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Abstract

The results of experimental study on excess-air-dependent heat losses and gaseous emisgid@&Sy(Bi@ CO) for a 310 MW fuel
oil-fired boiler operating at full and reduced (75 and 50%) loads, are discussed. For the 100% boiler load, dataeomdsions indicate
the formation of thermal NO along with the fuel and prompt NO. The material balance fop8i@ts out the minor formation of S{n
fuel oil combustion. The CO emission from the boiler is detected when firing the fuel at excess air of less than 4%.

A cost-based method for excess air optimization is presented. The boiler fuel consumption is incorporated into “internal” (or fuel) costs
whereas the experimentally found gaseous emissions are associated with “external” costs (or costs of damage done by the boiler to the
environment and humans). The minimum total sum of “internal” and “external” costs for the fully loaded boiler was found to correspond
to the (residual) oxygen concentration of 0.73% i@ flue gas at the economizer outlet. However, the “compromise” value of 1.4% O
was selected as the recommendegl 98t point in boiler operation taking into account the desired diminishing of the total costs as well
as the constraints concerning minimized soot formation at extremely low excess air values. Switching the boiler to firing the fuel at the
“compromise” excess air ensures a substantial saving of the total costs per unit boiler per year.

0 2003 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction At the same time, excess air and boiler load affect in a
varying degree the major emissions from a particular fuel
In the Thai power sector, power plants fired with fuel oil-fired boiler. As known, the rate of NOformation in
oil are frequently involved in power-frequency control in the furnace of a fully loaded boiler is basically reduced
response to fluctuations in the electric power demand [1,2]. with the diminishing of excess air [5,6]. However, under
The boilers at these power plants are subjected to variablecertain operating conditions (e.g., with shortage or absence
loads over a 24 hr period. Accordingly, operating conditions of gas recirculation) the relationship between the ,NO
of the boilers (associated with excess of combustion air, flue emissions and excess air becomes more complicated owing
gas recirculation, etc.) are time-varied as well, following the to formation of thermal NO [2].
respective load-related programs. Reduced excess air also promotes lower sulfur trioxide,
Excess air, or the excess air ratio, is one of the key SQOs, formation [5]. A quasi-linear proportional effect of
operating variables affecting the thermal efficiency of a the excess oxygen concentration (or excess air) on the SO
boiler [3]. Conventionally, optimum excess air, i.e., the one emission from utility boilers fired with high sulfur fuel oil
ensuring the highest boiler efficiency, is determined for the is confirmed experimentally [7]. Since the $& formed
100% boiler load based on minimizing the total sum of owing to oxidation of a small amount of SQthe emission
excess-air-dependent heat los$gs+ g3 + g4), and taking  rate of SQ is weakly affected by excess air.
into account operating constraints [3,4]. Meanwhile, firing fuel oils at extremely low excess air
ratios (less than the so-called “critical” excess air ratio,
mspon ding author. agr) leads to incomplete combustion associated with the

E-mail addresses: andaak@siit.tu.ac.th (W. Kaewboonsong), presence of gaseous compounds (CQ,EH;, etc.) as well
ivlaanov@siit.tu.ac.th (V.I. Kouprianov). as carbonaceous particles in flue gas leaving the boiler [3-5].
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Nomenclature
N/Ng relative boiler load o excess air ratio
LHV lower heatingvalue ................ Myt b boiler (gross) efficiency ................... %
VO theoretical volume of air............ Fikg~L Subscrint
Vag ~ volumeofdryfluegas.............. Shg! SCrpts
1 mass flow rate, emissionrate .. ........ &g cr critical
P price, specific costs . .............. ugg ! ext “external”
C costs, costrate ..................... us$ f fuel
SD standard deviation........................ % int “internal”
q2 heat loss withwastegas................... % sp sampling point
q3 heat loss by incomplete combustion......... % PM particulate matter
q4 heat loss owing to unburned carbon ........ % Y .
q5 heat loss owing to surface radiation and perscript
CONVECHON. .. ..ot % I fuel mass “as-received”

Basically, in well adjusted combustion of fuel oils in utility ternal” costs, are expected to have a minimum which corre-

boilers at 10 < o < agr, methane and other hydrocarbons sponds to optimum excess air.

