V Case VI
m(kg/s) T(°C) P(bar) m(kg/s) T(°C) P(bar) m(kg/s) T(°C) P(bar)
0 - - 25.0 1.0 - 25.0 1.0 - 25.0 1.0
1 Water 1319 220.0 157.3 1319 220.0 157.3 1319 220.0 157.3
2 Water 1319 538.0 137.3 131.9 538.0 137.3 131.9 538.0 137.3
3 Water 1205 349.0 343 120.5 349.0 343 120.5 349.0 343
4 Water 1205 538.0 338 120.5 538.0 338 120.5 538.0 33.8
5 Air 192.0 25.0 - 182.6 25.0 - 2123 25.0 -
6 Air 192.0 306.3 - 182.6 211.0 - 2123 2240 -
7 Air 393.8 25.0 - 374.6 25.0 - 435.5 25.0 -
8 Air 393.8 100.0 - 374.6 100.0 - 435.5 100.0 -
9 Air 3974 78.0 - 378.0 78.0 - 439.5 78.0 -
10 Air 61.7 25.0 - 58.7 25.0 - 68.2 25.0 -
11 Lignite 57.8 39.2 - 55.0 39.2 - 63.9 39.2 -
12 Lignite 220.6 368.1 - 210.7 290.7 - 516.1 443.1 -
13 Flue gases  220.6 158.1 - 210.7 167.0 - 516.1 2240 -
14 Flue gases  220.6 1319 - 210.7 133.6 - 516.1 191.5 -

3.1. Results of the combustion process

In the real case, ideal case, and Case I to IlII, the situation of
single air preheating was handled and the results are given in
Table 10.

According to Table 10, although exergy destruction increases the
energy and exergy values of the fuel increase by improving the air
preheater (HE-I) effectiveness as expected. The increased rate of
exergy destruction is slight where the exergy of fuel has a relatively

sharp increase. Therefore, the efficiency of the boiler would increase
definitively. In Case IV to VI, the situations of both air preheating and
dewatering processes were handled. The results of these cases are
given in Table 11.

