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ABSTRACT

This paper puts forward a method for evaluating fihding
costs of boilers and turbines in power plarftsrthermore, the
Huaneng Dalian Power Plant and Changshan Powert Rfan
taken as examples for analyzing the costs of fguBased on data
of on-site measurements in the above Power Pltrgs;osts due
to fouling such as excess surface area, produst logerating
maintenance and increase of product costs arelatddu Results
show that the total economical loss due to boiled #urbine
fouling in China reaches 4.68 billion dollars, whicovers is about
0.169% GDP of China in 2006.

INTRODUCTION
Boilers and turbines are main facilities in powdangs. Coal

total fouled heat transfer surface area. The beile in China is
about 39474 dollars per megawatt unit. The condepsee in
China is about 5263 dollars per megawatt unit. &dbbnd Table
2 show that the total excess heat transfer sugeez of boilers is
about 29%. The total excess heat transfer surfaeasaof
condensers of 100MW and 200MW are about 20.0% @ndi%d,
respectively. The costs due to excess heat trassféace area are
1.22 million dollars for the 1200MW boiler and tunies, and 2.42
million dollars for the 200MW boiler and turbine$he mean
increased cost is approximately 12X120° dollars per megawatt
unit. Table 3 gives the costs due to the excessttassfer surface
area of boilers and turbines used in China from71®%2006.

Table 1 Excess heat transfer surface area andhfpadists of

fired power plants have to face the fouling proldesuch as ash 100MW unit

deposit and slagging of boilers and scales andasilthe inside of ltem Fouled | Clean | Percent Costx10'
condenser tubes. Because of the low thermal coivitycand m? m? % $
partial occupation of passage of working fluid, fleeling layer Furnace 1248 638.3 1.91 7.539
would produce a large additional thermal resistaame pressure Platen 727 123.8| 1.88 7.421
drop. As a result, the heat flux of boilers wouldll,f the Superheater'1 717 398.7| 0.99 3.907
temperature of exhaust flue gas would increase, taadboiler Superheater2 836 4736 1.13 4.460
efficiency would go down, and power consumption ldogo up. Wall superheater 213.4 103.6 0.34 1.353
For maintaining the boiler output, the fuel constionp must be Economizer 1 1172 761.0| 1.28 5 052
increased, which could produce more ash, and l¢adsiore Air preheater 1 8140 6083'8 6'43 25 381
serious fouling, or may cause boilers failure. @a bther hand, P i : : :
fouling of condensers could result in the vacuumcofdenser Economizer 2 2650 | 2108.6 1.69 6.671
drop and make the efficiency of thermal cycle, esop and Alr preheater2 16300 | 12210.4 12.78 | 50.447
availability of unit decrease (YANG, 1993). In orde solve the Boiler 32003.4|22901.6 28.44 | 112.26
fouling problems, useful work has been done. Thack980) and Condenser 6815 | 5453.8 20.0 10.526
Nostrand et al. (1981) deemed the fouling costssizted of Power plants 38818.428355.4 26.96 | 122.78

capital expenditure, additional fuel, maintenanémrge and
lost production, and estimated the fouling costshef refinery
industry in USA and the all industries in UK. Steagen et al.
(1990), Garrett-Price et al. (1985), Pritchard @Q8Mdiller-

"1’ denotes the part in high temperature flue gas
"2’ denotes the part in low temperature flue gas

Table 2 Excess heat transfer surface area andhfpadists of

Steinhagen (2000) also did useful work. The utilitgilers in 200MW unit
China usually fire poor quality coal, so the fogliproblems may Fouled| Clean | Percent Costx10*
be more serious than that in developed countriestaBthere is Item m> me 9% $
little information on the impacts of utility foulgn on operating Furnace 20584 1701.0 | 1.81 14.297
costs in China. The present research proposes &othebr Screen 1598| 4421 1.66 13.142
estimating the costs due to power plant foulin@hina, and based Superheater 776.6 413.8 0.52 4.125
on the parameters of Changshan Power Plant anddrdgeDalian Reheater 1 4795 3214.1 | 2.28 17.975
Power Plant, the pertinent fouling costs are cated. Wall superheater 4119 21958 0.28 2.184
Attached superheater 215 132.6 0.12 0.936
COSTSDUE TO EXCESSAREA Reheater 2 2298.5 1458.2 | 1.21 9.553
In order to maintain the output after a heat exgears fouled, Economizer 9086 | 6247.7 | 4.09 32.272
designers usually take more heat transfer surfeeze than needed Air preheater 47294 35471.3| 17.03 | 134.42
to allow for the effect of fouling. Thadditional area is called Boiler 69433.4 49300.6 29 228.91
excess heat transfer surface area. According to Stamdard Condenser 13024/511461.6 | 12.0 12.631
method of heat calculation for utility boiler (Kuezov, 1976) used Power plants 82457/960762.2| 26.31 | 241.54