are not present in the flue gas. For the particutain This research was focused on the practical implementa-

this region, the K concentration in flue gas is found to tion of the cost-based optimization of the excess air using

be about ten times less than the CO concentration whichan experimental approach solely. The paper discusses the ef-
rapidly increases whilst excess air diminishes [7]. Thus, the fects of excess air and unit loading on the boiler performance

contribution of hydrogen to the heat lagsas well as to air and major emissions from the selected utility boiler firing
pollution can be neglected. fuel oil. The paper was also aimed at determining the poten-

The particulate matter emitted from boilers includes two t|al_ saving of the_ total QQStS which could _be_ achieved from
kinds of particles: (1) cenospheres, or coke particles, of switching the boiler to firing fuel at the optimized excess air.

10-50 pm size with a rigid skeleton (surface) and (2) soot
particles of 1-10 um size with a smooth surface [8,9]. 2. Optimization mode!
Cenospheres mainly consist of unburned carbon (coke) and

include compounds of vanadium, nickel, sulfur (as the  For g fuel oil/lgas-fired steam boiler, the total sum of

result of SQ absorption from flue gas), sodium, etc. The the excess-air-dependent “internal cosy, and “external
formation of these particles is primarily dependent on the costs”,Ceyy, is required to be a minimum:

initial fuel properties and weakly affected by operating .
. . Cint + Cext — min (1)
conditions (temperature and oxygen concentration) as well _ o _
as fuel droplet size [10]. It is therefore the soot formation The “internal” costs, unlike in [8], are determined as the
that mainly causes a black smoke over a stack when firingfotal fuel expenditures, i.e., comprising the boiler fuel
fuel oil at extremely low excess air ratios. consumption, to be:
Under actual operating conditions of a particular boiler, Cj,t = P (2)

Fhe formation of CQ (per umt fgel mass) is in effefct. The “external” costs are found regardless of the energy
independent of the excess air ratio; however, the em'ss'onconsumption by forced- and induced-draft fans (actually,
rate of this greenhouse gas depends on the fuel flow rate, Okyeakly varied with air excess changes) to be:

eventually, on the excess-air-dependent boiler efficiency. ) ) )

In Ref. [11], a cost-based approach for the optimization Cext= PNoO,"NO, + Pso,s0, + Psoyfitsos
of excess air for a fuel oil/gas-fired boiler is considered con- + Pcomco+ Pco,ritco, + Pewiitpm 3)
ceptually. The heat losses affecting the boiler fue| flow rate The particulate emission from fuel oil-fired utility boilers

(or fuel consumption) are incorporated into “internal” boiler ;o reported to be much lower compared with that from
costs, i.e., associated with the boiler operation. Meanwhile, gl industrial boilers because of an effect of the furnace
the environmental impacts of the pollutants emitted from the yegidence time [8]. For.0 < « < agr, the heat lossza
particular boiler are also estimated in terms of cost variables gssgciated with unburned carbon accounts for 15—20% of
and included into “external” boiler costs, inevitably paying the 43 level, i.e., less than 0.15% of the fuel LHV [7], and
for the damage done by the boiler unit to the environment therefore is negligible in the boiler heat balance. Moreover,
and humans [12,13]. For a given boiler load, the excess-air-taking into account a relatively low value &by [12], the
dependent total costs comprising both “internal” and “ex- last term in Eq. (3) can be omitted.
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For NO, (as NQ), SO, SG;, CO, the emission rates the furnace through the nozzles arranged very close to the
are determined taking into account the fuel flow rate (i.e., furnace bottom, on the front and rear water walls.
boiler fuel consumption) as well as the measured emission Required thermal and other operating characteristics
concentrations in dry flue gas (in ppm) and its volume at used in estimations of the thermal efficiency and fuel
sampling point: consumption were collected from the boiler monitoring
system. For measuring the gas concentrations (of major

. . 6 .

