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Abstract—As NO, and SQ, have significant environmental impacts, advancedréatments
are required to remove them from the exhaust gas & glass melting furnace. Here, we inves-
tigate a plasma-chemical hybrid process (PCHP) fathis purpose. A pilot-scale experiment of
the simultaneous removal of NQ and SQ, using PCHP combined with the existing semi-dry
type desulfurization reactor is conducted on actuahigh-temperature exhaust gas from a glass
melting furnace. NO (the majority of NO, is NO) in the exhaust gas is oxidized to NQusing
active oxygen (ozone: @ generated by a plasma ozonizer. The exhaust gasish be cooled to
less than 150 °C in order to suppress the thermalegomposition of Q, while the gas temper-
ature at the outlet of the semi-dry reactor must bekept at 200—250 °C to protect the dry-type
electrostatic precipitator (ESP). Therefore, it ismportant to form a local cooling area for NO
oxidation in the reactor. In this study, we use thehree-fluid nozzles of Q, water, and air to
form the local cooling area and effectively oxidizeNO to NO,. In addition, we spray NaOH
aqueous solution for S@ absorption downstream of the NO oxidation area tallow sufficient
time for NO oxidation. The SO, reacts with NaOH to produce NaSQO;, a powerful reducing
agent. Subsequently, N@reacts with N&SO; and is reduced to N, and the NaSO, generated
in this reaction is reused as a clarifier of the rev materials for glass manufacturing. As a result,
the ratio of the amount of removed NO and NQto the amount of injected Q (de-NO/O; and
de-NG,/O3) is 64% and 78%, respectively; therefore, high eifiency is obtained. This study
includes actual examples of the treatment of exhaugas in a glass melting furnace, using
PCHP de-SQ and de-NQ, technologies along with results from pilot-scalexperiments.

. INTRODUCTION

Glass melting furnaces use the combustion of @iy eavy oils, and other fuel sources
to melt raw materials at approximately 1500 °C. &xbaust gas generated includes ni-
trogen oxides (N@), sulfur oxide (SG), and other harmful substances that have significa
negative environmental impacts. ,.5énhd dust in the exhaust gas are removed by an €
tertreatment system consisting of a chemical reactimg a solution such as sodium hy-
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droxide (NaOH) 1, 2]. The product of this reaction is easily reused ssw material in the
glass melting furnace. Moreover, the flue gas eaiftom furnaces includes low melt and
adhesive dust such as several alkali metal commowitth a high concentration of SO
from the raw glass material and fuel. Selectivalgdt reduction (SCR) using urea or
ammonia is typically used for the treatment of NMissions3, 4]. However, the catalyst
of SCR is clogged, and the ability of the catalgseduced by the low melt and adhesive
dust in the exhaust gas of glass melting furnaoetltis reason, a general denitrification
equipment are both difficult to apply to the exhayas of glass melting furnaces.[Thus,
NO, emission is generally suppressed on the combusititenusing a method for reducing
the combustion air ratio in glass melting furnackdvanced treatments are required to
remove NQ emissions from the exhaust gas.

Substantial research into denitrification technglagthout the use of a catalyst has been
reported §, 7. A plasma-chemical hybrid process (PCHP) withezattlysts has proven to
be suitable for the exhaust gas of glass meltingaites. The authors previously employed
a PCHP and experimented laboratdyd to conduct a pilot-scale experimental exhaus
gas treatment simulating the exhaust gas conditdres glass melting furnace. PCHP
technology without the use of a catalyst can comlzsirgeneral desulfurization reaction
with a denitrification reaction. Moreover, the PCHRn be used for both wet
(low-temperature)d] and dry (high-temperature}][exhaust gas treatments; thus, we have
developed this method for application to exhaustfgam a glass melting furnace.

In this study, a pilot scale experiment is condddte an actual semi-dry type after-
treatment system of a de-g€actor in combination with a two-phase ozone andet
chemical process for a glass melting furnace.