commonly in China, the excess heat transfer suréaea of the
boilers and condensers of 100MW and 200MW unitsthia
Changshan Power Plant is calculated (Table 1 and@® fouled
heat transfer surface area is the designed valdealie land 2.
The clean heat transfer surface area is obtainedefiyng the
fouling factor as zero or the cleanliness factor uaity. The
percentage is the ratio of the excess heat trassféace area to the
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Table 3 Excess heat transfer surface area andindStsna

vear Capacity Increment Costx10°
(MW) (MW) $ lyear
1997 192410 13550 1.644
1998 209880 17470 2.121
1999 223430 13550 1.644
2000 237540 14110 1.713
2001 253140 15600 1.893
2002 265550 12410 1.506
2003 289770 24220 2.940
2004 324900 35130 4.264
2005 508000 183100 22.230
2006 585800 77800 9.444

EXTRA LOST COST
1. Boilers

The key reason for the decrease of the boiler thkeefficiency
is that the rise of the exit gas temperature catlsesncrease of
waste heat loss. The boiler load and the excesmafficient also
influence the exit gas temperature. After elimingtthe effect of
boiler load and the excess air coefficient, theedelence of the
waste heat loss or boiler thermal efficiency on fihding thermal
resistance is obtained. Then the additional coasamption due to
the decrease of boiler thermal efficiency could dadculated.
According to the National Standard of P.R. Chin@9@), the
waste heat loss], is defined as:

— Qz,dg + Qz,mo x

r
The heat loss due to dry flue g& yqand the heat loss due to

100 1)

2

moisture in the flue ga® , ,, are expressed respectively
Qz,dg :Vdgcp,dg(teg _tRa)

Qz mo — Vmocp,mo (teg - tRa)

@
®)

where the exit gas temperatdggand reference air temperature

tra are measured on-line; the specific heat at cohgtassure of
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humidity d, is taken as 10g/kg. The excess air coefficient is
calculated by virtue of the measured oxygen con@ntwith the

following equation:
21
21-0,
In order to remove the effect of the excess aiffimdent on the

waste heat loss, a reference value of excess aiffident is
needed. The reference valuggr can be obtained by the

(6)

interpolation of the excess air coefficients at thads of 100%,
75% and 50% supplied by the manufacturer. The wastt loss
due to the increase of excess air is:

Ag,, = (Cp,a + 0.00161Iacpvm0)
XV (@ey = Aegr)(teg ~tra) @
Based on the waste heat losses at 100%, 75% andld&o

supplied by the manufacturer, interpolation givhs teference
value of waste heat losg . Since fouling has little effect on the
combustible loss;, the unburned carbon logg, the dissipation
heat lossgs and the cinder losgg , the reduction of boiler
efficiency is equal to the increase of waste hesg,Ithat is to say

An =40, =0, Oy r ~Alz 4 ®)
Thus the cost duo to fouling; is

7 Ag,
C = 100, b,—=Y,,)d
«[0( ge n m) T

2. Condensers
The lost products cost due to fouling consistsved parts.
One is that the fouling decreases heat transfdonpesince of
condenser, and leads the vacuum of condenser teceed,
increase the temperature of the exhausted steahrednce power
output. In addition, serious fouling results torglahutdown. The
later is infrequent, so this paper only calculdtesformer.
Changing rate of turbine poweX with time 7 by fouling is

(9)

the dry flue gasCpqgq is taken the average value at meangiven by:

temperature; and the specific heat of vapgp,,is calculated on-

line by a working fluid property program. The ambuwf dry gas
Vdg and the amount of vapor in the flue d4g, are given by:

+0.
Vip =166 0B

+ (o.sh + 07V °) +(@eq-DV°

10C @

(%)

0
v =124 HartMq | 1.0437,v °d,
mo 100 804

The coal composition is obtained by ultimate arialysce a
day, andthe results €4, Har, Oar s Nar, Sars Agrand My, ) are

put into the management information system (MIShe Tair

ON _ 0N dp, dt; 0U oR

ar  dp, o, 0U dR o7 (10)
When the back pressupgis given, the changing rate of turbine
power N with back pressuréN/ap.is a constant in a large range,
which is given by the manufacturer. Because thedenser back
pressurep. depends on the steam condensation temperature

ts , dp /dts may be calculated according to steam property.