7iNo, =2.05x 10" mfNO, Vag 4) pollutants and @) at sampling point, the “Testo-350" gas
hso, = 2.93x 10~ %SO Vg (5) analyzer was employed.

so, = 3.57 % 10*6n'1f503vdg (6) During the last few years, fL_JeI (_)il has been suppl_ying to
) 6. the power plant from local refineries was characterized by
rco = 1.25x 107°mCOVqg @) a rather stable values of the LHV and fuel carbon: LHV

In the experimental approach, the volume of dry flue gas 40.6-41.5 MJkg~*, C" = 84-87%, respectively. Therefore,
at sampling point can be approximated taking into account C" andV? included in Egs. (8) and (9) can be approximated
the theoretical volume of air as well as the actual excess airWith the use of the respective “resolved” (or per unit LHV)
ratio found with the use of the oxygen content in flue gas [4]: Variables [4]:

Vg~ aspV® 8  C'=211HV (10)

For fuel oil-fired boilers, the emission rate of carbon V°=0.261LHV (12)
dioxide can be predicted without determining the LCO

concentration in flue gas, but accounting for the fuel-carbon . BY introduction of Eq_s,. (10) and (11), the method used
content, ¢ (%), and fuel flow rate [2]: in this study becomes independent of the elemental fuel

analysis. The only required fuel property, the lower heating
mco, = 0.036671C' 9) value, is thus sufficient to provide excess air optimization

Basically, the fuel flow rate is determined using the boiler Paséd on the experimental approach.

load and thermal efficiency, the latter being found with the
use of the heat-loss method. The method includes all the ] ]
above heat losses as well as the heat loss owing to the? Resultsand discussion
boiler's external surface radiation and convectigg, The
g2 and gs are estimated by [3]. For a fuel oil-fired boiler The experimental tests of the selected boiler were con-
of h|gh CapaCity é 200 MWe), “combustion” heat |osses1 ducted at boiler loads of 100, 75 and 50%. In these tests,
(g3 + q4), are quite small £ 0.1%) and normally neglected ~ €Xcess air was however adjusted in different ranges in accor-
when excess air is sufficient, i.e., for> acr [7]. dance with the needs of steam temperature control.
The most important results on the gaseous emissions
and boiler performance are discussed below. The gaseous
3. Casestudy and essential input emissions (CO, NQ SO) as well as excess oxygen 4D
required for determining excess air, are represented as

The fuel oil-fired utility boiler of a 310 MW capacity ~ volume concentrations in dry flue gas for actuar@easured
has been selected for this study. At the design capacityat sampling point (at the economizer outlet).

(100% load), the boiler produces about 280-5k§ of For each test run, the operating variables, including O

superheated steam at 54D and 160 bar. The reheated Were maintained at the desirable constant values by the
steam of 240 kg at 40 bar is returned into the boiler to  boiler control system. However, the variables were subject to
increase its temperature to 540. macro-fluctuations during the tests because of disturbances

Medium-sulfur fuel oil with LHV = 40.9 MJkg~! was of various types. In particular, the;@oncentrations at the
fired in the boiler during experimental tests. The fuel oil was economizer were fluctuated around the €kt point with
preheated up to some 100 prior to burning, and this was ~ standard deviations SB £(0.1-0.25)% Q in different
taken into account in the estimation of the boiler available tests. In Fig. 1 the @fluctuations are shown for the two
heat [3,4]. particular @ set points which are considered to be the

The pressurized tangentially-fired boiler furnace 5Bk averaged values (meany)dor both these dependencies.

10.21 n?), with the burners arranged at four corners, ensures
conventional combustion of fuel oil. The rated heat release 4.1. Carbon monoxide
rate (per unit cross-sectional area) is aba@76VIW-m=2.

Recirculation of some 10% of the total flue gas volume, Despite a relatively small value, the CO emission plays
extracted from the flue gas flow between the boiler econo- an essential role in the performance assessment as well as in
mizer and air heater, was used in order to maintain the tem-the excess air optimization, affecting both the “internal” and
peratures of the superheated and/or reheated steam as well d&sxternal” costs at low excess air ratios. The measured CO
for NO, reduction. The recirculating gas was injected into concentrations versus excess oxygen for the 310 MW boiler
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Fig. 1. Fluctuations of the oxygen concentration in dry flue gas at sampling point during the tests.
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Fig. 3. Effect of excess air on the actual N@oncentrations in dry flue gas

0, (vol.?
2 ( %) for the 310 MW fuel oil-fired boiler operating at three different loads.

