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ABSTRACT

Strict ambient air quality standrds for S0z and NOy in Japan mandate
the use of various air pollution control technologies. This report is a com
pilation of information on the current status of NOx abatement technologies
for stationary sources in Japan. The author obtained this information from
electric power companies, various industries, and developers of numerous tech-
nology processes, as well as from his own original research in the field. The
report focuses on the combustion modification (CM) and Selective Catalytic
Reduction (SCR) NOy abatement technologies. Information is provided on the
development status, pilot and demonstration plant tests, techmological pro—
blems, and costs associated with the use of these technologies in Japan. De-

tailed operation data is given to describe the commercial operation of SCR

plants.
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SUMMARY

NO, Standards and Ambient Concentrations

Recent air pollution control efforts in Japan have concentrated on
NO; abatement, since ambient SO2 concentrations already have been drasti-
cally redunced in response to stringent standards. In 1978, the ambient air
quality standard for NOs was amended from 0.02 ppm to the range of 0.04 to
0.06 ppm as a daily average. In regions with NOs: concentrations above 0.06
ppm, the concentration will be reduced to 0.06 ppm by 1985. In regions where
NO: concentrations range from 0.04 to 0.06 ppm, efforts will be made to keep
the concentrations from substantially exceeding the preseat level. In areas
where the concentration falls below 0.04, efforts must be made to keep at that
level. The new NO3 standard is relaxed compared with the previous standard,
0.02 ppm as a daily average, but is still more stringent than the U.S. stan-

dard of 0.05 ppm as a yearly average.

In regions with large cities such as Tokyo and Osaka, ambient NOz concen
trations often exceed the standards, reaching 0.07-0.08 ppm as daily averages.
The prefectoral governments of Chiba, Kanagawa, and Mie have established even
more stringent regulations and plan to reduce NO: concentrations to 0.04 ppm
from the current 0.05-0.06 ppm level. Even in regions with NO: concentrations
below 0.04 ppm, NO; reduction is often required by local governments to

prevent any further increase.

Nearly 2 million tons/year of NO; 1s emitted in Japan, 60% of which
is derived from stationary sources and the rest from mobile sources. In large

cities such as Tokyo and Osaka, about 60% of the NO; is emitted from

mobile sources.
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NO; emissions from gasoline engine passenger cars manufactured since
1978 have been controlled by stringent regulations. The current limat is 0.25
gram/km, which amounts to 8% of the NO; emissions from cars in 1973.
NO; emissions from diesel-engined buses and trucks have been reduced to
about 50% of the 1974 level. For stationary combustion sources, emission
standards based on advanced combustion modification technology has been

applied to reduce NOy by 30-70%,

With these efforts, ambient NO: concentrations are no longer increasing
despite a continuing increase in the number of stationary and mobile sources.
However, it is difficult to lower current NO:z concentrations i1n large cities
and industrial regions without more effective emission controls for diesel

engine cars and statiomary sources.

N0y Rednction for Stationary Sources

Nearly all NO; emissions are produced by the combustion of fossil
fuels. In Japan, the major combustion fuel is heavy oil. This residue of the
atmospheric distillation of crude oil has been used at the rate of nearly 200
million kiloliters per year. Coal use decreased markedly between 1965 and
1975 and curreatly accounts for only 3% of the nation’s total emergy supply.
However, coal consumption is expected to triple in the next 10 years. Im
ported LNG also accounts for about 3% of the energy currently used and is ex-—

pected to nearly triple in 10 years.

Large stationmary sources such as utility boilers have reduced NOy
emissions 50-70% by applying combustion modifications (C) including low ex-
cess air combustion, staged combustion, flue gas recirculation and low—-NO,
burners. As a result, the NO; concentration in flue gas from utility
boilers is minimal-—150-300 ppm for coal, 80-120 ppm for oil, and 40-60 ppm
for gas firing. Smaller boilers and furnaces have reduced NO; 30-50% by

using 1ow—NO; burners or by switching from heavy oil to keroseme fuel.

For additionmal NO; abatement, several flue gas treatment (FGT)

processes have been developed. Of all the processes, selective catalytic
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reduction (SCR) which uses ammonia and a catalyst at 300-400°C to control
NO;, is presently the most advanced technology. Over 150 commercial SCR
plants are in operation to remove 80-90% of the NO, emissions. Selective
noncatalytic reduction (SNR) which uses ammonia at 800-1,000°C to remove 30-
50% of NO; emissions has been developed and applied to about 20 furmnaces

and industrial boilers. Wet and dry simultaneous SO, and NO; removal
processes also have been developed but have not been applied commercially

except for several small unats.

SCR has been used most often for flue gas treatment because of its
simplicity (which enables unattended operation), relatively high NO; re-
moval efficiency (80-90%), and relatively low cost. Most of the new coal~-
fired utility boilers being planned will have SCR omnits. SCR will also be
needed for some of the existing boilers even in regioms with NO; concen
.trat1ons below a 0.04 ppm daily average, due to local policies which forbid
any increase in NOy levels. For example, when a new boiler is installed
at a power station, not only the new boiler, but also some of the existing
boilers will be required to have SCR units so that total NO; emissions

from the station do not imcrease.

SCR is usually used with (M. For most boilers and furmaces, Clf is
applied first, followed by SCR 1n order to meet the stringent regulatioans.
For over 90% NO; reduction, the combination of O (to reduce 35-50% of the
NO; emissions) and SCR (to remove 80-85% of the remaining NOy) is

usually more economical than SCR by itself.

Typical examples of umcontrolled and comtrolled NO; concentratioms in
utility boiler flue gas are shown in Table S~1. Examples of NO; regula-

tions and emissions from utility boilers are shown in Table S-2.

A new combustion process, in-furnace NO; removal, has been developed
to remove about 50% of NOy by injecting a small portion of the fuel above
the flame, followed by air addition to assure complete combustion. By using

this process along with O for utility boilers, NO; may be reduced to 100

ppm for coal, 50 ppm for oil, and 20 ppm for gas.
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TABLE S-1. EXAMPLES OF CONTROLLED AND UNCONTROLLED NOy CONCENTRATIONS IN
UTILITY BOILER FLUE GAS
Outlet NOx Concentration (ppm) Percent Control
Without Controlled Controlled TOTAL
Control, By By O by by %
Fuel ppn o and SCR CM SCR CONTROL
Gas 200 50 10 70 83 95
0il 300 100 20 7 80 93
Coal 600 250 50 58 80 91
TABLE S-2. EXAMPLES OF NOx REGULATIONS AND EMISSIONS FROM
UTILITY BOILERS (ppm)
Fuel Boiler Central Govermment Local Agreement Actual FEmission
Gas Existing 100 60 608
Gas New 60 10 8b
0il Existing 150 100 1002
0il New 130 25 200
Coal  Existing 400 1594 1708
Coal New 400 170 160°

8By combustion modification (CM).

By CM and selective catalytic reduction
°By Of and partial SCR.

Desired by local government.

(SCR).
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Fluidized bed combustion, gasification, and liquefaction of coal all have
been tested in Japan, but these technologies are not as advanced there as they
are in the U.S. This is because Japan must import coal and because these
technologies are unable to meet the stringent Japanese NOy emission regula-
tions. Most of the new coal-fired boilers in Japan will use conventional pul-

verized coal combustion with CM, SCR and FGD.
SCR and S FGD Characteristic

In the past SCR has experienced several problems, but these have been
solved by recent improvements. The major problems were: 1) poisoning of the
catalyst by SOx in the gas, 2) dust plugging of the catalyst, and 3) depo—
sition of ammonium bisulfate in the air preheater downstream of the SCR re—
actor. Catalyst poisoning has been eliminated by using catalysts based on
TiOs instead of Al20s or Fez0s. The use of parallel-flow homeycomb, tube or
plate catalysts or a parallel passage reactor eliminates dust plugging. Ammo—
nium deposits can be prevented by maintaining the concentration of unreacted
ammonia in the reactor outlet gas below 5 ppm and using a low-oxidation
catalyst. To do this, 0.82-0.95 mole NH: is usually used per mole NOy to
obtain 80-90% NO, removal with less than 5 ppm unreacted NHs , while SOs

oxidation is kept below 1%.

SCR and FGD system applications to boilers and other gas sources are
schematically shown in Figure S-1. SCR is easily applied to boiler economizer
outlet gas at 300-400°C as shown in the A portion of the figure. For SOx-rich
gases, FGD may be applied downstream of SCR as shown 1n B. At an early stage
of development, SCR was applied downstream of FGD systems, as showa in C, to
protect the catalyst from SO; attack. System C, however, is expensive
since it requires large ammounts of energy for gas reheating. System B has

become popular as SOy-resistant catalysts have been developed.
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System D is often used for flue gas from a low—sulfur coal. In this sys-
tem, the boiler economizer outlet gas 1s first treated by a hot electrostatic
precipitatof (ESP) and then by SCR and FGD. A cold ESP is not highly effi-
cient for flue gas from low-sulfur coal. For high-and mediumsulfur coals,
system B is preferable. System B may also be useful for low-sulfur coal pro-
vided that both the cold ESP and the FGD unit are designed for sufficient dust

removal.

Low-temperature catalysts have been used for 200-250°C gases such as that
produced by coke ovens, as shown in system E of Figure S-1. Since ammonium
bisulfate deposits on the catalyst at these low—temperatures, the catalyst

requires occasional heating to 400°C to remove the bisulfate.

When wet FGD is applied downstream of SCR or SNR, the ammonia preseant in
the reactor outlet 1s caught by the FGD system and goes into the wastewater.
In some cases it may be necessary to use the activated sludge process to re—

move ammonia from the wastewater.

Cost of NO, Abatement for Statiomary Sources

The investment cost for a combustion modification system is shown in
Table S-3. Costs range from ¥400 to 800 per Nm? of flue gas or ¥1,200-
2,400/kxW for 55-70% reduction using a combined low-NO; burner, staged com—

bustion, and flue—gas recirculation system.

TABLE S-3. M INVESTMENT COST

Method NOx removal (%) Yen/Nm? Yen/Xw $/Kw?
Low—NOx burner 20-40 100-200 300-600 1.2-2.4
Combined Systemb 50-70 400-800 1200-2400 4.8-9.6
331 = ¥ 250

bLOW'NOx burner, staged combustion and flue gas recirculation
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SCR costs for new 700 MW gas—, oil-, and coal-fired utility boilers are
shown in Table S-4. For cost estimation purposes, it was assumed that flue
gases leaving the boiler ecomomizer at 330-400°C are treated in two equal
si1ze reactors in parallel and that unreacted NHs is kept below 5 ppm. The
investment cost for 80% NOgx removal is about ¥2,500/kVW for gas, ¥4,100-
6,200/xYW for oil, and ¥6,700-8,400/kV for coal. The cost differences are dpe
to the varying amounts of catalyst required. For example, a small amount of a
very active catalyst is used for gas streams while a larger amount of a less
active catalyst which is resistant to SO, and dust erosion is used for
dirty flue gas (o0il or coal streams). Compared with 80% removal, 90% removal
costs 15% more for gas, 25-30% more for oil, and 30% more for coal. The
investment cost of an SCR system for an existing boiler 1s 10-50% more than

for a new boiler. .

The dirtier the gas, the shorter the life of the catalyst. Therefore,
the annualized SCR cost/kXWhr is higher when SCR is used with dirty gas. On
the other hand, the annmalized cost per pound of NO; removed is lower with
NO; rich gas. The cost per pound for 80% removal is 10-17 percent lower
than the cost for 90% removal. Ninety percent NO; removal with a low
level of unreacted NH; (about 5 ppm) is not easy to obtain with a large amount
of gas from a utility boiler. The reasom for this 1s that both gas velocity

and NO, concentrations vary across the dunct at the reactor inmlet.

The investment and annualized SCR costs for 80% SO2 removal for coal-
fired boilers are about ome—-third of those for 90% SO:; removal using the wet
lime/1imestone FGD process. On the other hand, SCR 1s more expensive than CM.
Although the investment cost of SCR for a gas—fired boiler is similar to that
of CM 1n the combined system (Table S-3), the annualized cost of SCR may be
considerably higher than CM, which has low operating costs. Therefore,
for NO; abatement, M should be used first and SCR should be used in combi-
nation with CM when CM alone 1s not sufficient to meet control regulations.
One O technique, flue gas recirculation, 1s relatively expensive and 1s not

highly efficient for coal. For this reason, flue gas recirculation may not be

useful when SCR 1s applied to coal-fired boilers.
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TABLE S8-4. SCR COST FOR 700 MW NEW BOILLR (1981 COST)
(70% BOILER UTILIZATION 4,292,000 Mwhr/yoar)

Low-8 Bigh-S Low-8 High-S Righ-8
Fuel Gas 0i1 0i1 Coal Coul Coal
Inlet NO‘ ppm 60 100 200 300 300 600
Catalyst
Type pellet Boneyconmb Honeycond Honeycomb Honeycomb floneycomb
Cost, 10%yen/m?® 3.0 3.3 3.3 3.5 3.5 3.5
Iife. yoar 4 3 3 2 2 2
NO‘ removal, percent 80 90 80 90 80 90 80 90 80 90 80 90
Investment Cost®
(l.OOObycn/kV) .47 2.80 4.13 5.11 6.23 7.93 6.69 8.51 71.26 9.10 8.44 10.76
Annualized costb
(yen/kWhr) 0.17 0.20 0.28 0.35 0.44 0.56 0.59 0.76 0.65 0.82 0.81 1.04

8fncluding 1nitial charge of cetalyst, civil engincering, snd test operation.
Including 10% interest and 7 years deprociation



The costs of other FGT processes are uncertain because they have not been
used widely in continuous commercial operation. However, experience with
Thermal DeNO,, a type of SNR used with an oil-fired utility boiler, indi-
cates that its cost is about half that of SCR although the NO, removal

efficiency is also half as much (40% versus 80%).

XXX 11X



SECTION 1

NOx EMISSIONS AND CONTROL

1.1 ENERGY AND NOy EMISSIONS

Between 1960 and 1973 the emergy supply in Japam increased sharply and
then dropped slightly during the 1974 o0il crisis. Since 1975 the energy
supply has been increasing steadily (Figure 1-1). 1In 1980, 66.4% of Japan's
total primary emergy supply was dependent on imported oil (Table 1-1)., The
Japanese gévernment intends to restrict oil imports to 366 million kiloliters
after 1985, and to increase the use of other fuels, mainly atomic power and
coal. By 1990, 50% of the nation's total energy supply will come from sources

other than imported oil,

Japan’s supply of domestic coal cannot exceed 20 million tons annunally
because of its deep and small native mines; this necessitates the importation
of coal., In 1980, imported coal exceeded 70 million tons; mearly all of it
was used for coke production in the steel industry. Imported coal for fuel is
expected to increase rapidly in the next few years, reaching 22 million tons

in 1985, and 53 million toms in 1990,

Man-made NOxy emissions in Japan total about 2 million tons annmmally.
About 60% of the total emissions are derived from stationmary sources and the
rest from mobile sources; in large cities, as much as 50-60% of the NOg

comes from mobile sources.
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TABLE 1-1. JAPAN'SlENERGY SUPPLY: 1980-2000 (MITI, 1982)
1980 1990 2000 L
Amount (%) Amount (%) Amount (%)
Coal, total (10¢ t) 92 .4 (16.7) 153 (19.5) 200 (19.0)
Domestic 18.1 18~20
Impor ted 74 .3 133~135
For Power Generation 21.3 66
Atomic Power (10¢ kW) 15.7 (5.0) 46 (11.3) 90 (18.0)
Natural Gas, total (106 k1)® 25.9 (6.0) 68 (11.5) 82 (11.0)
Domestic (10° m?) 2.2 7.3
LNG (106 t) 16.8 43
Hydro Power (10 kW) 29.8 (5.6) 45.5 (5.0) 63 (5.0)
Geothermal (106 k1)* 0.3 (0.1) 6 (1.0) 15 (2.0)
New Energy, etc. (106 k1)° 0.7  (0.2) 15 (2.5) 65 (8.0)
011, total (106 k1) 286.6 (66.4) 290 (49.2) 290 (37.0)
Domestic 0,5 1,9
TOTAL (106 k1) 429 (100) 590 (100) 770 (100)
%Counted as oil energy
bIncluding solar energy, coal gasification, charcoal, etc.



Figure 1-2 shows annual NOy emissions from large stationary sources.
The emissions from utility boilers add up to about 310,000 tons which account
for 34% of the emissions from large sources. As larger amounts of coal are
used the emissions from utilities may increase significantly (Figure 1-3).
Although extensive efforts have been made to reduce NOx from both mobile ;nd
stationary sources, further NOx abatement efforts will be needed for future

coal-fired boilers.

New coal usage techniques, fluidized-bed combustion (FBC), and coal gasi-
fication and liquefaction have been tested by many Japanese organizatioms.
Figure 1-4 shows the Japanese Government’'s 1978 preliminary plan for develop—
ment of coal gasification and liquefaction., Called the Sunshine Project, this
work is being carried out in cooperation with various industries under the
leadership of the Japanese govermnment. In addition, private companies have
been trying to develop these technologies by themselves or through interna-

tional cooperation.

Development of FBC and coal liquefaction and gasification is not as ad-
vanced in Japan as it is in the U.S. Japan is handicapped by the necessity of
importing coal and by stringent NOx emission regulations. These regulations
often require MOz removal from the exit flue gases of FBC or coal gasifica-
tion and liquefaction systems. Im addition, each process has the following

disadvantages.

FBC: Japan has no land available for disposal of the process’ throwaway ash
containing lime and calcium sulfate., Although the absorbent may be regener-—

ated and recycled, this approach may be too costly.

Gasification: For utility boilers, conventional pulverized coal combustion
with flue gas treatment by SCR of NOy, ESP, and FGD may be less costly and
more reliable than gasification with combined cycle power generation; both FGD
and SCR have proved to be highly reliable in Japan. For industry., there has
been little need to use gas produced from coal, Japan plans to import in-

creasing amounts of LNG, a large portion of which will be burned at power
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plants (Table 1-1 and Figure 1-3)., It may be more appropriate for power
plants to use more coal so that industry and cities can use larger amounts of

LNG.

Liquefaction: It is not econmomically feasible to construct a liquefaction
plant to produce fuel o0il in Japan because of the necessity of importing
coal. The primary objective of the liquefaction tests in Japan has been to
produce a binder for coke production. When fuel o0il from coal becomes neces-
sary in the future, it would be more practical for liquefaction plants to be

constructed abroad near large coal mines and the fuel oil exported to Japan.

Given these disadvantages as well as the technical and enviroamental
problems, the Sunshine project plans shown in Figure 1-4 have been delayed, or
in some cases, terminated. Although gasification and liquefaction may be
needed in the future when the supply of o0il and LNG becomes limited, further
technological and economic improvements are needed before these technologies

can be commercialized in Japan,

Many coal-fired boilers presently planned or under comstruction will use
pulverized coal. Most of these boilers will use a wet limestone—gypsum FGD

process and many will also use SCR.

1.2 AMBIENT NO; STANDARDS

The environmental quality standard for NOs3 in Japan was amended in 1978
from 0.02 ppm as a daily average to a new criterion of "within the range of
0.04-0.06 ppm as a daily average." The old standard was found to be overly
stringent and not achievable in industrial regions and large cities. Under
the new standard, NO3 concentrations above 0.06 ppm, must be reduced to 0.06
ppm by 1985, In regions with NO: concentrations below 0.04 ppm, efforts must
be made to keep NO2 from exceeding 0.04 ppm.

The new daily average standards correspond to the annual NO2 average of
0.02-0.03 ppm, a criterion proposed by the Expert Subcommittee on NO: of the

Central Council for Enviromnmental Pollution Coantrol. At the same time it 1s



expected that an hourly average of 0.1-0.2 ppm, a short term criteriom of the

Subcommittee, can be met by the new standards.

There has been some criticism regarding the relaxation of the standards.
The new standards, however, are still much more stringent than those of the
U.S. and West Germany, which are equivalent to 0.05 ppm as a yearly average or
0.1 ppm as a daily average. As shown in Figures 1-5 and 1-6 and Table 1-2,
NO: concentrations at some Japanese monitoring stations exceed the new stan—
dards although they meet the U.S. standards (based on the new Saltzman coef-
ficient). Some of the prefectural governments have established more strict
ambient air quality standards for NO;—0.04 ppm as a daily average-—and
have been trying to reduce NO: levels from the current 0.05-0.07 ppm to 0,04
ppm. Extensive NOx abatement efforts have been made so that both stationary

and nmobile sources can meet these standards.

1.3 NOy EMISSION STANDARDS FOR STATIONARY SOURCES

The NOx emission standards for stationary sources were first promul-
gated by the Central Government in 1973 to apply to large boilers and fur—
naces. These standards were revised in 1975, 1977, and 1979 to become more
stringent and to cover a larger, more diverse number of emission sources

(Table 1-3).

The NOx emission standards for major stationary sources are shown in
Table 1-4. 1In addition to those shown in the table, emission standards have
been applied to many other sources such as driers, calciners, smelters, re-
formers, generators, etc. Except in the case of nitric acid plants, NOg
from these sources are derived from combustion, and therefore, the standards
are based on the improved technology of combustion control described in Sec-—
tion 2. Industrial efforts described in the following sections have emabled

these standards to be met.

Even with extensive NOx control for stationary sources and automobile
exhausts (Section 1.4), it is not possible to meet the NO: ambient air quality

standard in several regions which include large cities such as Tokyo and
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TABLE 1-2.

STATE OF COMPLIANCE WITH THE NEW NITROGEN DIOXIDE ENVIRONMENTAL

QUALITY STANDARD IN 1978 (The data correspond to 98% of total

readings)

Descriptions of data

Type of Monitoring Station
General Air
Pollution Monitoring
Station

Automobile Pollution
Monitoring Station

corresponding to 98% Number of Number of
of the total readings stations Percentage stations Percentage
Recordings exceeding 75 7.6 71 40.5
0.06 ppm
Recordings in the range 233 23.8 92 48.4
0.04 - 0.06 ppm
Recordings below 0.04 ppm 673 68.6 21 11.1
Total 981 100 190 100
Source: Enviromment Agency, Japan
TABLE 1~3. EXPANSION OF NOy CONTROL FOR STATIONARY SOURCES
1973 1975 1977 1979
NOx sources Large boilers Medium sized Relatively Small boilers

controlled and furnaces boilers and

(additions HNOs plants. furnaces.
each year) Large cement
kilns and

coke ovens.

Number of sources 1,500 3,400
controlled (total)
NOx emitted from 38 44

the controlled
sources (percent
of total NOx from
all stationary
sources)

small boilers
and furnaces.
Medium sized
cement kilas
and coke ovens.
Waste inciner—
ators.

13,000

73

and furnaces.
Metal heating
furnaces.

Gas generators,
calciners, etc.

105,000

95

12



TABLE 1-4.

NOx EMISSION STANDARDS FOR MATOR STATIONARY SOURCES (ppm)
Sources Capacity
(01%) (1000 Nm?/hr) ~1973 73-15% 15-11 17-79 1979~
Boiler (gas) >500 130 130 100 60 60
(5%) 100-500 130 130 100 100 100
40-100 130 130 130 100 100
10-40 150 150 130 130 130
<10 150 150 150 150 150
Boilexr (o1tl) >500 180 180 150 130 130
(4%) 100-500 170 180 150 150 150
40-100 190 180 150 150 150
10~40 210 230 150 150 150
5~10 250. 250 250‘ 180 180
(s 250 250" 250" 180 180
Boiler (cosl) >100 480 400 400 400 400
(6%) 40~100 600 480 480 400 400
11-40 600 600 480 400 400
5-10 480. 480‘ 480. 400 400
(&} 680 480 480 400 400
Siateriag >100 260 260 260 220 220
Machine 10-100 2701: 27°b 27°b 220b 220
<10 300 300 300 300 220
Metal heating >100 200 200 100 100 100
furnace 40-100 200 200 150 150 150
(Radiant type) 10~-40 200 200 150 150 150
(11%) 5~10 200b 200b 200b 150 150
<5 200 200 200 180 180
Petroleom >40 170 170 100 100 100
heating 10~40 180 150 150 130 130
furnace (6%) 5~10 180 180 180 150 150
(&1 200 200 200 180 180
Cement Kiln »100 480 480 250 250 250
(10%) <100 480 480 480 350 350
Glass furnace 500 500 500 500 450
(15%)
Vaste 740 300, 3007 3000 250, 250
incinerator (40 300 300 300 300 250
(12%)
Coke oven ’100 350 350 200 170 170
(T®) <100 350 350 350 170 170
Nitric acad 200 200 200 200 200

plant

2To be met by 1984,
o be met by 1982.



Osaka. Therefore, the Central Government (Environment Agency) decided to ap—
ply total emission regulations to Tokyo, Osaka, and Yokohama in order to fur-
ther increase NOy abatement and meet the air quality standard. Similar

total emission regulations for SOy have been successfully applied in several
regions and have resulted in the attainment of the SO3 air quality standard.
The NOgz regulations are more difficult to attain becanse over 50% of NOx
emissions in most large cities are derived from mobile sources, while most
SOy emissions are from stationmary sources. With implementation of the total
emission regulations as well as stringent local regulations, flue gas treat-

ment for NOx removal will be needed in addition to conbustion modification.

1.4 NOy CONTROL FOR MCBILE SOURCES

The emission standards for gasoline engine passenger cars are shown in
Table 1-5. According to the 1978 standards, NOx discharge is controlled be-
low 0.25 g/km, on the average. Accordingly, permissable limits are set at
0.48 g/km, as shown in Table 1-5. At the same time, those in 11 modes are
limited to 6.0 g/test (average discharge 4.4 g/test). The 1978 standard is
responsible for a 60-70 percent reduction in NOy discharge compared with the
1976 regulations and to over a 90 percent reduction compared with the time
when there were no regulations. The 1978 standards are much more stringent

than similar standards in the U.S. (Table 1-6).

It was predicted that automobile performance and fuel ecomomy would
decline measurably with enactment of the 1978 standards. However, strenuous
efforts have been made to maintain and even to improve fuel ecomomy while
maintaining performance. As the result of these efforts, fuel consumption
rates have improved considerably in the vehicles whick satisfy the 1978 stan-—
dards. Fuel economy for some models is lower than that of automobiles which

complied with the 1973 standards.
The NOx regulations for heavy duty diesel engine vehicles (buses and

trucks) have slso been tightened (Table 1-7). Under the 1977 regulation,

NOy emissions from diesel vehicles were reduced by about 30% while those

14



TABLE 1-5. AUTOMOBILE EMISSION STANDARDS IN JAPAN2
HC co NOx
(g/km) (g/¥m) (g/km)
1973 3.80 (2.94) 28.00 (18.40) 3.00 (2.18)
1975 0.39 (0.25) 2.70 (2.10) 1.60 (1.20)
1976 0.39 (0.25) 2.70 (2.10) 0.84 (0.60)
1978 0.39 (0.25) 2.76 (2.10) 0.48 (0.25)

aFjgures show
emissions.

allowable limits; those in parentheses indicate average

TABLE 1-6. AUTOMOBILE EMISSION STANDARDS IN THE UNITED STATES?
HC co NOx
(g/km) (g/km) (g/%km)
1978 0.94 9.4 1.25
1979 0.94 9.4 1.25
1980 0.26 4.4 1.25
1981 0.26 2.1 0.63

3Established by the Clean Air Act of 1977.
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from gasoline engine and LPG engine heavy duty vehicles were reduced by about

45%——as compared with the uncontrolled emissions in 1973.

With these regulations and efforts to reduce traffic by 10%, the NOx
smissions from automobiles will be reduced by about 40% by 1983; but will in-
crease after 1984 due to projected increases in traffic (Figure 1-7). The
1978 standard for gasoline engine passenger cars will not be amended. Fow—
ever, NOy control for diesel engine vehicles will be tightened (Tables 1-7

and 1-8).

TABLE 1-7. EMISSION STANDARDS FOR DIESEL ENGINE HEAVY DUTY VEHICLES (PPM)

NOx
Auxiliary Direct
co HC Chamber Type Injection Type

1974 980 670 590 1000
1977 980 670 500 850
1979 980 670 450 700
1981 450 540
1983 290 470

TABLE 1-8. NOx CONTROL FOR DIESEL ENGINE PASSENGER CARS (g/km)

Current Regulation Interim Target Target
Medium Size 1.2 0.9 0.6
Small Size 1.0 0.7 0.5

1.5 METHODS OF NOy ABATEMENT FOR STATIONARY SOURCES

The major methods of NOyx abatement for statiomary sources are classifi-

ed in Table 1-9,.
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TABLE 1-9, CLASSIFICATION OF NOx ABATEMENT METHODS

Low Oxygen Combustion

- Flue Gas Recirculation
Combustion Staged Combustion
Modification Of f-Stoichiometric Combustion
Low NO_ Burmers
Reduction of L x
Formation
Use of Low— [ Change of Fuel
Nitrogen Fuel | Nitrogen Removal from Fuel
_ [ Selective Catalytic Reductiom (SNR)
NOx only Selective Noncatalytic Reduction (SNR)
| In—-furnace Reduction
- Dry
Process [ Carbon Adsorption
SO_ and NO Copper Oxide Adsorption
'NO? L 7 x | Electron Beam Radiation
Removal B
NO_ only Jxidation Absorption
Wet x Oxidation Reduction
L Process SOx and NOx [ Absorption Reduction

Combustion modification is the most reasonable first step for stationary
source NOy abatement. It is described in more detail in Sectiom 2. Combus-
tion modification has been widely applied in Japan and has reduced NOx by 20-

70 percent from each statiomary source.

A widespread switch from high—nitrogen to low—nitrogen fuel has occurred
in Japan. Heavy oil, now the major fuel, usually contains 0,2-0.3 percent
nitrogen, and its combustion gas contains 100-130 ppm of NOx using the best
combustion control, Hydrodesulfurization of heavy oil, which removes 70-90
percent of sulfur, also removes 20-30 percent of the nitrogen and contributes
to NOy reduction by 20-30 ppm. Eerosenme 1s used in many small statiomary

sources.

18



A considerable number of power plants constructed recently near large
cities burn LNG (imported liquid natural gas), which produces only 30-40 ppm
of NOx using the best combustion control. However, there is, a limit to the

supply of such clean fuel, and it is expensive as well.

Recently it has become necessary to use increasing amounts of coal,
particularly for power penmeration. Since coal contains over 1% nitrogen and
produces flue gas with about 200 ppm NOy, even using combustion modifica-

tion, flue gas treatment may be needed for further NOy reduction.

Many processes have been developed to remove NOy from flue gas. Of
these, a selective catalytic reduction (SCR) process that uses NH; and a cata-
lyst at 300-400°C to reduce NOy to N3 has been the most widely used. SCR is
simple, has a high NOgy removal efficiency of 80-90%, and does not produce by-
products which present difficult disposal problems. Although NOy can be
reduced to N3 by other reducing agent gases such as Hi, CO, and CHs, large
amounts of these gases are consumed by reacting with the Oz in flue gas. The
use of NH; is more suitable because it selectively reacts with NOy (Section
3). SCR was initially applied to industrial boilers and furmaces (Figure
1-8). Since 1978, many large SCR units have been constructed for utility
boilers (Table 4-1, Section 4).

Selective noncatalytic reduction (SNR), NH3 reduction without a catalyst,
also has been used commercially. SNR is simpler than SCR, but its NOx re-
moval efficiency rarely exceeds 50 percent and a considerable amount of NH; is

emitted (see Section 6.2).

In—furnace NOx reduction has been developed recently and applied to
small oil-fired utility boilers to remove about 50% of NOyx. With this
process, a small amount of fuel, about 10% of that used for the boiler, 1s 1o~
jected above the flame in the furnace and then has air added to it for com-
plete combustion. The size of this furmace is 10 to 20% larger than a conven-

tional furnmace (see Section 6.4).
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Among dry SOy and NOyx removal processes, carbon adsorption and
electron beam processes have been tested at a pilot plant while a copper oxide
adsorption process has been used for an industrial boiler. The carbon and
copper oxide processes nse ammonia to decompose NOx to Ni and H:0; the elec-
tron beam process forms ammonium nitrate and ammonium sulfate byproducts

which are used for fertilizer.

The disadvantage of wet processes is that they require extensive waste—
water treatment to el iminate nitrate and other compounds. Efforts have been
made to recover useful byproducts and to minimize the amount of wastewater

produced.

1.6 LOCAL REGULATIONS AND NOy ABATEMENT

1.6.1 Introduction

Prefectural governments and large city authorities have established pol-
lution control ordinances for stationary sources which are usually much more
stringent than those set by the Central Govermment. Ia addition, city
anthorities and citizens groups often make agreements with industries for
further pollution control. A good example of the way in which local pollution

control regulatory agencies operate is the Kanagawa Prefecture,

Kanagawa Prefecture adjacent to Tokyo has am area of 2,391 km? and
three major cities——Yokohama, Kawasaki, and Yokosuka with populations of
about 4 million, 1 million, and 400,000, respectively (Figure 1-9). These
cities have numerous industries including several electric power statioms,

steel works, and o1l refineries.

The first step towards pollution control was takean in 1951 with the
enactment of the Kanagawa Prefectural Workshop Pollution Prevention Ordinance.
The ordinance was revised inm 1955, 1971, and 1978 to comprise the present

Kanagawa Prefectural Ordinance for Pollution Control.
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1.6.2 Air Quality Monitoring Systems in the Kanagawa Prefecture

The three major cities in Kanagawa have installed their own monitoring
systems with automatic analyzer—telemeter-computer systems for measuring,
recording, and analyzing pollutants in ambient air, automobile exhausts, and
stack emissions, For example, Yokohama City has 12 ambient air monitoring
stations for measuring SOz, suspended particulates, NO, NOi, and oxidants as
well as wind velocity and direction; eight automobile exhaust monitoring sta-
tions for suspended particulates, CO, NO,- NOa2, HC, oxidants, as well as the
number of passing cars; and stack gas momitoring systems to analyze SOx,

NOg, and particulates at 40 major stationmary sources. All of the analytical

results are transmitted to the Yokohama City Office on an hourly basis.

In addition, Kanagawa Prefecture has its own ambient air and automobile
exhaust monitoring stations in areas other than the three cities., Informa-
tion from a total of 72 monitoring stations, including the stations owned by
the cities, are transmitted to the Prefecture's air momitoring center. The

annual costs for the center are shown in Table 1-10.

The initial air quality control efforts in Kanagawa focused on SOx
abatement. Since the ambient SOa2 concentrations now have been reduced to meet
the standard (0.04 ppm daily average) at most of the momitoring statioams,

recent efforts have been concentrated on NOy control.

The daily average NOa concentrations at some of the stations in the three
cities sometimes exceeds the 0.06 ppm national standard. Kanagawa Prefecture
bas been making efforts to reduce the concentrations to 0.04 ppm by extemsive

NOx reduction.

1.6.3 NOx Emissions and Control in Kanagawa Prefecture

In the city of Yokohama, about 65% of the total NOy emissions are de-
rived from stationary sources while about 30% come from automobiles. The lat-
ter is controlled by the national regulation; statiomary source emissions are

regulated by prefectural ordinances and agreements between the Prefecture or
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TABLE 1-10. TOTAL COST FOR KANAGAVA CONTINUOUS ATIR MONTTORING CENTLR (1970-1980)

[ = ==z s oiome—s o=z

Others

__Measuring Sets Telemetiy _
Purchase Operating Purchase Cperating Purchase Operating

Items/Year Cost ($1,000) Cost ($1,000) Cost ($1,000) Cost ($1,000) Cost ($1,000) Cost ($1,000) TOTAL

1970 1624 — 23 - 50 - 1,697
1971 307 109 169 22 — 1 608
1972 192 144 670 26 154 2 1,183
1973 172 220 947 13 - 9 1,361
1974 144 176 74 23 4 30 451
1975 21 326 -— 123 — 35 505
1976 29 304 — 133 — 35 501
1971 455 361 - 158 32 33 1,039
1978 672 361 - 160 8 36 1,237
1979 301 399 - 149 7 39 1,108
1980 166 444 402 141 — 39 1,192
TOTAL 4,083 2,844 2,498 948 255 259 10,887

TOTAL 6,927 3,446 514 10,887




City and industry. Yokohama has 1,165 plants which use more than 1 kiloliter
of oil per hour including 13 large plants (three utility power stations, three
0il refineries, two glass plants, etc.) that emit about 95% of the NOx from
all stationary sources. As a whole, a 64% reduction of the 1974 NOx emis—
sions must be achieved to attain 0.04 ppm as a daily average. Therefore,
60-70% NOx reduction of the 1974 emissions is requested of the large plants
and a 30-50% reduction of the smaller plants. Since these reductions are not
easily achieved by combustion modification, a considerable number of plants
must remove NOy from flue gas. According. to the City’s initial plan, the
reduction was to be achieved by 1981. This time limit has been postpomed 2

years because it was too difficult to meet.

Yokohama has 3 power stations—Yokohama Power Station which buras oil
and Minamiyokohama Power Station (LNG), both belonging to Tokyo Electric, and
EPDC’'s Isogo Power Station which burns coal. The MNOx enmissions and regula-—

tions which apply to these utility boilers are compared in Table 1-11,

TABLE 1-11., NOy EMISSIONS AND REGULATIONS FOR EXISTING UTILITY
BOILERS IN YOKOHAMA CITY

YOROHAMA CITY (PPM)

Before NOg Present Central Yokohama
Fuel abatement level goverument (Target)
Gas 150-250 40-80 130 50
0il 250-350 80-150 180 80
Coal 400-600 160-200 400 159

8Achieved by combustion modification

The target NOgy concentration chosen by Yokohama City 1s less than omne-
half the emission standard set by the Central Govermnment and is not easily
achievable by combustion modification alone. Yokosuka and EKawasak:i Cities
also have set similarly stringent NOyx target concentrations. In order to

meet these targets, 7 SCR plants are in operation for various gas sources,
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TABLE 1-12, NOx REMOVAL PLANTS IN KANAGAvA PREFECIURE

Gas Treated

Year

Owner Plant Site Gas Source (1,000 Nm?/hr) Process Completed
Asahi Glass Yokohama Glass furnace 75 Scr®? 1976
Tokyo Electric Yokohama Oil-fired boiler 500 SNRb+SCR 1978:

" " Yokosuka . 1060 SNR+SCR 1978
Nippon Kokan Kawasaki Sintering machine 1300 SCR 1979
Ajinomoto Kawasaki Oil-fired boiler 180 SCR 1978
Nippon Yakin Kawasaki Oil-fired boiler 15 SCR 1976
Toho Gas Kawasaki Gas generator 10 SCR 1976
Tonen Sekiyu Kawasaki Oil-fired boiler 423 SNR® 1976
Kagaku '

Tonen Sekiyu Kawasaki Oil-fired boiler 423 SNR® 1971
Kagaku

Toa Nenryo Kawasaki CO boiler 314 sHRr® 1978
Toa MNenryo Kawasaki Pipestill furnace 254 SNR® 1978

r

3Selective catalytic reduction

Sclective noncatalytic reduction

Seclectave noncatalytic reduction for emergency use

Demonstration Plant. The SNR system was removed in 1980.



while four plants using selective noncatalytic reduction (Thermal DeNOy)

have been installed for emergency use (Table 1-12).

The NOy concentrations in the flue gas from the coal-fired boilers at
EDPC's Isogo Station, has been lowered from 400-500 ppm to 160-180 ppm by com—
bustion modification. Although the City has requested further NOx reduction
the power station has no space to install a NOx removal facility because FGD
plants were retrofitted in the marrow space beside the boilers. Therefore,
efforts have been continued for further NOx abatement by combustiom modifica-

tion.

1.7 AIR POLLUTION PROBLEMS RELATED TO NO«

In Japan, ambient SC; concentrations have been lowered substantially in
order to meet the stringent standarxds (Figure 1-10 and Table 1-13). Omn the
other hand, the number of designated air pollution patients have increased
(Figure 1-10)., Designated patients are the inhabitants of specific polluted
regions such as Yokohama, Kawasaki, Amagasaki and portioms of Tokyo and Osaka
who have been diagnosed as air pollution victims. They receive compensation

from the -government for medical care and living expenses.

TABLE 1-13. AMBIENT AIR QUALITY STANDARDS (ppm)

S0, NOj;
Daily Yearly Daily Yearly
Tapan 0.04 (0.02) 0.02% b 0.01° b
0.04-0.06 (0.02-0.03)
U.S.A. 0.03 0.05
West Germany 0.05 0.05

81973-1978
bsince 1979
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The major reason for the increase in patients is the expansion of the
designated regions to include several regions of Tokyo and Osaka. As ambient
NO: concentrations have increased considerably between 1970 and 1974 and
slightly since 1978, some people claim that the increase in patients is caused
by ambient NO: concentrations., Although the NOi2 concentrations exceed the
standard in several regions, NO: may not be the direct catse of patient in-—

creases; the concentrations are well below the U.S. standard.

A number of problems with photochemical smog were encountered in 1973-
1974 but these have decreased since that time (Table 1-14). The decrease may
be related to the decrease 1n hydrocarbon emissions (Table 1-15), Particulate

emissions from stationary sources also have been reduced substantially.

It should be noted that the annual average ambient sulfate concerntrations
in five major cities (Tokyo, Kawasaki, Osaka, Amagasaki, and Kitakyushu),
decreased from 30ug/m? in 1970 to 13 pg/m? in 1973. Since then the concentra-
tions have increased slightly to 15 pg/m? in 1979, despite an on—going de—
crease in ambient SO: concentrations. This may be due to the increase in
diesel cars which emit sulfuric acid mists and also possibly to the slight

increase in NOgy which tends to promote the oxidation of SOz to sulfate.

Although sulfate concentrations since 1973 have not been high, the sul-
furic acid mists from diesel cars may affect human health in Japan where there
are many diesel buses and trucks and the sulfur content in the light oil for
diesel engines already is high (0.4% as compared with about 0.2% in the U.S.).
Sul fur abatement of the light o0il and further control of particulates for

diesel-engine exhausts may be needed.
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TABI.LE 1-14. NUMBER OF DAYS IN WHICH PHOTOCHEMIYCAl

. SMOG WALNINGS WERE ISSUED (1)

Area Prefecture ‘71 ‘72 '13 '74 ‘15 ‘76 11 '8 '80 '81
Tokyo Day Saitama 23 15 45 29 44 15 26 36 15 8
Chiba 19 21 28 26 33 21 7 14 13 8
Toky o 33 33 45 26 41 117 21 22 13 14
Kanagawa 1 31 30 26 27 17 12 18 10 11
Osaka Bay Kyoto 7 17 17 11 6 9 5 5 3
Osaka 4 18 26 27 23 25 25 16 10 12
llyogo 17 19 23 19 11 3 4 2 1 1
Nara 1 6 3 9 3 3 3 1
Sc¢to Inland Okayama 14 16 5 8 1 1
Seca Hirashima 18 6 9 1
Yamaguchi 5 5 3
Tokushima 2 3 1
Kapavwa 4 6
Ehime 13 1 1
Ise Bay Aichi 1 2 3
Mie 7
TOTAL* 98 176 328 288 260 150 187 189 72 57

*including other prcfectures




T¢

TABLE 1-15. GASEOUS HYDROCARBON EMISSIONS Fhui: STATIONARY SOURCES (1)
1973 1978
Amount Ratio Ratio Amount Ratio Ratio

Sources (t) (% of total) (%) (t) (%) (%)
Petroleum Refinery 617,000 5.2 42,400 4.0

Service Tank 68,100 5.2 15.2 41,800 3.1 14.6

Service Station 62,800 4.8 78,500 6.9

Others 100 100
Petrochemical Plant 69,800 5.4 5.8 27,000 2.4

Tank 4,900 0.4 3,600 0.3 2.7
Painting Production 1,600 0.1 1,500 0.1

Car Painting 37,500 2.9 45,400 4.1

Ship Painting 19,900 1.5 47.9 16,700 1.5 55.2

Others 564,500 43 .4 552,800 - 49.5
luks 109,800 8.4 8.4 81,100 7.2 7.2
Cther Solvents Cementing 42,500 3.3 32,800 2.9

Metal degreasing 85,000 6.5 52,800 4.7

Cleaning 116,500 9.0 22.17 106,000 9.5 20.3

Rubber 51,200 3.9 35,000 3.1

TOYTAL 1,301,200 100.0 1,117,600 100.0

160.0




REFERENCES
Environment Agency. White Paper on Environment, 1982 (in Japanese).
Environment Agency. Recent Countermeasures for Air Pollution Control in

Tapan, 1977 (After OECD Review of Japanese Envirommental Politics in
1976).
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SECTION 2

NOg ABATEMENT BY COMBUSTION MODIFICATION (ClM)

2.1 INTRODUCTION

2.1.1 Classification of Combustion Modification (CM) Technigues

MOz emissions from combustion processes consist of thermal NOg formed
by the oxidation of nitrogem im air at high temperatures and fuel NOy de-
rived from nitrogen compounds in fuel. Thermal NOy can be reduced by com
bustion modifications, such as decreasing the oxygen concentration in the
combustion regions; shortening the residence time of combustion gases in high
temperature zomes; or lowering the flame temperature, Fuel NOx emissions
can be reduced by decreasing the oxygen concentratiom in the combustion reac—

tion zone and by switching to a low—nitrogen fuel.

Combustion modification techniques used widely in Japan for NOz control

can be grouped into four categories:

L Modified operating conditions
1) Low-excess—air combustion
2) Change of fuel/air conmtacting in the combustion chamber
3) Reduction of heat load 1n combustion chamber (reductiom of
output power)

4) Lowering of air preheating temperature

© Burner design modification
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® Modifications in combustion system design
1)  Reduction of heat density in combustion chamber (increased
furnace volume)
2) Staged combustion
3) Flue gas recirculation

4) Water or steam injection

° Other methods
1) Fuel switching

2) Firing modification

Many combinations of the above techniques have also been used. Although
operating conditions can be changed relatively easily in existing imstalla-
tions, the changes usually reduce NOy emissions only slightly and often
cause operating problems. On the other hand, modifications in burmer and
combustion system design are promising control techniques. Fewer problems aze
encountered when design modifications are incorporated in new plants;
relatively large reconstruction costs are required when the modifications are

applied to existing installations.

In Japan, NOx emission limits have been applied to over 100,000
sources including boilers, various furnaces and kilns, heaters, and incin—
erators, representing about 95% of the total emissions from all statiomary
sources (Section 1.3). Virtually all of the these sources have reduced NOx
emissions by combustion modification, Larger sources use the combination of
staged combustion, flue gas recirculation (gas mixing) and low-NOx burmers
(Table 2-1) while smaller sources reduce NOx primarily with low-NOx

burners and fuel switching.

With these efforts, NOg concentrations in boiler flue gases have been
maintained at 30-120 ppm for gas—, 60-200 ppm for oil-, and 150-400 ppm for
coal-firing to meet the national emission standards and the more stringent
local regulations (Table 2-1). For further NOx reduction, over 160 SCR
plants are in operation or under construction. Normally SCR is applied in

combination with combustion modification.
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TABLE 2-1. NUMBER OF BOILERS AND COMBUSTION MODIFICATIONS APPLIED FOR OIL
AND GAS AS OF APRIL 1981 (TOKYO ELECTRIC)

Number of Total Generating
Methods of Combustion Modificatiom Boilers Output (MW)
FGR? only 15 1,857
FGR + Two stage combustion 12 5,289
TGR + Low MOy burner 9 2,710
FGR + Two stage combustion
+ Low NOx burner 32 13,605
Total 68 23,461

2Flue Gas Recirculation

TABLE 2-2. NOy ABATEMENT BY COMBUSTION MODIFICATION (CM) FOR UTILITY

BOILERS

GAS OIL COAL
NO_Contzol 200-300 250-350 500-800
Gy’ 150-200 180-250 400-600
TSC 150-250 180-250 300-500
GM + TSC 100-150 120-200 250-400
GM + TSC + LIB€ 50-90 80-140 150-300

%Gas Mixing (Flue Gas Recircunlation)
Two—Stage Combustion
Low—-NOy Burner

Combustion modification has also been applied extensively in the U.S. and
European countries., Combustion modification technology is similar i1n most of
these countries. This section describes combustion modification with emphasis

on low-NOy burners developed and used in Japan,.

In addition, an advanced combustion modification process has been devel-
oped which reduces about 50% of the NOy emissions by injecting about 10% of
the fuel above the flame followed by air addition to assure complete combus-
tion. The process is also considered to be a flue gas treatment process and

is described in Section 6.4,
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2.1.2 NOg from Pulverized Coal Burning

The reduction of NOx in flue gas from pulverized coal combustion has
become very important in Japan because of the rapid increase in coal consump-
tion and high NOy conceatrations in the combustion gas. Reduction of fuel
NOy is of particular importance because coal contains much larger amounts of
citrogen (1-3%) than does oil (0.,1-0.5%), The fuel NOy from coal comsists
of volatile NOy derived from volatile nitrogen compounds in the coal and
char NOy derived from residual nitrogen compounds in the char. Abatement of
the volatile NOx can be accomplished efficiently by combustion coatrol.

Char NOy control may not be accomplished as easily since it is less sen-—

sitive to injection design modifications in the early stage of combustion.

Staged combustion is highly effective for NOyx abatement for pulverized
coal flue gas because it reduces both fuel and tbermal MNCy. On the other
hand, flue gas recirculation (gas mixing) is less effective because it reduces

thermal NOx which is not as much of a problem for coal-burning facilities.

Various types of low—NOxy burners have been developed and used in com
bination with other combustion modification techniques such as staged combus-

tion and flue gas recirculation as shown in Table 2-3.

TABLE 2-3. EXAMPLES OF COMBUSTION MODIFICATION FOR COAL-FIRED UTILITY

BOILERS

Station Boiler Coal

(Company) (W) Source Burner Type NOy (ppm)

ISOGO (EPDC) 2652 Domestic DF-CN°® 150-200

Tomato—At suma 350° Domestac Dual Air 200
(Hokkaido) Register

Matsushima (EPDC) 500° Inported SGR® 200-280

Staged combustion is used.

Staged combustion and flue gas recirculation are used.
See Section 2.2.

See Sectionm 2.3.

See Section 2.4.

o Lo O P
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2.2 NO;y ABATEMENT BY IHI-FW DF-CN COAL BURNER (1, 2, 3)

2.2.1 IHI-FW DF-CN Burner

Ishikawajima~Harima Heavy Industries (IHI) and Foster Wheeler Carporation
of the U. S. have developed a low—NOxz burmer called the IRI-FW DF-CN (Dual
Flov Convergert Fuel Nozzle) burmer. It 1s based on the following principles

for NOx reduction:

1) Minimum primary/secondary mixing prior to completion of the
combustion of volatile fraction.

2) Ignition stability at the injector.

3) Dilution of the secondary air with recirculating combustion

products.

The configoration of the burmer is shown in Figure 2-1. The secondary air
sharing the largest portion of total combustion air is divided into an outer
and inner flow by an annular flow divider located between the outer sleeve of
the coal nozzle and throat ring. The flow quantity and/or the swirl intensity
of inner air is controlled by changing the opening of the circularly—linkaged
inner vane located just downstream of the secondary air vame. The inner
swirled air is supplied mainly to the burner axis zone, where the fuel-rich
combustion of volatile matter takes place and stabilizes the flame. The outer
swirled air is supplied along the periphery of the burner throat and controls
the mixing with char particles as well as strengthening the extermal recircu—

lation flow of combustion products.

The pulverized fuel is injected through a ring—shaped convergent nozzle,
so that fuel—-rich combustion on the burmer axis can take place. The inmer
sleeve of the fuel nozzle can be moved toward and away from the furpace. The
velocity of the inmjected fuel may be varied to some extent by moving the inner

sleeve, and thus the i1nitial mixing of fuel and air may be controlled.
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2.2.2 Test Furnace and Coal Composition

IHI conducted a combustion test using DF-CN type burners with a capacity
of 2,000 kg/hr on a test furnace installed at IHI's Aioi Works. The study
consisted of two stages. During the first stage, the characteristics of the
DF-CN burner were investigated. During the second stage, other combustion
modifications such as staged combustion and/or flue gas rec1rcukation were
examined for use with the DF~CN burmer, The test furnace is illustrated in
Figure 2-2, It was designed to have a geometrical similarity to the actual
furnace of the coal-fired boiler. Single-burner and overfire—air ports (OAP)
for staged combustion were installed on the front wall. Maximum heat input to
the furnace 1s approximately 11 x 10¢ kcal/hr. Secondary air is preheated by

a tubular gas—air heater to a wind box air temperature of almost 300°C,

The compositions of the coals used for these tests are shown in

Table 2-4,

2.2.3 Test Results

The results of tests conducted with Japanese coal A are shown in Figures

2-3 through 2-6. The 02 concentration in the flue gas was about 4%,

Figure 2-3 shows that NOy decreases as the swirl intensity of secondary
air is reduced by the opening of the secondary air vame., Figure 2-4 shows
that NOy decreases sharply when the opening of the inner vane is reduced; it
reaches a minimum before the vane is entirely closed. Figure 2-5 indicates
that the tertiary air stream has a strong effect on MOy, The increase in
fuel injection velocity assisted by tertiary air is assumed to be the cause of

the decrease in NOy emissionms,
The primary air/coal ratio and the position of the inner sleeve influence

NOx emissions by changing the fuel injection velocity. The effect of the

injection velocity on NOx removal is shown in Figure 2-6.
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TABLE 2-4.

