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Abstract

This thesis investigates the greenhouse gas (GHG) emissions from the steel pro-
duction site in Bremen using the EM27/SUN spectrometer together with the IFS
125HR spectrometer and other supportive methods. The research focuses on mea-
suring carbon monoxide (CO) and carbon dioxide (CO2) emissions at varying dis-
tances from the source of emission, with the objective of determining the CO/CO,
emission ratio. Three methodologies are presented for the effective quantification
of these emissions: stack tip measurements, ratio estimation from absolute emission
values, and from differential emission values. The calculated emission ratio exhibits
slight discrepancies across the various methodologies, yet it consistently falls within
the range of 1.0 to 2.05% with an estimated best value of 1.54 & 0.85%. This ratio
represents the emissions from the entire steel production site including the furnace
gas fired power plants and may potentially be applied to use CO measured by space-
borne remote sensing as a proxy for CO, emissions. Moreover, the findings indicate
that measurements from more distant stations provide a more consistent emission
ratio than those taken in close proximity, given the high temporal and spatial vari-
ability of the plume. In order to enhance the analysis, Lagrangian transport models
were employed to simulate the properties of the emission plume. The simulations
demonstrate the potential for total emission estimates through inversion. Further-
more, the integration of the EM27/SUN spectrometer with a Differential Optical
Absorption Spectroscopy (DOAS) instrument provides a comprehensive approach
to the validation and improvement of GHG emission estimates. The findings of this
study contribute to the field of atmospheric research by presenting an approach for
measuring GHG emissions from individual emission sources, which can be adapted
for broader environmental monitoring applications.
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Chapter 1

Introduction

In order to tackle one of the most important challenges of the modern world, cli-
mate change, the global society has to achieve better understanding of the under-
lying processes, driving forces and complex interrelations. A major contributor to
global warming are GHGs, such as CO,, methane (CHy), water vapour (H,0), and
nitrous oxide (N2O). Despite an atmospheric COs concentration of just 417 parts
per million (ppm) in 2022, it accounts for the majority of the anthropogenic green-
house effect (NOAA 2023). And the concentration keeps rising since 1850, when it
stood at approximately 280 ppm. Similar trends are observed for the other GHGs
(Meinshausen et al. 2017). Without significant reductions in GHG emissions, global
temperatures are projected to rise by up to 3.6°C until 2100 as the best estimate
(Scenario SSP3-7.0 in Climate Change (IPCC) 2023).

The increase in global mean temperature has already resulted in several effects,
including rising sea levels (Fox-Kemper et al. 2021), more frequent and severe ex-
treme weather events (Seneviratne et al. 2021), and changes in the hydrological
cycle, which increase the likelihood of droughts (Douville et al. 2021). Recognizing
the urgent need to reduce GHG emissions, political leaders worldwide have com-
mitted to limiting global warming to well below 2°C under the Paris Agreement
(United-Nations 2015). Achieving this goal requires precise knowledge of GHG con-
centrations and effective monitoring of their sources and sinks.

In order to monitor GHG emissions, two primary approaches are used: the bottom-
up approach and the top-down approach. The bottom-up approach involves creating
emission inventories based on natural sources and sinks (Schulze 2006; Hodson et
al. 2011), as well as fossil fuel consumption statistics. However, the accuracy of
bottom-up inventories is limited by the precision of the data on both natural and
anthropogenic sources.

The top-down approach relies on direct measurements of GHG concentrations in
the atmosphere and complements the bottom-up method. These measurements can
be obtained through in-situ observations, such as those conducted by the Integrated
Carbon Observation System (ICOS) network in Europe (Bergamaschi et al. 2022).
However, in-situ measurements offer limited global coverage and do not capture
variations at different atmospheric heights. Satellites, such as the Japanese Green-
house gases Observing SATellite (GOSAT) (Yokota et al. 2009) and the European
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CHAPTER 1. INTRODUCTION

TROPOspheric Monitoring Instrument (TROPOMI) onboard the Sentinel-5 precur-
sor satellite (Veefkind et al. 2012), provide an alternative by offering quasi-global
coverage of column-averaged dry-air mole fractions (DMF). These data are crucial

for estimating the emission strengths of various sources worldwide (e.g. Tu et al.
2022a; Cusworth et al. 2021).

Ground-based reference measurements are essential in order to verify the satellite
data by correcting for spatial bias and temporal drifts. Additionally, these reference
measurements are needed in order to tie the data to the standards defined by the
World Meteorological Organisation (WMO) (Hall et al. 2021). Fourier Transform
Infrared (FTIR) spectrometers, which operate on principles analogous to those em-
ployed by satellites, are optimal for this purpose. There are three principal FTIR
networks: the Infrared Working Group (IRWG) of the Network for Detection of At-
mospheric Composition Change (NDACC) (Kurylo 1991), the Total Carbon Column
Observing Network (TCCON) (Wunch et al. 2011), and the Collaborative Carbon
Column Observing Network (COCCON) (Frey et al. 2019). The NDACC-IRWG
operates within the mid-infrared (MIR) spectral range, whereas the TCCON and
the COCCON concentrates on the near-infrared (NIR) range.

The TCCON network employs 32 Bruker IFS 125HR spectrometers around the
globe. They operate on an optical path difference (OPD) of 418 mm. Consequently,
they offer high-resolution measurements with a spectral resolution of 0.02 em~! but
are of considerable size and weight. The operation of such an instrument is only
possible at sites with good infrastructure providing a reliable power supply and ex-
perienced personal (Kivi et al. 2016). The COCCON network uses the portable
EM27/SUN spectrometer, which was developed in 2012 by the Institute for Me-
teorology and Climate Research - Atmospheric Trace Gases and Remote Sensing
(IMK-ASF) in collaboration with Bruker. This lightweight instrument allows for
measurements with a spectral resolution of 0.5 cm~! conducted by a single person
(Gisi et al. 2012).

A challenge remains in estimating the COs emissions of individual emitters, such
as industrial plants. Satellites face limits in their spatial resolution because CO; is
well-mixed in the atmosphere resulting in small signals relative to large background
values. Ground-based instruments do not supply the necessary temporal and spa-
tial coverage for long-time observation. However, monitoring these emissions and
verifying their reported values is crucial for several reasons, including ensuring reg-
ulatory compliance, maintaining accuracy in emissions data, and holding industries
accountable for their environmental impact.