According to Fig.1, the steam condensation tempegdt is:
t,=t, +At, +a& (11)
where the inlet temperature of the cooling wdigr is determined

by the local climate and season, but there isti@ lthange. The
condenser terminal difference is given:
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Fig.1Temperature profiles of condenser

where F; is the condenser heat transfer argg,is the specific

heat of cooling water, which can be calculated tasethe steam

property. It is known from Eq. (12):

, - a[,{i] _1} 3
Dy Cu
Substituting Eq. (13) into Eq. (11) gives
L=t +dexr{ UF J (14)
Dy,Cy

The changing rate of steam condensation temperdiure

with heat transfer coefficierlt) is:

o 22| %
ouU l: UF J :I D,Cy ) €Dy
exp—=|-1
CwDuw

The fouling resistance can be derived from
R =1/U -1/U,

The overall heat transfer coefficient under theacleondition

Uc, is given by the Bermann equation. The coeffigept

indicating the cleanness of heat transfer is takenupper limit
during the calculation. The exhausted steamDai calculated by

the Flugel equation according to last stage oytessureDg the

exhaust wetness of the steam turbine at a gived tmald be
obtained by interpolation from the wetness in 100%86 and 50%
load supplied by the manufacturer. The cooling wéltev rate
D,, could be calculated according to heat balance. ddtaal

overall heat transfer coefficient of the condenddr is
calculated based on the cooling water flow rate, éxhausted
steam temperature, the inlet and the outlet terypes of the
cooling water measured on-line. Then the foulingerial
resistance could be determined from Eq.(16),
differential, and the derivative is :

(16)

ane th

2
o ___ Ul . (17)
R (1+UR)
Since fouling could not be removed completely dgritne
cleaning, the remaining fouling which is the initifouling

resistance of the next cleaning cydRe; could produce loss. The
loss of initial fouling resistancan; is:
ON 0p, dt, dU
=R (18)

op. oty 0U OR;

operating

J time
T, o

Fig.2 Fouling resistance versus time

During the operating period,, the reduced turbine power at
time 7 due to fouling is

T
AN, (7) = AN, +j Ny, (19)
0071
If the change of fouling resistance with time reelr during
cleaning period, its gradient is:
0R 101 =R (7,) ~R 1/ 7, (20)

where R; (TO) is the initial fouling resistance before cleaning.
ON /07 can be derived from Eq. (10). At time of cleaning the
reduced work of turbine is:

70N

AN (7)= ANO(TO)+J.OEdr 21)

All the additional cost due to the power reductadrihe turbine
in a cleaning cycle is:

Cu = [ " BN )dengy + [ BNG(e)dTrgy (22)

MAINTENANCE COST
The total operating costs of a boiler due to saatbig
Ciot involves the consumed working flui@,, , the consumed

powerC,, , maintenance and overhaul cha@g, and

depreciation charg8e,,:
Ctot = CW + CN + Cmai + Cdep (23)
The daily steam consumption used by sootblowerghés
product of the flux of a sootblower, the running timerg and the
frequencyn:
My =Qgx7gxn (24)
The annual steam consumption depends on the dedyns
consumption and the annual operation hdédirs
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my, = (H /24)xny (25)
Converting to coal consumption:
B =rp/my (26)
The corresponding cost is
Cy =B xY, (27)

The equivalent specific standard coal consumptidnthe
consumed powePy, of the sootblowing motas:

B, =R, x7,xb,(H /24) (28)
The corresponding cost is
Cy = ByxY,, (29)

Maintenance cost for a condendgy,;is the additional cost of

condenser cleaning, including the cost of lost mutiimlls used to
remove fouling in the unclean tubes and the deatieci charges

of the rubber ballC, , the power consumption of cleaning

equipmenCpump, the labour costh, the depreciation charges
of equipmentCye,and miscellaneous cosG
Cmai = Cpump + Cb + Cp + Cdep + Cmis (30)