Fig. 2. Measured CO concentrations in dry flue gas at various excess air for

the 310 MW fuel oil-fired boiler operating at 100% load. . .
Thus, when excess air was relatively low (at excess oxygen

. . less than 1.5-1.7% £, the NO, emissions increased with
o_perayng at 100% load are shown in Fig. 2. For _the_ EXCESS|owered excess air, consequently followed by an increase
ar roatlos Ofe < e, e>.<per|mental data on CO em|§§|on (N"in the flame temperature. The latter is the major factor
vol.%) can be approximated by the square-order fi: responsible for thermal NO formation [6]. On the other hand,
CO=50- (agr — @)? (12) for the excess oxygen greater than 1.7% RO, emissions
wherea = agp= 21/(21— O,) [4]. were, as expected, intensified with the increase in excess air.

As seen in Fig. 2, the critical excess oxygen for 100% Des_plte the (_j|m|n|sh|ng of the tempergture (followed by the
boiler load is about 0.8% ©Owhich corresponds to critical ~ rapid reduction of thermal NO formation), the rate of NO
excess air ratiare = 1.04, or 4% in terms of excess air. formation was increased owing to growing contribution of
However, with the boiler load reduction, one can expect the fuel and prompt NO with the excess air increase.

increase inxr followed by the increase in CO for any fixed The obtained data on NCemissions for the full boiler
excess air ratio lower thazy, [4]. load showed a quite weak effect of the flue gas recirculation

In the test runs for the 75 and 50% boiler loads, the CO because of the inappropriate location of the gas injection into
emissions were found to be negligible, since even starting the furnace. This effect could be much stronger and useful in
(or lowest) values of excess air were sufficient to suppressNOx mitigation if the recirculating flue gas was injected into
CO emission. the active combustion zone directly, e.g., as premixed with

combustion air.
4.2. Nitrogen oxides With the boiler load reduction, the temperature level in
the active combustion zone is normally reduced owing to

The measured emission concentrations of.N@ shown deeper cooling of combustion products and flame dilution
in Fig. 3. As may be seen, the effects of excess air and boilerby excess air. That is why, in boiler operation at 75 and
load on NQ emissions are rather noticeable. 50% loads, thermal NO was not formed, and the yield of

The test data for 100% boiler load indicated formation NO, emissions depended on the rates of fuel and prompt
of thermal nitric oxide along with fuel and prompt NO. NO formation only. In the 75% load test, NJormation
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Fig. 4. Effect of excess air on the actual S€oncentrations in dry flue
gas for the 310 MW fuel oil-fired boiler operating at three different loads:
SO, =SOy + SO;.

was found to increase with the growing variation in excess
air from 1.7 to 3% @, which is typical for the fuel
and prompt NO. Meanwhile, for the 50% boiler load, the
NO, emissions were found to diminish with the excess air
increase because of the growing dilution effect resulting in
significant reduction in the flame temperature.

4.3. Sulfur oxides

Fig. 4 shows the test data (dots) on 5S€mission for
the three boiler loads in comparison with the theoretical
dependence (solid line) for SOemissions on excess air.
Basically, the SQ@ profile coincides with the S@profile
obtained for varying excess air with the assumptions of:
(1) zero SQ@ formation, and (2) fuel-sulfur stability.

893
4
by equation (15) for 100% load
— by equation (15) for 50% load
@ 3 O tests [7] for 100% load
< ¢ tests [7] for 50% load
<
S 2
wn
&
21
0
0 0.2 0.4 0.6 0.8
0, (vol.%)

Fig. 5. Comparison of predicted by Eq. (15) and experimental [7} SO
emissions, as percentage of S§ for 100 and 50% loads of a 308 MW
boiler firing high-sulfur fuel oil at different values of excess air.

percentage calculated by Eq. (15) for the 100 and 50%
loads in comparison with test data obtained for the same
loads of the 308 MW boiler fired with high-sulfur fuel oil
(S = 2.3%) by direct measurements of S flue gas [7].

In effect, the empirically obtained Eq. (15) is regardless
of fuel-sulfur and can be applied for the cases of firing
medium- and high-sulfur fuel oils; with the preliminary
estimated SQo, one can predict S@emission in the boiler
furnace for the desire@V/Ng) and Q.

For the case of firing low-sulfur fuel oil, the level of O
formation becomes quite negligible and can be omitted in
excess air optimization.

