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In June 1992, the emission measurements were carried
out with a transportable measuring system. The
measurements were made in accordance with the VDI
guidelines 2456 and 2559. The measuring methods and
the accuracy of them are shown in Table 1.

Table 1

Measuring methods and their accuracy

Device Range Accuracy
of full range

NOx Beckmann 951A 0-250 +/- 1%
ppmvd

02 Leybold-Hereaus 0-20 +/- 1%
Oxynos 100 vol.%

coz2 Leybold-Hereaus 0-5 +/- 1%
Binos 100 vol.%

co Leybold-Hereaus 0-100 +/- 2%
Binos 100 pprvd

Loads were varied from 100 to 20 % and the steam
flow from O up to over 100 % of the fue! flow. This
variation made it possible to perform the optimisation of
steam injection for a NOx reduction according to econo-
mic criteria.

By this measurement it was also intended to determine
the power augmentation of the gas turbine resulting
from the steam injection and the change of its efficien-
cy.

2. NOx emissions

The NOx emission of a given gas turbine depends mainly
on the

- fuel

- ambient conditions
- gas turbine load

- reduction measures

The NOx emission of liquid fuels (light- and heavy distil-
late) depends primarily on the adiabatic flame
temperature and is heavily influenced by the nitrogen
content of the fuel (fuel bound nitrogen). For example,
0.2 per cent fuel bound nitrogen (by weight) produces
up to 150 mg/Nm3 additional NOx. This NOx emission
cannot be reduced by secondary measures (such as
steam injection).

In the case of gaseous fuels, the NOx emission is in-
fluenced mainly by the flame temperature of different
components of the gas. The NOx emission of H2/CO
mixtures may be as high as three times that of natural
gas.

Table 2

Comparison of gas analyses of coke oven gas and
natural gas

Components Coke oven gas Natural gas
Vol.% Design Day of measurement
co2 1.2 1.5805 0.21
N2 5.4 8.9978 3.04
02 0.6 1.0027 -
AR - 0.0902 -
H2 61.6 57.1598 -
co 6.0 6.2217 -
CH4 23.0 22.2249 $3.00
C2Hé 2.2 2.2922 2.74
C3HS8 - 0.2562 0.7
C4H10 - 0.08 0.18
C5H12 - 0.094 0.13

If coke oven gas is burned (for composition see Table 2)
in a combustion chamber designed for natural gas, an
excess of air is present in the primary zone, i.e. less air
is required to burn coke oven gas. This excess of air
does not result in a NOx reduction on the same scale as
with a premixture of the same amount of air and fuel,
i.e. coke oven gas also burns under a nearly stoichio-
metric fuel-air mixture. An example of the effect of
flame temperature on NOx may be found in Fig’s 1 and
2.
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Figure 1: NOx emission as a function of flame tempera-
ture for different gases
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Figure 2: NOx emission depending on fuel/air ratio

The shown adiabatic flame temperatures can be
calculated by the heat balance for the combustion. If
fuel with a given lower heating value is burned under
stoichiometric conditions and all the energy released by
the chemical reaction is transferred to the combustion
products, they will reach the highest possible temperatu-
re, the a. m. adiabatic flame temperature. Note that the
calculation does not include dissociation and assumes
complete conversion to CO2 and H20, thus the figures
are some examples only.

However, the real flame temperature is lower because of
heat lost by radiation and convection. But for a first
valuation of the influence of the flame temperature on
the NOx emission the calculated value is sufficient.
Table 3 gives the results of such calculations comgared
with other sources. These results are valid for ideal
nonequilibrium combustion.

In addition to the type of fuel, there are some factors of
prime importance to the adiabatic flame temperature
such as the fuel/air ratio, the combustion air temperature
and pressure as well as the residence time. Because this
factors are different for different gas turbines (for
example the G3142{J) and the PG6541(B)) the NOX
emissions are different too .

Fig. 2 shows the NOx emission for coke oven gas,
which is due to the higher adiabatic flame temperature,
above that of the natural gas. The shown adiabatic fla-
me temperature was determined taking into account the
fower calorific value of the particular component, the
fuel temperature of 27°C, with the exception of coke
oven gas {70°C), and the combustion air temperature,
but not taking the air humidity into account. Uniform
intermixture of the combustion components was sup-
posed.

