








FOREWORD

RD&D-projects performed by the Swedish Gas Centre, will usually be
presented in reports, available to each and everyone who wants to share
the results of a project.

SGC prints and publishes the reports but the writers of each report are
responsible for the accuracy of the content. Everyone making use of any
description, results etc, will do this on his own responsibility. Excerpts
from a report may be used if the source is indicated

A register, showing SGC-reports published to date, will be found at the
end of this report.
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Summary

A study concerning the utilisation of
three-way-catalysis (twc) for NOx-aba-
tement in gas-fired boilers has been per-
formed on the requests of Swedish
Centre of Gas Technology AB (SGC)
and Perstorp AB. The boiler was a triple-
pass Remeha OD15, fitted with a pre-
mix burner (Dunphy). The load could be
varied between 0.6 and 1.6 MW of heat
input. A three-way-catalyst was installed
as an annular wire-mesh segment in the
turning section of the first pass. The
conversion level (lambda= 0.99) with re-
spect to NOx ranged between 70 and
90%, depending on the load situation. In
order to comply with the standards con-
ceming CO-emissions, secondary air
was injected downstream the twc to
achieve an overall lambda-value of 1.1.
An oxidation catalyst (oc) was installed
further downstream to enable a
purification of the flue gases with respect
to CO.

The lambda-value-control was performed
manually in this installation whereas
automatic control is to be implemented mn

commercial installations.

A long-term-test during 1500 hours of
continuos operation was performed
without any losses in catalyst activities

(twc/oc). Micro-reactor tests with refe-.

rence catalysts and deactivated catalysts
samples also indicated full catalyst acti-
vity for the deactivated samples.

Characterisation revealed some thermal

degradation of the morphology of the
catalyst, although not serious enough to
cause any losses in catalyst activities.

By-pass effects affected the obtainable
conversion levels. It is of great impor-
tance to achieve a perfect alignment of
the catalyst to the walls to avoid by-pass
effects.

An economic evaluation of the twc-tech-

nology indicated typical pay-off-times of

2-3 years. The most important parame-

ters in the economic evaluation are:

- The NOx-emission (mg/MI)

- The annual energy production in
relation to the unit-size (h)

- The specific catalyst price (SEK per
MWh)

The economic evaluation is based on the
Swedish NO_-legislation and current

taxes concerning NO, -emissions. To-get

- an acceptable profitability of the instal-

Iation the original NOx-emission should

be at least 60 mg/MJ. In addition the
annual operation time should be as high

~ as possible, ie. industrial boilers are

expected to show a higher profitability
than municipal boilers. The specific
catalyst price is, of course, another
important parameter in the cost/benefit-
calculations.

A full-scale test is expected to be carried
out during the autumn of 1999.
Commercialisation will be camried out

during the next few years.



Sammanfattning

En studie avseende implementering av
trevéigskatalys (twc) 1 gaseldade pannor
har utférts pd uppdrag av Svenskt
Gastekniskt Center AB (SGC) och
Persiorp AB. Installationen utférdes pd
en trestrikspanna av fabrikatet Remeha
(OD15), vilken var utrustad med en pre-
mix-brinnare av fabrikatet Dunphy.
Brinsleeffekten kunde varieras mellan
0.6 och 1.6 MW¢. En ringformad tre-
vigskatalysator installerades i vindsek-
tionen av forsta striket. Reduktions-
graden m.a.p. NOx varierade mellan 70
och 90% (vid lambda 0.99) beroende pa
lastforhallanden. For att uppfylla emis-
sionskraven avseende CO skedde tillsats
av sekundérluft 1 en position omedelbart
efter trevigskatalysatorn. En oxidations-
katalysator hade placerats nedstréms
sekundirluftstillfrseln for att mojliggsra
en effektiv rékgasrening m.a.p. CO.

Luftéverskottet vid forbrinningen Over-
vakades manuellt vid testerna medan av-
sikten &r att utnyttja automatiska Sver-
vakningssystern i kommersiella installa-
tioner.

Léngtidsforsok (1500 timmars kontinu-
erlig drift) visade att katalysatorn inte
forlorade nagon aktivitet. Denna iaktta-
gelse stoddes av mikroreaktorforsok ut-
forda med nytillverkad referenskatalysa-
tor respektive deaktiverad katalysator.
Katalysatorkarakterisering pavisade ef-
fekter av termisk sintring, dock inte till-

rdckligt allvarlig for att fororsaka aktivi-
tetsforlust.

Forekomsten av by-pass-effekter pver-
kade erhdllna virden avseende reduk-
tionsgrader negativt. Det 4r av stor vikt
aft tillse att by-pass-effekter undviks.

En ekonomisk virdering av twc-tekniken

indikerar dterbetalningstider for investe-

ringen pA 2 -3 ar. De viktigaste para-

metrama i den ekonomiska utviarderingen

ar:

- NOx-utsléppets storlek (mg/MT)

- Den 4rliga energiproduktionen i
forbéllande till anliggningsstorleken (h)

- Katalysatorkostnaden (SEK/MWh)

Den ekonomiska analysen bygger pd det
svenska avgiftssystemet for kviveoxid-
utsldpp. For att uppni en rimlig 1on-
sambhet bor den ursprungliga NOx-halten
1 rokgaserna vara hogre #n 60 mg/MIJ.
Anliggningens utnytijande (timmar/ar)
skall vara s& hogt som méjligt, vilket
sannolikt gynnar industriella installatio-
ner. Katalysatorpriset #r sjilvklart en
annan viktig parameter och ta hinsyn till.

Ett fullskaletest beriknas utféras under
hésten 1999 och kommersialiseringen av
tekniken forvintas sker under de nir-

maste iren.
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1. Introduction

Katator AB has performed a study con-
ceming the utilisation of three-way-cata-
" lysis for NOx-abatement in boilers for
industrial heating. The design- and di-
mensioning work was based upon a pre-
liminary study concemning three-way-
catalysis in gas fired boilers performed
during 1997 [1]. In that study experi-
ments were performed in a gas-fired mi-
cro-reactor as well as in a gas-fired do-

mestic boiler.

If the energy production of a boiler ex-
ceeds 25 GWh/yr, the owner of the boi-
ler has to account for the annual NOx-
emission to the authorities. The owner is
then assessed at 40 SEK per kg of NO?2
emitted. Implementation of NOx—redu-

cing measures thus creates an annual
saving, which can be used to finance the
catalyst installation.

It is believed that three-way-catalysis
(twc) is an effective way to reduce the
NOx-emissions. To be able to commer-
cialise the twe-concept it is, however, es-
sential to demonstrate the durability of
the catalyst in a large-scale application
and to gather technical data to enable a
cost/benefit-calculation.

The aim of this study is to demonstrate
the twc-concept on an industrial boiler
and to gather important technical infor-
mation concerning installation, catalyst
preparation and performance during

prolonged times of operation. The
project is fimanced by Swedish Centre of
Gas Technology AB (SGC) in collabo-
ration with Perstorp AB (PAB).

2. Previous studies

Katator AB has previously performed a
study concerning three-way-catalysis in
gas-fired boilers [1]. Tests were perfor-
med in a gas-fired micro reactor as well
as in a domestic boiler (20 kWy). The
burners were adjusted to stochiometric or
slightly under-stochiometric conditions.