Il. PRINCIPLE OFAFTERTREATMENTSYSTEM

The plasma combined semi-dry chemical processngposed of two steps: one that
oxidizes the nitric oxide (NO) of flue gas in N@ nitrogen dioxide (Ng) by ozone (@
(plasma treatment) and one that desulfurizeg t8Godium sulfite (N£80;) by NaOH
(chemical process). Then, the generated substameagacted with each other. The fol-
lowing NO, removal process is utilized. Plasma inducedy@s with gas cooling water,
using oxygen as the raw material, is injected threactor and decomposed to oxyger
radicals. NO generated by combustion in an exhgassis oxidized to water-soluble MO
using the oxygen radicals at a gas cooling aregirsthe exhaust gas is treated to become
NaSO; solution using NaOH solution at the gas coolingaathrough the desulfurization
process. N@is treated to become harmless nitrogen) (B a chemical process using
NaSO;, producing sodium sulfate (B80O,) in the same area. After the semi-dry state, the
NaSQ, is completely dried by the heat of the exhaust asthermore, the N8GO, is
collected in the dust collector by an electrostatiecipitator (ESP) and bag-filter (BF).
The collected dust is reused as a raw materiad fglass manufacturing system and,NO
and SQ are continuously removed.

Ill. EXPERIMENTAL APPARATUS ANDMETHODS

The experiment was conducted at the semi-dry tybauest gas aftertreatment system
for the glass melting furnace of Nihon YamamurasSl@iokyo Plant (Kanagawa, Japan).
The furnace can process 245 ton/day of raw glassriabby combustion of heavy oil and
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LNG at a rate of 1300 L/h and 100°/m respectively. The internal temperature of the
furnace is maintained at approximately 1550 °C ttwlling the flow rate of fuel and
combustion air. A set of combustion burners, lodaia the north and south side, is in-
stalled inside the furnace. Three burners are éacah each side (north and south direc-
tion) and are alternated every 20 min for heat argle with the regenerative furnace. The
average exhaust gas flow rate and temperatureC8@03iN/h (N: standard state, 0 °C,
and atmospheric pressure) and 450 °C, respectively.

Fig. 1 shows a schematic diagram of the semi-dry typetefsment system with the
plasma combined chemical process for the glassmgdlirnace. The pilot-scale experi-
ment was performed during adjustment of the conipusimount at a heavy oil rate of 301
L/h with an LNG rate of 620 th (raw glass material = 153 ton/day). As a reghk,
exhaust gas of 16800°\h at the reactor inlet of SP1 is then introduiced the semi-dry
reactor. The reactor is a cylindrical appara@8% m x 15 m, Asahi Glass Engineering Co.
Ltd.) containing three-fluid spray nozzles (GSIM232B, H.IKEUCHI & Co., Ltd.) for
gas cooling of @and two-fluid spray nozzles (GSIM6055II, H.IKEUCHICo., Ltd.) for
desulfurization. The water and compressed air @ithn the three-fluid nozzles is sprayed.
A water mist is formed by spraying compressed aul aoft-water (0.80 #h). The
three-fluid nozzles are installed in the vertidaéction (upward) at 30° and mounted 1.9 m
downstream from an inlet of the reactog. i®emitted into the localized gas cooling area
formed by water spray. A part 0@ absorbed by the sprayed water, then the gathand
water of Q is existed as two-phase; @ the localized gas cooling area. The NO in the
exhaust gas is oxidized to NO'he Q gas is generated by the air-cooled surface digehar
plasma ozonizers. The absorbent aqueous solutimaiocng NaOH (2.0%) and NaO;
(0—1.0%) and compressed air, used to create aairtise two-fluid nozzles mounted hor-
izontally, is sprayed. A water mist is formed byapng compressed air and the NaOH
solution (0.69-0.76 ). The two-fluid nozzles are mounted 2.0 m doweesn from the
three-fluid nozzles. Reaction of $@ the exhaust gas with NaOH produces;’S@s a
by-product in the localized cooling area. In adufitithe NQ generated by Dinjection
reacts with S@ and transforms to Nand a solution containing $0ion. The solution
containing S@ is dried to a dust of NSO, particles by the outlet of the reactor.
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Fig. 1.Schematic diagram of the semi-dry type aftertreatrsystem with the plasma combined chemical psoces

