ISSN 2409-9066. Sci. innov. 2017, 13(4): 19—26

https://doi.org/10.15407 /scine13.04.019

Voichyn, I.A., and Kolomiets, A.M.

Coal Energy Technology Institute, the NAS of Ukraine, 19, Andriyvska St., Kyiv, 04070, Ukraine;
tel.: +380 44 425 50 68; fax +380 44 537 22 41; e-mail: ceti@i.kiev.ua

USE OF AMMONIA SEMIDRY TECHNOLOGY
FOR FLUE GAS DESULFURIZATION
IN COAL POWER PLANTS

The environmental protection legislation of Ukraine and the European Union requires a significant reduction in sulfur
dioxide emissions at thermal power plants. Therefore, the need to design, to produce, and to build an installation for flue
gas desulfurization in compliance with European best practice. The necessary condition is to determine optimal parameters
for variable modes of purifying installation. The article presents the results of numerical modeling of semidry desulfurization
plant to bind sulfur dioxide in flue gases coming from the boiler TPP-210A of 300 MW power unit. The desulfurization plant
works on the semidry method using ammonia water as sorbent. Upon the results of research, the size of reactor operating
area as main part of desulfurization plant has been established, the method for feeding ammonia and water used to prepare
the solution and to irrigate flue gas flow has been defined. The consumption rate of ammonia solution and water has been
estimated depending on volume of flue gas and water and inlet temperature of gases.

Keywords: desulfurization, ammonia, chemical reactor, and power unit.

Ukraine's thermal power plants (TPPs) are
among the largest sources of atmospheric air pol-
lution by sulfur dioxide as a result of significant
emissions from combustion of several dozen mil-
lion tons of sulfur-containing coal annually [1].
The environment protection legislation of Ukrai-
ne and the European Union requires a significant
reduction of sulfur dioxide emissions which are the
main pollutants [2, 3]. In Ukraine, 42 power units
with a capacity of 300 MW each have been instal-
led at the TPP [1]. EU Directive 2010/75/EU
on industrial emissions establishes that for such bo-
iler units, sulfur dioxide concentration in flue gas-
es shall not exceed 200 mg/Nm? and 400 mg/Nm?
in the case of high-sulfur coal combustion, pro-
vided the efficiency of sulfur purification plant is,
at least, 95% [3].

At present, there are no desulfurization plants
at the Ukrainian TPPs. An urgent condition for
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Ukraine's membership in the Energy Communi-
ty is the construction of plants with an effecti-
ve technology for sulfur dioxide retention. Cur-
rently, there have been many commercial engi-
neering solutions for removing SO, from waste
gases generated by combustion of fossil fuels [4].
Chemical binding of sulfur dioxide is possible
with reagents containing calcium Ca (lime, lime-
stone), magnesium Mg, sodium Na, manganese
Mn, ammonia NH,, etc. [5]. An important factor
for selecting the purification technique is rate
and conditions of the reagent dissolution, which
significantly affect the SO, removal efficiency
and the size of chemical reactor where the bind-
ing of sulfur dioxide occurs. The semi-dry ammo-
nia desulphurization method is one of advanced
technologies [6].

The simulation of SO, removal is based on TPP
power unit with an electric power of 300 MW,
which has a twin boiler unit TPP-210A where
anthracite is burned. The purpose of mathemati-
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cal research is to obtain the data necessary for
developing the terms of reference for the design
of flue gas desulphurization plant and technical
specifications.

During the study, it is necessary to determine
the size of sulfur purification plant (chemical re-
actor) work area, the way of supplying the fluid
(solution of reagent and irrigation water) to the
reactor, the type of liquid injectors, and the re-
gime parameters: solution and water consump-
tion, velocity and temperature of gases in the re-
actor work area depending on the power unit load
and meteorological conditions. The data are ob-
tained by the calculation method based on origi-
nal mathematical model [7]. The model takes into
account the absorption of gases by liquid, the
evaporation of water from droplets, protolytic re-
actions in the liquid phase and the combination
reaction in the gaseous phase of the stream. This
way, it enables to determine the concentration of
chemical compounds in both phases.