One potential solution is an approach that employs a trace gas to quantify CO,
emissions based on a specified emission ratio (Wu et al. 2022; MacDonald et al.
2023). The majority of industrial plants co-emit CO as a by-product of incomplete
combustion. In contrast to CO,, this gas can give emission signals that are large
enough for satellite observation, and its atmospheric lifetime of 1-2 months makes
it suitable for the tracing of the plume. In a recent study, Schneising et al. 2024 de-
termined a sector-specific CO/CO emission ratio for steel plants in Germany. Steel
industry facilities represent ideal candidates for testing this approach, as they are
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not only among the most significant industrial contributors to global anthropogenic
CO; emissions but also emit considerable quantities of CO. The study yields a sec-
tor specific CO/CO; ratio for the five investigated steel plants of 3.24 % (2.72% -
3.89 %, 1) in a mass fraction, corresponding to a ratio of 5.09% (4.27% - 6.11 %,
1o) considering the number of molecules. However, the findings have yet to be ver-
ified through ground-based measurements.

This thesis investigates the utilisation of the transportable EM27/SUN FTIR spec-
trometer for measurements in close proximity to the steel plant in Bremen and the
employment of the IFS 125HR spectrometer at the University of Bremen for this
purpose. The objective is to quantify the CO and COy emissions and the CO/CO,
ratio, which can then be used in conjunction with satellite observations to enhance
the precision of CO, emission estimation. Moreover, additional techniques are ex-
amined with the objective of improving the estimation of emissions from individual
sources. By combining various ground-based measurement techniques, this the-
sis aims to enhance our ability to monitor and manage industrial GHG emissions,
thereby contributing to the broader effort to mitigate climate change.



Chapter 2

Theoretical Background

2.1 The Earth’s Atmosphere and Climate Change

The Earth’s atmosphere plays a crucial role in sustaining life by providing essential
gases, blocking harmful ultraviolet (UV) - radiation, and regulating surface temper-
atures. This overview covers the composition, structure, and key processes affecting
the atmosphere, including the greenhouse effect and climate change.

The atmosphere is composed of major gases that exhibit minimal spatial and tempo-
ral variability and trace gases with greater spatial and temporal fluctuations. Major
gases constitute 99.9% of the atmosphere’s dry-air volume and include nitrogen
(Ny, 78.09 %), oxygen (Og, 20.95%), and argon (Ar, 0.93%) (Roedel et al. 2017).
The remaining 0.1 % is comprised of trace gases, including CO, (421 ppm), CHy
(1922 parts per billion (ppb)), and N,O (337 ppb) (Lan et al. 2024). Water vapor is
also a significant constitute of the atmosphere, although its concentration fluctuates
between 1% and 4% depending on temperature (Klose et al. 2016). Other trace
gases, such as CO, also play an important role, albeit in smaller amounts.

Despite their relatively minor volumetric fraction, trace gases exert a significant
influence on atmospheric properties due to their distinctive physical and chemical
characteristics. For instance, they contribute to the heating of the atmosphere and
the absorption of UV-radiation (Moller 2019).

In order to quantify this influence, the structure of the atmosphere has to be de-
scribed first. The atmosphere’s vertical structure is defined by both pressure and
temperature. Under the assumption that the atmosphere is comprised of an ideal
gas in hydrostatic balance, a mathematical expression for the pressure profile can
be derived. The equation reads

p(2) = po - exp <— /0 % : dz’) (2.1)

representing the pressure p at a certain height z with respect to a ground pres-
sure po at sea level. Within this equation kp is Boltzmann’s constant, N, is Avo-
gadro’s constant and M = 0.02897 kgmol~! is the molar mass of dry-air. The ratio

% is frequently referred to as the scale height H(z'). It accounts for the
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height dependence of the temperature T" and the gravitational acceleration g. Un-
der standard conditions, it can be approximated as 8.5km (see Roedel et al. 2017
for a more detailed derivation).

The temperature in the atmosphere does not follow a decreasing trend with height.
Instead the atmosphere is divided into layers from Earth surface to increasing al-
titudes, namely the troposphere (up to 6 to 18km), stratosphere (up to 50km),
mesosphere (up to 80km), thermosphere (up to 500 to 1000 km), and exosphere.
Each layer exhibits a unique temperature gradient. This gradient shows a change in
sign after each layer starting with a declining temperature with increasing altitude
in the troposphere (Efremenko et al. 2021; Klose et al. 2016).

The Earth’s climate is determined by the energy balance between incoming solar
radiation and outgoing terrestrial radiation. The solar constant, Sy ~ 1360 W/ m?,
represents the power flux density of the Sun at the Earth’s orbit (Crommelynck
et al. 1996; Frohlich et al. 2004). The average power flux S absorbed by the Earth,
accounting for its spherical shape, is given by the following equation:

S = % ~ 340W /m” (2.2)

The total power emitted can be described by the Stefan-Boltzmann law for a
black body:

F=0¢-T* (2.3)

where 0 ~ 5.67 x 1078 W m 2K * is the Stefan-Boltzmann constant and 7T is
temperature (Roedel et al. 2017; Efremenko et al. 2021). In order to account for
the fact that a real object like the Earth is not a black body, the emissivity e
is introduced, representing the radiation efficiency of the material, as well as the
albedo A, taking into account that not all radiation is absorbed but is also reflected
back. By setting the absorbed and emitted radiation equal, it is possible to calculate
the surface temperature 7:
%'(1—/4):63-0"7—;4—)7—'84:%' 163':74

Treating the Earth as a thermal emitter with A = 0.3 and ¢, = 0.95, this yields
a theoretical surface temperature of about 258 K (-15°C), which is lower than the
observed mean temperature of 288 K (15°C) (Jones et al. 1999).

(2.4)

The difference between the theoretical and observed temperatures can be attributed
to the greenhouse effect. In a simplified model that does not include an atmosphere,
the Earth would be considerably colder. It disregards thermal emitters in the atmo-
sphere, which absorb and re-emit long-wave radiation. The equations that govern
this are as follows:

S
es~a-Tf:(1—A)-Zo+€a~a-Tf (2.5)
o0 TrH=(1—-¢)-0-T*+2 ¢u-0T (2.6)
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where ¢, and T, are the emissivity and temperature of the atmosphere, respec-
tively. Solving these equations with ¢, = 0.75 yields a more accurate surface tem-
perature of approximately 287 K (13.85°C) (Jones et al. 1999).