COMPOSITIONS OF COALS TESTED

Japanese Coal

Imported Coal

Kind of Coal A B c A B c D
Proximate Analysis

Higher Heating Value

(kcal/kg) 6,200 6,600 -5,410 6,870 7,220 6,740 6,460

Inherent Moisture, % 5.29 1.61 1.72 3.72 4.06 3.13 4.53

Volatile Matter, % 43.9 39.1 35.8 28.7 41.4 34.6 32.5

Ash, % 13.9 18.4 31.1 10.4 5.44 12.7 12.8

Fixed Carbon, % 36.9 40.9 31.3 57.2 49.1 49.6 50.2
Ultimate Analysis

C, % 62.9 66.6 52.7 72.8 71.8 68.0 65.2

H, % 5.1 5.0 4.4 4.1 5.0 4.3 4.1

N, % 1.1 0.9 0.7 1.0 1.4 1.4 2.3

S, % 0.26 2.31 1.37 0.81 0.43 0.60 0.98

0, % 10.66 4.84 7.45 6.74 11.62 9.44 9.43

41



NO, CORRECTED TO 6% O (ppm)
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NO, CORRECTED TO 6% O3 (ppm)
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NO, CORRECTED TO 6% O, (ppm)
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NO, CORRECTED TO 6% O, (ppm)
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The effects of staged combustion and flue gas recirculation on the per—
formance of the low—NOy burner were also studied. Three over—fire air ports
were installed——one of them straight above the burner and the others on either
side of the air port. Figure 2-7 shows that NOx was reduced substantially
by lowering the burner stoichiometry; it reached about 150 ppm at 0.8 stoi-
chiometry. The relationship between the nitrogen content of the coal and the
NOx concentration at different burmer stoichiometries 1s shown in Figure
2-8. By using a lower stoichiometry, most of the fuel NOz can be reduced to
N2 which reduces NOx to a low level even with a high—nitrogen coal. Figure
2-9 shows the effect of flue gas recirculation on NOy concentration. By
using the combination of a low—NCgz burner, staged combustion, and flue gas
recirculation, NOx was reduced to about 100 ppm, even with high—nitrogen

coal.

Conmercial application of the burmer is described in Sectiom 2.6.3.

2.3 NOy ABATEMENT BY BHK LOW-NOx COAL BURNER (4,5,6)

2.3.1 Primary Gas Dual Air Register Burmer

This low—NOx burner is based on the dual air register burner developed
by Babcock and Wilcox of the U.S, with an improvement made by Babcock-Hitachi
K.K. (BHK). The major differemce between this burner and the dual air regis-
ter burner is that the former has a primary gas (PG) port for injection of
recirculated flue gas to reduce NOy formation. Figure 2-10 shows the con-
struction of the burner. The nozzle for pulverized coal is located in the
center of the air register and allows injection of pulverized coal which is
mixed with air (primary air) and sent into the furnace. The pulverized coal
injection nozzle has two concentric cylindrical sleeves. The inner of the
cylindrical paths formed by them is called the primary gas port and the outer
is called the secondary air port. The cylindrical path formed by the outer

sleeve of the secondary air port and the burmer throat is called the tertiary

air port.
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Combustion air from the windbox is supplied to the secondary and tertiary
air ports. £Each port is equipped at its imnlet with louvre dampers, called
secondary and tertiary registers, for distributing the air flow among these
ports. Each of the nozzles accomodates a specific amount of combustion air.,
In addition, the PG type burmer uses a primary gas port to introduce flue gas
from the economizer outlet and slow the rapid mixing of the fuel-rich flame

with secondary air.

2.3.2 Test Results

Results of tests with a 250 MW natural circulation coal-fired boiler are
shown in Figure 2-11., The A portion of the figure shows the relationmship
between the two—stage combustion ratio (air through the burner throat/theo-
retical air) and the NOx concentrations for a conventional circular burner
and the PG dual air register burmer. Assuming that the NOx concentration
with the conventional burmer without two—stage combustion is 100%, the reduc-
tion ratio was 31% with two—stage combustion, 39% with the use of the PG dual
air register burmer, and 63% with the combination of two-stage combustion aad

the PG burner.

Figure 2-11 B gives an example of the relationship between CO concentra-—
tion and the two—stage combustion ratio. CO emissions increased up to the two—
stage combustion ratio of 87 and then decreased. The variation in two—stage
combustion ratios causes variation in the flow ratios of the secondary and
tertiary air. Because of this variation the injection speed of the combustion
air at the borner throat also varies., On the other hand, the relative speed
between the air side and fuel side at the burmer throat varies because the
fuel injection speed (primary air) is constant. The concentration of CO seems

to increase at zero relative speed.

Figures 2-12 and 2-13 show the effects of Oz levels in flue gas and
boiler loads on NOy emission levels. Figure 2-14 illustrates the results of
using differeat coals in a test furnace as shown in Table 2-5. The applica-

tion of primary gas along with staged combustion and flue gas recirculation
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TABLE 2-5. COMBUSTION FURNACE TEST CONDITIONS FOR FACTORY TEST

1. Furnace
Type: BHorizontal water—cooled cylinder
Size: Inner diameter 2.2m
Length 9.0m
Combustion capacity:
max. 13x106 kcal/h
2. Tvpe of burner
(1) Dual air register
(2) P.G. Dual air register
3. Type of coal
(1) Japanese coal: 1,000 kg/h
(2) Overseas coal A: 930 kg/h
(3) Overseas coal B: 870 kg/h
4. Air temperature: 300°C
5. Furnace outlet 02:3.0%
6. Fuel analysis:

Type of Coal Overseas Coal
Japanese Coal A B

Proximate Analysis

GCV (Dry Base) kcal/kg 6,040 6,494 6,900
Moisture % 1.90 2.04 2.60
Volatile matter % 32.29 25.64 28.20
Fized carbon % 40.91 55.74 57.30
Ash % 24,90 16.58 12.00

Ultimate Analysis

Total sulfur % 1.0 0.83 0.70
Carbon % 59.86 67.76 71.98
Hydrogen ) 4.08 3.53 4.12
Nitrogen % 1.09 1.61 0.90
Oxygen % 8.07 8.41 10.02
Sulfur % 0.64 0.53 0.42
Fluorine ppm 106 1,581 —




reduced NOx to about 25% of the level obtained with conventional combustion.

CO was not increased by using primary gas.

The performance of the PG-type burmer will be discussed in Section 2.6
(Figure 2-35).

2.4 MEI LOW-NOx COAL BURNERS (7,8,9)

2.4.1 Separate Gas Recirculation Burner

Mitsubishi Heavy Industries (MHI) developed a low—NC;z separate gas
recirculation (SGR) burnmer, which is used with the new 500 MW coal-fired
boiler at EPDC’'s Matsushima Station. Recently MHI further improved the SGR

burner to produce a PM coal burner,

By conducting extensive fundamental studies, MHI has found the following

conditions to be important for NOx abatement.

1) The temperature in the volatile matter combustion zone should
- be kept as high as possible and the combustibles should stay in

this zone as long as practicable.

2) The temperature of the char combustion zome should be
appropriately low and combustion should be completed in this

zone.

Figure 2-15 compares the SGR burmer with a conventional burmer. The SGR
burner has several features to satisfy the conditions described above. A
flame holder is provided at the outlet of the coal nozzle to maintain a stable
ignition and expedite the combustion of volatile matter. The coal nozzle and
each auxiliary air nozzle are located apart from one another and SGR nozzles
are placed between them to retard the diffusion of secondary air to the vola-

tile matter combustion zone,
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Extensive combustion tests have been carried out with a test furmnace
shown in Figure 2-16 and described in Table 2-6, using coals shown in Table 2-
7. As shown in Figure 2-17, NOx concentrations were 30-50% lower with the
SGR burmer than with a conventional burmer. NOx abatement was more
pronounced with the Japanese coal which had a low fixed carbon (FC)/volatile
matter (VM) ratio., As will be shown in Figure 2-24, data obtained with the

test furnace agree well with the data from commercial boilers.

2.4.2 PM Burner for Pulverized Coal

Figure 2-18 indicates that the MOz concentration falls as the primary
air/coal ratio (kg/kg) decreases from 3 to 1. Figure 2-19 shows that the

NOx concentration is also lowered when the ratio increases from 3 to 7.

As shown in Figure 2-20, a ratio of 3~4 approximately corresponds to the
theoretical air for volatile matter in coal. NOx concentrations are lowered
with the smaller ratio because of the deficiency of Oz. On the other hand,
the ratio 7~8 corresponds to the theoretical air for coal. With the ratio of
between 3~4 and 7~8, fixed carbon in coal burms with deficient Oa to form

NOyx.

A conventional burnmer may produce a primary air/coal ratio of 2~3 as
shown in Figure 2-20. If the primary air-coal supply is divided into two
streams with different ratios——Ci for a coal-rich concentrated nozzle and Ci
for coal-lean weak nozzle——for separate burning, the average NOy valeue
should be (MOg)PM as shown in the figure, This is the weighted mean of
(NOg)C1 and (NOgx)C: and is substantially lower than (NOx)Co. The com-
bined use of the concentrated flame and weak flame may result in low-NOx

combustion.

Figure 2-21 shows the configuration of the Pollution Minimum (PM) burner
for use with coal. The performance of the PM burmer in the test furmace is
shown in Figures 2-22 and 2-23. A low NOx concentration, about 100 ppm or

below, was achieved by the furnace.
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TABLE 2-6. MAIN FEATURES OF MHI TEST FURNACE (4 t/hr Test Furnace)

Equipment Technical details

Test furnace Horizontally installed, water cooled, circular-walled steel
construction. 4.4 diameter, 20 m length

F.D, fan Capacity: 920m?/min x 800ru.Aq at 20°C, Motor: 160kw
No. 1 I.D. fan Capacity: 1140m?/min x SOOJAAq at IOO;C, Motor: 333kw
Fan No. 2 I.D. fan Capacity: 200m?/min x 320nwmAq at 100;;, Motor: 30 kw
Exhaust fan Capacity: 260m?/min x 700;;Aq at 100°C, Motor: 9;;w
G.R. fan Capacity: 760m?/min x 600 mmAq at 3;6°C. Motor: 165kw
Air Heater Ljungstrom type, Capacity: 750Nm?®/min x (25 356;2;
Gas No. 1 Gas cooler Vater—cooled tubular type,w;Jpacity: —750nm’/mln x (800 500°C)

Cooler No. 2 Gas cooler Water—cooled tubular type, Capacity: 200nm?/min x (700 120°C)

No. 3 Gas cooler Water cooled tubular type, Capacity: 100nm?/min x (700 350°C)

Ash Cyclone separator Multi—cyclone type, Capacity: 1000nm?/min x 500°C
disposal Bag filter Gas area 613m?, Capacity: 1200nm?/min x 120°C
Precipitator Gas velocity: 1~1.5m/s, Capu:;ty: 2500mm/n
Fuel feed Coal pulverizer Bowl mill type, Capacity: 2300hg/h x 8000m3/h x_;agémAg
assembly P.C, bin Capacity: 20m? - -

P.C. feeder Table feeder type, Capacity: Max 4500kg/h




TABLE 2-7. ANALYS1S OF COALS USED Vit MHI TLST BURNER

Proximate analysis Ultimate Analysis

29

(surface moisture free) (dry basec)
Volatile Fixed Hiv
Matter Carbon Ash FC/VM N 0 O/N  (surface moisture free)
Coals Marks (%) (%) (%) (-) (%) (%) (-) kcal/kg
Japanese 1l 42 .8 40.2 11.2 0.94 1.1 13.9 11.0 “";;90
I 31.6 46 .0 20.5 1.46 1.0 6.6 6.6 6450
J 26.3 59.17 7.5 2.27 1.7 11.5 7.2 -;510
K 35.7 50.6 10.1 1.42 1.4 11.0 —;.86 ;930
Australian L 28.6 50.6 17.8 1.77 1.5 8.1 5.40 -“5410
M 34.6 52.6 10.9 1.50 1.5 8.3 5.53 7120
N 30.8 54.1 14.1 1.77 1.1 5.8 ;:3 “2730
Chinese o 27.4 60.6 8.8 2.21 0.86 9.8 10.2 7100
| 25.2 56.1 15.5 2.23 1.9 8.4 4.42 6520
South African Q 33.9 49.4 12.8 1.46 1.{_- 10.9 6.41 6540
R 24.1 57.6 15.2 2.39 1.5 8.1 6.95 *;;90
S 23.7 57.9 14,2 2.44 l.gn 9.3 ‘;.05 —;;50
u.S. T 36.9 47.0 9.9 1.27 1.1 13 .4 12.2 _2560

PSS ——
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Figure 2-24 compares the NOy concentrations for a Combustion Engineer—
ing (CE) conventional burmer, SGR burner and PM burner when used for tangen—
tial-firing commercial boilers and the test furmace. Since NOx concentra-
tions for test boilers agree well with those for commercial boilers, it is
expected that with use of a commercial PM burmer, NOy concentrations may be

reduced to 60-80 ppm with Japanese coals and 100-150 ppm with imported coals.

2.5 XHI LOW-NOxy COAL BURNER (11,12)

2.5.1 Structure and Combustion todel

Kawasaki Heavy Industries (KHI) imitially developed a low—NOx coal
burner for pulverized coal as shown in Figure 2-25, Later KHI improved the
burner design and developed a vortex diffuse (VD) burner as shown in Figure

2-26.

EHI's burners are designed to reduce NOyx efficiently by using low—NOx
burners in combination with staged combustion., The primary air is swirled
intensely; much larger amounts of secondary and tertiary air are introduced to

provide slow contacting with the coal and the partial combustion products.

A combustion model is shown in Figure 2-27. In the primary combustion
zone (I of the figure), volatile matter begins to burm, producing high concen—
trations of NOy due to the combustion of nitrogem compounds in the coal. 1In
the secondary zome (II), the volatile matter continues to burm, the char
begins to burn, and Os conmcentrations decrease, producing a reducing atmos-
phere which causes the decomposition of the N0y to Ni. The reducing atmos-—
phere also exists in the tertiary zone (III), where the NOx concentrations
reach a minimum just before the over—fire air port for staged combustion. The

CO concentration remains high.
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Upon injection of the staged air (IV), the remaining char, CO and other
reducing gases are burned. However, no significant amounts of fuel NOx or
thermal NOy are formed during the complete combustion because: 1) virtmally
all of the nitrogen compounds in the coal already have been decomposed, and

2) the combustion temperature is not very high.

Figure 2-28 shows the test restlts using the original burner with
Japanese coal at the 3t/hr test furmace. The figure clearly illustrates the
efficient NOy reduction of the burner when used in combimation with staged
combustion., Flue gas recirculation (gas mixing) further reduced NOx concen-

trations,

Figure 2-29 compares the performance of the original burnmer with that of
the improved VD burner. In the VD burmer, the effect of the combined use of
staged combustion and gas mixing is greater; a very low }0x concentration,
below 100 ppm, was achieved. Although the CO concentration in the flue gas

increased appreciably, it remained in an acceptable range.
2.6 EPDC'S NOy ABATEMENT BY COMBUSTION MODIFICATION (10)
2.6.1 Introduction

Electric Power Development Co. (EPDC) is a joint venture of the Japanese
Government and nine major power companies, Ome of its objectives is the con-
sumption of domestic coal. EPDC has three power stations which use domestic

coal and recently constructed a new station (Matsushima) to use imported

coals. The stations and applicable NOy regulations are shown in Table 2-8.

75



CO (ppm)

NO, (ppm, O; = 6% base)

SYMBOL TSC GM
A 0% 0%
o 28 0
33 30
100 f— Q -
(-)(-)
- g ”‘ acs i}—@h - -
ol —
Sl A(A\ |
= WITHOUT TSC .
AND GM
—
400 — /A e —
=3 -
/
300 }— / WITH TSC —
O]
- ag O’, J
l/ /
200 — é d ~—
/
/ /\
- / —
d WITH TSC
100 — /@/ AND GM —
L
0 ) 1 ] | 1 | ] | 1 |
10 11 12 13 14 15
TOTAL AIR RATIO
[ ! | 1 | ; | ]
0 2 4 6

TSC TWO STAGE COMBUSTION GM GAS MIXING

0, (%)

Figure 2-28 NO, Emission Characteristics of Original KHi Burner.

76



CO (ppm)

NO, (ppm, O, = 6% base)

200 — —
100 — -]
. °
b— \‘%OL - N
L = -A° 2 A AL e —
0 —
SYM TSC GM BURNER
500 |— WITHOUTTSC A ,%’/ A | 0% 0% | ORIGINAL| _|
anoem 70k O = 30 TYPE
/7 A/ A 0 0 vD
/ A @ 34 a3 TYPE
J A/
400 f— a -
'/
.
300 — —
O]
4
%
200 Q WITH TSC + GM -
/ +
/
- / E
/
O] s
100 — . & /. -
L
0 ! ] L ] | I | | |
10 11 12 13 14 15
TOTAL AIR RATIO
[ ] | ) ] I | ]
° 2 4 6 0, (%)
Figure 2-29 Companson of NO, Emissions in VD and Onginal Burners.

77

70A2614



TABLE 2-8. EPDC'S POWER STATIONS AND NOx REGULATIONS

Power Station Isogo Takasago Takehara Matsushima
Boiler No. No.1 No.2 No.1 No.2 No.1 No.3 No.1 No.2
Capacity, MW 265 265 250 250 250 700 500 500
Year completed 1967 1969 1968 1969 1967 1983 1980 1981
Type of coal Domestic Domestic Domestic Imported Imported
NOx regulation, ppm

Emission standard 400a 400 400b 400b 400

Local agreement 159 300 112 60 300

Actunal 150-180 Below 300 240-280

20nder negotiation.

bAfter the completion of the No. 3 boiler in 1982. SCR is to be applied.

2.6.2 Tests of NOy Abatement by Combustion Modification

EPDC has conducted extensive tests of combustion modification for NOg
abatement fointly with major boiler manufacturers including Mitsubishi Heavy
Industries (MHI), Babcock Hitachi, Ltd (BHK), Ishikawajima-Harima Heavy Indus-
tries (IHI) and Kawasaki Heavy Industries (KHI).
shown in Figure 2-30.

Some of the test results are
Those tests indicate that by using a combination of low-
NOx burmers with staged combustion and flue gas recirculation, NOx can be
reduced by 60-70%--to 100-150 ppm with low-nitrogen coal and to 150-200 ppm
with a nitrogen-rich coal. A test conducted jointly with a company C indi-
cated that flue gas recirculation was not effective for NO; abatement with
coal, and that unburned carbon increased with the application of staged

combustion.

The relationship between polycyclic organic matter (POM) concentrations

POM generally increased
Table 2-9 shows

the POM compounds and their relationship to combustion modification.

and NOy concentrations is shown in Figure 2-31.

with the decrease in NOy caused by combustion modification.
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TABLE 2-9. MEASUREMENT RESULTS OF POM AT FURNACES (Unit pg/Nm?)

€ombustion 2 Stage +

* POM Condition Normal 2 Stage FG Mix + Partial
Component Combustion Combustion Primary Gas PGM Load
Naphthalene 0.22 0.18 0.22 0.24 0.24
Fluoranthene - 0.40 0.88 0.78 0.84
Pyrene 0.65 0.64 0.87 0.87 0.84
Benzo (a) pyrene 0.48 0.59 0.66 0.58 0.62
Total POHN 1.99 2.62 2.46 3.15 3.49
(Percentage when

Normal combustion (100) (132) (124) (158) (175)

is 100)

Although the POM concentration increased with combustion modification, it
reached a much lower level than the values reported in the U,S. POM was
measured using the EPA No. 5 sampling method, modified by Battelle, and a
liquid cﬁromatography analyzer, It is not clear whether the difference in
values is due to the analytical method (GC-MS was nsed in the U.S.) or to

differences in the type of coal and the size of boiler used.

2.6.3 Combustion Modification at Isogo Power Station

The Isogo Power Station, located in Yokohama City (population 4 million)
was asked by the city to reduce NOx emissions as much as possible. The sta-
tion had no space to install SCR units because FGD plants had already been
retrofitted i1n the narrow spaces beside the boilers. Therefore, extensive

efforts have been made to reduce NOx by combustion modification.

The specifications of the Isogo boilers are given in Table 2-10. The
boilers burn domestic low—sulfur coal which is relatively low in nitrogen and

volatile matter and 1s suitable for MOy abatement (Table 2-11).
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TABLE 2-10. SPECIFICATIONS FOR ISOGO 265 MW PULVERIZED COAL-FIRED BOILER

Type: IHI-FV single drum, radiaat type,
natural circulation, reheat boiler
(indoor service)

Evaporation (at M.C.R.): 840,000 kg/h
Steam pressure (at ,C.R.)
Superheater outlet: 176 kg/cu3g
Reheater outlet: 34 kg/cm?g

Steam temperature (at M.C.R.)

Superheater outlet 571¢°C
Reheater outlet 571°C
Fuel: Bituminous coal (equipped with 50% MCR

heavy oil firing system)

"'umber of burmners: 24 set (4 rows and 3 stages on boiler
front and rear walls)

Draft System: Balance draft system

The boilers were completed in 1967 and 1969, and were modified in 1973
with an over-fire air port system for MOy abatement. As a second step to
meet the increasingly stringent NOy regulation, an IHI-FW DF-CN burner
(Section 2.2) and a boundary air system (Figure 2-32) were applied to the
No. 1 boiler in 1976 and to the No. 2 boiler in 1977. The boundary air pre—
vents the melting of the ash. As a third step, burmers out of service (BOOS)
and steam injection from oil guans were tested on the No. 2 boiler in 1978.
Eight additional over—fire air ports also were installed near the side walls
and a division wall, based on tests conducted by IHI., In addition, steam
injection was carried out through oil burmer gumns for the No. 2 boiler, These
modifications were made in the spring of 1979 to reduce NOx below 180 ppm
(at 6% 03) under routine operating conditions. The same modifications were
made on the No. 1 boiler in 1980. The results of these modifications are

summarized in Table 2-12,
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TABLE 2-11. TYPICAL ANALYSIS OF COAL USED AT ISOGO STATION

Higher heating value
Ash

Volatile matter
Fixed carbon

Sul fur

fAydrogen

Nitrogen

6,200 kcal/kg

16.5%
39.6%
39.4%
0.4%
5.5%
1.0%

TABLE 2-12, MODIFICATIONS MADE FOR INCREASED NOXY CONTROL AT THE ISOGO POWER

UNIT

NOx Emission Level by

Achieved NOx

Month, Year Regulation, etc. (ppm) Level (ppm) Modifications

Before May 600 570 None

1973

June, 1973 600 380 -~ 510 Two-Stage
combustion

April, 1977 430 240 ~ 250 Low-NOx burner
Curtain Air

April, 1979 400 170 ~ 190 More rigorous
Two-Stage
combustion, etc

April, 1980 159° 170 ~ 190

3Yokohama City's Requirement
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Figure 2-33 shows the relationship between the overfire air port open
ratio and NOx emissions. With the 50% opening, NOx is reduced to 150-180
ppm. By increasing the size of the opening, NOx can be further lowered, but
the super-heater tube metal temperature becomes excessively high. To prevent
overheating of the superheater, methods of modifying the superheater layout,
were tested; unfortunately test results were not very successful. Figure 2-34
shows NOy and O3 concentrations during the actual operation of the boiler.
NOy is maintained around 170 ppm at full load and 140 ppm at the reduced
load. Although the NOy concentration increased during the load change, it
seldom exceeded 200 ppm.

2.6.4 Matsushima Power Station

Two new 500 MW coal-fired boilers were completed at the Matsushima Sta-
tion in late 1980, and went into commercial operation in 1981. The boilers

were constructed by MAI using tangential-firing and SGR burmers (Section
2.4.1). The specifications of the boilers are shown in Table 2-13. NOy
concentrations of 200-290 ppm were attained during test operation using im-
ported coal containing 1.7% nitrogen. In commercial operation, NOx has been

kept below 290 ppm to meet the local agreement of 300 ppm.

TABLE 2-13. SPECIFICATIONS OF BOILERS AT MATSUSHIMA POWER STATION

Output, MW 500 x 2 unit

Fuel Coal (imported)

Boiler Manufacturer MHI

Type of Boiler Supercritical pressure reheat type

U.P. boiler

NOy (guaranteed), ppm 285 (032 = 6%) (N = 1.7%)
NOx (target) same as guaranteed
Burner type SGR burner (illustrated in Section 2.4.1)
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2.6.5 Takehara Power Station

The Takehara Station has a 250 !V coal-fired boiler (No. 1) and a 350 MW
oil-fired boiler (Mo. 2). 1In addition, EPDC has begun construction of the
No. 3 Unit, a 700 MV coal-fired boiler. Many NOx abatement techniques for
the coal-fired boilers are planned, including the application of SCR., Speci-
fications for the No, 3 boiler are shown in Table 2-14. The boiler is being
constructed by Babcock-Hitachi (BHE) and is scheduled for completion late in

1982; it will begin commercial operation in March 1983.

TABLE 2-14. SPECIFICATIONS OF NO. 3 BOILER OF TAEKEHARA STATION

Output, MV 700 x 1 unit
Fuel Coal (imported coal)
Boiler lanufacturer BEK
SCR Manufacturer BOK
Type of Boiler B&W Supercritical pressure reheat type
UP bvoiler
NOgy (guaranteed 250 (03 = 6%, N = 1.8%)
at boiler), ppm
NOy (target at 200 (03 = 6%, N = 1.8%)
boiler), ppm
NOy (gunaranteed 60 and below (02 = 6%, N = 1.8%)

at stack), ppm

Burner type PG dual burner

The Takehara Power Station uses PG dual-air register burners (Section
2.3). Figure 2-35 shows the relationship between the heat release rate at the
burner zone and NOx concentrations with three types of burners——coaven-
tional circular—air register, dual-air register, and PG dual-air register——
with or without two-stage combustion and gas mixing. The No. 1 boiler uses a
dual-air register burmer and produces about 200 ppm NOyx using two—stage com—
bustion, and about 300-360 ppm NOy without two-stage combustion. A test
furnace with a higher heat release rate produced about 400 ppm NOxy with the
dual—air register burmer and around 350 ppm NOy with the PG-type burner when

staged combustion was not applied; it produced 100-200 ppm NOgz with the
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PG-type burner with staged combustion and gas mixing. Since the heat release
rate of the No. 3 boiler falls between that of the No. 1 boiler and the test

furnace, a8 NOxy concentration about 150 ppm or below is expected.

2.7 LOVW-NOy BURNERS FOR GAS AND OIL FIRING

2.7.1 Introduction

Various types of of low—NGCxy burmers for gas— and oil-fired boilers have
been developed and used 1n Japan. These burners may be classified into the

following categories according to the principles of NOy abatement employed.

(1) High-mixing

(2) Divided-flame

(3) Self-recirculating

(4) Staged-combustion

(5) Off-stoichiometric—combustion
(6) Water—injection

(7) Combination

This section describes the major low—NOz burners available for commercial

gas— and oil-firing applications,

2.7.2 High-Mixing Burmer

A high-mixing burner developed by Nippon Furnace Kogyo Kaisha, Ltd. is
shown in Figure 2-36. It is called a NFK-TRW burner, because it was developed
by Hippon Furnace jointly with TRV Inc. of the U.S., under a licensing agree—
ment with Civiltech Corp. of the U.S.

NOy concentrations for the burmer using oil under various operating
conditions are shown in Figure 2-37, This burner reduces the formatiom of
thermal NOxy by shortening the residence time of the combustion gas im high-

temperature zomnes.
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2.7.3 Divided—flame Burner

A divided-flame burner developed by IHI is shown in Figure 2-38. In this
burner the flame is divided into several small flames by means of grooved
nozzle tips. This reduces the flame temperature and residence time in high-

temperature zones, thus reducing thermal NOp (13).

2,7.4 Self-recirculating Buzrner

In the self-circulating burner, a portion of the hot combustion gas is
recarculated to the initial stage of combustion by the jet force of the fuel
and/or air injection. Thus vaporization and burning of the fuel o1l in a low
01 concentration are achieved. Various burners of this type have been pro—

duced by many manufacturers.

Figure 2-39 shows the configuration of the burmer developed by Daido
Tokushuko (Special Steel) Co. The NOx concentration with this burner is
shown in Figure 2-40, The burner was originally developed for metal-heating
furnaces firing oil or gas. A similar burnmer called the SPP has been devel-

oped by the Volcano Company.

The burner shown in Figure 2-41 produces a circulating flow of combustionm
gas in the precombustion chamber by means of orienting the air flow with in-
tense swirls to the axis of the atomizer. It is called a voltmetric burmer

and was commercialized by Nippon S. T. Johnson Shokai Co., Ltd.

Similar burners, designed for kerosene firing, are shown in Figures 2-42
and 2-43, The NPL burner was developed by Chugairo Kogyo, Ltd., and the YLAP
burner by Yokoi Kikai Kosekmjo, Ltd. The NOx levels with the NPL burner are
shown in Figure 2-44, These burners use low air—pressure atomizers with

various burner tile configurationms.

Figure 2-45 shows the ONR burmer with a rotary atomizer, developed by
Sanrey Reinetsu Co., Ltd., Combustion gas is recirculated by the secondary air

jet at a high velocity. The burner's performance is shown in Figure 2-46.
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Figure 2-47 shows the RSNT burner designed by Rozai Kogyo Co. for oil and
gas firing., An intense swirling flow of secondary air causes the recircula-
tion of the combustion gas in the narrow space confined by the burmer tile.

NOxz emission levels by fuel type are shown in Figure 2-48.

Figure 2-49 shows the XB burner developed by Osaka Gas Co., jointly with
Sanreir Reinetsu Co, for gas—firing applications. Several fuel injection noz-
zles are arranged circularly to shorten the flame. A low NOx level, 20-40

ppm, is achieved, as shown in Figure 2-50,
The High Speed burner, developed by Tokyo Gas Co., is shown in Figure
2-51. Flue gas is recirculated by the momentum of the fuel flow and a large

amount of combustion gas is entrained by the high-velocity gas flow.

2.7.5 Staged-Combustion Burner

The staged-combustion burner may be classified according to the composi-
tion of the first—-stage flame into two types: fuel-rich and air-rich. The
fuel-rich burner is similar to the standard staged combustion burmer. Both
fuel NOy and thermal NOyx are lowered by fuel-rich combustion followed by
complete combustion at relatively low temperatures, With the air—-rich burmer,
the first stage has an excessive 03z concentration and additional fuel is in-
Jected during the second stage.

Fuel-Rich Type

Figure 2-52 shows the APOC burner developed by Tokyo Gas Company for gas—
firing applications. In the pre-combustion chamber, an excess air factor of
0.5 to 0.7 1s used. NOx concentrations in the flue gas after complete com

bustion are about 35 ppm (corrected to 5% 03).
Figures 2-53 and 2-54 show the FH burner developed by Chugairo Kogyo,

Ltd., and 1ts performance. A high NOy reduction efficiency, 75-80%, can be

achieved with this burner when used with certain types of furmaces.
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Figure 2-55 shows the MR burner developed by MHI for package boilers with
a capacity of up to 30 t/hr. In addition to producing the effect of staged
combustion, this burner also reduces NOx by cooling the flame with an ad-
jacent water tube. The NOx levels guaranteed by MHI are shown in Table 2-
15.

The TS burmer developed by Osaka Gas Co. and its performance are shown in

Figures 2-56 and 2-57.

TABLE 2-15. NOX EMISSION LEVELS GUARANTEED WITH TEE MR BURNER FOR SMALL
SCALE BOILERS

Fuel Nitrogen Content in Fuel (%) NOx Emission Level (ppm)
Grade C 0il 0.20 150°
Grade B 01l 0.14 1302
Grade A 01l 0.03 65-90°
Eerosene 0.01 60-70:
Gas - 50

aCortected to 4% 0;,
Corrected to 5% Oa.

Air-Rich Type

Figure 2-58 shows the TGS burmer developed by the Tokyo Gas Company. The
primary fuel gas is premixed with a large amount of excess air. The rest of
the gas is then added to the flame. The burner shows an appreciable NOg

reduction as illustrated in Figore 2-59,

Figure 2-60 shows the TZ burner developed by the Daido Sanso Company. In
the primary combustion chamber, 40-60% of the fuel is fired with a large
amount of excess air———a factor of 1.6 to 2.4———and the secondary fuel in—
Jected into the furmace is burmed with an Oz concentration of 7-14%., The
overall excess air ratio is kept between 1.05 and 1.2. The performance of the

burner is shown in Figure 2-61.
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2.7.6 Off-Stoichimetric—Combustion Burners

This type of burner first produces fuel-rich and fuel-lean flames both of
which have low NOy concentrations. The two flames are then mixed for com—

plete combustion,

Figure 2-62 shows the DLS burner developed by Osaka Gas Compzny for gas-
firing metal-heating furnaces. Its performance is shown in Figure 2-63. Com—
pared with the TS burner (Figures 2-56 and 2-57), the fuel gas in the DLS
burner is burned with much less excess 0iz, and NOy concentrations are almost

constant during the operation period.

Figures 2-64 and 2-65 show the improved smokeless PM burmer developed by
!MI, and its performance. DRecirculated flue gas is injected between the air—
rich and fuel-rich flames to retard the mixing of the flames, thus causing
greater NOy reduction., Particulates, as well as NOx, can be reduced by

this burner.

Off-stoichiometric combustion can be attaimed by a special arrangement of
the fuel 4dinjection holes in a burmer. Figure 2-66 shows such an arrangement
in the burner developed by the Volcano Company. The larger holes produce the

fuel-rich flame while the smaller holes produce the fuel-lean flame.

Figure 2-67 shows the I-type throat in the dual-air register burmer de-
veloped by Babcock Hitachi, Ltd. (Section 2.3). From 25-40% of the combustion
air is fed through the grooved parts while the rest 1s fed through the cir-
cular part to achieve the off-stoichiometric combustion. The effect of the
I-type throat using the off-stoichiometric—combustion type atomizer with an

OSC tip is shown in Figure 2-63.

2.7.7 Vater—Injection Burnmer

Water—injection burmers have been used extensively in Japan because they
reduce NOx by lowering the flame temperature and, to some extent, produce

effects similar to emulsified oil (Section 2.8.4).
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Figure 2-62 Schematic of the DLS Bumer (Osaka Gas).
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Burner tips for water injection, developed by Asahi Chemical Industry
jointly with Nippon Plant Engineering Co., are shown in Figure 2-69. 0il and
water are ejected with steam in different ways with various types of tips.
The type-C tip gemerally gives the best results, reducing both NOy and par-
ticulates as shown in Figure 2-70., Similar types of tips also are used by

Osaka Gas Co.

The JSR burner, developed by the Japan Synthetic Rubber Company, injects
water and oil from separate holes as shown in Figure 2-71, NOy reduction
with the burner is shown in Figure 2-72, The NOx reduction is caused not
only by the lowering of the flame temperature which reduces thermal NOgz, but
also by the atmosphere produced by the reaction of water and oil which reduces
the fuel NO;x.

The Ul burmer, shown in Figure 2-73, injects water into the atomizing
air pressurized at 1 to 2 kg/cm3, The relationship between the water—injected
burner and NOy emissions is shown in Figure 2-74, In addition, water injec-
tion reduces soot formation and thus enables low excess air combustion, some-

times resulting in energy savimgs.

2.7.8 Combination Burmer

There are several low—NOx burners which nse a combination of the above
NOy reduction principles. For example, the SRG burmer (Figure 2-75), devel-
oped by Nippon Furnace Kogyo Kaisha, Ltd., applies two-stage combustion and
self recirculation of flue gas. The self recirculation is attained by the
Coanda effect of the high-velocity combustion gas. These burners have been
used mainly for oil- and gas—fired furnaces at chemical plants and refin-
eries. NOx levels produced by the SRG burmer, 1in comparison with conven-—

tional Tandem burners, are shown in Figure 2-76.

The CVS Voltmetric burner, shown in Figure 2-77, was developed by

Chugairo Bogyo and is based on a similar NOy reduction principle.
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Figure 2-78 shows the TCG burner developed by Osaka Gas Co., jointly waith
Hirakawa Tekko Co. Self recirculation of combustion gas is achieved by the
high-velocit} secondary fuel, while off-stoichiometric combustion is attained

by separate injection of fuels.

The ELN burner developed by Hosoyama Neki Co. is shown in Figure 2-79.
The burner applies flue gas recirculation and two—stage combustion., NOg

levels with the burner are shown in Figure 2-80,

2.8 COHBUSTION MODIFICATION FOR SPECIAL NOgy SCURCES AND FUELS

2.8.1 Refuse Incinerators (14)

Flue gas from refuse incinerators usually contains about 150 ppm NOjy
(corrected to 12% 02). A large portion (70-80%) of the MOz is derived from
nitrogen compounds in the refuse. The comversion ratio of fuel nitrogen to
NOx is considered to be 8-12% under normal incineration conditions. In a

low excess air incinerator, a conversion ratio of 8% was reported.

NOx conversion characteristics for refuse incineration are similar to

those of oil and coal burning for the following reasons:

(1) Furnace temperatures do not affect the conversion ratio
appreciably.

(2) Types of nitrogen compounds in the refuse do not greatly
influence the conversion ratio.

(3) Gemerally, the larger the nitrogen content, the smaller the
conversion ratio., The conversion ratio, however, essentially
stays constant above a certain nitrogen content,

(4) The conversion ratio increases with the excess air factor.
Based on these characteristics, staged combustion is considered most

effective for abatement of MOy abatement in incinerator flue gas. Reducing

gases such as NHs, hydrocarbons, and HCM, formed at the first stage in the
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reducing atmosphere, decompose NOx and keep the NOx conversion ratio as

low as 5%.

Problems with staged combustion and modifications to remedy them are

shown below:

Problems Modifications

Increase of unburned carbon Increase of stoker area
Application of after—burning system

Control of furnace temperature Flue gas recirculation
Water injection
Steam injection

By making these modifications to two-stage combustion, NOy emissions
below 120 ppm (corrected to 12% 0a) are achieved, as shown in Figure 2-81.
This emission level more than meets the emission standard of 250 ppm NOg

(corrected to 12% 0i) for a new incinerator.
2.8.2 Cement Kilns (15)

Rotary kilns for cement production usually produce a flue gas containing
a high concentration of NOx—400-1,000 ppm——even with oil firing. This is
due to the long retention time of the gas at temperatures of 1000-1550°C and
the presence of a large excess of air. A new NSP kiln with suspension pre—
heaters and a gas genmerator (GG) or a flash furnace (FF) (Figures 2-82 and
2-83) has been developed and used in Japan, It has a high production effi-
ciency and produces NOy emissions below 200 ppm; the emission standard for

new kilns is 250 ppm (corrected to 10% 0i).

A conventional rotary kiln uses all of the fuel from a burner located at
one end of the kiln to produce a wide range of high temperatures (1000—
1550°C). This assures the decomposition of calcium carbonate and the reaction
of lime with clay and other raw materials to form the cement clinker. With
the new types of kilns equipped with GG or FF systems, one half of the fuel is
injected into the gas gemerator or flash furnmace (calcinmer). The furnace is

installed at the opposite end of the kiln to assure calcination of the feed
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and decomposition of the calcium carbonate at around 1,000°C. NOz formation
in the kiln is substantially lowered by the reduced heat load. With the GG
system, 1t is possible to use the reducing gas to remove NOy formed in the
denitrification chamber. The reducing gas is burned by the hot air leaving
the cement clinker cooler. NOx concentrations can be reduced below 150 ppm

(corrected to 10% 0i1), easily meeting the emission standard,

Use of coal instead of o1l with the GG system does not cause a substan—
tial increase in NOx since NOy can be removed in the denitrification cham

ber by the reducing gas.

Mitsui Mining Co. has modified the FF system originally developed for oil
firing for use with coal, as shown in Figure 2-83. The major modifications

are as follows (16):

(1) A larger calciner (furnace) is used to ensure complete coal
combustion,

(2) A low-pressure—drop suspension preheater is used to deal with
the increase in gas volume caused by the use of coal rather
than oil.

(3) The feed is introduced into the calciner from both the bottom
and the side to ensure better calcination and the correct com—

bustion temperature for NOg reduction.

2.8.3 Glass Melting Furnaces

Glass melting furnaces burning gas or oil used to emit high levels of
NCx (above 500 ppm) due to: 1) high furnace temperatures of approximately
1,600°C, 2) relatively long gas—retention times needed to ensure the melting
and clarification of the glass, and 3) the high O: concentration of the gas.
When sodium nitrate is nsed as a feed to promote clarification, the NOx con-
centration in the flue gas commonly exceeds 2,000 ppm. The use of mitrate,
however, has almost been eliminatd in Japan 1in order to reduce NOy emis—

sions.
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In furnaces not using nitrate, virtually all of the NOx present in the
flue gas is thermal NOgx. Using the following measures, this thermal NOg
is reduced in much the same manner as it is in other oil- or gas—fired indus-

trial furnaces.

(1) Suppression of excessively high temperatures
(2) Prevention of air leakage
(3) Application of low excess air combustion

(4) Strict control of 03 in flue gas using oxygen sensors

A mild flame with a slow reaction is considered an effective method of
NOy abatement for these furnaces. For oil-fired furmaces, the atomizer has
been changed from an air to an oil-pressure type. An oil-pressure atomizer
that produces a plane flame shape has been developed by the Asahi Glass
Company for NOy abatement purposes (17). The plane flame shape is reduced
by the slit in the atomizer tip. VWith the combination of this atomizer and an

adequately shaped port, a 40% NOx reduction can be achieved.

2.8.4 Use of Emslsified 0il for Small Boilers

Emulsified oil (oil-water emulsion) has been used as an efficient method
of NOy abatement for small boilers. In some cases emulsified 0il also may
be effective for saving enmergy because it allows a reduction in excess air

without causing incomplete combustion.

Many companies have developed systems for producing emulsified o0il.
These systems may be divided into two categories, as shown in Figure 2-84.
The line blending system gemerally is more advantageous than the service tank
system because of its simplicity. On the other hand, the service tank system
is compatible with many types of combustion equipment, although pump cavita-
tion may be an operational problem with this system. Different types of
emulsifying agents, in concentrations of 0.1 to 0.2%, are used with various

types of boiler fuels.
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Upon combustion of the emulsified oil, the atomized oil droplets are sep-
arated into very small particles by sudden expansion of the water contained in
the emulsion. This increases the contact area for the oil and air, thus in-
creasing the combustion rate, and reducing thermal NOy formation. Since
water and steam can be used to slow the formation of soot as shown in Figure
2-85, excess air can be further reduced as shown in Figure 2-86 (18). There-
fore, an increase in thermal efficiency may be expected when using emulsified
oil for small boilers. The reducing atmosphere formed by the reaction of the
water and fuel promotes the reduction of NOy. Injection, agitatiom, and

static mixers all have been used to produce emulsified oil.

2.8.5 Special Fuels and Processes

Coal 0il Mixture (COM)

COM is a slurry composed of equal amounts of oil and pulverized coal., In
Japan, EPDC and major boiler manufacturers have conducted studies of COM, be-
cause the slurry can reduce 0il consumption without the handling problems
inherent in coal use. The combustion properties of COM compared with those of

oil are as follows.

(1) The ignition characteristics of COM are similar to those of
0il, but the atomized particles are often finer.

(2) With COM the flame becomes longer; oil buras initially,
followed by the combustion of volatile matter, and
then by the combustion of the fixed carbon of the coal,

(3) The flame temperature with COM-firing 1s about equal to that
for oil firing.

(4) The COM burning rate is slower which means that a larger amount
of excess air is required. Becanose of this, the NOx concen—

tration becomes higher,

Because of COM's higher nitrogen content compared to oil, staged combus-—
tion is more effective than flue gas recirculation for NQOx abatement pur-

poses. NOz conceatrations below 200 ppm are achieved by staged combustion.
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Methanol

A feasiﬁility stady on the use of methanol by utility boilers has been
conducted (19), Combustion tests using a small test furnace produced NOx
emissions below 30 ppm under normal conditions and of about 20 ppm when flue

gas recirculation was applied.

Catalytic Combustion

Basic studies on catalytic combustion of gaseous fuels also have been

conducted. Catalytic combustion has the following advantages.

(1) Low-temperature combustion is possible, resulting in low NOx
concentrations,

(2) A wide range of excess air factors can be used without
affecting the flame stability.

(3) Uniform temperature and composition of the combustion gas can
be obtained thus avoiding local overheating and formation of
high NOyx concentrations which occur during conventional com—

bustion,

One test indicated that NOx levels below 20 ppm were attained even with
a combustion temperature of 1,600°C and a catalyst. A large volumetric heat
release rate was produced without forming unburned species such as CO and

hydrocarbons (20).

One disadvantage of catalytic combustion is that the catalyst can be phys—

ically unstable if subjected to repeated temperature variations.

Fluidized Bed Combustion

Fluidized bed combustion (FBC) of coal has the following advantages:

(1) Low SOz emissions can be achieved by adding limestone or

dolomite in the combustion zone.
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(2) Low NOy emissions may be achieved because of the low combus-
tion temperature (around 1,000°C).

(3) Smaller boiler sizes are possible due to a higher heat transfer
efficiency and a higher heat release rate in the furnace.

(4) Low—-grade as well as high—grade coals may be burned,

The Coal Mining Research Center, jointly with EPDC, KHI, and Babcock
Hitachi, constructed a 5 MV equivalent atmospheric FBC pilot plant at EPDC’'s
Wakamatsu Station. The plant began operation in April 1981 (21). Preliminary
tests using domestic low—sulfur coal (0.2% S and 0.9% N) and limestone indi-
cated that when staged combustion was applied, NOgx was reduced to 64 ppm.
Construction of a 75 MW demonstration plant will begim in 1983; the planmt
should be operating by 1985.

A small commercial atmospheric FBC plant owned by the Sumitomo Colliery
Akabira Company (10 t/hr steam, 2.5MV equivalent) began operation in April
1980 (22). The furnace burns a low—grade coal (3,050 kcal/kg) recovered from
coal-wash water and uses silica sand as the fluidizing agent. The plant, con—
structed by Babcock Hitachi, is a modification of an o0il pulverized coal-fired

boiler. NOy concentrations in the flue gas have ranged from 260-350 ppm.,

However, fluidized bed combustion has the following disadvantages in

Japan:

(1) There is no land space for disposal of ash containing calcium

sulfate, lime, and other materials,

(2) Although tests have been conducted on a process'to separate and
regenerate the SOy absorbent, there are both technical and

economic problems associated with the process.

(3) SOy and NOx concentrations in the flue gas may not be low
enough to meet the stringent local regulations. In Japan, both
FGD and SCR have been applied successfully to coal-fired

boilers to reduce SOx and NOx to very low levels.
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SECTION 3
SELECTIVE CATALYTIC REDUCTION (SCR) OF NOgx

3.1 REDUCTION OF NOy BY AMMONIA

3.1.1 Basic Reactions

Virtually all of the NOy in combustion gases 1s present in the form of
MO, while NOy from non-combustion sowurces, e.3., nitric acid plant tail gas,
consists of both NO:2 and NO. Although NOz can be reduced to Na with the ause
of reducing gases such as CHs, Hi, and CO, these gases are also readily com-
sumed by reaction with Oz. NHs is a more economical reducing agent for a gas

with a high 03/NOx ratio, because NH; selectively reacts with NOx.

Sinée a small amount of Oz promotes the reaction of NHs with NOx, the

reaction is usually expressed by equations 1 and 2.

4 NH; + 4 NO+ 0z =4 Na + 6 Ha0 (1)
4 NH; + 2 NOz + 02 =3 Na + 6 H20 (2)

Combustion gases usually contain at least ome percent Oa, which is sufficient

for the reaction (Figure 3-1).

The optimum temperature for the reactions without a catalyst is 900-
1000°C. Above this temperature, a considerable portion of the NHs is cono-
verted to NOy. Below this temperature, the reaction rate 1s slow. Selec-
tive poncatalytic reduction (SNR), the inmjection of NHs into a boiler or

furnace at 800-1000°C, has been applied on a commercial scale, but NOx

removal is usually limited to 30-50% at NH3/NO mole ratios of 1-2 (Section
6.2).
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Selective catalytic reduction (SCR) uses a catalyst at 150-450°C and
achieves 80-90% NOy reduction with an NHs/NO mole ratio in the range of 0.85~-
1. Various catalysts are effective in the temperature range of 300-400°C,

which is the temperature of utility boiler ecomomizer outlet gas.

3.1.2 Problems with SCR

The serious problems encountered in the early stages of SCR development
have largely been solved. Catalyst poisoning by SOz was solved by substi-
tuting base metal catalysts based on TiOz for Alz03 or Fea0s. Catalyst
plugging problems in dust—laden gases were eliminated with the use of honey-
comb, plate, and tube ("parallel flow") catalyst configurations or parallel
flow reactors. Soot blowing is also used to remove dust. Ammonium bisulfate
formation occurs when NH3, SO3, and Hi0 react due to temperatures below 300°C
caused by reduced boiler loads. Bisulfate deposits lower catalytic activity.
Ammonium bisulfate formation has been prevented by maintaining a gas
temperature above 300°C, either by adjustments in economizer efficiency or
with a hot gas bypass upstream of the economizer. Lconomizer emergy losses
are recovered with an air preheater downstream of the SCR. Ammonium bisulfate
tends to deposit in the air preheater. The deposits can be prevented or mini-

mized by maintenance of low levels (<5 ppm) of Mis in the reactor outlet gas.
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Oxidation of SOz to 503 also occurs with some catalysts, increasing the forma-
tion of ammonium bisulfate. Low-oxidation catalysts have been developed to
address this.problem. Finally, catalyst erosion by fly ash particles has been
prevented by maintaining moderate gas velocities, increasing catalyst hard-

ness, and employing the "dummy spacers" described in Section 3.4.

These improvements have increased the reliability and ease of operation
of SCR processes, resulting in the construction of over 150 commercial plants.
Most have been operated with few problems, although ammonium bisulfate deposi-

tion in the air preheater continues to occur at some plaats.

Catalyst life in commercial SCR systems varies depending on boiler fuel.
For gas— and oil-fired boilers virtually no degradation has been evident after
more than 4 years of operation. In July 1982 coal-fired boilers had operated
for over 2 years with little catalyst degradation. The actual life of SCR
catalysts may be as long as 6-7 years for gas—-fired boilers, 5 years for o1l-

fired boilers, and 3 years for coal-fired boilers.

Disposal of the spent catalysts is considered a potential problem because
of the presence of heavy metals. Virtually no catalysts had required re-
placement at the time this report was written, so there 1s little experience
with spent catalyst disposal. Since catalyst composition is confidential,
producers must recycle all of the spent catalysts to recover the heavy metals.
For example, titanium producers are expected to recover TiOz. The feasibilaty

of these recovery practices for exported catalysts 1s uncertain.

3.1.3 Major Factors in Catalytic Reaction

Equation 4 shows the relationship between space velocity (SV) and NOgx

removal rate:

log(l-x) = -k/SV (4a)
where:
k = koSap (4b)
x = Reaction ratio (NOx removal ratio).
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k = Reaction constant.

ko = A constant at a given temperature relating to the catalyst
property.
Sap = Apparent surface area. The surface area of the catalyst assuming

that the catalyst surface is smooth, not porous.

Space velocity is defined as the ratio of the gas volume passing through the
catalyst bed per hour to the volume of the catalyst itself,

A smaller SV and a larger k give a I;rger x. A smaller SV implies that a
larger amount of catalyst has been used. The reaction constant, k, is larger
with a larger ko and Sap . The constant, ko, is larger when the catalyst
material is more active, while Sap is larger with a more closely spaced cata-
lyst. The latter, however, not only produces a larger pressure drop but makes
the catalyst more susceptible to dust plugging (Figure 3-2), Therefore,
usually a granular catalyst with a 3-6 mm diameter is used for clean gas while
a2 honeycomb configuration with a 5-8 mm channel diameter and a parallel plate

with a 4-7 mm clearance are used for dusty gas.

The iplet NH3/NOg mole ratio also influences the NOx removal effi-
ciency as shown in Figure 3-3. A larger mole ratio produces a higher effi-
ciency and a larger amount of unreacted ammonia leaving the reactor. In
practice, a mole ratio between 0.83 and 1.0 is gemerally used to attain 80-90%

NOy removal and maintain NHs emissions below § ppm.

For a catalyst with a given SV, NH3/NOx mole ratio and tempera-

ture, the NOx removal efficiency as well as ammonia reaction ratio changes
little with the i1nlet NOx concentration. This indicates that both outlet
NOx and NHa concentrations increase with inlet NOx concentration. There-
fore, 1in order to maintain both NOx removal efficiency and unreacted NHs at
a constant level, a large amount of catalyst (smaller SV) 1s needed with an
increase 1n 1nlet NOy (Figure 3-4). The relationship between NOx removal
efficiency and catalyst requirements at a constant inmlet NOyx concentration

and unreacted NH; level is shown in Figure 3-5.
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3.2 COMPOSITION AND PROPERTIES OF SCR CATALYSTS

3.2.1 History

SCR catalysts have been produced by many manufacturers. The four major
manufacturers are Catalyst and Chemicals, Inc., NGK Insulators Co., Sakai
Chemical, and Nihon Shokubai Eagaku which produce various types of ceramic
catalysts with honeycomb, ring, tube, and pellet configurations. SCR process
developers such MHI, THI, EHI, JGC Corp., and Kurabo have conducted their own
studies on SCR catalysts and have provided manufacturers with specifications
for use in catalyst production. Other process developers produce catalysts
themselves; Hitachi Ltd. and Hitachi Zosen make metal-based catalysts while

Sumitomo Chemical and Kobe Steel manufacture ceramic ones.

At an early stage in SCR development, catalysts based on alumina carriers
were used predominantly. At that time, 5-Al1103 was popular as a heat resis-—
tant carrier due to its large surface area and high catalytic activity. The

relationships between the surface areas of various carriers are shown below

(1):
§-A1303 > TiOs > ZrO1 > MgO > a-Ala0Os > SiOa

Catalysts based on ferric oxide also have been used. Ferric oxide is
catalytically active and can be obtained both as a natural mineral and as a by—

product.

A problem associated with both alumina—- and ferric oxide-based catalysts
is that they have been found to be poisoned by SOy in the flue gas. This
occurs because of the formation of sulfate which tends to plug the small pores
of the catalyst and reduce its surface area and activity. Although the sul-
fate can be decomposed by heating it to 700-800°C, the treatment requires a

substantial amount of emergy.
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More recently, titania (TiOz)-based catalysts have become popular for
dirty gas treatment because of their high activity and resistance to SOx.