A three-way-catalyst (fwc) was mstalled
to reduce the NOx-emissions through

between NOx and
CO/Ha/Hydrocarbons present in the gas

reactions

muxture. To be able to comply with the
emission standards concerning CO and
hydrocarbons, an oxidation catalyst (oc)
was installed down-stream the twe. In
addition, secondary air was added in a

position between the twc and the oc.

In order to achieve a high degree of
NOx-reduction when using twc in natu-
ral gas co'mbustion, it is necessary to use
slightly under-stochiometric conditions,
as shown in Figure 1. The NOgx-con-
version levels out at lambda values lower
than 0.99. Thus, the lambda value du-
ring combustion should lie around 0.99,
ie. slightly under-stochiometric condi-
tions. The three way catalyst also con-
tributes to the combustion of carbon



monoxide and hydrocarbons to some:

extent.
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Figure I Conversion of NOx, CO and HC vs.
the lambda-value, during three-way-catalysis

(natural gas combustion), general trends,

The tests performed in the domestic boi-
ler (Remeha OGY9/Bentone BG100) ve-
rified the general trend concerning the

influence of the lambda value on the
NOx-conversion. Figure 2 shows the

NOx-conversion and the boiler efficiency
vs. the lambda value. As can be seen in
the figure, the NOx-conversion levels
out at 0.98 at a lambda-value of 0.98 -
0.99, i.e. in perfect agreement with the
general trend shown in Figure 1. The
boiler efficiency increases as the lambda
value is decreased. A decreased lambda
value will lead to a lower flue-gas flow
and consequently to lower flue-gas
losses. At lambda values lower than
0.98, the flue gases will contain conside-
rable amounts of CO, which will lead to
a decreased boiler efficiency due to fuel
slip (unburned CO/hydrocarbons).
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Figure 2 Boiler efficiency (<) and NOx-

conversion (0) vs. the lumbda-value, Tests

performed in a domestic boiler (20 kWi).

The study also contained a tentative
which
demonstrated a commercial potential of

cost/benefit-evaluation clearly
the technique. The most important para-
meters in the economic analysis were:
- NOy-emission (mg/MJ)
- Energy production in relation to
the maximum power output
~ Catalyst price in relation to the
life time of the catalyst

Most gas-fired boilers (municipal and
industrial) have NOx-emissions between
30 and 50 mg/MJ [2]. Industrial boilers
are operated during a larger proportion of
the year (often around 6000 hrfyr.) in
comparison to municipal boilers (around
4000 hr/yr.). The catalyst price is anot-
her important parameter in the economic
evaluation. The catalyst price relates the
investment cost of the catalyst to the cata-
lyst life time and might consequently be
expressed with the unit [SEK/MWH].



The tentative economic analysis indicated
typical pay-off-times of 2 -3 years.

3. Aim of the study

The overarching goal of this project can
be expressed as follows:

“To demonstrate that three-way-catalysis
can be used to reduce NOx-emissions
from gas-fired units to ultra-low levels in
a technically, economically and envi-

ronmentally advantageous way".

The term ultra-low emissions is used for
emissions below 10 mg/MJ. The corre-
sponding degree of NOx-reduction is in

most cases between 80 and 30%.

The advantages of the proposed techni-
que for NOx-abatement may be summa-
rised as follows:

- Low pressure drop

- High conversion of NOx

- Negligible emissions of CO/hydrocarbons
- Simple and compact construction

- Excellent catalyst durability expected

- Increased boiler efficiency

4. System design
4.1 Burner and furnace
The fumaée used in this study was a

triple pass Remeha OD 15B with a no-

minal heat input of approximately 2
MWji. The chimney loss is, according to

the manufacturer, around 18% at full
load. The boiler is cooled by means of
pressurised water and the temperature of
the cast iron sections within the boiler
will lie close to the water temperature (90
- 120°C).

The combustion-chamber-pressure-drop
(at 20% excess air) is around 6 mbar at
full load. Through installation of baffles
in the flue-gas channel the heat-transfer-
numbers are increased to obtain a higher
boiler efficiency (natural gas appliances).
The baffles will also result in an increa-
sed combustion-chamber-pressure-drop.

The boiler is built from standardised
sections with a length of 140 mm. By
fitting such sections together it is possi-

ble to build beilers with a nominal heat
output ranging from 0.7 to 2 MW4.

The combustion chamber has a circular
cross section with a diameter of 720 mm.

The bumer is a pre-mixed jet burner
(Dunphy) with a turn-down ratio of 1:5.
The load of the burner is controlled to
obtain a certain temperature of the outlet

water,

The lambda value is controlled by means
of an air/gas-ratio controller and the
lambda value is typically setto 1.1 - 1.2.



4.2 Catalyst installation

To enable studies concerning twc in gas-
fired boilers a wire-mesh catalyst was in-
stalled at two positions along the flue-gas
channel, see Figure 3. The three-way
catalyst had an annular geometry and
was fitted into the turning section of the
first pass. The flue gas passed through
the wire-mesh catalyst where reactions
between NOg, CO, H2 and unburned

hydrocarbons occured.

In order to comply with emission stan-
dards conceming CO/hydrocarbons an
oxidation catalyst was installed down-
stream the twe. The oxidation catalyst
was divided into four segments, each
with a planar structure. The catalyst was
placed in the turning section of the se-
cond pass, where the temperature still
was high enough to facilitate an effective
combustion of CO/hydrocarbons.

The installation contained around 1.5 m2
" twc and 3 m?2 oc (wire-mesh area). The
twc was divided into three annular
segments in series, each with a diameter
of 720 mm and an effective length of 120
mm. The oc was divided into four
segments, each with an effective area of
0.07 m2. Each segment was equipped
with six catalyst layers in series. Both
catalysts were manufactured from a wire
mesh with mesh no. 16 and a wire
diameter of 0.5 mm. The wire material
was FeCrAlloy (Kanthal AF).

The twe contained a combination of Pd
and Rh as the active phase whereas the
oc was supplied with Pt.

The combustion parameters were ad-
justed to obtain slightly under-stochio-
metric conditions in the combustion
chamber, characterised by zero-concen-
tration of oxygen and increased concen-
trations of CO/Ho/hydrocarbons.
Secondary air was injected in a position
between the twc and the oc to obtain an
oxidising environment in the oxidation
catalyst.

TWC
'I AT-measurement

Airinjecfon L\

Figure 3 Catalyst installation. TWC= Three way

catalyst. OC=Oxidation catalyst.

The temperature difference over the oxi-
dation catalyst was measured continu-
ously and was used as a contro! parame-
ter for the deNOx-process. A tempera-
ture difference of 10 - 20°C indicated that

enough CO was present to facilitate an
effective NOx-reduction in the twe.



The flue-gas flow will vary linearly with
the load, as indicated in Figure 4. At the
maximum load, the flue-gas flow will lie
around 1500 nm3/h. The total pressure
drop of the catalyst is expected to range

from 0.3 to 3 mbar.
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Figure 4 Flue-gas-flow vs. the fuel effect
supplied.

4.4 Injection of secondary air

Secondary air was injected through lan-
ces fitted in positions between the twc
and the oc. The air was supplied from a
compressor-unit and was delivered to the
air-injection system via a metering sys-

tem.

The flow rate of secondary air was ad-
Jjusted to obtain an excess-air ratio of 1.1
in the oc.