Thermal emitters dominating the greenhouse effect, including CO5, CHy, and N,O,
are called greenhouse gases (GHGs). The short-wave radiation emitted by the Sun
can penetrate through these gases whereas the long-wave radiation emitted by the
Earth is absorbed by them, resulting in an additional warming of Earth’s surface by
trapping heat in the atmosphere. This natural process is in first place essential for
life on Earth but is being intensified by human activities, leading to global climate
change. The concentrations of GHG increased significantly due to the burning of
fossil fuels since the beginning of the industrial era. For example CO4 has increased
from approximately 280 ppm in 1850 to 421 ppm in 2023.

It is crucial to monitor the levels of greenhouse gases in the atmosphere as a key
aspect of combating and monitoring climate change. This thesis will contribute to
this endeavour by enhancing the quality of remote sensing measurements of point
sources for CO,.
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2.2 Molecular Spectroscopy

The absorption of radiation in the atmosphere originates in the interaction between
molecules and electromagnetic radiation. Absorption of radiation leads to an ex-
citement of the molecule into a higher state of energy which can be de-excited to a
lower state by emission of radiation. Treating the molecule as a quantum mechanical
system shows that its energy can only be at discrete levels. Only radiation matching
the energy difference (and hence frequency) between two levels can be absorbed or
emitted. The properties of these energy levels are described in the following section
based on Demtroder 2018 and Wolf et al. 2006.

For the general case of diatomic molecules, the total energy F;, can be divided
into the energy of the electrons E., the rotational energy of the molecule E, and the
vibrational energy F,. According to the Born-Oppenheimer-Approximation, these
energies can be treated independently and summed up to

Etot == Ee + E’/’ + Ev (27)

The electronic transitions mainly correspond to radiation in the visible range
(wavelength A = 690 nm to A = 380nm) of the electromagnetic spectrum. They are
not further considered here since this thesis focuses on the infrared (IR) spectrum.
Rotational and vibrational energy states are mostly in the IR range (A = Inm to
A =690nm) and most important for GHGs.

The vibrational states can be approximated by an harmonic oscillator with the
following solution to the Schrodinger equation:

E, = hw <u + %) (2.8)

with the reduced Planck constant 7, the vibrational frequency w = /k/p defined
by the force constant k and the reduced mass p = %} and the quantum number
v=1,2,3,.... Consequently, the difference between two vibrational states is given
by AE = hw. This energy can be directly translated into wavenumbers via v =
E/(hc). Hence, the resulting spectrum has only single absorption lines at AE since
the selection rules for the harmonic oscillator are Av = +1. This approximation
only holds for the low energy states. States of higher energy are often described
by an empirical approximation in form of the so-called Morse-potential. It takes
the possible dissociation of a molecule into account and adds a second part to the
mathematical description of the vibrational energies originating in the inharmonicity

of the potential as seen in equation 2.9.

B ) i 2 (o )] -

where D, is the dissociation energy. The energy levels are no longer equidistant
and the selection rules are extended to be Av = £1,42, 43, .... As a result, the
spectrum is represented by multiple lines converging for larger v and decreasing in
their intensity due to decreasing probability for |Av| > 1.
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The rotational states are in first approximation derived by a semi-classical ap-
proach assuming a constant distance r between the two atoms. The rotational
energy for this rigid body is given by:

1 L’

E, = -Iw?=— 2.10

2 T ar (2:10)

with the moment of inertia I and the classical angular momentum L = [w.

Considering the specific moment of inertia I = pr? for the reduced mass p = P

and the quantum mechanical angular momentum |L|? = 4%J(J +1) gives the energy
levels:

h2
Br= g +1) (2.11)

with the quantum number J = 0,1, 2, ... following the selection rule AJ = +1.
The energy difference between two states is given by

2
NE. =— (J+1 2.12
T MT (J ) ( )

This means that the rotational spectrum is represented by equidistant lines.
However, this is not observed in experiments since the approximation neglects the
centrifugal force between the atoms leading to an increase of the intermolecular
distance r. Including this fact into the derivation (Demtrdder 2018) and taking the
selection rule AJ = £1 into account leads to energy level differences as:

2 4

o ,
AE, T = g () (2.13)

:W

Here, k is a constant introduced by the restoring force counteracting the cen-
trifugal force.

In experiments a combination of the rotational and vibrational spectrum, known
as rovibrational spectrum, is observed. A typical energy scheme is shown in Figure
2.1. The energy gap between vibrational states is notably larger than that between
rotational states. The rotational levels denoted by a single prime .J’ are associated
with the vibrational state ¢/ = 1, while those with a double prime J” correspond to
the vibrational state v’ = 0. The transitions with Ay = +1 and AJ = —1, which
generate the lines of the P-branch, are depicted in blue. Conversely, the transitions
with Av = +1 and AJ = +1, resulting in the R-branch lines, are shown in red.
The transitions with Av = +1 and AJ = 0, drawn in dashed green, are permissible
only for molecules where the angular momentum aligns with the symmetry axis.

8
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Figure 2.1: A schematic drawing of a rovibrational spectrum in the left panel and
the corresponding level scheme in the right panel (Benedikt Herkommer 2024).

This description can be further improved by considering the coupling between
the vibrational and rotational energy states. It becomes even more complex for
polyatomic molecules for which a general formulation of the energy levels cannot
be given. Further quantum numbers have to be introduced to describe the different
vibrational modes resulting from the increased number of degrees of freedom. For
more details see Demtroder 2018; Wolf et al. 2006.

Spectral lines in atmospheric remote sensing are not purely monochromatic as shown
before but exhibit various broadening effects. Three key contributors to line broad-
ening are natural line shape, Doppler broadening, and pressure broadening.

The natural line shape results from the finite lifetime of excited states. The
energy-time uncertainty relationship of quantum mechanics leads to an uncertainty
in the energy differences, causing a Lorentzian line shape. However, in atmospheric
studies, the natural line shape is often negligible compared to other broadening ef-
fects, typically having a full width at half maximum (FWHM) around 81078 cm ™.

Doppler broadening arises from the thermal motion of molecules. Molecules
moving at different velocities cause shifts in the observed wavenumber, broaden-
ing the absorption lines. This broadening results in a Gaussian distribution of line
shape. The line width vp defined as FWHM is given by:

- . [8kpTIn(2
Vp = ”0‘/Bm—02() (2.14)

Here, ¢ is the speed of light, kg is the Boltzmann constant, T is the temperature
of molecules with total mass m modulating the wavenumber of a molecule at rest 1.

