
discuss the benefits of automatic control  
for reducing emissions.

T
here continues to be great interest in minimising 
pollutant emissions, particularly nitrogen oxides (NOx) 
and carbon monoxide (CO), from process heaters 
because these pollutants pose a health risk to both 

the public and environment.1

Changes in ambient conditions can have a significant 
impact on the operation of a heater which can lead 
to substantial increases in NOx and CO emissions in 
several ways. Figure 1 shows that changes in ambient 
air temperature and humidity, atmospheric pressure and 
wind can all lead to variations in the heater excess O2 (red 
lines). Increasing excess O2 typically produces a more 
compact, higher temperature flame that results in higher 
NOx emissions. Decreasing excess O2 tends to reduce the 

mixing rate of the air and fuel, causing poor combustion that 
can result in high CO emissions. Figure 1 also shows that 
changes in the ambient air temperature and humidity can 
lead to higher flame temperatures resulting in higher NOx 
emissions.

Ambient condition effects on 
emissions
Figure 2 shows a curve published in the American Petroleum 
Institute (API)2 demonstrating the effect of excess O2 on NOx 
emissions from raw gas burners. The API curve is commonly 
used as a guide to help estimate NOx emissions from burners 
operating at various excess O2 levels. Although useful, this 
curve does not characterise the effect of excess O2 on NOx 
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emissions for all conditions. For example, Figure 2 also 
shows test results of a diffusion type wall burner firing on 
two fuel compositions: 100% natural gas (NG); and 60% 
NG, 40% hydrogen (by volume). Notice that when firing 
100% NG, the effects of O2 on NOx follow the API curve fairly 
closely. However, when firing with the hydrogen mixture, the 
data deviate significantly from the API curve. These results 
show that increasing the hydrogen content increases the 
sensitivity of excess O2 on NOx production for this particular 
burner.

Experimental data clearly show that increasing the 
excess O2 results in an increase in NOx for diffusion style 
burners. The increase is largely attributed to higher flame 
temperatures. As both the flame temperature and quantity of 
oxygen in the flame increase, more nitrogen combines with 
oxygen leading to increased NOx.

The NOx versus excess O2 trend for premix style burners 
is different than for diffusion style burners. Figure 2 
also shows experimental data for a premix style burner 
designed to supply all of the combustion air through the 
mixer (no staged air). Test data show that NOx emissions 
for this premix burner decreased with increasing excess O2. 
This trend occurred because as the excess O2 increased, the 
primary fuel gas became leaner. This resulted in lower flame 
temperatures, thus reducing NOx emissions.

When the excess O2 increases, the air velocity through 
a burner also increases causing the air and fuel to mix more 
rapidly. This results in a more intense, higher temperature 
flame as demonstrated in Figure 3. The photographs show the 
wall is hotter and the flame more intense when operating at 
6% excess O2 as compared to 1%. For this case, the higher 
flame temperature and the increase in the amount of nitrogen 
and oxygen available within the flame zone resulted in over a 
twofold increase in NOx.

Carbon monoxide is produced by the incomplete 
combustion of fuels containing carbon. CO burns by reacting 
with O2 to form carbon dioxide (CO2). While CO is generally 
easy to convert into CO2 given sufficient temperature and 
mixing, it can be formed if there is insufficient oxygen available 
for complete combustion.

Figure 4 shows the effects of excess O2 on CO emissions 
for a diffusion style wall burner. Data show that as the excess 
O2 decreases to approximately 1%, CO emissions start 
to increase. As the excess O2 approaches 0.5%, the CO 
production rapidly accelerates, which is often referred to as 
‘CO breakthrough’.

Ambient temperature and relative 
humidity effects
When the temperature of the ambient air changes, its 
density also changes. If a burner, operating at a given draft, 
experiences an increase in air density due to a decrease in 
temperature, it will draw more mass of combustion air into 
the heater, resulting in higher excess O2. Conversely, if the air 
temperature increased, excess O2 would decrease.

The presence of water vapour in the combustion air 
can also affect heater excess O2 levels. As the moisture in 
the air increases, the excess O2 drops because part of the 
combustion air is displaced by the water vapour.

First, consider an example demonstrating changes in 
NOx. Suppose during a plant startup operators tune a heater 
with diffusion style burners to 2% excess O2. The time of 
year is midsummer with an air temperature 100 ˚F (38 ˚C) and 
80% relative humidity. At night in the late summer months the 
temperature drops to 50 ˚F (10 ˚C) and 0% relative humidity. 
If the operators fail to trim the O2 during this climate change, 
Figure 5 shows the excess O2 will increase from 2% to 
approximately 4%. Using the data from Figure 2, NOx will 
increase by 40% for the NG fuel case and 58% for the high 
hydrogen fuel case. This demonstrates that dramatic changes 
in NOx can occur if excess O2 is not maintained.

Next, consider an example demonstrating changes in 
CO. Suppose plant operators working the nightshift tune a 
heater with diffusion style burners to 2% excess O2. During 
adjustments, the ambient temperature is 60 ˚F (16 ˚C) and 
0% relative humidity. As midday approaches, the weather 
conditions reach 100 ˚F (38 ˚C) and 80% relative humidity. If the 
dayshift operators fail to adjust the heater, the excess O2 will 
drop to nearly 0% (Figure 6). Using the data from the diffusion 
style burner in Figure 4, CO breakthrough will occur resulting in 
high CO emissions. Operating a heater under these conditions 
poses a safety risk and can cause long term heater problems 
such as coke buildup on the tubes, tube bowing, sagging, 
leakage or rupture resulting in an explosion.3

Atmospheric pressure effects
Another weather related variable that can impact heater excess 
O2 is the atmospheric (barometric) pressure. Atmospheric 
pressure is closely approximated by the hydrostatic pressure 

Figure 1. Diagram showing potential pathways leading to increases in 
NOx and CO emissions due to variations in ambient conditions.

