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ABSTRACT

There is agreement that the latest US -EPA and State Implementation Plans regarding
NOx reduction will require application of Selvctive Catulytic Reduction (SCR) Systems on
utility power plants. Just as the US benefitted greatly from the experience goined by
Ruropenn instellofions of Wet Flue Gas Desulfurization {(WFGD) for compliance with the
1990 Clagn Air Ash Conveying Technologizs Amendments Phase [ regulations, so too ean we
gain valuable insight from an examinaiion of the European SCR installations. A detniled dis-
eussion of coal-fired SCR installations is presented. [ncluded are discussions of the design
bisis, retrofit conaiderations, installation and construction experiences, commissioning test
results and long term operating results. The plants discussed will be from the over 7,000
meguwatts of installed SCR Systems experience, several with over ten years continuous oper-
(LI, '

INTRODUCTION

The Selactive Catalytic Reduction Systems to be designed for U3, installations can ben-
efit greatly from an examination of the European Selective Catalytic Heduetion (SCR) instal-
lations. The importation and adaptation of the German SCR technology and the simuliane-
ous preservation of the core technology is the challenge that lies ahead for the designer of
the future 18 SCR Systemns. The German technology holds forth the hest experisnce base
of long term performance of SCR systems on coal and =zhould be the platform upen which we
in the .3, build.

In the past there has been a very meaningful exchangs of informativn hetween the U.S.
and Evrope, the best recent example beiny the tectnology for Wet Flue Gras Desulfurization
{(WFGDY) Systems. Hecall that the original US. Clean Air Ash Conveying Technologies of
14970 stimulated the development of the limestone WFGD System which was then cxported
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to Germany for use in response to their regulations. The German regulations of the 1980s
encouraged the further development of the U.S. type WFGD systern to include geperation of
a gypsum by-product. In turn, the 1990 U8 Clean Air Ash Conveying Technologies
Amendments for 802 control were largely met by the re-importation of the German type
WEFD sy=tems baek ta the 118 with considerable suceess. Owerall. the application of these
systems in the 118, cosl less than the original projections and performed very well.

This is significani if you appreciate that the technology was re-imperted to the US. in an
almoephers of severe cost reduction pressure and, simultaneously, in a manner thul pre-
served the core technology.

We can success{ully repeat this process of technology importation for SCR Systems. Once
again, ns with WFGD, the markstplace will certainly produce significant cosi reduction pres-
sure and, again, the core technology must be preserved and applied in a manner that
achieves the long-term performance: already demonstrated.

Why look to Germany fur this SCH technelogy? The German SCR installations on coal-
fired boilers total about 33,000 megawatts, equal ta about T0% of the world’s coal experience
basc. The Deutsche Babeoek coal-fired SCR installations in Germany, that form the experi-
snce hasis of this paper, had start-ups as early as 1986 and total over 5,000 megawatts,

In general, there have been threms baszic system configurations: SCR after sconomizer,
SCR after precipitator, and SCR after Wet FGD. In the 11.5. it appears that the SCR afier the
economizer arrapgement will dominate due to {1) the need to operate the reactor within a
vartain temperature range, and (2) the high cost of the gas-gas heat exchanger if the SCRis
located anywhere but directly after the economizer. In addition, even when the SCR 1s locat-
ed directly after the sconomizer, an economizer hy-pass may be needed to achieve operating
temperaturss at low boiler load, especially in retrofil situations.

Deutsche Babeock has experience with both the “SCH after economizer” and “SCR afler
Wat FOD eyetem eonfigurokions, Sines the izeue in the 118 e largely coal firing and all the
associated concerns with flyash, 802 comversion, etc., the focus of this paper i only those
SCR Syatems arranged immediately after the economizer

SYSTEM DESIGN CONSIDERATIONS AND CONSTRAINTS

The SCF Svstem designer is faced with many considerations and constraints, both
process and mechanical arrangement, including:

Inlet Ny Concentration

Outlet NOy Concentration

Operating Temperalure Range

Duectwork System Arrangement.