4.5 Test procedure

During the early stages of the project

much concern was directed to the poten-

200 40C 600 80O 1000 1200 1400 1600

tial risks of causing damages to the boiler
due to the neutral flue-gas atmosphere. If
the protecting oxide layers prestent on
the iron are reduced, severe corrosion
from sulphur- and halogen compounds is
possible. Natural gas does not contain
such harmful components in concentra-
tions high enough to cause any pro-
blems. Less pure fuels, i.e. sulphur
containing oil, coal and bio-fuels, are li-
kely to cause problems, especially at
high metal temperatures (in the superhea-
ter portion of the boiler, if present).

Thermodynamical calculations (HSC,
TM to Outokumpu OY) showed that cast
iron is protected by oxides also in a neu-
tral atmosphere at the temperatures pre-
vailing in the boiler.

Even if the corrosion problems are ne-

gligible in this application, it was decided

. mot to take any risks during the project.

Consequently the burner was adjusted to
stochiometric conditions only during the
measurements. During normal operation
the combustion was carried out at a

normal excess air ratio.

The impact of thermal deactivation is not
dependent upon the flue-gas composi-
tion. Indeed, the rate of catalyst deacti-
vation is expected to proceed quicker in

an oxidising environment due to evapo-

ration of volatile metal oxides (Pd and

Rh are more stable as the metals) from
the catalyst. Consequently the test should



be conservative with respect to catalyst

deactivation,

5. Technical problems
5.1 Iambda-value-control

In the experiments presented in this re-
port, the lambda value was controlled
manually. In a commercial installation,
however, the lambda-value-control

should be automatic.

The lambda value is easily controlled by
a system including a lambda sensor, a
control unit and a make-up gas valve.
The lambda sensor measures the air-ex-
cess ratio and the control unit gives an
open/close-signal to the rake-up gas
valve, based on the desired lambda va-
Iue. The Jambda sensor must be exposed
to the atmosphere prevailing in the por-
tion between the twe and the oc.

The comtrol system is rather cheap
(around SEK 20 000 for small-scale in-
stallations). Larger installations will re-
quire more expensive valves and perhaps

a system redundancy.

5.2 Effective reduction of CO

Conventional combustion normally re-
sults in extremely low emissions of CO
and hydrocarbons. The twc-concept is
based on under-stochiometric combus-
tion where the flue-gas is expected to
contain 1000 - 2000 ppm of CO in the
twc-position. In order to comply with the
standards conceming CO-emissions, the
oxidation catalyst must be rather effective
(the conversion level must be close to
99%). The demand conceming high
degrees of conversion also results in
demands concerning the total absence of
by-pass effects. This is, of course, a
problem which must be handled during
design and installation of the catalyst.

5.3 Fitting the catalyst into the
furnace

As mentioned earlier in the report it is es-
sential to avoid by-pass effects. In the
twc-position by-pass effects will result in
a lower reduction degree with respect to
NOx. B}‘l-pass effects are even more
detrimental in the oc-position, since such
effects will lead to high emissions of
Co.

There is a large number of boiler designs
on the market, each giving different
possibilities of a successful catalyst in-
stallation. It is important to start the de



sign work with an evaluation of the risks

of by-pass effects.

5.4 Corrosion due to the neu-
tral atmosphere

One of the major concems during the
project was corrosion, which might be
caused by an oxygen free atmosphere in
the boiler.

Corrosion is initiated by adsorp-
tion/fouling of corrosive compounds
onto the metal surface. In an oxidising
environment the corrosion processes are
retarded by a protective oxide film pre-
vailing on the metal surfaces.

Natural gas combustion does not result
in the formation of corrosive compo-
nents, since the fuel only contains very
small amounts of sulphur (originating
from the odorant added to the fuel).
Also, the flue gases will not contain ot-
her harmful products as chlorine or al-
kaline compounds, normally found in
coal- and bio-fue] combustion.

It is not correct to define the atmdsphere
as reducing since the metal still will react
with oxygen containing compounds
(water, carbon dioxide etc.) to form a
protective oxide film at the metal tempe-
ratures prevailing in the boiler. Only at
very high concentrations of CO/H3,
which only could be formed during par-
tial oxidation or in gasification processes

is the protective oxide film destroyed.
Even if this was the situation we still lack
the components which may cause

corrosion in natural gas appliances.

It is however important (o evaluate the
possibility of corrosion phenomena
when combusting less pure fuels, i.e.
sulphur containing oil, coal and bio-fu-
els. Corrosion 1s most likely to occur in
sections where the metal is hot, i.e. in
the super-heater-section of the flue-gas-
channel.

6. Preliminary tests
6.1 Temperature mapping
Since no reliable data concerning the

flue-gas temperature along the flue-gas-

channel_existed a thermal calculation was

- performed prior to the catalyst installa-

tion. The thermal calculations were used
to find suitable positions for the twc and
the oc. The thermal calculations were
verified during the preliminary tests of

~ the installation, see Figure 5. As can be

seen in the figure the experimental data
(dots) rather well agree with the cal-
culated data (lines). The temperature
close to the chimney ranged from 150 to
250°C, depending on the load situation.
The oc-temperature was close to 200°C at
the lowest load and increased to 450 -
500°C at the highest load. The tempera-
ture of the twc varied between 600 and



1000°C. At temperatures above 1100°C

rapid catalyst deactivation is expected.

The positions chosen for the twe and the
oc will enable suitable operation win-
dows with respect to the temperature.
Problems with low CO-conversion at
low loads as well as catalyst deactivation
(twe) at high loads were, however

expected.
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Figure 5 Temperature levels of the three-way-
catalyst and the oxidation catalyst (dots) in

comparison to estimated values (lines).

6.2 Pressure drop

The pressure drop of the catalyst instal-
lation was in good agreement with the
expected values and ranged from 0.5 to
approximately 5 mbar. The major portion
of the pressure drop thus origin from the
flow resistance in the boiler and the

chimney.

6.3 Reduction of nitrogen oxi-
des

The reduction degree with respect to
NOyx was measured at different loads.

NOx-analysis was performed with an
elecirochemical technique as well as with
chemiluminiscence (EMK AB). IR-in-
strument was used to monitor CO- and
CO»n-emissions whereas the oxygen
content of the flue gases was measured
electrochemically.

Figure 6 shows the initial reduction de-

gree with respect to NOx (dots) vs. the
load. The experimental data very well
agree with the forecasted data (modelled

data presented as lines).
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Figure 6 NOy-reduction obtained in the boiler in

comparison to estimated values.

At the highest Joad, the secondary air jet
impinged on the twc, thus causing an
oxidising environment in a portion of the
twc, This effect resulted in an unex-

pected low reduction degree with respect
to NOy at that Joad.



Due to design constraints it was not
possible to move the air lances to elimi-

nate this problem.

The NOx-emission - was around 40

mg/MJ without the twc-installation. The

twc-installation thus enabled ultra-low
NOx-emissions of 4 - 10 mg/MJ

6.4 Reduction of CO

The performance of the oc was expected
to follow the graph presented in Figure
7. The experimentally obtained values
are in fair agreement with the calculated
data, especially at low loads. At high
loads the experimentally obtained con-
versions are somewhat lower, which
might be explained through by-pass
effects; it was difficult to install the oc
without obtaining a slot along the

circumference.