The relative SOx resistances of the catalyst carriers are shown below (1):
TiO2 > Si02 > a—-Ala0: > a-Alz0s

The properties of various catalyst carriers are compared in Table 3-1.

TABLE 3-1. COMPARISON OF CATALYST'S CARRIER CHARACTERISTICS (KAWASAKI
HEAVY INDUSTRIES)

Material
Ferric

Characteristics Alumina Oxides Silicates Tuff Titania
SOy resistivity C D A B A
Initial activity A C C B A

for DeNOx
Physical strength B D A A C
Durability C D C B A
Cost of catalyst C B C A D

Note: Symbols A - D indicate ratings with A being the best.

Adding Vi0s to TiOs produces a highly active SCR catalyst. However, a
drawback is that vanadium promotes the oxidation of SOa2 to SOi: which causes
ammonium bisulfate deposits in the air preheater. Recent efforts to improve
SCR catalysts have concentrated on development of an active catalyst which is

not poisoned by SOx and has little SO0z oxidatiom capability.

Low-temperature catalysts active at 150-250°C also have been evaluated
for use with low-temperature gases such as those from coke ovens and sin-
tering machines. The greatest problem with the low-temperature catalyst is

that ammonium bisulfate deposits on it. In practice, the deposits are removed
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by periodically heating the catalyst above 400°C. This heating process is

necessary to restore catalytic activity.

Ammonia decomposition catalysts were studied and used a few years ago but
have not been developed. This type of catalyst tends to be poisoned by SOy
and to oxidize a considerable portion of SO3 to SOs. In recemt practice,
unreacted NHs has been reduced by using a low NH3/NOx mole ratio and an

increased amount of SCR catalyst.

3.2.2 Alumina-Based Catalysts

Most alumina carrier catalysts are in the form of 8-Al1:03 which has a
large surface area and high activity. This type of catalyst has been used
with clean gas containing little or no SOx. The performance of alumina-—
based catalysts for clean gases is shown in Figure 3-6. A catalyst made of
alumina impregnated with Cri0s; shows a high activity around 250°C, while one
with FeaOs shows a high activity around 430°C. A catalyst active at 300-400°C
can be obtained by using both Cr203 and Fez203 or ViOs and Cra0,.

The alumina in 8 form readily reacts with SO3 to form Al3(SO4)s with
reduced surface area and activity (see Figure 3-7). Even though a gas may
contain SOz and no SOs, a portion of S0z is oxidized to SOs on the catalyst
surface and reacts with A1203. When the poisoned carrier is heated to 800°C,

Al12(SO+)s decomposes to regenerate Al:03 and catalytic activity is restored.

These reactions are:

Al303 + 3S03 = Al1:(S04)3 (1)

Al203 + 3S03 + 3/202 = Al12(S04)3 (2)
0

AL:(S04)s 399°Cy A1.0s + 3502 + 3/2 0a (3)

However, the heating requires 8 considerable amount of energy and is not
economical, Heating 8-Al10s to 1100°C, produnces a—Ala0Os; which is resistant to
SOx. However, a-Al10s has a much smaller surface area and is less active
than 8A1a03. Since SOz-resistant catalysts based on TiOaz have £ecome popu-

lar, alumina-based catalysts now are seldom used for gas containing SOx.
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3.2.3 Fe103-Based Catalysts

Fe103—-based ring-shaped catalysts were used several years ago at a few
SCR plants but they were found to be poisoned by SOx. Nippon Kokan recently
began using a special type of iron ore as the SCR catalyst to treat flue gas
from an iron sintering machine. Contaminated by SOx and dust, the catalyst,
along with other iron ores, is used for steel production. Catalyst and Chem
icals, Inc. recently studied the production of a low-cost Fez0s catalyst using
red mud, a useless by-product of aluminum production, and limonite, a neutral

mineral mined in the Aso and Kurohime Mountains (3).

The chemical composition of the red mud and limonite catalyst is shown
in Table 3-2. The red mud's major component is highly crystalline a-FeiOs;

limonite is composed of a-FeOOH and a-Fe103 with low crystallinity.

TABLE 3-2. CHEMICAL COMPOSITION OF RED MUD AND LIMONITE CATALYSTS (3)
(%, on dry basis)

Red Mud Limonite
Fe10s 52-55 84-85
Al20s- 20-27 13
S$i0a 7-10 13-14
TiO3 7-10 Trace
Ca0 0-2.5 0.1
MgO - 0.15
Na20 3-5 0.3
K10 Trace 0.3
S04 0.3 0.3
MnO Trace 0.4
(HaO) About 80 30-40

During the first stage of catalyst production, the red mud is washed with
sulfuric acid and water to remove sodium, The red mud and limonite then are
combined with water, kneaded, shaped and calcined to produce pellets 3 mm 1n
diameter. The catalyst pellets (25 ml) are placed in a reactor tube. Then a

synthetic gas containing 500 ppm NO, 500 ppm SO:, 3% Oa, 10 - 15% Ha0, with
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600 or 750 ppm NHs is passed throngh the catalyst bed at 200-380°C with an SV
of 10,000 or 6,000 hr'.

Figure 3-8 shows the effect of the catalyst's calcination temperature on
its initial activity (before SOx poisoning). The limonite was highly active
when calcined at 400°C and became much less so when calcination took place at
higher temperatures. Since SCR usually takes place at 300-400°C, calcination
of the catalyst at 400-500°C may be adequate to produce good activity and
sufficient physical strength. The red mud catalyst was not very active when

calcined at 400°C,

The effects of adding various compounds to the catalysts are shown in
Figure 3-9. Red mud’s activity was increased by the addition of Vi0s and CuO
but decreased when Sn0O2 was added. The optimum amount of ViOs was 5-10% of

the amount of the red mud. TiOz increased the activity of limonite.

Figure 3-10 shows the increase in S04 and decrease in NOx removal
efficiency which resulted when three types of catalysts were exposed to flue
gas from an oil-fired boiler. After varying exposure periods up to 1,200
hours, the- catalysts were subjected to both an SO« analysis and an NOgx
removal test. Limonite with TiOz calcined at 500°C showed a high initial
efficiency which decreased rapidly during exposure (with the concurrent
increase 1n SOs4). Virtually all of the Fe:z031 was converted to Fei(SO04)3 after
200 hours exposure. Limonite calcined at 700°C with TiO: was inactive al-
though it became more active with an exposure of 200 to 600 hours. Red mud
calcined at 500°C was moderately active and remained that way during a period
of 1,200 hours.

Figure 3-11 shows the results of the exposure tests on red mud catalysts
which contained additives of TiOz or TiOs and ViOs. The improved red mud
catalysts maintained fairly good activity even after 3,000 hours of exposure.
This indicates that it may be possible to produce a relatively inexpensive

SOx-resistant catalyst using red mud.
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3.2.4 TiO:2-Based Catalysts

Titania (TiOz2), in the form of anathase, is catalytically active and has
a good resistance to SOx. Its activity can be increased by adding base
metal oxides. As shown in Figures 3-12 and 3-13, Vanadium (V) is a most
effective additive for this purpose. For this reason, a2 TiOsz-based catalyst
containing 1-5% Vi0s has been most popular for gas containing SOx. However,
a common problem associated with this catalyst is the oxidation of a portion
of the SOz to SOs. During cooling, the SOs combines with NH: and Ha0 to form
NH4+HSOs which results in the plugging of ihe air preheater elements. The
oxidation ratio is larger with a lower SV and a smaller NH3/NOx mole ratio;

NHs; works as a reducing agent to lower the oxidation ratio (Figure 3-14).

When Cu, Co, and Ce are used as additives to the TiOi-based catalyst, a
substantial amount of oxidation occurs; when V is used with Mo and W only a

slight amount of oxidatiom occurs.

Catalyst producers are making efforts to lower the oxidation ratio. A
common method is to replace a considerable portion of V with other metals such
as Mo or W (Figure 3-15). With the replacement, the NOx removal efficiency
is slighti§ lowered while the oxidation ratio is lowered to a much greater
extent. Table 3-3 shows the Ti012-Vi0s catalyst (108-H) and improved catalysts
(109 H - 111 HC).

The Ti02-Vi0s catalyst is poisoned by alkali compounds, particularly by
potassium at low temperatures (Figure 3-16). Figure 3-17 shows that a cata-
lyst using two kinds of selected base metals is poisoned to a lesser degree.
3.3 LOW-TEMPERATURE CATALYSTS
3.3.1 Introduction

For some gas sources, such as coke ovens and irom-ore sintering machines,

the temperature of the gas stream requiring NOy removal is low (150-250°C).

Since heating the gas to 300-400°C requires a large amount of emergy, low—
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TABLE 3-3. PERFORMANCE OF HONEYCOMB CATALYSTS (NIHON SHOKUBAI EAGAKU)
(Gas Composition: NOx 180-200 ppm, SOx 150-200 ppm), CO:
- 7-10%, Ha0 7-10%, Oz 7-10%, NHs/NOx mole ratio: 1.0, Area

Velocity 1.0 m/hr)

Catalyst sV, NOz Removal (%) at S0: oxidation (%) at
No. (hr ) 300°C  350°C  380°C 3509C  380°C

108 §° 4,830 92 96 97 2.1 4.0

109 B? 4,830 87 94 95 0.5 1.0

110 #? 4,830 77 85 89 0.05 0.1

111 ®® 4,830 84 92 94 0.2 0.4

109 HC® 3,710 79 87 90 0.5 1.1

111 #C° 3,710 76 84 88 0.2 0.4

aHoneycomb for oil-fired flue gas: channel diameter 6 mm, wall thickness
1.4 mm.

bHoneycomb for coal-fired flue gas: channel diameter 8 mm, wall thickness
1.8 mm,

j—s
-4
")



temperature catalysts active at 150-250°C, have been developed. However, the
following problems have occurred with this type of catalyst: (1) the reaction
rate is generally slow; (2) ammonium bisulfate deposits on the catalyst below
300°C; and (3) poisoning by potassium compounds occurs more seriously at lower

temperatures (Figure 3-16).

Kureha Chemical has developed a catalyst which is active at 150°C (8).
However, this catalyst, is seriously poisoned by SOx in the gas stream and
therefore has not been used commercially. SOx-resistant catalysts active at
200-250°C also have been developed by several manufacturers. Even with an
SOx-resistant catalyst, ammonium bisulfate deposits form, thereby lowering
catalytic activity. To increase its activity, the catalyst occasionally must
be heated above 400°C. This heating can be achieved either by mixing a hot
gas with the low-temperature gas or by removing the catalyst from the reactor

(moving bed) for thermal treatment.

Many of the early low—temperature catalysts were based on zeolite comr
bined with various metals, as shown in Figures 3-18 (5) and 3-19 (11). They
generally consumed less than 1 mol NHs; to 1 mol NO, but were no more efficient
than the Ti02-V3i0s catalyst, except for those containing Pt and Pd (which are
readily poisoned by SOx). Most of the recently developed low-temperature
catalysts are based on TiOz, except for those developed by Kobe Steel which

are alumina~based. (Section 5.6).

3.3.2 Catalytic Activity Decrease Caused by Ammonium Bisulfate Deposit

Figure 3-20 illustrates the decreased catalytic activity of TiOa-based
metal catalysts during a 100 hour period at 250°C. The decrease is due to
ammonium bisulfate deposition. The gas used for the test contained 1,000 ppm
SO0z without SOs. It is obvious that a portion of SOz is oxidized on the cata-
lyst surface to form the bisulfate. The decrease in catalytic activity was
substantial with the Ce catalyst, slightly less severe with the Cu, V, and Co
catalysts, and only slight with the Mo and W. Although the catalysts with Mo
and W additives were barely affected by the bisulfate, the initial activity of

these catalysts was much lower than that of the vanadium catalyst.
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Figures 3-21 and 3-22 show the results of tests performed on the Ti02-MoO-
Vi0s catalysts at 250° and 200°C, respectively. A more noticeable decrease in
catalytic activity occurred at 200°C than at 250°C. A catalyst with an Mo:V
ratio of 95:5 exhibited only a slight decrease in activity during a 50 hour

test period at 200°C, as well as during 100 hours at 250°C.

Figure 3-23 shows the decrease in catalytic activity which occurs when
the catalyst is used with a gas containing 200 ppm SOs and 50 ppm SOs. This
decrease was considerably smaller than that with gas containing 1000 ppm SOz
without SO3, as shown in Figure 3-21. These results indicate that a comsider—

able portion of S01 is converted to SOs on the catalyst surface.

Table 3-4 shows the properties and chemical composition of Ti02-Vi0s—-MoO
catalysts before and after use at 250°C for 100 hours and 200°C for 50 hours.
With use, NH4 and SO4 deposited on the catalysts, lowering the surface area
and decreasing the pore volume. Both the deposition and the lowered activity
occurred to a greater degree with the catalyst that contained more vanadium.
The NH4/SOs4 weight ratio ranged from 0.12 to 0.25 and the NH4/SO4 mole ratio
from 0.6 to 1.33, indicating that the deposits were mostly ammonium bisulfate

(NH4HSO4) .-

3.3.3 Use of Heating to Recover Catalytic Activity

The activity of TiOz-based catalysts can be restored by heating them to
400-450°C. In one series of tests, a catalyst contaminated with ammonium
bisulfate was heated for three hours at 400°, 430°, 450° and 470°C and then
again used for SCR at 200°, 250° and 300°C (Figure 3-24)., The activity of the
catalyst heated at 450° and 470°C was almost equal to that of the fresh cata-
lyst. Figure 3-25 shows that by heating the catalyst at 450°C for three
hours, virtually all of the NH« and SO+ were removed and the catalytic acti-
vity was restored. Table 3-5 shows that when the used catalyst is heated at
450°C for three hours, both surface area and pore volume increased to approach

those of the fresh catalyst.
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TABLE 3-4. PROPERTIES AND COMPOSITIONS OF CATALYSTS (FRESH AND USED)

Reaction Surface Pore
Ratio Temp. Area Volume Chemical Composition
V:Mo (°C) (m2/g) (ml/g) NH4 (%) S04 (%) NH4/SO4
f“b 31 0.27 - - -
100:0 250c 17 0.18 1.3 10.9 0.12
200 17 0.19 1.6 10.2 0.16
f 34 0.25 - - -
0:100 250 31 0.25 0.1 0.5 0.20
200 32 0.26 0.2 0.8 0.25
f 34 0.28 - -
90:10 250 17 0.23 1.0 7.1 0.14
200 16 0.20 1.6 8.3 0.19
f 33 0.29 - - -
50:50 250 17 0.25 0.8 4.7 0.17
200 20 0.23 1.3 5.7 0.23
f 35 0.30 - - -
10:90 250 26 0.29 0.2 1.2 0.17
200 28 0.28 0.3 1.3 0.23
f 35 0.30 - - -
5:95 250 31 0.29 0.2 0.9 0.22
200 29 0.27 0.2 0.8 0.25

;Fresh (vefore use)
After used at 250°C for 100 hours
®After used at 200°C for 50 hours

TABLE 3-5. PROPERTIES AND COMPOSITIONS OF CATALYSTS (FRESH, USED, AND HEATED
AT 450°C FOR THREE HOURS)

Surface Pore
Ratio Area Volume Chemical Composition
V:Mo Type (m2/g) (ml/g) NH4 (%) S04 (%) NHa /S04
Fresh 34 0.28 - - -
90:10 Used 20 0.23 0.9 4.3 0.21
Heated 27 0.30 - - -
Fresh 33 0.29 - - -
50:50 Used 20 0.24 0.7 3.2 0.22
Heated 30 0.30 - - -
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Figure 3-26 shows that the vanadium—rich catalyst is very active 1ni-
tially, but requires frequent heating because of rapid bisulfate deposition.
The TiOa2-Mo cétalyst has a low initial activity which did not decrease during
100 hours of use; a catalyst with an Mo:V ratio of 90:10 has a fairly high
initial activity which decreased slightly with 100 hours of use.

3.3.4 Alkali Poisoning and Poisoning Countermeasures

When alkali is added to the Ti0a-ViOs catalyst, the catalyst becomes less
active (Figure 3-27). Potassium proved to be even more poisomous to this
catalyst than sodium. Figure 3-28 compares the poisoning of various TiOa-—
metal oxide catalysts. Mo and W catalysts showed a considerable amount of
poisoning. Figure 3-29 shows the poisoning of TiO2-Mo0O-Vi0s catalysts; poi-

soning was more extensive with a larger Mo:V ratio.

Tests have indicated that alkali compounds present in the contaminated
catalysts can be removed with a hot water wash or with aqueous solutionms of
H302 and BaSO4. Figure 3-30 shows how washing restores catalytic activity.
The Ti0:2—-V20s catalyst’s activity is partially restored by a hot water wash
and almost completely restored after a wash with aqueous solutions of H201 and
HiS04. During the same test, the activity of the Ti02-MoO catalyst was not
restored by the wash. The activity of the Ti0z-Vi0s5-MoO catalyst (V:Mo=10:90)

recovered well after a wash with a mixed solution of H20: and HaSOs.

Table 3-6 shows the change in the Ti02-V:20s catalyst caunsed by alkali
poisoning and the subsequent washing of the poisoned catalyst with hot water
and a mixture of Hz20: and H2S04. After the wash, most of potassium was re—
moved and the pore volume was restored. The V20s decreased during washing
because it is slightly soluble in water and the H202 and H2SO4 solutioan. For
this reason, it may be necessary to add VaOs to the catalyst after 1t has been

washed several times.
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TABLE 3~6. CHANGES IN THE TiO0z-Vi0s CATALYST CAUSED BY ALKALI ADDITION AND

BY WASHING

Surface Pore

Area Volume ViOs K10

(m2/g) (ml/g) (%) (%)
(A) Fresh 31 0.27 4.7 0.03
(B) Alkali added 31 0.25 4.5 0.60
(C) B was washed by hot water 31 0.28 4.1 0.17
(D) B was washed by H202 + H2S04 30 0.27 4.0 0.10

3.3.5 Summary

The Ti02-V10s catalyst is active even at low temperatures of 200-250°C,
However, ammonium bisulfate readily deposits on the catalyst at these temper—
atures and reduces catalytic activity due to the oxidation of SOz to SOs.
Frequent heating of the catalyst to 450°C is needed to remove the bisulfate
and restore activity. A Ti0i:-MoO catalyst does not have as much of a problem
with emmonium bisulfate deposition but is not very active. TiOsz-based cata-
lysts with MoO and Vi0s in a ratio of (90-95):(10-5) may be suitable for low—
temperature applications because they are catalytically active and have no

problem with bisulfate deposition,

Alkali compounds, particularly those containing potassium, poison the
catalysts. This poisoning occurs most seriously at low temperatures. Al-
though the alkali contained in the catalyst can be removed by washing with hot
water or aqueous solutions, some Vi0s 1s lost i1n the wash, This means that
more Vz0s must be added and the wash liquor must be treated. For these rea-
sons, it may not be appropriate to treat alkali-rich gas with a low-tempera-

ture catalyst.

For boilers, the application of SCR to 300-400°C economizer outlet gas

may be preferable to using a low-temperature catalyst for the 150-200°C air
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preheater outlet gas. This is true despite the fact that an existing boiler
requires considerable modification for application of SCR to the economizer

outlet.

For low—temperature gas such as that from coke ovems (200-250° ), the use
of a lowtemperature catalyst is preferable to using a conventional catalyst
combined with gas heating to 300-350°C. Although the low-temperature catalyst
requires occasional heating up to 400°C, it can save a considerable amount of

energy compared with continuous gas heating to 300-350°C.
3.4 CATALYST SHAPE AND REACTOR TYPE

3.4.1 Introduction

Various types of catalysts and reactors have been in commercial use in

Japan, as shown in Table 3-7.

Both spherical- and cylindrical-shaped granular catalysts (3-6 mm dia-
meter) have been used with clean gas. Since only the 0.3mmthick surface
layer of the catalyst is effective for catalytic action, smaller catalysts are
more efficient. However, since small catalysts are susceptible to dust plug-
ging, ring or ring-tube catalysts, 10-30 mm in diameter, have been used with

gas containing a small amount of dust such as 20 mg/m? or less.

A rough calculation indicates that when a gas containing 20 mg/m? of dust
is sent through a catalyst bed for ten hours at an SV of 5,000 hr~', the
volume of the dust in the gas is approximately equal to the volume in the

catalyst.
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TABLE 3-7. SCR CATALYSTS AND REACTORS SUITABLE FOR VARIOUS GASES

Fuel Dust
Gas Type (Gas Source) (g/Nm?) Catalyst Shape Reactor Type

Natural gas

Clean Kerosene Below Granule, Ring Fixed bed
Naphtha 0.02
Semi- Heavy oil 0.02-0.2 Granule, Ring Moving beg
Dirty Coal withb Honeycomb, Fixzed bed
hot ESP Plate
Dirty Coal 15-25 Granule (in Parallel
(dusty) elements) passage
Tube, Plate, Fixed bed
Honeycomb
Very c Glass furnace, Granule Moving bed
dirty cement kiln
sintering
machine

8parallel flow type.
cElectrostatic precipitator.
Containing vapor of alkaline compounds which deposit on the catalyst.

Dusty gas can be treated either with a moving bed or a parallel flow
reactor. Moving bed reactors have been developed by several vendors. The
parallel passage reactor was originally developed by Shell for FGD and later
modified by JGC Corp. for SCR. These reactors were first applied commercially
several years ago. More recently, parallel flow reactors using parallel flow
catalysts with honeycomb, plate and tube configuration have become quite
popular. Among the parallel flow catalysts, the honeycomb and plate types

have been used most widely.

3.4.2 Moving Bed Reactor

A basic sketch of a moving bed reactor 1s presented in Figure 3-31. The
granular catalyst is charged from the top of the reactor and moves down either

intermittently or continuously while the gas 1s sent through the catalyst

189



CATALYST

GAS IN GAS OUT

CONVEYOR

MOVING BED
REACTOR
R
VIBR |
SCREEN CATALYST

PARTICULATES

Figure 3-31 Schematic of a Moving Bed Reactor.

FLUE GAS
OUTLET
(TO AIR
PREHEATER)
CATALYST
LAYER
FLUE GAS
INLET
(FROM ECO
OUTLET/

ECONOMIZER)

CONVEYOR

Figure 3-32 Moving Bed Reactor for a Large Amount of Gas. (IHl)

190



layer in a cross flow (Figure 3-31). The catalyst discharged from the bottom
of the reactor is screemed to remove dust and returned to the reactor. A
larger amount of dust in the gas being heated requires more frequent screening
and recycling to keep the pressure drop below a certain level. This results
in an increase in power consumption as well as catalyst loss. For practioal
purposes the dust content of the gas being heated by a moving bed reactor

should be no more than 200 mg/Nm?.

Moving bed reactors are best sumited to dirty gas. such as that from glass
melting furnaces, which contains sodium sulfate vapor. The vapor deposits on
the catalyst. These reactors are also appropriate for low temperature gas in
which ammonium bisulfate deposits on the catalyst. The contaminated catalyst
can be withdrawn from the reactor, cleaned by water washing or heating, and re-

turned to the reactor without interrupting plant operation.

Moving bed reactors have a number of advantages over parallel flow reac-

tors:

(1) The catalyst can be changed without stopping the operation of
.the system.

(2) The catalyst is usually granular and is considerably cheaper
than parallel flow catalysts. It also can be packed easily in

the reactor.

(3) The moving bed can remove up to about 70% of the dust in the
gas and may be well suited to gases for which 70% dust removal
1s sufficient to meet regulatory requirements. These gases in—
clude those from coke ovens and relatively small oil-fired

boilers not equipped with dust removal facilities.

(4) Moving bed reactors may be suitable for low temperature gas or

dirty gas which causes deposition on the catalyst.
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On the other hand, moving bed reactors have the following disadvantages:

(1) The operation of a moving bed reactor is more costly and
troublesome than that of a fixed bed reactor. The latter has

no moving parts and usually does not require an operator.

(2) A low gas velocity (0.5-1.5 m/sec) is used to maintain a small
pressure drop in the reactor, Therefore, when a large amount
of gas is being treated, a special reactor design is needed to
obtain a large gas flow area and to meintain uniform gas flow

and movement of the catalyst (Figure 3-32).

(3) The reactor cannot easily treat gases containing more than 200

mg/Nm3? of particulates.
(4) Attrition of the catalyst tends to occur.

Moving bed reactors have been used in many pilot plants and commercially
as well. They also have been used at prototype plants to treat dirty gas from
glass melting furnaces and low temperature gas from coke ovens (Table 3-8).
For oil- and coal-fired boilers, parallel flow reactors have become more popu—

lar since they now have a longer life cycle.

3.4.3 Parallel Flow Reactors

Various parallel flow catalysts, including homeycomb, plate, and tube
types, have been developed (Figure 3-33), These 50-100 centimeter—long cata—
lysts are placed in containers, transported to the reactor site, and installed

as shown in Figure 3-34,

For parallel flow catalysts, "area velocity" (AV) is often used in place

of SV (space velocity). It is defined as:

Volume of pgas treated (Nm3/hr)
AV =
Apparent surface area of catalyst (m3)
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TABLE 3-8.

SCR PLANTS USING A MOVING BED REACTOR

Process Capacity

Developer User Plant Site Gas Source Fuel (Nm?/hr) Completion
Kurabo Kurabo Hlirakata Boiler 1no® 30,000 1975
Asahi Glass Asahi Glass Keihin Furnace 1o 70,000 1976
J.G.C. Corp. Catalyst & Chemicals Wakamatsu Furnace HoO 10,000 1976
Mitsubishi M.I. Sumitomo Chemical Sodegaura Boiler HO 350,000 1976
Hitach1 Ltd. Kawatetsu Chemical Chiba Coke Oven COGb 500,000 1976
Hitachi Ltd. Chiyoda Kenzai Kaizuka Boiler HO 15,000 1977
Hitachi Ltd. Nisshin Steel Amagasaki Boiler HO 19,000 1977
Hitachi Ltd. Nippon 0il & Fats Amagasaki Boiler Ho 20(000 1978
Kobe Steel Kansai N.K. Amagasaki Coke Oven CoG 104,000 1977

Meavy oil

bCoke oven gas
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Apparent surface area 1s the surface area assuming that the catalyst
surface is smooth, without pores. Examples of the relationship between AV and

SV for a square homeycomb catalyst are shown in Table 3-9.

TABLE 3-9. AV AND SV OF SQUARE HONEYCOMB CATALYST

Channel Diameter Wall Thickness AV SV
(mm) (mm) (m/hr) (™)
5 1 5 2,300
. 10 §,600
7 1.5 s 1,900
10 3,800
10 2 5 1,400
10 2,800

Since the catalytic action occurs on a thin surface layer of the cata-
lyst, a thinner catalyst is more efficient than a thicker one (Table 3-10).
Recent technology improvements have made it possible to produce honeycomb and
plate catalysts with a thin wall, 0.6-1 mm thick (10). This has resulted in
the widespread use of these catalysts, especially for utility boilers (Table 4-
1). By c;mparison, a tube catalyst (Figure 3-33, F) with a length of 100 cm
must be more than 2.5 mm thick to have sufficient mechanical strength; it is
also a less efficient catalyst. Tube catalysts have been tested with gas
containing a large amount of dust, such as the gas from a coal-fired boiler

which tends to erode the catalyst.

Another type of parallel flow reactor originally developed by Shell 1s
the parallel passage reactor (Figure 3-33, G). This reactor uses a small
catalyst, about 1 mm in diameter and 2-3 mm in length, packed 1n a 7-8 nm
thick envelope made of steel gauze. The envelopes are placed in parallel in a
container with a clearance of 7-9 mm. The catalyst does not need much mechan
ical stremgth and thus a very active catalyst can ve used. Ilowever, imside
the envelope, the catalyst may not work as efficiently as 1t would oa the

outside surface.
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TABLE 3-10. SPECIFIC SURFACE AREA OF CATALYSTS

Specific Surface Area (m3/m?)
Surface Area Surface Area

Dimension (mm) Catalyst Volume Packed Volume

Granule (Sphere Diameter
4 1500 1100
6 1000 740
8 750 555
10 600 444

Tube ¢ a b
10 7 1350 405
a b 15 10.5 900 270
20 14 677 203
25 17.5 543 163
33 23.1 410 124

Honevycomb a b
NPAY 9 7 1866 437
a2y 10 7 1204 387
2] 14 10 908 278
/\I /\ 20 14 602 193

2 b
7 5 1819 556
10 7 1204 388
14 10 909 2717
20 14 601 194

Parallel Plate Thickness Clearance

] 1 5 2000 320
ﬁ b 1 8 2000 220
8 8 250 125
‘.__‘ 10 12 200 91

aApparent surface area.
True volume of catalyst assuming that it has no pores.
Optimum separate packing.
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3.4.4 Honeycomb and Plate Catalysts

The composition, production methods, and characteristics of honeycomb and
plate catalysts are compared in Table 3-11. The most popular of these cata-
lysts is the solid or molded (C-S) ceramic homeycomb which is produced by
kneading, extruding, drying, and calcinating catalyst material such as TiO:
and Va0s. The production process is simple but requires a large amount of
material for the homeycomb’s relatively thick walls. The thick walls are

needed to maintain sufficient mechanical strength.

TABLE 3-11. HONEYCOMB AND PLATE CATALYSTS

Simpliary
of Mechanical Variety of

Type Production Method Production Strength Composition
Ceramic
Honeycomb

C-s Solid (or molded) type A C A

c-C Ceramic carrier, coated B B A

C-I Ceramic carrier, impregnated B B B
Metal Based

M-C Metal plate, coated c A A

MG-C Metal gauze, coated B B A

M-E Metal plate, etched B A C
A = Superior B = Medium C = Inferior

The coated ceramic homeycomb (C-C) catalyst has thin walls (0.6-1.2 mm 1n
diameter). To produce the catalyst, a homeycomb substrate (support) with
walls 0.3-0.9 mm is formed. The substrate which consists of mullite
(3A1203°28i02) or cordierite (2Mg0+2A1:03:58i02) is then coated with 0.15 mm
of catalyst material, dried and calcined again. This coated honeycomb has
been produced chiefly by NGK Insulators Co., and KEobe Steel. Compared with
solid honeycomb, the coated type uses less catalyst material but has greater

mechanical strength and a larger surface area, as shown in Figure 3-35.
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A third type of ceramic honeycomb is produced by impregnating the ceramac
sabstrate with catalyst material. This type is not popular as an SCR catalyst

although it has been widely used for automobile exhaust treatment.

There are also plate or honeycomb catalysts which are produced by coating
thin metal plates (M-C) or metal gauze (MG-C) with catalyst material. The
thickness of the coating and the metal plate (or gauze) is 0.1-0.2 and 0.3-0.5
mm, respectively. The M~E catalyst is made by etching a special type of stain-
less steel plate (about 1 mm thick) to produce a reactive 0.15 mm thick sur-
face layer. Homeycomb catalysts made with metal plate (M-C and M-E) may have
greater mechanical strength than metal gauze-based and ceramic omes. On the
other hand, M~C catalysts need a special cementing material to prevent thear
coating from coming off during thermal and mechanical shocks; M-E is limited

by its chemical composition.

The M-C plate has been produced mainly by Hitachi Ltd., which recently
also began manufacturing modified plate catalysts as shown in Figure 3-33, E.
To make the modified plate, a stainless steel plate is processed to form wire
netting. The netting is treated chemically to prevent S0; corrosion, coated
for flexibjlity and formed in the shape of the air preheater element. The M-E
catalyst is produced by Hitachi Zosen, which recently began producing the MG-C

catalysts as well.

Figure 3-36 shows the gas velocity distribution in each section of a
channel of plate and honeycomb type catalysts. The velocity is higher at the
center and lower near the wall; it is particularly low in the small-angled
corners which are susceptible to dust plugging. Since the honeycomb catalyst
bas many cormers, its efficiency is not substantially higher than that of a

plate catalyst although honeycomb does have a larger surface area.

Among the types of honeycomb catalysts, the hexagonal variety 1s superior
to the square or wave types because of its larger cormer angles (Figure 3-33).
However, the mechanical strength of the hexagonal type is less than that of

the square.
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3.4.5 Comparison of Catalysts and Reactors

The opefation parameters and performance of catalysts and reactors are
compared in Tables 3-12 and 3-13. A moving bed reactor has a thin catalyst
bed through which a low velocity gas passes in order to minimize pressure
drop. Parallel flow reactors have much deeper beds and much higher gas velo-
cities. With parallel flow catalysts, especially those with large channel
diameters, a low gas velocity produces a low NOx removal efficiency due to
the laminar flow of the gas. Moreover, particulates tend to adhere to the
catalyst at a low gas velocity thereby reducing catalytic activity (Figure 3-
37). A high gas velocity causes a turbulent flow, reduces particulate adhe-—
sion and increases NOx removal efficiency (Figure 3-37, B}. On the other
hand, a high velocity also increases the pressure drop and the catalytic ero—
sion caused by particulates. Therefore, it is best to use a moderate gas
velocity with an appropriate channel diameter and bed depth suited to the

NOx removal efficiency required, dust conteat of the gas, fan capacity, etc.

As shown in Tables 3-12 and 3-13, a moving bed reactor can have a larger
SV than a parallel flow reactor. The moving bed reactors have not been widely
uvsed because of their higher pressure drop and the possibility of mechaniecal
problems including catalyst attrition. Parallel flow reactors have no moving
parts and this allows unattended operation. Both honeycomb and plate cata-
lysts with thin walls are most commonly used because of their high efficiency

and low pressure drop.
A particular catalyst and reactor should be chosen according to the com—

position of the gas to be cleaned, nature of the dust, desired NOx removal

efficiency, catalyst life, and other factors.
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TABLE 3-12. COMPARISON OF CATALYSTS AND REACTORS?2

Honeycomb
Moving Ceramic Honeycomb or Plate Parallel
bed Molded Coated Metal Base Tube Passage
Catalyst size (mm)
Diameter 5-7 e
Wall thickness 1-2 0.6-1.2 0.5-1 3-5 7-9
Channel diameter 5-8 4-8 4-8 15-30 7-9
Gas Velocity (m/sec)®  0.5-1.5 3-7 3-7 3-7 5-10 5-10
Bed depth (m) 0.3-0.6 1.5-3.5 1.2-3 1.2-3 3-5 3-5
SV (1000 hr—*)° 5-8 3-6 3.5-7 3.5-7 2-4  2.5-5
Pressure drop (mm ﬂzO)d 50-90 20-60 15-50 15-40 50-90 50-90

280-85% NOx removal with an NH3/NOx mole ratio of 0.85-0.9 at 350-400°C for dirty
0.02-0.2 g/Nm? for moving bed and 0.02-20

gas. (SOx: 200-2000 ppm. Particulates:

g/Nm? for others.)

Velocity at 350-400°C in open column (superficial velocity)
Gas volume (Nm3/hr)/catalyst volume (m?)

By catalyst bed
Thickness of envelope
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TABLE 3-13. TYPICAL EXAMPLES OF SCR FOR BOILER FLUE GASES (350°C, Leak NH» 5-10 ppm)

Granular Catalyst Honeycomb Cntalys;d

Inlet NOx NI, /NO Pressure Channel Wall Pressure
Dust NO‘ Removal mole * Diameter Sy Drop Dianmcter Thickness sy Drop

Fuel (3/No®)  (ppm) 1) Ratio (mm) (bt ?)  (mn 1,0¥ (om) {om) (br 1) (ool 05
Gas 0-0.01 100 80 0.90 s: 18,000 50 5 1.2 9,500 30
90 1.00 5 13,500 65 s 1.2 7.000 40
011 0.01-0.05 100 80 0.90 5° 11,000 70 6 1.4 5,300 40
(lows) 90 1.00 5€ 8,000 85 6 1.4 3,800 50
200 80 0.86 s° 9,000 80 6 1.4 4,700 s
90 0.96 s¢ 6,500 95 6 1.4 3,300 55
011 0.05-0.2 200 80 0.86 s: 7,000 90 7 1.6 3,600 50
(highs) 90 0.96 s 5,000 105 7 1.6 2,500 60
Coul®  0.05-0.2 300 80 0.85 5§ 6.500 95 7 1.6 3,300 50
90 0.95 5 4,500 110 7 1.6 2,200 60
Coar®? 15-25 300 80 0.85 Not feasible 8 1.8 2,700 55
90 0.95 8 1.8 1,800 80

= ——=c.ccsz-cmis.iszsTTEESEIS = == ===

"t lue gas is passed through a hot-side LSP prior to SCR,
Fluc ges with full dust load is trcated by SCR,
Pressurc drop through catalyst bed
Fixed bed
Intermittent moving bed
Continuous moving bed



c0¢

DUST ADHESION mg/cm?

100

3
-
<
107! o
0" 3 50%
w
o
o
z
10-2
i 1 i L 1 1 1
2 4 6 10 20 40 5 10 15
GAS VELOCITY (m/sec) GAS VELOCITY (m/sec)
(A) (8)

Figure 3-37 Results ot a Test Using a Honeycomb Catalyst with Flue Gas Contalning
380 mgle"' of Fly Ash.



3.5 PROBLEMS WITH SCR FOR COAL-FIRED BOILERS

3.5.1 Introduction

The application of SCR to flue gas from coal-fired boilers has become
more and more important in Japan because of the increase in the number of coal-
fired boilers and the relatively high NOx concentration in their flue gas
——- 200-400 ppm (depending on coal and furmace types) even with advanced com
bustion modification. Table 3-14 lists commercial SCR plants for coal—-fired

boilers.

SCR for coal-fired boiler flue gas has had the following problems:

(1) When coal-fired utility boilers use pulverized coal, the flue
gas contains 15-25 g/Nm?* of fly ash. This fly ash is made up
of hard spherical particles (1-30 microns in diameter) which

erode the catalysts.

(2) Adhesion of the fly ash to the catalyst causes a decrease in

catalytic activity as well as plugging of the catalyst.

(3) A low-oxidation catalyst may be needed because the flue gas is

usually rich in SO:.

(4) The fly ash may become contaminated by ammonium compounds which

may present problems with the utilization and disposal of the

ash (Section 3.7.2).

There are two SCR systems available for the treatment of flue gas--- high-
dust and low-dust, as shown in Figure 3-38. In the high-dust system, econo-
mizer outlet gas with a full dust load 1s passed through an SCR reactor, air
preheater, and thenm a cold-side electrostatic precipitator (cold ESP) or
baghouse. In the low—-dust system, the economizer outlet gas 1s first treated

with a hot-side ESP (hot ESP) to reduce the dust conteat to 50-200 mg/Nm?
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TABLE 3-14. OOMMERCIAL SCR PLANTS FOR COAL-FIRED BOILERS IN JAPAN
Capacity Maoufac-— Year of High Dust NO; Removel %
Power Company Powor Station (Mw) N/R turer Catalyst Completion or Low Dust (Design)
Chugoku Electric Shimonosokd 175 B® w1® s 1980 Uigh ss:
. Shin Ube 75 R Mt i 1982 igh 65,
. Shin Ube 15 R MHI 1] 1982 Haigh 65k
" Shin Ube 156 R mls "h 1982 High 65l
o Mizushima 125§ R B P 1984 flagh 65k
- Hizushime 156 R BH P 1984 1 gh 65
Bloctric Power D.C. Takchars 250 x */» R Bl e Pl 1981 Low 80
250 1 /> Rb ENI T 1981 1 ow 80
- Takecharsa 700 N [1]1] P 1983 1ow 80
Nlokkaido Electric Tomato 350 x 3/ N BH P 1980 Low 80
Jobau Kyodo Electric Nakoso 600 N NHI‘ []] 1982 High 80
- " 600 N NI L] 1983 High 80
Kyushu Electric Minato 156 3 M1 [} 1983 High 50l
Tohoku Eloctric Scodai 175 R Bl p 1982 Nigh 56:
Tohoku Electric Scndai 175 R BH p 1982 Nigh 56

Retrofat
New

Babcock Hitachi

Honeycomb
Plate

a
b
[+
d
c
f
8
h
;Tubc

Recactor is designed for 80% rcmoval, which

Mitsubashi Heavy Industrics

Kawasaki Henvy Industries
Ishikawajima-llarima Heavy Industries

is sttaincd by lonorcasing tho amount of catalyst
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(over 99% removal) and then passed through an SCR reactor and an air pre-

heater.

The advantages and disadvantages of the high—dust and low—dust systems

are compared in Table 3-15.

TABLE 3-15. COMPARISON OF HIGH-DUST AND LOW-DUST SCR SYSTEMS FOR COAL

High-Dust System Low~-Dust System

Catalyst erosion by dust More Less
Dust adhesion to catalyst Less More
Anmonium bisulfate deposition Less More

in air preheater
Contamination of fly ash by Can be prevented by None

ammonium compounds reducing unreacted NHj3
Cost of ESP Less More
Nature of ESP Suitable to medium Suitable to low

and high sulfur coals sulfur coal

With the low-dust system, catalyst erosion does not occur but the dust leaving
the hot ESP consists of finme, relatively alkaline ash which tends to adhere to
the surface of the catalyst. In addition, ammonium bisulfate deposits tend to
form in the air preheater. With the high-dust system the large amount of dust
prevents the deposit of bisulfate. On the other hand, fly ash caught by the
cold ESP may contain a noticeable amount of ammonium compounds, which can
cause problems in utilizing or disposing of the ash. Both high-dust and
low-dust systems have been used commercially 1n Japan (Table 3-15). The high-
dust system may prove to have more advantages than the low—dust system 1f the

problem of ammonia contamination of the fly ash can be solved (Sectiomn 3.7).

3.5.2 Fly Ash Erosion of the Catalyst

With a parallel flow catalyst, erosion occurs mainly at the gas inlet

and, to a lesser degree, on the inside surfaces. Figure 3-39 compares the
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Figure 3-40 Anticipated Weight Loss of Plate Catalyst vs. Operating Time. (2)
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erosion rates of conventional and improved tube catalysts (6). With the
conventional molded catalyst a substantial amount of erosion occurs at the
beginning of bperation and then continues slowly. The erosion can be signi-
ficantly reduced by hardening as much as 1/100 to 1/50 of the length of the

inlet portion of the catalyst by impregnation with a certain material (6).

Figure 3-40 shows the weight loss in a metal-based plate catalyst that is
caused by fly ash erosion (2). The figure indicates that as far as erosion is
concerned, the catalyst may be useful for over 2 years; the weight loss 1in
20,000 hours is about 0.3% with flue gas comtaining 30 g/Nm® of dust at a
velocity of 4 m/sec. The figure also shows an empirical equation which ex-
plains the relationship between the weight loss and the gas velocity, dust
concentration, and operation time. The equation indicates that the weight
loss associated with a flue gas (velocity: 6 m/sec) containing 20 g/Nm?® of

dust is about 0.5% in 20,000 hours.

Figure 3-41 compares the erosion ratio of different types of homeycomb
catalysts (7). A conventional molded catalyst D is most susceptible to ero-
sion, while catalyst C, which contains an impregnated catalyst carrier, under-
goes less grosion because of the hardmess of the carrier. Catalyst B, which
contains erosion-resistant material, undergoes even less erosion. In the case
of the improved catalyst B (B and dummy), erosion was eliminated altogether by
using a dummy layer which has the same cross section as the catalyst and is

placed upstream of it to absorb the impact and act as a flow straightener.

3.5.3 Dust Adhesion_and Plugging

Fly ash from pulverized coal unsually comsists of spherical particles of
a hard glassy substance. The particles are generally 1-30 microns 1in diameter
and have fairly smooth surfaces as shown in Figure 3-42. Therefore, the dust
adhesion and plugging problem can be eliminated when a flue gas with full dust
load is sent down through parallel flow catalysts with a sufficient channel
diameter. An excessively high gas velocity can cause the catalyst to erode

and a large channel diameter makes the process less efficient. A gas velocity
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around 5 m/sec and a channel diameter of 5-8 mm for homeycomb, or clearance of

4-7 mm for the plate catalyst, are usually used to eliminate these problems.

On the other hand, the fly ash leaving a hot ESP comsists mainly of
smaller particles which are often rich in alkaline components and have a
tendency to adhers to the catalyst surface, especially at the gas inlet.
Since the amount of ash leaving the hot ESP is not large, the dust adhesion

and plugging problem can be eliminated by occasional soot blowing.

The design and operation of SCR plants for coal-fired boilers in Japan
have been improved significantly so that there is gemerally no dust clogging
problem with the catalyst, even without soot blowing. The U.S. Envirommental
Protection Agency (EPA) conducted SCR demonstration tests with Hitachi Zosen's
honeycomb catalyst at Georgia Power's Mitchell Pilot Plant. Results of this
test showed that the fly ash adhered comsiderably on the catalyst surface even
with soot blowing, resulting in a decrease in NOx removal efficiency and/or
an increase in the pressure drop. Although the adhesibility might be caused
by a unique condition at the pilot plant (Section 4.10.3) further studies are

needed on the adhesive properties of fly ash with different compositions.

It may not be feasible to use SCR on plants fired with coal if a consi-
derable portion of the alkali compounds are volatilized by combustion. The

alkali components may condense on the catalyst and poison it to some extent.

3.5.4 NOx Removal E [ or Flue Gas om Coal

An example of SCR for coal-fired boiler flue gas using a honmeycomb cata-
lyst is shown in Figure 3-43, Generally speaking, the amount of catalyst
needed for coal-fired boilers is about twice the amount needed for low—sulfur
oil-fired boilers with equal power gemeration capacities. This is true for
the following reasons: 1) Flue gas volume is nearly 20% more for coal than
for oil given an equal power gemeration capacity. 2) Because of a higher SO:
concentration in the coal flue gas, a less active low-oxidation catalyst is
needed. 3) Since a large amount of fly ash in coal fIEe gas tends to cause

erosion, the catalyst has to be harder and less active. 4) In order to
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prevent dust plugging, a larger channel diameter is needed (Table 3-13). §5)
Higher inlet NOx concentrations require a larger amount of the catalyst for

a given NOx removal ratio with a given concentration of unreacted NHs
(Figure 3-4).

In order to prevent the plugging of the air preheater with ammonium
bisulfate (Section 3.6), it is necessary to keep unreacted NHs below 10 ppm
for the high—dust system and below 5 ppm for the low—dust system. For the
high-dust system, it may be necessary to maintain the unreacted NH3 level

below 5 ppm in order to eliminate the contamination of fly ash by ammonium

compounds.

Figure 3-43 indicates that a 90 percent NOx removal efficiency with an
unreacted NHs level below 5 ppm may be attained with the NHs/NOx mole ratio
of 0.93 and an SV of 1,500 hr-*. Vhen treating a large amount of flue gas
from a utility boiler, it may be difficult to attain 90 percent removal with §
ppm unreacted NHs for two reasons. First, the flue gas velocity as well sas
NOx concentration is not uniform in each portion of the large inlet duct and
reactor, and second, boiler load often fluctuates, resulting in the fluctua-
tion of the gas volume and NOx concentration. In order to maintain un-
reacted NHs below 5 ppm, an 80-85 percent NOx removal efficiency may be a

practical limit for a large coal-fired boiler.
3.6 AMMONIUM BISULFATE DEPOSITION IN THE AIR PREHEATER

3.6.1 Formation and Behavior of Ammonium Bisunlfate

While most problems with SCR already have been solved, the greatest
remaining problem is the deposit of ammonium bisulfate 1n the air preheater or
heat exchanger causing plugging and corrosion (Figure 3-44). The problem 1s

significant, not only for SCR but also for selective noncatalytic reduction

(SNR or Thermal DeNOg) as well.

S0s, NHs, and Hi0 present in hot gas combine to form ammonium bisulfate

(N343804), on cooling:
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NH3 + S0s + Ha0 —————=> NH4HSO4 (1)
(g) (g)

(g)

The formation temperature is shown in Figure 3-45. Bisulfate will form
below approximately 230° C in a gas containing about 10 ppm of both NHs and
S0s.

Ammonium bisulfate has a melting point of 147°C (Figure 3-46). Between
the formation temperature and the melting point, bisulfate exists as a
corrosive melt. Below the melting point, it exists as a very hygroscopic
solid. A simple calculation shows that 10 ppm each of SOs and NHs in gas from
a 500 MW boiler could account for the formation of 2 tons/day of bisulfate.
This amount is sufficient to cause problems such as plugging and corrosion in
an air preheater or heat exchanger. Many problems of this nature have been
encountered in a few SCR facilities in Japan. The problem has not been as
serious for small boilers and furnaces that discharge flue gas at a tempera-
ture above about 230°C. However, for larger boilers and furnaces which re—
quire sufficient heat recovery from the flue gas, countermeasures must be

taken to eliminate the bisulfate problem.

There - is some question about the composition of the substance which first
forms. Based on thermodynamic data, it appears that ammonium sulfate,
(NH,)2S504, deposits from NHs-rich gas. However, the sulfate may not be stable
at a high temperature. This author's study indicates that (NH4):H(SO4)3, a
double salt of (NH4)2SOs and NH4ESOs4, forms at a high temperature under the

presence of excessive NH; (16).

Other studies indicate that when gas containing equal amounts of SOs; and
NH:;, is cooled, mists of sulfuric acid HaSO«4 form prior to the formation of
bisulfate (13). Even though the mists form, they must absorb ammonia immedi-
ately, according to the NHs concentration. When a hot gas cools, the result
may be the formation of mists with varying compositions based on the gas
composition. The mists solidify either partly or entirely on further cooling
to form a mixture of sulfuric acid and ammonium bisulfate, bisulfate and

double salt, or double salt and ammonium sulfate as will be shown in Section
3.6.3.
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Bisulfate, particularly when combined with sulfuric acid, is highly
corrosive and readily reacts with air preheater material and fly ash to form
various solid compounds (Sections 3.6.6 and 3.6.7). The reaction products

also cause plugging of the air preheater,

It should be noted that although the formation of compounds causes pro-
blems, at the same time it helps to reduce SO; emissions. Sulfuric acid mists
are far more hazardous than SO: and yet are not well captured with FGD.
Ammonium promotes deposit formation and prevents the emission of SO; or sul-

furic acid mists.

3.6.2 Formation of SO0»

The relationship of SOs and Oz concentrations in flue gas from the
combustion of heavy o0il is shown in Figure 3-47., The figure indicates that
SOs increases with an increase in the 0z concentration in the gas. Therefore,
low-oxygen combustion to reduce NOy also helps to reduce SOs. The use of less
oxygen, however, tends to increase the particulate content; particulates
increase as S0i decreases, as shown in Figure 3-48. Usually 1-3 percent of
the total ?0; in flue gas from heavy oil is present as SOs under good
combustion conditions. It has been shown that the SO: concentration in gas
from coal is lower than that in gas from heavy oil. This is because coal fly

ash is a better adsorbent of SOi;.

The catalyst for selective catalytic reduction of NOy oxidizes a small
portion of SO; to SOs. The actual oxidation ratio differs with catalyst
composition, temperature, and O: and NHi concentrations (Section 3.2.4).
Although catalysts with a low oxidation ratio (below 1%) can be used, a

considerable amount of SOs still may form in SOa-rich gas.

3.6.3 Laboratory Tests on Bisulfate Deposition (12)

Figures 3-49 and 3-50 show an apparatus used to test ammonium bisul fate
deposition. Gases containing NHs, SOs, and Ha0, are preheated and mixed at

400°C, and then sent through connected pyrex glass tubes 9.5 mm in inmer
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diameter and 1.2 m long. At the end of the test cycle these tubes are sub-
merged in an oil bath kept at different temperatures ranging from 120 to
280°C. After the gas has passed through them for a certain period of time,

the tubes are analysed for deposits.

Figure 3-51 shows the deposit ratio of SOs and NHs when a gas containing
200 ppm each of SOs and NHs with 10 percent H30 was sent through the appara—
tus. A maximum deposit ratio (nearly 100 percent) was obtained at a tempera-
ture of 200°C and a velocity of 10 m/sec. It appears that the high gas veloc-
ity caused gas turbulence which in turn promoted deposit formation. The
deposits were mainly NH«HSOs« with a small amount of (NH4)3:H(SO«4)2; the NH3/SOs

mole ratio was almost 1.1.

Measurement of the deposits formed in each section of the tube at a gas
velocity of 6 m/sec revealed that nearly all of the deposits formed within 60
cm of the inlet. This indicates that most of the deposits formed within 0.1

second after being introduced into the glass tube at 120-240°C.

Figure 3~52 shows the NH3/SOs4 mole ratios of the deposits formed in
each sectipon of the tube when gases with different mole ratios were passed
through the tube at a temperature of 160°C. Despite differing inlet gas
compositions the deposits formed at the inlet of the tube had ratios of about
1.1; the ratios of deposits formed downstream were closer to that of the inlet
gas. Figure 3-53 indicates that the deposit ratio was the highest when the
NH; /SOs mole ratio of the gas was around 1.1. The low melting point at the
1:1 ratio (Figure 3-46) may favor deposit formation. Figure 3-54 shows that
the deposit ratio was nearly 100%, even with low NH3: and SOs (10 ppm each)
concentrations in the gas, although the tests using these low conceantrations

may contain experimental errors.

The tests described above show that deposits form very rapidly when the
gas is cooled to the critical temperature, and that the deposit ratio of S0;
is usually slightly smaller than that of NHs. A portion of the SOs may form

fine mists of Hz2S0« which have a tendency to pass through the tube along with
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the gas. The NHa in the gas is immediately absorbed by the deposits, parti-
cularly by those in the liquid phase.

Because the deposits are very hygroscopic, a considerable amount of
liquid may be present even at temperatures between the melting point and

100°C, The liquid phase may be the most corrosive.

3.6.4 Air Preheaters (Heat Exchangers)

There are two types of air preheaters or heat exchangers used to heat

flue gases. These are shown in Table 3-16.