According to Table 11, as in the single preheating cases, the exergy
destruction increases slightly where the energy and exergy of the fuel
increase sharply. However, the exergy increase rate has a more dis-
tinct increase caused by the decrease of excess air and the removal of
the water content of the fuel.
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Table 14
Conventional exergy analysis results for real, ideal cases and Case I to IIL.
Component Value (kW) Value (%)
E; E, Q w Ex; Ex, Exq P y y*
Real
B 980,174.9 879,017.9 -101,1570 - 553,808.8 374,748.2 345,788.4 3756 5599 69.78
HE-I 1691,143.1 1357,953.4  -333,189.6 - 360,171.9 210,430.3 149,741.7 58.42 2425 3022
HE-II - - - - - - - - - -
Dryer - - - - - - - - — -
Overall system 617,535.2 396,244.6 495,530.1 19.76  80.24 100.00
Ideal
B 879,017.9 879,017.9 - - 499,084.2 361,482.7 140,157.1 7192 2770  99.53
HE-I 35,606.1 30,757.5 —4848.6 - 2437.5 1781.8 655.6 7310 0.13 0.47
HE-II - - - - - - - - - -
Dryer - - - - - - - - - -
Overall system 506,00027 36154739  140812.70 72.17  27.83 100.00
Casel
B 980,174.9 879,017.9 -101,157.0 - 555,856.5 374,748.2 342,886.9 3831 5409 7245
HE-I 1652,230.1 1249,286.2  —402,9439 - 358,425.0 228,013.8 130,411.2 63.62 2057  27.55
HE-II - - - - - - - - - -
Dryer - - - - - - - - - -
Overall system 633,879.8 387,604.2 473,298.0 25.33 74.67 100.00
Casell
B 980,174.9 879,017.9 -101,157.0 - 556,656.0 374,748.2 341,995.8 3856 5336 73.34
HE-1 1636,854.2  1203,774.1 —433,080.1 - 357,682.2 233,390.5 124,291.8 6525 1939  26.66
HE-II — — — — — — — — — —
Dryer - - - - - - - - — -
Overall system 640,884.3 384,064.5 466,287.5 2724 72.76 100.00
Case IlII
B 980,174.9 879,017.9 -101,1570 - 557,452.0 374,748.2 341,123.7 38.81 52.66  73.98
HE-I 1621,692.3  1159,203.6  —462,488.7 — 356,965.3 237,013.6 119,951.7 6640 1852  26.02
HE-II - - - - - - - - - -
Dryer — - - - — — — — — —
Overall system 647,830.1 380,733.9 461,075.4 28.83 71.17 100.00
Table 15
Conventional exergy analysis results for Case IV, V, and VI.
Component Value (kW) Value (%)
E; E, Q w Ex; Ex, Exq e y y*
Case IV (/=1.30, 77g = 0.90, 1)uE-1 = Nue-n = 0.82, DMR=20%)
B 921,300.5 879,0179  -42,282.6 - 520,057.0 367,027.5 197,870.8 6195 37.09 79.16
HE-I 7164804  537,0554  -179,4249 - 1179146 78,0974 39,817.2 66.23  7.46 15.93
HE-II 539,7940 5472256 74316 77919 30,2189 18,460.0 11,758.9 61.09 2.20 4.70
Dryer 185,037.6  174,628.8  —-10,408.8 28.7 4092.9 3576.8 516.1 8739 0.10 0.21
Overall system 533419.8  378200.6  249963.0 53.14  46.86 100.00
Case V (1=1.30, 17g = 0.95, 1)uE-1 = Nue-n = 0.70, DMR=20%)
B 899,046.5 879,0179  —-20,028.6 - 499,019.8  364,109.2 174,117.8  65.11 3445 8355
HE-I 595,081.2  500,244.5  —94,836.7 - 72,543.7 44,745.0 27,798.7 61.68 5.50 13.34
HE-II 522,7043 5223113 -3929 - 24,002.1 18,002.1 6000.0 75.00 1.19 2.88
Dryer 176,0144  166,113.2  -9901.2 273 3893.3 34024 490.9 8739  0.10 0.24
Overall system 5054382 3778166  208,407.3 5877 4123 100.00
Case VI (/1=1.30, 1g = 0.85, 1)yE-1 = Nue-n = 0.70, DMR=20%)
B 946,172.5  879,0179  -67,154.6 - 541,408.4  370289.2 2248049 5848 3921 75.66
HE-I 893,253.,5 677,0579  -216,1956 - 181,611.2 1198279 61,7833 6598 10.77  20.79
HE-II 677,292.5 676,829.2  —463.3 - 50,986.9 41,005.6 9981.3 8042 174 3.36
Dryer 204,6504  193,1383  -11,512.0 31.8 4526.7 3955.9 570.8 8739 0.10 0.19
Overall system 573,396.4 374,840.0  297,140.3 4818 5182 100.00

3.2. Results of conventional exergy analysis

Exergy analyses were conducted considering different parame-
ters. According to performed cases, the effectiveness of heat exchang-
ers, excess air ratio, and removed water content ratio was taken as
parameters to improve the boiler efficiency. The inlet and outlet con-
ditions of the water and steam line were kept constant to observe
solely the boiler improvement. Pressure drops were taken as 2% of
inlet conditions that means 0.02 bar for the parasitic losses in heat
exchangers and piping systems. Since the current system is the worst
one and is already met by generated power from the turbine, the

pressure drops, and the required power for the circulation of air was
not included in the analysis. For the dewatering subsystem, the outlet
relative moisture ratio was adjusted as 17% with the consideration of
worst inlet conditions as 100% for a rainy weather condition. The val-
ues of the states for the handled system are given in Tables 12 and 13
(just for DMR=20%).

The exergy analysis was conducted according to the data given in
Tables 12 and 13. The obtained results for ideal case, real case, and
cases I to Il are given in Table 14. According to Table 14, the maxi-
mum efficiency (ideal case) was determined as 71.92 and 72.17% for
the boiler and overall system, respectively. These values are orderly
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37.56 and 19.76% for the real case. As seen from these results, the
overall efficiency is relatively lower in comparison to boiler efficiency
owing to the lower efficiency of HE-I. In this aim, the cases including
the improved HE-I were conducted. Depending on the increasing effi-
ciency of HE-I, the exergy efficiency values of the boiler increase
slightly where the exergy efficiency values of overall systems
increase relatively sharply. This result can be interpreted as it has a
low impact on the combustion process. However, this impact on the
overall system is relatively higher since the waste heat is evaluated.
The obtained results for Case IV, V, and VI with DMR = 20% are given
in Table 15.