RESULTS AND DISCUSSION

The semi-dry ammonia technology is proposed
for binding of sulfur dioxide of flue gases. It will
enable, firstly, to get an output product, pow-
dered ammonium sulfate (NH,),SO, that can be
used as mineral nitrogen fertilizer. Secondly, this
method makes it possible to exclude the sorbent
dissolution in suspension, i.e. to eliminate the
process affecting the plant size and efficiency,
since the rate of calcium sorbent dissolution is
low. Thirdly, the method enables to avoid the for-
mation of solid deposits in nozzles spraying the
liquid and on the reactor surface.

In the gas path of the coal power unit, the des-
ulphurization plant is located after the ash re-
moval, for example, an electrostatic precipitator
(ESP). To capture fine solid particles of the by-
product resulting from SO, chemical binding, a
sleeve filter is installed behind the reactor. Che-
mical binding of sulfur dioxide occurs on the sle-
eve surface as well [5]. Thus, the sleeve filter is
the second level of sulfur purification. Depend-
ing on the sleeve filter design and the frequency

of shaking the alkaline dust accumulated on the
sleeves, the additional efficiency of sulfur diox-
ide capture varies within 5—20% [5].

One body of TPP-210A steam generator, at no-
minal load, after the ESP, generates flue gases at
a flow rate of 180.8 Nm?/s. At 150 °C, it makes
up 280.2 m*/s or 1.008 million m3/h. The reagent
consumption is determined by sulfur dioxide con-
tent in flue gases. To ensure an efficiency of, at
least, 90% at a SO, concentration of 1181 ppm,
the specific consumption of NH, should be
1.615 g/Nm?. The work reagent solution is pre-
pared from 25% aqueous ammonia and service
water. The total water consumption should pro-
vide the maximum possible process efficiency and
be such as to ensure that after drying of liquid
droplets, the temperature of exhaust gases at the
outlet exceeds the water dew-point temperature,
at least, by 15 °C to prevent chemical corrosion of
ducts [4]. In this case, the total water consump-
tionis 51.611 g/Nm?. For such consumption rates
of NH, and H,O, the ammonia content in the so-
lution will be about 3%.

The work area of the designed chemical reactor
is shaped as cylinder. The reactor inlet and outlet
are shaped as a diffuser and a confuser, respec-
tively. The flue gases are fed from the lower part,
and the purified gases leave the reactor in the up-
per part. In the lower part of the work zone, am-
monia solution is injected into the gas stream
through the nozzles.

The diameter of chemical reactor work area is
determined by the area of cross section which the
average velocity of flue gas flow depends on. The
stay of gases in the work area depends on their
velocity, while water evaporation rate and dura-
tion of droplet drying depend on the velocity of
liquid droplets with respect to the gas velocity.
Calculations have showed that if the work area
diameter of chemical reactor increases from 7 to
11 m, the gas velocity ranges within 2.9—7.3 m/s
(Fig. 1) and 2.5—6.1 m/s at the entrance to the
area and at the exit from it, respectively. The ve-
locity of flue gases has been established to have a
small effect on the efficiency of sulfur dioxide
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binding. This is explained by very low relative
velocity of droplets at these gas velocities. In
200 ms after the liquid is injected into the stream,
the droplet velocity becomes almost equal to the
gas velocity. Consequently, there is no convective
component of water molecule transport from the
drop boundary layer to gas. Thus, the water mol-
ecules are transported from drop to gas only by
diffusion mechanism. In the case of single-stream
method, a drop of 100 pm is dried for about 5 sec-
onds regardless of the velocity, within the above-
mentioned ranges. The height of the reactor work
area is determined by time of droplet drying. Un-
der these conditions, the required height of the
area varies from 33.1 m to 13.5 m, depending on
the area diameter. For this type of plants (for ex-
ample, scrubbers) the ratio of height to diameter
varies from 4 to 6. Based on the results of numer-
ical studies, it is assumed that the work area in-
ternal diameter is 9 m and the height is 40 m.
The research [8] presents the results of a nu-
merical study of processes in an industrial sulfur
purification plant, the prototype of which is the
plant used for a group of coal boilers having a
thermal capacity of 50 MW, at the Lublin TPP,
Poland. The plant is designed for a lower con-
sumption of flue gases with a lower sulfur dioxide
content as compared with the plant under con-
sideration. The present research continues the
study [8]. In particular, the plant for sulfur diox-
ide removal from flue gases coming from the boi-
ler that is a part of 300 MW unit of Ukrainian
TPP with a higher gas consumption and higher
SO, content has been considered. In addition,
more parameters that affect the performance of
the chemical reactor have been identified. The re-
sults of numerical studies [8] have showed that at
the nominal mode, the single-stream method of
supplying liquid (solution), when it is all fed at
the entrance to the reactor work area, is less ef-
fective than the double-stream one, when a weak
reagent solution and processing water are fed se-
parately. With the double-stream method, the so-
lution and water can be fed in various sequence.
In the case of water-solution method, the water is
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Fig. 1. Effect of work area diameter on gas velocity at the
inlet (7), gas velocity at the outlet (2), and height of work
area (3)

