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Abstract: The reduction of CO2 emissions in hard-to-abate industries is described in several proposals
on the European and National levels. In order to meet the defined goals, the utilization of sustainable,
non-fossil fuels for process heat generation in industrial furnaces needs to be intensified. The focus
mainly lies on hydrogen (H2) and its derivates. Furthermore, biofuels, e.g., dimethyl ether (DME),
are considered. Besides possible changes in the process itself when substituting natural gas (NG)
with alternative fuels, the emission of nitrogen oxides (NOx) is a major topic of interest. In current
European standards and regulations, the NOx emissions are specified in mg per m3 of dry off-gas and
refer to a reference oxygen concentration. Within this study, this limit specification is investigated for
its suitability for the use of various fuel-oxidizer combinations in industrial combustion applications.
Natural gas is used as a reference, while hydrogen and DME are considered sustainable alternatives.
Air and pure oxygen (O2) are considered oxidizers. It is shown that the current specification, which
is built on the use of fossil fuels, leads to non-comparable values for alternative fuels. Therefore,
alternative NOx limit definitions are discussed in detail. The most suitable alternative was found to
be mg per kWh. This limit specification is finally being investigated for its compliance with current
regulations on various aspects of Continuous Emission Monitoring Systems.

Keywords: NOx emissions; hydrogen; combustion; emission monitoring; industrial heating;
defossilization; decarbonization; industrial furnace; emission limit

1. Introduction

With the European Green Deal [1], the European Commission adopted a set of pro-
posals to reduce the specific CO2 emissions of Europe in the near future, thus aligning
itself with the Paris Agreement [2]. Based on the level in 1990, net greenhouse gas emis-
sions must be reduced by 50% by 2030 and to zero by 2050. To achieve these goals, the
development, production, and utilization of decarbonized gaseous fuels need to be inten-
sified. In particular, hydrogen (H2) and other alternative fuels such as ammonia (NH3)
and biofuels (e.g., dimethyl ether—DME (C2H6O)) are described as “climate and resource
front-runners” [1] and should therefore be prioritized. The European Hydrogen Strat-
egy [3], based on the Green Deal, describes a roadmap for the implementation of hydrogen
and its derivatives as a solution to achieve the CO2 emission reduction targets set by the
European Commission.

As part of the European Union’s Green Deal initiative, the “Fit for 55” [4] and “RE-
PowerEU” [5] packages define even more ambitious short-term goals. By 2030, the net CO2
emission reduction should be at least 55%, and a 45% share of renewable energy should
be achieved.

In industrial furnaces, where process temperatures often exceed 1200 ◦C, direct electrifi-
cation may not always be possible or at a low Technology Readiness Level (TRL) [6–10]. The
application of hydrogen, the most prominent non-fossil fuel, is a topic of many studies, es-
pecially for sectors with high-temperature processes, e.g., steel [11–13], non-ferrous [14,15],
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cement [16,17], ceramics [18,19], and glass [20]. In parts of the processes, hydrogen is used
as a feedstock or reductant, but it is also thoroughly discussed as a fuel to produce high-
temperature heat. Burners used for high-temperature processes operate in non-premixed
configurations in most cases, so potential limitations for the use of hydrogen due to flash-
backs [21] are not relevant in this case.

Different non-fossil fuels are under investigation for a wide range of applications,
showing the significant efforts on the decarbonization of industrial combustion: theoretical
studies [22,23], application-oriented H2 demonstration projects [24–29], investigation of
the use of H2/natural gas (NG) blends in industrial furnaces [30–33], and first full-scale
furnace conversions [34]. As an alternative fuel, pure ammonia and blends are investigated
in demonstration projects [35] and at lab scale [36–39]. Furthermore, DME [40] and several
other alternative fuels [41] are also under investigation and discussion.

As the energy transition moves towards more sustainable and decentralized electricity
generation, which may include on-site hydrogen production, the availability of non-fossil
fuels is not expected to be constant. This may also be the case for hydrogen supply via
pipeline [3,42]. Therefore, switching to more flexible heating technologies, such as multi-
fuel burners, is essential to be prepared for the future energy supply landscape. For
on-site H2 production, the oxygen (O2) produced during electrolysis can also be used as
an oxidizer, resulting in a reasonably lower primary energy demand for high-temperature
processes [22,43]. This results in several different fuel-oxidizer configurations compared
with today’s constant operating levels in technical combustion processes.

Nitrogen oxides (NOx) are one of the major pollutants in industrial combustion pro-
cesses. These compounds are formed during combustion, and their emission limits are
defined by legislation.

Within this study, current NOx emission limits are investigated for their suitabil-
ity for the use of various fuels and fuel-oxidizer combinations in industrial combustion
applications. Natural gas is used as a reference, while hydrogen and DME represent
hydrogen-based fuels and biofuels. For the oxidizers, air and pure oxygen are consid-
ered the main applications. To give a brief overview of industrial combustion, Section 2
presents the fundamental equations for this study and the current European standards
and regulations for industrial NOx emissions. Section 3 gives an example of the current
limitations of the existing NOx limit definitions, while in Section 4, alternative definitions
are investigated to demonstrate their viability. The most suitable option is then discussed
in Section 5. An example of the application of an alternative NOx limit definition is given
in Section 6. Finally, this study is summarized and gives a short outlook.

The scope of this work is specifically limited to industrial process heating applications.
Electricity generation and boiler applications are not part of the investigations discussed in
this study.

2. Fundamentals and Current Standards
2.1. Basic Equations of Combustion

The general oxidation of a species, CmHnOo, in a combustion process is described in
Equation (1). Furthermore, the combustion of methane, CH4, is given in Equation (2) as
an example [44].

CmHnOo +
(

m +
n
4
− o

2

)
O2 
 m·CO2 +

n
2
·H2O (1)

CH4 + 2·O2 
 CO2 + 2·H2O (2)

In the following calculations, all gases are considered ideal. Since all species have the same
molar volume at standard conditions, the molar concentration of a species in a gaseous fuel
mixture equals its volumetric concentration.