For the 100 and 50% loads, almost all of the experimental 4.4. Boiler efficiency and fuel consumption

dots are located below the theoretical,S@ofile. Indirectly,
this fact points out S@formation in the boiler furnace. The

In this work, the heat losgz was estimated using the

test data for the 75% boiler load performs less generality above test data on the CO emission. As mentioned above,

because of probable fluctuations of fuel sulfur during the
tests.

As seen in Fig. 4, S@formation is rather weak, account-
ing for a few percent of the total SGnd depending on both
excess air and boiler load. The following relationship be-
tween SQ emission (in ppm), on the one hand, and the rel-
ative boiler load as well as the oxygen concentration in dry
flue gas (%), on the other hand, approximates the test data:

SOz =35(N/No)O2 (13)

The SQ concentration in dry flue gas (in ppm) for zero
excess air depends on fuel sulfuf, (36), and the volume
of dry flue gas given by Eg. (8):
SO:.0=SO@o,—0 ~ 7 x 103(S/V?)

Hence, the percentage of “in-furnace” $@rmation, re-
lated to SQ o (in our tests SEo ~ 900 ppm, as seen in
Fig. 4), can be determined by:

SG3/S0O; 0 =3.89(N/No)O2

(14)

(15)

In this work, Eq. (15) was also validated for the case of
firing high-sulfur fuel oil. Fig. 5 provides the S50, o

there is a certain correlation betwees and g3 for utility
boilers firing fuel oils at extremely low excess air ratios: the
heat loss with unburned carbon is estimated to be 15-20%
of the heat loss owing to incomplete combustion [7]. Thus,
taking into account quite small level gt for the studied
boiler, thegs was neglected in further calculations.

The heat losses, as well as the gross thermal efficiency
and fuel flow rate to be used in excess air optimization are
shown in Table 1 for the boiler of interest operating at 100%
load. The independent variable, excess oxygen, was varied
in the range of 0.37 to 2.36% corresponding to the excess
air ratios of 1.02 to 1.14, respectively. As seen in Table 1,
the boiler efficiency attained the maximum at 0.73%; O
accordingly, for this excess oxygen the fuel flow rate was
found to be minimum. Meanwhile, the fuel consumption
by the boiler of interest was almost constant in all of the
conducted tests.

4.5. Total costs

As an illustration, the break-down of the various items
of the “external” costs in Eq. (3) along with the fuel costs
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Table 1

Heat losses, gross efficiency and fuel flow rate for the 310 MW fuel oil-fired boiler operating at 100% load for varimurscéntrations measured at sampling
point (economizer outlet)

Variable Unit Oxygen concentration in dry flue gas (%)

0.37 073 108 141 174 205 236
22 % 6.536 6584 6630 6674 6718 6759 6800
q3 % 0.0635 00159 negligible negligible negligible negligible negligible
q5 % 0.2 02 02 02 02 02 02
b % 93191 93216 93170 93126 93082 93041 93000
mf kg-s‘l 19.595 19584 19589 19594 19599 19603 19606

@ Calculated for the excess air in waste flue gas.

35 0.30
002 =0.554% E02=0.554%
- 30 n_ - - 025 | :
B e i o T 002 =1414%
wn 25 1 124
=] % 020 1
: 2.0 B N
= é’ 0.15
;_"_a, 1.5 B 3
- - 0.10 -
%‘ 1.0 -
&) =]
0.5 O 005 :
0.0 1 L 0.00 i 1 1 r—-l_
S02 Fuel Cost CcO2 NOx S03 CO

(a) (b)

Fig. 6. Break-down of the major (a) and minor (b) costs incorporated into the total costs for the 310 MW fuel oil-fired boiler operating at 100% load for tw
different values of excess air.

calculated by Eq. (2) are shown in Fig. 6 for the boiler 6.20

operating at 100% load at two distinct values of excess
air. The individual cost items are affected by the fuel oil
consumption and the fuel price as well as by the specific (i.e.,&  6.10 |
per unit mass) “external” costs and emission rates for the =
relevant pollutants. The fuel costs were calculatedHoe
0.15 US$kg~1. Meanwhile, the specific “external” costs,
or costs of damage done to the environment and humansg 6.00
by 1 kg of a particular airborne pollutant, were assumed &
by [12,13]: Pyo, = 2.4 US$kg™, Pso, = 3.0 US$kg1,
Pso, = 1.72 US$kg™?, Pco, = 0.03 US$kg™?, Pco = 5.90 , . 1 ,
0.99 US$kg~ and Ppy = 0.6 US$kg 2. 0 0.5 1 15 2 25