9



CHAPTER 2. THEORETICAL BACKGROUND

Pressure broadening occurs due to molecular collisions that shorten the excited
states’ lifetime, leading to a Lorentzian profile. The width parameter v can be esti-
mated by the mean collision time 7, which depends on temperature T and pressure

p:

1 1 P
= = —/= 2.1
v 2rer 2me T ( 5)

Under atmospheric conditions, where both Doppler and pressure broadening are
significant, the Voigt-profile combines these effects. It is computed by convolving
the Lorentzian and Gaussian profiles but requires numerical methods for efficient
solutions (see e.g. Liu et al. 2001).

This section has shown that the electromagnetic spectrum contains a wealth of
information. On the one hand, the line spacing depends on the energy levels, which
in turn depend on molecular properties such as molecular mass and intermolecular
distance; a unique signature for a molecule. On the other hand, the line shape
contains information about the environment of the molecule, namely temperature
and pressure. To retrieve this information, the spectrum must first be measured. A
commonly used technique is Fourier Transform Infrared Spectroscopy, which will be
explained in the next section.

10
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2.3 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is used for the qualitative and quantitative analysis of sub-
stances. The following description is based on Griffith et al. 2007. The measurement
principle is based on a two-beam interferometer originally designed by Michelson in
1891 and shown in figure 2.2.

Fixed Mirror
; F !
: Y Movable
""""""""" 1mmeTssp oo 7 | Mirror
! A
: M
» < : AP «——>
Source : : Direction of
- : Travel
e 'J:,'f_____ R |
Beamsplitter * | :
, Y !
Detector

Figure 2.2: Schematic structure of a Michelson interferometer (Griffith et al. 2007).

A polychromatic light source’s beam is split using a beamsplitter, creating two
different light paths. The reflected light hits a mirror with a fixed position. The
transmitted light reaches a movable mirror. After reflection on the mirrors, both
light paths hit the beamsplitter again, where they recombine. A portion of the light
is directed back to the light source, while the other portion is directed towards a
detector. By changing the distance between beamsplitter and the movable mirror,
a path difference between the two light paths is created. This can result in interfer-
ence phenomena in the recombined light beam, leading to changes in intensity. The
produced interferogram represents the detected light intensity as a function of the
OPD. This time-domain signal can be converted into a frequency-domain signal, the
spectrum, by a mathematical tool called Fourier transformation.

Considering a monochromatic light source with wavelength A\g and corresponding
wavenumber v = /\io, constructive interference and therefore an intensity maximum
is registered each time that the optical path difference § is an multiple of Ag. If the
mirror is moved at a constant velocity, the signal at the detector varies sinusoidally

and the interferogram (0) is given by:

1) = %](1]0) (1 + cos(2m5)) (2.16)

where (%) is the intensity of the source at wavenumber 1. For a polychromatic

11
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source emitting multiple wavelengths, the total interferogram S(d) is the superpo-
sition of all individual cosine waves:

S(6) = /0‘00 B(v) cos(2mpd)dv (2.17)

where B(7) is the spectral intensity as a function of wavenumber 7. This integral
is a cosine Fourier Transform. To retrieve the spectrum B(7) from the measured
interferogram S(¢), the inverse Fourier Transform is applied:

/ S(0) cos(2mvd)dd (2.18)

Since S(d) is an even function (symmetric around 0 = 0), this integral can be
simplified to:

B(p) =2 /0 " S(6) cos(2ni6)dd (2.19)

In practice, interferograms are not continous but sampled at discrete intervals,
and the Fourier Transform is computed numerically using the Fast Fourier Transform
(FFT) algorithm. To prevent spectral artifacts, the interferogram must be sampled
at a sufficiently high rate to avoid that large frequencies are folded back to the
sampled range, known as aliasing. The minimum sampling rate dx for the correct
reproduction of signals with frequencies smaller than vy is given by the Nyquist
criterion:

. 1

In fact, obtaining accurate spectra from interferograms involves addressing sev-
eral other real-world factors that lead to deviation from the ideal sinusoidal interfer-
ogram. One such factor is the finite resolution of the interferometer, determined
by the maximum OPD, d,... The finite truncation of the interferogram with a
"boxcar” function results in a spectrum convolved with a sinc function, limiting the
resolution to Ay = ﬁ This causes broadening and distortion of spectral lines,
which must be mitigated by techniques like apodization. Apodization applies a
weighting function to reduce sidelobes of the sinc function, balancing resolution and
spectral accuracy.

Phase errors present another significant deviation from ideal conditions. In the-
ory, the phase of the interferogram should be zero; however, in practice, variations
in the phase angle, #;, occur due to optical and electronic imperfections. This ne-
cessitates phase correction to avoid distorted spectral lines. Beam divergence is
also a concern, as a perfectly collimated beam is assumed in theoretical models, but
real beams diverge, causing overlapping fringe patterns and reduced resolution. The
Jacquinot stop is implemented to limit this divergence and retain spectral fidelity.

Furthermore, real-world spectrometers must account for instrumental factors such
as non-ideal detector response and beamsplitter efficiency. These factors
modify the interferogram’s amplitude, described by a correction factor, H(7), de-
pendent on the wavenumber. Thus, while theoretical models assume ideal conditions

12
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for Fourier Transform spectrometry, real-world applications require careful consider-
ation of these effects to ensure accurate spectral data. For more details see Griffith
et al. 2007.