For the stoichiometric combustion of methane, two moles of O2 are required per mole
of CH4. The required oxygen supply for the complete combustion process is expressed by
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the stoichiometric oxygen volume O2,min. For a fuel mixture as listed in Table 1, O2,min is
obtained from Equation (3), where xj defines the concentration and O2,min,j the stoichio-
metric oxygen ratio of each species j within the fuel mixture. It should be noted that the
amount of oxygen in the fuel O2,fuel has to be subtracted.

Table 1. Simplified composition of natural gas H (North Sea) [33].

Species Chemical Formula Composition in vol%

Methane CH4 88.71
Ethane C2H6 6.93

Propane C3H8 1.25
n-Butane and higher hydrocarbons C4H10 + C4+ 0.35

Nitrogen N2 0.82
Carbon dioxide CO2 1.94

The required oxygen is supplied by an oxidizer, which may be air, oxygen-enriched
air, or, in some cases, pure oxygen. The minimum amount of oxidizer lmin required for
complete combustion is therefore obtained from Equation (4), where xO2,Ox is the oxygen
concentration in the oxidizer. For simplicity, it is often assumed that air has an oxygen
concentration of xO2,air = 0.21 m3

O2
/m3

air (or 21 vol%) and a nitrogen concentration of
xN2,air = 0.79 m3

N2
/m3

air (or 79 vol%). To ensure complete combustion of the fuel and avoid
incomplete oxidation resulting in carbon monoxide (CO) emissions when using carbon-
containing fuels, most combustion processes require an excess of oxygen. The air ratio λ

describes the ratio of the supplied amount of oxidizer l to the minimum amount of oxidizer
lmin (Equation (5)) [44]. In theoretical combustion literature, the air ratio λ is often expressed
as the fuel-air equivalence ratio Φ.

O2,min = ∑ xj·O2,min,j −O2,fuel (3)

lmin =
O2,min

xO2,Ox
(4)

λ =
1
Φ

=
l

lmin
(5)

In the case of combustion with excess oxygen (λ ≥ 1), the specific amounts of the off-gas
species carbon dioxide (CO2), water vapor (H2O), oxygen (O2), and nitrogen (N2) are given
by Equations (6)–(9). The specific amounts of CO2 and H2O, referred to as vCO2 and vH2O,
are formed according to the fuel species’ chemical reactions with oxygen. The specific
amounts of moist vog,moist and dry off-gas vog,dry are given by Equations (10) and (11),
respectively [44].

vCO2 = ∑ xj·vCO2,j (6)

vH2O = ∑ xj·vH2O,j (7)

vO2 = xO2,Ox·(λ− 1)·lmin (8)

vN2 =
(
1− xO2,Ox

)
·l (9)

vog,moist = vCO2 + vH2O + vO2 + vN2 (10)

vog,dry = vCO2 + vO2 + vN2 = vog,moist − vH2O (11)
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Figure 1 gives an overview of the theoretically calculated off-gas composition for the
combustion of natural gas H as specified in Table 1, hydrogen, and DME for λ ≥ 1. The
calculations have been performed for both air (a) and pure oxygen (b) as the oxidizer.
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Figure 1. Calculated moist off-gas composition for the combustion of natural gas H, hydrogen, and
DME with air (a) and oxygen (b) for different air ratios λ (bal. N2).

In addition, the air ratio λ is calculated by using the measured oxygen concentration
in the dry off-gas yO2,dry (Equation (13)) [44]. This equation is derived from the oxygen
balance in Equation (12).

xO2,Ox·(λ− 1)·lmin = yO2,dry·
[
νog,dry,min + (λ− 1)·lmin

]
(12)

λ = 1 +

(
yO2,dry

xO2,Ox − yO2,dry

)
·
νog,dry,min

lmin
(13)

with

νog,dry,min Spec. volume of dry off-gas for λ = 1.

Finally, the volume flow of dry and moist off-gas
.

Vog,dry and
.

Vog,moist are obtained by
applying Equations (14) and (15) [44].

.
Vog,dry =

.
Vfuel·vog,dry (14)

.
Vog,moist =

.
Vfuel·vog,moist (15)

Here, the volume flow of the fuel
.

Vfuel is calculated using Equation (16) [45,46].

.
Vfuel =

Pth
Hi

(16)

with

Hi Net calorific value;
Pth Thermal power of the combustion system;



Energies 2023, 16, 5663 5 of 20

The calculation of the net calorific value of a fuel mixture is given in Equation (17) [47].

Hi = ∑ xj·Hi,j (17)

with

Hi,j Net calorific value for species j in the fuel mixture.

To illustrate the equations described above, the differences in the physical properties
and combustion characteristics of natural gas, hydrogen, and DME are shown in Table 2.

Table 2. Comparison of physical properties and combustion characteristics of natural gas H (North
Sea), hydrogen, and DME with air; calculations in accordance with [44,47,48].

Property Symbol Unit Natural Gas H
(North Sea) Hydrogen(H2) DME(C2H6O)

Net calorific value Hi kWh/m3 10.53 3.00 15.52
Gross calorific value Hs kWh/m3 11.65 3.54 17.08
Higher Wobbe index Ws kWh/m3 14.69 13.39 13.52

Relative density drel - 0.63 0.07 1.60
Min. O2-requirement O2,min m3/m3 2.10 0.50 3.00
Min. air requirement lmin m3/m3 10.01 2.74 16.43

Min spec. off-gas volume (moist) vog,min,moist
m3/m3 11.06 2.88 16.29

m3/kWh 1.05 0.96 1.05

Min. spec off-gas volume (dry) vog,min,dry
m3/m3 9.01 1.88 13.29

m3/kWh 0.86 0.63 0.86

2.2. Fundamentals and Legislation of Industrial NOx Emissions

On a European level, the Industrial Emissions Directive (IED) 2010/75/EU [49] es-
tablishes the framework within which industrial production plants in the EU must oper-
ate. Thus, the EU member states are committed to reducing their air pollution emis-
sions. Namely, the National Emission Reduction Commitments Directive (NEC) EU
2016/2284 [50] defines five major air pollutants:

• Nitrogen oxides (NOx);
• Non-methane volatile organic compounds (NMVOC);
• Ammonia (NH3);
• Sulfur dioxide (SO2);
• Fine particulate matter (PM2.5).