It can be seen that with an excess air (lambda greater
1), i.e. premixture of the fuel with a larger combustion
air flow rate than that necessary for stoichiometric
combustion, the flame temperature and resultant NOx
emission can be considerably reduced. This method is

Table 3

Summary of the adiabatic stoichiometric flame

temperature for different types of gas and different
gasturbines

Cco H2 CH4 Coke oven gas
T { K) 2761. 2662, 2440, 2538.
Flame
(calculation)
T ( K) 2775. 2650. 2468. -
Flame
(other sources)
Deviation (%) -0.5 0.5 -1.0 -
T { K) 2761. 2662. 2440. 2538.
Flame - G3142(J)
T { K) 2790. 2692. 2474. -
Flame - PG6541(B)
Deviation (%) 1.0 1.1 1.4 -

used in Dry Low Nox technology (DLN). As a limit in
this respect, only the flammability of a fuel-air mixture
should be regarded.

The NOx emission is further influenced by the residence
time of the combustion gases in the high temperature
zone (see Fig. 3). Flame temperature depends on fuel
gas, so does the air flow needed for stoichiometric

combustion of it. Therefore the residence time is
different for different gases. If NOx emissions are related
to the NOx emission corresponding to this different

residence time (tO and NOxO resp. , curves for all gases
intersect in the point 1,0 and 1,0 and have in this point
different gradient. For Fig.3 the curves were interpolated
for rounded values of flame temperature.
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Figure 3: INFLUENCE OF RESIDENCE TIME ON THE NOX EMISSION

Figure 3: Influence of residence time on the emissions



But this effect does not play a slightly significant role in
the case of an existing combustion chamber in which a
different gas is burned, than that, for which it was
designed, since residence time and in addition the
temperature distribution and velocity fields do not
change significantly for gases in discussion.

The influence of the ambient conditions could not be
ascertained as part of the measurements, since the
ambient temperature varied by only about 8°C. The
change of the air humidity corresponded to the changed
ambient temperature, so that the absolute water content
at each ambient temperature was almost the same. At
16°C, the relative humidity was about 60 %, i.e. ISO
conditions prevailed. Even at night, no other significant
ambient conditions were present on the days of
measurement, so that the measurement at night would
also have failed to provide the required information.

Fig. 4 shows the influences of the ambient temperature
and air humidity on the NOx emissions, which was
calculated and proven by some other measurements.
This shows that the NOx emissions are only influenced
significantly at higher ambient temperatures and higher
air humidity. The difference between gaseous and liquid
fuel is present but mainly only in the range of extreme
temperatures or in dry air.

NATURAL GAS
1'2 p =0% /
NO x /
NO, so — | 30%
1,0 60% \
0.8 ™
0,6
0,4
-15 0 15 30 45
AMBIENT TEMPERATURE (°C)
DISTILLATE
NO, ' p=0%
NO X 10 ﬁ'\\souﬁ
1,0 o~
0%
0,8 \
0,6 N
0'4-15 0 15 30 45
AMBIENT TEMPERATURE (°C).

Figure 4: Effect of ambient temperature and relative
humidity on NOx emission

The dependence of the NOx emission on the ambient
temperature can also be attributed to the change of
temperature of the combustion air and, in turn, the flame
temperature: the higher the ambient temperature, the
higher the compressor outlet temperature or combustion
chamber inlet temperature and, in turn, the flame
temperature. The water content in the air has a
reducing effect on the flame temperature and has the
same effect as the injected water or the injected steam.

That means, the higher the ambient temperature and the
refative humidity the greater the absolute water content
of the air. Therefore the adiabatic flame temperature
must be lower for high ambient temperature and
humidity, because the heat is also used to heat up the
water contained in the air.

The reducing effect on the adiabatic flame temperature
can be proven also by calculation, using the heat
balance as described above.

2.1 Coke oven gas

Fig. 5 shows the NOx values of G 3142 J burning coke
oven gas in comparison to natural gas and light distillate
as a function of the gas turbine load. This dependence
is mainly attributed to the influence of the firing
temperature on the NOx emissions. The firing
temperature decreases with load, but the flame tempe-
rature does nearly not change (exept for lower pressure
at low loads). The residence time of the particles in the
high temperature zone decreases; the zone of higher
temperatures becomes smaller.