Fuel Characteristics

Flvash Loading and Properties

S0 and 503 Concentretions

Boiler Firing Meihod and Overall Operation
System Pressure Drop and Impact on Fane
Reagent Seurce and Ammonia Slip Allowable
Reactor Support Configuration and Space Constraints
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These factors are what could be termed the macro or system considerations. While some

of them ecertainly do affect the catalyst selection and process chemistry, they go beyond that
and affect the entire SCR and Boiler Syatem. After all, the retrofit of an SCR System to an
existing boiler is not simply the addition of a fow more components (to an already complex
process), but rather the modification of an enlire process to generate a new set af results. In
fact, on many of our projects we have considered enhancements to the boiler operation as a
part of the SCIi retrofit.

The following is a presentation of several SCR Systems installed and operating for some
time. Important lessons were learned and are pressnted hare in the hope that they are not
repeated as the technalogy is ineorporated inte the future U.S. SCR System installations.
The presentation is sequential along a time line for clarity; but in reality, many of the avents
aecurred in parallel,

This paper presents-four projects: KW Reuter, Miinchen Nord, Dormagen, and
Nordjyvilandsvaerket.

EW REUTER PROJECT

The KW Reuter Project is a retrofitted SCR System to each of twe 300 MW pulverized
bituminous coal-fired bailers. The SCR Systema started np in Novemnber 1988 and January
1989 respeetively. The SCR reactors ars top-supported and located immediately after the
BUANGHLZET. ARDYGrous duuuonia iz injecked hraugh o mulli-nosce grid asd the catalyst io
honeyeomb type with & 7.6 mm pitch. {This piteh dimension is roughly the length of one side
of the square opening through which the gas flows.) The inlet NOx is about 850 mg/Nm3
(152 Lha/1N8 Bitn) and the reducton ia 776 to 160 mg/Nmd (012 Lhs/108 Binl The and-of-
life ammonia slip guarantee was 5 ppm at 20,000 hours. The flyash loading 1s fairly typical
at 11,700 mgf/Nm? (about 6 gridecf).

This project was designed, constructed, and suceessfuily put into operation. Un-
fartunately the duetwork configuration contained a relatively short, but nevertheless trou-
hlesome, horizontal Tun. During prolonged low load botlar operation the gas velocity was not
sufficient to keep all the fiyash in suspension and some of the flyash settled out on the floor
of the horizontal duct. When there was a rapid increase in load from very luw to very high,
ihe flyash traveled az a moving duns and flowed at very high eoncentrations into the reac-
tor. This lugh flyash loading overwhelmed the catalyst to the point that the flyash accumu-

lated on a section of the uppermost surface of the catalyst face and preatly restricted gas
flow. The pressure losa became excessive and load was curtailed to unaceeptably low levels.

The solution was not elegant but was very effective. Ash hoppers were installed tmme-
diately upstream of the reastor entrance. This configuration diverted the ash flow [rom the
reactor and calalyst face and allowed zatisfactory operation.

The lesson learned here is that the ductwork has (o be approached and designed as inte-
rral to the SCH-Boiler Syatam and made compatible with, or better vet, an enhancement to,
the SCR System performance.

Now, ten yeara later, it may seem obvious that an ash hopper should have been installed
in the first place, but during the design phase if is never that clear The designer must fully
understand the ash characteristics and loading undere narmal full-lpad operation, part-load
aperation, when sonthlowing, or when other unusual occurrences may need to be considered.
A reason to want to avoid such hoppers may be based on the meneral experience with econ-
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omizer hoppers, which may well ba the moat diffienlt ash hoppera in the beiler system to
maintain in a flowing eondition. In addition, introducing a second zeot of hoppers immedi-
ately upstream of the SCR Reactor, operating under simmilarly diffimdt conditions as the
econormizer hoppers, may decreass reliability. On the other hand, hoppera may prove neces-
24T

We have found the best solution: to be a total ductwork system approach. Utilizing the
known characteristics of the ash, ash zamples if available, and the loading information
nnder normal sand unusual operating conditions, a system configuraticn is developed that
crnsiders these factors and takes a total ductwork system approach to develop the plant con-
figuration. Next, using the proposed ductwork and reactor configuratiens, a system three-
dimensional flow model is produced thal can, through empirical evaluation, detect and elim-
inate flyash acenmulations both in the duetwork and on the face of the calxlyst. The plant
arrangement iz then finalized incorporating the knowledge gained from the fiow medel. In
extreme cases hoppers may be the best solution, but often they can be avoided through opti-
mizing the ductwork configuration. This achieves overall system cost reduction and simphi-
_ fied system operations. .