Permits for industrial installations are issued in accordance with the principles of the
IED [49], which require the use of the Best Available Techniques (BAT) as a reference, includ-
ing emission limit values. The conclusions of the BAT are set out in reference documents for
specific industrial sectors (BREF: best available techniques reference document). The IED is
further transposed into the national legislation of each EU member state. In Germany, for
example, the implementation has been amended in the BImSchG [51]. The specific emission
limit values are further defined in TA Luft [52], which is an administrative regulation of the
BImSchG [51]. The scope of this work is limited to NOx as the most relevant air pollutant
for the investigated fuels [48,53].

The term nitrogen oxides NOx mainly includes the species nitric oxide (NO) and
nitrogen dioxide (NO2). In most technical combustion processes, NO is emitted and then
further oxidized to NO2 at lower temperatures in the atmosphere. The definition of NOx
as an air pollutant is based on the toxic properties of NO2 and its derivatives [54].

NO formation through different pathways has been researched for many years and
has been recently described and summarized by Glarborg et al. [55]:

• Thermal NO (Zeldovich-NO);
• Prompt NO (Fenimore-NO);
• Fuel NO;
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• NO formation from reactions of NNH-radicals;
• NO formation from reactions of N2O.

Within the process heating industry, thermal NO [56] and prompt NO [57] are of
main interest for conventional combustion regimes and gaseous fossil fuels [44]. The
formation of NO for these mechanisms depends on the molecular N2 in the oxidizer and
in the fuel. The thermal pathway and N2 in the fuel are of significant importance for the
combustion of natural gas with pure oxygen due to the high combustion temperatures [58].
However, prompt NO is not relevant for hydrogen as fuel because of the absence of CH-
radicals in the flame front [55]. Fuel NO is not to be considered since conventional gaseous
fuels, nowadays used within the industry, have negligible amounts of fuel-bound nitrogen.
This might change in the future when ammonia is utilized as fuel [59,60]. The latter two
mechanisms via NNH (first proposed by Bozelli and Dean [61] and investigated by several
authors [62–65]) and N2O (proposed by Malte and Pratt [66]) may not play a major role in
natural gas firing. However, their contribution may be considered for hydrogen, ammonia,
and other alternative fuels [67].

Several measures to reduce NO formation are already known and in use. Most of them
aim to reduce the maximum temperature within the reactive zone and therefore reduce NO
formation via the thermal pathway. The most prominent recent developments are MILD
combustion [68] or flameless oxidation [69]. End-of-pipe solutions like selective catalytic
reduction (SCR) are used to reduce NOx to N2 and H2O before emitting them through
the stack [70].

For downstream steel processing (hot rolling, cold rolling, wire drawing, and hot dip
galvanizing), the BREF for the Ferrous Metals Processing Industry (FMP) [71] specifies
the NOx emission limits for different high-temperature processes. As an example, the
document indicates NOx emissions of 80 to 200 mg/m3 (new plants) and 100 to 350 mg/m3

(existing plants) for reheating installations for hot rolling. The indicated values refer to an
excess oxygen concentration in the dry off-gas of 3.0 vol%. It is important to note that NOx
emission limits in the BREF FMP [71] have been defined mainly for natural gas-fired plants.
Additional emission limits are defined for so-called “other fuels”, but hydrogen and other
alternative fuels are not mentioned.

There are several techniques to measure NO concentrations in off-gas, but chemi-
luminescence is the most commonly used standard method acc. to EN 14792 [72]. The
measuring principle relies on the reaction of NO molecules with ozone O3 to form NO∗2
in an excited state. From its excited state, NO*

2 falls back to its ground state of NO2 and
emits radiation. The radiation, measured by a detector, is directly proportional to the NO
concentration. To measure NOx concentrations, NO2 must first be catalytically reduced to
NO in a separate converter.

The standard series EN 15267-1 to -4 [73–76] and EN 14181 [77] describe principles
for the application of Continuous Emission Monitoring Systems (CEMS). Here, general
methods are defined as well as certification, calibration, testing, and quality assurance
procedures. The “requirements for measurement sections and sites and for the measurement
objective, plan and report” are given in EN 15259 [78].

In conventional off-gas analyzer systems, the moist off-gas is extracted, dried, and
filtered. The NOx concentration is measured in ppmvdry in the dry off-gas. Equation (18)
is used to convert the measured NOx concentration in ppmvdry at an O2 concentration
of yO2,dry,M, to the calculated value in mg/m3

dry in the dry off-gas at a defined refer-
ence O2-concentration yO2,dry,ref. The calculation of NOx emissions refers to the density
ρNO2

= 2.056 kg/m3 of NO2. Usual values for the reference O2-concentration yO2,dry,ref are
3.0 vol% or 5.0 vol%, depending on the application [52,71]. In most references, the equation
is given for air combustion, i.e., xO2,Ox = 0.21.

QNOx,dry,ref

[
mg

m3
dry

]
= QNOx,dry

[
ppmvdry

]
·
(

xO2,Ox − yO2,dry,ref

xO2,Ox − yO2,dry,M

)
·ρNO2

(18)
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However, these calculations are only applicable for combustion processes with air as
the oxidizer. Therefore, alternative approaches have been developed to be able to compare
NOx emissions from air combustion with those from oxygen-enriched or pure oxygen
combustion. For the latter, the constant relation between the number of NO molecules
and the number of CO2 molecules is considered in an approach formulated in the BREF
FMP [71]. The recalculated NOx emissions in mg/m3

dry are based on a reference CO2

concentration yCO2,dry,ref compared with the measured CO2 concentration yCO2,dry,M in the
dry off-gas (Equation (19)). A value of yCO2,dry,ref = 10.0 vol% is given in [71] as an example.