for the glass melting furnace

Downstream of the reactor, the dried,8@, particles contained in the exhaust gas ar
collected by the dry type ESP (DC voltage = 45 &Wirent = 200 mA, Asahi Glass En-
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gineering Co., Ltd.) operated with an applied wpétaf 23—29 kV with a current control of
61-75 mA. Further downstream of the ESP, the Bfe(ff ¢155 mm x 6 m, number = 448
filters, Asahi Glass Engineering Co., Ltd.) cleanfi®e gas of dust to produce a highly
purified exhaust gas. The temperature of the exhgas is measured at the following
points: TC1 is at the inlet of the reactor as SRQ2 is at the inside of the reactor (gas
cooling area) as SP2 (at 3 heights downstreampHhs=1.5 m, 3.0 m), TC3 is at the outlet
of the reactor as SP3. The concentrations of thawest gas components such as NO, an
NO, are measured at the inlet (SP1) and outlet (SR2sorement points of the reactor
using the NO analyzer (SP1; NOA7000, Shimadzu Catpm) (SP3; PG-202, Horiba,
Ltd.), and NQ analyzer (SP1; URA-4N, Shimadzu Corporation) (SR®A7000, Shi-
madzu Corporation). The concentration of @enerated is measured using an ozon
monitor (EG-550, Ebara Jitsugyo Co., Ltd.).

The specifications of the ozonizer A and B are sihovwrable 1. Ozonizer A (EW-90Z,
Ebara Jitsugyo Co., Ltd.) has a pressure swingrptisn (PSA) oxygen (& generator.
Ozonizer B is composed of nonthermal plasma (N&&ctors (HCII-OC70, Masuda
Research Inc.) and supplied with @as from liquid oxygen. A unit of NTP generators
consists of 12 NTP reactors and 6 power suppli@stHe pilot-scale experiments, three A
ozonizers and four B ozonizers are used. The amtalunt of Q generated is 1.4 kg/h with
an Q, gas concentration of 2.0% (= 43 dhth and a maximum power consumption of 22
kWh.

TABLE 1: SPECIFICATIONS OF OZONIZERA AND OZONIZERB

Ozonizer No. A B
Manufacturer Ebara Jitsugyo Co., Ltd. Masuda Research Inc.
Type EW-90Z HCII-OC70%x12
Number of ozonizer 3 ozonizers 4 ozonizers

Raw material gas
O3 generation

O3 concentration
O3 volume flow rate

More than 90% O, gas from PSA
Air-cooled silent discharge plasma
0-100 g/m°N = 0-4.7%

0.9 m*N/h /2.7 m®N/h

0O, gas from liquid oxygen
Air-cooled surface discharge
plasma

38 g/m°N = 1.8%

7.2m°N/h /29 m®N/h

(one device / total)

O3 mass flow rate

(one device / total)
Power consumption
(one device / total)
Dimension (W x D x H)

90 g/h / 270 g/h 275 g/h / 1100 g/h

3.1 kWh /9.3 kWh
740 mm x 925 mm x 1840 mm

5.4 kWh / 22 kWh
1000 mm x 1600 mm x 700 mm

Fig. 2 shows an example of the measured discharge vdiagi¢he current waveforms
for the pulse high-voltage power supply powering BTP reactors when,@as is passed
through them at a flow rate of 36.7 L/min. The Heige voltage and current waveforms
are measured using voltage and current probekidfigure, the input power to the power
supplr)r/?used to drive the two discharge tubes is\W6The Q concentration at this time is
51 g/m.
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Fig. 2.An example of the measured discharge voltage ardrduwaveforms for two NTP reactors in ozonizer B

IV. RESULTS ANDDISCUSSION

Table 2 lists the experimental conditions of T1 to T3 tpestiods with Q gas, water
spray, and NaOH solution spray. The conditionschemged between each test period an
measured for 120 consecutive minutes. The flow sftke exhaust gas is 1680GNh.
The temperature range of the reactor inlet is 498-4. The NO, NQ and SQ con-
centration ranges are 214-226 ppm, 222-235 ppm3@&d335 ppm, respectively. The
average @ concentrations at the inlet and the outlet of rémctor are 5.7% and 8.0%,
respectively. Hereafter, all gas concentrationseapmressed as converted values based o
15% oxygen concentrationz@as is injected with mass flow rates of 1.78-kg®. The
NaSO; concentration of the NaOH spray is changed to@%8b, and 1.0%, respectively.