They are already based on dry exhaust gas owing to the
method of measurement and only need to be converted
with the measured dry 02 content to 15 % 02 in the ex-
haust gas. The variation of the measured O2 content of
the exhaust gas with load is given in Fig. 6. The
measured NOx values are about 20 % below the expec-
ted values. Prediction was based on measurements on
similar plants combined with some theoretical
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Figure 5: Measured NOx emission without steam injection
versus generator output for natural gas, coke
oven gas and distillate
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calculations also taking into account the specific
20 conditions of the plant in discussion.
The NOx emissions of the G 3142 J shown in Fig. 5 are
for operation without steam injection. The difference in
19 the NOx emission is given mainly, as illustrated in Fig. 2,
by the different flame temperatures of coke oven gas
and natural gas on one and distillate on other side. It

=
S 18 has been confirmed by the a.m. measurement, that the
& NOx emission at base load with coke oven gas is about
5] - MEASURED 55 % higher {373 mg/Nm3 based on 15 % 02 dry} than
= \ with natural gas {240 mg/Nm3 based on 15 % 02 dry).
ON . \L

16 Tl Fig. 7 shows the NOx emissions for burning coke oveng

gas as a function of load at different steam/fuel ratios.3
The variation of NOx emission with load with steam§
injection is similar to that without steam injection.;
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t, i.e. nearly the standard value, so that no essential in-
fluence on NOx emission could be expected.

Fig. 5 shows the NOx emission over ioad without steam
injection also for burning distillate (continuous line). For
operational reasons, it could not be measured over the
entire load range. The highest measured load was 76 %.
But the measured NOx curve can be extrapolated to the
full load point, so the NOx emission can be estimated for
full load too. It can be seen that, also for light distillate,
the measured NOx emission was significantly lower than
the predicted one (428 mg/Nm3 dry, based on 15 %
02).

Fig. 8 shows the effect of steam injection on the NOx
emissions for G 3142 J burning distillate with the
steam/fuel ratio as a parameter. Owing to the insuffi-
cient number of measuring points, the curves, particular-
ly for full load, can only be referred to with reservation.
Optimisation of the steam flow rate with respect to the
NOx limiting values is only possible to a limited extent
for the distillate operation.

3. CO EMISSIONS

The production of carbon monoxide is encouraged by a
lack of oxygen in the case of a rich mixture, poor
intermixture of the combustible gas with air and
insufficient atomising of the liquid fuel, as well as by the
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Figure 9: Typical CO and NOx emission for a gas turbine
burning natural gas vs. generator output with
different steam/fuel ratios

low flame temperature in the case of a lean mixture.

Since combustion of carbon to carbon monoxide takes
place relatively quickly, combustion of carbon monoxide
to carbon dioxide fairly slowly, the residence time of the
particle in the range of high flame temperatures also has
an essential influence on CO production; with short
residence times, combustion stops with CO. The
influences in the case of CO production are therefore the
opposite of those for NOx production.

Fig. 9 shows the NOx and CO-emissions as they would
occur for a gas turbine with steam injection using natural
gas as a fuel; with high steam flow rates and low loads,
high CO-emissions can be expected.

3.1 Coke oven gas

The measured CO-emissions of the G 3142 J using coke
oven gas are shown in Fig. 10 over load. The course of
the curve appears to be unbelievable at the first glance
compared to Fig. 9, but can be explained as follows.

If one would burn pure hydrogen, the CO-emission
would be equal to 0 mg/Nm3. Since the CO-emission
with a G 3142 J at base load with natural gas is about
2.5 mg/Nm3, the CO emission with coke oven gas,
which has an H2 content of about 60 %, is virtually O
mg/Nm3 (in any event in the range of measuring
accuracy).

However, coke oven gas has a CO content of 6.2
Vol.%. With a typical combustion efficiency greater than
99 percent, 22 mg/Nm3 based on calculation is
produced and can be expected in the exhaust gas at
base load and somewhat less at part load, corresponding
to the lower fuel consumption. [f both influences are
superimposed (as shown in the upper part of the
diagramm in Fig.10), a curve similar to the measured one
is obtained.

This means that at high loads (50 -100 % load), the CO
emission originates mainly from the CO content of the
combustible gas. In contrast, the load-dependent CO
emission component increases in the lower load range
(less fuel), so that the curve reverses and rises again.

The typical curve of the CO emission over load for fuel
without any significant content of carbon monoxide is
shown by the broken curve.

Nevertheless, it can be stated, that a G 3142 J gas
turbine burning coke oven gas mantains the official CO
emission limits in the measured load range with steam
injection and without it.