QNOx,dry,ref

[
mg

m3
dry

]
= QNOx,dry

[
ppmvdry

]
·
yCO2,dry,ref

yCO2,dry,M
·ρNO2

(19)

There are only brief discussions in the literature addressing some of the issues that arise
when NOx emissions for different fuels are compared [79–82]. In theoretical investigations
of lab-scale applications, different NOx emission definitions are found [58,83–87]. In these
cases, all input parameters are well defined and known, simplifying the conversion of
NOx emissions to other limit definitions. Furthermore, these applications are not bound to
industrial standards and regulations or underlie any quality control.

Accordingly, a holistic approach to this issue has not yet been taken. This study
investigates several alternatives for the definition of NOx limits, especially concerning
comparability for different fuels and oxidizers, the quantities to be measured and calculated,
and compliance with existing standards. The calculations are performed for three different
fuels: Natural gas H (North Sea), hydrogen H2, and dimethyl ether (DME). Ammonia,
which is also often discussed as an alternative fuel for future applications, is explicitly
excluded from these considerations as it represents a special case of hydrogen combustion.

3. Problem Statement

As introduced in Section 2.2, current NOx limit specifications in existing standards are
defined in mg/m3

dry of dry off-gas at a specific reference oxygen concentration. Therefore,
the NOx emissions are based on the amount of dry off-gas. However, Figure 1 and Table 2
illustrate the differences in the specific volume of moist off-gas and its composition, espe-
cially the water vapor concentration, for different fuels. Figure 2 shows these differences in
more detail for a constant air ratio of λ = 1 for the combustion with air.
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A comparison of the combustion of natural gas, DME, and hydrogen with air shows
that there are differences in the minimum specific volumes of moist and dry off-gas. DME
and natural gas behave similarly, so only the difference between natural gas and hydrogen
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is discussed, which is 26.7% for dry and 8.5% for moist off-gas. Furthermore, the water
vapor concentration of the off-gas is also different for the two fuels. For hydrogen, water
vapor accounts for almost 35 vol% of the off-gas volume, while for natural gas it only
accounts for 18.5 vol%. Consequently, the difference between dry and moist off-gas is
higher for hydrogen combustion than for natural gas combustion.

These differences make it difficult to compare NOx emissions between different fuels
using the existing standards and regulations, i.e., on a dry off-gas basis.

To better understand the challenge, a comparison is performed between the measured
NOx emission in mg/m3

dry in dry off-gas and the corresponding NOx mass flow in mg/h
for different fuels with both air and oxygen as oxidizers. For the comparison, a measured
value of 180 ppmvdry is used as the starting point for further calculations. The value
is measured in the dry off-gas for a corresponding measured oxygen concentration of
yO2,dry,M = 2.0 vol%.

3.1. Combustion with Air

First, the calculations are carried out with air as oxidizer. Considering the den-
sity of NO2 and Equation (20), the measured value of 180 ppmvdry is recalculated to
370.08 mg/m3

dry for all three fuels.

QNOx,dry

[
mg

m3
dry

]
= QNOx,dry

[
ppmvdry

]
·ρNO2

(20)

As mentioned above, the relevant standards and regulations require the consideration
of a specific reference oxygen concentration in the dry off-gas. For many applications,
a reference oxygen concentration of yO2,dry,ref = 3.0 vol% is defined. The application of
Equation (21) therefore gives a referenced value of 350.6 mg/m3

dry (3.0 vol% O2,dry). This
value corresponds approximately to the current limit mentioned in [71].

QNOx,dry,ref

[
mg

m3
dry

]
= QNOx,dry

[
mg

m3
dry

]
·
(

0.21− yO2,dry,ref

0.21− yO2,dry,M

)
(21)

To this point, the calculations above comply with the current standards and regulations.
Since the off-gas volume differs for natural gas, hydrogen, and DME, the NOx emission
values are converted into a mass flow to ensure a consistent, unaltered comparison between
the three fuels.

In order to obtain the NOx mass flow from the industrial furnace, the air ratio λ

corresponding to the referenced oxygen concentration in the off-gas must first be calculated
for the different fuels by applying Equation (13). This results in air ratios λ of 1.09, 1.08, and
1.10 for natural gas, hydrogen, and DME, respectively. The specific volumes and volume
flows of the dry off-gas are calculated using the basic combustion equations in Section 2.1.
The total NOx mass flow is then given by Equation (22) for dry off-gas. Alternatively, the
mass flows can also be calculated using the corresponding values of the moist off-gas.

.
mNOx = QNOx,dry

[
mg

m3
dry

]
·

.
Vog,dry (22)

The measured NOx concentration of 180 ppmvdry based on a thermal power input
of 1 kW results in the following NOx mass flows for the combustion of the three different
fuels with air as an oxidizer:

• Natural gas: 350.14 mg/h
• Hydrogen: 256.74 mg/h
• DME: 350.21 mg/h
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These calculations show that the same measured NOx concentration in ppmvdry from
the combustion of three different fuels with air gives the same emission values in mg/m3

dry
according to the discussed standards and regulations. However, these values do not
consider the different combustion characteristics of the fuels. In reality, the total NOx
mass flows are different. In this example, the NOx mass flow for hydrogen combustion is
approximately 27% lower compared with natural gas.

Therefore, the current NOx limit specifications from existing standards and regulations
result in “unfair” comparisons between different fuels and lead to the necessity of defining
different NOx limits depending on the fuel. Aiming at possible fuel-flexible operation
of plants in the future, this is even more critical since the NOx limit depends on the
fuel composition.