fed first, with the solution following it. In the case
of solution-water, on the contrary, the solution is
introduced first, with the water fed after it. It
should be noted that in the second case, the effi-
ciency is higher than in the first one.

This effect is explained by the following fac-
tors. If the irrigation water is supplied first, then
droplets absorb SO, without chemical binding
in the absence of a reagent. In addition, as the
mass of droplets decreases due to water evapora-
tion, sulfur dioxide returns to the gaseous phase
of the stream. The further introduction of am-
monia solution drops to a partially cooled gas-
eous phase leads to a lower emission of NH, gas
from the solution to the gaseous medium. There-
fore, SO, is absorbed and chemically bound only
by drops of ammonia solution, but in this case
there is a risk of ammonia gas emissions at the
exit from the reactor.

After the sorbent solution drops are fed, sulfur
dioxide is chemically bound with ammonium hy-
droxide NH,OH and ammonia releases from the
solution droplets to the gaseous phase, in accor-
dance with the Raoul law [9]. Further, as irriga-
tion water drops are injected they absorb not only
SO, but also NH,. As a result, the chemical bind-
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Fig. 2. Effect of distance between levels of fluid feed on
effectiveness of reagent binding (7) and time of droplet
«life» (2)
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Fig. 3. Water temperature effect on water consumption: 7 —
total, 2 — solution, 3 — processing water

ing of sulfur dioxide occurs in droplets. Having
simulated the proposed chemical reactor, it is
found that for the single-stream method the ef-
fectiveness of SO, binding is about 76%, for the
water-solution method it is 81%, and for the solu-
tion-water method it can reach over 92 %.

Fig. 2 shows that in the solution-water method,
the effectiveness of sulfur dioxide binding is influ-

enced by the distance between the levels (along
the reactor height) of nozzles for injection of the
reagent solution and the irrigation water. As the
distance decreases, so does the effectiveness. This
is explained by a reduction in the time of water
evaporation from droplets, i.e. in the time of their
existence. Thus, the «life» of drops decreases by
almost 45%, with the effectives falling by 4%. At
the beginning, it decreases slowly, but as overlap-
ping of solution droplets and water ones increases
it goes down sharply. It is also established that at
the nominal mode of the plant, the optimum dis-
tance between the levels of liquid supply is 8.3 m.
In this case, 60% of water is introduced into the
reactor with ammonia solution and 40% with ir-
rigation water. Further increase in distance does
not lead to increase in effectiveness. It should be
noted that in the double-stream method, the ini-
tial mass content of ammonia in the solution
should be about 5%.

Seasonal fluctuations in atmospheric air tem-
perature (winter-summer) lead to changes in
temperature of service water and flue gases. Cal-
culations for the chemical reactor operating
modes with double-stream fluid supply using the
«solution-water» method have showed that vary-
ing initial temperature of service water within
the range of 10—30 °C almost does not affect the
plant effectiveness that is approximately equal to
92.4%. The weak effect is explained by the fact
that the mass consumption of water is 27 times
less than the gas consumption, although the wa-
ter heat capacity is 4 times higher than that of
flue gases. Water consumption should be raised
as its temperature goes up (Fig. 3) in order to
compensate growing evaporation rate of water
from droplets. It is enough to increase only the
consumption of irrigation water, while that of 5%
ammonia solution should remain constant.