It is obvious that the oc is under-dimen-
sioned to be able to comply with stan-
dards concerning CO-emissions. Indeed,
the CO-emission ranged from 100 - 500
ppm during the measurements. The CO-
content at the twc-position was varied
between 1000 and 5000 ppm, without
significant effects on the NOx-reduction.
Consequently it is possible to postulate
that the CO-concentration at the twc-
position should be between 1000 and
2000 ppm. In order to comply with the
CO-standards,  the

should be at least 95%.

CO-conversion
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Figure 7 CO-reduction obtained in the boiler in

comparison to estimated values.

The desired degree of conversion is only
obtainable if by-pass effects can be
eliminated through an improved align-
ment of the catalyst. -

7. Long-term-tests

7.1 Trend analysis

" In order to study the durability of the

catalysts a long-term-test was performed

during 1500 hours of operation. The
NOx-and CO-conversions were meast-

. red at different times during the long-

term-test. As can be seen in Figure 8, the
NOx-conversion is rather constant du-
ring the course of the long-term-test.
This indicates that the processes leading
to catalyst deactivation and loss in acti-
vity are under control. Since no catalyst
deactivation is observable after 1500
hours of operation, the catalysts is ex-
pected to manage at least 10 000 hours of
contimios operation. The conversion

level was measured by an independent



company (EMK AB) at the end of the |

long-term-test. The EMK-measurements
very well agreed with our own measu-
rements, see appendix A. Although their
analysis technique (chemiluminiscense)
gave somewhat lower NOx-emissions in
absolute terms, the conversions were the
same.
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Figure 8 NOy-reduction during the long-term-
test, obtained ar 1.2 MW ; input effect.

Also the oxidation catalysts was rather
stable during the course of deactivation,
as can be seen in Figure 9. There is
however a tendency, although weak, to
catalyst degradation_. This phenomena
might also be associated with increased
by-pass-effects, which may arise from
thermo-mechanic impact on the catalyst.
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TTTT T

Conversion of CO

8 71 237 481 B47 1304 1495

Time on stream (h)

Figure @ CO-reduction during the long-term-
test, obtained at 1.2MW; of effect inpur.

7.2 Discussion

To be able to separate the effects of true
catalyst deactivation from effects caused
through by-pass-effects it is important io
perform activity tests with unused
catalyst samples (reference samples) and
catalyst samples subjected to the long-
term-test. The catalyst installation was
dismounted in June, after almost 2000
hours of operation. Catalyst samples
were taken for micro-reactor tests and

characterisation.

Physical inspection indicated some leaks
between the twc/oc and the walls
(imperfect lining). These leaks may be
responsible for the suspected by-pass-ef-
fects.



8.
tion

8.1 Activity

In order to judge whether the catalysts
had been deactivated during the long-
term-test, micro-reactor-tests were per-
formed. A gas mixture containing air/CO
was used to study the activity of the oc
whereas a mixture containing N2/CO/NO

was used for the twc.

The flow rates were accurately adjusted
with mass-flow-controllers and analysis

was performed with photoacustic IR
(CO/CO72) and

(NO/NO2).

chemiluminiscensce

The reactor diameter was 35 mm and the
total flow rate was 2 nm3/h. 5 catalyti-
cally active wire meshes were placed in
series In the reactor and the conversion
with respect to CO/NO was measured at
different temperatures.

Tests were performed with an empty re-
actor to ensure that no gas-phase reac-

tions or wall-effects affected the results.

In Figure 10, the conversion of fresh
and deactivated catalysts samples are
compared during NO-reduction (200

ppm) with CO (2000 ppm). The results -

show that the activity of the twc only has
decreased marginally (only at low reac-
tion temperatures). These results very
well agree with the full-scale measure-

Catalyst characterisa-
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ments performed on the boiler installa-
tion.

The conversion was unaffected by the
CO:NO-ratio, provided that the ratio was
above 2. In a real boiler, the ratio need to
be higher due to problems with flow-
and concentrations gradients. During the
full-scale tests, we used a CO:NO-ratio

ranging from 10 to 20, to obtain an
acceptable conversion of NOx.

xNOx (as-prepared)
[ xNOx (deactivated, 1500 h)
L ! !

0.8

0,6 [

0.4 F

Conversion of NO

0,2 [

200

300
Temperature (°C)

400

Figure 10 NOy-conversion {as-prepared and-

deactivated catalysts).

Also the oc had maintained its activity
during the long-term-test, as can be seen
in Figure' 11. The tcndcﬁcy of catalyst
deactivation observable during the full-
scale-test must thus be explained in terms
of increasing effects of by-pass.



xCQ (as-prepared)
Bl xCO (deaclivated, 1500 h)

1y

CO-conversion

400
Temperature (°C)

200 300 500
Figure 11 CO-conversion (as-prepared and

deactivated catalysts).

8.2 Morphology

The twe and the oc were characterised
with respect to the specific surface area
through  physisorption of N2
(Micromeritics, TriStar). Table 1 sum-
marises the results obtained for the

references and the deactivated catalysts.

Table 1 Wire-mesh areas measured through

Physisorption of nitrogen.

Sample Wire-mesh area
(m2/m?)

twe, ref, 5980

twc, deact. 1040

oc, ref. 6610

oc, deact. 1510

From table 1 it is evident that catalyst
sintering has occurred durng the long-
term-test. The oxidation/reduction-reac-
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tions in this application, however, are so
quick that the effects of mass-transfer-
limitations totally mask the effects of
morphological degradation of the

catalyst.

8.3 Conclusions

The long-term-test indicate an excellent
durability of the catalyst. The activity of
the catalysts is maintained for prolonged
periods of operation even if some ther-
mal sintering of the catalyst has occur-
red. The test conditions have been rather
severe since the temperature of the twc
often has reached 1000°C or more. The
optimum temperature window for the
twc is between 400 and 800°C. In such a
case activity and stability can be guaran-
teed for 10 000 hours of opereation or

more.

9. Technical and economi-

cal evaluation

9.1 Installation cost

The installation cost can be divided into

four major items, i.e.:

1. Catalyst

2. Air-supply system
3. Control and safety
4 Installation costs



The specific catalyst cost is, of course,

dependent upon the market price of the
catalytic wire mesh as well as the ex-
pected hife-time of the catalyst and might
consequently be expressed with the unit
SEK/MWh. A reasonable market price
{(in large-scale production) will be around
SEK 50000/MW; for 90% conversion.
Taking the expected life-time of the
catalyst as 16000 hours, the specific
catalyst cost will be around 3 SEK/MWh

for ©0% conversion.

The catalyst cost for 99% reduction will
be SEK 100000/MW{ whereas lower re-

duction degrees will demand less
catalyst, e.g. the catalyst cost for 70%
reduction will be about SEK
25000/ MW;.

The system for secondary air injection
contains air lances and a fan. The cost of
these components is low in comparison

to the catalyst cost and is expected to
equal SEK 10000/MW;t or less.

The control system for make-up gas
contains a lambda-sensor-system, a
control unit and a gas valve. The cost of
the lambda-sensor/control unit is around
SEK 20 000 whereas the cost of the gas
valve will increase with the size of the

unit.