In FTIR spectroscopy, a broadband radiation source is employed, with the light
beam hitting the Michelson interferometer being transmitted through the gaseous
sample. The solar absorption FTIR spectrometer utilised in this thesis uses the
Sun as the radiation source and the sample corresponds to the atmospheric col-
umn transected by the light beam reaching the detector. A variety of atmospheric
gases, including CO,, CO, N,O, CH, and H5O, absorb radiation within both the
MIR spectral range, spanning from approximately 400 to 4000cm™!, and the NIR
wavelength range, extending from approximately 4000 to 12500cm™!. The selec-
tion of the spectral range depends on the intended application. While many FTIR
in-situ spectrometers utilise MIR due to the variety of absorbing gas species, atmo-
spheric investigations, such as the EM27/SUN, employ the NIR for several reasons.
One factor is the aforementioned variety of gas species in the MIR, which results
in overlapping of the absorption bands and thus presents a challenge for spectrum
analysis. The main gases of interest in atmospheric spectroscopy absorb also in the
"less crowded” NIR. This approach enables the use of entire spectral absorption
bands for retrieval, which also results in the reduction of temperature dependence.
Lastly, a strong NIR absorption band is employed for the retrieval of oxygen (Os),
which is continually used as a quality measure and for the calculation of molar frac-
tions. The retrieval of another gas species in the same spectral window results in
the elimination of systematic errors, identical for both gases, thereby facilitating the
calculation of the mole fraction. Figure 2.3 illustrates an example of a NIR spectrum
with typical absorption lines for atmospheric gases considered in this thesis. This
demonstrates that the absorption band for the gas retrieval must be selected with
due consideration of the potential for overlap with other species, particularly the
strong H,O absorptions.
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Figure 2.3: Near-infrared spectrum with typical absorption features for H,O (grey),
CH, (orange), COq (blue), CO (red) and Og (pink).
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In order to retrieve information about quantities that cannot be measured di-
rectly, such as the atmospheric properties of interest, the methodology of inversion
theory is applied. The analysis demands a so-called forward model simulating the
absorption in the atmosphere and the characteristics of the measuring instrument.
The gas concentrations are obtained by iteratively minimizing the difference between
the model predictions and the measured spectrum (Rodgers 2000).

The formula setting the base for the atmospheric model is called radiative transfer
equation (RTE) and describes the transport of electromagnetic radiation through
the atmosphere. Thereby, the radiation travels a distance dz changing its radiant
flux L as (Burrows et al. 2011)

dL(z,0,T) = — [eq(2, 0 T) —i—e (z ﬁ ;) - L(z,0,T)dz
+¢eo(z,0,.T)

27r
—|—ESZVT/ / z2,0,0,0) - (0¢)d¢sm()9

The first line of equation 2.21 describes the losses of radiation. They consist of
absorption and scattering of radiation quantified by the absorption coefficient ¢, and
scattering coefficient ¢, respectively. A flux increase results from thermal emissions
of atmospheric gases described by the Planck function B(#,T') in the second line of
the equation. The last line contributes to a flux increase by scattering of radiation
into the line of sight described by a function S including the directional character-
istics of the scattering.

(2.21)

The general RTE cannot be solved analytically. Simplifications are necessary to
approximate the solution. For solar absorption measurements in the IR region two
terms can be neglected. Scattering becomes minimal because of the large wave-
lengths in the IR range and the A= dependence of the Rayleigh scattering describ-
ing the scattering on atmospheric molecules. Additionally, thermal emission can
be neglected due to the large temperature difference between the temperatures of
the atmosphere and the significantly higher temperature of the Sun (Burrows et al.
2011). This simplifies the RTE to

dL(z,0,T) = —€4(2,0) - L(z,0,T) dz (2.22)

which can be solved to

S1
L(SlaﬁsT) = L(So,ﬁ,T)'GZL'p <_/ Ea(saﬂvT) dS) = L(80757T)'exp(_7-($07SlaﬂvT))
s0

(2.23)

Equation 2.23 is known as the Lambert-Beer equation describing the exponential
attenuation of the radiant flux L travelling through a medium with optical depth 7
between the two points sy and s;. This model can be used to quantify the number
of molecules of the different atmospheric gases for known atmospheric conditions.
The individual absorption coefficients can be obtained through the line-by-line pa-

rameters given in the High-resolution Transmission Molecular Absorption Database
(HITRAN) (Gordon et al. 2022).
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In reality, the forward model F'(x) has to consider many more atmospheric vari-
ables as in the simple example above, as well as instrumental properties. The main
concept is discussed here and is based on Rodgers 2000. The forward model calcu-
lates the spectrum - to the best of our understanding of the underlying physics -
based on a given state vector x, which represents the sample’s physical properties
(for example, concentrations or temperature). In order to account for the devia-
tion of the model from the real physics of the true measurement y, described by a
function f(x), the error term e is introduced:

y = f(x) = F(x) + ¢(x) (2.24)

The quantity of interest is the retrieval X, including for example the number of
molecules, calculated from the measured spectrum y. X is to be understood as an
estimate rather than a true state. It is the result of applying some inverse or retrieval
method R on the measurement. Inverse problems in FTIR spectroscopy are typically
ill-posed because they are underdetermined (fewer independent measurements than
unknowns) and highly sensitive to noise. At the same time they provide an infinite
number of possible solution. In order to find an appropriate estimate for the retrieval,
an a priori estimate x, of x is used. The retrieval method is a function of the a
priori state and the forward model.

X = R(y,Xa,¢) = R[F(x) + €, Xa, ¢ (2.25)

where ¢ are retrieval parameters that are not included in the forward model. In
order to specify the retrieval method, the forward model is first linearised around
the a priori, i. e. at x = x,, such that

x = RI[F(Xa) + K(Xx — Xa) + €, Xa, €| (2.26)

where K is a Jacobian matrix, known as the weighting function matrix. It
represents the sensitivity of the spectrum calculated by the forward model F to
changes in the true state x. Next, the retrieval R is linearised around y, such that

R(yo) = Xa.

X =R[F(Xa),Xa,¢)] + G [K(x — Xa) + €] (2.27)

where G is the gain matrix representing the sensitivity of the retrieval method
R to changes in the measured spectral data y. It essentially determines how much
the retrieval should ”adjust” the a priori state x, based on the difference between
the actual measurement y and the predicted measurement from the forward model.

The difference between the retrieved state X and the a priori state X, is then given
by
x = R[F(Xa),Xa,C)| — Xa
+ GK(x — xa) (2.28)
+ G [¢]

Note that the first term should be zero as the linearisation point was chosen such
that R [F(Xa)] = Xa.
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Equation 2.28 can be simplified by introducing the averaging kernel A, which is
given by

F N
Ac. K- R  OF _ox (2.29)
Y lyeyy OXlxm Xl
Combining equation 2.29 and 2.28 yields
X=X, +A(x—x%,)+ Ge (2.30)

The averaging kernel A is a matrix that provides insight into the resolution of the
retrieval and how much the retrieved state is smoothed relative to the true state. It
indicates the sensitivity of the retrieval to changes in the measured column, making
it essential for understanding the quality of an inverse model in FTIR spectroscopy
and comparing different retrieval methods and instruments.