TABLE 3-16. TYPES OF AIR PREHEATERS (HEAT EXCHANGERS)

1. Rotating

a. Ljungstrom (with rotating elements)
b. Rothemuehle (with rotating hoods)

2., Multi-tube (no moving parts)

Rotating preheaters have a better heat transfer efficiency and have been
used mainly for treating a large amount of gas while multi~tube preheaters are

simpler and have been used mainly for smaller gas sources.

For large boilers, Ljungstrom preheaters have been widely used. This
type of preheater has rotating elements as shown in Figure 3-55. Flue gas
leaves the boiler econmomizer (or SCR reactor) at 300-400°C and then passes
through one side of the elements and 1s cooled to 150-160°C, while air or cold
gas passes through the other side of the elements and is heated to 250-300°C.
Figure 3-56 shows the temperatures of the gas, air, and heating elements.
These temperatures usually fall into three zones: high—, intermediate-, and
low-temperature. The temperatures of the elements are between those of the
gas and air and fluctuate within a certain range as the elements rotate be-
tween the gas and air. For example, Figure 3-56 shows that at the boundary of

the intermediate— and low—temperature zones, the temperatures of the gas and
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air are 230°C and 140°C respectively. At the same time the temperature of the
elements fluctuates between 200 and 170°C. These are the most favorable

temperatnres-for the formation of deposits.

The gas velocity through the heating elements is normally about 3 m/sec.
The retention time for the gas in the preheater is approximately 1 second at a
temperature below 230°C. During this time most of the S0s or NH; in the gas
(whichever is present in a lower concentration) may precipitate to form
ammonium bisulfate and related compounds while the rest of the SOs and NHs is

released from the preheater.

An air preheater or heat exchanger usually has a soot blowing system on
the cold side of the elements (Figure 3-57A). However, this system cannot
effectively remove the deposits, particularly those formed between the ele-

ments in low-temperature and intermediate zones (Figure 3-57).

Recently an improved type of air preheater (Figure 3-57,B) has been used
commercially. This preheater has two elements, with hot- and intermediate-,
and low-temperature zones and a soot blowing system applied to both the cold
and hot sides of the heater. This preheater is considerably more costly than
conventional preheaters and is used with the low—dust SCR system to treat flue

gas from coal. (Section 3.5.1)

Figure 3-58 shows two of the most popular kinds of heating elements.
Tests have proven that the notched-flat type (Figure 3-58, A and Figure 3-44)
is easier to clean with soot blowing than the notched-undulated type (Figure 3-
60,B). Further studies are being conducted to develop heating elements which

minimize the bisulfate problem.

Another rotating air preheater, the Rothemuehle type, is shown in Figure
3-59., It has stationary elements with a rotating hood for hot gas. Ammonium
bisulfate deposits form in this preheater in the same way that they form in

a Lyungstrom preheater.
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Figure 3-60 shows the temperatures of the gas, air, and tubes as well as
the deposits formed in a typical multi-tube air preheater. The preheater has
been used with a 10 MW equivalent oil-fired industrial boiler with an SCR
system. The 350°C gas leaves the SCR reactor and passes through the tubes
with a velocity of 10 m/sec. The gas is then cooled to 220°C while air pre-
heated to 80°C is passed outside the tubes and heated to 160°C. The deposits
which formed inside the tube at temperatures below 200°C, were found to be the

reaction product of ammonium bisulfate and the tube material.

3.6.5 Laboratory Corrosion Tests (15)

Corrosion tests have been conducted using four different steel samples.
The chemical composition of the steels are shown in Table 3-17. Each sample
was dipped into melted ammonium bisulfate at 200°C. As shown in Figure 3-61,
low-alloy steel and SS 41 steel corroded slowly at the beginning and then
fairly rapidly while stainless steels corroded rapidly at the onmset and then
more slowly after that. The corrosion rates of the stainless steels and
aluminum are shown in Figure 3-62. The figure indicates that aluminum under-

went little corrosion because it formed a protective coating.

Figures 3-63 and 3-64 illustrate that addition of ammonium sulfate
reduces corrosion; the strong acidity of the bisulfate is weakened by the
sulfate. On the other hand, corrosion is substantially increased by the
addition of sulfuric acid as shown in Figure 3-65. Most of the liquid in the
tube reacted with the steel in about 60 hours and the corrosion (as shown by
the dotted line) almost stopped after that. The broken line of the figure
shows the maximum amount of corrosion possible when a sufficient amount of the

liquid is present.

Figure 3-66 shows that potassium chloride (KC1) promotes the corrosion
process. The effects of various additives on corrosion are shown in Table 3-
18. Ca0, MgO, and Fe:03 reduced the corrosion because they neutralized the
acidity of the liquid. Aliz03 and SiOz had little effect. Corrosion was
increased substantially by NH4Cl, KCl, and Fez(SO4)3. This wa; due presumably

to the following reactions:
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TABLE 3-17. CHEMICAL COMPOSITION OF STEELS (%)
C Si Mn P S Cr Ni Cu Mo
SS 41 Mild Steel - — - <0.05 <0.05 - - — -
Low—Alloy Steel 0.07 0.27 0.36 0.075 0.017 0.36 0.10 0.28 —
304 Stainless Steel 0.05 0.60 0.92 0.026 0.005 18.32 9.15 — —
316 Stainless Steel 0.06 0.59 1.06 0.031 0.004 16.90 12.50 0.29 2.29

TABLE 3-18. EFFECT OF ADDITIVES ON CORROSION OF LOW-ALLOY STEEL BY
AMMONIUM BISULFATE AT 200° FOR 75 HOURS.
Additive None CaO MgO Ala O, Fe: O, S$i0, KC1 NI, C1 Fe1(S04)2

Amount of
Additive (%) 0 18.3 20.0 16 .7 20.6 37.5 25.9 27.5 27.0
Corrosion 15.48 7.68 24.37 14.39 27.64 254.8 58.72 344.7
" (g/m3) 22.50

11.87 6.36 19.90 10.44 26.83 267.6 170.8 421.2
Corrosion 0.21 0.10 0.32 0.19 0.317 3.40 0.78 4.60
rate 0.30
(g/m3/hr) 0.16 0.08 0.27 0.14 0.36 3.53 2.28 5.62
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NHs H SO4 + NH4Cl -——-=> (NH4)2 SOs + HCL (1)
2NH. HSO4 + 2KC1 -—-> (NH4)z SOs4 + K250+ + 2HC1 (2)

2NH.HSO4 + Fe2(SO4)s —)> 2NH4Fe(SO4)2 + H2S04 (3)
3.6.6 Ammoni Bisulfate/Iron and Fly Ash Reaction Products

The author has studied the reactions of ammonium bisulfate with iron and
fly ash at temperatures ranging from 150° - 300°C. When ammonium bisulfate
reacted with iron the major products were NH.4FeH(SO.) +H20, (NH4)3H(SO4)12,
(NH4)3Fe(S04)3, and NH4Fe(SOs4)2. These products indicate that the following

reactions occurred:

Fe + 4NH(HSO4 + 1/2 03 —)> NH4FeH(SO4)2- + (NH4)3H(SO4)2 (1)
Fe + 3NH.HSO4 + 3/4 02 —)> (NH4)3Fe(SO«)s + 3/2 Ha0 (2)
Fe + 2NHHSO« + 3/4 02 —) NH4Fe(SO4)3 + NHs + 3/2 HaO (3)

The first reaction (1) occurred readily at the low temperatures (150°~
2009) while the third reaction (3) occurred readily at the higher temperatures

of 250°C or above. The intermediate temperatures promoted the second reaction
(2).

Upon heating, the aluminum and calcium in the fly ash reacted with

armonium bisulfate to form NH4A1(SOs4)3 and CaSO« by the following reactions:
Al203 + 4NH.HSO4 —> 2NH4A1(SO4)3: + 2NH; + 3H20 (4)

Ca0 + NH4HSO. —> CaS0s+ + NH:; + HaO (5)

These reaction products are the major compounds which comprise the de-

posits found in air preheaters and heat exchangers.

3.6.7 Compounds in Air Preheater and Heat Exchanger Deposits

(13,16)

This author also used X-ray diffraction to determine the composition of

240



the deposits found in a heat exchanger and two air preheaters. Table 3-19
lists the samples. Two of the deposit samples (A-1 and A-2) were obtained
from a commer;ial heat exchanger for flue gas from an oil-fired industrial
boiler. In this system the 60°C gas leaves the FGD system while the hot gas
leaves the SCR reactor at 4009C, Samples B-1 and B-2 were obtained from an
air preheater at a SCR pilot plant which treats coal-fired boiler flue gas.
Samples C-1 and C-7 were obtained from seven different temperature zomes of a
commercial air preheater. The preheater was used with a flue gas from an oil-

fired utility boiler (low—sulfur o0il) subjected to SNR (Thermal DeNOg).

The results of the analysis of these samples are shown in Table 3-20.
Samples A-1 and A-2 were composed of NH4FeH(SO4)2°H20. This compound 1s
formed by reaction (1) described in Section 3.6.6. A-1 also contained
FeSO4 *H20 which did not form by the reaction of NH4HSO4 and Fe. This
indicates that sulfuric acid condensed and reacted with Fe to form the com
pound; the flue gas is rich in SO3s and lean in NHs. Samples B-1 and B-2
contained NH2aA1(SO4)2 and CaSOs4 in addition to fly ash and NH4Fe(SOs4)az. The
aluminum and calcium compounds were formed by the reaction of NH4HSOs« with fly

ash from coal (Section 3.6.6).

Sample deposits C-1 through C-7 formed in a gas which was rich in NHs
and lean in S03. (NH4)2S04 was present in the deposits in the low—temperature
zones (C-1 through C-3), while (NH4)3H(SO4)2 was present in the deposits in
the intermediate zones (C-2 through C-4). Reaction products of NH4OSOs with
Fe were present in C-4 through C-7, indicating that corrosion occurred in the
high temperature zomes. All of the deposits contained a large amount of
unburned carbon, which i1ndicated that carbon seemed to increase the amounnt of

deposition and promoted plugging.
Tests on the three sets of samples also revealed that almost no NH4HSO.

was present in the deposits. NH«HSOs4 is very corrosive and had reacted with

Fe and fly ash to form various compounds.
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TABLE 3-19.

DEPOSITS AND GAS COMPOSITIONS

System Sample No. Location Boiler Fuel SO:; (ppm) NH; (ppm)
A A-1,A-2 Shindaikoywa High-Sul fur 30-40 10
Petrochemical's 0il
Yokkaichi
Plant
B B-1,B-2 EPDC's Test Medium—Sul fur 3-15 10-20
Facility Coal
C Cc-1 - C-17 Chuba Electric’s Low—Sul fur 2-3 20-30
Chita Plant 0il
3.6.8 Deposit Formation Reduction
Ammonium bisulfate deposition may be reduced in 5 main ways: 1) reduc-—

tion of unreacted NHs; 2) reduction of SO:; 3) combustion control to reduce

soot in oil-fired burners; 4) use of coal fly ash for cleansing; and 5)

selection of appropriate air preheater elements/soot blowing systems.

Reduc-

ing unreacted NHs is the most commonly used method of decreasing bisulfate

formation.-

This can be accomplished by lowering the inlet NH3/NOx mole

ratio to less than 1.0 and simultaneously using a large amount of catalyst.

Keeping unreacted NH; below 5 ppm will substantially reduce deposition but may

not
NH;
4.4

dic

solve the problem entirely.

concentration of less than 2 ppm to minimize deposit formation.

and 5.2).

On the other hand, with a low unreacted NHs concentration,

Some of the SCR plants maintain an unreacted

(Sections

aci-

deposits with NH3/SOs mole ratios below 1.0 may form., causing corrosion.

SOs can be reduced in 3 ways:

1) by using low—sulfur fuel; 2) by

combustion control in order to use a minimum amount of excess air; and 3) by

using a low-oxidation SCR catalyst.

When the gas is lean in SO3 and rich in

NHi, (NH4)3H(SO4):2 will be formed at higher temperatures and (NH4)3S0s4 will

form at lower temperatures.

NH.HSO« .
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The deposits may be removed quite easily with the soot blower.



For oil-fired boilers, combustion control to reduce soot (unburned car-
bon) is a good way to decrease deposits. Soot tends to form deposits along
with the NH: and SO: compounds, thereby causing an increase in plugging. The
cleansing effect of coal fly ash can be observed in a boiler burning pulver—
ized coal with a full dust load. At an adequate gas velocity there will be
little or no bisulfate problem primarily because the bisulfate deposits on the
ash. In this case, however, the unreacted NHs; concentration in the flue gas
must be kept low in order to reduce the contamination of the ash by the am
monium compounds. Selecting the appropriate air preheater elements and using
an effective soot blowing system also will minimize ammonium bisulfate deposi-
tion. If these measures are used, the air preheater may be operated contin-

uvously for over a year without bisulfate problems.

However, considerable deposition may still occur in some of the SCR
plants which use high sulfur oil or a low—dust system for coal. The deposits
usuvally do not hinder the heat transfer efficiency to any great extent, but do
increase the pressure drop of the gas in the preheater. When the pressure
drop exceeds a certain level, 1t is necessary to interrupt the operation of
the preheater for a water wash. Usually about ome day is needed for the wash,
which includes the cooling of the preheater, water washing, and drying. Since
the wash water becomes acidic when it mixes with the bisulfate and related
compounds (Table 3-20), wastewater treatment may be needed for neutralization

and also to remove ammonia.

Recently, Chugoku Electric developed a new method of removing deposits
called thermal cleaning which may be superior to water washing. (Section
4.3.4).

3.7 OTHER PROBLEMS WITH AMMONIA

3.7.1 Introduction

In addition to the bisulfate problem described in the previous section,

ammonia also has the following effects on flue gas treatment systems:
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TABLE 3-20. COMPOUNDS IN DEPOSITS IN HEAT EXCHANGIR AND AIR PREIEATER (16)

Sample Temperaturo Estimated b
Number Zone temp.(C) Major Medium Minor pli
A-1 Low (cold) 90-110 MH4Fcl{S04)a - Ha0 FeSOs 1120 NH IS0 1
A-2 Low(Int.%) 110-130 Mil4Fell(S04)s - HaO NilsFe{504)a (Mll4)3Fe(S04)» 1
B-1 Int. About 200 Fly Ash (Nll4)3Fc(S04¢)s NU«AY(SO4)2,CaS0« 1
B-2 Int. About 200 Fly Ash (N4 )1Fe(S04) s NIlaA1(S0Oe)2,Ca8S04 1
c-1 Low (cold) About 120 Carbon (NI14)350q 3
Cc-2 Low (hot) >120 Carben (Nile) 2504 (\Nlh)lll(804): 1
c-3 Int. (cold) About 160 Carbon (Nlla)sFe(S04)2 (NH4)3H(S04)3 1
C-4 Int. {(lot.) >160 Carbon (NH4)ake(S04)a (NII« ) s H(504) s 1
C-5 Int. (hot) About 200 Carbon NHaFe(S04) 2 (Nll4)2Fec(S04)» 1
c-6 High (cold) >200 Carbon NH«Fe(504)3 (Nila)3Fc(S04)s 1
Cc-1 High (hot) About 250 Carbon NH4Fe(S04)a 1

*Yotermediate

Mcasured roughly with 15 percent aqueous solution.



(1) Dust removal improvement (with ESP’'s).

(2) Ammonpium bisulfate deposition on the catalyst.
(3) Fly ash contamination.

(4) Plume formation.

(5) Effects on FGD system.

3.7.2 Dust Removal Improvement

In Japan, ammonia injection is often -used to improve ESP dust removal.
Ammonia is injected into oil-fired utility boiler flue gas as it leaves the
air preheater. This is done in order to improve the soot removal efficiency
of the ESP and to prevent corrosion of the ESP by sulfuric acid mists 1n the

gas.

For flue gas from coal, the dust removal efficiency may be increased by
using a small amount of ammonia——up to 50 ppm for high sulfur coal, 20 ppm for
low sulfur coal. Larger amounts of ammonia may cause excessive adhesion of
fly ash to ESP collector plates (17). With baghouses, ammonia leakage from
SCR systems could potentially require more frequent cleaning and bag replace-
ment (17).- These effects, however, have not really been demonstrated in Japan

because of the low ammonia emissions, normally below 5 ppm.

3.7.3 Ammonium Bisunlfate Deposition on SCR Catalysts

Ammonium bisulfate and related compounds tend to deposit on SCR catalysts
even at temperatures above 300°C; they deposit in air preheaters at a tempera-
ture usually below 250°C. Deposition at the higher temperature may be caused
by the high SOs concentration on the catalyst surface due to the oxidation of
S50z, as well as to the high NHs concentration in the reactor. The craitical
temperature for deposition may be as high as 350°C with an SOz-rich gas and

a high-oxidation catalyst.

The bisulfate essentially lowers catalytic activity by coating the cata-
lyst surface and may even poison some types of catalysts. Most catalysts used

for SOgx~containing gases are not poisomed, however, and their activity can
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be recovered when they are heated to 400-450°C and the bisulfate is volati-
lized. With low-temperature catalysts used at 200-250°C, deposit formation is

a serious problem and necessitates occasional heating (Section 3.3).

In utility boilers, the economizer outlet gas temperature usually ranges
from 350° - 400°C but may drop to 300-330°C when the boiler load is lowered at
midnight, for example. A small amount of the bisulfate may deposit on the
catalyst but is volatilized as the temperature increases with an increased
load, thus causing no problem for SOx-lean gas. With SOx-rich gas, how—
ever, the NOx removal efficiency may be noticeably lowered when the gas

temperature is kept below the critical temperature for several hours.

In order to maintain the temperature above the critical level, an
economizer by-pass system has been used with some coal-fired utility boilers.
Oil-firing has been used for the same purpose at smaller gas sources. A
moving-bed reactor is used for treating a low-temperature gas of 200-250°C;

the contaminated catalyst is removed from the reactor and heated.

3.7.4 Contamination of Fly Ash by Ammonia

Ammonium bisulfate may deposit on fly ash in the gas stream (unreacted

NH;) at temperatures below 250°C. Figure 3-67 shows the relationship between
unreacted ammonia (NHs leakage) and the ammonia content of fly ash caught by a
cold ESP downstream of an air preheater. The ammonia content increased almost
linearly until it reached about 800 mg/kg at about 20 ppm of unreacted NHs; in
the gas. It did not increase significantly after that, presumably because of
the limited SOs content of the gas which combines with NHs to form the de-
posits. Figure 3-67 indicates that the ammonia content of the ash was pearly
200 ng/kg (0.02%) with 5 ppm unreacted NH: and around 600 mg/kg with about 15

ppm unreacted NHs.
When used in concrete or landfill materials, an NHi-rich ash may produce

an ammonia odor. This occurs when the alkaline component of the ash reacts

with water. This reaction can be expressed as:
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2NH4HSO+ + CaO + H20 = CaSO+4°+2H20 + NH»

When NHs is present in the ash, it also may cause water pollution pro-
blems. For these reasons it is best to maintain an acceptable level of NB; in
the ash. It has been found that an NHs; content below 0.02% works well. when
SCR reactor outlet gas contains 5 ppm NH: and 90% of the NH:; is caught by the
ash present in 20 grams/Nm?® in flue gas (20 gm/Nm3) the NH3 content of the fly
ash is 0.14%.

Chugoku Electric’'s Shimonoseki Power Station (Section 4.4) maintains
unreacted NH; below 2 ppm and has produced fly ash which can be used without

problems for cement or concrete, or for landfill material.

If necessary, NHs; may be removed from the fly ash at the power plant by
mixing it with a small amount of moisture. This causes reaction (1) to occur
and release NHs; the released NHs can be emitted from the stack without any
trouble. Moistening the ash also can help prevent dust formation during ash

handling.
3.7.5 Plume Formation

Plume problems caused by ammonia in flue gas have been known to occur
when the gas from an ammoania-scrubbing FGD plant contains more than 10 ppm
MHs. On the other hand, there is no plume problem associated with flue gas
which has undergone SCR. This is true even when the gas has been cooled to
140°C and contains 20 ppm NHs. A plume has been observed during the winter
with flue gas containing 50 ppm NH; after selective noncatalytic reduction

({thermal De—NOx) (Section 6.2).

The difference 1n the plume formation associated with wet FGD and dry De-
NOx systems 1s due to differences in moisture content and temperature as
well as in the amount and particle size of ammonium compounds in the flue
gases. With wet FGD, the 55°C moisture—saturated gas contains a large amount
of S0z and a considerable amount of SO; before 1t is heated to 70-120°C. In

the dry DeNOgy system, flue gas containing a smaller amount of moisture is
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cooled from about 400°C to 150°C in an air preheater. In the preheater nearly
all of the SO3 combines with NHs to precipitate out as long as NHs is present

in excess.

Plume problems may occur when flue gas containing a comsiderable amouat
of NH; after dry DeNOx is introduced into a wet FGD system. This is

described in the following sectionm.
3.7.6 Effect of Ammonia on_Flue Gas Desulfmrization

The effect of ammonia on flue gas desulfurization varies with the FGD sys-
tem being used. Three types of wet process FGD systems popular in Japan are
shown in Figure 3-68. No. 1 shows limestone scrubbing with a prescrubber in
which over 90% of the ammonia in the gas is caught in the prescrubber by an
acidic liquor with a pH of about 1. A typical FGD system for a 175 MW coal-
fired boiler releases 5/hr of wastewater from the prescrubber. The
ammonia content of the wastewater is calculated at roughly 200 ppm, assuming
an inlet gas ammonia concentration of 3 ppm. The liquor is sent to a waste-
water treatment system where ammonia may be removed either by a conventional
activated sludge process or an ammonia stripping process, if necessary.
Ammonia stripping has been applied at Chubu Electric’s Owase Plant (18); the
activated sludge process will be applied at the EPDC's Takehara Plaat. The
prescrubber outlet gas contains only a small amount of ammonia {(below 1 ppm),
most of which is caught by the scrubber but does not affect the scrubber sys-

tem.

No. 2 shows a two—stage limestone scrubbing system. The first scrubber
catches 60-70% of the ammonia in the flue gas while the second scrubber re-
moves another 10-20% of the ammonia, which adds up to a total removal effi-
ciency of 70-90%. The ammonia in the scrubber liquor may increase SO0z removal
efficiency and may not produce any adverse effects on the scrubber system

(17). The by-product sludge, however, may cause environmental problems.

In Japan, sludge is oxidized to produce gypsum which 1s subsequently

centrifuged and washed with water for use as cement, wallboard, and other
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materials. Both the filtrate and the wash ligquor are recycled in the scrubber
system and a portion of the scrubber liquor is sent to the wastewater treat-
ment system. If necessary, ammonia may be removed from the liquor to prevent

environmental problems.

In FGD systems No. 1 and No. 2, flue gas leaving the scrubber contains
little ammonia and will not cause a plume problem except in cases when inlet

gas containing over 20 ppm NHs enters System No. 2.

No. 3 shows simple sodium scrubbing which produces throw-away sodium
sulfite or sulfate liquor. Approximately one—half of the NHa in the flue gas
is caught by the scrubber liquor. Removal of ammonia from the waste liquor
may be necessary under certain circumstances. (A plume can be observed at the
scrubber outlet of this system when the inlet flue gas contains more than

about 20 ppm NHs3.)
3.7.7 Measurement of Ammonia in Flue Gas

The measurement of unreacted NHs; in flue gas is important both for con—
trol of NOy removal efficiency and prevention of the problems described

above. However, this measurement can be difficult for the following reasons:

(1) Ammonia is usually present in a small concentration, below 10

ppm.

(2) The presence of NOy, SOx, etc. interferes with the measure-

ment of ammonia.

(3) At a large plant, the ammonia conceatration may be different in

each part of the large duct, causing sampling problems.

The major analytical methods used to measure NHs3 in Japan are shown in
Table 3-21 and Figure 3-69, I and II. Method I is used to measure the concen-
trations of NOyx and a total of NOx and NHs, after NHs is coaverted to NO;

the NH3 concentration equals the difference between these two concentrations.
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TABLE 3-21.

TWO MAJOR METHODS USED IN JAPAN FOR CONTINUOUS ANALYSIS OF NHs IN FLUE GAS

Method No.

I

IX

Principle

Major Manufacturer

Example of User

Problems

Maintenance

Price of the
Analyzer

Oxidation of NHi to NO, followed
by Chemiluminescence

Shimazu Seisakujo
Fuji Electric?t?®

Chugoku Electric’s Kudamatsu Power
Station (Commercial SCR plant)

Electric Power Development Co.’s
Isogo Power Station (INII SCR pilot
plant)

Catalytic converter of Nil; to NO

1s needed. Since a small portion of
NHs 1s converted to NOa, catalytic
convertor of NOz2 to NO 1s also
needed.

IFor a gas rich in NOx, the
analytical error may be large.

Not simple

5.5 million yen including converter

Ultraviolet ray absorption by NHs:

Anritsu Electric

Electric Power Development Co.’'s Isogo
Power Station Hitachi Zosen
process SCR pilot plant

Mitsubishi lleavy Industries, Takasago
Research Station

Interfered with SO2 in the gas,
although it may be possible to
correct the analytical value by also
measuring SOz,

The gas sampling tube should be
kept above 300°C to prevent the
condensation of NI.1S0Os4 in the tube.

Simple
4.9 million yen for NIl analyzer

5.5 million yen for NHs and SO2
analyzer




£6¢

7

//oucr/ '
7,
A N4

GAS

FOR
NO + NHj

FOR NO

A NH;  NO,
8 NO, NO

C.C' CHEMILUMINESCENCE

DIFFERENCE BETWEEN
C' AND C SHOWS NH3

N

A

N\

o\

Figure 3 69

N

=}
(=4
O
-
N\

TUBE SHOULD BE
’/ KEPT ABOVE 300°C

FOR NH;

_~" AND 50,

ULTRAVIOLET, REMOTE
(ANRITSU)

Comparison of NH; Analysis Methods

ULTRAVIOLET, DIGA

DETECTOR



With this method there may be a large analytical error when the NOx concen—
tration is much higher than the NHs concentration, as is often the case with
flue gases after SCR. A modified method for the determination of a low con-

centration of NH; has been developed, and will be described in Section 4.4.3.

Method II is used for direct analysis of NHs. However, any SOx present
in the gas interferes with the measurement, requiring a special calibration in
order to take the interferenmce into account. When using this method, the ana-
lytical error may be large if the gas contains a large amount of SOx and a
smaller amount of NHs. The gas sampling tube also must be kept above 300°C to
prevent ammonium bisulfate deposition which can cause additional analytical

errors.

Although the analysis itself is fairly accurate when Methods I and II are
used properly, gas sampling may cause errors since gas composition may not be
homogeneous throughout a large duct. The Direct In-Gas Analysis (DIGA) method
developed in the U.S. (Figure 3-69, III) may be superior from this point of
view. With the DIGA method a light source is placed on one side of the duct
and a detector on the other. Light passes through a pipe across the duct
which is slotted to allow gas flow. This method allows quick response which
eliminates sampling error. However, the accuracy of the NH:; measurement is
affected by the presence not only of SOz, but also of particulates, requiring

calibrations according to their concentratioms.

254



10.

REFERENCES

Atsukawa, M., et al. Development of NOx Removal Processes with
Catalysts for Stationary Combustion Facilities,1 Mitsubishi Technical
Bulletin, No. 124, May 1977. (In English)

Nartita, T., and H. Kuroda. Babcock-Hitachi NOx Removal Process for
Flue Gas from Coal-Fired Boilers, presented at the Joint Symposium on
Stationary Combustion NOx Control, Volume II (EPA-EPRI), October 1980.

Catalyst and Chemicals Inc. SOx-Resistant Inexpensive SCR Catalyst
from Red Mud, etc., Steel Fund Study Report No. 2-10, Steel Industry
Foundation for the Advancement of Envirommental Protection Technology,
Tokyo, Japan. May 1978. (In Japamese)

Sakai Chemical. R&D for Low-Temperature SCR Catalyst for Sintering
Machine, Steel Fund Study Report No. 2-20, Steel Industry Foundation for
the Advancement of Environmental Protection Techmology, Tokyo, Japan.
March 1980. (In Japanese)

Mitsui Toatsu Chemical. Study on Low-Temperature SCR, Steel Fund Study
Report, No. 2-22, Steel Industry Foundation for the Advancement of Eavi-
conmental Protection Technology., Tokyo, Japan. March 1980, (In Japamese)

Itoh, H., and Y. Kajibata. Countermeasures for Problems in NOx
Removal Processes for Coal-Fired Boilers, presented at the Joint
Symposium on Stationary Combustion NOx Control, Volume II (EPA-EPRI),
U.S. Environmental Protection Agency, Research Triangle Park, October
1980.

Sengoku, T., and B. M. Howell, et al. The Development of a Catalytic
NOy Reduction System for Coal-Fired Steam Generators, presented at the
Joint Symposium on Stationary Combustiom NOx Control, Volume II (EPA-
EPRI), U.S. Envirommental Protection Agency, Research Triangle Park,
October 1980.

Ando, J. NOy Abatement for Stationary Sources in Japan, EPA-600/7-79-
205, U.S. Environmental Protection Agency, Research Triangle Park, August
1979. p. 280.

Hitachi Zosen. R&D of Low-Temperature SCR Catalyst for Sintering Machine
Flue Gas, Steel Fund Study Report, NO. 2-21, Steel Industry Foundation
for the Advancement of Enviroomental Protection Techmology, Tokyo, Japan.
March 1980. (In Japanese)

Nakabayashi, Y., and S. Niwa., Characteristics of Cylindrical NOyx
Catalysts for Coal-Fired Boiler, presented at the EPRI NOx Symposium,
November 1979.

255



11.

12,

13.

14,

15.

16.

17.

18.

Seiyama, T., et al. Catalytic Reduction of Nitric Oxides with Ammonia
over Transition Metal Ion-Exchanged Y Zeolites. Chemistry Letters,
Chemical- Society of Japan, pp. 781-784, 1975. (In English)

Kato, S., J. Ando, and H. Tohata. Fundamental Study on Precipitation of
Ammonium Sulfate and Bisulfate, Report of Chemical Engineer's Associa-
tion, December 1978. (In Japanese)

Burke, J.M., and K.L. Johnson. An Investigation of Ammonium Sulfate/-
Bisulfate Formation and Deposition in Air Preheaters, U.S. Environmental
Protection Agency, Janunary 1980.

Ando, J. Fundamental Problems of Sulfur Oxides and Flue Gas
Desul furization, Industrial Pollution Control, (12) No. 9 1976. (In
Japanese)

Ishikawa, T. Basic Study on Steel Corrosion in Ammonium Bisulfate
Melt, Report of Chemical Engineers Association, December 1978. (In
Japanese)

Ando, J., and K. Takemura. The Deposits in Heat Exchanger after Flue Gas
Denitrification Using Ammonia, J. Chem. Soc. Japan, No. 1, 160-162, 1980.
(In Japanese)

Noblett, J., R. Glover, and T. Shirley, and M. Hebets. Impact of NOx
Selective Catalytic Reduction Processes on Flue Gas Cleaming Systems,
U.S. Environmental Protection Agency, Research Triangle Park, NC,
December 1979. (In English)

Ando, J. SOz Abatement for Statiomary Sources in Japan, EPA-600/7-78-
210, U.S. Environmental Protection Agency, Research Triamgle Park, NC,
November 1978. (In English)



SECTION 4

SCR FOR FLUE GAS FROM UTILITY BOILERS

4.1 DESIGN AND PERFORMANCE OF SCR PLANTS

4.1.1 Development of SCR for Utility Boilers

Following numerous pilot plant tests, the first prototype SCR plant was
constructed in 1977 at Kansai Electric’s Kainan Station. It was desigmed to
treat one—fourth of the flue gas from an existing 450 MW oil-fired boiler by
reducing NOyx from 120 ppm to about 20 ppm. The plant uses a ring-type cat-
alyst in a fixed bed. The first commercial SCR plant for utility boilers
began operation in 1978 at Chubu Electric's Chita Station. Using a pellet
catalyst, the plant reduces NOx in the flue gas of two 700 MW gas-fired
boilers from 50 ppm to 10 ppm.

Since 1978, parallel flow SCR catalysts, especially the honeycomb and

plate types, have significantly improved in quality and decreased in cost.

1979 the first full scale SCR plant using a honeycomb catalyst began operation

at Chugoku Electric’s Kndamatsu Station. It reduced NOx in the flue gas of
an existing 375 MW oil-fired boiler from 130 to 20 ppm. All of the commercial

SCR plants constructed 1n 1979 for utility boilers use honeycomb or plate

catalysts, except for one plant which uses a tubular catalyst. Lven for clean

gas containing little dust, the parallel flow catalyst with a thin wall is
superior to the pellet catalyst because of the lower gas pressure drop it

causes.
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Full-scale plants for testing a combined system of selective noncatalytic
reduction (SNR) and SCR applied to existing oil-fired boilers were constructed
in 1978 by Ibiyo Electric and Kansai Electric. The tests were subsequently
discontinued and the SNR system was removed leaving the SCR system (Section
6.3).

For coal-fired boilers, the first full scale SCR plant began operation in
1980 at Chugoku Electric’s Shimonoseki Station. The station treats flue gas
from an existing 175 MW boiler using a homeycomb catalyst. In 1980, another
SCR plant began operation at Hokkaido Electric's Tomato—Atsuma Station. It
uses a plate catalyst to treat onme—fourth of the gas from a new 350 MW boiler.

Seven SCR plants for coal-fired boilers began operation in 1981 and 1982.

By the end of 1982, the total SCR capacity for utility boilers will
exceed 21,000 MV, including about 3,300 MW for coal-fired boilers. SCR plaants
with a capacity of treating more than 250,000/Nm3/hr of flue gas (75 MW equiv—
alent) from utility boilers are listed in Table 4-1. Almost all of the coal-
fired boilers which will begin operation after 1982 will need SCR, although

NOgx can be reduced to 160-200 ppm using combustion modification alone.

Most of the SCR plants in Japan are designed for 80-85 percent NOx
removal with unreacted NHi below about 5 ppm. Although it may be possible to
remove 90 percent or more of the NOx, 80-85 percent removal has been found
to be the optimum level because of the smaller pressure drop, smaller amount
of unreacted NH3, and lower S02/S0s oxidation rate associated with it. Some
of the SCR plants initially are using a small amount of the catalyst to remove
50-60 percent of NOy and will increase the amount of catalyst to remove 80-

85 percent when needed in the future.

All of the SCR plants for utilaity boilers have been or will be com
structed by boiler manufacturers: [{HI, BHK, IHI, and KHI. MHI, the largest
boiler manufacturer in Japan, builds the largest share of the SCRs; normally

the SCR plant is constructed by the boiler manufacturer.
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TABLE 4-1. SCR PLANTS FOR UTILITY BOILERS IN JAPAN AND THE OUNITED STATES (By 1984)
Power Stetion Boiler 1000 Cata-  Start
Conpany Name No. Fuel 1] Nm!/hr N/R Vendor lyst Op
Chobu Eleceic Chita 4 Oil,gas 700 2,000 z* w1t : 1979
- J s Gas 700 1,910 N pax? G 1978
- . [ Gas 100 1.910 N BEX G 1978
- . 1 o1l 3738 1,100 N 1983
. Nishinagoys 6 01l s00 1,320 R BI1° g 1980
. . «  on 375 1,100 R pax’ p! 1981
" . 3 011 315 1,100 R BHK P 1982
- Shinnagoya 3 o011 220 650 B at ] 1980
- ° 2 011 220 650 -3 a1 . 1981
- - H o{1 220 650 R MaI B 1981
- » [1 011 220 650 R L b4 B 1981
- Atsumi 3 0il 700 1,870 N a1 | 1980
. . 4 0i1 100 1,870 N a1 ] 1981
* Chita No. 2 1 Gas 100 1,910 N BEX P 1983
- . p] Gas 700 1,910 N 18I | 1983
Cbugoko Electric Kudanatsn H o1 378 1,128 R IHI | 1979
. * 3 oil 700 2,000 N HI | 1979
- Ivakuai 1 0il 3s0 1,000 R m1 :{ 1980
- » 1 oi1 500 1,450 N I B 1980
- Shimonoseki 1 Cosl 178 580 R xal ;| 1980
- Shin-Ube 1 Cosl 15 2350 R il || 1982
- - 2 Coal 13 2350 R a1 | 1982
. - 3 Cosl 156 500 B I [:] 1982
- Hizoshina 1 Coal 125 400 8 :1:1 4 P‘ 1984
- . 2 Coal 156 $00 R BHK | 4 1984
. . (Coatinged)
Rotrofit Honeycomd
New Grapale
“Mitsubishi Hesvy Industries iPlth

dBlbcack Hitachi

4

allhill‘ljlﬂl Barima Oesvy Indostries

Kawaski Heavy ladustries

Tabe
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TABLE 4-1 SCR PLANTS FOR UTTLITY BOILERS IN JAPAN AND TRE UNITED STATES (By 1984) (Continued)
Power Statjon Boiler 1000 Cats-  Start
Company Name No. Fuel w Na’/be N/R Vendor lyst Up
Electric Power D C Takehars 1 Coal 2150x1/2 400 R BEX | 4 1981
15021/2 400 R ! o 1981
" - 3 Cosl 700 1.340 N BEK P 1983
Bokksido Electric Tomato—Atsunai 1 Cosl 315021/4 280 N BEK P 1980
Hokuriku Electric Toyema 2 o011 500 1,470 N pa: b ):{ 1980
Joban Eleotric Nakoso s oil.Conl 600 1,810 » w1’ as 1982
b - 9 0i1,Coal §00 1,810 N 181 ] 1983
Cansai Electric Osaka 1 o1 156 500 'y |l B 1978
- - 2 011 156 3500 -3 a1 B 1981
- . 3 o1 156 500 R I ] 1980
- . 4 o1 156 500 R a1 g 1980
. Caioan r on 4503174 300 2 e Y )
° - 3 0il 6§00 1,640 ) § )al :§ 1982
- - 4 011 600 1,640 R BEK P 1981
. Bimoji I 4 ot1 156 soo* [ 1’ : 1978
. Himeji IT 6 Gas,oil 6§00 1,640 R I [ 1981
. Amagasaki- 1 oil 156 410 R BHK P 1978
- higashi 2 o011 186 470 R :11 4 | 4 1980
- Amagaseki- 1 0i1 156 470 R BHX | 4 1981
- " No. 3 2 011 156 470 B BHEK P 1980
» . k) 0i1 156 470 || BHEK P 1980
- Sakaiko 1 Gas,oil 150 800 2 1 |} 1980
. . 1 Gas,o0il 150 800 | ar 8 1981
- . 4 Gas,o0il 250 800 R m1 4 1981
" s (Coatinned)
b etrofit Horeycaonb
°N-- ‘Gnnlo
Mitsubishi Besvy I[adastries Plate
sboook Mitecht Tabe

t

Ishikavajima flarima Reavy ladustries

Kevask{ Aeavy Industries

Combination with SNR ves tested.
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TABLE 4-1 SCR PLANTS FOR UTILITY BOILERS IN JAPAN AND THE UNITED STATES (By 1934} (Continued)
Capacity
Power Stetion Boiler 1000 Cata-  Start
Conpany Name No. Fael w Na?/hr N/R Veador lyst Up
Kansai Electric Sskaiko k) Gas,o0ll 250 800 f BHK 4 1980
. . 6 Gas,o0il 2350 800 B MBI ;] 1979
" . 1 Gas,o0il 250 800 R MBI B 1981
" Tanagews k] 0i1 156 500 R MBI ;] 1981
- " 4 011 156 $00 B Ml :§ 1981
" Tenagaws I 1 oil 600 1,520 R BAX P 1981
" Kesugade 1 Oi1 156 470 R 181 q 1980
" . 2 0il 156 470 -3 mt 8 1981
. Aol 1 o 375 1,030 ¥ om # un
. - 2 011 37 1,030 N IHI | 1982
- - 3 ot1 378 1,030 N m1 ):§ 1982
. Gobos 1 o1l 600 1,600 N ma1® | 1984
- . 1 o1 600  1.600 ] prx? p! 1984
° . 3 oi1 600 1,600 N -1 : ] 1984
Kyusho Electric Shiokokuys 3 Gas 600 1,640 N [} 2] 1978
- . 4 Gas 6§00 1,640 N L) G 1978
. . H Ges 600 1,640 N Mal [+] 1982
. Omars 2 Coal 156 00 r* al 8 1982
- Ninato 1 Coal 156 500 | 4 1218 8 1983
Tokoku Electric A.Nijguts 2 011 600 1,640 N m! :§ 1981
. Sendai 3 Cosl 178 180 r 8HX 1 4 1982
Toky; 8lectric YTokosuks 4 o11 350 1.060k 3 218 g 1978
Tokyo Electric Tokosaka 1 cont 263 850 r a1 ] 1984
Tokyo Electric Yokosnks 2 con’ 165 850 ] ax g 1984
- onl 1 ol 350 1,060 m1 ] 1978
- Tokoheme 1 ol 156 s00f v BEX P 1978
8. Calif. Edison funtiagten b} 04t 218x21/2 iso |4 [+ 08 B 1981
Beach
;lotroflt 'ﬂonlycoﬂb
Nev Granale
Mitscbiahi Aeavy Industriss Plate
abeock Bitachi Tube

Ishikavejime Harima lleavy [adustries
Cavaski Beevy Industries

Combination vith SNR was tosted

1
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For oil- and coal-fired boilers, MAI and IHI use a homeycomb catalyst
while BHK uses a plate catalyst (Figure 3-33). KHI has constructed an SCR
plant for a coal-fired boiler at EPDC’'s Takehara Station which uses a tubular
catalyst. However, KHI probably will use honeycomb catalysts for future

plants.

Compared with FGD, SCR is much simpler and costs about one—third to cne-
fourth less. An SCR unit is also much easier to operate and does not regquire
an operator. When applied to oil-fired boilers, SCR plants have experienced
almost no problems except for ammonium bisulfate depositiom in air preheaters

(Section 3.6).

4.1.2 Design of SCR Plants

A typical design of an SCR plant for an oil-fired utility boiler is shown
in Figures 4-1 and 4-2. Flue gas leaving the boiler ecomomizer outlet at 300-
400°C is mixed with ammonia and sent into an SCR reactor. Although one reac-—
tor may be adequate to treat flue gas from a 700 MW boiler, two reactors in
parallel also may be used with a boiler larger than 400 MW. The flue gas
leaving the reactor is passed through an air preheater, an ESP, and then a
scrubber, if necessary. The flue gas from an oil-fired boiler may be passed
horizontally or up through the reactor while that from a coal-fired boiler

nust pass downward to eliminate dust plugging.

Figure 4-3 shows an example of an ammonia injection system. Generally,
the ammonia flow rate is controlled by the flue gas flow rate and the incoming
NOx concentration. JIn a large boiler it is difficult to precisely measure
the flue gas flow rate. The steam flow rate to the turbinpe 1s used as a mea-
sure of the amount of fuel being burned and the combustion gas produced. This
control method can be finely tuned using the outlet NOx level as a feedback

signal.

When a boiler is operated at a low load, a low—temperature economizer

outlet gas is produced. When this happens ammonium bisulfate deposits may
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decrease the SCR catalyst’s activity (Sectiom 3.7.2). To eliminate the prob-
lem, a gas heating device can be installed on some boilers. The gas is heated
either by an economizer by-pass as shown in Figure 4-4A or by modifying the
economizer as shown in Figure 4-4B. The modified economizer has two heat
transfer compartments, one with high efficiency and the other with low effi-
ciency. Most of the gas is passed through the low-efficiency compartment at
the low load to maintain the gas temperature above a desired level. Using
such a device lowers the heat recovery efficiency at the economizer but allows
the heat to be recovered by the air preheater downstream of the SCR reactor,

thus avoiding a loss of energy.

The SCR reactor usually has a soot blowing system which cleans the cata-
lyst using hot air or steam. An example of a soot blowing system is shown in
Figure 4-5. However, a soot blower has not been used with most of the reac—

tors which utilize parallel flow catalysts.

4.1.3 SCR Performance

The typical performance of an SCR unit used with a utility boiler is
shown in Figure 4-6. When the boiler load is reduced, the gas temperature 1s
substantially lowered and the NOy removal efficiency remains almost the
same. In this situation, the reduced flue gas volume results in a smaller SV,
or longer reaction time. The SO: oxidation ratio also remains essentially the
same despite a decrease in the boiler load. However, both unreacted NHs and

pressure drop are lowered with the load.

Below a certain temperature, ammonium bisulfate (or related compounds)
deposits on the catalyst and lowers catalytic activity. The critical tempera-
ture depends upon the inlet concentrations of SOx and NHs and on the degree
of SOz oxidation by the catalyst. For a flue gas from a low-sulfur oil, the
critical temperature is typically around 300°C; for flue gases from coal and
high-sulfur oil, it is 20-40°C higher. If the gas temperature remains below
the critical temperature for a few hours a day (for example during the low

boiler load at midnight) and is kept around 400°C for the remainder of the
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day, the small amount of bisulfate formed on the catalyst at the low tempera-
ture will be removed at around 400°C. Thus, there will not be much of an
adverse effect on the overall NOx removal efficiency. If 'the gas tempera-
ture is maintained below the critical temperature for a longer period, the
bisulfate deposition may become pronounced. To eliminate this problem the gas
temperature should be maintained above a certain level, as previously de-

scribed in Section 4.1.2.

For most utility boiler SCR plants, an NH3/NOx mole ratio of 0.83-0.90
has been used to remove 80-85 percent of NOx while maintaining unreacted NHs
below 10 ppm. Soot blowing is seldom used and thus no operator is needed for

routine operation.

The remaining problem associated with SCR is ammonium bisulfate deposi-
tion in the air preheater. In most of the SCR plants the problem has been
solved by maintaining unreacted NHs below 5 ppm, and using combustion control
to reduce SO», and low—oxidation catalysts. Some of the plants also use im
proved air heater elements and intensive soot blowing to remove the deposits.
A small amount of ammonium bisulfate may still deposit despite these prac-
tices, bu{ it does not affect SCR operation. If necessary, the deposits can
be removed when the boiler is shut down for its annual maintenance; in Japan

larger boilers are required by law to perform this yearly maintenance.

Vater washing also has been used to remove the bisulfate deposits. About
24 hours must be allowed for washing, which includes time for cooling, wash-
ing, and drying. When water washing is necessary two or more times a year,
one of the two parallel air preheaters is shut down for each washing while the
boiler operates at a half load using the other air preheater. Recently a new

technology — thermal cleaning - was developed for air preheater cleaning (Sec—
tion 4.3.4).
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4.2 SCR PLANTS OF CHUBU ELECTRIC POWER COMPANY

4.2.1 Introduction

Chubu Electric Power Company is the third largest utility compary in
Japan with power stations located in the Chubu area which is between the Kanto
Area (including Tokyo) and the Kansai Area (including Osaka). Since most of
its steam power generating stations are close to cities and industrial re-
gions, extensive air pollution countermeasures have been taken. These include
FGD and the use of low—sulfur fuels for SOy abatement, and combustion modifi-

cation, SCR, and selective noncatalytic reduction (SNR) for NOy abatement.

Chubu Electric’s SCR plants are shown in Table 4-2. Since the three
plants constructed at the Chita Station in 1978 and 1980 worked so success—
fully, Chubu Electic installed nine more units in 1980 and 1981 and will conm—

struct four more in 1982 and 1983.

4.2.2 Chita Power Station

The Chita Power Station, near Nagoya City (population, 2 million), has
six boilers (Table 4-3) which use the most advanced NOx control systems for

vtility boilers in Japan.

Extensive combustion modification has been applied to the boilers at the
Chita Station, including staged combustion, flue gas recirculation, low excess
air combustion, and low NOy burmers. The 350 ppm NO;z concentration in
flue gas from oil-fired boilers 1s reduced to about 100 ppm (a 70 percent

removal rate) by combustion modification.

The No. § and No. 6 LNG-fired boilers began operation in 1978. In order
to obtain permits from the local authorities (Aichi Prefecture and Chita City)
for the construction of two new boilers, Chubu Electric promised to use LNG
fuel and to install SCR units to minimize NOy emissions. In addition, Chubu

Electric installed an SNR system for the No. 2 boiler and an SCR unmit for the
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TABLE 4-2. CHUBU ELECTRIC'S SCR PLANTS

Boiler Capacity . NO  (ppm) Removal Completion
Station No. (MW) N/ R® Fuel Inlet  Outlet (Percent) Date
Chita 5 700 N Gas 50 10 80 Mar. 1978
6 700 N Gas 50 10 80 Apr. 1978
4 700 | 4 Gas,o0il 100 20 80 Mar. 1980
1 375 R 0il 135 70 50 Dec. 1982
Nishinagoya 6 500 R 0i1l 100 20 80 Jul, 1980
4 375 R 0il 100 20 80 Mar. 1981
3 375 R 0il 100 20 80 Jan. 1982
Atsumi 3 700 N 0il 80 16 80 May 1981
4 700 M 0il 80 16 ‘ 80 June 1981
Shinnagoya 3 220 R O11 75 50 33 Sept. 1980
2 220 It 0il 90 60 33 Apr. 1981
5 220 R 0il 15 50 33 Sept. 1981
6 220 R 0il 85 60 29 May 1981
Chita 1 700 M Gas 50 10 80 May 1983
No. 2 2 700 N Gas 50 10 80 Jul, 1983

*New or retrofit.
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TABLE 4-3. CHITA STATION BOILER AND N0x ABATEMENT DATA

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

Boiler

Capacity, MW 3175 375 500 700 700 700

Boiler Maker Ma1® MAT MHI MAT BHK® BAK®

Operation Start—up 1965 1966 1967 1974 1978 1978

Fuel 0il 0il 0il 0il,LNG LNG LNG

NOx. PpPm 120-140 120-140 90-100 95-100 35-50 35-50
NOx limitation, ppm 150 100 105 20 11 11
Denitrification Plant

Process - SNR® - scr? scr? scr?

Constructor - MRY - MHI Hitachi Hitachi

Completion - 19717 - 1980 1978 1978

NOx Concentration - 80-100 - 15-20 7-10 7-10

after treatment, ppm
NH; Emitted, ppm - 10-15 - Below § Below 5 Below §

Mitsubishi Heavy Industries
Babcock-Hitachi

Selective noncatalytic reduction
Selective catalytic reduction

o0 o
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TABLE 4-4. EMISSION LIMITS AT THE CHITA POWER STATION

Ttem Regulation Compliance Technique
Water
con, mg/lL <10 © Chcmical treatment
TSS, mg/L < 15
011, mg/L <1 © Rainwater to oil separator
pll 5.8 - 8.6
Air
N()x As shown in o Combustion modifications (controlled mixing
Table 4-1 and OFA) ‘
e SCR with Nl
©® SNR with NIl
$0-2 - ¢ Low sulfur fuel
Ash, mg/MNm? €20 o LSP's on boilers 1, 2, 3, and 4
MNoise, phones <€ 50 o Valls around transformer

e [D fan insulated

o Valves covered




No. 4 boiler so that the total NOx emissions would not increase with the
addition of boilers No. 5 and No. 6. The SNR system is described im Section
6.2.4.

Table 4-4 shows the water, NOz, SOz, particulate, and noise emission

limits which apply to the Chita Power Station.

4.,2.3 SCR Units at the Chita Station

Two full scale SCR units for the new No. 5 and No. 6 700-MW LNG-fired
boilers were constructed by Babcock-Hitachi using a pellet catalyst supplied
by Hitachi Ltd. (Table 4-5). Flue gas (1,900,000 Nm?/hr per boiler) from the
boiler ecomomizer at 350°C (full load) and 290°C (250 MW load) is injected
with air-diluted NHs and sent into two parallel reactors. Each reactor mea-—
sures 10.5 ¥ 11.5 x 12.0 m and has four 11 c¢m-deep layers of a pellet catalyst
(Figure 4-7). The flue gas passes through ome of the layers in which the SV
is 20,000 hr-*. Because of good combustion control the inlet NOx concen-
tration is only 35-45 ppm. By adding about 0.9 mol NHs to 1 mol NOx, over
80 percent NOy removal 1s attained while unreacted NHs is maintained below 5
ppm. The plant has operated without problems since its startup 1in April
1978. Since that time the catalyst has not been changed; a catalyst life of
over 5 years is expected. The installation cost for the plant was 2400 yen/kW

including the initial charge for the catalyst.

TABLE 4-5. DATA SUMMARY ON BABCOCK-HITACHI SCR SYSTEM -
No. 5 and No. 6 BOILER, CHITA POWER STATION

Reactors per umnit 2

Catalyst Type Pellet
Catalyst Size, mm 55§
NH;:NOx Mole Ratio 0.9

NOx Removal, design, © 80

NOx Inlet, ppm 35-45

NOx Outlet, ppm 7-9
Catalyst Manufacturer Hitachi Ltd.
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The SCR unit for the existing No, 4 boiler at the Chita Station was
supplied by MNHI and began continuous operation in March 1980. The design data
for the unit are shown in Table 4-6. The unit's reactor and catalyst arrange-
ments are shown in Figure 4-8, Within the reactor, a coated hexagonal honey-
comb catalyst with a 6.8 mm channel diameter and a 1.2 mm wall thickness, is
stacked in four stages. Each stage consists of two layers of catalyst pack—

ages; each package contains 50 elements.

Since startup, the SCR unit has operated without problems and has suc—-
ceeded in reducing NOy from about 100 ppm to about 18 ppm by using about
0.85 mol NHs; to each mol of NOy. Unreacted NH:s has been maintained at 1-2
ppm. For fuel, the No. 4 boiler uses both low-sulfur o0il and LNG, mostly the
latter. There has been no ammonium bisulfate problem with the air preheater
because of the low SOx content of the flue gas and the very low level of

leakage NHs,

The cost of this SCR installation is 2.5 billion yen (3,430 yen/kW) and
therefore is relatively expensive, This is a result of the required retrofit-
ting of extensive ductwork. The unit also uses a relatively large amount of
catalyst (SV 5,430 hr 1) to treat flue gas from oil containing SOx and

particulates, with a low level of leakage NHs,
4.2.4 SCR Plants at Other Stations

In 1980 and 1981, eight SCR plants were completed at three of Chubu Elec-

tric’s stations - Nishinagoya, Atsumi, and Shinnagoya - as shown in Table 4-2.