A CO/hydrocarbon-sensor is installed
down-stream the oc to detect disorder of
the oc. If the concentration of CO/hydro-

carbons increases, a solenoid valve will
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close the gas valve for make-up gas. The
cost for the sensor, the control unit and
the solenoid valve will be around SEK
30000.

It is difficult to specify the installation
cost since it is dependent upon the boiler
design. A rough estimation is that the
installation cost will equal 30% of the

total component cost.

As shown in Figure 11, the catalyst cost
alone stands for approximately 2/3 of the
total cost. The most effective way of
decreasing the total cost and to make the
cost/benefit-calculation even more fav-
ourable is to cut down the specific
catalyst cost. This can be done in three
different ways:

1. A cheaper way of production
Increased catalyst durability
3. Decrease the catalyst amount

necessary

Since the reactions are highly mass-
transfer-controlled it is necessary to de-
crease the mass-transfer-limitations to be
able to reduce the amount of cétalyst.
The most effective way of increasing the
mass-transfer-capacity of the catalyst is
to use a higher mesh number and a wire
with a smaller diameter. Calculations
show that there is a potential of reducing
the catalyst amount by a factor 2 or more
in this way. The utilisation of higher
mesh numbers although require the total



absence of particulate matter in the flue
gases.

Catalyst
Air-supply
Control/safety
Instaltation

[
3

Figure 12 The importance of different items in

the investment cost (20 MW installation)

As stated before, the catalyst cost will be
about SEK 50 000 per MWt when using
the standard wire-mesh catalyst (16
mesh/0.5 mm). The other investment
costs (air-supply, control/safety and in-
stallation) are given as a function of the
unit-size in Figure 13. The total invest-
ment cost of a 20 MW ¢-unit will be about
1000 kSEK in catalyst cost and 500
kSEK in other investment costs. When
using a higher mesh no. there is a poten-
tial of reducing the catalyst cost by a
factor 2. Also the installation cost will be
somewhat lower if the catalyst amount is
decreased (smalier catalyst holders etc.).

The total investment cost (with the ex-

ception of catalyst costs) thus equals 20-
30 SEK/kW; for larger appliances (>10

MWy).
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Figure 13 Investment cost (catalyst costs not

included)

9.2 Other techniques to achi-
eve NOx-reduction

There are, of course, other techniques on
the market for NOx-abatement in gas-fi-
red appliances, e.g. burner optimisation,
SCR (Selective Catalytic Reduction of
NOx with Ammonia) and SNCR
(Selective 'Non—catalytic Reduction with
Ammoenia).

Relevant data concerning the perfor-
mance and the installation costs of diffe-
rent NOx-abatement-methods are sum-
marised in a comprehensive report issued
by Stiftelsen f6r Virmeteknisk forskning
[2]. For gas-fired appliances, measures
concerning the burner design and the
combustion technique were generally
performed when npatural gas was
introduced in Sweden during the 1980s.
In most cases the NOx-emissions from
gas-fired installations are as low as 30 -
50 mg/MJ today.



The installation cost of the presented

non-catalytic methods is around 25
SEK/kWit. SNCR generally give a higher

reduction level with respect to NOx but
will demand ammonia injection which

increases the cost of operation.

The installation cost of SCR is around 90
SEK/kW¢ and the corresponding degree

of NOx-reduction is generally above
90%. which is

described in this report, will give a total
investment cost of ca. 70 SEK/kWy, i.e.

somewhat lower than SCR. SCR will
demand ammonia injection to work,

Three-way-catalysis,

which will increase the cost of operation.

Figure 14 summarises the investment
cost of different techniques for NOx-

abatement. Generic data concerning the
degree of NOx-reduction are given in the

same figure
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Figure 14 Investment cost of different technigues
for NOy-abatement.
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9.3 Economic evaluation

Cost/benefit-calculations were performed
to indicate the profitability of a twc-in-
stallation under different conditions with
respect to:

1) Raw-emission of NOy (mg/MI)
2} Energy production (GWh/yr.)

3) Unit-size (MW)

4) Catalyst durability (hours in

continuos operation)
5 Catalyst price (SEK/MW¢)

As indicated in Figure 2, the boiler effi-
ciency could be increased by 1 - 2% due
to the decreased flue-gas losses when
reducing the air-excess-ratio during
combustion. The increase in boiler effi-
ciency, however, only marginally influ-
ence the outcorne of the economic ana-
lysis.

. Current legislation in Sweden states that

combustion units with an annual energy
production exceeding 25 GWh/yr. must
account for the NOx emitted to the

atmosphere. The owner of the unit is
charged with a fee of 40 SEK/kg of NO2
emitted. Tax restitution is then obtained
in relation to the annual energy output of
the unit. The tax-restitution (SEK/MWh)
is settled each year by the authorities.

In the cost/benefit-calculations the boiler
efficiency was set to 90%, which is so-
mewhat higher than the average effici-
ency of the boilers in Sweden. The value
is justified by the fact that natural gas



combustiont usually facilities higher boi-

ler efficiencies than other fuels.

The standard case is calculated with the

following parameter values:

- NOg-emission: 60 mg/MJ

- Annual energy production: 50 GWh/yr.
- Unit-size: 10 MW}

- Operation time: 5000 hr/yr.

- Specific catalyst cost: 3 SEK/MWh

The calculations indicate an annual profi-
tability of the installation of SEK 110000
at a conversion Ievel of 90% with respect
to NOg. The investment cost (the catalyst
cost is considered to be an operational
cost) of the installation is SEK 300000.
The pay-off-time will consequently be
around 3 years for this installation.

Figure 15 shows the sensitivity of diffe-

rent parameters. The most important pa-
rameter is, as expected, the NOx-emis-

sion (mg/MJ). If the NOx-emission is 35
mg/MJ or less, the installation is unprofi-
table at all situations. On the other hand,
if the NOx-emission increases to 100
mg/MJ or more the pay-off-time will be

as low as 1 year.
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Figure 15 Evaluation of the parameter sensiti-

vity {10-MW-unit).

The second most important parameter is
the specific catalyst cost, which is ex-
pressed as the unit-catalyst-price in rela-
tion to the lifi-time of the catalyst. A
specific catalyst price higher than 5
SEK/MWh makes all 10-MWi-installa-

tions unprofitable.

The annual energy production is another
important parameter to take into conside-
ration. The profitability monotonously
increases with the annual time of opera-
tion. Consequently, one might expect a
better profitability for industrial boilers
than for municipal boilers.

10. Conclusions

A long-term test concerning three-way-
catalysis in gas-fired boilers has been
concluded. The technical outcome of
' with the

expectations. The conversion level with
respect to NOyx ranged from 90 to 70%,

study very well agree

depending on the load-situation, i.e. very
close to the forecasted values. The con-



version levels with respect to CO were '

somewhat lower than expected, which
can .be explained through by-pass

effects.

There were no evidences of deactivation
of the three-way-catalyst during the
course of the long-term-test (1500 hours
of continuos operation). The perfor-
mance of the oxidation catalyst, how-
ever, declined somewhat during the
long-term-test. This effect is associated
with increased by-pass-effects since the
alignment of the catalyst to the walls was
destroyed by the
impact. It is normally easier to achieve a

thermo-mechanical

perfect alignment of the catalyst to the

walls in large-scale-units.