The FTIR spectrometer used in this thesis measures the total column instead of
retrieving a vertical profile. Therefore, the averaging kernel is a vector function of
altitude, dependent on ground pressure and solar zenith angle (SZA). It specifies
the extent to which an excess partial column superimposed on the actual profile at
a given input altitude is reflected in the retrieved total column amount (K. IMK-
ASF 2023). The shape and values of the column sensitivities can be found in K.
IMK-ASF 2023 and Hedelius et al. 2016.
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2.4 EM27/SUN Spectrometer

The EM27/SUN spectrometer is a portable, low-resolution FTIR spectrometer de-
signed for the precise and accurate measurement of column-averaged greenhouse gas
abundances of CO,, CHy, and CO. This spectrometer operates with a RockSolid™
pendulum interferometer, comprising two cube corner mirrors and a calcium fluo-
ride (CaFy) beamsplitter, which offers high stability with respect to thermal and
mechanical disturbances, crucial for field operations. The instrument employs a
HeNe laser and an InGaAs detector. It achieves an OPD of 1.8 cm, corresponding
to a spectral resolution of 0.5cm™" (Gisi et al. 2012).

The main channel of the EM27/SUN spectrometer covers a spectral range from
5500 to 11000 cm~!. This range has been designed in order to avoid any compro-
mise in measurement accuracy for the primary target gases (Hase et al. 2016). For
the retrieval of individual species, the spectrometer uses specific spectral windows
to maximize the accuracy of each gas’s column retrieval. The retrieval of CO, and
CH, columns is conducted in the spectral windows of 6173-6390 cm~' and 5897-
6145 cm ™! (Luther et al. 2019), respectively. The analysis of O, is performed over
the range of 7765-8005 cm™" (Hase et al. 2016).

Additionally, the EM27/SUN has been modified to include a second detector chan-
nel covering the 4000-5500 cm™! spectral range, thereby enabling the measurement
of CO in the spectral window of 4210-4320 cm~'. The four spectral windows can
be seen in Figure 2.3. The system employs a dual-channel configuration, utilising a
small plane mirror to partially decouple the beam towards the secondary detector.
This enables simultaneous observations without affecting the functionality of the
primary detector channel (Hase et al. 2016).

The EM27/SUN routinely records double-sided interferograms. These are acquired
in DC-coupled mode, thus allowing for the correction of variable atmospheric trans-
mission due to the effects of aerosol and cloud cover in a manner similar to that
described by Keppel-Aleks et al. 2007. The Fourier transformation is applied by
using the Norton-Beer medium apodization function (Davis et al. 2010) to reduce
sidelobes around the spectral lines (Frey et al. 2019).

In conclusion, the EM27/SUN spectrometer, with its dual-channel configuration
and defined spectral windows for different gas retrievals, serves as a reliable tool for
atmospheric research and satellite validation efforts (Hase et al. 2016). The compact
design with a total weight of 30kg and low power consumption of approximately
50 W, permits mobile operation during field campaigns, which can be conducted by
a single person (see Figure 2.4). For the purposes of this thesis, the instrument with
the serial number 82 (SN82) has been utilised.

The EM27/SUN spectrometer has been demonstrated to be highly reliable in a
number of employments (B. Herkommer et al. 2024): In their studies, Frey et al.
2019 and Alberti et al. 2022 have demonstrated the long-term and collective sta-

bility of the EM27/SUN through the use of the instrumental line shape (ILS) of
each spectrometer and comparisons of XGas values. The spectrometer has demon-
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strated considerable flexibility, enabling its deployment in numerous urban mea-
surement campaigns across the globe over the past decade (Tu et al. 2022b; Alberti
et al. 2022; Hase et al. 2015). In addition to city campaigns, permanent monitor-
ing stations are now being established in major cities (Dietrich et al. 2021), where
multiple EM27/SUN spectrometers are deployed throughout the city to measure
GHG emissions. Furthermore, the successful installation of the instrument on mo-
bile platforms, including ships and trucks, has been demonstrated in several studies
(Klappenbach et al. 2015; Butz et al. 2017; Luther et al. 2019; Knapp et al. 2021;
Butz et al. 2022).

( ‘

Figure 2.4: The EM27/SUN spectrometer.
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2.5 PROFFAST

In this section, the retrieval software PROFFAST and the PROFFASTpylot are
described based on B. Herkommer et al. 2024 and IMK-ASF 2023. The structure
is illustrated in Figure 2.5. The PROFFAST software comprises of three discrete
programs: 'preprocess’, 'pcexs’, and ’invers’. The preprocess’ program is responsible
for the conversion of interferograms into spectra. The atmospheric simulation, which
constitutes a component of the forward model, is generated by the 'pexs’ program.
The final step performed by the ’invers’ program is the retrieval process. In order to
assure a successful run, the software requires the following input files: the recorded
ground pressure, the recorded interferograms and the a priori profiles, which are, by
default, given as ".map’-files obtained from the Caltech server. The Python interface
PROFFASTpylot provides comprehensive management of the PROFFAST software,
overseeing all input files and subsequently executing the three processing programs.

INPUT DATA PROCESSING RosRt INPUT DATA PROCESSING OUTPUT (final)
(intermediate)

ILS Parameters
(prfpylot/ILSList.csv)

Combined Inverted
P Parameters (results/*
/comb_invparms_*.csv)

Interferograms

Solar Absorption
Spectra ( 5
/Jcal/*.BIN)

PROFFASTpreprocess
interferograms to spectra

PROFFASTinvers
trace gas retrievals

Spectral Fits for each
Micro Window
(results/*

Atmospheric /*_jobNN_x.spc)

Absorption Cross

Sections Column Sensitivities

(prf/wrk_fast e
I*abscos.BIN) (results/*/*_colsens.dat)

PROFFASTpxcs
precalculation of cross-
sections

Coordinates

Pressure &
> Profiles
(path/*pT_fast_out.dat)

Map Files

Volume Mixing Ratio
> (VMR) Profiles
(path/*VMR_fast_out.dat)

* = some name specific to each retrieval

path = results/*/raw_output_proffast/
(at the moment only on dev branch)

Figure 2.5: Schematic of the trace gas analysis within PROFFAST. The PROF-
FASTpylot coordinates the subsequent execution of the individual processing steps
(blue) and the implementation of the input files (purple) (IMK-ASF 2023).