TABLE 2: EXPERIMENTAL CONDITIONS AND EXHAUST GAS CONCENTRATI®S AT REACTOR INLET

Test | Exhaustgas Concentration of Injected Water NaOH NaOH Na,S0,
peri- volumetric environmental load Gas o spray solution cone. conc. Molar
: substances (average) | temp 3 for for ratio of
ri- flow rate (dry mass flow rate spray
ods base) . flow rate for O, flow rate NaOH NaOH 04/NO
NO NOy SO, 3 spray spray
m*N/h ppm ppm ppm °C kg/h m¥h mh % %
T1 16800 226 235 308 491 1.79 0.80 0.76 2.0 0 0.22
T2 16800 217 227 335 490 1.78 0.80 0.75 2.0 0.5 0.23
T3 16800 214 222 306 493 1.78 0.80 0.69 2.0 1.0 0.23

Fig. 3 (omitted) shows the temperature transition coodgiof the exhaust gas at SP1
and SP3. The combustion characteristics of northsaith regenerative furnace are dif-
ferent because they have been used for more thaed® continuously. Therefore, the
temperature differs in the north and south. Thepenature of SP1 at the reactor inlet
before the exhaust gas treatment is 490-493 °C.tdmperature of SP3 at the reactor
outlet cooled by the spray of water fog @1d NaOH aqueous solution in the reactor is
241-252 °C. T3 has a higher outlet temperatures@f’Z because the amount of NaOH
solution is smaller than for other conditions. Bx&aust gas is completely dry.

The gas at height H = 0 m of the localized coolingg at SP2 is cooled to an average o
75 °C. This temperature is cooled to 150 °C or lowsing cooling water from the
three-fluid nozzle. The cooling water with; @jected from the nozzle and the reaction
field of O; and NO are sufficiently cooled. In the upper rigacfield, the temperatures of
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H=1.5mand 3.0 mare 91 °C and 220 °C, respagtiThe calculated reaction time of the
localized cooling area is 1.9 s. Therefore, cond#iare set for oxidizing NO while sup-
pressing the thermal decomposition gf O

Fig. 4 shows the time-dependent NO concentrations akethetar inlet (SP1) and outlet
(SP3). For glass melting furnaces, N§@nerally refers to thermal NQvhich is NO in the
combustion of a glass melting furnace. The averatijes of NO to NQis more than 90%.
The initial NO concentrations at T1, T2, and T3S#f1 are 226 ppm, 217 ppm, and 214
ppm, respectively. Qis injected into the localized cooling area fornmmd three-fluid
nozzles. As a result, the NO at SP3 is oxidized@y and the NO concentration decreases
The molar ratio in the reaction between NO andsQheoretically 1:1; it decreases with
increasing gas temperature. The molar ratio oftjeeted ozone to the NO of exhaust gas
is 0.22-0.23 in showhable 2 The NO concentrations at T1 to T3 of SP3 arepi98, 186
ppm, and 184 ppm, respectively. A NO oxidationagtle-NO/injected ¢) of 64% and
NO removal efficiency (de-NO) of 14.5% is achievied the condition of T2 with 1.78
kg/h of injected @ It was confirmed that exhaust gas forms in tloalieed cooling area
by water and @using the three-fluid nozzle and NO is oxidizegassult.
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Fig. 4. Time-dependent NO concentration at the reactet {{8P1) and outlet (SP3)