The cost of lost rubber balls and the depreciatiarges of the
rubber balls are:
The power consumption of the rubber ball cleanysjesn is:

C =NnlcYa (32)

pump

CASE STUDY

The utility boiler and condenser of No.4 unit ofOBBW in
Huaneng Dalian Power Plant are used as exampkzidolate the
fouling cost. There is a performance monitoring tesys in
Huaneng Dalian Power Plant. The system can caktite boiler
efficiency n and specific standard coal consumptibgon-line

based the measured parametdiisere are 56 short sootblowers
installed on the region of the waterwall of the lbQi6 long
sootblowers on the region of the platen superhedetong
sootblowers on the reheater, 8 long sootblowerthereconomizer,
and 2 rotating element sootblowers on the prehedter long and
rotating element sootblowers operate once a dal,th®i short
sootblowers run according to the operating circamst. All the
sootblowers are controlled by a computer prograat, dan be
changed to manual control. After the operator s$leés operate
mode, the sootblowers run automatically one by dre coal
fired in the power plant is the bitumenite produdedhe north
part of Shanxi province, whose properties are giveffable 4.
Table 5 lists the operating conditions of the skmtlers. The

parameters collected are the oxygen content of gaesO,, the
exit gas temperaturg, , the boiler loadD and the generator

power Py, etc. The experiment lasted 24 hours and all the

sootblowers ran once during the experiment.

Heat Exchanger Fouling and Cleaning VII
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Table 4 Ultimate analysis of Coal used in HuanBatian Power

Plant
Car H ar Oar N ar Sar A ar M ar Qar,net
% % % % % % % kJ/kg
58.56 | 3.36 | 7.28 | 0.79| 0.63 | 19.77 | 9.61 | 22405

Table 5 Parameters of soot blowing system of Noi¢in
Huaneng Dalian Power Plant

Iltem Symbol Value Unit
Steam pressure P, 1.28-1.47 MPa
Steam temperature t <350 T
Steam flux q 4.158 kgls
Frequency n 1 1/day
Operating time Is 360 s
Power of motor P 5.4 kw
m
Output steam per ton
standard coal My 10 vt
Operating hours H 7000 h/year
Price of standard coal Yom 39.47 $ /t

The double-flow steam turbine in Huaneng Daliaower
Plant has two double-flow condensers connected with two
exhaust ports of the steam turbine. Sea watered as cooling
water, which contains large quantity of microbdgae, barnacles,
small fish, sediment and some salt. As a resuthisf, fouling is
easily formed on the waterside of the condenser.

Fig. 3, Fig. 4 and Fig. 5 give the dependence & th
parameters of the boiler operation with time. Theasuring point
of oxygen content is located in the economizer. dritroducing

O, into Eq. (6) yields the excess air coefficienteTtrlculated

value plus the correction from the standard (Kuemegz976)
gives the excess air coefficient at the exit of pheheater. Based
on Eq.(8), Fig.5 depicts the relationship betwdenincrement of
the heat loss and time. It is seen that the exip&gature increases
with time between sootblowing operations. Duringtbtowing,
the exit gas temperature goes down, the boilecieffcy goes up

with time.
95.0

1404

1354

93.8

Fig. 3 Exit gas temperature and boiler efficiency
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Fig. 5 Curve of oxygen content and dependencAgf

The heat transfer coefficients of the condenserthadouling
resistance on the condenser (Fig.6) with time cbadletermined
by the different ways under the operating condgioi is known
from Fig.6 that the fouling resistance increaseth wime, and the
overall heat transfer coefficients decrease withetiduring the
operating time. As a result, the terminal tempegatiifference will
increase with time, the vacuum of the condensdrredluce, and
the power output of the steam turbine will be Iove fouling
resistance is reduced obviously during the cleamragess, the
overall heat transfer coefficients go up signifitgnand the
terminal temperature difference decreases. It ipomant to
mention that the load during the experimental pkréhanged
(Fig.7). The dependence of the terminal temperalifference on
time shown in Fig.7 has eliminated the effect o&do This
confirms that with increasing of fouling resistanitee terminal
temperature difference increases during operatind,the vacuum
of the condenser is reduced. The effect of foutegistance on the
steam turbine power is shown in Fig.8. It is sebat twith
increasing fouling resistance, the lost power @& steam turbine
increases. So the less fouling resistance is ttierbe