An economic evaluation of the twe-
concept indicate typical pay-off-times of
2 - 3 years. In the pre-design-work it is

essential to evaluate the following
parameters:
- NOx-emission (mg/MJ)

- annual energy production (GWh/yr.)
- Unit-size (MWr)

- Current catalyst price

- Life-time of the catalyst

Even if the lambda-value-control was
performed manually in this study, it is

rather easy to automatize it. No corrosion

problems are expected in gas-fired.

appliances. Corrosion problems might,
however, be expected when fuels giving
rise to corrosive flue gases are com-
busted, i.e. sulphur-containing oil, coal,
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bio-fuels etc. Corrosion is then most Ii-
kely to occur in zones with high metal
temperatures (i.e. in the in super-heater

region).

The outcome of the study can be expres-

sed in the following items:

- High conversion level with respect to
NOx possible

- By-pass effects might be a problem in
some installations.

- High catalyst durability, no effects of
catalysts deactivation during 1500
hours of operation

- Simple and straightforward installation

- Good profitability of the installation in
many cases

Full-scale-tests are underway during the
autumn of 1999 and commercialisation is
expected during next few years.

11, Literature

1. F.A. Silversand, "Utveckling av
katalytisk rening av avgaser fran befintlig
panna", SGC rapport 087, Svenskt
Gastekniskt Center AB, Malmd, 1997

2. A.X. Hjalmarsson och K. Hedin,
"Installationer av NOx-reducerande
atgérder", Virmeforsk rapport nr. 560,
Stiftelsen for Virmeteknisk forskning,

- Stockholm, 1996.






Appendix A

‘Independent emission review performed by EMK AB

Load-situation Thermal effect (kW) Reduction degree of NO, (%)
0 600 33
2 900 79
4 1200 84
8 1500 76
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Sida 1

09-12-27
RAPPORTFORTECKNING
SGC |Rapportnamn Rapport | Forfattare Pris
Nr datam kr
001 | Systemoptimering vad avser ledningstryck | Apr91 | Stefan Grudén 100
TUMAB
002 | Mikrokraftvirmeverk for vixthus. Apr91 | Roy Ericsson 100
Utvardgnng Kjessler & Mannerstrile AB
004 | Krav pi material vid kringfyllnad av PE Apr91 | Jan Molin 50
-gasledningar VBB VIAK
005 | Teknikstatus och marknadslige for Apr91 { Per-Ame Persson 150
gasbaserad minikraftvirme SGC
006 | Keramisk fiberbrinnare - Utvirdering av Jan93 | R Brodin, P Carlsson 100
en demo-anliggning Sydkraft Konsult AB
007 | Gas-IR teknik inom industrin, Aug 91 | Thomas Ehrstedt 100
Anvindnings- omriden, Oversiktlig Sydkraft Konsult AB
marknadsanalys
009 [ Lickstkning av gasledningar. Metoder och | Dec91 | Charlotte Rehn 100
instrument Sydkraft Konsult AB
010 Konvert_ering av aluminiumsmiltugnar, Sep 91 | Ola Hall, Charlotte Rehn 100
Forstudie Sydkraft Konsult AB
011 [ Integrerad naturgasanviindning i tviitterier. | Sep 91 | Ola Hall : 100
Konvertering av torktumlare Sydkraft Konsult AB
"012| Odoranter och gasolkondensats paverkan Okt 91 | Stefan Grudén, F. Varmedal 100
pé gasrdrsystem av polyeten TUMAB
(13t Spektralfrdelning och verkningsgrad for § Okt91 | Michael Johansson 150
paseldade IR-strélare Drifttekniska Inst. vid LTH
014 | Modern gasteknik i galvaniseringsindustri j Nov 91 | John Danelius 100
Vattenfall Energisystem AB
015 | Naturgasdrivna truckar Dec91 | Asa Marbe 100
Sydkraft Konsult AB
016 { Métning av energifdrbrukning och Mar92 | Kjell Wanselius’ 50
emissioner fore o efter Overging till KW Energiprodukter AB
naturgas
017 { Analys och ftrslag till handlingsprogram Dec91 | Rolf Christensen 100
for omrédet industriell vitskevirmning AF-Energikonsult Syd AB
018 [ Skirning med acetylen och naturgas. En Apr92 | Asa Marbe 100
jimforelse. Sydkraft Konsult AB