Two of the SCR plants at Atsumi are used with new 700-2W oil-fired
boilers. These plants have square (grid) homeycomb catalysts with a 7 mm
pitch (channel diameter plus wall thickness) and an SV of 5,200 hr™2, A
low-sulfur o1l containing about 0.2 percent sulfur is burned with combustion
modification nusing a low—NOx burner to yield a flue gas containing about 100
ppm SOx and 80 ppm NOx. The gas is treated by SCR to reduce NOx below

16 ppm. These plants have not experienced any problems to date.
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TABLE 4-6. DESIGN DATA FOR THE MHI SCR SYSTEM USED WITU THE NO.
BOILER AT TIL CHITA POWER STATION (3)

Geperal
Gas Volume, Nm?/br
NO‘ Removal, percent
NOx Inlet, ppo
NO‘ Outlet, ppm

Reactor
Temperature, °C

N

NO» NOx Mole Ratio
NHs; Outlet, ppm

Catalyst

Space Velocity, he *
Material

Shape

Pitch, mm

Manufacturer

1,960,000
80

100

<20

388

0.9
< 10

5430 ,
Transition Hetal Oxide
Hexagonal Homeycomd

8

NGK
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The five other SCR plants are applied to existing boilers; all use bomey— -
comb catalysts. Those at the Nishinagoya Station achieve an 80 percent NOx
removal rate, while those at the Shinnagoya Station are designed for about 30
percent NOy removal and use a smaller amount of catalyst placed in the
existing duct between the boiler economizer and the air preheater. All of

these SCR plants have operated without problems.

4.3 SCR UNITS AT KUDAMATSU STATION, CHUGOKU ELECTRIC

4.3.1 Introduction

Chugoku Electric’s Kudamatsu Station is located near the Tokuyama Indus-

trial Complex and has three oil-fired boilers as shown in Table 4-7.

TABLE 4-7. BOILERS AT THE KUDAMATSU STATION

Capacity Year of NOx NOy allowed
Boiler No. (MW) Completion (ppm) (ppm) (Nm?/hr)
1 156 1964 140-160 160 70
2 © 375 1973 130-160 32 34
700 1979 110-130 26 _50
TOTAL 1,231 154

The No. 1 boiler was completed in 1964 and the No. 2 boiler in 1973. 1In
order to obtain a construction permit for the No. 3 boiler, Chugokun Electric
agreed to maintain total NOy emissions below 154 Nm3/hr for the entire
station. To do this, SCR plants were installed not only for the No. 3 boiler
but also to remove 80 percent of NOx from the No. 2 boiler (Table 4-7).

IHI constructed both the boilers and the SCR units at Kudamatsu. A

honeycomb catalyst (square) is used in the SCR units. The SCR unit for the

No. 2 boiler has a single reactor and began operation in April 1979. The No.
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3 boiler’s SCR unit has two reactors in parallel and began operation in

September 1979 when the boiler also began operation.

Chugoku Electric also made agreements with the local govermment regarding
S0x and particulate emissions from the Kudamatsu Station. Emissions of
SOx must be maintained below 373 Nm3/hr by using low-sulfur oils -——
0.8 percent S for the No. 1 boiler and 0.2-0.25 percent S for Nos. 2 and 3.
Particulate emissions from the station must be maintained below 20 mg/Nm?* and

below 68.6 kg/hr by using combustion control and ESP.
4.3.2 SCR Units

Flowsheets for the No. 2 SCR unit are presented in Figures 4-9 and 4-10;
SCR system specifications are presented in Table 4-8. Figure 4-9 also gives
the timetable for the retrofit comstruction; about one year was required for
the SCR installation. New ducts were comnected to the existing economizer and
air preheaters during the annual boiler shutdown period in February and March
1979. The flowsheet of the SCR units for the No. 3 boiler 1s similar to the

flowsheets in Figures 4-1 and 4-2.

The reactors in the SCR units each have two layers of a square ceramic
honeycomb catalyst with horizontal gas flow as shown in Figure 4-11. The
catalyst was produced by Sakai Chemical and Catalyst and Chemicals, Inc.
Pilot plant tests by IHI indicate that the catalysts produced by the two com~

panies meet the specifications equally well.

The 275-380°C flue gas from the boiler economizer 1s injected with
ammonia and introduced into the reactor. The gas is then seat through an air
preheater and ESP, In the SCR plant for the existing No. 2 boiler, induced
fans were installed to compensate for the pressure drop caused by the SCR

reactor. The plant for the new No. 3 boiler does not have a fan.
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TABLE 4-8. SCR PLANT SPECIFICATIONS (EUDAMATSU STATION, CHUGOKU ELECTRIC)

No. 2 Boiler

No. 3 Boiler

New or retrofit

Power genmeration capacity, MW

Flue gas volume, MNm?/hr
Number of SCR reactors
Type of catalyst

Numbcr of catalyst layers
Space velocity, SV-'1
Catalyst volvme, m?

Flue gas temperature, °C
Type of fuel

Sulfur content of oil, %
Inlet NOx, ppm {02 4%)
Nﬂa/NOx nole ratio

NOx removal, %

Leak NH;, ppm
Catalyst life, year

Pressure drop through reactor, mm Hz0

Start-up

Retrofit
375
1,050,000

1

Noneyconb

2

5,500

190

275-385
Neavy oil
0.25
150-160
0.90 (0.85)"
80 (81-83)°
10 (4-6)°

1 (3?

102 (70)°
April 1979

New

700
1,900,000
2

Moneycondb

2

5,500

347

275-380
Heavy oil
0.25
110-120
0.90 (0.85)"
80 (81-83)"
10(6-8)"

1 (°

102 (70)°
Sept. 1979

a_. .
Tigures in parentheses are actual ones,
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The correct amount of ammonia that should be injection is determined by
measuring the boiler load and the inlet NOz concentration. Outlet NOx and
ammonia concentrations are also measured to trim the system. NOy concentra-
tions are measured by chemiluminescence and the outlet NH? concentration after
NO conversion is continuously analyzed by catalytic oxidation (Section 3.7.6).
Since this method of NHs analysis is not highly reliable, manual analysis is

periodically used for calibration.

4.3.3 SCR System Performance

IHI guarantees that the NOx removal efficiency of its SCR systems will
be over 80% if an NH3/NOx mole ratio of 0.9 is used for more than a year.
By using a mole ratio of 0.9, an 85-87% hOx removal efficiency was attained
initially at Kudamatsu. For normal operation, a mole ratio of 0.85 has been
used for both systems, Currently the NOx removal efficiency of the system
is 81-82%, while in 1980 it was 82-83%. Unreacted NHs has been maintained at
about 5 ppm. Based on these results the catalyst life is expected to be more

than 4 years.

At a boiler load of one-third, the economizer outlet gas temperature
drops to 275°C., When the boiler load goes below one—third, ammonia injectiom
is discontinued. At this low boiler load level the NOx concentration is

already low enough to meet the established emission limit.

The pressure drop of the flue gas is 50-60 mm H:0 through the catalyst
beds and nearly 100 mm H20 through the entire SCR system, including the
reactor and the connecting ducts. No increase in the pressure drop has been
noticed during the more than 3-year operation period. Soot blowing systems
have been installed for the reactors but have not been used because the cata—

lyst beds have remained clean.
The No. 1 and No. 2 boilers at the Kudamatsu Station are operated by 10

persons per shift while the No. 3 boiler is operated by 4 persoms per shift.

No additional personnel are needed to operate the SCR system. If necessary,
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the catalyst will be replaced during the annval maintenance shutdown of the

boiler.

Ammonia consumption is 80-150 t/month for the two SCR plants. Two 65-ton
ammonia tanks have been installed at the station. Prior to the application of
SCR, ammonia was injected into the flue gas as it left the air preheater.

This was dome in order to neutralize the sulfuric acid mist and to prevent the

corrosion of the ESP. It produced a flue gas containing nearly 10 ppm NHs.

The operation of the SCR units at Kudamatsu has been trouble~free except
for the ammonium bisulfate problem in the air preheater which is described in

the following section.

4.3.4 Ammonium Bisulfate Deposition in the Air Preheater

The flue gases from the No. 2 and No. 3 boilers contain about 1 ppm SOs
with about 100 ppm SOz, After the gas passes through the SCR reactor, its SO0s
concentration increases to 5-7 ppm. The oxidation ratio of SOz to SOa is high
{4-6%), because the catalyst was designed before low-oxidation catalysts were
developed.” In the air preheater, the flue gas containing about 5 ppm of NH,

is cooled to 145°C and 137°C in the No. 2 and No. 3 systems, respectively.

A substantial amount of ammonium bisulfate deposits in the air preheaters
of the SCR unit. In the No. 2 system, soot blowing is applied from the cold
end of the preheater using 14 kg/cm? air for 2-hour periods, 3 times a day.
The pressure drop of the gas through the preheater is normally about 150 mm
Ha0. After the system has been operating for three or four months, the pres-
sure drop begins to increase rapidly. When it reaches 300 mm H20 after about
four months operation, the boiler 1s shut down for cleaning of the preheater.
One washing requires 2,500 tons of water. The wash water containing ammonium
bisulfate 1s stored, neutralized at a rate of 50 t/hr and stored again in
preparation for reuse. One washing takes about 20 hours including the drying
of the preheater. Washing is usually done on weekends when the power demand

is low.
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The preheaters for the No. 3 boiler have soot blowing systems at both
cold and hot ends. Three times & day air blowing is applied from the cold end
of the preheaier; steam soot blowing from the hot end is used once a day.

Even with the increased blowing, water washing is necessary oanly once every
two or three months. Five thousand tons of water are normally used to wash
both of the preheaters. Each preheater is washed while the other preheater is

in use and the boiler is operating at half load.

To solve the bisulfate deposition problem 1n the No. 3 system, a number
of measures were taken during the annual maintenance shutdown of the boiler in
late 1980, First, the soot blowing system at the cold end of the preheater
was modified to provide a stronger blowing action. Second, a small amount of
catalyst was added to the reactor in order to reduce the unreacted NH: from 6-
8 ppm to 4-5 ppm. There was room in the catalyst container to hold the addi-
tional catalyst. Third, since dust tends to increase bisulfate deposition,
the dust content of the flue gas was reduced by about one-half. The amount of
dust was reduced by reducing the ratio of the flue gas recirculation and the
staged combustion. This also had the effect of increasing the NOyx concenm

tration of the flue gas from 105-110 ppm to 115-120 ppm.

So far, these modifications have proven successful with no increase in
the pressure drop. The reinforced soot blowing at the cold end of the pre-
heater is considered to be very effective; soot blowing from the hot end has
been abandoned. There is no plan to add catalyst in the No. 2 system, al-

though its soot blowing system may be reinforced in the future.

Recently Chugoku Electric, jointly with XHI, studied a new techmology to
remove the deposits——thermal cleaning. With this type of cleaning, the hot
gas is passed through the preheater as usual while air 1s stopped to allow
heating of the preheater elements to about 300°C. This causes the partial
decomposition of the deposits. Intense soot blowing 1s applied during the
heating process to dislodge the deposits., Test results have thus far not been

disclosed.
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4.3.5 Economics

The total investment cost of the Kudamatsu SCR plant was 2.2 billion yen
for the No. 2 unit and 2.5 billion yen for the No. 3 uvnit. These costs
include civil engineering, labor, and performance testing. The No. 2 unit was
relatively expensive bcause of the complex ductwork needed for the retrofit-

ting process as well as the installation of the induced fams.

A breakdown of capital costs for the No. 3 SCR system is given in Table
4-9, The entire No. 3 boiler and genmerator system cost 55 billion yen, imclud-
ing 2.5 billion yen for the SCR plant and 1.2 billion yen for the ESP systen.
In this case the SCR system accounts for 4.5% of the total cost of the boiler—

generator system.

The annual cost for the No. 3 SCR plant is given in Table 4-10. Tke cost
assumes 70% boiler utilization or actual power gemeration of 4,292,400 MWhr/
yr. The annualized cost for SCR adds up to 0.28 yen/kWhr (assuming a 3-year
catalyst life) which is equivalent to about 1.3% of the power gemeratiom cost.
This cost would increase to 0.32 yen/kWhr if the catalyst life is 2 years, and
would decrease to 0.26 yen/kWhr with a 4-year catalyst life. Although a small
amount of éatalyst was added to the No. 3 reactor, as mentioned above, it is
not certain whether the addition was really needed to reduce bisulfate deposi—
tion. A 4-year catalyst life may be attained without the addition of the

catalyst.

The power consumption of the SCR system represents 0.15% of the total
power generated by the boiler. This is less than one-tenth of the power conm
sumption of conventional FGD systems. The investment cost for the No. 3 plant

is 3,570 yen/kVW, approximately one-fifth that of a conventional FGD system.
4.3.6 Evaluation
The smooth operation of the reactor and the long life of the catalyst at

Eudamatsu have demonstrated the reliability and utility of SCR for flue gas

from low-sulfur oil. The ammonium bisulfate deposition problem is largely due
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TABLE 4-9. CAPITAL COST BREAKDOWN OF SCR SYSTEM ON NO. 3 BOILER (700 W)
CHUGOKU ELECTRIC, KUDAMATSU POWER STATION ($1 = ¥250) (3)

Capital Cost

Component ¥10° $10¢ Percent
Catalyst 1.1 4.4 44
Reactor 0.7 2.8 28
NH; System 0.24 0.96 10
Testing and Start-Up 0.16 0.64 6
Other 0.30 1,2 2
TOTAL 2.5 10.0 100

TABLE 4-10. OPERATING COST BREAKDOWN OF SCR SYSTEM ON NO. 3 BOILER (700 Mv)
CHUGOKU ELECTRIC, KUDAMATSU POWER STATION ($1 = ¥250)

Cost/Year

Component ¥10¢ $10¢ Percent
Interest 250 1.00 21
Depreciation 321 1.28 27
Tax 35 0.14 3
Catalyst 367 1.47 31
Power 83 0.33 7
NH3 76 0.30 6
Others __62 0,25 _35

TOTAL 1194 4.77 100

Basis: 7 years depreciation
10% interest
3 years catalyst life

Note: Japamese utility power company ecomomics include tkhe catalyst cost both

in the investment cost (which is depreciated) and in the operating
cost.
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to the high oxidation ratio of SOz to SOs which occurs with certain catalysts.

The new low-oxidation catalysts greatly reduce this problem.

The applicability of thermal cleaning may be related to the intensity of
the soot blowing and the specific composition of the deposits. Usually, bi-
sulfate reacts with preheater construction material to form various compounds.
Combinations of some of the compounds may be difficult to remove with thermal

cleaning.

4.4 SCR UNIT AT THE SHIMONOSEKI PLANT, CHUGOKU ELECIRIC

4.4.1 Introduction

The Shimonoseki Station of the Chugoku Electric Power Company has two
boilers-—a 175 MW coal-fired boiler (No. 1) and a 400 MW oi1l-fired boiler
(No. 2). The air and water pollution regulations which apply to the station

are listed in Table 4-11.

TABLE 4-11. REGULATIONS FOR SHIMONOSEKI STATION

Pollutant Regulated Level

Air Pollution Control

k Value 2.7 (Ground level concentration 0.0047
ppm)
SO¢, Nm3/hr Below 412
Particulates, kg/hr Below 130
No. 1 boiler, mg/Nm? Below 200
No. 2 boiler, mg/Nm? Below 40
NOx, Nm3/hr Below 330
No. 1 boiler, ppm Below 350
No. 2 boiler, ppm Below 170
Suspended particulates, mg/m? Below 0.2

Vater Pollution Control

pl 5.8 - 8.6
Suspended solids, kg/day Below 12
mg/liter Below 15
Normal hexane soluble material
kg/day Below 0.8
mg/liter Below 1
Chemical oxygen demand, kg/day Below 12

mg/liter Below 15
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The No. 1 boiler was completed in 1967 and burned coal and oil at a 25/75
ratio before .a full scale MHI limestone-gypsum FGD plant was completed in July
1979. After the FGD plant began operation, a 50/50 coal and oil ratio was
used. Although the NOx regulation may be met by combustion modification,
even with coal as the only fuel, it is likely that more stringent NOg reduc-
tion may be required in future. For this reason, Chugoku Electric decided to
install a full-scale SCR unit to allow for the burming of coal as the sole
fuel. This unit, completed in March 1980, is the first full-scale SCR plant

for a coal-fired boiler in the world and is considered to be a demonstration

plant.

Figure 4-12 shows the combined SCR/FGD system for the No. 1 boiler. In
the system, the flue gas is first subjected to SCR at 350-400°C, then passed
through two trains of air preheaters and dust collectors (multi-cyclone and

ESP), and finally subjected to FGD after passing through a heat exchanger,

The No. 2 boiler is a relatively mew ome and uses a high sulfur oil. The
boiler uses combustion modification for NOz abatement and an MEI limestone-

gypsum FGD unit to reduce SOz.

4.4.2 SCR System
The design data for the Shimomoseki SCR system are given in Table 4~12.

The No. 1 boiler is used for the statiom’s base load and the 370°C gas
temperature at its economizer outlet is suitable for SCR. The load is some—
times lowered to 25% which causes a drop in the gas temperature. Since ammo—
nium bisulfate may deposit on the catalyst at the low temperature and thereby
lower catalytic activity, an economizer by-pass system was installed (Figure 4-
12)., The system mixes a portion of hot gas with the ecomomizer outlet gas at

the low load in order to maintain a gas temperature of about 350°C.
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TABLE 4-12. DESIGN DATA FOR THE MHI SCR SYSTEM INSTALLED AT THE SHIMONOSEKI

POWER STATION

Item

Design Value

Flue gas flow rate
Inlet temperature
Inlet NOx

NOz removal

NHs /NOx mole ratio
NH; emissions from reactor
Inlet SO2

Inlet SO3

Reactor dimensions
Space velocity
Catalyst

550,000 Nm?/hr

370°C

500 ppm

50% (Reactor sized for 80%)
<0.51

<10 ppm

1600 ppm

32 ppm

11.8m W x 8.5m D x 13.3m H
3000 hr?

Honeycomb, solid square type.
10 mm pitch (channel diameter plus
wall thickness).

An SCR reactor was installed adjacent to the boiler so that the treated

gas could be sent to the existing air preheater (Figure 4-13). The reactor

contains five horizontal layers of honeycomb catalyst (Figure 4-14) through

which the gas passes downward.

On top of the first honeycomb layer is a dummy

layer made of inactive hard ceramic material with the same cross section as

the honeycomb catalyst. This layer maintains a uniform parallel gas flow and

prevents the erosion of the catalyst by fly ash. There is an open space at

the bottom of the reactor where an additiomal catalyst layer could be placed

to attain a higher NOx removal efficiency.

The planning and design of the SCR system at Shimonoseki began in July

1979; construction followed in October 1979. The boiler was modified and the

reactor connected during the boiler’'s annnal maintenance shutdown period be-

tween February and March 31, 1980.

Since startup i1n April 1980, the boiler,

SCR system, and FGD system all have been operated without problems. Normally,

a 0.51-0.56 mol NHs to 1 mol NOx ratio has been used to remove 50-55% of

NOx. This meets the NOgx regulation and keeps unreacted NHs below 2 ppm.

The system can be operated without an attendant.
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MHI guarantees a catalyst life of one year for its SCR system. At
Shimonoseki, the catalyst was used for more than two years without any degra-
dation, except for some ve;y minor erosion observed at the inlet edge of the
first reactor layer. Three years of catalyst life is expected and the cata-—
lyst may be replaced during the annunal boiler maintenance period. The reactor
has a soot blowing system but it has not been used thus far because the cata—

lyst has remained clean.

In this system the air preheater also has been kept clean. Originally,
the air preheater contained dual-undulated elements for high- and medium—
temperature zones and notched flat elements for the low-temperature zone. It
also was equipped with a soot blowing system at the cold end which was oper—
ated for 2-hour periods, 4 times daily. When the SCR unit was installed, a
notched flat element was substituted for the dual-undulated element in the
medium temperature zome: the former can be more easily cleaned by soot blow—
ing. An additional soot blowing system was installed at the hot end of the
preheater. Since the startup of the SCR system, soot blowing from both ends
has been used for 2-hour periods, 4 times daily. Thus the air preheater has

been kept clean and has not caused an increase in the pressure drop.

The total investment cost of the Shimonmoseki SCR system was about 2 bil-

lion yen in 1980 including 1.7 billion yen paid to the builder (3).

In the future, when 80% NOy removal is required, a small amount of

catalyst will be added so that 80% removal is attained.

4.4.3 Problems Related to Unreacted NHs

The amount of ammonia injected in the SCR reactor at Shimonoseki 1s de-
termined by the flue gas volume and inlet NOy concentrations 1o a manner
similar to that used at other SCR plants. The concentration of the unreacted
NH; can be measured but has not been used to determine ammonia injection be-
cause the method of measurement is less reliable than those used for other
parameters. Recently the Shimonoseki station began using a new method of

analyzing unreacted NHs developed by Shimazu (Figure 4-15). A sample portion
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of the reactor outlet gas is sent through the reactor (with the SCR catalyst)
where all of the unreacted NH3; is comverted to N2 and HiO after reacting with
the NO in the gas. The amount of NHs in the gas is calculated by determining
the difference between the NOx concentrations in the gas which has been sent
through the reactor and that which has not been exposed to the catalyst. This

method seems suitable for analyzing a low level of unreacted NHs.

The product fly ash at Shimoseki contains very little ammonia and can
readily be used for cement, concrete, or landfill material. It is assumed
that the ammonia contamination of the fly ash will not be extensive as long as

unreacted NHs is kept below 5 ppm.

The unreacted NHs is eventually caught by the FGD system downstream of
the air preheater. The NHs has not caused any problems in the FGD system or

with wastewater treatment because of its low concentration level.

The Shimonoseki Station’s No. 2 boiler uses a high sulfur oil. For this
reason, ammonia is injected into the flue gas as it leaves the air preheater
in order to prevent ESP corrosion and also to increase particulate removal
efficiency. Thus, the flue gas which is seat into the FGD system contains
about 5 ppm MNH3, which is more than that found in the No. 1 boiler flue gas
after SCR. The FGD system for the No. 2 boiler, as well as the wastewater

treatment system, has had no problem with the ammonia.

4.4.4 Evaluation

The smooth operation of the SCR system at Shimonoseki has demonstrated
the commercial applicability of the high dust system for cosl-fired boiler
flue gas. The use of a dummy layer in the reactor successfully prevents cat-
alyst erosion and is responsible for a catalyst life expectancy of more than 3

years.

The gas temperature at the SCR reactor has been kept above aboumt 330°C.
The critical temperature at which ammonium bisulfate deposits on the catalyst

differs with the inlet SOx concentration, the catalyst—induced oxidation
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ratio of SOz to SOs and other factors. It has been found that with flue gas
from heavy o0il or crude oil, the oxidation ratio increases with time due to
the deposition on the catalyst of vanadium derived from oil. This increase in
oxidation may not occur with coal, particularly with the high dust system.

Those problems warrant additional future study at Shimonoseki.

Since the catalyst has proved to be free from dust plugging and erosion
problems, even for flue gas with a full dust load, MHI has decided to use a
more efficient catalyst with a 7-mm pitch for future high-dust system SCR
plants., This efficient catalyst has already been used at SCR plants for three
coal-fired boilers (75 MW, 75 MW, and 125 MW) at Chugoiu Electric’s Shin-Ube
Station, which began operation in early 1982. By using an SV of 4,000
hr~' and a NH3;/NOx mole ratio of 0.66, 65% of NOx has been removed
with 2 ppm unreacted NHs, The plants have operated successfully and the un—
reacted NH3 has not caused any effect on the air preheater, FGD system, or fly

ash composition.
4.5 SCR SYSTEM AT TOMATO-ATSUMA STATION, HOKKAIDO ELECIRIC
4.5.1 Introduction

In October 1980, Hokkaido Electric completed a new 350 MW coal-fired
boiler at Tomato—Atsuma. The station is located in a new industrial district
developed by the Hokkaido government. The flue gas treatment system for the
Tomato—Atsuma boiler is shown in Figure 4-16. In accordance with local regu-
lations, NOx emitted from the boiler is less than 184 Nm?/hr (158 ppm);

SOx is kept below 152 MNm®/hr (130 ppm). The boiler burns domestic low—

sulfar coal containing 0.3% sulfur and 1.2% nitrogen. A hot-side ESP has been
installed to maintain a high dust removal efficiency. This umit is the first
hot-side ESP installed in Japan for a utility boiler. At the plant, combus-—
tion modification including staged combustion, flue gas recirculation, and a
low—NOx burner, is used to reduce NOx to 200 ppm. To meet the NOx regulatory
requirement, one-fourth of the flue gas is treated by SCR to achieve over 80%
NOy removal. A limestone—gypsum FGD system has been installed which removes

over 90% of the SOy from half of the flue gas.

300



T0¢€

HOT ESP

BOILER {E}
NO 1

AIR PREHEATER

CcO 1 [
NO 2l J
=l

NO 3

=D
NO 4

LIQUID AMMONIA
STORAGE TANK

ACCUMULATOR

AMMONIA
VAPORIZER

)
o~ f—a

DE-SO,

DE NO, FAN

-‘ AMMONIA GAS
DILUTION

CHAMBER

~
DILUTION

AIR

Caal

DE-NO, REACTOR

pEY

Figure 4-16 Flowsheet for the De NO, System al the Tomato Alsuma Station
{Hokkaildo Electric Power Co)

STACK



The total investment cost for the power station at Tomato-Atsuma was 70
billion yen including 11-13 billion yen for pollution control facilities. The
boiler, SCR unit, and FGD unit all were constructed by Babcock Hitachi Ltd.
Since its startup in October 1980, the entire system has operated smoothly,

except for a few minor problems with the FGD wastewater treatment system.

4.5.2 SCR System

The design conditions and equipment specifications for the Tomato Atsuma
SCR unit are listed in Tables 4-13 and 4-14, respectively. A plate catalyst
(1 mm thick with 10 mm pitch) produced by Hitachi Ltd. is used in the unit
(Figure 4-17).

TABLE 4-13. DESIGN CONDITIONS FOR SCR UNIT, TOMATO-ATSUMA STATION, HOKKAIDO
ELECIRIC POWER COMPANY

Items Design Base Remarks
Gas flow 280,000 Nm?/kr 350 MW x 1/4
Inlet gas temperature 356°C

Inlet NOx concentration Max. 200 ppm

Outlet NOx concentration {40 ppm

NOx removal efficiency >80% (Guaranteed)
Inlet dust load 45 mg/Nm?

Slip ammonia concentration <10 ppm

Inlet gas humidity 8.16 Vol. %

The 360°C flue gas leaving the boiler economizer is sent through the hot-
side ESP where 1ts dust content is lowered from about 23 g/m?® to 45 mg/Nm3, a
removal efficiency of 99.8%. Then the gas is sent downward through an SCR
reactor. Gas velocity in the reactor is about 4 m/sec. This rate is suf-
ficient to prevent both erosion and dust plugging of the catalyst. Eighty to
85% of the NOx is removed in the reactor by using a ratio of 0.85 to 0.9 mol
NH; to 1 mol NO (Table 4-15).
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TABLE 4-14,

PRIMARY PLANT EQUIPMENT SPECIFICATIONS

Equipment

Item

Description

DeNOx Reactor

Catalyst

DENOX Fan

Liquid Ammonia
Storage Tank

Ammonia Vaporizer

Ammonia Accumulator

Ammonia Gas
Dilution Chamber

Type
Number
Size
Material

Type
Number
Material

Type
Number
Flow
Pressure

Motor

Type
Number
Capacity
Material

Type
Number
Capacity
Material

Type
Number
Capacity
Material

Type
Number
Material

Vertical Type Parallel Flow
1

6.6mV x 17Tm Hx 8.8m L
Carbon Steel

Plate Type (1 mm x 10 mm Pitch)
Two layers
Titanium base

Double Suction Turbo Fan
1

11,900 m?/min at 356°C
-340 mmH20 (Inlet)

-170 mmH:0 (Outlet)

480 kW, 50 Oz, 10 P

Borizontal Cylinder with Pillow Support
2

10 t

SB46N2SR (carbon steel)

Vertical Spiral Tube
1

Max. 113 Kg/h

S841, STPG38

Vertical Cylinder
1

0.5 m®

SM41B

Horizontal Cylinder
1
STPG38
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TABLE 4-15. DATA, TOMATO-ATSUMA SCR UNIT, HOKKAIDO ELECTRIC POWER COMPANY

Items Design Actual
Gas flow, Nm3/hr 280,000 287,000
Inlet gas temperature, °C 356 332
Inlet NOx concentration, ppm 200 181
(01 6%)
Outlet NOx concentration, ppm 40 34
(02 6%)
NOx removal efficiency, % 80 81.2
(NH32)/(NOg) Mole Ratio 0.85 0.85
Slip ammonia concentration, ppm 10 1.9
Inlet gas humidity, vol % 8.16 10.0

The amount of inlet ammonia injected is determined by the inlet flue gas
volume and NOx concentration. Outlet NHs concentration is sometimes

measured manually; usuwally, the outlet NHs is kept below 5 ppm.

In May 1981, the entire system, including the boiler, was shut down for a
4-day scheduled inspection period. The SCR catalyst was found to be clean
although a soot blowing system had not been installed. In additiom, the air
preheater had almost no deposits in it and required no cleaning. Duraing the
nearly 2-year operation period, the system did not experience any increase in
the pressure drop of the preheater nor amy decrease im NOy removal effi-
ciency. Although catalyst life is guaranteed for 1 year, it 1s expected that
the catalyst will be used for more than 2 years to mainmtain over 80% NOy re-

moval efficiency with less than 10 ppm leakage NHs.
The cleanliness of the air preheater is due to the following factors:
1. Low leakage NH; in the gas (below 5 ppm) which is further
diluted when the gas is mixed with untreated flue gas before

entering the preheater.

2. Low SOx concentration in the gas, the low oxidation ratio
of SOa2 to SOs (about 0.2%) caused by the catalyst, and the

dilution by untreated flue gas.
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3. Low dust content of the gas.

4. The use of soot blowing.

4.5.3 Future Construction

In 1985, Hokkaido Electric will complete the comstruction of a 600-MW
coal-fired boiler at the Tomato—Atsuma station. This No. 2 boiler will be
constructed by IHI; Hitachi Ltd will supply the turbines. Imported coal,
containing 1.2% S and 1.8% N, will be used with extensive combustion modifica-
tion to maintain NOx below 170 ppm. This combination will enable the boiler
to comply with the regulations without requiring SCR. The flue gas leaving
the air preheater will be treated by a cold ESP and an MHI limestone—gypsum
FGD system. Although the No. 2 boiler will not have an SCR reactor, a space
between the boiler economizer and air preheater will be reserved for future

installation of a high-dust SCR system.

4.5.4 Evaluation

The SCR unit at Tomato—Atsuma is the first commercial low—dust SCR unit
to use a hot ESP for flue gas from coal. The smooth operation of the plant
demonstrates that the low—dust system, as well as the high—dust system, is
feasible. The Hitachi plate catalyst is very efficient and removes over 80%

of NOgx with only a small amount of unreacted NHs.

Several years ago when Hokkaido Electric decided to use the low-dust
system, the high-dust system had not yet proved to be viable; now Hokkaido
Electric is interested in using the high-dust system. Although the company
currently has no plans to install an SCR system for the No. 2 boiler, a high-

dust system will be 1installed if SCR proves to be necessary.
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4.6 KANSAI ELECTRIC'S SCR PLANTS

4.6.1 Large Scale Testing of SCR

Kansai Electric, the second largest utility company in Japan, first
installed an SCR test plant in 1977. The plant is capable of treating one-
fourth of the flue gas from an existing 450 MW oil-fired boiler at the Kainan
Station. Initially, a ring tube catalyst was used in a fized bed. The flue
gas contains about 100 ppm each of SOy and NOyx with about 20 mg/Nm? of
particulates. The 330-380°C flue gas leaving the boiler economizer enters the
SCR reactor where over 80% of NOx is removed and unreacted NH: is maintained
at around 10 ppm. At first, the reactor had dust plugging problems and as a
result, the ring tube catalyst was replaced by a Hitachi plate catalyst. With

the new catalyst, the SCR system has experienced trouble-free operation.

In 1977, Eansai Electric also installed a Thermal DeNOy SNR system for
an existing 156 MW boiler at its Himeji Station. In 1978, a small amount of a
honeycomb SCR catalyst was installed in the duct between the boiler economizer
and the air preheater in order to increase NOy removal efficiency and reduce
unreacted NHi. The SNR unit was removed in 1979. Since then, abount 30% of
the NOx has been removed by the catalyst and a small amount of ammonia has

been injected between the boiler economizer and the catalyst bed.

Both of the plate catalysts at Kainan and the honeycomb catalyst at
Himeji have been used with little degradation for about 4 years. Based on
these results, Kansai Electric has installed many commercial SCR plants which

use honeycomb and plate catalysts (Table 4-1).
4.6.2 Commercial SCR Plants

As shown 1n Table 4-1, Kansai Electric has 25 commercial SCR plants for
existing oil- and gas—-fired boilers and plans to install 6 plants for new o1l-

fired boilers. Twenty-one plants which use honeycomb catalysts have been or

will be constructed by MHI and IHI; Babcock Hitachi has or will comstruct
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another 10 plants which use plate catalysts. All of the SCR reactors are

placed between the boiler economizer and air preheater.

As shown in Figure 4-18, the SCR reactors for the Sakaiko Station’s
No. 2, 4, 6 and 7 boilers (250 MW each) are each placed in a small space at
the economizer outlet. The reactors use MHI honeycomb catalysts with a space

-1

velocity of 5,070 hr so that flue gases from both oil and gas burning

can be treated.

The SCR system performance for the No. 6 boiler which fires LNG is shown
in Figure 4-19. The flue gas contains about 110 ppm NOx. By using 0.8 mol
NH: per mol of NOx, over 75 percent of the NOx is removed with less than 5
ppm of unreacted NHs. During 13,000 hours of operation, the SCR system showed
only a slight decrease in NOx removal efficiency——from 77-78% at the begin-

ning to 76-77% at the end.

Figure 4-20 shows the retrofitting of the SCR reactor for the existing
No. 2 boiler (156 MW) at EKansai Electric's Osaka Station. The SCR reactor is
positioned just above the vertical flow preheater so that the gas is sent
downward through the reactor. SCR reactors also have been installed for the
Nos. 3 and 4 boilers. These boilers burn 1% sulfur o0il and produce flue gas
containing about 500 ppm SOz with a small amount of SOs. To meet regulatory
requirements, a low oxidation honeycomb catalyst is used to remove 75% of

NOy and to maintain unreacted NHs below 5 ppm.

As of July 1982, the SCR systems for boiler Nos. 2 and 4 have operated
without problems for about 9,000 hours. There has been no ammonium bisulfate
deposition in the air preheaters, which may be due to the low levels of un-

reacted NHs and S50s.
Osaka Station’s No. 1 oil-fired boiler (156 MW) has a simple SCR system

which uses a small amount of catalyst in the duct between the boiler econo—

mizer and air preheater. This system removes about 30% of NOyx.
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Figure 4-21 shows the SCR reactor which was retrofitted to the existing
No. 6 boiler (600 MW) at Eansai's Himeji No. 2 Station. The boiler burms
either oil or gas. IHI coanstructed the SCR plant which uses a honeycomd cat-
alyst; a large additional amount of ductwork was required to connect a large
reactor between the boiler economizer and alr preheater. The boiler has two
trains of air preheater—-ESP systems and therefore required an SCR reactor for

each of the trains. The boiler burns LNG currently and the SCR systems have

been operated without problems.

4.6.3 Evaluation

Kansai Electric’s SCR units have been operated without problems. The

lack of a bisulfate deposition problem in the unit’s air preheaters may be due

to tne use of a catalyst with a low 503 oxidation capability and to a low
level of unreacted NHi,

4.7 SCR TESTS AT THE NAKOSO STATION (5)
4.7.1 Test Plant

Tokyo Electric Power Company, Tohoku Electric Power Company, Joban Joint
Power Company, and MHI conducted extensive testing of SCR with flue gas (4,000
Nm?/hr) from the No. 7 boiler at Joban’'s Nakoso Station. The tests were run
from April 1979 to November 1980. The No. 7 boiler burned 40% coal and 60%
0il in the daytime and 60-70% coal/30-40% oil during the reduced load period
at night.

The tlowsheet of the test plant is shown in Figure 4-22. The plant con-
sisted of both high-dust and low-dust SCR systems in combination with wet
limestone-gypsum FGD system. The high-dust system treated flue gas with a
full dust load of 6-10 g/Nm3. It used 2 downflow SCR reactors with honeycomb
or plate catalysts. In the high-dust system, a ceramic dummy spacer was
placed above the catalyst layer to protect the catalyst from fly ash erosion.
In the low-dust system, the flue gas first was sent through a hot ESP where

the dust content was reduced to 0.1-0.3 gram/Nm*. From there, the gas went
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into 3 SCR reactors in parallel. Two of the reactors used either a homeycomb
or plate catalyst with horizontal gas flow while the third used a honycomb
catalyst with gas downflow. A vertical flow air preheater was installed down-

stream of each of the reactors.

4.7.2 Test Results

Tests were conducted for a total of 10,600 hours, excluding monthly
shutdown periods for inspection. These shutdown periods typically lasted

several days.

Figure 4-23 summarizes 1979 test results for the high—dust system. An
NOy removal efficiency of 80% was attained throughout the test period. The
catalysts were kept clean and showed no degradation; the dummy layer success—

fully prevented catalyst erosion.

During the test period the pressure drop of the gas through the catalyst
bed remained at about 25 and 15 mm Hi0 for the main and sub reactors, respec-

tively, without soot blowing.

The air preheater contained dual-undnlated elements for high- and inter
mediate—temperature zones and a notched flat element for the low-temperature
zone. Soot blowing was applied once a day to keep the preheater clean. There
was no increase in the pressure drop through the preheater during the entire
10,600 hour test period. Unreacted NHs was maintained at 1-3 ppm. Results of

the first 5,000 hours of testing are given in Figure 4-24.

Figures 4-25 and 4-26 present results of tests on the low-dust system.
Without soot blowing, fine particles of fly ash deposited horizontally on the
inlet edge of the honeycomb catalyst. This caused an increase in the pressure
drop and a decrease in the NOy removal efficiency. The ash deposits were
removed by soot blowing. Deposition can be reduced by using a8 honeycomb with
a larger channel diameter or with a higher gas velocity, but these measures

will not prevent the large increase in the pressure drop which occurs when
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soot blowing is not used. About 80% NOy removal efficiency and unreacted

NH: in the range of 1-3 ppm was achieved throughout the test period.

The air preheater experienced ammonium bisulfate problems when it con—
tained the standard types of elements. As shown in Figure 4-26, the pressure
drop increased markedly even with soot blowing three times a day. After 996
hours of operation, the preheater was washed with water and the elements in
the intermediate— and low-temperature zones were replaced with new notched-
flat elements which permit soot blowing to work more efficiently. After the
change of elements, any increase in pressure drop was prevented by applying

soot blowing three times a day from both cold and hot sides of the preheater,

4.7.3 Evaluation

Based on these tests, Tokyo Electric considers both the high-dust and low—
dust SCR systems to be commercially applicable to coal-fired boilers, the high
dust being superior to the low-dust. Two commercial SCR plants under con
struction for the Nos. 8 and 9 coal/oil-fired boilers at the Nakoso Station

(600 MW each) will use the high—-dust system.

However, the high-dust system does have two problems associated with it
(1) contamination of fly ash by ammonia, and (2) a relatively low cold ESP
efficiency for fly ash from lowsulfur coal. As the tests have demonstrated,
contamination of the fly ash can be eliminated by maintaining unreacted NHs at
a very low level. The problem of the low ESP efficiency can be solved by
applying wet process FGD which is very effectcive at removing particulates.
The tests at Nakoso showed that a particulate concentration of 300 mg/Nm?! can

be reduced to about 30 mg/Nm3 by FGD (5).
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4.8 EPDC'S SCR ACTIVITIES (6)

4.8.1 Introdﬁction

In cooperation with five major SCR process developers, EPDC conducted
extensive pilot plant tests of both high- and low—dust SCR systems with coal-
fired flue gas. For the full-scale demonstration plant (250 MW) and for a
commercial plant for a new 700-MW coal-fired boiler, EPDC tested the low-dust
system. This section was made in order to maintain a low dust emission level
with various types of imported coals and to eliminate ammonia contamination of

the fly ash.

4.8.2 Pilot Plant Tests with KHI (7)

Figure 4-27 is the flowsheet of the Takehara SCR pilot plant. In the
plant, the 150°C flue gas leaving the existing ESP is heated by a heat
exchanger and electric heater to 300°-400°C. The composition of the flue gas
and the properties of the fly ash are shown in Table 4-16. The composition of
the fly ash is shown in Table 4-17.

TABLE 4-16. FLUE GAS COMPOSITION AND FLY ASH PROPERTIES, SCR
PILOT PLANT, TAKEHARA STATION

Flue gas contents:

NO , ppm 200 ~ 410
$03, ppm 1100 ~ 1720
S0s, ppm 1 ~2
0z, % 5§ ~10%
H20, ® 8§ ~9 %
Dust, mg/Nm? 46 ~ 255 mg/Nms

Dust properties:

Particle size, § 10 ~ 30p
Specific gravity ca. 2.1 (absolute)
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TABLE 4-17. FLY ASH COMPOSITION,

S$i0a Fe103 Al1:0: Ca0 MgO Va0s
56.91 4,92 21.5 1.57 1.28 0.04
Nai0 K30 PbO MnO TiOa2 Cu0
0.57 0.22 0.03 0.04 1.67 0.01
Zu0 NH4 " c1” SO« cos c

0.02 <0.01 Nil 0.77 0.44 3.5

The pilot plant uses a vertical SCR reactor with a gas down flow and a
tubular catalyst. The objective of the pilot plant test was to attain 80%
NOy removal efficiency with unreacted NHs less than 5 ppm. The SOz oxida-

tion ratio caused by the catalyst was about 1%.

Figure 4-28 shows the relationship between the gas velocity in the reac-—
tor (linear velocity), space velocity, gas temperature, and NOx removal
efficiency. Over 90% of NOy was removed at temperatures above 350°C with an
SV of 4,160 hr™2 or less and an NH3/NOx mole ratio of 1.0, although a

considerable amount of unreacted NH; was released.

Figure 4-29 shows that by using a mole ratio of 1.0 at the SV of 3,120
hr~1, unreacted NHs exceeded 5 ppm, althomngh the NOx removal efficiency
exceeds 90%. In order to keep the level of unreacted NHs below 5 ppm, the
mole ratio should be smaller than 0.9, which will result in an NOx removal
efficiency below 90%. An SV smaller than 3,000 hr™* may be used in large-
scale SCR units to achieve the same results. Figore 4-30 shows that catalytic
activity did not decrease during the 4,000 hour test period. Nor did the

pressure drop, which indicates that no dust plugging occurred.

Figures 4-31 and 4-32 illustrate the results of special tests using one-
third the normal amount of catalyst, In one of the tests, the gas temperature
was varied between 360° and 290°C with a temperature change rate of 3.3°C/min.

for the descending rate and 3.1°C/min. for the ascending rate (Figure 4-32).
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No change in the NOgx removal efficiency was observed before or after the
test. Figure 4-33 shows that the NOx removal efficiency decreased from 60%
to about 30% when the gas temperature was maintained at 270°C for 250 hours
due to ammonium bisulfate deposition on the catalyst. When the gas temper—
ature was raised to 300°C, the NOy removal efficiency increased to over 40%.
When the gas was heated even more (350°C), catalytic activity returned to its
initial level. These results indicate that the catalyst was resistant to

attack by the ammonium bisulfate.

4.8.3 Demonstration Plant

Basic information on the SCR demonstration plant at the Takehara Station
is presented in Table 4-18 and Figures 4-33 and 4-34. The No. 1 coal-fired
boiler (250 MW) has two trains of air preheater/cold ESP/ ID fams. After
passing through this system, all of the boiler flue gas is treated by wet
limestone/gypsum FGD. For the demonstration test, a system with two traims of
hot ESP/SCR/fans and modified air preheaters was installed. One of the SCR
reactors is manufactured by BHK and uses a plate catalyst similar to the one
used at Hokkaido Electric’'s Tomato—Atsuma Station (Section 4.5) with an SV of
2,300 hr~*; the other is manufactured by KHI and uses a tubular catalyst
with an SV of about 2,000 hr".

The air preheater used in the demonstration has a modified arrangement of
elements and soot blowers as shown in Figure 4-35. Ammonium bisulfate tends
to deposit between the intermediate- and low—temperature zones in a conven
tional air preheater and is difficult to remove by conventional soot blowing.
To solve that problem a combined intermediate— and low-temperature element was
installed which permits soot blowing to work efficiently. The new fans in-
stalled in the SCR demomnstration plant are compared with the existing ones in
Table 4-19. The increase in the capacity of the induced fans 1s designed to
compensate for the increase in the pressure drop caused by SCR reactor aad hot
ESP. An increased capacity in the forced draft fans is required by the large
distance between the fan and the boiler caused by the retrofitting of the SCR

system.

328



6¢¢

FD 2
FAN
AlIR
PRE-
HEATER
CoLD ID TO
BOILER |——®m —— ESP — FAN ——O| FGD _—.STACK
EXISTING ARRANGEMENT
EXISTING
— — — — NEW
—=-= r-&;‘
| J FAN . ]
AIR : -
PRE- |
_ _ HEATER _
[wot | . '_| K ! | o TO
BOILER |——»i ESP | | SCR :———.1 :——D: EAN '—D FGD _,STACK
| | (IR | L—_—_ —_—
MODIFIED ARRANGEMENT
Figure 4-33 Equipment Modifications Made for SCR System Installation

at EPDC's Takehara Station. (8)

70A2672



0te

TARIL 4-18.,

DFSCRIPIION OF SCR DEMONSTRATION PLANT,

TAKEIIARA STATION NO, 1 UNIT

Efficiency
ITtem Manufacturer Ty pe Capacity (Guaranteed) Remarks
(1) lxisting Plant Rcheat Type
Radiant
(e) Boiler BIK Boiler 810 T/h - Fuel: coal
(b) Plant output - - 250 My -
(2) Dcemonstration
Plant
{a) SCR BIIK Plate Catalyst 400,000 Nm*/h >80%
K1 Tube Catalyst 400,000 Nm?/h >80%
(b) Air Prcheater Gadilius l.ong element 400,000 Nm’/h - New Aarx
Ljungstrom x 2 Preheater
(¢) N, Removal | 1/4 Activated 1,000 m?/Day <10 ppm
from I'GD Sludge as total N

Blowdown




111 BOILER
12y HOT ESP
13} SCR REACTOR
1) AIR PREHEATER

15 LIMESTONE/GYPSUM FGD

i00m

6 STACK
7 NH- STORAGE/
VAPORIZATION il

Figure 3 34 Arrangement of the SCR Demanstration Plant Takehara Station EPDC (3)
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Figure 4 35 Conventional and Modified Atr Preheater Designs (9)
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TABLE 4-19. COMPARISON OF EXISTING AND NEW FANS AT TAKEHARA POWER

STATION (KW)
Fan Existing New
Forced Draft (air) 630 x 2 1350 x 2
Induced Draft (flue gas) 1350 x 2 2350 x 2

The Takehara SCR units began operation in 1981 and have since beem oper—
ated with an NOx removal efficiency over 80% and 5 ppm of unreacted NHs. An
ammonium bisulfate problem occurred in the air preheater during the initial

stage of operation when unreacted NH: was about 10 ppm.

The small amount of ammonia contained in the flue gas after SCR is caught
by the wet FGD system. The FGD scrubbing liquor also contains nitrates de-
rived from NOx. In order to reduce the nitrogen concentration to below 10
ppm in the FGD system wastewater, a conventional activated sludge treatment

system has been constructed by Hitachi Zosen.

The total investment cost for the demonstration plant was 8 million yen
including the cost of the hot ESPs, air preheaters, fans and wastewater treat—
ment system. This cost is relatively high, due to the expense of retrofit-
ting, as well as the cost of equipment required for the demonstration tests.
According to EPDC personnel, the investment cost for an SCR system designed to
remove 80% of the NOx from coal-fired boiler flue gas was 7,000 yen/kW in
1981. Assuming a 2-year catalyst life, the annualized cost for this same sys-—

tem was about 0.6 yen/kWhr (including a 7-year depreciation schedule).

4,9 SCR COSTS

4.9.1 Investment Costs

Table 4-20 shows the investment costs of 9 SCR plants for utility boil-
ers. Chubu Electric’s 2 SCR plants for LNG-fired boilers at its Chita Station
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TADLE 4-20. INVESTMENT COSTS OF SCR PLANTS FOR UTILITY BOILLRS

Si1z0 NO3 Outlet Start~ Cost

Company Station Fuel (MW) N/R removal (%) NOx (ppm) Vendor Up (yen/k¥)
Chubu Llectric Chita ING 700 N® 80 8 Bu® 1978 2400
LNG 700 Nb 80 8 BIl 4 1978 2400
011 700 R 80 18 MHI 1980 3600
Chugoku Lloctric Kudamatsu 011 375 R 80 32 110 1979 5900
oil 700 N 80 26 I 1979 3200

Shimonoscki Coal 175 R 50 200 MII 1980 97008

llokkasdo ELlectric Tomato-Atsuma Coal 350x1/4 N >80 >40 Bl 1980 10000h
LEnC Takehara Coal 250x1/2 R 80 80 BH 1981 7000‘;
Coal 250x1/2 R 80 80 KII 1981 7000

®New
Retrofat
Nabcock Hitachy

Mitsubishi llcoavy Industries
Ishikowajiwa-Harima Heavy Industries
hawasak: lloavy Industrics Reactor has a capacity for 80% NOy removal.
8lncludlng boilcer modification for economizer by-pass.
Rough approximation



are less costly (2400 yen/kW) than the other plants because they use clean gas.
treatment which permits the use of small amounts of a pellet catalyst with an
SV of 20,000 hr™*. The SCR plant for the existing oil-fired boiler at the
Chita Station cost 3,600 yen/kW using a honeycomb catalyst with an SV of 5,100

kT2,

Chugoku Electric’s SCR plants for oil-fired boilers at the Kudamatsu
Station cost 5,900 yen/kW for the existing boiler and 3,200 yen/kV for the new
boilers. Both systems use a honeycomb catalyst with an SV of about 5,100 hr_l
The relatively high cost of the plant for the existing boiler was a resumlt of
the cost of the extensive ductwork required for retrofitting, and the instal-
lation of new fans needed to compensate for the pressure drop caused by the
SCR system (Section 4.3). The SCR plant for the existing oil-fired boiler at
the Chita Station did not require an additional fan because the existing

boiler fan was able to compensate for the increased pressure drop on its own.

The SCR plant for the existing coal-fired boiler at the Shimonoseki
Station cost nearly 10,000 yen/kW including the cost for the boiler modifica-
tion needed for installation of the economizer by—pass system (Section 4.4).
Hokkaido Electric’'s SCR plant at the Tomato—Atsuma Station cost about 10,000
yen/kW and has a capacity of treating one~fourth of the flue gas from a new
350 MW boiler. The relatively high cost of this SCR system for a new boiler
may be due to the small size of the plant (88 MW equivalent) and the fact that
it removes 90% of NOyx, EPDC's two SCR plants for existing coal-fired
boilers at the Takehara Station cost about 7,000 yen/kW each. Generally
speaking, an SCR plant which achieves 80% NOx removal for a new coal-fired
utility boiler may cost 6,000 — 8,500 yen, depending on inlet SOy and NOx

concentrations and the amount of unreacted NHi allowed.
4.9.2 Estimated Investment and Annualized Costs

Tables 4-21 and 4-22 show the estimated investment and annualized costs
of SCR for new 700-MW utility boilers burning coal, o0il, and gas. In prepar
ing these cost estimates the following assumptions were made, based on a study

of the costs of commercial and demonstration SCR plants.
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TABI L. 4-21 CALUULABID COSTS FOR AN SCR PILANE TOK A NEW 700 MW COAI-FIRID BOILLR (70% Borler Ursbazation 4,292,000 Mubhr/year, 1981 ycu)
(1 Jue Las flow rate 2,300,000 Nm®/hr, boncycomb catslyst cueromic square type, 3 S million ycu/m?, 2 year life)

s oemmmr - _Eiie: o m= = == = ==z sz ——-z= = -t t==riresazzs==s= = EO g .