At W Reuter, after a few vears of operation, the owner had experienced problems with
low boiler exdt temperature operation. Operation below a minimum temperature can causs
ammonia salts to deposit on the catalyst surface. The owner elected to retrofit an economiz-
er by-pass to keep the gas temperaturs higher at low loads. The retrofitted economizer by-
pags introduced two new problems; a non-uniform NOx concentration profile in the flue gas
and & fus gas flow mal-distibudion. Avtempts were mads io nprove peribrmance, adjosk-
ing the ammonia injection flow among the 130 nozzles that male up the grid. This did not
carrect the situation. Ultimately, three years after initial start-up, a new technology was
ratrafittad that A4 corract the eitnation, Thiv new. technalagy ia an itnroved injection and
mixing tachnology developed at another plant, the details of which are discuseed later in this
paper.

MUNCHEN NORD PROJECT

The Miinchen Nord Project is a 3CR System on a new 300 MW pulverizad bituminouns
roal- fired boiler that achieved commercial uperation in 1991, The SCR reactor is top-sup-
ported and located immadiatety after the economizer. The anhydrous ammonia was origi-
nally to be injected through a grid system but this method was modified as disenssed below.
The catalyst is the plate type with a 5.2 mun pitch. The inlet NOx is 700 mg/Nm® (0.58
Lbs/106 Bin) and the redoction ia 86% to 100 mg/Nm? (0.08 Lbs/10% Bru) with an ammonia
alip of 5 ppm, The flyash loading is 14,000 mg/MNm? (about 7 gr/dsch.

This unit also has an economizer by-pass, thought to be necessary ai the iime for low
load operation, and an SCR reactor by-pass, thought to be necessary at the time for catalyst
heating during eold start-up.

The Mtinchen Nord Project is huge. It incorporates three pulverized coal-fired boilers, a
waste-to-energy facility, and sewage sludge incineration. There were German federal, state
and city of Minchen regulations tn mest formidable smission limits. In Germany, thare are
fow permitted landfills for the waste products. This requires the equipment supplicrs to
develop processes which will utilize all waste streams inte useable by-products. Much time
was spent in the planning and permitiing process. This time was well ntilized by the system
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Parl of this time was nsed for the developmeni of new technology for the imjection of
ammonia that would replace the multi-nozzle grid system. This technology was develaped
and proven on a amaller facility called Dormagen which was entirely built and starved up
white the Mtnchen Nord Pruject was being planned and permitted.

Miinchen Nord Project Site

DORMAGEN PROJECT

The Dormagen Project is a smaller, lignile-fired facility with the 5CR reactor locaied
directly after the econumizer. It has relatively high flyash loading due o the low heating
vatue and high’ash content of the lignite fusl. Due to the fuel and firing method, the tem-
perature at the boiler exit was predicted to be highly unbalanced.

For this project a new static mixing technology, called a Delta Wing Mixer, was used to
achieve a unifarm flue gas temperature leaving the boiler and entering the SCR reactor inlet
duct and catalyst face. During the engineering phase a flow model wue built and the Delta
Wing Mixer was lested in the beiler outlet duct. Uniform temperatures were wtimately
achieved by installing a set of detta-shaped static mixers at a strategic location in the hoil-
er ocutlet duct,

While modeling was being condueted it was also observed that the injeclion of the amme-
nia by the grid {ype system was really just another cumponent of the flow that was non-uni-
furm. This non-uniformity was due Lo a combination of the characteristics of the grid and the
characteristics of the gas Now at part-load conditions. A second set of 1elts Wing Mizers was
added to the madel downstream of the prid and strategieally located to provide a uniform
concentration of ammonia over lhe entire eross section of the reaclor inlet duet,
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In addition, flyash testing was ennducted on the Dormagen model. This was determined
to be necessary from the experience of the KW Reuter project. It was cbzerved that immedi-
ately upstream of the reactor & down-tlow diverging section of ducl created stagnant flow
zones that allowead the acoumulation of flyash on the uppermost catalyst face. The addition
of a third Delta Wing Mixer to this scction of duet ehiminated the flyash aceumulalione.
Dormagen was a succeasful installation that staried up in August of 1990, The actual sys-
lem performance was well predicted by the modzling work. Diuring actual plant operation
there was a uniform temperature protile and the catalyst face was free of Qyash aceuinula-
tians. Tha iechnology of the Delta Wing Mixer, developed during this projects enginesring
phase, was available for application te Minchen Nord and other instailations.