Similar change in effectiveness has been re-
ported when the initial temperature of flue gases
varies within the range 130—170 °C. At these
temperatures, the plant effectiveness is approxi-
mately equal to 92.5 + 0.2%. In addition, higher
values correspond to lower temperatures. How-
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Fig. 4. Gas temperature effect on water consumption: 7 —
total, 2 — solution, 3 — processing water

ever, the specific consumption of irrigation water
needs to be significantly raised as gas tempera-
ture increases (Fig. 4) to compensate growing
evaporation rate of water from droplets when the
heat flux introduced by gases into the chemical
reactor increases. Table 1 shows water consump-
tion at different initial gas temperatures.

During the operation of steam generator its
load may deviate from the nominal one, as a result
of which the volume of flue gases changes propor-
tionally. The calculations have showed that if gas
consumption decreases by 35% the effectiveness
of sulfur dioxide binding rises from 92.4% to 96%

96.5

96.0
95.5
95.0
94.5 -
94.0

Testing time, s

93.5

Removal efficiency, %

93.0 A
92.5

92.0 ‘ \
60 70 80

Reactor loading, %

Fig. 5. Load impact on effectiveness of sulfur dioxide bind-
ing (7) and gas stay in work area (2)

or by 3.6% (Fig. 5). The gas stay in the work area
increases almost 1.5 times. The initial total spe-
cific water consumption remains constant and
equals to 51.611 g/Nm?®, but the absolute soluti-
on and irrigation water consumption in kg/s sho-
uld decrease proportionally to load reduction.
Table 2 shows the solution and water consump-
tion at different loads of the chemical reactor. As
showed above, during the operation of chemical
reactor, there is a need to change the solution
and /or irrigation water consumption. In the case
of lower boiler load, a part of nozzles injecting the

fluid into gas stream can be turned off.

Fluid Consumption at Different Gas Temperatures Table 1
Parameter Value

Gas temperature, °C 130 140 150 160 170

25% NH, solution, kg/s 1.168

Water for solution, kg/s 4.674

5% NH, solution, kg/s 5.842

Processing water, kg/s 1.553 2.8010 3.784 4.752 5.736
Water consumption, kg/s 6.227 7.475 8.458 9.426 10.410
Water consumption, t/h 22.415 26.909 30.447 33.933 37.473
ISSN 2409-9066. Sci. innov. 2017, 13(4) 23
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Fig. 6. Droplet size effect on effectiveness of sulfur dioxide
binding (7) and height of work area (2)

The size of droplets affects the effectiveness of
sulfur dioxide binding since the total surface area
of droplets depends on their size. In their turn,
water absorption and evaporation rates depend
on the droplet area. In most cases, there is a need
to change water consumption, which can lead to
changing the droplet size. The effect of irrigation
water droplet size in the range from 50 um to
150 pm on the effectiveness is showed in Fig. 6.
As the droplet size increases from 100 um to 150
um, the process effectiveness rises by 3% due to
the fact that large drops «live» longer in hot gas

stream. Also, an increase in the share of chemi-
cally bound sulfur dioxide in the gaseous phase is
reported. If the droplet size decreases from
100 pum to 50 um, the process effectiveness falls
by 6% since the droplets evaporate faster. How-
ever, increasing droplet size can lead to a signifi-
cant increase in the required height of chemical
reactor work area. The previous studies have
showed the optimal droplet size is 100 pm [7].

CONCLUSIONS

Based on the results of mathematical study of
the plant for semi-dry ammonia purification of
flue gases from sulfur dioxide formed during
combustion of anthracite in TPP-210A twin
boiler of 300 MW power unit the following has
been established:

1. For the implementation of semi-dry sulfur puri-
fication method on 300 MW power unit, it is advis-
able to construct two chemical reactors with an in-
ternal work area diameter of 9 m and a height of 40 m.
Since the size of liquid droplets is decisive factor for
choosing the height of chemical reactor, the optimal
droplet size is 100 pm. The consumption of flue gas-
es per reactor is about 1 million m®/h, at a tempe-
rature of 150 °C. Both reactors are installed along
gas path behind the ash removal (electric precipi-
tator). In order to capture fine byproduct particles,
the sleeve filters are mounted behind the reactors.