Uoiler basis Paramoter Uigh S Coal tigh S Coal low S (ontl low § Co

zzozzem

RO , ppm 600 300 300 300
50", ppm 2500 2500 600 600
Palticulates, Nat 15-25! 15-25" 15-25" 0 0s-0 207

Design dats Catalyst size, mm 74+ l.6h 7.4 +1 6" 7.4 + 1 " 66 ¢ l.‘h
Nil; emissiocns, ppm 4-5 4-3 45 2-3
NO_ semoval, % 80 90 80 920 80 90 B0 90
NUS/NO, mole ratdo_, 0.82 0.92 083 093 083 093 0.82 0 92
Space veloclty. hr 2200 1600 2700 2000 3000 2200 3jouo 2200
Cotalyst volume, o 1048 1438 852 1150 167 1045 7167 1045
Reactor pressurc drop, mm/Ha0 130 150 115 135 110 130 110 130
Power consumption, B €.20 0.24 018 0 22 0.117 020 019 D 20

fnvestocnl cosls Catalyst, 10° yen 3.66 5 03 2.98 4 02 2 68 3 66 2 68 3 66
Other, 10? yen 2.25 2.50 210 235 2 00 2 30 2 00 2 30
Fotsl, 10° ye 5 9 7.53 s5.08 6 317 4.68 5 96 4.68 5.96
Fotel, yon/iW 8440 10760 7260 9100 6690 Hs10 6690 8510

Annual costs Fizcd cost, 10* y n® 0 92 1.13 0 83 099 0 17 0 95 o177 0.95
Catalyst, 10° yecn 1 83 2.52 1.49 2 01 o134 1 83 1 34 1 83
Amconis, 10* y oc 0.53 0.59 0 27 0 30 0.27 0 Jo 0 26 029
Other, 10* yen 020 0.24 018 0 22 0 16 0 20 0 16 0 20
Total, 10* yean 3.48 4.48 21 3.52 2.54 3 28 2 53 327

Annualized cost, yen/Kwhr 0.6} 1.04 0.63 0 02 (I3 0 76 0 59 0 16

Cost cffectiveness, yon/Nm® of NO, romoved 514 588 826 924 149 B61 749 861

dollars/ib of NOx removod® 0.45 0.51 0.73 0.81 0.66 0 76 0 66 0.76
;Pnrcenl of power genoraicd by the boller
Including cival onginocring and tost operation
:IOi of catalyst and 25% of investment excludiog catalyst
e(.nulyn vost divided by 1ife (ycars)

At 100 000 ycn/ton

Mainly for power (18 yon/Kwhr)
841 = v250. NO_ us NOu

bChannel dromctler plus wall thiokness
¥With full dust load

Leaviog s hot ESP
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TAM L 4-22

—asmmarawsELETsEl  AEEELILIT

(Al CULATED COSTS FUR SCR FOR NEW 700 MW OIL- AND GAS-FIKED BOILERS (70% boiler utilizstion 4,292,000
Muhr/yesr) (1981 cosis, fige gas flow zalw

1,000,000 Na*/he, coramic square boncycomb sad pocllct catslysts)

-

Boiler basia Paranoter Bigh 8 Oi1l Low 8 Oi} low S Oi) Gas

Fuel

NO , ppn 200 200 100 60
80", ppm 1.500 100 100 1

Partilulates, g/ta? 0.05-0 20 0 02-0.03 0 02-0.05 ] 005—0.02‘
Design date Cstalyst type Bon coabh lloneycogb loaeycopb Pellet

Catalyst size, me 6.6 1.4 5 8+1.2 5 8¢1.2

Catelyst Jife, yoar 3

Catalyst cost, 10¢ yeo/w’® 3 3 33 3o

NIls cmissiocs, ppm 3 4- 4-5 6-8

HO  removal, & 80 90 80 90 80 90 80 %0

NI§/NO mole rstlo 0.83 0.93 0 84 0 94 0 88 0 98 1 00 1.10

Spaco =aloclly, b3 2800 2000 4300 3100 5100 3700 18000 13000

Catalyst volume, = 714 1000 465 645 392 541 111 154

Resctor pressure drop, mm/H0 120 140 108 113 100 110 110 140

Power consumption, % 0.17 0.20 016 017 0.13% 016 o 17 0 20
lavestment cost Catalyst, 10® yon 2.36 3.30 1 53 213 1.29 1.78 0 33 0.46

Otbor. 10 ye 1.00 1.28 170 1 90 1 60 180 1 40 1.50

Tote), 10° ye 4.36 5.55 123 4 03 289 3.58 113 1.96

Total, yoo/iW 6230 7930 4610 3760 4130 5110 2470 2800
Annual costs Fizod cost, 10° y I 0.73 o 89 0 58 0 69 0 53 0 63 0 38 0 42

Catalyst, 10* yon 0.79 1.10 0 51 [ 33 0 43 059 0.08 012

Ameonia, 10* ygno 0.16 0.17 016 018 0 o8 0 09 0.05 0 06

Other, 10* yeo 0 20 0.24 018 019 017 019 0120 0.24

Totsl, 10* yen 1.88 2 40 1.43 n 121 1.50 o 71 0 84
Aanualized cost {yon/A¥/hr) 0.44 0 56 0 33 0 41 0 28 0.33 0.17 0.20
Cost effectivencss {yon/Na® of NOg reavved) 938 1087 719 794 1215 1343 1203 1270

(dollars/)b of NOI removed)d 0.84 0.96 0 6) 0 70 1 07 1.18 1 05 1.12

rrmmrErlErazer L1 CTERrTEes

a
Percent of powes goacs
Iocluding ¢avi) engine

AL 100 000 yen/ton
Heinly for power (21
841 - 250 MO, as N6,

-0 o6 o

ated by tho boiter
criog and tost operation

10% of catslyst and 25% of invesiment escluding catalyst
Catalyst cost divided by Mifc (ycars)

vn/Kwhr)

Blhennel dismater plus wall thickness

With full dust Joad
fcaving a hat 14



(1)

(2)

(3)

(4)

(5)

(6)

As shown in Figure 4-36, flue gas from the boiler economizer is
treated in the two traims of the SCR system. In most systems,
the.gas is first injected with ammonia and sent into the SCR
reactor. The exception is the low-dust system for coal (C in
Figure 4-36) in which the flue gas is sent through a hot ESP

and then into a reactor.

A square honeycomb catalyst is used except in the case of the
the system for the gas-fired boiler which uses a pellet cata-—
lyst. The channel diameter of the homeycomb is 7.4 mm for coal
with a full dust load, 6.6 mm for coal with the low-dust system
and high—sulfur oil, and 5.8 mm for low—sulfur oil. The cata-
lyst cost is 3.5 million yen/m? for coal, 3.3 million yen for
0il, and 3 million yen for gas. (Plate catalysts may be used

instead of honeycombs for the same or a slightly lower cost.)

Unreacted NH; is maintained at 4-5 ppm for coal with a full
dust load and low-sulfur oil. It is maintained at 2-3 ppm for
coal with a low—dust system and high—sulfur oil because, in
these cases, ammonium bisulfate deposition in the air preheater
may become a serious problem if the unreacted NH: concentration

is any higher.

NOx removals of 80% and 90% were assumed, which actually re—
quire 81-82% and 91-92% removal, respectively. For 90% NOy
removal, 35-40% more catalyst is used than for 80% removal. A
higher inlet NOx concentration also requires a larger amount

of catalyst.

The catalyst—induced SO: oxidation ratio is maintained below

0.5% for high-sulfur fuels and below 1% for low-sulfur fuels.

The annval power generation 1s 4,292,499 M¥ (70% of full capac-—
ity).
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(7) The investment cost includes costs for reactor, catalyst,
ducts, ammonia tank and injection system, soot blowing system,

control system, civil engineering services, and test operation.

(8) The fixed capital cost includes a 25% investment cost excluding
catalyst expense and 10% interest for the initial charge of the

catalyst.

(9) The catalyst life is 2 years for coal, 3 years for oil, and 4
years for gas. The annualized cost includes the catalyst cost

divided by the catalyst life (years).

(10) The cost of ammonia is 100,000 yen ($400)/ton. The power cost
is 18 yen/kWhr for coal and 21 yen/kWhr for oil and gas.

Table 4-21 shows that the investment cost for 80% NOx; removal is 8,440
and 7,260 yen/kV for high-sulfur coal with 600 and 300 ppm inlet NOx con-
centrations, respectively. The cost for low-sulfur coal is 6,690 yen/kV¥ for
both the high-dust and low-dust systems. Compared with the high-dust system,
the low-dust system uses the same amount of more efficient catalyst to main—
tain a lower level of unreacted NHs3. The investment cost for 90% NOx re-
moval is about 30% higher than that for 80% removal. The catalyst cost makes
up over 55% of the investment cost for 80% removal and over 65% for 90% re-

moval.

The annualized cost for 80% NOy removal is 0.81 and 0.65 yen/kWhr for
high sulfur coal with 600 and 300 ppm inlet NOx concentrations, respective-—
ly, and is 0.59 yen/kWhr for low-sulfur coal. Ninety percent NOy removal

costs about 30% more than 80% removal.

Although the annualized cost for NOyx removal with 600 ppm inlet NOgx
is about 25% more than that for 300 ppm NOy, the cost effectiveness 1s much
lower ——— 45 cents vs. 73 cents per 1b of NOy removed for 80% removal. With
90% NOx removal 1t is nearly 20% more cost effective to remove NOx from

gas containing 300 ppm than from gas with 600 ppm NOx.
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In actual practice it is difficult to conmsistently maintain 90% NOx
removal with less than 5 ppm of unreacted NHs when treating a large amount of
NOx-rich flue.gas such as that from a large coal-fired boiler. This is true
for two reasons., First, the NOx concentration as well as the gas velocity
may be considerably different in different areas of the large duct and reactor
inlet. Second, the boiler load is not constant, resulting in a fluctuation in
both gas volume and NOy concentration, and the NOx analyzer has a delay
time of several minutes. In order to reduce NOy from a large boiler by 90%,
the combination of combustion modification for 35-50% removal and SCR for 80-
éS% removal may be more practical and economical than the use of SCR by it~
self.

Table 4-22 lists the costs of SCR systems for oil- and gas—fired boilers.
The most common type of SCR plant in Japan is used for 80% NOx reduction in
flue gas from an oil-fired boiler containing about 100 ppm NOx. The invest-
ment cost is 3,860 yen/kW, the annualized cost 0.27 yen/kW. NOx removal of
200 ppm inlet NOx in low-sulfur oil flue gas costs about 20% more than this;
removal of NOx from gas—fired boiler flue gas containing 60 ppm NOx costs

about half as much.

SCR for boilers which burn high-sulfur oil may require about 60% more
catalyst than those which burn low-sulfur oil, given the same inlet NOx con
centration and NOy removal ratios. This occurs for two reasons: (1) In the
high-sulfur oil system the catalyst is less reactive. This is because of the
low 802 oxidation ratio and the larger channel diameter needed for the larger
amount of dust. (2) It is necessary to maintain unreacted NHs at a lower
level in the high-sulfur o0il system in order to reduce ammonium bisulfate
deposition in the air preheater. Thus, the SCR system costs for high-sulfur
oil-fired boilers are about 40% more than those for low-sulfur oil-fired

boilers and are similar to SCR system costs for low—sulfur coal-fired boilers.

The investment cost for an SCR system applied to am existing boiler may
be 10-40% more than that for a new boiler because of the retrofitting require—
ments and the possible need for new fans. When an SCR system is applied to

1509C flue gas leaving an air preheater, the system investment cost may be 40—
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60% more and the annualized cost 50-80% more than that for SCR applied at the
economizer outlet because of the requirement for gas heating. Although low-

temperature catalysts which work at 150-200°C have been developed, these cata-
lysts experience ammonium bisulfate problems. Applying SCR to the economizer
outlet is more economical than using low-temperature catalysts at the air pre-

heater outlet, even for existing boilers.

4.9.3 Power Generation and Flue Gas Treatment Costs

Table 4-23 gives estimated costs for a new coal-fired power station with
flue gas treatment systems in Japan. The total investment cost is 220,00
yen/kW, 10% of which is for FGD, 32% for SCR , and 1.8 for ESP. The total
annualized cost, including the cost of flue gas treatment is 18 yen/kW. Of
the total amount, 10% is for FGD, 4% for SCR, and 0.5% for ESP. The annual-
ized cost for this coal-fired station is less than the cost of an oil-fired

power station that uses ESP without FGD and SCR.

TABLE 4-23. POWER GENERATION COST FOR A COAL-FIRED BOILER IN JAPAN (1981)

Investment cost (yen/kW)

ESP (99% removal) 4,000
SCR (80% Nox removal) 7.000
FGD (90% SO03 removal) 30,000

Total Power Plant (including boiler,
turbine, gemerator, coal treatment,
flue gas treatment, plant site, and
auxiliary facilities) 260,000

Annualized cost including capital cost (yen/kWhr)

ESP 0.1
SCR 0.7
FGD 1.9
Total power cost (including flue gas

treatment) 18.0
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4.10 USE OF JAPANESE SCR TECHNOLOGY IN THE UNITED STATES

4.10.1 Introduction

As Japanese SCR technology has become more reliable and less costly some
U.S. utility companies have become interested im using it. Various Japanese
SCR processes have been licensed to U.S. firmms (Table 4-24) and a number of

pilot and demonstration plants have been comstructed.

The U.S. Eavironmental Protection Agency (EPA) sponsored an 0.5 MW pilot
plant test of the Hitachi Zosen SCR process at Georgia Power Company’s
Mitchell Station. The Electric Power Research Institute (EPRI) constructed a
2.5 MW pilot plant which uses KHI's SCR system at Public Service Co. of
Colorado’'s Arapahoe Station. Southern California Edison has constructed a
107.5 MW KHI SCR demonstration facility with a capacity of treating one—half
of the gas from a 215 MW oil-fired boiler at its Huntington Beach Station. 1In
addition, IHI's SCR catalyst will be used at an SCR pilot plant for an induns—

trial boiler.

This section describes the pilot plant tests of the Hitachi Zosen process

at Georgia Power Company’s Mitchell Station.

4.10.2 Hitachi Zosen Technolo Pilot Plant Tests at e Mi
Statio 1

Hitachi Zosen received an order from EPA for a 1,700 NM3/hr (0.5 MV
equivalent) capacity demonstration SCR plant which would remove 90% of NOx

from coal-fired boiler flue gas.

Chemico Air Pollution Control Corporation, Hitachi Zosen’'s North American
licensee, constructed the demonstration plant at Georgia Power Company’s
Mitchell Station. The boiler burns EKentucky coal containing about 1% sulfur.
For the test, flue gas (1,700 Nm?/hr) from the boiler economizer with a full

dust load was used. Since the gas cools while passing through a long duct



TABLE 4-24.

PRINCIPAL VENDOR CONTACTS FOR JAPANESE N0x SCR TECIONOLOGY (3)

Process

Japan Representative

U.S. Licensee or Partner

Babcock-Hi1tachs
(Oxtachi, Ltd.)

Bitachi-Zosen

(Oitachi Ship—
building and
Engiseering)

Ishikawajima—
Harima
Meavy
Indostries

(IR1)

Eawasaka
Heavy
Industraies
(KHI)

Mitsubish:
Heavy
Industzies
(3HI)

Biroshi Kuroda

Eure Works. Babcock-
HBitacha K.K.

No. 6=% Talara—=Mach:

Kure-shi, Hirosbima-Ken,
737, Japan

(0823) (21) 1161

Telex 6624-21 BHK KRE-J

Shingo Tanaka

BEitacha Shipbuilding &
Engineeraing Co., Ltd.

Palaceside Building

1-1, Bitotsubehsi, 1-Chome

Chiyoda—-Ku, Tokyo, Japan

Tokyo (213) 6611

Telex J22363 o J24490

Nobuo Aoki

Ishikawn) ima~Earima Heavy
Industries Co., Ltd.

Tokyo Genboku Kaikan

30-13 e S-chrome, Tokyo

Koto~Eu, Tokyo, 135, Japan

(03) 649-1111

Telex (IHI CO) J22232

Senj1 Niwa

Eawasaki Hesavy Industries,
Lzd.

14, 2-Chome

Higashikawasaki~Cho

Ixuta-Eo, Kobe, 650-91
Japan

Tel. Kobe (078) 671-5001

Telex $624-032 KHI CPL J

Tadamass Sengoku

Mitsubish Heavy Industraies,
Ltd.

Shin-Tamacha Bldg.

34-6, Shiba S-chome

Minato—Ku, Tokyo 108

Japan

(03) 455-5711

Telex J22282 HISHIJU

J28578 MHITAM

Greg T. Bielawska
Babcock and Wilcox
FPG-LSC

P.0. Box 351
Barbarton, Ohic 44203
216/753-451

John Cvicker

Foster Wheeler Energy Corp
9 Pesch Tree Hill Road
Livingston, NI 07039
201/533-2687

Joy Manufacturing

Wostorn Precapitation Div,
P.0. Box 2744

Los Angeles, CA 90051
213/240-2300

Donald J. Frey

Manager, Fuel Systems
Engineering

CE Power Systems

Combustion Engineering,

Inc.,

1000 Prospect Hill Road

Windsor, Comnn. 16095

203/688-1911 Ext. 2241
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Figure 4-37 SCR Pilot Plant and Fly Ash Sampling Points,
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NOXNON 600 Catalyst.

Figure 4-38
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(14" diameter), it is electrically heated to about 400°C and then injected

with ammonia before it passes down through the SCR reactor (Figure 4-37).

A NOXNON 500 catalyst was used for the first and second pilot plant
tests. The catalyst was prepared by treating the surface of a special alloy
plate; it is similar in shape to the NOXNON 600 catalyst used for the third
test (Figure 4-38).

The first test using the NOXINON 500 catalyst and an NH3/NOx mole ratio
of 1.0 initially produced a 90% NOx removal rate. However, this efficiency
decreased during the course of the 2,000-hour test run as the pressure drop
jncreased. Tests on the used catalyst showed that the decrease in efficiency
was not caused by poisoning of the catalyst but instead, by fly ash deposition

on the catalyst surface.

For the second test, a new NOXNON 500 catalyst was used and soot blowing
was added. Despite these measures, the NOx removal efficiency still de-

creased during the 2,000 hour test period.

A NOXNON 600 catalyst was used for the third test. The NOXNON 600 has a
stainless steel mesh base which is coated with catalyst material and shaped as
shown in Figure 4-38. The pitch of the NOXNON 600 catalyst is 14 mm whereas
the NOXNON 500 has a pitch of 8 mm. Becanse of the wider pitch of the former
catalyst, the reactor was lengthened for the third test to enable it to attain

90% removal. Use of this catalyst greatly reduced the reactor's dust clogging

tendency.

Results of demonstration tests condncted from May through October 1980
using the NOXNON 600 catalyst are shown in Figure 4-39 (9). The results
represent over 3500 hours of operation. During the first 90 days of operation
the NOgy removal efficiency averaged over 90 percent. For the entire test
period of 160 days of comtinuous operation, the average NOx reduction was
only slightly lower——89.8 percent. Figure 4-39 also illustrates that when it
remains in the range of 2100 to 2400 Nm®/hr, the flow rate has essentially no

effect on the SCR system’s NOx removal efficiency.
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Figure 4-39 Demonstration Test Results from the SCR Pilot Plant, Mitchell Station,
Georgla Power Co. (9)

2 F -
:(, - e . % 7Y v """"""ﬂ -, . ey
- v, e - I - o+ + * *,
8 S0 . D ot .:,‘.‘, PO ) - ‘v"'n"v" o o, ", N
uz'l E v o’ "’ A v'
T gof- .
o) : .
z -
[
70 hd
140
12
o "
= . 'v
L gl purTaewnTegs e e er T S R wirny ey
x v * . v ¢ o * . .o
S L LR X P TS A v vy AR
4
> 08}
P-4 r :
-
06
*NOTE AODDITIONAL LOW MOLE RATIO TESTS WERE RUN ON THESE TWO DAYS
1600
i had
E 1500 "¢ " agqme L B .
< 3 .
2 1400 MR .,
B *
% 1300 P s ST bttt L e e et o et e
i i *
1200 .
1100 2.3
1980 MAY | JUNE | JuLY | AUGUST | SEPTEMBER | OCTOBER

T0A2678



Since catalytic activity decreased slightly during the 3,500-hour test
period, a regeneration technique was developed to restore the activity to its

initial level.

Figures 4-40 and 4-41 show the results of tests using NOXNON 600 with
different area velocities and NHs/NOx mole ratios. Over 90% NOx removal
was attained with a mole ratio of 1.0 and an area velocity smaller than 12
m?*/m?* hr., However, with the mole ratio of 1.0, unreacted NH: exceeds 30 ppm.
One gas analysis at the pilot plant indicated that at 90% NOx removal,
unreacted NHs reached about 50 ppm and that the SOs content of the gas was 8.4
ppm at the reactor inlet and increased to 20.7 ppm at the outlet. (10)

4.10.3 Evaluation

The SCR pilot plant tests at the Mitchell Station indicated that with a
90% NOx removal, both unreacted NH: and SOs levels are high and can contami-
nate the fly ash. To lower unreacted NHs to below 5 ppm, a mole ratio of 0.82-
0.83 should be nsed to remove 82-83% of NOx. In order to reduce SO3, a low
oxidation, and therefore less active, catalyst should be used. An 80% NOjy
removal efficiency appears to be & practical target for treating a large

amount of flue gas with a high NOy concentration.

The NO3INON 500 catalyst proved to have a considerable dust clogging
problem. With its wider pitch, the NOXNON 600 performed well, but still was
not free of the dust clogging problem. On the other hand, during Hitachi
Zosen’'s SCR test at EPDC's Isogo Statiom, the NOXNON 500 catalyst experienced
no dust clogging problem. This indicates a difference in the nature of the

fly ash at the two test sites.

In order to determine the reason for this difference, the author tested
samples of fly ash obtained from three locations at the Mitchell Stationm pilot

plant (Figure 4-37, A, B, and C): the commercial ESP, the heater, and the

reactor.
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Figures 4-42 and 4-43 are scanning electron microscope photographs of the
samples. The author compared these samples with fly ash samples obtained at
SCR plants in Japan. The chemical composition of the samples is shown in
Table 4~26. Ash A has a clean smooth surface similar to the Japanese ashes as
shown in Figure 4-42. By contrast, ashes B and C have many deposits on their
surface. Such deposits appear to give the ash an adhesive quality. Some of
the ash B particles contain crystals which have grown perpendicularly on their
surfaces as shown in Figure 4-42. This indicates crystal growth caused by gas

phase reaction,

The author presumes that these deposits on the ash, including the
well-grown crystals, were formed by the reaction of S03 and metallic vapor in
the combustion gas. It seems likely that a considerable amount of SOs is
formed in the heater at the Mitchell Station. This heater contains fine
stainless steel tubes which are at a temperature above 400°C., Stainless steel
has been known to act as a good oxidation catalyst of SOs to SOs. Although a
similar heater has been used by Hitachi Zosen at Isogo, the SOs3 content of the
flue gases at the two stations are different-——about 1,000 ppm at the Mitchell
Station and about 300 ppm at Isogo. At the Mitchell Station a much larger
amount of SOs may form on the surface of the hot tubes. It is on these same
tubes that the fly ash deposits and undergoes the reaction described above.

It has been found that various metallic compoments in coal vaporize upon
combustion and condense on the ash surface during cooling. As shown in Table
4-25, ashes B and C contain more than 10 times the amount of potassium that
the Japanese ashes contain; potassium is volatile at high temperatures. Other

metallic components also may be involved in the formation of the deposits.

The aothor presumes that the combination of those two factors caused
deposit formation and made the ash adhesive; the deposits have a much lower
melting point than that of the ash particles themselves and may be quite
adhesive at 400°C, The well-grown crystals may have been formed while the ash
remained on the surface of the stainless steel tube. Some of the ash par—

ticles may occasionally dislodge and deposit on the catalyst.
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(A) (FROM ESP)

(B) (FROM HEATER)

'Figure 442} Scanning Electron Microscope Photographs
of Fly Ash at Plant Mitchell (I) (x3000)
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(B) (FROM HEATER)

(C) FROM REACTOR)

ﬂg"f_""a—,. Scanning Electron Microscope Photographs
‘ of Fly Ash at Plant Mitchell (1) (x3000)
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TABLE 4-25. COMPOSITION OF FLY ASH (%)

Mitchell Statio Isogo
B c (1) (2)
$i01 48.0 47.8 45.1 44.5
A120s 32.1 31.3 21.5 22.2
Fe20s3 12.1 10.7 5.2 5.7
T101 1.3 1.2 1.4 1.3
Ca0 1.8 1.8 1.1 4.7
MgO 1.3 1.4 1.8 1.9
Na30 0.3 0.3 0.9 0.6
K20 2.8 3.0 0.08 0.24
S04 -2 -2 9.1 5.3
NH; -2 0.2 -2 -4

An example of dust clogging on an SCR catalyst in Japan took place during
treatment of flue gas from an iron—ore sintering machine. The gas contained
large amounts of SOs, Fea03s dust, and potassium vapor which resulted ia

deposits of a double salt and potassium ferric sulfate on the catalyst.

Since ash A has a clean smooth surface and is not adhesive, it is pos-—
sible that the fly ash at the Mitchell Station would not be adhesive if the
stainless steel heater were not used. On the other hand, surfaces of ash
particles obtained at Isogo, Takasago, and the Mitchell Station (A) are not en—
tirely clean, but have many fine deposits, although the amount of deposition
is far less than that of ashes B and C. Further study on the surface proper—

ties of these ashes may be needed,

A gas analysis of the SOs3 concentrations at the inlet and outlet of the
SCR reactor at Mitchell indicates that the 501 oxidation ratio was about 1.2%.
Although the oxidation ratio is not very high, a low-oxidation catalyst may be
desirable for treating SOz-rich gas. In addition, oxidation at the catalyst

surface may have promoted dust clogging.
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Catalyst shape also has an effect on dust clogging. As shown in Figure 4-
44, the wave catalyst has many corners with small angles in which the actual
gas velocity is slow. This results in dust deposition in the cormers and soot
blowing does not efficiently remove these deposits. Triangle catalysts, such
as NOXNON 500 and 600 also have a tendency for dust plugging at the corners.
Hexagonal or simple plate catalysts are the best type of catalysts for avoid-

ing dust plugging.

Dust plugging also may be prevented by using a suitably-shaped low oxida-

tion catalyst along with an adequate gas velocity.

4.10.4 Costs of SCR for Coal-Fired Boiler Applications in the U.S.

Tables 4-26 and 4-27 show the estimated investment and annual costs of
SCR applied to a 500-MW coal-fired boiler in the U.S. for 90% removal using
Hitachi Zosen's catalyst. The total investment cost equals $51/k¥ and is
close to the 10,760 yen for $43/kW shown in Table 4-21 for 90% NOx removal
with 600 ppm inlet NOy, although the basis of the cost calculation may be a
little different. The total annual cost for a 7000-hour SCR operation period
at the 500 MW plant is estimated at 411,160,000, Assuming an average 90% load
during operation hours, the annualized cost accounts for 3.54 mil/kWhr, which

is slightly less than the cost shown in Table 4-21,

Tables 4-26, 4-27 and 4-21 show a variation in the estimated cost of the
catalyst. Tables 4-26 and 4-27 assume the initial charge of the catalyst to
be $10.50/kW combined with a catalyst life of 1 year. Table 4-21 assumes the
initial charge of the catalyst to be 5230 yen ($20.90) /xW with a catalyst life
of 2 years, yielding an annualized catalyst cost of $10.50/%xV.

In Japan, the life of an SCR catalyst used with a coal-fired boiler is
usually guaranteed for one year although in practice it may last for 2 years.
Only one catalyst has been used for 2 years (at Shimonoseki) and it operated
at 50% removal. With regeneration, Hitachi Zosen’s catalyst may be used for 2

years which would mean a lower annualized cost. On the other hand, a larger
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Figure 4.44 Parallel Flow Catalysts and their Dust Clogging Tendenctes
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TABLE 4-26, ESTIMATED CAPITAL INVESTMENT FOR é 500 MW APPLICATION OF THE
HITACHI ZOSEN PROCESS IN THE U.S.  (9)

% of
total direct
Investment, $ investment
Direct Investmentb
NH; storage and injection 692,000 5.0
Reactor section 10,247,000 74.7
Gas handling 472,000 3.4
Air preheater modifications 1,534,000 11,2
Sub-total direct investment (DI) 12,945,000 94.3
Services, utilities (0.06 x DI) 777,000 5,7
Total direct invesmtent (TDI) 13,722,000 100.0
Indirect Investment
Engineering design and supervision 298,000 2.2
Architect and engineering contractor 75,000 0.5
Construction expense
= 0.25 (TDI x 10~°)0.s3 2,198,000 16.0
Contractor fees = 0.096 (TDI x 1076)0-76 ___ 703,000 5.
Total indirect investment (IDI) 3,274,000 23.8
Contingency = 0.2 (TDI + IDI) 3,399,000 24.8
Total fixzed investment (TFI) 20,395,000 148.6
Other Capital Charges
Allowance for startup and modifications
= (0.1) (TFI) 2,040,000 14.9
Interest during construction
= (0.12) (TFI) 2,447,000 17.8
Total depreciable investment 24,882,000 181.3
Land 5,000 -
Working capital 270,000 3.4
Royalty fee 300,000 2,2
TOTAL CAPITAL INVESTMENT 25,657,000 186.9

%Basis: 500 MV new coal-fired power plant, 3.5% sulfur coal, 90% NOx
removal. Midwest plant location. Represents project beginning m1d-1977,

ending mid-1980. Average basis for scaling, mid-1979.

Investment require-

ments for fly ash disposal excluded. Construction labor shortages with

overtime pay incentive not comsidered.

bEach item of direct investment includes total equipment costs plus installa-
tion labor, and material costs for electrical, piping, ductwork, fouadationms,
structural, instrumentation, insulation, and site preparation.
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TABIL 4-27. LSTIMATID AVLRAGE ANNUAL REVINUE REQUIREMLNTS IFOR A 500 MW APPLICATION OF

Tk NITACHI ZOSIN PROCESS IN THE U.S.° (9)

. Annual Un1t Annual % of aunual
Ttem Quantity Cost ($) Cost ($) revenue recquired
Dircct_Costs
Ruw materials
Nil, 5.28210 kg 0.165/kg 871,000 7.8
Cutalyst 5,250,000 _41.0
Total row matcrials 6,121,000 54.8
Conversion costs
Operating labor and supervison 8,760 12.50/ 110,000 1.0
labor hrs, labor hrs.
Utilities
Steam 85,800 GJ 1.90/G) 163,000 1.5
flectricaty 18,226,000 kih 0.029/kWh 529,000 4.8
fleat credit 125,200 GJ -1.90/G) (214,000) (1.9)
Maintenance = 0.04 x TDI 549,000 4.9
Analysos 2,920 17.00/ 50,000 0.4
labor hrs, Jabor hrs
‘lotn]l convecrsion costs 1,187,000 10,17
Total direct costs 7,308,000 65.5
Indsrect Costs
Capital charges
Depreciation = (0.06) (total 1,493,000 13.3
depreciable investment)
Average cost of capital = (0.086) x 2,207,000 19.8
(total capital 1nvestment)
Overheads
Plant = (0.5) (conversion costs 355,000 3.2

minus utilities)
Adminsitrative = (0.1) 11,000 0.1
(operating labor costs)

Total indirect costs 4,066,000 36.4
Spent catalyst disposal (214,000) (1.9)
Gross avcragoe revenuo requirement 11,160,000 100.0
TUTAL ANNUAIL. RLYINUE RCQUIRLCMENTS 11,160,000 100.0

n[lasls:

500 MW new coal-fired power plant, 3.5% S coal, 90% NOy reduction, 90% SO; removal. Midwest
powcr plant location, 1980 rcevenue requirements. Remaining life of power plant = 30 yesars.
P'lant on 1ine 7000 hr/yr. Plant heat rate cquals 9.5 MNG/kWh. Investment and revenue require-
mcnt for disposal of fly ash excluded. Total direct jovestment $13,722,000; total deprecisble
investmont $24,882,000; and total cspital investment $24,657,000,



amount of catalyst than that upon which these figures are based may be needed

to reduce unreacted NHs to a level of 5 ppm or below.

In the U.S., the reduction of unreacted NH; may be important for coal-
fired boilers. This is because it is necessary to maintain an appropriate
ammonia content in the large amounts of fly ash and sludge produced by the
lime/limestone FGD process. Based on this assumption, catalyst costs in the

U.S. may be similar to those listed in Table 4-21.
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SECTION 5

SCR FOR INDUSTRIAL GAS SOURCES

5.1 GENERAL DESCRIPTION

§.1.1 SCR Units for Industrial Gas Sources

SCR units for industrial gas sources with a capacity greater thaa 10,000
Nm3/hr are listed in Tables 5-1 through 5-3. Of a total of 62 units, 58 are

commercial and four are test umits (Nos. 33, 35, 65, and 72).

Most of the SCR units were constructed between 1975 and 1978, when the
ambient NO2 standard was extremely stringent—-—0.02 ppm as a daily average.
This standard is equivalent to 0.01 ppm as a yearly average and is less than
half of the 0.05 ppm equivalent U.S. daily average standard. In order to
achieve this stringent standard, local governments reduced NOyx as much as

possible,

Few SCR units for industrial gas sources have been constructed since 1979
partly because the ambient standard was relaxed in 1978 to 0.04-0.06 ppm as a
daily average, and partly because of the ecomomic recession which slowed the

construction of new factories requiring NOgx flue gas treatment.

Most of the SCR units use granular (or pellet) catalysts for the follow—
ing reasons: (1) many units treat clean flue gas; (2) parallel flow catalysts
were not well developed before 1978; and (3) some of the units use granolar

catalysts in a moving bed. Moving bed systems can remove 70-80% of the dust
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1ABIE 5-1.

SCR PLANTS FOR OIL, PEIROCHEMICAL, AND GAS COMPANIES (Gas Flow Grester than 10,000 Nm?/hr)

Capacity New or
No. \User I'lant Site Gas Sourco Fuel (1,000 Nm®/hr) Retrofit Vendor Catalyst Start Up
0i) Companses a b
1 Fujs Ol Sodcgaura CO Boiler co, 1o 70 R JGC PP 1976
2 Luji O1l Sodegoura Boiler [ 200 N Mitsubashi H,T. H: 1978
3 ldemitsu Kosan Ancgasaki Furnace LCC gas 350 R Hitachi: Zosen G 1975
4 Kansoi Oil Sakei Boiler no 150 R Hitachis Zosen G 1979
5 Kashima 011 Kashima Furnace Offgas 58 R JGC PP 1975
P'etrochemical Companies
6 Chiba Pet. Chem, Chiba Boiler Ho 10 R Ube Kosau G 1975
7 Idemitsu Pet, Ancgasaki Furnace LIG 300 R Mitsur Toatsu G 1977
8 Mitsus Pet. Chum, Chiba Borler FCC Gas 240 R Mitsus Engineering G 1975
9 Mitsubishi Pet, Yokkaichia Borler no 150 R listachi Ltd. G 1976
10 Nihon Pect, Chuem. Chiba Boaler 1o 100 R Mitsubashs Eakoks 7° 1976
11 Oseka Pct, (hum, Saka1 Furnace Offgas 91 R Mitsur Toatsu G 1976
12 Shindaikyowa I'ct. Chem, Yokkaichi Bosler 1o 440 R Hitachi Zosen G 1975
13 Ukishimo Pet, Chiba Boiler 1o 260 N Mitsuir LCngincering T 1978
Gas Companscs
14 Osska Gas Senpoku Generator Naphtha 64 R Mitsubishi 0.1, G 1975
15.16 Oseks Gas Senpoku Hoiler Gas 30 x 2 R Mitsubishs H. I, G 1976
17.18 Toho Gas Chiba Generator Naphtha 42 1 2 R Mitsubishs Kekoki G 19717
19 Toho Gos Chiba Boiler Kerosene 30 R Mitsubishi Kakoki G 1971
20 Toho Gas Soramli Reformer Nophtha 19 R Mitsubishi Kakok: G 1976
21,22 loho Gas Soreml| Reformer Nophthe 31 x 2 R Sumitomo Chem. Fng. G 19717
23 Toho Gas Sorami Boiler Naphtha 23 R Sumitomo Chem. Fng. G 19717

lleavy Oil

Parallel Passage Reactor

Honeycomb
Grenuler
ubular
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TARIE 5-2,

SCR PIANTS TOR SITIL AND MLCTAL INDUSTRILS (Larger than 10,000 Nm?/hr)

e e A LT S eT ETEEILALZILT T2 .EFSCITILESSISE e e A N =T == —
Capacity New or
No. Dser Plant Site Gas Source fucl (1,000 Nm?/hr) Retrof1t Vendor Catalyst Start lp
bLteel Producer
31 hawasaki Stcel Chiba Coke Ovuen 500 N l1tachas Ltd. ng 1976
32 Kawasaki Steel Chiba Sintering 762 N Hitachy Zosen G 19717
Machine
i3 Aobe Steel Amagasaki Coke Oven 104 R Kobe Stecl (4] 19717
34 Nippun lotan Ogishima Sintering 1,320 R Nippon Kokan 10 o 1979
Machine
s Nippon Steeld Kim2zu Coke Oven d 133 N JGc [ g 1978
36 Nisshin Stccl Amagasaki Boiler (10) 19 R Hatachy L td. GIM 1977
37 Toshin Stecd hneji Furnace (Ho) 71 R liatacha Zosen G 1976
Mctal Producer
38  Nihon Satetsu Kotsuma Furnace (L0) 10 R llitachs Zosen G 1976
39 Nippon Yakain Kawasaki Boiler (1) 15 R Mitsubashi Kakoki R® 1976
40 Scitetsu hagaku Bosler Boiler (110) 15 R Seitetsu Kagoku R 1975

a
Gronular cotalyst, moving bed.

Grenular cotalyst (fsxe

Granular 1ron ore 1s us
fleavy o1l

c

Replaccd 1n 1977 with ring-tube catalyst stacked rcgularly to achiceve parsllel flow,

d bed).
«d as catalyst in moving bed.
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TABLE $5-3. SCR PLANIS FOR ONER INDUSIRIES (Luasy,er than 10,000 Nm?/hr)
Capacity New or
No. User Plant Site Gas Source Fuel (1,000 No'/hr) Retrofit Vendor Catalyst Start Up
51.52 Asto Chiba Bosler LNG 30 x 2 N Mitsubishs I 1, ¢ 1978
53 Ajinomoto Kawasaki Bosler no" 180 R Ishibawajyima i, 1. G a 1978
54 Asah: Glass Keihivu Furaace HO 15 R Asoh1 Glass GM 1976
ss Atomic Power Res. Borlor 50 N Kuwasaks M. 1. G 1977
56 Catanlyst Chem. Vakamatsu Furnace 1o 10 R iGge GM 1976
57 Chiyoda Kenzaoa Kaisuka Boiler uo 15 R Babcock Hitucha G 1976
58 Chiyoda Kunzaa Atsugi Boaler 1o 19 R Lbora G 1977
59 Dasnippon Ink Sakal Bosler LNG 30 N Mitsubaashs . 1. G 1978
60 Grecn Chewtcal Kashima Furnace LPG 10 N Hitachi Zosun G 1974
61 H N. Mcthanol Sodegaura Reformer LPG 200 N Sumstomo Chem Lng. G 1974
62 J. Nutironal Railway Kawasakl Gas Turbine Keroseno 1,024 N Babcock llatachs GM 1981
63 Kansai Plant Amagasaki Boiler Kerosene 16 R Bsbcock Hi1tacha G 1978
64 Kuwasaky 1L 1. Akashi Boiler Ho 25 R Kawasaks M. 1. G 1978
65 Kurabo Hirakasta Boiler n.o. 30 R Kuraba GM 1975
66,67 Mitsus Toatsu Osaka Reformer Buthane 84 & 170 R Mitsui loatsu G 1916
68 Nihon Ammonia Sodcgaura Reformer LPG 290 N Sumitomo Chem Eng. G 1975
69 Nilon 011 & Fat Amagasaki Boiler LPG 20 N Babcock Hitachy G 1978
70 N N. Mcthanol Sodegaura Reformer Buthane 323 N Mitsui loatsu G 1976
71 Sckisur Chem. Sakai Boaler LPG 20 N Mitsur Toatsu G 1980
72 Sunitomo Chen. Sodegaurs Boiler 1o 30 R Sumitomo Chem. bng. G 1973
73 Sumitamo Chem. Niibama Reformer LPG 200 R Sumitomo Chem Lng. G 1975
74.75 Sumitomo Chew. Ahegasahi Boiler LPG 100 & 200 R Sumitomo Chem  Lng. G 1975
76,77 Sumitomo Chem. Sodegaura Boiler Ho 250 & 350 R Sumitomo Chem. Lng. G 1976
78 lokyo Metropolice Sunamachi Incinerator Sludge 100 N Mitsur Eng. ué 1979
79 Unatika Uy Diesel Engine LO 70 N Unirtika G 1978

Heavy o1l

Light o1l

Granule.

Grunule 1n woving bed
lluncycomb.

O T
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in the flue gas along with 80-90% of NOgx and are suitable for certain gas

sources which do not have ESPs.

There are 8 industrial SCR units which use parallel flow reactors. Nos.
1, 5, and 35 use a parallel passage reactor, Nos. 2 and 78 use a homeycomb
catalyst, and Nos. 10, 13, and 39 use tube or ring—tube catalysts. Since
parallel flow catalysts provide simple reliable operation, they are gemerally
preferred to the moving bed reactor with a granular catalyst except for cases
in which dust removal by the bed is imporgant.— A moving bed reactor may be
useful for very dirty gases such as flue gas from a glass melting furnace
which contains alkaline vapor or for low-temperature gas contaiming SOy,
which tends to deposit sodium sulfate or ammonium bisulfate on the parallel

flow catalysts (Nos. 54 and 33).

Most of the SCR units have been operated without probiems. However,
several units have been shut down or operated intermittently due to the 1978
relaxation of the NOi regulation and the downturn in the economy which reduced

NOx emissions made continuous operation of the SCR system unnecessary.

Unit Nos. 1, 3, 5§, 76, and 77 are the only major units which have not
been in use for over one year. These five units were constructed in 1975 and
1976, at an early stage in the development of SCR. Unit No. 12 has been
operated intermittently. Unit Nos. 1, 3, and 12 require fuel for gas heating,

and therefore have bigh operating costs.

Some of the catalysts produced before 1976 either were not resistant to
SOx or experienced dust plugging problems; most of the catalysts produced in
1976 or later had few poisoning or plugging problems. For example, the Fe20:-
based ring catalyst charged i1n 1976 for Unit No. 39 was not satisfactory and
was replaced i1n 1977 with a TiOi-based ring—-tube catalyst. The latter cata-
lyst has treated flue gas from an industrial boiler burning heavy o1l (2.5%
sulfur) for over 4 years without replacement (Section 5.3). The honeycomb
catalyst of Unit No. 2 has been used for over 4 years without renewal (Section

5.2).
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Most of the units, particularly the smaller ones, remove 90% or more of
NOz using 1.0 — 1.2 mol NHs to 1 mol NOx. Although unreacted NH3s reaches
10 ppm in these units, an ammonium bisunlfate problem is seldom encountered be-
cause the flue gas is usually discharged above 250°C, An ammonium bisulfate
problem did occur in a few larger plants including Unit No. 12 (Shindaikyowa),
which cools the gas below 250°C for better heat recovery. Units No. 2 and 12
recently used 0.6 - 0.7 mol NH3 to 1 mol NOx to remove 60-70% of NOx.
These units leaked NHs below 1 ppm and did not have a bisulfate problem.

5.1.2 Economics

The investment costs of seven SCR units are shown in Table 5-4. Costs
are given for the SCR reactor, the initial charge of catalyst, connecting
ducts, ammonia storage and injection facilities, NOy and NHis analyzers, and
control systems (unless otherwise noted). Some of the unit costs include

costs for the heat exchanger, heater, and fans for gas heating purposes.

In general, SCR units were expensive during the early stages of develop-
ment in 1975 and 1976. The costs were substantially lowered in 1977 and 1978
due to technology developments and have increased slightly since 1979 due to
inflation., The individual cost of Unit Nos. 1, 12, 39, and 65, which were
constructed in 1975 and 1976 exceeds 13,000 yen/kWhr although these units are
for existing boilers and include heating or test facilities. By contrast, the
two units constructed in 1978 for new boilers (Nos. 2 and 13) cost only 1,230
and 2,640 yen/kWh, respectively. Unit No. 78, constructed in 1979, is fairly
costly—= 14,500 yen/kW-—because it was designed to remove both NOy and

odor from an existing incinerator and has a heat exchanger, heater, and fans.

As opposed to SCR units for utility boilers, units for industrial uses
treat various kinds and amounts of gas under a variety of conditions. There-
fore, although the operating costs of SCR units for large new industrial
boilers may be close to those for new utility boilers, the i1nvestment costs

vary widely.
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TABLE 5-4.

INVESTMENT COSTS OF SEVEN INDUSTRIAL SCR UNITS

NO

Capacity Removal New or Reactor sy, Cost Year
No. Owner Gas Source (MW) (%) Retrofit (Catalyst) (hr ) (10¢ yen) (yen/k¥) Completed
1 luji 011 Doiler 23 95 R Psb 4,200 480 20,870: 1976
2 Fuja 0il Boiler 53 80O N " 5,220 65 1,230f 1978
12 Shindaikyowa Boller 150 90 R Granule 10,000 2.000 13.300 1975
13 Hxlshima Boller 87 85 N Tube 200 2,640f 1978
39 Nippon Yakin Boiler 5 90 R Ring Tube 3,900 66 13,200 1976
65 Kurasbo Boller 10 90 R hm‘ 10,000 130 13,000 1975
78 Tokyo Metro. Incinerator 33 90l R ]! 4,000 480 14,500f 1979

Including leoter.
lloncycomb.

o w0 o6 oo

Moving bed reactor,
Including tuat faci

lor catalyst and reactor.
Including fan, heat exchanger and heater,

lities.

Removes both NOy and offensive odos.

Calculated from gas volume (300 Nm?/hr = 1 MW).
Parslle]l Passnge Reactor,



The operating costs for 8 units in 1979 are shown in Table 5-5. The
costs range from 1,400 - 2,000 yen/kl oil or 0.33 - 0.46 yen/kWhr for the four
units which do not require gas heating, and from 2,200 - 4,000 yen/kl or 0.49 -
0.93 yen/kWhr for the four umits requiring gas heating. Unit No. 1 is the

most expensive and has been shut down since 1977,

In 1981, the operation costs for SCR units may be slightly higher than
those shown in Table 5-5 due to inflation. However, the application of SCR
can be less expensive than the use of higher quality fuel for NOy abatement,

as will be discussed in Section 5.3.
5.2 SODEGAURA REFINERY, FUJI OIL
5§.2.1 Introduction

Fuji O0il's Sodegaura Refinery is located in the Keiyo Industrial Region
near Chiba City and Tokyo. This area is the largest industrial region where
stringent NOx and SOx regulations have been applied by the local govern-
ment. The Sodegaura Refinery now has five boilers as shown in Table 5-6. The
total boiler capacity was almost doubled between 1974 and 1977. During the
same time period the permissible total NOy emissions from the refinery were
cut almost in half, requiring extensive NOx abatement by combustion modifi-

cation and SCR (Tables 5-6 through 5-9).

5.2.2 SCR Unit for CO Boiler

The flow sheet of the CO boiler and the SCR unit at the Sodegaura Refin-
ery is shown in Figure 5-1. The SCR unit was constructed for the existing CO
boiler by JGC Corporation using JGC's catalyst and the Shell parallel passage
reactor. Since it was difficult to install the SCR reactor between the boiler
and the economizer, anm inline heater first was installed to heat the 250-300°C
economizer cutlet gas to 360-400°C. The SCR reactor then wes installed down-
stream of the heater. The SCR unit was completed in 1976 and was operated for
about 6 months with an NOx removal rate of 92-96% (Table 5-9). The pres—
sure drop through the SCR reactor was 100-120 mm H20.
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TABLE 5-5.

OPERATING COSTS OF SCR UNITS IN 1979 (Heavy Oil-Fired Boiler Including 7 Years

Depreciation)

NOx
Capacity Reactor Removal

No  Owner (MW) (Catalyst) (%) (yen/kW) (yen/kwhr) Remarks

1 Fuji 0il 23 Pga 95 4,000 0.93 With gas heating
2 Fuji 011l 53 1l 70 1,400 0.32

13 Ukishima 87 Tube 85 1,500 0.33

36 Nisshin Steel 6.5 MB© 90 2,800 0.65 V1th gas heating
39 Nippon Yakin 5.0 Ring Tube 20 2,200 0.49 With gas heating
63 Kansai Paint 5.3 Ring 90 3,600 0.84 With gas heating
65 Kurabo 10 MB 90 2,000 0.46

69 Nihon Oil & Fats 6. MB 90 1,800 0.41

al’nrallel passage reactor.
clloneycomb.
Moving bed.



TABLE 5-6. BOILERS AND NOy ABATEMENT AT SODEGAURA REFINERY (1)

Steam Rate
Boiler . Fuel (ton/hr) NOx Abatement llethods
No. 4 0il 75 we? b .
No. § 0il 160 LNB, TSC", FGR
No. 6 0il 160 LNB, TSC, FGR
No. 17 0il 160-200 LNB, TSC, SCR
CO Boiler Co, 0il 45 SCR
a'Low--NOx burner. bT'wo-stage combustion, °Flue gas recirculation.

TABLE 5-7. PERMISSIBLE EMISSIONS OF NOy AND SOy FROM THE SODEGAURA

REFINERY

1974 1975 1976 Since 1977
NOz, Nm?/hr 157 124 107 92
SOx, MNm3/hr 375 163 145 ° 134

TABLE 5-8. VOLUME AND COMPOSITION OF FLUE GAS TO BE TREATED BY SCR AT THE
SODEGAURA REFINERY

Gas Volume MW NOx SOx Dust
Boiler ) Fuel (Nm3/hr) Equivalent (ppm) (ppm) (mg/Nm?)
CO Boiler CO + 0il 70,000 23 160-200 400-600 60-70
No. 7 Boiler 01l 200,000 67 110-120 200 20

TABLE 5-9. SCR UNITS AT THE SODEGAURA REFINERY

Year sv_, Inlet NB:/NOx Outlet Removal Leak
Boiler Vendor Completed <(hr ) NOx(ppm) Ratio NOx(ppm) (%) NH; (ppm)
CO Boiler J'GCa 1976 4,000 180 1.1-1.2 8-15 92-96 10-20
No. 7 MHIb 1977 6,400 115 0.5-0.8 57-23 50-80 <1

16C Corporation (using parallel passage reactor).
Mitsubishi Heavy Industries (using honeycomb catalyst).
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Operation of the SCR unit was expensive (Table 5-5) and not energy-
efficient because of the fuel requirement for gas heating as well as the high
pressure drop. The SCR unit was shut down after 6 months of operation, when
the operational load of the refinery dropped to 70% of capacity. At that
time, total NOx emissions were lowered to meet the standard witbout operat-

ing the unit.

5.2.3 SCR Unit for Oil-Fired Boiler

A new oil-fired boiler SCR unit was ésnstructed in 1978 by MHI. The unit
uses a NGK honmeycomb catalyst and has a capacity of treating 200,000 Nm3/hr of
flue gas containing about 120 ppm NOgx, 200 ppm SOx, and 20 mg/Nm?® of dust
(Figure 5-2). The reactor exists in ductwork extended between the boiler and

economizer and treats gas at temperatures of 330-370°C.

This SCR unit can remove about 90% of NOx using 0.9 mol NHs to 1 mol
NOx. 1In order to eliminate the ammonium bisulfate problem with the econo-
mizer, the unit was operated from 1978 to 1980 with 0.7 mol NHs to 1 mol
NOyx. This resulted in a NOx reduction of nearly 70% and less than 1 ppm
unreacted NHs. Since 1980 it has operated with 0.5 mol NHs to 1 mol NOz and
obtained 50% NOy removal with less than 1 ppm unreacted NHi. A small amount
of ammonium bisulfate still deposits on the tubes of the economizer, but the
economizer can be operated without problems for more than a year at a time and

is washed with water during the annual maintenance shutdown period.

After unit startup, a heavy oil additive was used for possible boiler
operation improvement, and as a result a slight dust deposit was observed in
the catalyst bed. The dust deposit has since been eliminated by not using the

additive and applying soot blowing to the catalyst bed.
Catalytic activity tests indicated that the use of 1 mol NiIs to 1 mol

NOx resulted in 93.5% NOx removal with 5 ppm of unreacted NHs and less
than 1% SOs oxidation during the first 2 years of operation. An 89.5% NOg
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removal rate with 10 ppm unreacted NHs and about 5% SOa2 oxidation was reported.
after 2 years of operation. After 3-1/2 years of operation, the NOx removal

efficiency was 86.4% and the catalyst was still active.

5.2.4 Evaluation

The SCR unit for the CO boiler is one of the oldest in Japan and was
designed at an early stage in the development of SCR technology when fuel was
still inexpemnsive. Today, if an SCR unit’were installed on a similar boiler,
the reactor might be placed between the boiler and the economizer to treat the
flue gas at 350-450°C, or a low-temperature catalyst might be used for the gas

leaving the economizer at 250-300°C in order to save energy.

The SCR unit for the No. 7 oil-fired boiler is ome of the oldest units
using a honeycomb catalyst. Both investment and operation costs are reason—
able (Tables 5-4 and 5-5). Although the catalyst shows a slight decrease in
activity and an increase in the SO2 oxidation ratio with time, it has been suc—
cessfully used for over 4 years. The increase in the SO: oxidation ratio may
be caused by the deposition of flue gas vanadium on the catalyst. Improve-
ments in SCR catalysts since 1978 may result in better catalysts for this type

of application.
5.3 KAWASAKI PLANT, NIPPON YAKIN

5.3.1 Introduction

Nippon Yakin is an alloy producer with a stainless steel factory in
Eawasaki City adjacent to Tokyo. This area was very polluted about ten years
ago and has since set stringent regulations for pollution control. The SOz
and NOx concentrations in the factory's boiler flue gas are transmitted to

the City Pollution Control Center.

The factory has 5 boilers, 2 of which use high-sulfur heavy oil
(S=2.5%), while the rest use gas. Each of the 2 oil-fired boilers has a capa-

city of producing 6 tons of steam per hour with a total gas flow rate of about
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15,000 Nm3/hr (5 MW). According to the regulation, NOx concentrations in

the oil-fired flue gas must be kept below 60 ppm. Since the flue gas leaving
the boiler contains about 250 ppm NOx, 1,000 ppm SOz, and about 100 mg/Nm?

of dust, both SCR and FGD have been applied. To be safe, NOx is usually
reduced to about 20 ppm by SCR, while SOx is reduced to 20-25 ppm by sodium

scrubbing.

The other three boilers use LPG gas and maintain NOx concentrations

below 50 ppm by combustion modification.