As mentioned above in the KW Reuter discussion, this Delta Wing Mixer tachnology was
also retrofitted to the KW Reuter project three years after initial start-up. Tha value of this
retrofit proved to be the elimination of the 150-nozzle injection grid and improved perfor
manece at all loads and operating conditions. That is, gas temperature, ammonia coneentra-
tions, gas flow distribution and all other constituents in the gas were made more uniform
improving overall performance, This was accomplished by {low model testing and ultimate-
ly locating two Delta Wing Mixers in the duet. Each mixer has one injection nozzle. Since the
time of this retrofit, the owner has been aperafing trouble free over the full load range.

BRI NOLD - CGINTINUEL

Continuing the digcussion of the Miinchen Nord Project, the lengthy planning and per-
mitling process allowed that project to utilize the Dormagen project’s developments and in
fact provided an opportunity to advance it one siep further. The Delta Wing Mixer was rec-
ognized ag a gas mixer that thoroughly mixed all components and characteristies of the flue
gas: the incoming flue gas temperature; the NOx econcentration; the flyash, oxypen, and
water vapor concentrations, as well as making the overall flow or velocity profile at the cat-
alysl face more uniform.

The Minchen Nord Project was desigred to vtilize a single set of Delta Wing Mixers to
thoroughly mix all the components of the incoming flue gas as well as the injected ammao-
nia. The complex ammoenia injection grid ayziem was sliminated and a single nozzle was
used at sach stalic mixer. The system started up in 1991 and achieved all guarantee reqguire-
ments.

The lessons leatned from this project are really two-fold. First, the three dimensional
modeling is very valuable and can be conducted in a manner that accurately reflects the
operating conditicns found in the actual system. In this time perind the modeling of the over-
all systeni, and in particular, the modeling of the effects of the Delta Wing Mixer, gained sig-
nificant credibility.

Secondly, to achieve the higher NOx reduction efficiencies and simultaneously achieve

nized by thorough mixing and the flow profile made uniform before entering the catalyst.

In addition, experience gained with an cconomizer by-pass and SCR system by-pass
broughi aboul further changes Lo the system as we will discuss in onr next example,

7



NORDJYLLANDSVAERKET PROJECT

This project, locaied in Denmark, has been chosen for discussion because it utilizes the
latasl SCR System features and also introduces valuable comstruction technique innova-

Hiona,

The Nordjvilandsvaerket Projucl iz a new installation at 416 MW firing pulverized bilu-
minous coal. The project is now under eonstruction with start-up scheduled for the fall of
1988. The SCR reactors are bottom-supported and lucated immediately after the economiz-
er. The anhydrous amnmenia is injected using a Delta Wing Mixer. The catalyst is honeyeomb
with a 6 mm piteh, The inlet NOx is 635 mg/Nm? (0.423 Lbs/10f Btu) and the reduction is
809 1o 127 mgMNm? (0.085 Lbs/10% Blu} with an end of life ammonia slip of 5 ppm. The {ly-
ash loading is 14,000 mg/MNm (about 7 gr/dsef).

There is one large SCR reactor treating the full boiler Nue gas flow. This project utilizes
the as-redeled locations of Delta Wing Mixers as determined by the flow modet for ammo-
nia injection and gas mixing and flow uniformity. In addition it does not atilize an econo-
mizer by-pass or SCR System by-pass. The economizer by-pass is not required due to the con-
gsistently high load operation of the boiler. The SCR by-pass is not needed because the boiler
iz planned to have very few cold starts per year

The construction schedule for this project required that the entire SCR reactor shell be
erected within one week. The one-week window for the SCR reactor was bounded by the
prior activities of air heater erection and erection of the support steel for the SCR to be locat-
erection of the SCR Reactor inlst duct support steel and duet itself The SCR Reactor inlet
duct came Trom a high beiler exit typical of the European design.