3.2. Combustion with Oxygen

For combustion with pure oxygen as the oxidizer, it is in principle possible to specify
the NOx limit specification with reference to the dry off-gas for most fuels. However, this
definition is not suitable for pure hydrogen combustion. If the calculations in Section 2.1
are carried out with an air ratio of λ = 1, i.e., no excess oxygen, the off-gas contains only
H2O, and therefore no dry off-gas will be measured. For an air ratio of λ > 1, oxygen is the
only species other than air pollutants present in the dry off-gas and will therefore always
approach values close to 100 vol%. Measuring the oxygen concentration in the dry off-gas
is therefore not practical and will lead to significant uncertainties. Additionally, the consid-
eration of measured and reference CO2 concentrations as mentioned above in Equation (19)
is also not possible due to the lack of CO2 in the off-gas for pure hydrogen combustion.

4. Alternative Approaches for the Specification of NOx Limits

The calculations presented above show that it is not possible to compare the three
different fuels using current standards and regulations. Indeed, although the same NOx
concentrations are measured in the off-gas, the total NOx mass flows differ significantly.
Consequently, consideration of the moist off-gas appears to be inevitable in order to achieve
a universal NOx limit specification. Therefore, this section describes alternative NOx limit
specifications, considering the varying off-gas compositions and combustion characteristics
of different fuels.

A first approach is to conduct the calculations as presented in Section 3 for dry off-gas
with moist off-gas. In this case, the different water vapor concentrations in the off-gasses of
the fuels are considered.

The moist NOx emissions can be either measured directly in the moist off-gas or
calculated from the measured dry value in Equation (23) considering the measured water
vapor concentration in the off-gas yH2O.

QNOx,moist[ppmvmoist] = QNOx,dry

[
ppmvdry

]
·
(

1− yH2O

)
(23)

Analogously to Equation (20), multiplication with the density of NO2 gives the NOx
emissions in mg/m3

moist in Equation (24).

QNOx,moist

[
mg

m3
moist

]
= QNOx,moist[ppmvmoist]·ρNO2

(24)

Again, the resulting value can be referenced to a specific oxygen concentration in
the moist off-gas in Equation (25), where yO2,moist,M defines the measured (or calculated
analogously to Equation (23)) oxygen concentration in the moist off-gas. As stated above,
a reference oxygen concentration of yO2,dry,ref = 3.0 vol% is often given. The theoretical
combustion calculation of natural gas shows that an oxygen concentration of 3.0 vol% in the
dry off-gas corresponds to an oxygen concentration of approx. 2.5 vol% in the moist off-gas.
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Therefore, this value is used as the moist reference oxygen concentration yO2,moist,ref from
here on.

QNOx,moist,ref

[
mg

m3
moist

]
= QNOx,moist

[
mg

m3
moist

]
·
(

xO2,Ox − yO2,moist,ref

xO2,Ox − yO2,moist,M

)
(25)

However, this approach does not consider the differences in the specific volumes of
moist off-gas for different fuels.

Therefore, as a second approach, the NOx emissions are related to the net calorific
value of the corresponding fuel in Equation (26). It has to be noted that this equation is
defined in EN 267 [45] and EN 676 [45,46] for xO2,Ox = 0.21 (air as oxidizer) and dry off-gas
as basis. These standards refer to forced-draught burners for non-industrial applications.
Alternatively, the calculation can be conducted with moist off-gas (Equation (27)).

QNOx

[ mg
kWh

]
= QNOx,dry

[
ppmvdry

]
·ρNO2

·
(

xO2,Ox

xO2,Ox − yO2,dry,M

)
·
νog,dry,min

Hi
(26)

QNOx

[ mg
kWh

]
= QNOx,moist[ppmvmoist]·ρNO2

·
(

xO2,Ox

xO2,Ox − yO2,moist,M

)
·
νog,moist,min

Hi
(27)

with

νog,moist,min Spec. volume of moist off-gas for λ = 1.

An overview of the calculated values for different NOx emission limit specifications
for combustion with air is given in Table 3. The values refer to an oxygen concentration of
3.0 vol% in the dry off-gas and 2.5 vol% in the moist off-gas.

Table 3. Different NOx limit specifications for the combustion of NG, H2, and DME with air, based
on a measured concentration of 180 ppmvdry; reference O2 concentrations in the off-gas: 3.0 vol%
(dry) and 2.5 vol% (moist).

Relation to NOx Limit Specification NG H2 DME Equation

Dry off-gas
ppmvdry 180.00 180.00 180.00 meas.
mg/m3

dry 370.08 370.08 370.08 (20)
mg/m3

dry (ref.) 350.60 350.60 350.60 (21)

Moist off-gas
ppmvmoist 149.28 121.54 149.46 (23)
mg/m3

moist 306.93 249.88 307.30 (24)
mg/m3

moist (ref.) 293.58 235.26 293.96 (25)
Net calorific value mg/kWh 350.14 256.74 350.21 (26), (27)

NOx mass flow mg/h (Pth = 1 kW) 350.14 256.74 350.21 (22)

The same calculations are carried out for the combustion of pure oxygen as an oxidizer.
As already stated in Section 3, universal calculations of NOx limit specifications for the
combustion of hydrogen with pure oxygen are only possible considering the moist off-gas.
Therefore, a fixed measured NOx emission of 180 ppmvmoist is defined as the basis for
further calculations with oxygen as an oxidizer. The measured oxygen concentration was
set to 2.5 vol% (moist). The results are given in Table 4. It becomes clear that, similar to air
combustion, the same measured NOx concentration in ppmvmoist results in different total
NOx mass flows for different fuels.
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Table 4. Different NOx limit specifications for the combustion of NG, H2, and DME with pure oxygen,
based on a measured concentration of 180 ppmvmoist; reference O2 concentration in the off-gas:
2.5 vol% (moist).