Figure 2. Effect of excess O2 on NOx.
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caused by the weight of air above the measurement point. 
Low pressure areas have less air mass above their location, 
whereas high pressure areas have more air mass above their 
location. As the atmospheric pressure changes, the air density 
also changes due to the compression effect of the air mass.

Natural variations in the atmospheric pressure occur as a 
consequence of changing weather conditions. For example, 
an incoming storm can cause a large drop in atmospheric 
pressure. As the pressure drops, the air density (at a constant 
temperature) also drops. For a heater operating at a given 
draft, this would result in a reduction in excess O2 because the 

reduction in air density results in less mass of combustion air 
drawn into the burner.

Weather data show that atmospheric pressure at a given 
location can vary as much as 0.6 psia (4 kPa) in a short period 
of time.4 This corresponds to a change in heater excess O2 of 
approximately 0.5%, which can be very significant, especially if 
a burner is operating near the CO breakthrough point.

Wind effects
Varying winds, especially storm force winds, can cause 
dramatic changes in pressure inside the heater stack and at 
the burner inlet. This can significantly impact heater draft level 
resulting in swings in excess O2.

When wind blows over the top of a stack, it can contribute 
to either a back pressure or a suction pressure inside the stack. 
If the momentum of the flue gas is low relative to the wind, then 
a negative pressure inside of the stack can be formed. Since 
the heater box is in direct dynamic communication with the 
stack, this contributes to an increase in heater draft. On the 
other hand, if the flue gas momentum is dominant, the wind can 
create a back pressure resulting in a reduction in heater draft.

Wind blowing past a burner intake can have a significant 
impact on the air flow rate into the heater. The impact depends 
on the burner intake design, and wind velocity and direction. 
Due to the diverse air intake designs, burners can be affected 
by the wind differently. A reduction in excess O2 can occur if 
wind is blowing past a burner intake in a crosswind direction. 
Experiments were conducted with a diffusion style burner 
subjected to a crosswind up to 35 mph (16 m/s) using a 
variable speed blower positioned perpendicular to the burner 
intake. At the highest wind speeds, the excess O2 varied 
from 0.5 - 2.3%, while the CO emissions varied from 0 to 
approximately 200 ppmvd. At higher wind speeds, the heater 
could operate in a fuel rich condition.

Air temperature and humidity 
effects
Historical data show that industrial burners emit lower NOx 
when the air humidity is higher.2 The presence of water vapour 
in the combustion air tends to act as ballast to absorb heat 
from the flame, lowering the temperature and reducing thermal 
NOx formation.

Historical data show that industrial burners emit more 
NOx when the combustion air temperature is higher. Figure 7 
is a plot from API 535 showing the effects of combustion air 
temperature on NOx production. The broad range in data may 
be due to variations in burner types and operating conditions.

Figure 3. Photographs of a diffusion style burner showing the effects of 
excess O2 on flame intensity.

Figure 4. Experimental data for a diffusion style burner showing the 
CO breakthrough.

Figure 5. Example demonstrating how variations in ambient air 
temperature and humidity can result in dramatic changes in NOx 
emissions.
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Combustion air control
Since many plants are regulated on NOx and CO emissions, 
tight control of burner operating conditions is essential to avoid 
exceeding permitted limits. This can be done in two ways: 
manual or automatic control.

Manual control means that operators must frequently 
adjust dampers (air registers) on every burner as ambient 
conditions change. It is not enough to adjust only some of 
the burners to achieve the target O2 level. While this could 
be done, the flames would not be uniform which would lead 
to multiple operational problems such as uneven heating 

and flame impingement on process tubes.5 Some heaters 
may have dozens of burners and each operator is normally 
responsible for multiple heaters. Since operators already have 
many other responsibilities, this is not a practical option for 
most plants.

The other method is automatic control where the excess 
O2 is continuously adjusted to a target level. The two ways this 
is commonly done are using a control motor on each burner 
(Figure 8) or with some type of mechanical linkage connecting 
multiple burners to a single control motor (Figure 9). The 
motors may be electrically or pneumatically actuated. Quick 
disconnects are normally included so individual burners can be 
quickly and easily controlled manually or taken out of service if 
necessary.

Automatic controls permit lower excess O2 levels, because 
less allowance is needed for varying conditions. Lower excess 
O2 means increased energy efficiency and reduced NOx. 
While there is an additional cost for the automatic controls, 
the payback is often very fast because of the significant fuel 
savings.

Conclusion
Ambient air conditions can have a significant impact on NOx 
and CO emissions from process heaters. These conditions 
include air temperature and humidity, barometric pressure, and 
wind speed. These conditions affect excess O2 levels which 
directly impact NOx and CO. Frequent manual adjustments or 
automatic controls can be used to adjust for changes in the 
ambient to minimise pollutant emissions. Failure to make these 
adjustments could increase pollution emissions and reduce 
thermal efficiency.  
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Figure 7. Effects of combustion air temperature on NOx emissions 
(from API 535).

Figure 8. Control motor on each burner.
Figure 9. Multiple burners mechanically connected by a shaft to a 
single control motor.

Figure 6. Example demonstrating how variations in ambient  
temperature and humidity can result in dramatic changes in CO  
emissions.