The SCR reactor, as prefabricated modules, was brought ontu the site and situated near
the final pesition. Each module consisted of the reactor shell with external stiffeners and
support leps, as wall ag all the interior catalyst support structure. The catalyst will be
installed during start-up. From grade, the modules were lifted and placed on the finished
structural stesl. As vach successive module was lifted, it was placed on top of Lhe lower mod-
ule in the structure. This method accomplished the construction of the reacter vessel in one
week.

The lessuns learned on this project transferable to the US. markel are the vaine of the
innovative eonstruction technigues that can be vsed to minimize the botler cutage time, and
the value of keeping {he SCR System simple. Recalling that there is no economizer by-pass
and no SCR reactor by-pass. the overall gas path configuration is greatly simplified. Thie
was, of course, a new facility. This enabled the boiler to be designed to achieve the appropri-
ale exil, temperature over a wide range of load. On the other hand, a retrofit project in the
118, could minimize the boiler outaye by employing an SCR reactor by-pass. Once the by-
pass gas path is in place, the hoiler can be operated while the SCR Reactor construetion con-

linues.

Again, the Delta Wing Mizer is used to insure uniformity of all gas constituents at the
catalyst face over the entirs lvad range with the resulting good performance and long cata-
Twst 1ife expreted.
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Layer being lifted as complete secticn



Final afignment of section in sfeel
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Nardiyffandsvaerket Froject with completed SCR

FLUE GAS MIXING

Why deo this mixing? Can’t good flow distribution and uniform grid injection of ammonia
insure sufficiently uniform distribution to achieve the system performanes poals?

There is general agreement that uniformity of operating conditions ensures the best SCR
System performance for NOx reduction, ammaonia utilization, and catalyst life. The design-
ers of these systems will certainly be [ueed with elaborate specifications and test methods to
prove that the as-built system achieves the specified uniformity of gas flow and ammonia
eomeentration. But such testing gives little insight as to what is happening at other aperat-
ing conditions. Furthermore, it does not help achieve optimal performance over Lhe range of
hoiler loads or operating cundiions.

For best results, other important paramneters should also be vniform, such as flue gas
temperature, oxygen coneentration, meisture and flyash concentrations, and of course NOx
concentration. However, these variables are very dependent on the boiler firing conditions.
At full load under well-controlled conditivns there may be a brief period of time wherein rea-
sonably uniform conditions are perceived to exizt at the boiler outlet{s). But what happens
to this nniformity as the boiler fouls or operates at part load? What happens when a pul-
verizer ur burners are out of service and the unit operates al nop-uniform econditions?
Furthermore, most of the flue gas constituents that are unbalanced are not kmewn to be
unbalaneed because they are not actively measured. If they are not measured Lhey cannet
be responded to by any process contrel system.
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It is our contention that positive sleps must be Laken to thoroughly mix all the con-
stitnents of the fluc gas in the region between the hoiler outlel and the SCR Reactor cata-
lyst face. Furthermeore it must be done in a manner that accomplishes therough mixing over
the enlire range of gas flows and boiler firing conditions. The cors technology lies in the tech-
nigus pead to aceamplich tha thorongh miving efficiently, while simmltaneously satiafying all
other system design requirements.

SUMDMARY

The SCR Swystem is jusi that, a system. It is not an accumulation of disconnected com-
ponents added onte the existing boiter svsten. The duetwork and reactor arrangement must
be analyzed as a system and when done in this manner, can produce optimal performance
resulls.

The best system analvsiz Wwol is & three-dimensional flow model. [t is capable of demon-
strating the degree of gas mixing achisved, the gas flow distribution, and the flyash distrib-
ution over a wide range of operating conditions. It can accomplish this with the accuracy
needed and within the time frame of the overall projectz nesds.

The besl perfirmanee-enhancing deviee 1s the Delta Wing Mizer. It is adaptable to any
ductwork sysiem configuration and has been demonstrated on numerons commercial instal-
lations since 1988, It provides the thoreughly mixed gas necessary to achieve the level of per-
formance required of the future SCR Sysiems.