The process yields the total number of molecules of the specified gases present
in the measured air column, represented as T'Cgq,. The desired result, denoted as
XGas, is the fraction of the number of molecules of a certain gas relative to the
total number of molecules, averaged over the entire column. As the total column of
dry air is not measurable, the known column-averaged dry-air mole fraction of O,
is employed instead:

TCo,
TClry—air
Therefore, the column-averaged dry-air mole fraction of the desired gas is given
by the following equation:

X0, = ~ 0.2095. (2.31)

TCGas
XGas = ——— - 0.2095. 2.32
as = Co, (2.32)

This formula has the advantage of mitigating systematic errors occurring in 7'Cy,
and T'Cg,s to a significant extent, thereby facilitating the experimental calculation
(B. Herkommer et al. 2024).
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2.6 Lagrangian Modelling and FLEXPART

Lagrangian modelling is a method used to describe and simulate dynamic atmo-
spheric processes, including the emission and transport of an air mass, as well as
the deposition of disposed particles. The fundamental premise is that the observer
and its coordinate system are in motion with the air parcel under study, tracking its
progression. The air parcel is characterised by a set of parameters, including density,
temperature, humidity, and pollutant concentration (either aerosols or trace gases),
and is treated as a point mass with four-dimensional coordinates. The movement of
the air parcel is influenced by the surrounding meteorological conditions, including
wind patterns, precipitation, fundamental chemical processes such as radioactive
decay, and stochastic turbulence effects (Seibert et al. 2004).

In general, Lagrangian models simulate the behaviour of thousands of particles in
three dimensions, dispersing in a variety of directions. While interactions between
particles are typically excluded from the model, independent processes such as wet
and dry deposition and radioactive decay are accounted for. The model’s principal
strength lies in its capacity to trace the trajectory of air masses both forward and
backward, thereby establishing a link between their current state and their historical
path (Seibert et al. 2004).

One specific implementation of Lagrangian modelling is the FLEXible PARTicle dis-
persion model (FLEXPART) software (Stohl et al. 2002), which is an open-source
Lagrangian Particle Dispersion Mode (LPDM) released under the GNU General
Public License (GPL) (Lin et al. 2012). FLEXPART employs forward and back-
ward modelling to simulate a comprehensive range of atmospheric processes. In
forward modelling, the dispersion of particles from an emitting source is simulated,
and the resulting concentrations, wet deposition, and dry deposition across a se-
lected grid and altitude are provided as output (Stohl et al. 2023).

In contrast, backward modelling involves tracing a measured concentration back
to its source. Furthermore, FLEXPART generates four-dimensional fields (time,
altitude, latitude, longitude) that illustrate the sensitivity of a measurement to spe-
cific grid cells in the atmosphere. These sensitivities reflect the residence time of air
parcels in a grid cell, indicating the extent to which particles from that cell exert
influence on the measured concentration. The dual capability of FLEXPART per-
mits comprehensive analysis of atmospheric particle dispersion in both directions
(Poulidis 2021).
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2.7 Differential Optical Absorption Spectroscopy

The technique of DOAS is a powerful spectroscopic tool for measuring atmospheric
trace gases and aerosols by analysing the absorption of light in the UV, visible (VIS),
and NIR regions. In contrast to traditional absorption spectroscopy, which often
deals with broad and overlapping absorption features, DOAS focuses on narrow-
band absorption structures by differentiating them from the broad-band absorptions
caused by other atmospheric components as well as Mie and Rayleigh scattering.
The methodology is described in the following based on Platt et al. 2008.

The amount of the absorbing gas species is determined based on the RTE as de-
scribed in equation 2.21. From this, the Lambert-Beer law is derived, but taking
also into account scattering, which cannot be neglected in the UV-VIS range. The
optical depth 7 can be described in terms of the absorption cross-section o; of species
1 at wavelength A, with the present density of the species p;. The optical depth can
be decomposed into contributions from absorption and Mie and Rayleigh scattering,
which yields:

L(A) = Lo()-

exp <_ /Sl [Z i(A, 5)pi(5) + Oatie(A, 8)patie(s) + TRay (A, S)pRay(S)] ds>

0

(2.33)
for the radiant flux L()\) at wavelength A after passing through the medium
with the initial flux Ly(A). This approach allows the absorption spectrum to be
divided into two components: a differential component comprising narrow-band
absorption structures and a broad-band component incorporating scattering and
spectrally broad absorption effects. This decomposition allows for the isolation of
narrow absorption features specific to trace gases, thereby enhancing selectivity and
sensitivity. As the broad-band features vary smoothly with wavelength, they can be
approximated by a low-order polynomial P(\). Moreover, it can be assumed that
the absorption cross-sections remain constant along the light path. This enables the
path integral over the density to be solved, thereby yielding the slant columns (SC),
which represent the integrated absorber amount along the light path. Including these

elements into the equation 2.33 and taking the natural logarithm thereof yields:

In < L(A)
Lo(A)
In a simplified case, where only one absorber is considered, the polynomial can
be subtracted to yield an equation for the differential optical depth 7 of the form

i

) =— Zai(/\)SC’Z— +P()\) (2.34)

AT(V) = In < f;&) — —o(V)SC (2.35)

The slant column can then be obtained by a straightforward scaling of the ab-
sorption coefficients to the derived differential optical depth.
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A key advantage of DOAS is its capacity to conduct measurements in real-world
conditions, where overlapping absorptions and variable light paths present signifi-
cant challenges. By focusing on differential absorption features, DOAS reduces the
errors associated with scattering, which often introduces uncertainties in absolute
concentration measurements in traditional absorption techniques. Furthermore, the
DOAS method can be employed over a wide range of path lengths, from a few metres
in laboratory settings to several kilometres in field applications. This allows for both
remote sensing and in-situ analysis. Moreover, the brief duration of a single mea-
surement renders it suitable for deployment on moving vehicles, including bicycles
and cars. The versatility of DOAS makes it an ideal tool for atmospheric monitor-
ing, where it is employed to detect trace gases such as nitrogen dioxide (NOy), sulfur
dioxide (SO3), ozone (Oj), formaldehyde (HCHO), and several volatile organic com-
pounds (VOCs). However, it is important to note that DOAS measurements provide
an estimate of the total column load of the gas species under study, and do not offer
insights into the vertical distributions.