Sida 2

99-12-27
RAPPORTFORTECKNING
SGC | Rapportnamn Rapport | Forfattare Pris
Nr datum kr
019 | Laggning av gasledning med plSjteknik vid | Maj92 | Fallsvik J, Haglund Hm f1 100
Glostorp, Malm®. Uppfoljningsprojekt SGI och Malmd Energi AB
020 Emissionsdestruktion. Analys och forslag | Jun 92 | Thomas Ehrstedt 150
till handlingsprogram Sydkraft Konsult AB
021 ] Ny liggningsteknik for PE-ledningar. Jun 92 | Ove Ribberstrém 150
Forstudie Ove Ribberstrom Projekt. AB
022 | Katalog 6ver gastekniska FUD-projekt i Ang 92 | Svenskt Gastekniskt Center 150
Sverige. Utgava 4
023 Liggning av gasledning med plojteknik vid | Aug 92 | Nils Granstrand m fI 150
Lillhagen, Goteborg. Uppfoljningsproj. Goteborg Energi AB
024 | Smumsvetsning och elektromuffsvetsning Aug 92 | Stefan Grudén 150
av PE-ledningar. Kostnadsaspekter. TUMARB
025 | Papperstorkning med gas-IR. ' Sep 92 | Per-Ame Persson 100
Sammanfattning av eft antal FUD-projekt Svenskt Gastekniskt Center
026 | Koldioxidgddsling i vixthus med hjélp av | Aug 92 | Stig Amme Molén m fl 150
naturgas. Handbok och tillimpn.exempel
027 | Decentraliserad anvindning av gas for Okt 92 | Rolf Christensen 150
vitskevirmning. Tva praktikfall AF-Energikonsult
028 | Stora gasledningar av PE. Teknisk och Okt 92 | Lars-Erik Andersson, Ake 150
ekonomisk studie. Carlsson, Sydkraft Konsult
(29 | Catalogue of Gas Techn Research and Sep 92 | Swedish Gas Technology 150
Development Projects in Sweden (P2 Center
engelska)
030 [ Pulsationspanna. Utvirdering av en demo | Nov 92 | Per Carlsson, Asa Marbe 150
-anliggning Sydkraft Konsult AB
031 | Detektion av drinerin gsror. Testméming Nov 92 | Carl-Axel Triumf 100
med magnetisk gradiometri Trinmf Geophysics AB
032 | Systemverkn.grad efter konvertering av Jan 93 | Jonas Forsman 150
vattenburen elviirme t gasviirme i smihus Vattenfall Energisystem AB
033 { Energiuppfoljning av gaseidad panncentral { Jan 93 | Theodor Blom 150
1 kvarteret Malorten, Trelleborg Sydkraft AB
034 | Utviirdering av propanexponerade PEM-16r{ Maj93 | Hans Leijstrém 150
Studsvik AB
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99-12-27
RAPPORTFORTECKNING
SGC |Rapportnamn Rapport |Forfattare Pris
Nr datum kr
(35 | Hemmatankning av natorgasdriven Jun 93 | Tove Ekeborg 150
personbil. Demonstrationsprojekt Vattenfall Energisystem
036 | Gaseldade genomstrémningsheredare for Jun 93 [ Jonas Forsman 150
tappvarmvatten i sméihus. Litteraturstudie Vattenfall Energisystem
037 | Verifiering av dimensioneringsmetoder for | Jun 93 | Thomas Ehrstedt 150
distributionsledningar. Litt studie. Sydkraft Konsult AB
038 | NOx-reduktion genom reburning med Aug 93 | Jan Bergstrdm 150
naturgas. Fullskaleforsok vid SYSAV 1 Miljskonsulterna
Malmé
039 | Pulserande f6rbrinning for torkindamél Sep 93 | Sten Hermodsson 150
Lunds Tekniska Hogskola
040 | Organisationer med koppling till gasteknisk | Feb 94 | Jorgen Thunell 150
utvecklingsverksamhet SGC '
041 | Faltsortering av fyllnadsmassor vid Nov 93 | Géran Lustig 150
liggning av PE-ror med ldggningsbox. Elektro Sandberg Kraft AB
042 | Deponigasens paverkan pd polyetenrdr. Nov 93 | Thomas Ehrstedt 150
Sydkraft Konsult AB
043 | Gasanvindning inom plastindustrin, Nov 93 { Thomas Ehrstedt 150
handlingsplan Sydkraft Konsult AB
044 PA 11 som material ledningar for Dec 93 | Thomas Ehrstedt 150
gasdistribution. Sydkraft Konsult AB
045 { Metoder att hoja verkningsgraden vid - Dec93 [ Kjell Wanselius 150
avgaskondensering KW Energiprodukter AB
046 | Gasanvindning i malerier Dec93 | Charlotie Rehn et al 150
Sydkraft Konsult AB
047 | Rekuperativ aluminiumsméltugn. Okt93 | OlaHall 150
Utviirdering av degelugn pa Virnamo Sydkraft Konsult AB
Pressgjuteri. '
-048 | Konvertering av dieseldrivna Jan 94 | Gunnar Sandstrém 150
reservkraftverk till gasdaft och Sydkraft Konsult AB
kraftvirmeprod A
049 | Utvecklad teknik for gasinstallationer i Feb 94 | P Kastensson, S Ivarsson 150
smihus Sydgas AB
050 [ Korrosion i flexibla rostfria insatsror Dec 93 | UIf Nilsson m fl 150
(Finns dven 1 engelsk upplaga) LTH
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99-12-27
RAPPORTFORTECKNING
SGC |Rapportnamn Rapport | Forfattare Pris
Nr datum kr
051 | Nordiska Degelugnsprojektet. Pilot- och Nov 93 | Eva-Maria Svensson 150
faltférstk med gasanvindning. Glafo
052 | Nordic Gas Technology R&D Workshop. Jun 94 | Jorgen Thunell, Editor 150
April 20, 1994. Proceedings.(Pa engelska) Swedish Gas Center
053 | Tryckhdjande utrustning for gas vid Apr 94 | Marten Wirn6 150
metallbearbetning -- En forstudie av GT MGT Teknik AB
-PAK
054 } NOx-reduktion genom injicering av Sep 94 {Bent Karll, DGC 100
naturgas i kombination med P A Gustafsson, Miljokons.
ureainsprutming
055 | Treviigskatalysatorer for stationira Okt 94 | Torbjoém Karlelid m f1 150
gasmotorer. Sydkraft Konsult AB
056 | Utvéirdering av en industriell gaseldad IR Nov 94 | Johansson, M m il 150
-stralare Lunds Tekniska Hogskola
057 | Lickagedetekteringssystem i storskaliga Dec 94 | Fredrik A Silversand 150
gasinstallationer Katator AB
058 | Demonstration av 18g-NOx-brinnare i Feb 95 | B Karll, B T Nielsen 150
vaxthus Dansk Gasteknisk Center
059 | Marknadspotential naturgaseldade Apr 95 | Rolf Christensen 150
indUStl'iClla IR-Stl'élaIG Enerkon RC
060 { Rekommendationer vid val av flexibla Maj95 | L Hedeen, G Bjorklund 50
insatsror av rostfritt i villaskorstenar Sydgas AB
061 | Polyamidror for distribution av gasol 1 Jul 95 | Tomas Trinkner 150
gasfas. Kunskapssammanstillning Studsvik Material AB
062 | PE-rors talighet mot yttre paverkan. Aug 95 | Tomas Trinkner 150
Sammanstillning av utférda praktiska Studsvik Material AB
forsok
063 | Naturgas pé hjul. Forutsittningar f6r en Aug 95 [ Naturgasbolagens 150
storskalig satsning pA NGV i Sverige NGV- grupp
064 | Energieffektivisering av storre gaseldade Aug 95 | Lars Frederiksen 200
pannanldggningar. Handbok Dansk Gasteknisk Center
065 | Forbittra miljon med gasdrivna fordon Aug 95 | Goteborg Energi AB 150
066 | Konvertering av oljeeldade panncentraler Nov 95 | Bo Cederholm 150
till naturgas. Handbok. Sydkraft Konsult AB
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09-12-27
RAPPORTFORTECKNING
SGC |Rapportnamn Rapport | Forfattare Pris
Nr datum kr
067 | Naturgasmodellen. Manual fér SMHI:s Dec95 | Tingnert B, SKKB 150
program for berikn av skorstenshjder Thunell J, SGC
(068 | Energigas och oxyfuelteknik Dec95  |Ingemar Gunnarsson 150
Energi-Analys AB
069 | CO2-godsling med avgaser fran gasmotor | Dec95 | Bent Karll 150
med katalysator Dansk Gasteknisk Center
070 | Utvéirdering av naturgasforbrinning i Mar 96 | Henric Larsson 150
pordsa biddar Lunds Tekniska Hogskola
071 | Utviirdering av naturgasdrivna IR-boostrar | Nov 95 | Qle H Madsen 156
1 ugn for pulverlackering Asger N Myken
072 | Sammanstillning av emissionsdata frin Jun 96 | Hans-Ake Maltesson 150
naturgas-, biogas- o motorgasdrivna Svenskt Gastekniskt Center AB
fordon
073 | Livstingdsbestimning fér PE-ror for Jul 96 | Tomas Trinkner 100
gasdistribution (EVOPE-projektet) Studsvik Material AB
074 | Gasblandningar fér fordonsdrift. Idéstudie.| Aug96 | Qla Hall 150
Sydkraft Konsult AB
075 | Gasbranschens miljéhandbok - Sep 96 | Jorgen Thunell 500
Svenskt Gastekniskt Center
076 | Lag-NOx-teknik for gasdrivna processer - Okt96 | Mikael Nislund, LTH 150
dagslige Inst.Viirme- och Krafuieknik, LTH
077 | Karakterisering av emissioner frin Dec96 | K-E Egebiick 150
-projekitet i
078 | Uppvirmning med gas i svenska sméhus - | Nov 96 | Mikael Nislund, LTH 150
erfarenheter och framtida teknikval
(79 | Handledn. for inst av gaseldade IR Apr97 |Pir Dalin 150
-virmare. Radgivning, analys och DITAB
genomfSrande
080 | Mikrokraftvirmeverk med Stirlingmotor Jan 97 | Tomas Nilsson 150
Lunds Tekniska Hégskola
081 | Naturgasbaserad smaskalig kraftvirme Feb 97 | Mats Nilsson 150
inom uppvirmningssekiorn LTH/MALMO
082 | Kylning och klimatisering av byggnader Apr97 | Anders Lindkvist 150