Based on the measured parameters, the waste Bsa},lacan
be calculated with Eq.(1), Eq.(7) gives the effeicthe excess air

coefficient ~ on  the boiler  efficiency AQ,,

Introducingq, andAg,, into Eq.(8) yields the change of boiler
efficiency due to fouling. Using the boiler efficiey , the

generator powepge, and specific standard coal consumptign

attained from the performance monitoring systentegrating
numerically Eq.(9) over a running period at 10 rtime interval
produces the cost during the running period as 3#&68ollars.
The annual cost is 5263.16x(7000+24)=1.584.0° dollars, or
4381.58 dollars per year per megawatt unit.

15 T T T T T T T T T T T 1 7100007

144
0.0006

P
0.0005 3
)

(M

0.0004

1.04
0.0003

09 T T T T T T T T T T T

Fig. 6 Overall heat transfer coefficient profileddfouling
resistance on condenser versus time

180 T T T T T T T T T T T T 50
0 2 4 6 8 10 12 14 16 18 20 22 24
r (h)

Fig. 7 Lost power of the steam turbine ateiminal
temperature difference of the condenser versus time

0.02
&=
2
> 0.01
N=0.0056In(R)+0.0543
0
0.0002 0.0004 0.0006
Ry (m’K/W)

Fig. 8 Lost power of the steam turbine due toifautesistance
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Using the data in Table 3 and Table 4, from Eq.(8%
consumption of the sootblowing steam is obtained487kg/day.
The annual steam consumed is gained from Eq.(28B&53t, is
converted to standard coal consumption as 43.6&8t/with
Eq.(26). From EqQ.(27), the annual steam expenditurk723.54
dollars. The annual equivalent coal consumptionth&f power
consumed by a sootblower motor is 0.04489t. Theualhmotor
expenditure is 1.776 dollars. The total expenditwof 80
sootblowers is (1723.54+1.776) x 80 = 138026.31ladnl
Keeping and overhauling the sootblowers. A sootklowosts
2631.58 to 7894.73 dollars in China. Taking 394 t8llars as its
price, the service lifetime is 10 years, the dejptamn charge is
80x3947.37+10=31578.94 dollars/year. Then the casts to
sootblowing are obtained from Eq.(23) as 0.17liomldollars, or
486.84 dollars per year per megawatt unit.

The cleaning system of condenser in Huaneng Ddfiawer
Plant operates three hours, once a day. The casttaluost
capacity for work of the steam turbine is 1689.3fats in a
cleaning interval by integrating Eq. (22) numefiigaMaintenance
cost is 70.01 dollars per day, which can be derfumah Eq.(30).

The sum of three correlating factors shows that ahaual
fouling costs of a 350MW unit is 2.23 million daka averaged
6380.79 dollars per megawatt unit. The statistizth show that
the total capacity of thermal power plants is 5888%/ in China
in 2006. The annual fouling costs due to the addéi fuel and the
maintenance are 585800x6380.79=3.74xd6llars. Adding the
costs due to excess heat transfer surface ared>d@4dollars, the
total costs are 4.68 billion dollars. The gross dstic product
(GDP) of China is 2755.39 billion dollars in 200khe costs due
to utility fouling are about 0.169% of GDP of Chir@bviously
the evaluation does not involve the costs of trartggion,
installation and so on. For developed countriesfthding costs
are about 0.25% of GNP (Mduller-Steinhagen, 200@ur@ing for
other industries, for China the fouling costs maynore than that
in developed countries.

CONCLUSIONS
The costs due to fouling consist of excess heastea surface
area, additional fuel and maintenance. The casly stuows:

1. The excess heat transfer surface area of utilifletsoand
turbines is about 27%, the increased investmehfit4.73
dollars per megawatt unit.

2.  The cost due to the additional fuel lost is abaG#2million
dollars for the 350MW unit, that is some 6065.78ate per
year per megawatt unit.

3. The maintenance expenditure is 0.19 million dolfarsthe

350MW unit, that is about 493.42 dollars per year p

megawatt unit.

4. The total capital cost due to power plants foulimghina is
4.68 billion dollars in 2006, which covers about&9% of
China GDP.
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