2. In each reactor, the method of double-stream
fluid supply by the «solution-water» scheme is used

Table 2
Fluid Consumption at Different Reactor Loads
Parameter Value

Load, % 100 90 80 70 65

25% NH, solution, kg/s 1.168 1.052 0.935 0.818 0.759
Water for solution, kg/s 4.674 4.206 3.739 3.272 3.038
5% NH, solution, kg/s 5.842 5.258 4.674 4.090 3.797
Processing water, kg/s 3.784 3.405 3.027 2.649 2.459
Water consumption, kg/s 8.458 7.611 6.766 5.921 5.497
Water consumption, t/h 30.447 27.402 24.357 21.313 19.790
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as optimal one. It foresees that the droplets of 5%
ammonia solution are introduced to the gas stream
at the inlet of the work area, while those of irrigation
water are injected at a distance of about 8.3 m. At the
exit of the chemical reactor, all fluid injected should
evaporate, whereas the small particles of ammonium
sulfate should be captured by the sleeve filter.

3. The temperature of service water and flue
gases varies as a result of seasonal fluctuations in
the atmospheric air temperature. Within the
range of 10—30 °C, the service water temperature
almost does not affect the plant effectiveness.
However, temperature of flue gases varying with-
in the range of 130—170 °C requires adjusting the
irrigation water consumption according to the
calculations of Table 1.

4. The consumption of solution and irrigation
water should correspond to the reactor load in
order to maintain the maximum effectiveness of
sulfur dioxide binding. Information on the fluid
consumption depending on the plant load is giv-
en in Table 2.

5. At nominal mode, the consumption of 5%
ammonia solution by one chemical reactor is
5.8 kg/s; that of irrigation water is 3.8 kg/s. The
total water consumption by reactor is 33.6 t/h.
The purified gas temperature at the exit from the
reactor is controlled by changing the consump-
tion of irrigation water. The control of ammonia
solution consumption is based on the concentra-
tion of sulfur dioxide in flue gases at the outlet of
sleeve filter. If the load changes, the fluid con-
sumption can be reduced by shutting some noz-
zles injecting the reagent solution and irrigation
water into the reactor work area. The fluid is pro-
posed to be supplied using pneumatic nozzles ca-
pable of providing the required size of droplets.

6. The calculations have showed that the gas tem-
perature at the outlet from the plant is, at least,
60 °C and exceeds the temperature of water point
of dew by, at least, 15 °C, which enables avoiding
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chemical corrosion of gas ducts. Taking into ac-
count the sulfur dioxide binding in the sleeve fil-
ter, SO, concentration will not exceed 169 mg/nm?
and the overall effectiveness of flue gas desulphu-
rization will reach, at least, 95%.
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BUKOPUCTAHHS TEXHOJOTTI
HATIIBCYXOT AMOHIAKOBOT
JIECYJIb®YPUSAIIT AMMOBUX FA31B
HA BYTTJIbHUX EJIEKTPOCTAHIIIAX

3aKoHOIABCTBO Ykpainu Ta €sporneiicbkoro Cowosy 3
OXOPOHHM HABKOJIMIITHLOTO IIPUPOTHOTO CEPEAOBUINA BUMA-
rae CyTTEBOTO CKOPOUEHHS BUKHJIIB JIOKCUY CIPKM Ha Te-
IIJI0EJIEKTPOCTAHIIISAX. JlJIsl IbOTO CJIijl CIPOEKTYBATH. BUTO-
TOBUTHU Ta CIIOPYANUTH YCTAHOBKY 3 JieCy Ibdypusaitii 11uMo-
BUX Tas3iB. IO BI/ANOBIIaA€ €BPOMENCHKUM KPUTEPISIM
HaWKpaIuX A0CTYITHUX TeXHOJIOTii. HeoOXiaHo0 yMOBOO €
BU3HAYEHHS ONTUMAJIbHUX IapaMeTpiB Ha 3MiHHUX PEKH-
Max poboTH O4MCHOI yecTaHOBKU. B crarTi npeicraBieno pe-
3yJIBTATH YUCIOBOTO MOJIETIOBAHHS POOGOTH YCTAHOBKU Ha-
MBCYXOTO CipKOOYMIIEHHS /IS 3B’ I3yBaHHS IIOKCUY CipKA
JIMMOBUX Ta3iB. SIKi HA/IXO/SATh 3 KOTEJIBHOTO arperaty TUITY
TIIII-210A eHeprobyioKy eJIeKTpUYHOW ToTy kHicTIo 300
MBr. Yeranoska gecy ibdypusaitii mpaiioe 3a HalliBCyXum
METO/[OM 3 BUKOPUCTAHHSIM B SIKOCTI COPOEHTY aMOHIaKOBOI
BO/IN. 32 pe3yJIbTaTaMu JOCJi/IKEHHS BCTAHOBJIEHO PO3Mipn
Po6OUOT 30HU peakTopa sIK TOJIOBHOI YACTUHK CIPKOOYUCHOT
ycTaHoBKU. BusHaueHo c1iocib 1mojiaBaHHs Ta BUTPATy aMo-
HiaKy 1 BOAM. 110 BUKOPUCTOBYIOTbCA /ISl IIPUTOTYBaHHS
PO3UMHY 1 3pOIIEHHSI Ta30BOTO IOTOKY. BUKOHAHO OI[iHKY
BUTPAT PO3YMHY aMOHIaKy il BOIM 3aJIe3KHO Bij 0bcsry -
MOBUX Ta3iB i BO/IM Ta BXi/IHOI TeMIIepaTypu Ta3iB.