3.2 Light distillate

Fig. 11 shows the measured carbon monoxide curve
over load for light distillate, i.e. with reducing load
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measurements and confirms the considerations mentio-
ned in 3.1.
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For different steam/fuel ratios, the CO emission is shown 3
in Fig. 12. The gas turbine load serves as a parameter.3
A low load, as well as higher steam flow rates result in %
excessive CO emissions.

4. Carbon dioxide CO2

1 19/4pd-sbuipaasold

The combustion product carbon dioxide mentioned ing
connection with the greenhouse effect is lower during§
the combustion of coke oven gas with a high hydrogens
content than with fuels rich in hydrocarbons, such asg
natural gas or light distillate. This is also an advantage®
in view of the introduction of a CO2 emission standards
in Germany.

0%2/290'

Fig. 13 shows a comparison of CO2 emissions of a G&
3142 J operated with natural gas, coke oven gas and%
distillate. At base load, only 2.3 Vol.% CO2 is producedg
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Figure 12: CO emission with steam injection for distil-
late
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Figure 13: CO2 emission of G 3142 J for different fuels

with coke oven gas in contrast to 3.1 Vol.% with
natural gas and 3.9 % with distillate. Based on the G
3142 J, this is 6.5 t/h compared to 8.3 t/h and 11.2 t/h
(see Fig. 14) or 22 % less than with natural gas and 72
% less than with light distillate (see also Table 4).

5. Power augmentation and change of efficiency

With steam injection, the power output of the gas
turbine increases, even if the steam is injected in the
combustion chambers for NOx reduction, since the mass
flow through the turbine is increased as a result of it.
However, the additional output is iower than the power
output which could be generated in a steam turbine with
the same steam flow rate, provided the steam turbine is
designed for this purpose. But the gas turbine is not!
Due to increased flow the turbine operates out off the
design point and, therefore, with lower efficiency.

Fig. 15 shows the measured increase of the generator

output for the coke oven gas. The curve applies to full
load and shows the influence of different steam flow

1 27;'

DISTILLATE NATURAL GAS  COKE OVEN GAS

Figure 14: CO2 emission of G 3142 J for different fuels

rates. This shows that also in this case the prediction
has been distinctly exceeded.

The prediction was made theoretically by taking into ac-
count the increased mass flow through the turbine and
additional fuel used for heating up the injected steam to
firing temperature level. It was also corrected with
measured data on other plants. Also some uncertianty
factors were incorporated.

Table 4

Comparison of the G3142 (J) CO2 emission from
different fuels

Coke oven gas Natural gas Distillate

co2 (vVol.%, dry) 2.3 3.1 3.9
co2 (t/h) 6.5 8.3 11.2
Deviation

from -21.7 0.0 +34.9

natural gas (%)

If steam used for injection for NOx reduction is branched
off from the steam flow to a steam turbine of a
combined cycle plant, in principle, reference can be
made to a reduction of the plant efficiency. However, if
steam is produced with the heat dissipated by the ex-
haust gases otherwise discharged to the atmosphere,
reference can be made to an increase of turbine effi-
ciency.

In this respect, no evaluation is made, but only the
change of efficiency as such, resulting from steam
injection is determined. Fig. 16 shows this change for
full load as a function of the steam to fuel ratio.
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Figure 15: Power augmentation as aresult of steamin-
jection for NOx reduction for G 3142 J bur-
ning coke oven gas
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The prediction has similarly been exceeded as for the in-
crease of output.

6. Summary

The measurements have shown that the measured NOx
emissions of both fuels, coke oven gas and light
distillate, are less than expected. The measurements
confirmed the expected difference between the NOx
emisson of a coke oven gas and natural gas driven gas
turbine.

The emission limit imposed by the local authorities can
be maintained by steam injection. The neccesary steam
flow rate for NOx reduction is considerably lower than
expected. This fact was very welcome by the chemical
plant, because of its great demand for steam for the
chemical processes. Also the predicted power aug-
mentation and the change of efficiency, as a result of
steam injection, is higher.

CO limiting values of 100 mg/Nm3 15 % 02 can also be
maintained in the entire relevant load range. The
advantage of low hydrocarbon content in the coke oven
gas with respect to CO2 production has been clearly
shown. By means of the lower steam requirement, a
reserve for further NOx reduction is given. However,
with an increasing steam flow rate and a lower part load
it must be ensured that the CO limiting values are not
exceeded. Load-dependent steam injection would then
be meaningful.
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