5.3.2 Process Description

A flowsheet of the combined SCR/FGD system used in the Kawasaki Plant is
shown in Figure 5-3. Flue gas leaving the boiler at 280-300°C is heated to
330°C by a Rothemuehle heat exchanger and them to 370°C by oil-firing. After
that, it is injected with ammonia, and then sent to an SCR reactor. The reac-
tor and the heat exchanger were constructed by Mitsubishi Kakoki Kaisha (MEK)
in 1976. The Sarc catalyst, a large ring-shaped catalyst based on Fe:03 and
V,0,, was used with a random packing during the first 6 months of operation.
This resu{ted in a considerable increase in the pressure drop due to duost
plugging, and a large decrease in catalytic activity. After 6 months the
catalyst was replaced by an improved Sarc catalyst which was used for an addi-

tional 6 months without success.

In September 1977, the reactor was modified and a rashig ring type cata-
lyst made by Catalyst and Chemicals, Inc., was charged. This catalyst has
inner and outer diameters of 25 and 35 mm, a height of 40 mm, and is made of
TiO: and Vi0s. The catalyst was piled regularly to form tubes, inside and

outside of which the gas passes 1in a parallel flow.

The new reactor went into operation in September 1977, and has operated
for over four years without problems and without catalyst replacement. The
-1
volume of the catalyst is 4 m?, and the SV 1s 3,750 hr . By using 1.2 mol

NHs to 1 mol NOx, 92% of the NOx 1s removed and unreacted NHs 1s kept around
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10 ppm. The pressure drop in the reactor was 210 mm H2z0 at startup and in-
creased to about 270 mm H20 after 4 years of operation. The NOx removal

efficiency has remained over 90% during the 5 year period.

Flue gas leaving the SCR reactor is passed through the heat exchanger
where it is cooled to 330°C. Although the gas contains considerable amounts
of NHs and SOy, ammonium bisulfate does not deposit in the heat exchanger
because of the high flue gas temperature. The gas is then cooled to 280°C by
a heat recovery system and subjected to FGD using a spray of sodium hydroxide
solution to reduce SOx to about 20 ppm. The liquor discharged from the
scrubber contains sodium sulfite, sulfate, and a small amount of ammonia and
is sent to a water treatment system and treated with other wastewaters from

the factory.

The construction of the SCR and FGD plants required 4 months. Five days

were needed to conmect the plants to the boiler.

The boilers undergo a maintenance shutdown once a year. When one of the
oil-fired boilers is down for maintenance, the other is in operation. There—-
fore, the SCR-FGD system has operated continuously for 5 years without total

shutdown.
5.3.3 Economics

In 1976, the Kawasaki plant’s SCR system (Sectionm 3.6) cost 73 million
yen including the cost of the heat exchanger and the heater, while the FGD
system cost 63 million yen. The catalyst produced by Catalyst and Chemicals,
Inc. cost 6 million yen (1.5 million yen/m?) in 1977. The operating cost of
the SCR and FGD systems was 30 million yen in 1979, including about 16 million
yen for sodium hydroxide and § million yen for gas heating fuel. The 1979

annual costs are summarized below.

377



Annual cost (milliom yen)

Capital cost (25% of imvestment) 34.0

Catalyst (4 year life) 1.5

Others 30.0

Total 65.5
Annunal Fuel 0il Consumption of the Boilers 5,400 k1l
Annualized cost 12,130 yen/kl oil

In 1979, heavy oil cost 33,000 yen/kl while kerosene with the equivalent
_heating value cost 50,000 yen. Since the cost difference was 17,000 yen/kl1,
the use of heavy oil with the SCR-FGD system meant a 4,778 yen/kl saving. In
1981, heavy oil cost 50,000 yen/kl and kerosene with the equivalent heating
value cost 70,000 yen while the annualized cost of the flue gas treatment
system was estimated at 12,700 yen/kl. Therefore, the use of this system

resulted in substantial savings.
§.3.4 Evaluation

More than 4 years of continuous catalyst use may be the longest record
for an SCR- catalyst used to treat high sulfur oil flue gas. The smooth opera-
tion of Nippon Yakin’s Kawasaki plant is a good example of the reliability of

an SCR system for industrial boilers.

The catalyst used at the Kawasaki Plant was designed by Catalyst and
Chemicals Inc. more than 6 years ago. Further improvements in SCR catalysts

made in the past 5 years may make SCR even more reliable.

The heat exchanger has had no ammonium bisulfate problems even though the
gas leaving the SCR reactor contains a considerable amount of SOs with about
10 ppm unreacted NH3;, doe to high gas temperatures (330°C). The gas is subse-
quently cooled to 280°C for heat recovery. Ammonium bisulfate will deposait
when the gas is cooled to lower temperatures and reduction of unreacted NHs

will be needed for additional heat recovery.
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In the future, Nippon Yakin may replace the ring-tube catalyst with a

tubular catalyst since the tubular type can be more easily packed.

5.4 SCR FOR COKE OVEN FLUE GAS (NIPPON STEEL)

5.4.1 Introduction

Nippon Steel, Japan's largest steel producer, Nippon Steel Chemical and
JGC Corp. have conducted large-scale SCR tests with coke oven flue gas at
Nippon Steel’s Kimitsui Works Plant. The‘coke oven flue gas has a flow rate
of 152,000 Nm3/hr and contains about 400 ppm NOx, 15 ppm SOx, and less
than 35 mg/Nm? of dust. The gas temperature ranges from 170-200°C. Since gas
heating to 350°C for SCR is expemsive, a low-temperature catalyst developed by
JGC Corp. and a parallel passage reactor, originally developed by Shell, are

used.

Because ammonium bisulfate gradually deposits on the catalyst and reduces
its activity, the gas is periodically (once every several days) heated to
above 350°C. The heating takes place in an inline heater for a few hours in
order to volatilize the deposits. The SCR unit began operation in !March 1978,

and has operated since that time without trouble.

5.4.2 Process and Operation (3)

A flow sheet of the Nippon Steel SCR system is shown in Figure 5-4. The
flue gas from the coke ovens is imjected with ammonia, sent through two trains

of inline heaters and SCR reactors, and finally into a stack.

Figure 5-5 shows examples of the change in NOx removal efficiencies
with the heating cycle during treatment of a gas containing 50 or 200 ppm
SO0zx. The efficiency was lowered more rapidly with gas richer in SOy due
to the deposition of larger amounts of bisulfate. After being heated at 400°C

for two hours, the catalyst activity returned to its original level.
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Tests were conducted continunously for one year from April 1978 through

March 1979 under varied conditions, as shown in Table 5-10.

TABLE 5-10., NIPPON STEEL SCR SYSTEM TEST CONDITIONS

Temperature (°C) 170, 180, 200
SV (ar~ 1) 2,700, 3,500
NH3 /NOx mole ratio 1.3, 1.2, 0.9, 0.7

The NOx removal efficiencies with different operating conditions are
shown in Figure 5-6. With the standard condition of 200°C with an SV of 2,700
hr~* and a mole ratio of 1.3, the NOx removal efficiency was 94-98%,

The efficiency was 84-92% at 180°C with a mole ratio of 1.2 and an SV of 3,500
hr~*,and 78-88% with a mole ratio of 0.9. When gas heating to 400°C took
place over longer intervals, the NOx removal efficiency was lowered. Tests
were conducted using 170°C flue gas without gas heating. These tests indi-
cated that the removal efficiency was 60-70% with a mole ratio of 0.9 and
about 50% with a mole ratio of 0.7.

The NOx removal efficiency under the standard condition was 98% at the
beginning and 97% at the end of the tests, which indicated that there was lit-
tle, if any, degradation of the catalyst doring the one-year test period.
Tests also have shown that, immediately after being heated to 400°C, the cata-
lyst produced a relatively low NOx removal efficiency for a short time
period. For example, the NOx removal efficiency was about 80% with 1 mol
NH: to 1 mol NOx at 180°C immediately after the heating, and increased to
nearly 90% in a few hours. It appears that the catalyst absorbs more ammonia
at lower temperatures than at higher temperatures. A comsiderable amount of
ammonia 1s released from the catalyst when 1t 1s heated to 400°C. After beaing
heated to 170-200°C, the catalyst absorbs ammonia in the flue gas until satu-
ration is reached, Saturation results in a temporary shortage of ammonia

which can react with NOgy in the flue gas.
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The pressure drop in the reactor was 40-50 mm Hi0 both at the beginning
and the end of the test period indicating that there was no dust plugging

problem.
5.4.3 Evaluation

Tests of Nippon Steel’s SCR unit were conducted successfully with over
90% NOx removal efficiency under the standard conditions. Neither catalyst
degradation nor dust plugging was observeq during the one~year test period.
Although periodic gas heating to over 350°C is needed to remove ammonium
bisulfate, the use of low-temperature catalysts may be less costly than the
use of a standard catalyst with continuous gas heating to 350°C. Another
advantage of the system is the simple thermal treatment in the fixed bed.
Operation of this system is much easier than using a moving bed with a cata-
lyst that is discharged from the reactor for NOx treatment. However, low—
temperature catalysts may not be suitable for SOx-rich gas because of the

requirement for frequent gzas heating.,

Parallel passage reactors are expensive because they use many steel gauze
envelopes to hold the catalyst. On the other hand, smaller, very active
catalysts can be used because less physical strength is needed in these
reactors. Therefore, the reactor may be suitable for a low-temperature very

active catalyst.

Although the SCR system at Kimitsu works well, it does require comsider—
able investment costs, land space, and energy. At this time, Nippon Steel has
no plans to construct a commercial plant using the system.

5.5 SCR USING AN IRON ORE CATALYST

5.5.1 Introduction

Nippon Kokan, one of the largest steel producers in Japan, constructed a

full-scale SCR unit at its Keihin Works plant. The unit has a capacity of
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treating 1,320,000 Nm3/hr of flue gas from an irom—ore sintering machine using .

iron ore as the catalyst in a moving bed reactor.

The flue gas is first subjected to dust removal by an ESP and then FGD by
ammonia scrubbing, utilizing ammonia present in the coke oven gas (5). The
FGD system began operation in 1976 and has operated successfully since that
time. When further gas treatment for NOx removal was requested by the local
government, Nippon Kokan conducted pilot plant tests of SCR using ironm ore as
the catalyst (2). Based on these tests, the full-scale SCR unit was completed

and began operationm im 1979.

5.5.2 Process Description

The flow sheet of the gas treatment system at Keikin is presented in
Figure 5-7. The 150°C flue gas from the sintering machine contains about 300
ppm SOy, 200 ppm NOx, and 500 mg/Nm3 of dust. It passes through an ESP,
heat exchanger, and an FGD unit to remove over 90% of the SOx. The flue gas
leaving the FGD unit is further cleamed by a wet ESP and then heated to 110°C
by a heat exchanger. An SCR unit was installed downstream of the IGD systen.
The gas is heated to 380-400°C by a heat exchanger and a heater, injected with
ammonia, and sent into the moving bed reactor (SV=3,500 hr~') where 80% of
the NOy is removed. One specific kind of iron ore was found to be particu-

larly active as a catalyst.

Since the flue gas after FGD still contains small amounts of SOx, a
portion of the iron ore reacts to form a powdery sulfate. The ore catalyst
discharged from the reactor is screened and returned to the reactor; the iron

ore fines containing sulfate are returned to the sintering machine.

The SCR unit cost 6.7 billion yen including the price of the heat ex—

changer and the heater.
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5.5.3 Evaluation

The iron.ore—catalyst SCR system may be best suited to flue gas treatment
at steel works because iron ore is inexpensive and can be utilized for steel
production after it is used as a catalyst. From this standpoint, the process
is quite economical, compared with standard SCR processes for which the cost of
the catalyst comprises more than half of the total investment and operation

costs.

Treatment of flue gas from a sintering machine still may be fairly
expensive because the gas temperature is low—-—-about 150°C at the sintering
machine outlet and even lower after wet FGD treatment——thus requiring a heat

exchanger and fuel for the heater.

Use of a low—temperature catalyst might reduce the fuel requirement to
some extent. JGC Corporation, with fumdirng from the Steel Federation, con-
ducted tests of SCR with a low—temperature catalyst for flue gas leaving a
sintering machine (2). These tests were conducted at 290°C or above to avoid

ammonium bisulfate deposition and thus required extensive gas heating.

The system at the Keihin Works may be one of the best solutions for
treating flue gas from a sintering machine to meet stringent particulate,

SO0y, and NOx standards.

On the other hand, where the regulations are not very stringeant, a moving
bed reactor with iron ore may be the best way to treat flue gas from a sinter-
ing machine directly without an ESP. This system removes 70-80% of the dust

and portions of the SOx and NOx, and requires only minimal gas heating.
5.6 LOW~-TEMPERATURE CATALYST TESTS (EOBE STEEL)
5.6.1 Introduction

Kobe Steel, one of Japan's largest steel and heavy machinery producers,

has developed low-temperature SCR catalysts for 180-250°C gases containing 50-
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250 ppm NOx, and 50-1,000 ppm SOx. These catalysts have been tested at
several pilot plants; the largest test plant has 8 capacity of treating

100,000 Nm3/hr of flue gas.

Eobe Steel’s low temperature catalysts are based on a-Ali03 or TiOz: and
are characterized by containing niobium in additiom to vanadium. Both pellet
and honeycomb catalysts have been produced and tested. Pellet catalysts in a
movable bed have been used for low temperature gases containing SOx. Bisul-
fates deposit on the honeycomb catalyst which means that the catalyst fre-

quently must be discharged from the reactor for thermal treatment.

Unlike other process developers, Kobe Steel has found that the alumina-
based catalyst containing Ti, V, and Nb performs well for low temperature gas.
Eobe Steel has also developed a special technique for thermally treating a

catalyst to recover its initial properties.

5.6.2 Catalysts and Plant Operation

The effect of niobium on the alumina-based TiO2~V:0s catalyst is shown in
Figure 5-8. Niobium increases NOy removal efficiencies especially well at
low temperatures. Extensive pilot plant tests have indicated that the alumina-
based catalyst is superior to the titanium—based catalyst for low temperature
gases. When a titanium-based catalyst was used for a 180-250°C gas containing
about 50 ppm SOx (Ssv: 5,000 hr-l; NH:/NOx mole ratio:1l), the initial NOx Te—
moval efficiency of 98% dropped to about 80% within 8-10 days of continuous
operation. Although catalytic activity can be recovered when the contaminated
catalyst is heated to 400-450°C, frequent heating consumes considerable

energy.

Yhen the alumina-based catalyst 1s used under the same conditions, the
initial 90% NOx removal efficiency drops very slowly and requires 3,000-
4,000 hours to reach 80%. The large specific surface area of the alumina-
based catalyst———about 150 m2/gram compared with about 50 m3/gram for the

titania-based catalyst———may be a factor which explains the long period of
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catalyst usefulness. Another reason may be the low oxidation rate of S0: to

SOs caused by the niobium—containing alumina-based catalyst.

Figure 5-9 shows the thermal treatment system used to treat the contami-
nated aluminum-based catalyst. The catalyst is heated to 550-600°C in several
minutes to avoid degradation. With rapid heating for a short time, catalytic
activity is restored to its original level without a loss in physical

strength.

Kobe Steel's large test plant (100,000 Nm?/hr) has been operated for over
4 years, removing 90-80% of NOx in the 200-220°C flue gas which contains
about 250 ppm NOx, 50 ppm SOz (including about 5 ppm of SO03), and 10-50
mg/Nm3 of dust. Thermal treatment is applied once every 3,000-4,000 hours.
The catalyst retains a sufficiently high activity and physical strength during
this time. Both the catalyst and thermal treatment system have been patented

in several countries including the U.S.

5.6.3 Evaluation

Alumina-based catalysts for SCR were popular several years ago but they
are no longer used for SOx-containing gas by most process developers and
users. Instead, SOx-resistant TiOiz-based catalysts have been developed.

SCR operator experience indicates that alumina-based catalysts are often
poisoned by SOy to form aluminum sulfate when used at 300-400°C. The cata-
lysts must be heated to 800°C in order to decompese the aluminum sulfate and

recover their catalytic activaity.

Kobe Steel’s long-term SCR test has proved that the alumina-based cata-
lyst is best suited to a low—temperature gas with a relatively low SOy con—
centration. It appears that aluminum sulfate is not formed at lower tempera-
tures, because ammonia in the flue gas readily combines with SOs before the
SO0s attacks the catalyst. Above 300°C, ammonia does not combine with SOs.
Thus, heating the catalyst for several minutes at 550-600°C can remove the

sulfate formed on it.
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Another reason for the usefulness of the alumina-based catalyst is that
not much S02/S03 oxidation occurs at low temperatures, although a large amount
of oxidation occurs above 300°C. Some catalysts oxidize SOz comnsiderably,
even at 250°C, which results in reduced activity (Section 3.3.2). The alumina-
based catalyst containing niobium does not appear to oxidize amy SOa: at 200-

220°C and yet is highly active.

The alumina-based catalyst can be used for 3,000-4,000 hours at a time
and for over 4 years without degradation when used with a low-temperature gas.
This amounts to a considerable energy and catalyst cost savings. The TiOa-
based catalyst produced by Kobe Steel seems to perform similarly to TiOa-based

catalysts manufactured by other producers.

When Kobe Steel's system using the alumina-based catalyst is compared
with JGC's system using a TiOaz-based catalyst (Section 5.4), it can be seen
that the former requires higher heating temperatures—-550-600°C versus 400°C.
At the same time, the energy requirement may be much less for the Kobe Steel
system because of a lower required heating frequency and the fact that the
catalyst is heated in a separate vessel., However, overall the Kobe Steel

system is more complex than the JGC system.

Further studies are needed to demonstrate the applicability of alumina-

based catalysts to gases with various compositions at various temperatures.
§.7 SCR FOR INCINERATOR FLUE GAS
5.7.1 Introduction

In Tokyo, Mitsui Engineering constructed a commercial SCR unit to remove
both NOx and odor from its sewage sludge incinmerator whichk produces 100,000
Nm?/hr of flue gas. Prior to construction, Mitsui conducted extensive tests
at the request of the Tokyo Metropolitan Government. The flue gas was found
to contain over 100 ppm NOx with comsiderable amounts of SOy, HCl, various
kinds of dust, and other odorous components (imcluding aldehydes) which are

difficult to remove by carbon adsorption or wet process oxidation.
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The government-owned incimerators have sodium scrubbing systems and wet
ESPs for gas cleaning. The treated gas contains about 100 ppm NOy, 5 ppm
each of SOx and HCl, and has a considerable odor. Mitsui Engineering con—
ducted tests on flue gases both before and after gas cleaning by the scrubber
and ESP. They found that a certain kind of SCR catalyst is especially useful
for odor removal and applicable to the cleaned flue gas, although there are
problems involved in treating the uncleaned flue gas directly. A commercial
SCR unit with a capacity of treating 108,000 Nm?/hr of flue gas leaving the
sodium scrubber and wet ESP subsequently was constructed; it began operation
in October 1979.

5.7.2 Process Description (6)

The 108,000 Nm3/hr flue gas from the incinmerator comtains about 100 ppm
NOx, about 5 ppm each of SOx and HC1, less than 0.01 g/Nm?® of dust and about
10% 02, 8% CO2, 7% H20, and 75% N2 at 40-50°C. The flowsheet of the unit is
shown in Figure 5-10. The flue gas is heated to 280°C in a heat exchanger and
then in a heater to 350°C, injected with ammonia, and sent into a reactor
containing a homeycomb catalyst at an SV of 4,000 hr—l and linear velocity of
7.7 m/sec. Over 90% of the NOx and 80% of the odor are removed by using 1.1
mol NH? to 1 mol NOyx. No problems have been encountered since system start-

up.

Figure 5-11 shows test results for the removal of various odorous gaseous
compounds. A synthetic gas containing 10 ppm each of these compounds was sent
through the SCR catalyst at different temperatures without ammonia addition.
Over 90% of the compounds (except ammonia) were removed at 300°C or below,
forming COz, H20 and SOz by oxidation. Tests with ammonia added to the gas
indicated that ammonia did not substantially affect the removal ratio of these

compounds.
5§.7.3 Economics (6)

The Mitsui Engineering SCR unit cost 480 million yen including the price

of the heat exchanger, heater, initial catalyst charge, and civil engineering
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services. The annual cost for flue gas treatment, based on 8,000 hours of
operation in 1980, is shown in Table 5-11. The total treatment cost of 450
yen/1,000 Nm?® of flue gas includes the cost of keroseme for gas heating at 209
yen/1,000 Nm?, When SCR is not applied, the flue gas leaving the wet ESP must
be heated. Therefore, the actual cost increase caused by the SCR unit is
about 350 yen/1,000 Nmi.

5.7.4 Evaluation

This SCR unit may be the first one in the world to remove NOx and odor
simol taneously, and has various other NOx and odor removal applicatioms. It
is known that the presence of NOx increases the odors caused by other com—
pounds. Therefore, NOx removal is also helpful in reducing odor. The
process may be considerably less expensive when applied directly to the flue
gas leaving the incinerator. Direct treatment eliminates not only the heat
exchanger and the heater, but also ammonia consumption, since the flue gas

usually contains ammonia sufficient for SCR.
5.8 OTHER SCR UNITS

5§.8.1 SCR Unit at Ukishama Chemical Petrochemical's Chiba Plant

For Ukishima Chemical Petrochemical, Mitsui Engineering constructed an
SCR unit with a capacity of treating 260,000 Nm? of flue gas from a new oil-
-1

fired boiler. The SCR unit has a tubular catalyst with an SV of 4,000 hr

The unit begain operation in 1978 with an investmeat cost of 260 million yen

(2).

The 350-400°C flue gas from the boiler contains about 150 ppm NOx, 50-
300 ppm SOx, and 100-150 mg/Nm® of dust. By using 1 mol NHs to 1 mol NOg,
an 85% NOx removal rate has been achieved. The removal efficiency decreased
slightly during the first 2 years of operation. In 1980, ome-third of the
catalyst was replaced with a honeycomb catalyst to maintain the high removal
efficiency. Mitsui Engineering currently prefers honmeycomb to tubular cata-—

lysts.
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§.8.2 Shindaikvowa Petrochemical'’s Yokkaichi Plant

In 1975, Hitachi Zosen constructed an SCR unit with a capacity of treat-
ing 400,000 Nm?/hr of flue gas from an oil-fired boiler at Shindaikyowa
Petrochemical’s Yokkaichi plant. The flue gas is treated by sodium scrubbing
using the Wellman-Lord process (2).

The 55-60°C flue gas leaving the scrubber contains about 150 ppm NOx,

100 ppm SOx, and 50 mg/Nm® of particulates (including about 20 mg/Nm? of
sodium salts). The gas is heated to 330-340°C by a heat exchanger, then to
400-410°C by an oil burner, injected with ammonia and sent into a reactor with
a pellet catalyst. About 80% of the NOyx is removed by using 1 mol NH: to 1
mol NOx, producing about 10 ppm of uareacted NHs. The treated gas is then
passed through a heat exchanger where it is cooled to 160-170°C. A serious
ammonium bisulfate deposit problem was encountered with the heat exchanger and

frequent water washings were required.

Since the relaxation of the NOy emission regulations im 1979, 0.6-0.7
mol NH3 to 1 mol NOx has been used to remove 60-70% of NOx and maintain
unreacted NHs below 1 ppm. This change eliminated the previous bisulfate de-

position problem.
5.8.3 Kawasaki Steel’s Chiba Plant

In 1976, Hitachi Zosen constructed an SCR unit with a capacity of treat-
ing 762,000 Nm?*/hr of flue gas from an iron ore sintering machime (2) at
Kawasaki Steel’s Chiba Plant. The flue gas is treated by wet lime scrubbing
and wet ESP, heated by a heat exchanger and heater to 400°C, and subjected to
SCR. The SCR unit has been operated without problems for 4 years. In late
1980, the catalyst was replaced, although it was still active. The new cata-
lyst (also supplied by Hitachi Zosen) works at lower temperatures and there—

fore saves energy.
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5.8.4 SCR for Diesel Engine Flue Gas

In 1978, the Unitika Company constructed an SCR unit with & capacity of
treating 70,000 Nm?/hr flue gas from a power—generation diesel engine fueled
by 1.5% sulfur oil. The 350-400°C flue gas contains 900-1,100 ppm NOx, 600
ppm SOx and 100-150 mg/Nm? dust with 13% Oa.

The SCR unit uses a 4 mm spherical TiOz-based catalyst in an intermittent
moving bed with an SV of 10,000 hrt. Negrly 85% of the NOx is removed
using 0.85 mol NHs to 1 mol NOx and unreacted NH3 is maintained at a barely
detectable level. The SCR unit began operation in April 1978, and has been
operated since that time without trouble. About 10% of the catalyst is re-

placed annually.

After SCR and heat recovery, the SOx in the gas is adsorbed by acti-
vated carbon. The carbon is washed with water to recover sulfuric acid in the
same manner as has been done with the flue gas from an industrial boiler (5).
Unitika conducted tests of simultaneous NOy and SOy removal by activated
carbon and ammonia with thermal regemeration of SOz (2). However, the tests

were discoptinued when carbon consumption was found to be unacceptably high.
5.8.5 SCR for Gas Turbine Flue Gas

Hitachi Ltd. and Babcock Hitachi constructed a combined-cycle power
generation unit using kerosenme, and an SCR unit for Japan National Railway's
Kawasaki Plant. The gas and steam turbines have a capacity of 97.1 MW and
44 .2 MW, respectively, with a total power genmeration capacity of 141.3 MW,
They produce 1,024,000 Nm*®/hr of flue gas. Since the flue gas temperature at
the gas turbine outlet 1s too high for SCR, the gas is passed through one of
the two boilers where it 1s cooled to 364°C, treated by SCR, and then sent

into another boiler.
The kerosene fuel contains about 0.05 sulfur and the flue gas contains
small amounts of SOx and dust with about 75 ppm NOy. A moving bed reactor

with a pellet catalyst is used for SCR. The entire system was designed in
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1977, when Hitachi's plate catalyst was not yet well developed. Since the
system is operated about 14 hours a day with a shutdown at night, the catalyst
undergoes startup heating and shutdown cooling every day. In 1977, Hitachi
was not confident about the reliability of the plant catalyst under such
conditions, but currently prefers the plate catalyst in a fixed bed rather

than a moving bed for this type of gas.

The system began operation in April 1981, and has operated without prob-
lems since then. About 80% of the NOx is removed by using 1 mol NHs to 1
mol NOx, which produces unreacted NHs at a concentration of about 10 ppm.
Because the SOx content of the gas is low, the NHs has not caused any

deposition problems in the downstream facilities.

398



REFERENCES

Jones, G.D., and J.D. Mobley. Selective Catalytic Reduction and NOyx
Control in Japan, EPA 600/7-81-030, U.S. Environmental Protection Agency,
Research Triangle Park, NC, March 1981.

Ando, J. NOjz Abatement for Stationary Sources in Japan. EPA 600/7-79-
205, U.S. Environmental Protection Agency, Research Triangle Park, NC,
August 1979.

Mizutani, H., et al. Test Operation of SCR for Coke Oven Flue Gas.
Seitetsukenkyu No. 300, 1980. (In Japanese)

Shiba, M. NOx Removal from Dirty Gas by Special Reactor. Nenryo Oyoba
Nensho, Vol. 46, No. 9, 1979. (In Japanese)

Ando, J. SO: Abatement for Stationary Sources in Japan. EPA 600/7-78-
210, U.S. Environmental Protection Agency, Research Triangle Park, NC,
November 1978.

Kudo, H., et al. Dry Process Techniques for the Removal of NOy and Odor

from Flue Gas of a Sewage Sludge Incinerator, Mitsui Engineering Technical
Bulletin, Januvary 1981. (In Japanese)

399



Section 6

OTHER PROCESSES FOR NOy REMOVAL

6.1 CLASSIFICATION OF NOx REMOVAL PROCESSES

NOx removal processes other thaq selective catalytic reduction (SCR)
may be grouped into two general categories: wet and dry. The processes in

each category are listed in Table 6-1.

TABLE 6-1. NOxy REMOVAL PROCESSES OTHER THAN SCR

Dry Process

NOx Removal Only
Selective noncatalytic reduction (SNR)
Combination of SNR and SCR
MACT in—-furnace NOx removal
Molecular sieve adsorption

Simultaneous NOx/SOx Removal
Activated carbon adsorption
Electron beam radiation
Copper oxide absorption

Wet Process

NOx Removal Only
Sodium scrubbing (equimolecular absorptionm)
Oxidation absorption

Simul taneous NOy and SOy Removal
Oxidation reduction
Absorption using complexing agent

Several years ago when SCR technology had serious problems and was very

costly, many of these other processes were being actively tested. However,
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now that SCR has been successfully applied and costs much less, some of these

processes have lost their attractiveness and been abandoned.

6.1.1 Dry Processes

NOx Removal Only

Next to SCR, selective noncatalytic reduction (SNR) has been used most
widely. Several relatively large SNR units and about 20 smaller units have
been constructed. SNR uses ammonia at 800-1,000°C without a catalyst to
remove 30-50% of NOy (Sectiom 6.2)., To increase the NOx removal effi-
ciency and to reduce the unreacted NHs associated with SNR, a combination of
SNR and SCR using a small amount of catalyst has been tested with utility
boilers (Section 6.3).

A second dry NOx removal process is MACT in-furnace reduction, in which
a small amount of fuel (about 10% of total fuel) is injected above the flame
to remove about 50% of NOx. Commercial application of the process has begun

(Section 6.4).

A third process, molecular sieve adsorption, has been used with nitric

acid plant tail gas (Sectionm 6.9.3).

Simultaneous NOx/SOx Removal

The Unitika Company tested an activated carbon process to remove 80-90%
of SOx and NOx simultaneously but abandomed the process because of its
high carbon consumption. Tests of the activated carbon process also have been
conducted by EPDC jointly with Sumitomo Heavy Industries (Sectiom 6.5) and
also by Mitsui Mining Company (Section 6.9.2).

Ebara Corporation has developed an electron beam radiation process to
remove 80-90% of SOy and NOy simultaneously (Section 6.6). The process is

unique in that it converts SOx and NOx to ammonium sulfate and nitrate

which can be used as fertilizer.
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Another process, the Shell copper oxide process, has been applied to an
industrial boiler where it removes about 90% of SOx and about 40% of NOx
(Section 6.9.1).

6.1.2 V¥Wet Processes

NOz Removal Only

Essentially all of the NOx in combustion gas is in the form of NO. NO
is not easily absorbed in solutions. NO: or an equimolecular mixture of NO
and NOz are fairly reactive with solutions although their reactivity is less
than that of SO:. The tail gas from a nitric acid plant contains both NO: and
NO which can be absorbed by a sodium hydroxide solution to produce sodium

nitrite by the following reaction:
2NaOH + NO + NOz2 = 2NaNOa + Ha20 (1)
This is the basis of the sodium scrubbing NOx removal process.

However, the demand for by-product nitrite is small. There are several
small commercial units which first oxidize NO to NOz, then treat the gas with
sodium scrubbing, and subject the resulting liquor to wastewater treatment.

An oxidation absorption process such as this can not be applied on a large
scale because it requires treatment of a large amount of wastewater containing

pitrite and nitrate. Such treatment is very difficult.
Simultaneous Removal
Since 1973, many wet simultaneous removal processes have been developed.

The processes can be classified into two groups: oxidation reduction and

complex absorption, and are listed in Tables 6-2 and 6-3.
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TABLE 6-2. OXIDATION REDUCTION PROCESSES AND PLANTS

Oxidizing Capacity

Process Developer Agent Absorbent By-Product (Nm3/hr)
Sumitomo—Fujikasui C10: NaOH (NaNOs, NaCl, 62,000
Naz, SO04) 39,000

100,000

Sumitomo-Fujikasui C102 CaCOs [Gypsum, CaCls, 25,000

Ca(NOs)al

IHI 0: CaCOs Gypsum, N2 5,000
MHI 03 CaCOs Gypsum, NHs 2,000
Chiyoda 0s CaCO2 Gypsum, Ca(NOi): 1,000

TABLE 6-3. COMPLEX ABSORPTION PROCESS (USING EDTA AND FeSO4)

Capacity
Process Developer Absorbent By-Product (Nm?/hr)
Chisso Eng. NH«0H (NH4) 2504 500
Asahi Chemical NaOH, CaCO; Gypsum, N3 600
Kureha Chemical CH3 COONa CaCOs Gypsum, Nz 5,000
Kureha Chemical KOR Sul fur, Nz 2,000
MEX ~ HZ KOH Sulfur, Ni Bench Scale

Using the oxidation reduction process, NO is first oxidized by chlorine
dioxide or ozome to NO:, which then is absorbed by a sodium salt solution or a
calcium carbonate slurry. 803 is also absorbed to form sulfite. The NO:z
absorbed by the liquor is reduced by the sulfite to form N: or NHs while the

sulfite 1s oxidized to sulfate.

The Sumitomo-Fujikasui process, which uses Cl10z and sodium or limestone
scrubbing, has been applied in four relatively small commercial units since
1973. However, its development has been halted because of the wastewater
treatment problem associated with it (1). The similar IHI, MHI, and Chiyoda

processes all use ozone to substantially reduce the wastewater treatment
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problem. However, these processes are no longer being developed because of

the high cost of ozone.

In order to oxidize NO to NO2 economically, an NO oxidationm catalyst has

been studied (Section 6.8).

The complex absorption processes listed in Table 6-3 use a liquor con—
taining EDTA and ferrous sulfate to absorb NO and form a complex compound.
SOz is also absorbed to form sulfite, which in turn reduces the absorbed NO to
N3 or NHs. Those processes do not requiré an oxidizing agent but have not
been commercialized because of their complexity and the requirement for a

large multi-stage absorber to remove NO at a high efficiency.

6.1.3 Gas Composition Appropriate for Simultaneous Removal Processes

In general, a flue gas with a relatively low SOx/NOx ratio is a good
candidate for dry simultaneous removal. In the electron beam process, a high
SOx/NOx ratio yields a byproduct which is rich in ammonium sulfate and lean in
ammonium nitrate, and is therefore a low grade fertilizer. With the copper
oxide process, & high SOx content necessitates frequent regeneration of the
cuprice sulfate by-product and lowers the NO removal efficiency. Carbon

consumption in the carbon process increases with the SO0z content of the gas.

On the other hand, a high S02/NOy ratio 1s preferable for the wet NOx
removal processes because an excessive amount of sulfite is needed to attain

a high NOx removal efficiency (1).
6.2 SELECTIVE NONCATALYTIC REDUCTION (SNR)
6.2.1 Introduction
At about 900°C ammonia (NH3) reacts with NOx to form N2 and H:20:

6NO + 4NH; = 5Ni + 6Ha0 (1)
4NO + 4NH; + 0z = 4N2 + 6 Hi0 (2)
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Selective noncatalytic reduction (SNR) is based on this reaction. During the
1970s many organizations conducted pilot plant and demonstration tests using

ammonia injection (at 500-1,100°C) for NOx removal without a catalyst.

Mitsubishi Chemical Industries (MCI) and Mitsubishi Heavy Industries
(MBI) conducted large-scale SNR tests using MCI's six industrial boilers.
Based on the results of those tests, MHI constructed a large-scale SNR test
plant for Chubu Electric at its Chita Station. The plant was designed to
treat all the flue gas from a 375 MW exis;ing oil-fired boiler. MHI also
built a test plant to treat all the flue gas from an existing 375 MW oil-fired
boiler at Tokyo Electric’s Yokosuka Station, MCI submitted a patent applica-
tion for its SNR process three months after a similar application by Exxon.
Subsequently, MCI made a licensing agreement with Exxon although the patents

have not been filed in Japan.

Tonen Technology also has made a licensing agreement with Exxon and has
constructed 8 commercial SNR units to treat flue gases from industrial boilers
and heating furnaces at oil refineries and petrochemical plants. Some of
these units are specifically for use during photochemical emergency periods

when more extemsive NOx reduction is temporarily required (Section 6.2.5).,

Mitsubishi Kakoki Kaisha (MEK) has developed its own SNR technology and
has constructed many small commercial SNR uwnits for a gas company (Section

6.2.6).
6.2.2 MHI's SNR Laboratory Studies

MHI conducted laboratory tests to determine the effects of reaction
temperature and residence time (reaction time) on NOy removal efficiencies.
The tests were conducted using a composite gas containing 200 ppm NO, 400 ppm
NH; and 2% O: (Figure 6-1, A, B). At temperatures between 900 and 1,000°C the
reaction was at an optimum level for NOy removal and, 1o fact, produced a
90% NOx removal efficiency in 0.4 seconds. The principal reactions are

shown in equations (1) and (2) of Table 6-4. As can be seen in Figure 6-1, B
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the reaction rate was low, below 850°C. Above 1,000°C the NOx removal effi-

ciency was lowered due to the partial conversion of NHs; to NO, as shown in

equation (6) of Table 6-4.

TABLE 6-4. THE MHI MECHANISM OF THE DE-NOx REACTION

Main Reaction

NHs + 1/4 02 ----) NHa + 1/2 H10
NH: + NO ----)> Ni + Ha0
Sub Reaction
NH: + 1/2 02 ----> 1/2 N3 + Ha0
NH: + 02 ----> NO + Hi0

Overall De-NO Reaction

4NO + 4NHs + 03 ~----> 4Na2 + 6H20
4NH; + 502 -——-)> 4NO + 6H20
4NH; + 302 ----> 2Ni1 + 6H30

Reaction Formula for NOi

2NOz + 4 NHs + 02 ----> 3Na + 6Ha0

Eq. (1)
Eq. (2)

Eq. (3)
Eq. (4)

Eq. (5)
Eq. (6)
Eq. (7)

Eq. (8)

The NOx removal efficiency at an actual plant may be much lower than

the laboratory rate due to insufficient reaction times and the difficulty

involved in obtaining a rapid uniform mix of ammonia and gas. In order to

study these problems, the reaction constants Ki, Kz and Ks (as shown in Table

6-5) were determined empirically for different temperatures., This makes it

possible for the NO/NHs reaction rate to be calculated using equations (12)

and (13) of Table 6-5.

TABLE 6-5. BASIC FORMULAS FOR THE MHI PROCESS DE-NOx REACTION AND RATE OF

REACTIONS
4NO + 4NHs + 02 -X2-) 4Na + 6HsO Eq. (9)
4NHs + 502 -X2-) 4NO + 6HiO Eq. (10)
4NHs + 302 —<2-) 2Na + 6HiO Eq. (11)
- éig%i = K2 [N0)%(NEa 1P 102272
- Ka[NE21%00s17? Eq. (12)
) dfx:m'—') = Ka[N01°[NEs 1P 021 7*
+ (Es + Ks) [NB31%[0417° Eq. (13)
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Computer simulation programs have been developed to predict the NOx
reduction in a large furnace. As shown in Figure 6-2, a cross section of the
furnace gas ﬁassage is divided into small sections which take into account the
number of ammonia injection nozzles. Each section 1s divided into smaller
subsections both crosswise and in the direction of the gas flow so that dif-

ferential equations for diffusion and mixing camn be solved.

The results of one computer calculation are shown in Figure 6-3. The
NOx removal efficiency is shown along the gas flow axis. In this case,
ammonia 1s tnjected into the flue gas at 1,050°C and drives the gas tempera-
ture down to 900°C in 0.14 sec. over a distance of 1.8 meters. This results

in an NOgx removal efficiency of more than 50 percent.
6.2.3 SNR Tests at MCI's Boilers (2

Since 1974, SNR tests have been conducted with MCI's 6 existing oil-fired
boilers (Table 6-6). All of the SNR units were constructed by MAI. The No. 3
and No. 4 boilers are the largest ones, each with a capacity of 180 MV equiva-

lent.

As ;hown in Figure 6-4, ammonia injection nozzles, FF, FM, and FR with
cooling water tubes were placed in three locations in the No. 3 boiler aAd
also at the boiler wall (nozzle F). Figure 6-5, A shows the relationship
between boiler load and NOy removal efficiency when 2 mol NHs/mol NOx is
injected from each nozzle. The FM nozzle produced the highest efficiency
(50%) at full load, while nozzles F and FF produced relatively high effi-
ciencies at the lower load. As shown in the B portion of the figure, the

NOy removal efficiency reached 60% with 4 mol NHs/1 mol NOg.

Because the nozzles used cooling water, low-temperature corrosiomn occur-
red due to the condensation of sulfuric acid derived from the SOs i1n the flue
gas. As shown in Figure 6-6, the nozzles for the No. 4 boiler use boiler
water for cooling and thus improve process economy and eliminate the possi-

bility either of corrosion or of thermal damage.

409



TABLE 6-6. BOILERS USED FOR THE MHI APPLICATION TESTS

Capacity NH; Start
(Flue Gas Boiler Injection  of
Unit Name Flow) Nm3/h Type Fuel Firing N/R Nozzle Tests
{izushima I - #1, MCI. 175,000 oT L.S. T R NCN Aung.
0il 1974
Mizushima I - #2, MCI. 194,000 oT L.S. T R BWN Apr.
0il 1977
Mizushima I - #3, MCI. 540,000 oT H.S. T R BWN June
0il 1975
Mizushima I = #4, MCI, 540,000 oT H.S. T R BWN Oct.
0il 1974
Yokkaichi #1, MCI, 200,000 oT H.S. T R SCN May
0il 1976
Yokkaichi, YD Boiler, 40,000 NC B.S. H R SCN Sept.
MCI. 0il 1975
Chita #2, Chubu 1,000,000 cc L.S. H R BWN Feb.
Electric (Unit Capacity 0il 1976
350 MW)
Yokosuka #4a 1,000,000 cc L.S. n R BWN March
Tokyo Electric (Unit Capacity 0il 1978
350 MW)

3The Yokosuka plant uses also a catalyst (Section 6.3).
Remarks: Boiler Type: NC - Natural circulation
CC - Controlled circulation
OT - Once-through
Firing: T — Tangential, H - Horizontal
N/R: N — New unit, R — Retrofit
NHs Injection Nozzle:
BWN - Box—-type water cooled nozzle

SCN - Steam cooled nozzle
NCN - Non—-cooled nozzle
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6.2.4 Full-Scale SNR Test Unit at Chubu Electric's Chita Station (2,3)

Boiler and SNR Unit

In 1976, Chubu Electric installed a full-scale SNR test unit for the
existing No. 2 boiler at the Chita Station. The No. 2 boiler has a capacity
of 375 MW and burns 0.2% sulfur oil. Among the four boilers which existed at
Chita, the No. 2 boiler was chosen as being the most suited for SNR; it had
space available for ammonia injection nozzles with adequate temperature

ranges.

The specifications of the Chita SNR system are presented in Table 6-7.
Since the boiler load fluctuates between 375 and 120 MW, a total of 15 nozzles

were placed in two locations, front and rear, as shown in Figure 6-7.

TABLE 6-7. SNR SYSTEM SPECIFICATIONS, UNIT NO. 2, CHITA STATION, CHUBU
ELECTRIC POWER COMPANY

BOILER:
Unit Name Unit No. 2 of Chita Station, Chubu
Electric
Evaporation, t/h 1,225
Steam Pressure, kg/cm?*G 176
Steam Temperature, ©°C 571/541
SNR TEST FACILITY:
Treated Gas Flow Rate, Nm?/h 1,000,000 (375 MW rating)
Retrofit Period Aug. 1976 ~ Jan. 1977
NH: Injection Nozzle 15 sets
(Fin-welded box type)
Booster Air Fan for NHs 1 set
dilution and transport
NH; storage and supply 1 set
SNR APPLICATION TEST START Feb. 1977

PREDICTED DE-NOyx PERFORMANCE:
Target NOx Removal 40
Efficiency, %
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As shown in Figure 6-8, the rear nozzles (injection point 2) are used
when the boiler load exceeds 290 MW, the fromt nozzles (point 1) are used with
a boiler load below 220 MW, and both sets of nozzles are used with a load of
between 220 and 290 MW, In this way, ammonia is always injected into the gas
within a suitable temperature range-—930-1,030°C. VWhen the boiler load goes
below 180 MW, ammonia injection is stopped. At this load level, the amount of

NOy produced is low enough to meet the regulations without control measures.

The SNR unit has operated almost continuously since February 1977 except
for a period when the boiler was shut down. Figure 6-9 indicates the perfor—
mance of the SNR system. By using 1.5 mol NH3/1 mol NOx, 35-45% of NOx is
removed with 15-25 ppm of unreacted NHs. With a higher inlet NOx concentra-—
tion (about 150 ppm) the SNR unit produces a higher removal efficiency (45%).
When the nozzles were modified to have more holes the result was better utili-
zation of NHs. The same NOx removal rate was obtained using 1.3 mol NH»
with nozzle modification and 1.5 mol NH; without the modification. Recently
at the plant about 1 mol NHs has been used to produce about 35% efficiency
with 10 ppm unreacted NHs .

Evaluation/Economics

The operation of the SNR system at Chita Station has been virtually
trouble—free except for problems associated with SOy and NHs in the treated
flue gas. The boiler flue gas contains about 100 ppm SO: and 1-2 ppm SO3
which tend to combine with NHs and condense on cooling. This produces 2
problems. First, during the winter, when unreacted NH3: exceeded 40 ppm, a
plume was observed coming from the stack. Second, when the system began
operation the pressure of the air preheater soot blower was too low. As a
result, deposits 1n the preheater caused the pressure drop to increase from
100 to 140 mm H20 in two months. Eventually, the boiler had to be shut down
for washing of the preheater. The deposition has been reduced by using high-

pressure soot blowing and less NHs to reduce unreacted NHs.
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The SNR unit cost 600 million yen (1,600 yen/kW) in 1976. This cost is
quite high due to the price of boiler modification for retrofitting of the SNR
unit. In general, both the costs and the NOx removal efficiency of SNR are

slightly less than half of those for SCR.

6.2.5 Exxon Thermal DeNOy Systems

Eight thermal DeNOx SNR systems which use the technology developed by
Exxon (Table 6-8) have been constructed at oil refineries and petrochemical
plants. In most of the boilers and furnaées there was available space in
which to install the ammonia injection nozzles at the optimum temperature of
900-1,000°C. The exception is at Mitsui Petrochmical’s industrial boiler at
Chiba. There the nozzles were installed where the temperature is 700-800°C
and hydrogen is used with ammonia to increase NOx removal efficiency. The
ammonia and hydrogen are diluted with steam; air cannot be used for dilution

because of the risk of explosion.

Mitsui Petrochemical’s SNR unit has nozzles in three locations where the
temperature is between 700 and 800°C. Two mol NH: and 1-2 mol Hz to 1 ;ol
NOy are injected from the three locations according to the boiler load. As
such, the ;nit removes 30-45% of inlet NOy (100-150 ppm) with 10-15 ppm of
unreacted NHs., When the unit began operatiom in late 1975, the boiler burmed
0.8% sulfur fuel oil and the air preheater became clogged with deposits in
about 700 hours. Since then either gas or cracked naphtha fuel containing
0.2% sulfur has been used to reduce the deposition. The unit was operated for
about a year and then shut down for the following reasons: 1) low NOx
removal efficiency with high unnreacted NHs, 2) high consumption of NH; and Ha,
and 3) the fact that combustion modification can reduce NOx for a lower

cost.

Tonen Sekiyu Kagaku (Tonen Petrochemical) and Toa Nenryo each operate two
SNR systems (at Kawasaki and Wakayama, respectively) which meet current regula-
tions and remove 10-20% of NOx using 0.3-0.5 mol NHs to 1 mol NOx. Unre-
acted NH; has been maintained at 5 ppm 1n all four units. The regulated NOx

limit is about 140 ppm at Kawasaki and 190 ppm at Wakayama.
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TABLE 6-8. EXXON TECHNOLOGY THERMAL DENO; PLANTS

Gas Inlet NHs/NO Use Gas NOx Date
Plant Troated NOx mole of temp. removal of Status of
User Site Gas Source Fuel ({Nm?/br) (ppm) ratio Hs (*C) (%) Start operation
Mitsul Chiba Industrial Naphtha 120,000 130 1-2° Yes 700-800 30-40 Dec. No operation
Petrochemicel boiler 1975 since 1977
Tonen Sekiyu Eawasaki Industrial Low-S§ 468,000 ~150 0.3-1" Yos® 700-1000 10-50 Oct. Occaslonal
Eagaku boller oll, Gas 1976
Tonen Seklyu Kawasaki Industrial Low-8 468,000 ~150 0.3—1b Ycs® 700-1000 10-50 July Occaslionsl
Kagaku boiler oil, Gas 1977
Eyokyto Chiba Pipostill Low-8 160,000 80-100 2.0" Yes 700-1000 50 Oct, For emergency
Petroleoun furnace oil, Gas 1977
Tos Nenryo Kawasaki OO0 boller co 314,000 200 1-2" Yes 700-1000 45-55 March For emergency
1978
Toa Nenryo Kawasakl Pipostill Low-8 254,000 1558 l--2b Yos€ 700-1000 50-355 March For emergency
furnace oll, Gas 1978
Toa Nenryo Wakayama Industrial LowS8 176 .000 ~200 0.3-0.5 No 850-900 10-20 Aug. Coantinuous
boller oil 1978
Toa Nenryo Wakayama Industrial Low-§ 176,000 ~200 0.3-0.5 No 850-900 10-20 Feb. Contlnuous
boller oll 1981

SNH; is injected at three locations.

chh is injocted at one location.

Ha Is used at abont 800°C or below.



The 3 other SNR units listed in Table 6-8 have been used for emergency
purposes when total NOy emissions from the plants exceed the regulation or
when photochemical smog warnings require further NOx reduction. The units

each remove 45-55% of NOy using hydrogen and 1-2 NHi/mol NOy.

Economics

Tonen Technology calculated the typical cost figures for an SNR system

applied to an existing boiler and furnace; these are presented in Table 6-9.

TABLE 6-9. THERMAL DeNOz COST FIGURES CALCULATED BY TONEN TECHNOLOGY

Boiler Furnace
Flue gas volume, Nm3/hr 500,000 200,000
(MW equivalent) 165 65
Inlet NOz, ppm 200 200
Outlet NOgx, ppm 100 100
Investment cost (10¢ yen), 80 90
Utility consumption
NH3, kg/hr 80-120 30-45
Steam, t/hr” 2.5-3.0 1.0-1.2
H:, Nm?/hr® 0-80 0-40

:A1r may be used when H: is not used.
Hi 1s used when the gas temperature 1s below 850°C. H:z costs 10-20 yen/Nm?.

The investment cost may be less for a new boiler and furnace. !Most of
the cost of SNR systems for existing boilers and furmaces i1s for retrofitting.
These modifications differ conmsiderably with each boiler and furmace. Mitsu:

Petrochemical’s SNR unit cost 140 million yen in 1975, including the cost of
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the NOy analyzer, and control system and royalty fees. The cost is equiva-
lent to 3,500 yen/kW ($14/xW) and is fairly high due mainly to the installa-
tion of nozzles in 3 locations. The annual operating cost of the same unit
was 150 million yen including 7 years depreciation, interest, overhead, and

other similar costs. The annualized cost was 0.5 yen/kWhr.

6.2.6 Toho Gas Company's SNR Units (4)

MEK constructed many small commercial SNR units for the Toho Gas Company
at the Sorami and Chita plants near Nagoy; City (Table 6-10). The units are
for kerosene—fired boilers, naphtha—fired naphtha evaporation furnaces, and
steam naphtha superheaters and each has a unit capacity of treating 3,200 -

10,700 Nm?/hr of flue gas.

The NOx removal efficiencies of these uvnits are relatively high and
range from 54 to 62 percent for the boilers, 58 to 67 percent for the evapora—
tors, and 44 to 56 percent for the superheaters. No other information

regarding their operation is available.

It is presumed that the inlet NOy concentrations are in the range of
100-200 ppm, and that the relatively high removal efficiencies may be due to
the following: 1) the units’ small size which enables rapid and uniform
mixing of ammonia, 2) a relatively long reaction time in a suitable tempera-
ture range, in the case of the naphtha evaporator, 3) possible use of a large
NH; /NOxz mole ratio (2.0 or more), and 4) no ammonium bisulfate problem even
with a large concentration of unreacted NHs, since the fuel contains little

sulfur.
6.2.7 Evaluation

SNR 1s the simplest method of flue gas treatment for NOx abatement and
is well suited to boilers and furnaces which require up to 50% NOx reduc-
tion. In order to remove NOx efficiently, ammonia must be mixed with the
flue gas very rapidly and uniformly. The mixed gas then should be maintained

for a certain time period, preferably more than 0.2 seconds, within a suitable
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TABLE 6-10. TOHO GAS CONMPANY'S SNR UNITS

Gas N0x
Plant Gas treated removal Startup
site Source Fuel (Nm3/hr) (%) date
Sorami Boiler Kerosene 3,490 62 Oct. 1976
" SNs? Naphtha 2,570 56 "
u NE " 3,540 67 "
" Boiler Kerosene 3,840 54 Oct. 1977
" SNS Naphtha 4,362 44 "
" NE " 6,216 58 "
" Boiler Kerosene 3,870 54 Nov. 1977
" SNS Naphtha 4,762 44 '
u NE " 6,216 58 '
" SNS " 3,168 44 Dec. 1977
" NE " 4,166 58 "
" Boiler " 3,169 44 June 1978
n NE " 4,166 58 "
" Boiler Low$S oil 10,700 60 July 1978
" SNS " 3,800 62 “
" NE " 5,200 62 "
Chita NH® Kerosene 6,000 50 Oct. 1977
" SNS " 4,300 50 "
" NH " 3,200 50 "

3Steam naphtha superheater
cNaphtha evaporator
Naphtha heater
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temperature range————900-1,030°C without Hi: and 700-900° with Ha. Hydrogen
may be used at refineries and petrochemical plants but is not appropriate for

use at power plants.

SNR also may be suitable for certain types of furnaces that have rela-
tively long gas retention times at the appropriate temperatures. Over 60%
NOz reduction may be attained with these furnmaces. On the other hand, a
removal efficiency of 30-40 percent may be a practical limit for utility
boilers which must maintain unreacted NHs at a low level even during load fluc-

tuations.