In Table 15, the effectiveness of HE-1 and HE-II were determined
to obtain the available highest outlet conditions. In this regard, it is
possible to increase the efficiency value by up to 58.77%. As seen
from the results of the analysis, although the effectiveness of HE-I
and HE-II decreases the exergy efficiency values of this auxiliary
equipment and overall system increase. This finding shows that the
effectiveness of the self-heat exchanger group of the boiler is more
important than the auxiliary ones. This exchanger group also would
affect the other state points of the whole plant positively. For the
other parameters, the obtained exergy efficiency values are given in
Fig. 2.

As seen in Fig. 2, the efficiency increase with the decrease of
excess air as expected. According to the best of knowledge, the effi-
ciency should continuously increase with the increase of removed
water. However, in this study, the efficiency increases with the
increase of DMR up to a certain point of 20%. After this point, a
decrease in this value is observed. This means the energy value of the
flue gases has a self-ability to remove the water content of fuel or the
required electrical energy is relatively lower. After this point, the
required electrical energy increases sharply and makes the efficiency
decrease. The variation of required electrical power is given in Fig. 3.

For the best condition, the exergy efficiency of the overall system
was determined as 53.14, 58.77, and 48.46% for Case IV Case V, and
Case VI, respectively.

3.3. Results of advanced exergy analysis

Advanced exergy analysis was conducted to perform the improve-
ment ability on the efficiency of the boiler system. In this aim, the
unavoidable exergy destruction values were calculated. The obtained
results are given in Figs. 4 and 5 for the single boiler and air
preheater, respectively.

According to Fig. 4, the unavoidable exergy destruction of the
boiler (existing total exergy destruction) was calculated as
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345,788.4 kW for the real case where it was calculated as
140,157.1 kW for the ideal case. Depending on the formed unavoid-
able cases, this destruction decreases down to 161,452.4 kW. The
main reason for this decrease is the increase in the efficiency of the
self-heat exchangers of the boiler. Besides, the dewatering process
also positively affects the combustion process.

According to Fig. 5, the unavoidable (or existing) exergy destruc-
tion of the real case was calculated as 149,741.7 kW where that of
the ideal case was calculated as 655.6 kW. This destruction increases
by the increase of DMR for Case IV and Case VI. For Case V, it is almost
constant with a relatively lower increase. However, these increases
are relatively lower ranging between 0.95%—1.69% for Case VI, and
1.28%-1.95% for Case VI. For Case V, this rate ranges between
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Fig. 3. Required electrical energy for the dewatering process.
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Fig. 4. Unavoidable exergy destruction change for the single boiler.
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Fig. 2. Exergy efficiency variation versus DMR.

Fig. 5. Unavoidable exergy destruction change for single HE-I.
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0.16%—0.40%. The main reason for this lower impact is the increase in
the efficiency of the HE-I that makes a negative effect on HE-II
depending on the decrease of quality of waste heat in the flue gases.

As seen from the handled cases, the boiler system should be eval-
uated together with the auxiliary air preheating and dewatering sub-
systems as a whole since some do not include both processes. So, the
unavoidable exergy destruction of the whole system, named as com-
bustion system (CS) in the rest of the text, is given in Fig. 6.

According to Fig. 6, the unavoidable exergy destruction values of
CS change between 208,407.3 kW and 473,298.1 for the performed
unavoidable cases. The exergy destruction value of the real system is
495,530.1 kW where that of the ideal case is 140,812.7 kW. For Case |
to III, this value decrease by the increase in the effectiveness of HE-I
since the conditions of preheating air is developed. However, this
decrease, ranging between 4.49%—6.95%, is relatively lower in com-
parison to other cases ranging between 31.35%—57.94%. For Case IV
and Case V, unavoidable exergy destruction decreases by the increase
of DMR up to 20% of removed water. Later this point, this value starts
to increase again. The main factor of this event lies in the quality and
quantity of the flue gas energy. With the increase of efficiency of the
self-heat exchanger of the boiler, the energy quality of flue gas
decrease since most of this energy is used for the heating purpose of
the steam. After 20% of DMR, the self-energy of flue gases is not suffi-
cient, so extra energy is required supplied from the external electrical
heat source. For Case VI, unavoidable exergy destruction also
decreases by the increase of DMR up to 20% of removed water. After
this breaking point, it is almost constant since the recuperation of
combustion air and dewatering process effects are in the same mea-
sure of the external electrical demand for the dewatering process.
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Fig. 9. Improved potential variation of CS.