Knrouosi crosa: necynbdypusariisi, aMoHiaK, XiMiqHMit
PeaKTop, eHeprobJIoK.
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VCIIOJb30OBAHUE TEXHOJIOTUN
MOJIYCYXOU AMMUAYHOM
JECYJIb®YPU3AIINU IVMOBBIX TA3OB
HA YTOJIBHBIX DJIEKTPOCTAHIIUIX

3axoHozaTesbeTBO YKpanubl 1 EBporeiickoro Coroza 1o
OXpaHe OKpPyKarolell IPUPOAHON cpe/bl TPEOYIOT CyIeCTBEeH-
HOTO CHMZKEHMUST BBIGPOCOB JIMOKCHIA CEPhI Ha TETLIOAIEKTPO-
cranimsx. J[Jst aToro HeoOXOAMMO CITPOEKTHPOBATH, M3TO-
TOBUTH U IOCTPOUTH YCTAHOBKY /LJIsA ]IeCy]Ib(l)ypI/ISaIII/H/I JbI-
MOBBIX Ta30B, KOTOpasd OTBEYACT KPUTEPHUIO HaI/I]Iy‘{H_[efI
JOCTYITHO# TexHOoJIoruu. HeoOXOMUMBIM YCIIOBHEM €CTh OlIpe-
JleJIeHre OIITUMAJIbHBIX TapaMEeTPOB Ha IIEPEMEHHDBIX PEKUMax
POBOTHI OUKMCTHON YCTAHOBKH. B cTaThe MpesicTaBieHsl pe3y.ib-
TaThl YMCJIEHHOIO MOJEIUPOBAHUS PAOOThI YCTAHOBKH TIOJTY-
CYXOH CEPOOUNCTKH JIJIsI CBSI3bIBAHUST IMOKCHIA CEPBI JIBIMO-
BBIX Ta30B, TIOCTYTIAIONIIX U3 KOTeJIbHOTO arperata tuma T1I11-
210A sHeprobyoka asekrpuueckoit MomHocTbio 300 MBT.
Yeranoska jecyibpypusariuu paboTaeT 1o 1oyCyXoMy CIio-
co0y ¢ MCIOIb30BaHMEM B KauecTBe cOPOEHTa aMMUAYHO BO-
161 1o pedysisratam mccsieZfoBaHus yCTaHOBJIEHBI pa3MePbI pa-
GoYell 30HbI PEAKTOPA, KK TJIABHOW Y4acTh CEPOOYMCTHON yC-
TaHOBKU. ONPE/IeIEH TaKKe CIIoco0 MOAAUM 1 PACXO/] aMMUaKa
1 BOJIBI, KOTOPBIE UCTIOJIB3YIOTCS JIJISI TIPUTOTOBJICHUS PACTBO-
pa 1 opollieHust Ta30BOTO MOTOKA. BhITosHeHa olleHKa pacxo/a
pacTBopa aMMHaKa U BOJBI B 3aBUCUMOCTH OT 0ObeMa J[bIMO-
BBIX Ta30B, a TAKJKE TEMIIEPATYPBI Fa30B U BOJIBL.

Knrouesvie crnosa: necynbdypusaius, aMMuaK, XuMu-
YeCKUil PeakTop, SHEProOJIOK.
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