Relation to NOx Limit Specification NG H2 DME Equation

Moist off-gas
ppmvmoist 180.00 180.00 180.00 meas.
mg/m3

moist 370.08 370.08 370.08 (24)
mg/m3

moist (ref.) 370.08 370.08 370.08 (25)
Net calorific value mg/kWh 113.72 126.66 122.30 (26), (27)

NOx mass flow mg/h (Pth = 1 kW) 113.72 126.66 122.30 (22)

5. Discussion

The presented alternative approaches in Section 4 show that the current NOx limit
specification in mg/m3

dry in existing standards and regulations for industrial applications
may not be the best solution for comparing NOx emissions of different fuel-oxidizer combi-
nations. This is due to the differences in their physical properties and combustion charac-
teristics, i.e., different specific volumes of off-gas, different water vapor concentrations in
the off-gas, or different net calorific values.

Section 4 describes the comparison of NOx emissions in mg/m3
moist by considering the

moist instead of the dry off-gas as a first alternative approach. As of today, measurement
techniques for moist off-gas with a high water vapor concentration (>40 vol%) are not yet
commercially available [88] but are under development [24]. However, this approach still does
not consider the different specific volumes of off-gas for the combustion of different fuels.

Considering the total NOx mass flow in mg/h, a comparison between different fuel-
oxidizer combinations would be possible independently of combustion characteristics.
However, the mass flow depends on the actual heating power of the plant. Therefore,
considering the NOx mass flow, it would not be fair to compare applications with different
power inputs.

In conclusion, the NOx limit specification based on the net calorific value in mg/kWh
seems to be the most appropriate alternative to consider either different combustion char-
acteristics of the fuels or the non-constant (real) operation of the plants.

To evaluate the most appropriate limit specification in mg/kWh, different research
questions to determine whether it is a suitable alternative for a universal future NOx limit
definition are discussed in the following.

Research Question 1. Is the NOx limit definition comparable for flexible fuel/oxidi-
zer systems?

As stated above, the NOx limit specification in mg/kWh accounts for all the differences
in physical properties and combustion characteristics of different fuels and oxidizers. To
demonstrate the suitable correlation between the total NOx mass flow and the NOx limit
specification of mg/kWh, the calculations from Section 4 are carried out in reverse with a
fixed NOx mass flow of

.
mNOx = 300 mg/h and a thermal power input of Pth = 1 kW for all

fuels. To simplify the calculation, an excess oxygen concentration of 2.5 vol% in the moist
off-gas is chosen, i.e., the reference oxygen concentration.

The combination of Equation (22), applied for moist off-gas, and Equation (25), gives
NOx emissions of 251.54 mg/m3

moist (natural gas), 274.90 mg/m3
moist (hydrogen), and

251.82 mg/m3
moist (DME) for combustion with air. These values are already referenced due

to the fixed excess oxygen concentration of 2.5 vol% in the moist off-gas. The application of
Equation (27) leads to a constant and fuel-independent value of 300 mg/kWh.

For pure oxygen combustion, NOx emissions of 976.26 mg/m3
moist (natural gas),

876.52 mg/m3
moist (hydrogen), and 907.77 mg/m3

moist (DME) result from the application of
Equation (22), again for moist off-gas, and Equation (25). Analogously to the case of air
combustion, Equation (27) leads to a constant value of 300 mg/kWh.

The fact that this limit definition is comparable for all the investigated fuel-oxidizer
combinations is confirmed by the reversed calculations, based on a fixed total NOx mass
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flow, showing the same result for all three fuels. As the definition is comparable for different
fuels and fuel blends, fuel-flexible operations are also covered by this approach.

Research Question 2. Which parameters have to be measured?
Figure 3 compares the calculation procedures for NOx emissions based on current

standards (a) and the proposed universal limit definition (b). It has to be noted that, as per
current regulations, e.g., [52], the calculation of standardized NOx emissions in reference
to a specific amount of oxygen (dry off-gas) requires the measurement of the oxygen
concentration in the dry off-gas.
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For the universal NOx limit definition, it is necessary to measure the following parameters:

• NOx concentration: The measurement of the NOx concentration has to be carried out
in moist off-gas. In theory, and as shown in Section 4, the moist NOx concentration
could be calculated from the dry measurement. However, as indicated above, the
measurement in dry off-gas is not possible for the special case of H2-O2 combustion.
Therefore, the general formulation of a universal NOx emission limit requires measure-
ment in moist off-gas. Another option would be to measure the NOx concentration in
the dry off-gas in combination with a quantitative analysis of the nitrate in the conden-
sate. But this would pose additional challenges as it would require measurement of
the condensate mass flow and additional chemical analytics on nitrate concentration.

• O2 concentration: The oxygen concentration has to be measured in the moist off-
gas. There are several issues to consider: On the one hand, the air ratio cannot
be determined by measuring dry off-gas for the special case of H2-O2 combustion,
which will lead to significant uncertainties. On the other hand, the use of calculated
O2 concentrations is not applicable in reality because leaking air may influence NO
formation and subsequently the resulting NOx emissions. Therefore, the theoretical
calculation underlies uncertainties that cannot be quantified.

• Fuel mixture composition: In order to calculate the relevant theoretical specific minimum
volume of off-gas vog,min,moist and the net calorific value Hi for further conversion of
the measured NOx concentration, the measurement of the fuel mixture composition is
necessary. Here, gas chromatography is the most common measurement technology in the
field. Due to the significant cost of operating these devices, other measurement techniques
may be considered in the future. As an alternative to an exact measurement, approximated
values for vog,min,moist and Hi may be standardized for common fuels, e.g., in EN 676 [46].
The latter results in shortcomings concerning the fuel-flexible operation of a plant.
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Research Question 3. Which values have to be calculated?
To quantify the emissions based on the specified NOx limit definition in mg/kWh, it

is required to calculate values based on the aforementioned measured parameters:

• Net calorific value: The calculation of the net calorific value Hi of a gaseous fuel
is standardized in EN ISO 6796 [47]. The corresponding calculation is described
in Equation (17).

• Minimum specific volume of moist off-gas: To calculate vog,min,moist from Equation (10),
other basic combustion characteristics have to be calculated from the measured fuel
composition. Therefore, Equations (3)–(10) are considered. They describe the calculation
of the minimum amount of oxygen O2,min, the minimum amount of oxidizer lmin and
the specific amounts of N2, CO2, and H2O within the off-gas. It has to be noted that the
calculation of basic combustion characteristics is not defined in any current standard.