och lokaler med hjilp av naturgas

Vattenfall Energisystem
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RAPPORTFORTECKNING
SGC | Rapportnamn Rapport | Forfattare Pris
Nr datum kr
083 | Naturgassystemet i Sverige - en teknisk Jun 97 | Ronny Nilsson, KM 150
beskrivning
084 | Livscykelanalyser - Ar det ndgot for Sep 97 | J6rgen Thunell 150
gasbranschen
085 | Konvertering av direktelviirmda smahus till | Dec 97 | Mikael Nislund 150
naturgasuppvarmning Inst Virme- och Kraftteknik, LTH
086 | Uppgradering av biogas . Fas 2, Praktiska | Jun 97 |QlaLloyd/BioMil AB 150
forstk med kondenseringsmetoder. Johan Nilsson / LTH
087 | Utveckling av katatalytisk rening av Dec 97 |F Silversand, T Hargitai m fl 150
avgaser frin befintlig panna Katator AB
088 | Technical Description of the Swedish Jun 97 | Ronny Nilsson, KM 150
- |Natural Gas Distr System (P4 Engelska)
089 | Rening av avgaser frin en naturgasdriven Okt97 | Bjorn Heed 150
lean burn motor i en {orbr.viixlare Inst for Energiteknik, CTH
090 Utsldpp av oreglerade dmnen vid Jun 98 | Jorgen Thunell 150
forbrinning av olika briinslen
091 | Nya metoder for att sikerstilla Nov 97 | UIf R C Nilsson 150
miitnoggrannheten i naturgasnét Luled TH, Inst Systemteknik
092 | LB30-projektet - Introduktion av Jan 99 | Owe Jonsson 150
naturgasdrivna tyngre lastbilar Svenskt Gastekniskt Center
093 | Karaktiirisering av emissioner frin Sep 98 | Karl Erik Egebéck 150
naturgasdrivna lastbilar inom LB50 .
-projektet
094 | Gasdistribution och avgasinstallation i Jan 99 | Hans Christian Thiis 150
byggnader Per Palm
095 | Karaktirisering av emissioner frin Okt 98 | Karl Erik Egebiick 150
naturgasdrivna lastbilar inom LB50
-projektet
096 | Lifetime of PE-pipes subjected to squeeze | Nov 98 | Tomas Triinkner 150
oft
097 Svensk hogskoleforlagd Jan 99 | Mikael Nislund, LTH 150
energigasforskning Nutid och framtid Owe Jonsson, SGC
098 | Metoder for snabb kvalitetskontroll av PE Apr99 | Tomas Trinkner 150
-ror for gasdistribution
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99-12-27
RAPPORTFORTECKNING
SGC |Rapportnamn Rapport | Forfattare Pris
Nr datum kr
(099 | Gas co-firing for NOx-reduction in coal Apr99 | Fredrik Brogaard 200
fired boilers
100 | Optimerad samrétning av restprodukter Apr99 [ A Dahl, M Linné, L Andersson 150
frén stad och land
101 | Distribution av biogas i naturgasniit Jul 99 | Kaj Vigdahl 100
102} Evaluation of the efficiency face to the NOx | 990901 M J Fourniguet, A Quinqueneau, 150
-emissions from European plants B Karll, P Breithaupt, O Jonsson
103 | Uppfoljning av kvalitetsspecifikation for Okt 99 | Anders Dahl 150
uppgraderad biogas som fordonsbrinsle
104 | Evaluation of three-way-catalysis for NOx | Jan 00 | Fredrik Silversand 150
-abatement in large gas-fired appliance
AQ1 | Fordonstankstation Naturgas. Feb 95 | Per Carlsson 50
Parallellkoppling av 4 st Fuel Makers Goteborg Energi AB
A02 | Uppfoljning av gaseldade luftviirmare vid Jul95 | Rolf Christensen 50
Arlbvs Sockerraffinadert Enercon RC
AQ03 | Gasanviindning for férjedrift. Forstudie - Jul 95 | Gunpar SandstrSm 0
(Endast for internt bruk) Sydkraft Konsult
A04 | Bussbuller. Forslag till mitprogram Jun 95 | Ingemar Carlsson 50
Ecotrans Teknik AB
AQ5 | Virmning av viitskor med naturgas - - Okt95 | Rolf Christensen 50
Bakgrund till faktablad ‘Enerkon RC
AQ6 | Isbildning i naturgasbussar och CNG Nov 95 | Volvo Aero Turbines 0
-system (Endast for internt bruk) Sydgas, SGC
A07 | Storre keramisk fiberbrinnare. Forstudie Jan 96 | Per Carlsson 50
Sydkraft Konsult AB
A08 | Reduktion av dioxin, furan- oc_h ‘Maj 96 | H Palmén, M Lampinen et al 504
Klorfenoler vid avfallsforbriinning Helsingfors Tekniska Hogskola
AQ9 | Naturgas/mikrovégsteknik for sintring av Maj 96 | Anders Rostin 50
keramer KTH
A10|NOx-reduktion genom naturgasinjektion o | Apr96 | Jan Flensted Poulsen 50
reburning. Demoprojekt pa Volund R & D Center

Knudmoseverket
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RAPPORTFORTECKNING
SGC |Rapportnamn Rapport | Forfattare Pris
Nr datum kr
A1l | Direkttorkning av socker med naturgas Jul 96 | Rolf Christensen 0
(Endast for internt bruk) Enerkon RC
]
Al2| Uppfolning, instailation av gaspannamed | Sep 96 | Bo Cederholm 50
avgaskondensor, kv Hornblisaren 6, Ré4 Sydkraft Konsult AB
A13 | Klassningsplaner for gasinstallationer Jun 97 | Carl-Axel Stenberg 50
Greger Arnesson
Al14 | Uppf av drift med natugaseldad Okt 97 |Bo Cederholm 50
kondenserande gaspanna i Sydkraft Konsult AB
Rinnebicksskolan ,
A15 | Understkn o forstirkn av korr.skyddet pA | Nov 97 | Asa Marbe, C Johansson 100}
gasrdr forl 1 skyddsror - Delrapport 1 Sydkraft Konsult AB
A16 | Ind - CO2-hiirdning av betong med Feb 98 | Asa Marbe 50
naturgas Sydkraft Konsult AB
A17 | Reserviorsorjning med Dec 97 | Stig Johansen 50
fordonstransporterad LNG
A18 | Emissions- och immissionsmétning viden | Mar97 {David Cooper 50
naturgaseldad villapanna VL
A19 | Katalytisk rening av gaseldade lean Aug98 | Fredrik Silversand 100
-burnmotorer etapp 1 - teoretisk forstudie Katator
A20 | Europeisk livscykelinventering for naturgas| Sep 98 | Jorgen Thunell 0
(endast for internt bruk)
A21 | Naturgasdrivna jirnviigsfordon - Forstudie | Dec98 | Rolf Oberg 100
A22| Catalytic abatement of CO- and UHC Feb99 | Fredrik Silversand 100
-emissions from Gas Fuelled Engines
A23 | Forldggning av gasror av polyeten i Mar 99 | Gunnar Bergstrdm 100
befintliga massor Stefan Nilsson
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