Fig. 5shows the temperature dependence of the ratieavédsed NO on the injected O
and the gas temperature at TC2. The result of oenvigus laboratory studyg] is also
shown in this figure. The molar ratio in the oxidatreaction of NO and £Js equimolar
(NO/O; = 1). When the gas temperature is less than 56€0|O/injected @of more than
90% is achieved. However, the de-NO/injectedy@dually decreases with increasing gas
temperature until high temperatures such as 3001iS.is because most of the injected O
is decomposed to Qlue to the high temperature of the gas befordiogawith NO. In
order to prevent decomposition of,@he Q must be injected into the localized gas cooling
area as a water mist, which is formed by the tfitgd-nozzle. In this pilot-scale experi-
ment, 37.0-37.3 mol/h of {s injected into the gas cooling area (heightm)dormed by
three-fluid nozzles at a temperature of 94-98 °€akesult, the decreased NO measure
23.7 mol/h and the de-NO/injected @ecreases to 64% at T2. In addition, at heigh@srof
and 1.5 m in the gas cooling area the temperasudé *C and 89 °C at T2, respectively,
into which 37.0 mol/h of @is injected. The gas temperature of theirfection point is
cooled in spite with less than 100 °C, NO oxidatiatio is same as at 190 °C. Note that, in
this pilot-scale experiment, the actual gas tentpezaof the reaction zone becomes lower



Proc. 2018 Electrostatics Joint Conference 7

than that of the exhaust gas in the formed gasraparea with water spraying. The dete-
rioration in NO removal ratio caused by the higimperature of the gas can be preventec
by injecting Q into the region cooled by the spray.
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Fig. 6 shows the time-dependent N&ncentration at the reactor inlet (SP1) and butle
(SP3). The average N@oncentrations at T1, T2, and T3 of SP1 are 236, @27 ppm,
and 222 ppm, respectively.;@s injected into the localized cooling area formiag
three-fluid spray nozzles. In addition, NaOH spmayzles of different heights are applied
to the continuous localized cooling area. 3@ the exhaust gas is treated to become
NaSO; solution using NaOH solution at the gas coolingaathrough the desulfurization
process. As a result, the NO at SP3 is oxidizéd@gand the NO concentration decreases
The average NQOconcentrations at T1, T2, and T3 of SP3 are 204, 488 ppm, and 185
ppm, respectively. A NOremoval efficiency (de-NQ of 14.6%, 17.0%, and 17.0% is
obtained for the condition of T1-3. At this timéyet obtained NQ removal ratios
(de-NQ/injected Q) of T1, T2, and T3 are 69%, 78%, and 77%, respelgti In addition
to the NQ oxidized by @, the NQ is treated together with the original Bl®om the
exhaust gas of combustion. Also, desN@ected Q increases as NaO; concentration is
increased. Adding N&O; to the NaOH spray solution (in the range of 0%) tan im-
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prove NQ reduction performance. Thus, it is possible taéase de-NQby increasing
NaSO; concentration. De-NQis not high because the amount of injectedOnsuffi-

cient for the existing NQ(the molar ratio of ggNO = 0.22—0.23). However, as de-MO;

is high, de-NQ can be increased by increasing tharection amount.

V. CONCLUSION

A pilot scale experiment for de-NGand de-SQ was conducted using plasma and
chemical hybrid processes in an exhaust gas treatsgetem of a glass melting furnace.
Experiments were conducted where the reaction itinige localized cooling area and the
amount of NaOH and N&O; were changed, and the temperature for dg-M&s found to
improve the performance. The main results are l&sifs.

(1) With regard to the NO oxidation experiment, toeling water with @injected from
the nozzle and the reaction field of @d NO were sufficiently cooled to 75 °C. Theialit
NO concentrations were 214-226 ppm.v@as injected into the localized cooling area by
three-fluid spray nozzles. In addition, the out&the reactor was maintained above the
SO; dew-point. As a result, the decreased NO was8lih and the de-NO/injected; Of
64% was obtained. In addition, ng IBaks were observed at the stack because thestxha
gas temperature was higher than the thermal decsitiggotemperature of £

(2) The de-NQ/O; was 78%; therefore, high efficiency was obtaifégten, a de-NQof
14.6-17.0% was obtained. De-N®@as not high because the amount of injecteaves
insufficient for existing NG because the molar ratio o0 was 0.22—-0.23. However,
as de-NGYO; was high, de-NQcould be increased by increasing thar@ection amount.

It is necessary to investigate whether efficien@ésle-NO/Q and de-NQ/O; can be
maintained even when the @jection amount is increased.

Our experiments indicate that PCHP has great pgaters a new exhaust gas treatment
technology. In this study, we introduced simultargedenitrification and desulfurization
technology using PCHP, which can reduce the enmimmtal impact of exhaust gas
emitted from a glass melting furnace.
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