Once the composition of the fuel mixture is known, the calculations are relatively easy
to implement into a certified Continuous Emission Monitoring System (CEMS).

Research Question 4. Is the NOx limit definition in compliance with existing standards?
Current guidelines for the measurement of stationary source emissions, NOx emission

measurement techniques, and the certification and quality assurance of automated measur-
ing systems for emission monitoring are manifested in a series of standards. The content of
relevant standards was carefully reviewed to answer this research question.

EN 14792 [72] describes the standard reference method of chemiluminescence for
the determination of the mass concentration of nitrogen oxides. It is a classical extractive
measurement technique, usually carried out on a dry basis. For this purpose, the off-gas
sample is cooled down and the water is condensed out in a controlled manner to prevent
the dissolution of exhaust gas species such as NO2. However, the general description of the
measurement equipment includes a possible arrangement for wet extractive measurement
with a heated sample probe, a heated sample line, and a heated analyzer system. It is stated
that all parts of the sampling device located upstream of the analyzer shall be composed of
materials that neither react nor absorb NOx. The temperature of the whole system must be
sufficiently high to avoid any condensation of the off-gas sample. If this arrangement is
used, the water vapor concentration of the off-gas must be measured as a reference value
to be able to calculate the NOx emissions on a moist basis. However, this setup was not
part of the validation procedure carried out in the field to set up the standard. Therefore,
measurement uncertainties are not conclusively tested, and specific challenges for this
arrangement are not described. The calculation procedures in EN 14792 [72] exclusively
refer to dry off-gas as a reference, in accordance with current EU directives [49]. This means
that a revision of this standard will be necessary if measurement techniques and emission
limits on a humid basis become more established. Otherwise, this standard will no longer
be considered state-of-the-art.

The requirements for the measurement section and sites for measuring stationary
source emissions are described in EN 15259 [78]. The calculation basis is similar to EN
14792 [72] and may need to be revised in the future. Nevertheless, the measurement of
the water vapor concentration to determine the density of the off-gas is mentioned in the
standard to allow a high-quality volume flow measurement. EN 14790 [89] is described as
the standard for the measurement of water vapor concentration in off-gas.

The EN 15267 series of standards [73–76] describes the certification of automated mea-
suring systems for continuous or periodic emission monitoring systems. EN 15267-1 [73]
and -2 [74] outline the general principles, the initial assessment of the manufacturer’s
quality management system, and post-certification surveillance for the manufacturing
process. They do not address any specific issues relevant to this study.

EN 15267-3 [75] describes performance criteria and test procedures for automated
measuring systems for the continuous monitoring of emissions from stationary sources. It
states that measuring systems must include effective control of off-gas condensation, which
implies that condensation should be prevented for measurement on a moist basis. If species
are measured on a moist basis, measurement of the water vapor concentration in the off-gas
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is mandatory. This measurement must then also comply with the minimum requirements
formulated in the standard. The whole standard is not limited to dry measurement, as not
only dry but also moist calibration gases are mentioned for the calibration procedures.

Coming to EN 15267-4 [76], which describes the performance criteria and test pro-
cedures for automated measuring systems for periodic measurement, the formulation is
consistent with EN 15267-3 [75] in most passages. Nevertheless, additional remarks are
made when water vapor is present in concentrations high enough to cause cross-sensitivity
in the measurement of other species. The water vapor concentration must then be measured
for active compensation. Up to this point, no reason has been found to revise this standard.
However, for portable automated measuring systems operating in hot and moist off-gas,
the water vapor cross-sensitivity tests shall be performed at water vapor concentrations of
20 vol% and 30 vol%. Aiming at H2 combustion, especially with O2 as an oxidizer in the
future, the water vapor concentration will be much higher with approx. 32 vol% for air
combustion (λ = 1.10) and up to 98 vol% for O2 combustion (λ = 1.04). Here, EN 15267-4 will
have to be revised to match future measurement conditions. This could also lead to further
development work, as water vapor in high concentrations often leads to cross-sensitivities
because of its wide absorption spectrum compared with other gases [90].

EN 14181 [77] covers the quality assurance of automated measuring systems. In
principle, the influence of water vapor is included. If a calibrated automated measuring
device includes the measurement of water vapor concentration, the value can be used
to convert concentrations measured on a moist basis to dry conditions. However, again,
the calculations carried out refer to dry off-gas. As for the other standards describing the
calculation of emission values, revision is mandatory if the definition for NOx emission
limits changes to comply with the future state-of-the-art.

6. Example for the Application of the Proposed NOx Limit Definition

In an ongoing research project [91], experimental investigations have been conducted
with a high-velocity cold air burner. The burner was designed based on a commercial
self-recuperative burner gas block and operated inside a lab-scale furnace with a thermal
power of 20 kW. In a parameter study, the effects of different parameters (air-fuel ratio,
furnace temperature, air staging) on NOx emissions were investigated.

As an example of the influence of different NOx limit definitions in a real application,
Figure 4 shows the NOx emissions for different hydrogen concentrations blended into
natural gas. It becomes clear that the conventional method of referring to the dry off-
gas gives a significant leap from 90 to 100 vol% H2-admixture. This leap is reduced for
alternative NOx limit definitions.
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7. Summary and Outlook

The present study includes an introduction with basic equations of combustion and
existing standards and regulations for industrial NOx emissions. The detailed problem
description provides the fundamental shortcomings of the current specification of NOx
limits, especially for alternative fuels such as hydrogen. An in-depth analysis of alter-
native approaches and a critical examination of the identified specification round off the
investigations of this study.