SNR works well in an emergency situation when 40-50 percent removal of
NOy is needed temporarily. In this application, however, the maintenance of
the ammonia injection nozzles may present a problem, since they must be kept
cool at all times. MHI's cooling system which uses boiler water can be used

to reduce the cooling costs.

SNR also may be useful for treating very dirty gas such as gas from a
glass melting furnace or a municipal incinerator which contains particulates

end gases capable of poisoning SCR catalysts.

A combined SNR/SCR system can be used to attain a higher NOx removal
efficiency (50-70 percent) than can be attained by SNR alone. This combina-

tion is described in the following section.
6.3 SNR/SCR COMBINED SYSTEMS
6.3.1 Introduction

Between 1978 and 1980, botk Toyko Electric and Kamsai Electric conduncted
large-scale tests of combined SNR/SCR systems applied to existing oil-fired
boilers. In the combined system, 1000°C ammonia 1s 1injected into the boiler
for SNR; the 300-400°C gas leaving the boiler economizer is sent through a
small amount of parallel-flow SCR catalyst (located in the existing duct) for

further reduction of NOy and NHs. The combined system’s advantage is that
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it removes 50-60 percent of NOxy in flue gas from an existing boiler, re—
quires nmeither an SCR reactor nor an additional fan, and produces less than 10

ppm of unreacted NHs.

6.3.2 Tokyo Electric’s SNR/SCR Demonstration Plants

Tokyo Electric’'s three SNR/SCR demonstration plants are described in
Table 6-11. All of the combined units were installed for existing oil-fired
boilers which burn low-sulfur oil and produce a flue gas with 120-200 ppm
NOgx.

The SNR/SCR system for the No. 2 oil-fired boiler (350 MW) at Tokyo
Electric's Ohi Power Station is shown in Figure 6-10. Fifty ammonia injection
nozzles, each with 40 holes, were installed at onme location in the boiler
where the gas temperature is about 1,000°C at full load. A honeycomb cata—
lyst, (87 m? (SV 11,720 hr '), was installed in the duct between the econo-
mizer and the air preheater. For test purposes, honeycomb catalysts with
different compositions and channel diameters, ranging from 8 to 10 mm, were

used. The pressure drop through the catalysts bed was less than 30 mm H:20.

The combined system at Tokyo Electric’s Yokosuka Statiom is shown in
Figure 6-11. It has ammonia injection nozzles at two locations 1n order to

compensate for changes in the gas temperature.

The demonstration plants operated for 7,900 — 10,700 hours as shown in
Table 6-11. Similar results concerning NOx removal efficiency and unreacted
NHs were obtained at all three plants. A typical example of a test result is
shown in Figures 6-12 and 6-13. By using 2.0-2.5 mol NHs to 1 mol NOx, the
NOy removal efficiency was 50-60 percent with unreacted NH; below 10 ppm.

Roughly 20 percent of the NOx was removed by SNR: the rest was removed by SCR.
The NOy removal efficiency was higher at the smaller boiler load as

shown in the Figure 6-13. The reduced load was unfavorable for SNR because of

the decrease in the gas temperature but increased the SCR efficiency because
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TABLE 6-11, TOKYO ELECTRIC'S SNR/SCR DEMONSTRATION PLANTS (5)
Power Station
and Unit No. Yokosuka No.4 Ohi No.2 Yokohama No.1l
Capacity in MW 350 350 175
(m3 N/H) (1,076,000) (1,020,000) (531,000)
Fuel Low sulfur oil Low sulfur oil Low sulfur o1l

Sulfur content in
fuel {(wt %)

Dust in flue gas, mg/Nm?
(at ecomomizer outlet)

NOx in flue gas, ppm
NOx reduction efficiency
Residual ammonia

Ammonia injection
(NH3/NOx mole ratio)

Type of catalyst

Test Period

Operating Hours

Manufacturer

0.1 ~0.2

0.1

Approximately 50

200 ~ 120

More thamn 50 percent

Less than 10 ppm

Honeycomb
& plate

Apr. 1978
~ Aug. 1980

7,900
Mitsubishi

Heavy
Industries

1,5 ~ 2.5

Honeycomb

June 1978
~ Sep. 1980

10,700
Ishikawajima

Harima Heavy
Industries

0.1 ~0.2

Plate

Aug. 1978
~ Sep. 1980

10,500

Babcock
Hitachi
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of the smaller SV (longer reaction time through the catalyst bed). The in-
creased SCR efficiency was more than sufficient to compensate for the decrease

in SNR efficiency.

The catalyst was effective not only for increasing NOx removal effi-
ciency but also for reducing unreacted NHs below 10 ppm. Unfortunately, the
air preheaters experienced ammonium bisulfate plugging. The only exception
was at the Ohi plant which only had a slight bisulfate problem probably be-
cause of the low sulfur content of its fugl. The air preheaters at the other

stations required water washing once every 3 or 4 months.

The demonstration tests were completed in September 1980. At that time
the SNR ammonia injection nozzles were removed. Since that time, at the Ohi
plant a small amount of ammonia (0.15 - 0.2 mol NH3/mol NOx) has been
injected through the nozzles for SCR to remove 15-20% of Nox with 2-3 ppm of

unreacted NHi.

Use of the SNR systems was discontinued for several reasoms., First, the
local NOy regulation can be met using combustion modification. For example,
the NOy regulation for the Ohi No. 2 boiler is 140 ppm. This level can be
achieved by using combustion modification, including staged combustion, flue
gas recirculation and a 1owNOg burner. For safety reasons, 15-20% of NOx
from the boiler is removed by SCR. Second, because of the high temperatures
in which they were used, the SNR ammonia injection nozzles caused maintenance
problems. Another reason was that in the SNR system the ammonia consumption
is high and the unreacted NH3 is higher thanm it would be in a standard SCR

plant. This caused ammonium bisulfate deposition problems in two plants.

6.3.3 Kansai Electric’'s Funll-Scale SNR Test

In October 1977, Kansai Electric installed a full-scale SNR test unit for
an existing 156 MW oil-fired boiler at the Himejz No. 1 Station. In July
1978, a small amount of SCR catalyst was placed in the duct between the boiler
economizer and air preheater to increase NOx removal efficiency to 50-70%

and to reduce unreacted NH3.
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In 1979, the SNR unit was removed primarily because of the maintenance
problems associated with the ammonia injection nozzles. Since that time, the
SCR catalyst successfully has removed about 30% of the NOy with little

catalytic degradation,

6.3.4 Evaluation

A combined SNR/SCR system was once considered ideal for removal of 50-60%
of NOx in flue gas from existing boilers. However, maintenance of the sys—
tem’'s ammonia injection nozzles proved to ge a serious drawback. For most
existing ntility boilers, a standard SCR reactor can be retrofitted between
the boiler economizer and the air preheater to remove over 80% of NOy.
Alternatively, a parallel flow catalyst placed in the existing dust can remove
30-40% of NOx.

The combination system still may be valuable for removing 50~60% of NOy
from existing furnaces and boilers that have no space for installation of SCR

reactors.

6.4 MITSUBISHI ADVANCED COMBUSTION TECHNOLOGY (MACT) IN-FURNACE NOx
REMOVAL PROCESS

6.4.1 Introduction

MBI developed the Mitsubishi Advanced Combustion Technology (MACT) in-
furnace process to remove about 50% of NOy from a boiler, In the process
the secondary fuel-—about 10% of the fuel for the boiler-—-is used as a reduc-
ing agent. At temperatures above 1200°C the secondary fuel is injected into
the boiler combustionm gas to create a reducing atmosphere. In this atmosphere
70-90% of NOx 1s converted to Ni and H1:0 and additional air is injected for
complete combustion (Figure 6-14). Since a small amount of NOy is formed
during the complete combustion stage, the overall NOy removal efficiency of

the process is usually about 50%.
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After completing small-scale tests, MHI joined with Tokyo Electric to
conduct pilot plant tests using corner—firing furnaces. VWith a combination of
combustion médification and MACT, NOx concentrations were lowered to about
60 ppm for coal, 30 ppm for oil and 10 ppm for gas fuels. Tokyo Electric has
been using the MACT/staged combustion system commercially for two small oil-
fired boilers (125 MW each) which were originally designed to burn coal. The
system has reduced NOx to 30-40 ppm.

6.4.2 Small-Scale Tests (6,7)

Figure 6-15 and Table 6-12 provide a description of the small MACT test
furnace. The compositions of the domestic low-sulfur coals which were used

for the test are shown in Table 6-13.

TABLE 6-12, SMALL TEST FURNACE SPECIFICATIONS

Furnace Diameter 0.8 m Length 2.2 m
Castable refractory-lined cylindrical furnace

Primary burmer Propane (10 kg/hr) or pulverized coal (100 kg/hr)
Air at room temperature

Secondary burner Propane or pulverized coal 10 kg/hr
Air at room temperature 1s used for combustion.
Pulverized coal 1s carried by nitrogen gas.

TABLE 6-13. COMPOSITION AND HEAT VALUE OF COALS (200 mesh 90% pass)

Fixed
Ash Volatile Carbon Moisture N S Heat Value
(%) (%) (%) (%) (%) (%) (kcal/kg)
Small scale tests 13.2 42.2 38.4 6.2 1.0 0.28 6220
Pilot plant tests 10.1 42.6 40.8 6.5 1.0 0.20 6400

Figure 6-16 illustrates test results when propane fuel was used. Propane
was burmed in the primary burnmer producing a flue gas containing 140 ppm NO

and 1% Oz. A reducing gas formed by the partial combustion of the propane

(10% of primary fuel) was introduced into the flue gas at 1,200°C; this

435



COAL

PROPANE
=N
iy I
3
COOLING

FEEDER
i ° WATER PUMP
COAL 1 i
VAPORATOR
% . ' COOLING WATER
SECONDARY* * 8 Q o
BURNERS ~ ? $
4} | | | ] | T I — 1]
P
(=]
~ =3 i ol
w J
o F SECONDARY
AIR WASTEWATER
)
PRIMARY AIR AR

@ FLOW METER

*Dimensions are In mm

* % ocation ol the seco

Figure 6 15

BLOWER

ndary burner is changeable

Flowsheet of a Small-Scale MACT Test Plant

STACK



reduced NO to 25 ppm. For complete combustion, additional air was introduced..
This kad the effect of increasing NO to 70 ppm, resulting in an overall NOy

removal efficiency of 50%.

Figure 6~17 shows that NOx was reduced when the secondary fuel was
injected above 750°C and that the NOx removal efficiency was higher when the
flue gas contained a lower O3 concentration before the secondary fuel

injection.

Figure 6-18 shows the results of a test using a lowNOx burner with
pulverized coal fuel. The NO concentration ranged from 100 to 150 ppm before
the secondary fuel was injected, and was reduced to 50 to 60 ppm by the MACT.
The gas at the stack contained 10 ppm CO, but no hazardous gases such as HCN.

6.4.3 Fundamental MACT Studies (6)

Figures 6-19 and 6-20 show the NOy decomposition ratio that occurred
with propane fuel before the introduction of the additional air for complete
combustion. The decomposition ratio was influenced by i, which is defined by
the following equation:

Inlet 0z (02 in flue gas before secondary fuel was added)
03z required for complete combustion of the secondary fuel

A=

About 90% of NO was decomposed at 1,150 - 1,300°C when A was 0.18 and
0.53, while the decomposition ratio was only about 10% when A was 2.2. At
1,300°C a reaction time of 0.1 second was sufficient for decompostion when A
was 0.53., Figure 6-20 shows that the decomposition ratio was not influenced

by the inlet NO concentration, which ranged from 30 to 1,000 ppm.

Figure 6-21 shows test results with different fuels. When A was between
0.15 and 0.9, 80-95% of NO was decomposed for all fuels including gas, o1il,
and coal. The decomposition ratio was considerably lower when A was below 0.1
and above 1.0. This indicates that a small amount of Oz 1s needed for the

reaction and that excessive 0z prevents decomposition.
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The decomposition reactions are assumed to be these:

Cm’Hn'*

CmHn +. 0z —) m + CO + Ha0 (1)
NO + Co'Hn'* —-) Co"Hn" + Na + Hz0 + CO (2)
NO + Co'Hn'* —> Ca'Ha" + —B4 L g0 + CO (3)

NH compounds

¢indicates radical

Hydrocarbon (secondary fuel) is decomposed by Oz to form hydrocarbon
radical (1), which reacts with NO to form N3 (2) and NHi or nitrogen hydrogen

compounds such as NH: and NH: (3).

Figure 6-22 shows the relationship between the amount of NO decomposed
and the amount of NHi formed from the NO. When less than 40 ppm NO was

decomposed, nearly all of the NO was comnverted to NHi; the conversion ratio
decreased as the amount of decomposed NO increased. This indicates that the

MACT process may work more efficiently with flue gas richer in NO.

The reactions which take place during complete combustion by air addition

are shown -below:

Cm"Hn" + O3 —> H20 + CO (4)
CO + 02 —> COa (5)
NHi + 02 —> N2 + Hi0 (6)
NHi + 0z —> NO + Hz20 (1

The nitrogen hydrides, NHz and NHs, shown as NHi, may be converted to
both Nz and NO. The conversion of NHi to NO occurs at temperatures above
700°C as shown in Figure 6-23; the conversion ratio is higher with a higher 02

concentration in the gas.
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6.4.4 Pilot Plant Tests with Corner—firing Furnaces(7)

As shown in Table 6-14, pilot plant tests of MACT were conducted with two
corner—firing furnaces. The operating conditions and the coals used for the

pilot plant tests are shown in Tables 6-15 and 6-13, respectively.

TABLE 6-14. FURNACE SPECIFICATIONS

Fuel Gas and 0il Coal

Heat capacity (107 Kcal/hr) 1.5 2.0

Number of burners 12 (gas), 8 (oil) 12

Forced draft fan (n3/min) 450 (20°C) 920 (20°C)
(mmH310) 800 800

Induced fan (m3/min) 650 (300°C) 1140 (100°C)
(mmH20) 200 800

Gas recirculation fan (m3/min) 427 (500°C) 760 (350°C)
(mmHA20) 400 600

Air preheater (Nm?/min) 430 (288°C) 750 (350°C)

TABLE 6-15. MACT PILOT PLANT TEST CONDITIONS

Fuel Gas 0il Coal

Main burmner

Type PM PM SGR

Fuel (kg/hr) 240-800 200-800 600-1200

Gas recirculation (%) 0-30 0-20 0-10

Over fire air (%) 0-20 0-20 0-20
Secondary burner

Fuel (kg/hr) 0-150 0-150 0-150

Gas recirculation (%) 0-15 0-15 5-15
Additional air (%) 0-20 0-20 0-20
02 at furnace outlet (%) 1-3 1-3 2-4
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The furnace was operated manually. As shown in Figure 6-24, furnace

operation stabilized three to five minutes after the use of MACT began.

Figures 6-25 to 6-27 show the relationship between Oz concentrations in
the flue gas (prior to the injection of the secondary fuel) and NOy concen—
trations with and without MACT. Using a combination of combustion modifica—
tion and MACT, NO was rednced to 7-10 ppm for gas, 40-50 ppm for o0il, and 50-
70 ppm for coal. Figure 6-28 shows the effect of MACT for oil-burning when
the nitrogen content of the oil was increased to 0.9% by adding pyridine. NO

was maintained at 70 ppm even for o0il containing 0.9% N.

An analysis of both the flue gas and the fly ash leaving the MACT system
indicated that MACT did not cause any degradation in their composition and

properties.

6.4.5 Evalunation

The MACT in-furnace process requires the same investment and operation
expenditures as the process of combustion modification by staged combustion.
By combining combustion modification and MACT, NOy in flue gas from a large
utility boiler may be reduced to about 100 ppm for coal, 40 ppm for oil, and

20 ppm for gas. Process operation appears to be problemfree.

A disadvantage associated with MACT is that it requires a furnace that
is about 10% taller than most conventional furnaces. For this reason, MACT
may not be applied to most existing boilers without a reduction in boiler
capacity. An exception to this is the type of the boiler used commercially by
Tokyo Electric. This boiler was originally designed for burning coal and oil

and has a very large furnace for oil-firing.
The MACT process may be useful for a new boiler, especially for a coal-

fired boiler in which NOy reduction to 100 ppm is needed. For 50% NOyx

reduction, the MACT may be more advantageous than selective noncatalytic
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reduction (Thermal DeNOgz) becanse MACT does not require ammonia and there-
fore does not have an ammonium bisulfate problem. For additional NOx abate-

ment, selective catalytic reduction (SCR) must be used with MACT.

IHI, Babcock Hitachi (BH), and Tokyo Electric have tested a process
similar to MACT and have obtained about 50% NOx removal. In addition,
Hitachi Zosen has developed a similar process for industrial boilers (Section
6.9.5) (8). The MACT process may be best suited to corner—firing (tangential
firing) boilers. It is based on rapid uniform mixing of the secondary fuel

with combustion gas which can be attained easily im that type of boiler.

6.5 ACTIVATED CARBON PROCESS (EPDC - SHI PROCESS)

6.5.1 Introdonction

EPDC and Sumitomo Heavy Industries (SHI) have conducted tests of the
activated carbon process with the objective of removing 95% of SOx and 40%
of NOx in flue gas from a coal-fired boiler. They have operated a pilot
plant with a capacity of treating 10,000 Nm?/hr of flue gas from a coal-fired
boiler at EPDC's Takehara Station since November 1978.

In the activated carbon process, the S0z adsorbed by the carbon is regen—
erated by heating and converted to elemental sulfur by the RECLAUS process.
In the RECLAUS process, SO:2 is reduced to HiS and S using coal, and then the
HiS and the SOs react in the Claus furnace to form byproduct elemental sulfur.
Ammonia is added to the flue gas to: 1) increase SOx removal efficiency,
2) reduce carbon consumption by thermal regeneration, and 3) remove a por—

tion of the NOg.

An activated carbon process demonstration plant sponsored by the Ministry
of International Trade and Industry will be completed in 1983. The plant will
be located at EPDC’'s Matsushima Station and will have a capacity of treating

300,000 Nm3/hr of flue gas from a coal-fired boiler,
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6.5.2 Pilot Plant Test of the Activated Carbon Process (9)

The composition of the flue gas and the pilot plant test conditions at

EPDC's Takehara Station are shown in Tables 6-16 and 6-17.

TABLE 6-16. FLUE GAS COMPOSITION DURING PILOT PLANT TEST
Range Average
S0z, ppm 600-1000 900
NOy, ppm 200-400 250
0, % 5.0-8.9 6.6
COx, % 12.0 12.0
H20, % 8.1-9.0 8.4
Dust, mg/Nm? 140-310 250

TABLE 6-17.

TEST CONDITIONS

SO2, ppm
NO, ppm
Gas temperature, °C

Space velocity (SV), hr™?

600-1000
200-350
120-150
500-900

A flowsheet of the pilot plant is presented in Fignre 6-29.

Ammonia is

added to the flue gas in the ratio of 0.5 mol ammonia/mol SOy and the gas is

sent horizontally through a moving bed in which granular activated carbon

moves downward.

furic acid:

The SOy in the gas is adsorbed by the carbon to form sul-

S0z + H20 + 1/202 = HaSO.
SO0s + Hz20 = Hz2SO04

(1)
(2)

A portion of the ammonia reacts with the sulfuric acid to form ammonium

bisulfate while the rest of it is reacted with NO by the catalytic action of

the carbon:
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NH3; + H2S04 = NH4«HSO4 (3)
4NHs + 4NO + 02 = 4N2 + 6H20 (4)

The relationship of reaction temperature to removal efficiency in the
system is shown in Figure 6-30., The flue gas is then sent through an ESP or a
baghouse and on to the stack. Loaded with ammonium bisulfate and sulfuric
acid, the carbonm is discharged from the bed and sent into another moving bed
reactor (regenerator). There it is heated above 350°C by an inert gas pro-—
duced by the incomplete combustion of fuel. The treated carbon is returmed to

the adsorber and the SOz is regenerated by the following reactions:

2H3804 + C = 2802 + 2H20 + COa (5)
2NH.HSO4 + H2804 = 35S0z + 6H10 + N2 (6)

The SOa-rich gas leaving the regenerator is mixed with a small amount of
air and sent to the bottom of the coal reactor, a shaft furnace charged with
coal. As a result of the partial combustion of the coal, the gas temperature

in the reactor reaches about 900°C, This causes the following reactioms:

C + Ha0 = Ha + CO (7
H: + § = HiS (8)
C+ S0s =S + CO2 (9)
CoO + S = COS (10)

About 80% of the SOz is reacted in the furmace; about 40% forms sulfur,
30% forms H2S, and 10% forms COS. The gas 1s then cooled to allow condensa-
tion of elemental sulfur, and is sent into two Claus furnaces in series. In
the furnaces, nearly all of the sulfur compounds are converted to elemental

sulfur:

2H2S + S0z = 3S + 2H:0 (11)
COS + H:0 = H2S + CO:z (12)
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In actuality, a small amount of air is added to the gas leaving the coal
reactor in order to adjust the H2S/S0z ratio to 2. The gas leaving the Claus
furnace (containing small amounts of Ha2S, 503 and COS) is incinerated to

convert H2S and COS to SOz and is returned to the adsorber.

Figure 6-31 shows the SOs and NOx removal efficiencies during an 8,000-
hour continuous test cycle at the pilot plant. The SOx removal efficiency
ranged from 80 to 99% (90-95% removal for most of the time) while the NOx
removal efficiency ranged from 20-40% (30% average). The activated carbon was
consumed at a rate of 0.5-1% per day. Amﬁon1a was not detected in the flue
gas leaving the adsorber as long as the NHi/SOx mole ratio was kept below
0.5. The recovered sulfur contained a very small amount (less than 0.5%) of
impurities such as NH4ASOs and NH4Cl; the impurities subsequently were removed

by filtration to yield a byproduct sulfur with over 99.5% impurity.
6.5.3 Evaluation

The activated carbon process is advantageous in that is does not require
either water or gas reheating, while it simultaneounsly removes over 90% of
SOx and about 30% of NOx, and produces elemental sulfur. On the other
hand, the process does consume a large amount of carbon even with the addition
of ammonia. The cost of carbon may be ome of the important factors to comsi-

der in determining the commercial applicability of the process.

The NOgx removal efficiency of the process can be increased to 80-90% by
using a much larger amount of ammonia and a high quality carbon at 230°C.
This was demonstrated by the Unitika process pilot plant. The Unitika pro—
cess, however, was abandoned becaunse of its large consumption of costly carbon
and ammonia. It may be possible to use less costly carbon and smaller amounts

of ammonia for about 30% NOg removal at a lower temperature.
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The activated carbon process may not be suitable for flue gas with a high
SOy content because both ammonia and carbon consumption increase with SOy
concentration; 1t may be well suited for flue gas from coal or oil with less
than about 1% sulfur. The operation of the demonstration plant now under
construction at Matsushima should provide more valumable information omn the
process. SHI also conducted tests on the feasibility of using 2 absorbers to
remove about 80% of NOzy and 90% of SOa. Further study is needed to evaluate

this process.

6.6 EBARA ELECTRON BEAM IRRADIATION PROCESS

6.6.1 Introduction

Ebara Corporation, and the Japan Atomic Energy Research Institute, have
developed a process which simultaneously removes SOx and NOx from flue gas
by irradiating the gas with an electron beam and then collecting the resulting
particulates with an ESP. From 1974-1977, Ebara operated a pilot plant with a
capacity of treating 1,000 Nm?/hr of flue gas from an oil-fired boiler. Tests
at this early stage of development were not very successful. Later Ebara

began using ammonia, which substantially improved the process.

By irradiating the gas containing ammonia, over 90% of SOx and 80% of
NOx can be removed, and converted to fine crystals of ammonium sulfate
nitrate (double salt) which can be used for fertilizer. A larger pilot plant
with a capacity of treating 3,000 to 10,000 Nm?/hr of flue gas from an 1rom
ore sintering machine was operated from July 1977 through June 1978 at Nippon

Steel’s Yawata Works. The Ebara electron beam irradiation process has been

licensed to AVCO, USA.

6.6.2 Ebara Process Pilot Plant Tests (11, 12)

A flowsheet of the larger Ebara process pilot plant 1s shown in Figure
6~32. The most important pieces of equipment in the plant are: gas coolers
for indirect cooling (heat exchanger) and direct cooling (water spray), an

ammonia injection facility, an electron beam reactor surrounded by a concrete
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wall to prevent xz-ray emissions, an ESP, and a control system. As shown in
Figures 6-32 and 6-33, two electron beam accelerators with a unit capacity of
750 kV, 60 mA were placed at opposite ends of a cylindrical reactor with a
diameter of 2.6 m. The distribution of the dose rate in the reactor is shown

in Figure 6-33.

Since the dose rate was not uniform throughout the reactor, an impeller
was placed at the reactor inlet to rotate the gas and homogenize the reaction.
A side stream of the gas from an iron—ore sintering furnmace was treated in the
reactor. The gas contained about 200 ppm each of SOz and NOgx (mainly NO),

40 mg/Nm?® of dust, 15.5% 0z, 10.3% H20, and 16.2% COz2, and had a flow rate of
3,000-10,000 Nm3/hr. It was cooled to 70-90°C, injected with ammonia, and
sent into the reactor. In some of the tests, SOz, NO, and fly ash were added
to the gas in order to simulate flue gas from coal. Ammonia was used at an
average stoichiometry of 1.0 (2 mol NHs/mol SOx and 1 mol MHs/mol NOgx).

For some of the tests, this stoichometry was changed.

The relationship between the gas rotation ratio and the NOx and SOg
removal efficiencies is shown in Figuore 6-34. The gas rotatiom ratio is
defined as:

revolutions of impeller (rpm)
gas flow rate (Nm3/hr)

A maximum efficiency-—over 95% for SOy and 80% for NOx—was obtained at

the ratio of abomt 1/60, with 1.8 Mrad at 90°C.

The effect of the dose on removal efficiency and unreacted NHs 1s shown
in Figure 6-35. SOy removal efficiency exceeded 90% at 1.3 Mrad at 70°C and
at 2 Mrad at 90°C, while NOyx removal efficiency reached a maximum —-—— about
80%-with 1.8 Mrad at 70°C or about 65% with 1.8 Mrad at 90°C. The decrease 1in
NOx removal efficiency at the higher dose level may be due to the formation
of NOx from Nz and Oz, The amount of unreacted NHs decreased with an incre—
asing dose and was almost zero above 1.8 Mrad at 70°C; there was a consider—

able amount of unreacted NHi at 90°C even with 2.4 Mrad. The tests shown 1in
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Figure 6-35 were conducted at a gas rotation ratio of 1/33 units. Better

results may be obtained with a ratio of 1/60.

Figure 6-36 shows the results of 600 hours of pilot plant operation at
1.5 Mrad and 90°C with a gas rotation ratio of 1/33. During this test period
the pilot plant was shut down twice due to the shutdown of the the sintering
machine. The inlet SOx concentration ranged from 180 to 250 ppm; the inlet
NOx concentration was in the range of 170 to 210 ppm. The SOx and NOx
removal efficiencies ranged from 92 to 97% and 75 to 85% , respectively, while
unreacted NH3 leakage at the reactor outlét ranged from 10 to 50 ppm. This
high level of unreacted ammonia was caused by the frequent fluctuations 1in
inlet SOy and NOx concentrations and by problems with the ammonia flow

meter.

The balance of NOy, NH3:, and SOx in three pilot plant test rums 1s
shown in Table 6-18. Most of the NOg, NHi:, and SOx were reacted and
caught by the ESP, but a large portion of the NHs and SOx did deposit in the
duct and a considerable amount of NOx was emitted from the recovery system.
The total amounts of NHi and SOx were slightly larger than 100% presumably
because of_a sampling and analysis error. The NOyx totals were considerably
larger than 100%, which indicated that irradiatiom was causing the formation
of NOx from N2 and 0a. Chemical analysis of the exhaust gas revealed the

presence of Ni20 in concentrations ranging from 10 to 20 ppn.

TABLE 6-18. BALANCE OF NOx, NHs AND SOy (PERCENT OF INLET CONCENTRATION)

Run No. Component Caught by ESP Deposit in Duct Enitted Total
NOx 81 6 - 49 136

1109 NH3 64 36 9 109
SOx 62 43 10 115

NOx 87 6 31 124

1111 NH3 65 36 10 111
SOx 64 40 8 112

NO 78 6 38 132

1114 NHY 65 36 7 105
SOx 59 43 8 110
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During the test period, the titanium foil at the reactor window was often .
broken. Later, a foil with a titanium alloy was used which lasted for over
two months. Ebara has developed a method of changing the foil without stop—

ping the operation of the accelerator.

An X-ray diffraction analysis of products caught by the ESP indicated
that the major compounds present were 2NH4NO;*(NH4)2S04, 3NH4NO3-NH4)
3804 and (NH4)2S04. Chemical analysis of a product obtained from a gas con-
taining 220 ppm SO2 and 235 ppm NOx with 700 ppm NHs at 90°C revealed that
the product contained 33.6% SO+, 29.4% NOs, 23.6% NHs, and 0.9% C.

The results of a pilot plant test nsing SOgx- and NOx—rich gas are
shown in Figure 6-37 (13). About 80% of both SOy and NOx were removed at
1.8 Mrad with an ammonia stoichiometry of 1.0. With these coaditions un-—
reacted ammonia was about 50 ppm; the gas rotation ratio was poor (1/17)
because of a limited ammonia supply and a flue gas volume of only 1,500
Nm3/hr. It is probable that about 90% of both SOx and NOx can be removed

with a better rotation ratio, as shown in Figure 6-34.

For some of the tests, 0.1 - 0.5 g/Mm? of fly ash (equivalent to 95-75%
removal of fly ash from pulverized coal) were added to the system. The re-
sults indicated that the fly ash produced no adverse effect on the SOx and

NOy removal efficiencies (13).

6.6.3 Reaction Mechanism

Fundamental tests also were conducted on the reaction mechanism of the
Ebara process. Although the reactions are complex, the major ome appears to
be the formation of oxidant radicals such as OH caused by the radiation of
water vapor. In this reaction SOz and NO are oxidized to form sulfuric acid
and nitric acid mists; the mists react with ammonia to form finme crystals of
sulfate and nitrate. Tests results also showed that the SOz removal effici-
ency is slightly higher when the gas 1s cooled by a water spray rather than by

a heat exchanger; the NOy removal was not significantly different with the
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two types of cooling. Presumably the fine water droplets in the spray combine
with SO3 to form sulfuric acid mists which promote the formation of SOs from

S0z,

6.6.4 FEbara Process Commercial Plant Assumptionmns

Electron beam accelerators with capacities of 100 — 150 kW have been used
commercially for various purposes without problems. A larger accelerator with
a capacity of 500 kW will be commercialized in Japan in the near future. This
500 kW accelerator can treat 60,000 to 70,000 Nm?/hr of flue gas. Simce it is
advantageous to use at least 2 accelerators with a reactor, an economical
minimum capacity for a reactor may be 120,000 to 140,000 Nm3/hr, which is
equivalent to 35 to 50 MW.

Figure 6-38 shows a layout plan for a commercial Ebara process plant with
a capacity of treating 1,000,000 Nm?/hr of flue gas from a utility boiler
(290 MW for coal and 350 MW for oil). The flue gas contains 60 ppm NOgx,
1,000 ppm SOz, and 100 mg/Nm? of dust. In such a plant the 150°C flue gas
is cooled by a heat exchanger to about 110°C and then indirectly cooled to
70°C with water tubes. The cooled gas is mixed with ammonia and treated by

two reactors in parallel (diameter approximately 4 m), and sent through an
ESP.

A total of 14-16 accelerators (500 kW each) may be used to remove 80% of
NOy and 90% of SOgx. The treated gas will probably contain 120 ppm NOy,
and 100 ppm SOg, and less than 20 ppm unreacted NHs with about 15 ng/Nm? of
dust.

Ebara estimated the investment cost of the electron beam process to be
close to that of a conventional wet FGD system, provided that a large acceler—
ator (500 kW) 1s available at a reasonable cost. The estimated utility
requirements for the 1,000,000 Nm?*/hr plant are shown in Table 6-19. The
electron beam system’s total power consumption of 10,000 kWhr accounts for 2.9

to 3.4% of the power gemerated by the power plant. This power consumption 1s
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TABLE 6-19. ESTIMATED UTILITY REQUIREMENTS PER HOUR ESTIMATED FOR EBARA
PROCESS SYSTEM APPLIED TO A UTILITY BOILER
(FLUE GAS 1,000,000 Nm3/hr, 350 MW FOR OIL, 290 MW FOR COAL)

Electron beam accelerator

Power Other
Total

Ammonia vaporization
Steam Soot blowing
Total

Gas cooling

Water Other
Total
Ammonia 0.94 of stoichiometric amount

6,900 k¥Whr
3 5100 kWhr
10,000 kWhr

1 ton
1 ton
2 ton

33 ton
1 ton
34 ton

2 ton

TABLE 6-20. COST COMPARISON OF FLUE GAS TREATMENT PROCESSES (500 MWe) (13)

(Cost estimates established by Gibbs & Hill, Inc., New York.

S03 = 1900 ppm,

90% removed; NOx = 620 ppm, 90% removed; lime scrubber does not remove NO‘.)

Lime
Avco/Ebara Scrubber

Total capital cost $M 43 60
$/xv 86 120

($/MWn) ($/MWh)
Depreciation and overhead® 2.4 3.4
Variable operating cost 2.5 2.8
Reheat cost 0 1.0
Total operating cost 4. c 7.2d
Byproduct charge/(credit) (0.6) 0.4
Net operating cost 4.3 7.6
Total first year cost $14M $26M

a
bAmmonia at $130/ton.
old as agricultural fertilizer at $15/ton.

80% load factor; annual cost = 20% of total capital.

S
dDoes not include cost of disposal site and preparation.
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slightly more than to that of a combination of SCR and wet FGD. SCR requires
about 0.2% and FGD consumes 2 to 2.5% (excluding gas reheating) of the total

power generated by the plant.

In Table 6-20 estimated costs for the AVCO/Ebara process are compared
with the costs of lime scrubbing. The cost of the AVCO/Ebara process assumes
the use of simple water spraying for gas cooling and is considerably lower

than the cost of lime scrubbing.
6.6.5 Evaluation

The Ebara/AVCO electron beam irradiation process is unique and has the

following advantages:

(1) SOx and NOgy are removed simultaneously.

(2) Since it is a dry process, wastewater treatment is not necessary.
(3) Ammonia, SOy and NOx are recovered as useful byproducts.

(4) The process is simple; the only problem so far has been the need

for occasional remewal of the foil at the accelerator window.

However, the process does have the following disadvantages:

(1) For treating flue gas from coal, a dust removal facility is needed

upstream of the reactor in order to obtain a useful byproduct.

(2) Gas cooling to about 70°C is needed to obtain a high NOx/SOx

removal efficiency.

(3) Large amounts of NHs and N20 may be emitted for high removal effi-

ciencies from SOx-rich gas.
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Fly ash from coal has been used as fertilizer to supply micronutrients
such as zinc and boron to certain soils. For this reason small amounts of fly
ash in the Ebara process byproduoct ammonium may be acceptable but large

amounts decrease the compounds’ fertilizer value.

Using a water spray for cooling is simpler and produces a higher SOz
removal efficiency than indirect cooling. The gas can be cooled to 70°C
without producing any wastewater. Unfortunately water spraying may cause the
ammonium compounds to absorb moisture wheg a large amount of spray is used and
the moisture content of the gas also exceeds the critical humidity for the

compounds.

The amount of unreacted ammonia from the Ebara reactor may be reduced
with improved control of ammonia addition. This can be achieved by measuring
the concentration of outlet NHs as well as that of inlet SOx and NOx. The
formation of N20 may be also reduced, but cannot be prevented. A substantial
concentration of Ni0 occurs naturally, so the emission of a small additional
amount will not produce any adverse eanvironmental effect. Nonetheless, fur—

ther study is necessary to determine ways of reducing N20 formation.

Table 6-18 shows that a considerable portion of the byproducts deposited
in the system ductwork. This deposition may be eliminated by increasing the

gas velocity through the duct.

Although there are many simultaneons SOx/NOx removal processes, the
Ebara process is the only one that may be commercially applicable for byprod-
uct recovery of SOy, NOx, and NHs. Additional tests using a larger pilot
plant with gases of various compositions will be necessary for definite proof

of this commercial potential.
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6.7 MEEK POTASSIUM-EDTA WET SIMULTANEOUS SOx/NOx REMOVAL PROCESS

6.7.1 Introduction

The potassiumEDTA wet process simultaneously removes SOx and NOx
from flue gas by using a solution containing potassium salts, ferrous sulfate,
and EDTA (ethylenediamine tetraacetic acid). NOx is converted to Nz and
SOz to elemental sulfur. The process was developed by Mr. Y. Kobayashi who
was associated with Mitsubishi Kakoki Kaisha (MKE) and is now with Hitachi
Zosen (HZ). The process resembles the Kureha KDSN process which also uses
potassium salts, ferrous sulfate, and EDTA to convert SOz to elemental sul-

far(4). Each process has been studied independently.

The MEK process is a combination of several commercially proven steps

plus a few new steps; bench scale tests have been conducted on the new steps.

6.7.2 Process Description

Figure 6-39 presents a flowsheet of the MEKK process. Flue gas is sent
into an absorber and treated with a solution containing KHCOs, Ez2COs, FeSO4,
and EDTA. About 99% of SOx and 90% of NOx can be absorbed by the follow—

ing reactions:

KHCOs + SOz —-> KHSOs + CO: (1)
K3C0s + S0z —> K25803 + COa (2)
K1S0s + SOz + Hi0 -——> 2KHSO: (3)
2NO + K2S0s + 4KHSOs —-——> 2NH(SO03K)z + K250+ + H20 (4)
2KHSOs + 1/20: —> K28206 + Hz20 (5)

EDTA and FeSO« promote the absorption of NO by reaction (4) to form
potassium imidodisulfonate (NH(SOsK)2). Kz2504, K2S10s and NH(SO03K): are
crystallized in the liquor, separated by a thickener and filter, and then
heated in a two-stage flash dryer. The heater uses hot gas obtained by incain—

eration of a portion of the HzS that was produced by the reduction of the
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potassium salts. Thke first stage of heating is for drying. During the second.

stage at 370°C, K2520s is decomposed to K280s4 and 50a:

K2583206 —=) Ki1S04 + SO2 (6)

The SOz contained in the hot gas, as well as that released from the
K2830s, is absorbed by a solution containing K2COs and KHCOs (obtained by the

carbonation of K:8).

K2COs + SOz —-=> KiS0: + CO:z (7)
KHCOs + SOz —)> KHSOs + COa (8)

The liquor leaving the SOz absorber contains KHCOs, K:COs and KHSOs and
is mixed with EDTA, EOH, and FeSOs, and sent into the main absorber. In the
main absorber SOy and NOx are removed simultaneously by the 50-60°C liquor
(pH 6.8-7.0). A large (SOs + HSO3)/NO ratio is needed in order to attain a
high NO removal efficiency. Incineration of a portion of the recovered H2S

increases both the ratio and the NO removal efficiency.

The drying process produces a solid consisting of K250« and
NH(SOsK)2. The solid is caught by a cyclome, jet milled into a very fine
powder of about Spm, and then sent into a reduction furnace. In the furnace a
1,400-1,500°C hot gas instantaneously reduces the powder to K:5 at 800-900°C,
The reducing gas is produced by the partial oxidation of fuel o0il by oxygen

and steam:
K180+ + 4H2 = Ki1S + 4H20 (9)
K250« + 4C0 = K28 + 4C0z (10)
NH (SO3K)2 + 6.5 Ho —-)> K2S + H2S + 1/2 N2 + 6Hz20 (11)
NH (SO3E)z + 6.5 CO ——-)> K28 + HaS + 1/2 Nz + 6COz (12)

K2S is dissolved in water and the solutiom is sent to the No. 1 carbona-

tion tower where 1t 1s treated with CO2 at 80-90°C (pH 9.5-12.5):
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K3S + HaO + COz ——> KHCO; + KHS (13)
2K2S + Ki0 + COa2 —> K2C0: + KHS (14)

The resulting solution is carbonated at 40-60°C (pH of 8-9.5) in the

No.2 tower:
KHS + CO2 + Ha0 ---)> KHCO3s + HaS (15)

In actual practice, 3 to 4 towers in series may be needed to attain a

high carbonation efficiency.

As it leaves the tower, the liquor contains KiCOis and KHCOs3;. Next it is
sent into the SOz absorber; the gas (containing H2S and COa) leaving the tower
is sent into an HiS absorber, where H2S is selectively absorbed by an amine

solution at 40°C.

The gas which leaves the HaS absorber containing COz is returned to the
No. 2 tower. The liquor leaving the H2S absorber is sent to the Ha2S stripper,
where steam is injected to vaporize O3S. Most of the HiS is sent to a Claus
furnace where elemental sulfur is recovered and a portion of HiS is incinmer
ated. This produces a hot gas for the heating process. The amount of HaS
incinerated is adjusted according to the inlet Oz, SOz, and NOx concentra-

tions and the required NOx removal efficiency.

6.7.3 Requirements and Costs

Table 6-21 shows the amounts and costs of the estimated raw materials and
ntilities needed for an MEKX system designed to treat 150°C flue gas from a
1,000 MW coal-fired boiler containing 4.5% Oz, 900 ppm SOg, 300 ppm NOgx,

50 ppm HC1, and 100 mg/Nm? of fly ash. The system will remove 99% of SOy
and 80% of NOjyx.
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TABLE 6-21. UTILITY AND MATERIAL REQUIREMENTS AND COSTS OF AN MEKK PROCESS
SYSTEM FOR A MW COAL-FIRED BOILER (1980) (For 1000 MW hr)

Consumption Unit Cost Cost (1000 Yen)
EDTA 282.9 kg 600 yen/kg 149.7
FeS04 320 g 5 yen/kg 1.6
KOR 188 kg 150 yen/kg 29.0
High S oil (asphalt) 8690 1 50 yen/l 434.5
Low § oil 3450 1 57 yen/1 196.6
02 (95%) 6400 Nm? yen/Nm? 75.5
Power 29100 Ewhr 9 yen/Kwhr 261.9
Industrial Water 170 t - 10 yen/t 1.7
Cooling water 1250 t 2 yen/t 2.5
(sea water)
Others 8.0
TOTAL 1160.1
Recovered S 4280 kg 22 yen/kg 94.2

It is estimated that such a system produces 700 kg/hr of sludge contain-
ing fly ash as well as 2,030 kg/hr of wastewater. The wastewater is needed to

prevent the accumulation of chlorine in the system.

The investment cost is estimated at 18.8 billion yen or 18,800 yen/kV.
The annual cost for 7,000 hours full load operation is shown in Table 6-22.

The relationship between the annualized treatment cost and the inlet O3
percentage, NOy concentrations and NOx removal efficiency is shown in
Figure 6-40. The treatment cost increases sharply with an increase in the
inlet concentrations and the removal ratio. An increase in the inlet S0a
concentration, unlike a similar increase in the inlet NOx concentration,
does not have a significant effect on the cost. Over 99% of SOz js absorbed,
even with 75% NOx removal. Although an increase in SO3 necessitates the
treatment of a larger amount of potassium salts during the reduction and
carbonation steps, & high S03/NOx ratio favors NOx removal and reduces the
amount of Hi§ needed to produce SOz, It is also estimated that when the HC1
concentration increases by 10 ppm, the cost subsequently increases by 0.037

yen/kWhr due to the larger amount of wastewater which must be treated.
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TABLE 6-22. ANNUAL COST OF AN MEKX PROCESS SYSTEM
FOR A 1000 MV COAL-FIRED BOILER

Iten Calculation Basis Cost (106 yen)

(1) Capital Cost

Depreciation Investment Cost x 0.9 x (1/7) 2,417.1
Interest " x 0.08 x 0.55 827.2
Tax " x 0.014 x 0.55 144.8
Insurance " x 0.4 x 0.003 22.6
Total 3,411.7
(2) Direct Cost .
Labor 8,000 x 24 (person) 192.0
jaintenance Investment cost x 0.015 282.0
(3) Chemicals
Utilities 1,116,100 x 7000 3,120.7
(4) Related cost (2) + (3) x 0.08 687.6
(5) Total (1) + (2) + (3) + (4) 12,694.0
(6) By-product S 94,200 x 7,000 659.4
(7) Difference 12,034.5
ANNUALIZED COST n 7.000,000,000 (kWhr) 1.719 yen/kWhr

6.7.4 Evaluation

The MEX system is a combination of several steps most of which have been
proven to be feasible through commercial operation or pilot plant tests. OCne
exception is the step in which K2S0s and NH(SO3K): are instantaneously reduced
to K2S. Basic chemical and thermodynamic studies related to the process have
been conducted, although the total system has not been tested yet at a pilot

plant. '

Cne advantage that potassium scrubbing has over sodium scrubbing 1s that
E2S04, NH(SO3K)3z, and K2S30s are less soluble than the corresponding sodium
selts, and can be separated from the mother liquor. On the other hand, for

carbonation of KiS, a larger CO:z/Hz2S ratio is needed than for Na2S, because

KHCO: is more soluble than NaHCOs and cannot be crystallized out.
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The use of oxygen instead of air in the MEKK system substantially reduces
fuel consumption, gas volume, and reactor size. Moreover, the loss of COsz is
eliminated because it is not necessary to purge Nz as it is when air is used.

Thus, the overall cost may be reduced by using oxygen.

Simul taneous SOx and NOx removal and the conversion of SOx to elemental
sul fur are other advantages of the MEK process. However, the process does
require complex equipment including an oxygen gemerator, Claus furnace, and
wastewater treatment system in addition to the facilities shown in Figure 6-
39, Pilot plant tests on the reduction and carbonation steps are needed to
prove the feasibility of the process. Although the wastewater treatment
system appears to be complex, it may not prove to be a serious problem because

of the small quantity of wastewater produced.

The system has a silo for solids storage and a storage tank for the
absorbing liquor. This allows the continmous operation of the absorber and

reduction furnmace even when other steps in the process must shut down.

The estimated investment and operation costs for an MEK system are
slightly lower than those for a combined SCR/FGD system. For more accurate
cost estim;tes, a pilot plant test of the entire system is necessary. Since
90% NOy removal requires a large multi-stage absorber and a large pressure
drop, 80% removal may be more practical. Because its cost increases sharply
with increases in the inlet Oz and NOx concentrations, the MEKK process may
be best suited to flue gas from high-sulfur oil rather than from coal. An
increase in the SOz content of flue gas does not significantly increase thke

operation cost since it aids in NOgy removal.

The MEK process, as well as the Kureha KDSN process, is sophisticated and
probably will not be used commercially in the near future. The ability of
both of these processes to byproduce elemental sulfur and to remove NOx
without using ammonia is an attractive feature. This type of NOy/SOx
removal technology should be further studied as a possible alternative to the

SCR/FGD combination. The latter may experience problems when widely used, due

477



to its ammonia consumption and the difficulty associated with disposal of its

byproduct sulfur compounds.

6.8 NO OXIDATION CATALYST

6.8.1 Introduction

Almost all of the NOx in combustion gases is present in the form of NO.
NO is only slightly absorbed in most solutions except for those which coantain
a complexing agent such as EDTA with ferrous iom. NO2, on the other hand, is
readily absorbed in solutions. The equimolecular mixture of NO: and NO is
also fairly well absorbed. In several wet NOy removal processes, most of
the NO is first oxidized to NOz using chemicals such as ozone or chlorine
dioxide. However, these chemicals are expensive or cause wastewater treatment

problems.

In the air NO is oxidized slowly to NOz. As the temperature increases
this reaction rate also increases, but a high temperature lowers the NO conver—
sion ratio in equilibrium. The theoretical NO/NO: conversion ratio inm air is
about 80% at 300°C and 20% at 500°C. Catalytic oxidation of NO at a rela-
tively low temperature may cause the conversion of a considerable portion of

NO in a short time period.

6.8.2 Catalvtic Oxidation Tests

In Japan, H. Tominaga has conducted extemsive studies of catalytic oxida-
tion of NO to NO: (13). Tominagas' preliminary tests indicate that zeolite
impregnated with heavy metals 1s effective as a catalyst. He used synthetic
zeolite (molecular sieve) 13X and 13Y after the Na 10n was exchanged with
heavy metal ions. Heavy metal compounds of CrCls . 6H:0, CoCl: . 6H20,

FeCls . 6H20, NiClz . 6H10, and Cu€la 2H20 were used for the ion exchange.
The exchange ratio was 67% with Cu (II), 44% with Cr (III), 74% with Co (II),
and 47% with Ni (II).
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A pyrex glass tube (13 mm inner diameter and 500 mm long) was used for
the fixed bed reactor. Mixtures of NO and Oz, diluted with He, were passed
through the reactor after being preheated. In some of the tests, the effects
of adding H20 and SOz to the gas were studied. Two grams of catalyst between
10 mesh and 40 mesh were used for an SV of 30,000 hr—x, four grams for an SV
of 15,000 hr_l. Results of tests using 13x catalysts are shown in Fignre 6-
41.

It is interesting to note that in some of the tests with the Cr (III)
catalyst the conversion ratio exceeded 70% (above the theoretical value) at

400°C in the presence of water vapor.

6.83.3 Evaluation

At 4009C or below, the catalysts tested by Tominaga are poisoned by SOa.
Although the poisoning is not noticeable at 450°C, the conversion ratio at
this temperature may be too low to be useful. For this reason, the process

does not seem to be applicable to SOa2-rich gas.

The process may work well for gases which do not contain SOjx. With
these gases it can be used to convert about 50% of NO to NO2 at 350°-400°C, in

order to achieve equimolecular absorption.
6.9 OTHER PROCESSES AND PLANTS

6.9.1 Copper Oxide Process for Simultaneous NOx/SOx Removal (Shell
Process)

In 1973, Showa Yokkaichi Sekiyun Co. (SYS) installed at 1ts Yokkaichi
Refinery, a Shell Process FGD unit which uses copper oxide as the acceptor.
In the process, SOy absorption forms copper sulfate, which 1s treated with
hydrogen to regenerate Cu and concentrated SO: gas. The latter is sent to a

Claus furnace for production of elemental sulfur.
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Since copper sulfate is a catalyst for SCR of NOx, ammonia has been
added to flue gas since 1975 to remove about 40% of NOz and about 90% of
SOx to meet the local regulation(l). The operability of the unit, however,
has been low except that for one year of continuous operatiom in 1978. SYS

does not plan to install a new unit.
6.9.2 Activated Coke Simultaneous Removal (Mitsui Mining Process

Mitsui Mining Company has developed a simultaneous SOx/NOx removal
process which uses activated coke produced by a special coal treatment. A
pilot plant with a capacity of treating 1,000 Nm?/hr of flue gas from an oil-
fired boilers at 150°C has been operated to remove over 80% of the NOx and
about 98% of the SOis, Coal fly ash was added to the flue gas to study the
effect of the ash. The pilot plant has two reactors in series; most of the
S0: is absorbed in the first reactor by the coke. A small portion of ammonia
is fed to the first reactor, but the major portion is fed to the second
reactor where most of the NOx is converted to N2 and H:0 by reacting with

the ammonia. SO02 is further adsorbed in the second reactor.

The adsorbed SOz is regenmerated by a hot gas. The recovered concen
trated SO:2 may be used for sulfuric acid or liguid SO2 production. Mitsui
Mining has conducted some studies on a method of producing elemental sulfur

from the SOa.

6.9.3 Molecular Sieve Process for NO Adsorption

Nissan Chemical Industries installed an NOyx recovery plant which uses a
molecular sieve produced by Union Carbide Corp. USA, to treat 22,000 Nm*/kr of
ta1l gas from a nitric acid plant. The plant reduces the NOx concentration
in gas from 1,000 ppm to 50 ppm (1). The adsorbed NOy eventually is ther—
mally desorbed and returned to the nitric acid plant., The plant was commis-
sioned in 1976 and has operated successfully for over five years without

requiring any replacement of the original molecular sieve.
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6.9.4 Sumitomo—Funjikasui Wet Simultaneous Removal Process

Sumitomo Metal and Fujikasui Engineering have developed a wet simul-
taneous removal process which uses C102 as the oxzidizing agent and NaOH as the
absorbent. In 1973 and 1974 they constructed three mediumsized commercial
plants, as shown in Table 6-2. The process can remove about 90% of both SO0x
and NOgy but may not be sumitable for large plants, because a large amount of
NaOH is consumed and the waste liquor containing sodium chloride, nitrate, and

sulfate must be treated (1).

Sumitomo and Fujikasui have also developed a modified process which uses
C10: as the oxidizing agent and CaCOs slurry containing a catalyst as the
absorbent. In 1976 they built a demonstration plant which can treat 25,000
Nm3/hr of flue gas from am iron ore sintering machine. The modified process
is less costly than the sodium process but still produces waste liquor con-
taining calcium cloride and nitrate which requires treatment (1). There has

been no further development of either of the processes.

6.9.5 In-Furnace NOy Removal (Three Stage Combustion — Hitachi Zosen) (15)

Hitachi Zosen has conducted tests of in-furnace NOx removal, a process
they call “three stage combustion". The process is similar to the MACT pro-
cess described in Section 6.4. Figure 6-42 shows a horizontal cylindrical
test furnace with a length of 7m and an inner diameter of 1.5m. The furnace
has a capacity of burning 200 kg/hr of pulverized coal. Some of the three
stage combustion test results are shown in Figure 6-43. The NOy concentra-
tion was about 800 ppm with a conventional burmer, 600 ppm with a staged—
combustion burmer, and about 100 ppm when 30% of the coal was injected as the
secondary fuel, with air introduced for complete combustion. In all of the
tests, the CO in the flue gas was below 100 ppm and the amount of combustible

components 1n the fly ash was less than 5%.

Hitachi Zosen plans to conduct additional tests using a larger furnace

which can burm 2,000 kg/hr of pulverized coal.
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