The major contribution to the total costs is made by fuel

. : 0,(vol.%)

costs as well as by GO(despite a relatively low value
of Pco,) and SQ, as seen in Fig. 6(a). The cost impacts Fig. 7. Total costs versus excess air for the 310 MW boiler firing fuel oil at
of NO,, SO; and CO can be estimated to be minor (see 100% load.
Fig. 6(b)).

Apparently, varying the furnace excess air results in a 4.6 Optimum and * compromise” excess air
change in the cost pattern, and the minor costs (i.e., for,NO
SO; and CO) are noticeably affected by excess air, as seen |, rig 7 the dependence of the total costs on excess
in Fig. 6(b). However, the cost balance can be changed with 5ir s shown for the boiler of interest operating at 100%
fluctuations in fuel properties and boiler load. The effect of |oad. The minimum of the total costs corresponds to the
the boiler load on the major costs is quasi—linear, WhereaSOptimum excess oxygen of 0.7-0.75%.®lowever, these
the response of the minor costs also depends on the possiblgalues are in the vicinity of the critical excess oxygen and,
changes in combustion conditions followed by the reduction taking into account the ©fluctuations (see Fig. 1), cannot
in the boiler load. be recommended as an actual operating variable because of

6.15

$/s)

6.05

1 costs

595 r
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possible elevated soot formation. An increase in the aboveon SGQ. The empirical equation including effects of excess
optimum Q by at least 153D (or approximately 0.35% §) air as well as boiler load was developed for estimating SO
up to “compromise” excess oxygen of 1.1%,8eems to  formation for the boiler fired with medium-sulfur fuel oil.
provide the desired reduction in the fuel and “external” costs ~ The total fuel and “external” costs for the fully loaded
with minimized soot formation in the boiler furnace. Indeed, boiler were found to have a minimum corresponding to 0.7—
switching the excess oxygen from the currently employed 0.75% Q at the economizer outlet. However, the “compro-
value of 1.5% Q@ to the “compromise” set point, may ensure mise” value of 1.1% @ was selected as the recommended
a saving of some 0.025 US&~1 per boiler unit, as seenin O, set point in boiler operation taking into account the
Fig. 7. This result is equivalent to the potential saving of fuel desired diminishing of the total costs as well as the con-
and “external” costs of about 630000 US$ per unit boiler straints concerning minimized soot formation at extremely
per year assuming that the boiler is operated at the full load low excess air values. Switching excess oxygen at the econ-
during 7000 hrs in a year. omizer outlet from the current set point of 1.5% @ the

Basically, the excess air optimization can be carried out “compromise” value ensures a significant saving, of about
for any arbitrary boiler load, and respective corrections 630000 US$, in the total costs per boiler unit per year.
might be done in the load-related program for the @t

oint of a variable-load boiler.
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1.5-1.7% Q) led to increased NOemissions which were Moscow, 1979 (in Russian).
associated with the increased flame temperature. Thus, the[s] H.L. Goldstein, C.W. Siegmund, Influence of heavy fuel oil composi-
data indicated a quite weak effect of the flue gas recirculation tion and boiler combustion conditions on particulate emissions, Envi-

because of the inappropriate location of the gas injectioninto __ ron. Sci. Technol. 10 (1976) 1109-1114.
the furnace [9] T. Ichinose, K. Fujimura, K. Takeno, T. Motai, Y. Arakawa, H. Fujii,

. o . L. Combustion characteristics and pollution minimum technology for VR
Meanwhile, for 75 and 50% boiler loads, N@missions (vacuum residue) fired boiler, JSME Internat. J. Ser. B 41 (1998)

depended on the rates of fuel and prompt NO formation only, 1055-1060.
because of reduction in the temperature level in the furnace.[10] P.S. Northrop, G.R. Gavalas, Combustion characteristics of carbona-
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