The data contained harsin is eolady for wour micrmation and is not offerad,
orf to be construed, as o warranty or contractual responsibility.
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Client

Size

Beiler Fuel and Firing Method
SCR Amangement
Status

Flue Gas Flaw

Reagent

Mixer Type

Reactor Support
Catalyst Type

Catalyst Pitch
Temperature

Flyash Loading

S0x

NOx Inlet

NGy Outlet

MOy Removal Efficiency

NH3 Siip, Enc of Liks

Client

Size

Boiler Fuel and Hring Method
SCR Arrangement
Status

Flug Gas Flow

Reagent

Mixer Typa

Heactor Support
Catalyst Type

Catalyst Pitch
Temperatura

Flyash Loading

S0y

MOy Inlet

NOx Outiet

MOy Removal Efficiency
MH3 Slip, End of Life

PROJECT SUMMARIES

KW REUTER, UNITS D AND E

BEWAG

2 at 300 MW each

Bituminous Coal, Pulverized

After Ecanomizer

Commercial Operation 1988/1989

930,000 NmdHr {-580,000 scfrm,wet)
Anhydrous Ammonia

Crriginally Grid — Retrofit Delta Wing Mixer

Top Supported

Honeycomb

7.5 mm

385°C (725°F)

11,700 mg/Nm? (-6 gr/dsch

2000 mg/Nm?

650 mg/Nm?3 @ 6% 02 (0.52 Lbs/10% Blu)
150 mg/Nm? @6% 02 (0.12 Lbsr105 Blu)
77% '

S ppmv

DORMAGEN UNIT 7

Bayer

125 mthr

Lignite {Ercwn Coal)

After Economizer
Commercial Operation 1820
200,000 Nm3/Hr

Anhydrous Ammonia

Dslia Wing Mixer

Top Supported

Heneycomb

7.0 mm

370°C {700°F}

{-580,000 scim,wet)

600 mg/Nm? (0.37 Lbss108 Btu)
200 mo/MNm?3 (0.12 Lbs/105 Btu)
B6%

5 ppmy
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Client

Size

Baiier Fuel & Firing Method
SCR Armangement
Status

Flug Gas Flow

Reagent

Mixer Type

Reactor Support
Catalyst Type

Catalyst Pitch
Temperature

Flyash Loading

sS03

NCy Inlat

NOyx Outlet

NOx Removal Efficiency
MHz Slip, End of Lite

Client

Size

Boiier Fuel & Firing Method
SCH Arrangsment
Status

Flue Gas Flow

Reagent

Mixer Typs

Feactor Support
Catalyst Type

Catalyst Pitch
Temperature

Flyash Loading

S03

MNCh: Inlet

NOx Cutlet

N Remaoval Efficiency
NH3 Slip, End of Life

PROJECT SUMMARIES

MUNCHEN NORD, UNIT 2

City of Munich

300 MW each

Biturminous Coal, Pulverized
After Econamizer
Commercial Operation 1981
1,050,000 Nm3/Hr
Anhydrous Ammonia

Vortex Mixer ’

Top Supported

Plate

H.2mm

4004C (751°F)

14,000 mg/hm3 (-7 gridsch

40 mg/MNm3

700 mngmE' & 6% 02 {0.56 Lbs/10% Bl
100 mg/Nm? @ 6% 02 {0.07 Lbs/108 Biu)
85%

S ppmv

{-B53,000 scfm,wet)

NORDOJYLLANDODSVEARKET

MY

415 MW

Bituminous Coal, Pulverized

After Ecanomizar

Commercial Oparation, Fall 1598

1,268,500 Nm3/Hr {~730,00 scfm,wetl)

Anhydrous Ammonia

Vortex Mixer

Bottom Supported

Honeycomb

& mm

370°C (7O0°F)

14,000 mg/Nm3 (~7 gridsch)

30 mg.-’Mrn3

635 mg/Nm® @ 3% 02 {0.423 Lbs/106 Btu}
127 mg/Nms @ 2% ap {0.085 Lbs/106 Btu}
20%

5
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