Finally, the formulation based on the net calorific value of the fuel in mg/kWh proves
to be the most suitable alternative to the existing limit definition. It is applicable to any
combination of fuel(s) and oxidizer(s) and also covers fuel-flexible plant operation, as the
specific properties of the fuel and the off-gas are considered at all times. Nevertheless, this
presents a number of challenges, as today’s typical measurement techniques are mostly
based on determining species concentrations in the dry off-gas. As with the current NOx
limit definition, the NOx and O2 concentrations of the off-gas must be measured, but
in the moist off-gas. Compared with the existing NOx limit definition, the composition
of the fuel mixture must be known to calculate the required parameters. These are the
lower calorific value, calculated acc. to EN ISO 6796, and the minimum specific amount
of moist off-gas (for λ = 1). For the latter, there is currently no standardized calculation
scheme. Minor adjustments will be needed to the standards for emissions measurement for
stationary emissions. More urgently, however, is the need for suitable measuring devices to
be available on the market to allow comprehensive testing and adequate quality control
before a widespread rollout. Otherwise, extensive utilization of sustainable fuels such as
hydrogen will be hardly possible because NOx emissions cannot be measured and reported
with appropriate quality.

Within this study, NOx emissions originating from non-combustion sources, e.g., from
the product inside a furnace, are not discussed. This topic is particularly important for
processes in the glass, cement, and mineral industries. Nevertheless, NOx emissions
are defined for specific processes in today’s BAT documents, so this could be tackled by
applying the same procedure in the future.

Other possible limit definitions that might have significant potential were also not part
of this study. On the one hand, a limit definition based on the NOx mass flow in relation to
the productivity of the plant defined by kgNOx

/tproduct seems to be an appropriate option.
On the other hand, definitions building on the NOx mass flow in relation to the energy
output, defined by kgNOx

/kWhenergy−output, are discussed more and more in the electricity
generation sector. Nevertheless, for industrial furnace processes, this will lead to exhausting
discussions about how productivity is measured (input/output) and reported and how
downtime periods are treated when there is no productivity but the furnace is still in
operation and emitting NOx. The latter is not applicable to material production processes,
as the output of the process is the treated or produced material itself and not energy.

In summary, this study provides a new NOx limit definition applicable to future fuel
and oxidizer scenarios in high-temperature industrial processes, including fuel-flexible
operations. It needs to be further studied and proven suitable under real-world process
conditions before it can be implemented in legislation. In addition, suitable measurement
equipment must be available to enable practical investigations to be carried out.
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Nomenclature

Variable Unit Description
Hi,j MJ/m3 Net calorific value for species j in the fuel mixture
Hi MJ/m3 Net calorific value (volumetric)
λ − air ratio
l m3

Ox/m3
fuel specific oxidizer volume

lmin m3
Ox/m3

fuel minimum specific oxidizer volume for λ = 1
.

mNOx kg/s NOx mass flow

O2,fuel m3
O2

/m3
fuel

vol. concentration of oxygen in the fuel mixture
(assumption in this paper: all gases behave ideally.)

O2,min,j m3
O2

/m3
fuel

specific oxygen volume for species j in the fuel mixture
for λ = 1

O2,min m3
O2

/m3
fuel specific oxygen volume of the fuel mixture for λ = 1

Pth W Thermal power of the combustion system

QNOx,dry,ref mg/m3
dry

mass concentration of NOx in the dry off-gas at reference
O2-concentration

QNOx,dry mg/m3
dry mass concentration of NOx in the dry off-gas

QNOx,moist,ref mg/m3
moist

mass concentration of NOx in the moist off-gas at
reference O2-concentration

QNOx,moist mg/m3
moist mass concentration of NOx in the moist off-gas

ρNO2
kg/m3 density of nitrogen dioxide (NO2)

vCO2,j m3
CO2

/m3
off−gas specific volume of CO2 in the off-gas of species j

vCO2 m3
CO2

/m3
off−gas specific volume of CO2 in the off-gas of the fuel mixture

vH2O,j m3
H2O/m3

off−gas specific volume of H2O in the off-gas of species j
vH2O m3

H2O/m3
off−gas specific volume of H2O in the off-gas of the fuel mixture

vN2 m3
N2

/m3
off−gas specific volume of N2 in the off-gas of the fuel mixture

vO2 m3
O2

/m3
off−gas specific volume of O2 in the off-gas of the fuel mixture

vog,dry m3
off−gas/m3

fuel specific volume of dry off-gas
νog,dry,min m3

off−gas/m3
fuel specific volume of dry off-gas for λ = 1

vog,moist m3
off−gas/m3

fuel specific volume of moist off-gas
νog,moist,min m3

off−gas/m3
fuel specific volume of moist off-gas for λ = 1

.
Vfuel m3/s volume flow of the fuel mixture
.

Vog,dry m3/s volume flow of dry off-gas
.

Vog,moist m3/s volume flow of moist off-gas
xj m3

j /m3
fuel vol. concentration of species j within the fuel mixture

xN2,air m3
N2

/m3
air vol. concentration of N2 in the combustion air

xO2,Ox m3
O2

/m3
Ox vol. concentration of O2 in the oxidizer

xO2,air m3
O2

/m3
air vol. concentration of O2 in the combustion air
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Variable Unit Description
yCO2,dry,M m3

CO2
/m3

off−gas measured vol. concentration of CO2 in the dry off-gas
yCO2,dry,ref m3

CO2
/m3

off−gas reference vol. concentration of CO2 in the dry off-gas
yH2O m3

H2O/m3
off−gas vol. concentration of H2O in the moist off-gas

yO2,dry m3
O2

/m3
off−gas vol. concentration of O2 in the dry off-gas

yO2,dry,M m3
O2

/m3
off−gas measured vol. concentration of O2 in the dry off-gas

yO2,dry,ref m3
O2

/m3
off−gas reference vol. concentration of O2 in the dry off-gas

yO2,moist,M m3
O2

/m3
off−gas measured vol. concentration of O2 in the moist off-gas

yO2,moist,ref m3
O2

/m3
off−gas measured vol. concentration of O2 in the moist off-gas

Φ − equivalence ratio
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