The same trend is also acceptable for the avoidable part of exergy
destruction as given in Fig. 7.

According to Fig. 7, the avoidable exergy destruction value
changes between 22,232.0 kW and 287.122.8 kW for the performed
cases. The total endogenous exergy destruction was calculated as
354,717.4 kW. The exogenous avoidable exergy destruction is zero as
expected since the single component of the power plant (CS) was
investigated where the outlet conditions were kept constant to
observe the changes. So, the avoidable and endogenous avoidable
parts of exergy destruction equal to each other.

Because of the same reason, the exogenous unavoidable part is
also constant with a value of 140,812.7 kW. The variation of the
unavoidable part is given in Fig. 8.

According to Fig. 8, the endogenous unavoidable exergy destruc-
tion trend is the same as the unavoidable one. In Case VI, the decrease
is continuous after breaking point at 20% of DMR in contrast to Case
IV and Case V. Even so, the endogenous unavoidable exergy destruc-
tion of Case IV and Case V is less than that of Case VI. This result once
again shows that the self-heat exchangers such as economizer,
reheater, and superheater need to be improved primarily. The change
in the improved potential of CS is given in Fig. 9.

According to Fig. 9, the maximum improved potential is obtained
with 74.4% for Case V at 20% of DMR. This means it is available to
catch 74.4 percent of the maximum avoidable conditions (100%) of
the ideal case. For all cases having the dewatering process, 20% of
DMR is the critical point. After this point, the improved potential
starts to decrease for Case IV and V. For Case VI, it continues to
increase slightly. The main source of this different behaviour from
those of Case IV and V is the lower effectiveness of self-heat
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exchangers of the boiler. So, the flue gas at the outlet of the boiler has
more qualitative energy with its higher temperature. Moreover, the
potential is still lower than that of Case IV and Case V depending on
the self-heat changers’ effectiveness once more. The variation of the
effectiveness of HE-I and HE-II directly affects the incline of the
potential curves as seen in the figure. Moreover, the higher effective-
ness results in a higher potential change. The measure of the effect of
HE-I and HE-II on the improved potential of CR is about 1.68 points
per 1% increase in the effectiveness. As seen in the figure, the best
avoidable conditions obtained for 20% of DMR. The measure of the
effect of removed water is about 0.62 points per removed water of
1%. The measure of the effect of self-heat exchangers on the improved
potential of CR is about 2.8 points per 1% increase in the effectiveness.

4. Conclusion

In this study, parametric advanced exergy analysis was con-
ducted to perform the improvement ability of a boiler (combus-
tion) system of a pulverized coal-fired power plant. In this aim,
different unavoidable cases were formed in which different
parameters were evaluated. In these cases, the air preheating sys-
tem was first handled and the rehabilitated system was investi-
gated from the viewpoint of different technically possible
effectiveness values. Then, the dewatering system and air pre-
heating system were coupled to the boiler system and analysed
for different removed moisture ratios from the coal. All these
cases were finally evaluated under the definition of improved
potential. The following main findings were concluded:

¢ A new attainable ideal case and technically available unavoidable
case were identified. In this way, the highest improved potential
was determined as 74.4%.

The self (internal) heat exchangers of the boiler are found the
most suitable parts to be rehabilitated. Its effect was determined
as 2.8 points per 1% effectiveness increase.

The second most effective parts were determined as HE-I and HE-
Il (external heat exchangers) with 1.68 points per 1% effectiveness
increase.

e The most appropriate ratio of removed moisture content was
determined as 20% for the handled lignite with high moisture con-
tent. The effect of removed moisture was determined as 0.62
points per 1% DMR.

All these rehabilitations are practicable and bring some different
latent benefits depending on the decrease in fuel consumption.
Moreover, it is available to save 29.54% of consumed coal in com-
parison to the real (measured) case. It means a reduction of 0.22 g
per generated power. This also means a decrease in emissions at
the same rate.
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