2.8 Investigated Steel Production

The steel industry is responsible for approximately 7% of the global anthropogenic
CO, emissions (Agency 2020), and it is anticipated that production will increase
in order to meet the demands of a growing global population. The highly CO,-
intensive blast furnace-basic oxygen furnace production route is thereby the pre-
dominant steelmaking process accounting for 70 % of steel production worldwide.
The Linz-Donawitz process is employed, whereby iron ore serves as the primary
raw material and coke functions as the reducing agent. A by-product of the pro-
cess are substantial quantities of CO-rich gases (Ishioka et al. 1992; Kim et al. 2016).

Monitoring the greenhouse gas emissions of such large emitters on the scale of indi-
vidual steel plants represents a significant challenge. While satellite measurements
are limited in spatial resolution for accurate CO, estimates, ground-based techniques
lack both spatial and temporal coverage. However, it is crucial to obtain an accu-
rate understanding of the GHG emissions and the underlying processes in order to
effectively address the rapid decarbonisation in this important industrial sector.

The environmental impact of steel production sites has been analysed in several
studies employing a bottom-up approach, mainly focusing on CO, (Suer et al. 2022,
and references therein). A detailed inventory for a steel production site was created
by Burchart-Korol 2013, comprising a single steel plant in Poland. Remote sensing
measurements obtained from satellites can be used to obtain estimates of the CO
emissions. A few studies have quantified the CO emission rates for urban areas and
industrial parks without attributing them to a specific sector (Park et al. 2021; Tian
et al. 2022). In a recent study, Wu et al. 2022 derived CO/COs ratios for two Chinese
cities with a strong industrial and energy focus, suggesting that CO could be used
as a proxy for CO, emissions. An illustrative case study for investigating this idea
are the steel production sites in Germany that still utilise the conventional blast fur-
nace—basic oxygen furnace production route, situated in Duisburg, Dillingen/Saar,
Salzgitter, Bremen, and Eisenhiittenstadt. For these facilities, CO, emission data
is available from emission trading data of the European Union Emissions Trading
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System (EU ETS). In conjunction with the large amounts of CO emissions, which
can be obtained from data from the TROPOMI on board the Sentinel-5 Precursor
satellite, a CO/COy ratio can be determined (Schneising et al. 2024). The CO and
COy emissions show a linear correlation for all five steel plants with a CO/CO,
emission ratio of 3.24 % (2.73 % - 3.89 %; 1 o) for a mass fraction and 5.09 % (4.27 %
- 6.11%, 10) considering the number of molecules. This result supports the feasibil-
ity of utilising CO as a proxy for CO5 emissions for comparable steel production sites.

It is challenging to make a direct comparison between the derived emission ratio for
the German steel plants and those obtained for other steel plants around the world.
The aforementioned studies and global inventories (Crippa et al. 2020) underesti-
mate the CO/CO; ratio by including other sectors with significant CO5 emissions
but virtually zero CO emissions. Similarly, the verification of the measured CO and
CO; emissions from the satellite is a challenging undertaking. The emission register
provided by the Umweltbundesamt, accessible via the thru.de portal (Umweltbunde-
samt 2022), offers data on installation-based GHG emissions. However, these values
are based on measurements, calculations, or estimates provided by operators, and
are not subject to independent verification (Schneising et al. 2024).

This thesis investigates the potential for utilising of the portable EM27/SUN and
the IFS 125HR spectrometer in verifying the CO/CO5 emission ratio for the steel
production site in Bremen. The study conducted by Schneising et al. 2024 yielded
a mean CO emission of 92 + 59kt/yr. Together with estimated CO, emissions
from the EU ETS of 2.3 Mt/yr that yields an emission ratio of about 6.29 + 4.09 %
considering the number of molecules. This is higher than the averaged value for all
five German steel plants and the obtained CO emission estimate is slightly higher
than that reported by the operator (71.9kt/yr for 2022) (Umweltbundesamt 2022).
The thru.de portal can be used to obtain a first impression of the expected order
of magnitude of the emissions in the vicinity of the steel plant (for 2022). Its CO,
emissions are estimated through calculations to be 2.16 Mt/yr. Other estimated
emissions include SOy (3.5kt/yr), NOy (1.7kt/yr), particulate matter (342t/yr),
zinc compounds (468 kg/yr) and mercury compounds (15kg/yr). The CO/CO; ra-
tio calculated from these values gives 3.33%. Two power plants situated to the
north of the steel plant are fuelled by blast furnace gas from the steel production
and contribute additional 2.66 Mt /yr of CO4, 330t/yr of SOq, 22.6t/yr of NO,, but
virtually no CO. Including these emissions in the ratio calculation by the thru.de
values gives a revised result of 1.49%. The additional CO, of the power plants is
not included in the ratio calculation by Schneising et al. 2024 as their objective is to
determine the CO/COs ratio of the steel plant. Although the power plants generate
additional energy, their emissions result in the firing of furnace gas from the steel
plant, which would otherwise be released into the atmosphere. The emission prod-
uct of the steelmaking process is subjected to further processing, yet the emission
can still be attributed to the entire complex of the steel production site. In order to
estimate these total emissions of the steel production site in Bremen and use CO as
a proxy, it is also necessary to determine the CO/CO, emission ratio of the entire
facility. Therefore, this thesis distinguishes between the emission ratio of the steel
plant and the emission ratio of the steel production site. The latter is measured as
a ratio considering the number of molecules by employing the two spectrometers.
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Research Question

The main goal of this thesis is to investigate the potential contribution of ground-
based remote sensing techniques in determining the total CO and CO, emissions,
as well as the CO/CO, emission ratio of the steel production site in Bremen. The
deployment of a portable EM27/SUN spectrometer in the vicinity of the steel plant
will facilitate the investigation of its capacity to measure the spatially and tempo-
rally varying plume of the emission stack, thereby providing precise information on
the emission ratio.

The on-site measurements will be complemented by data from the IFS 125HR spec-
trometer at the University of Bremen. The combination of the two datasets is only
meaningful if the measurement bias between the instruments are significantly less
than the observed emissions. It is therefore necessary to ascertain the comparabil-
ity of the two spectrometers and to perform an instrument-to-instrument calibration.

Additionally, the advantages of DOAS measurement of NO, for localising the emis-
sion plume will be examined. Furthermore, atmospheric Lagrangian modelling is
used to examine the plume behaviour and facilitate total emission estimation.

This thesis aims to combine the advantages of the different measuring techniques
employed in order to derive a robust methodology for the quantification of the mea-
sured emissions. If this permits the determination of the specific CO/CO emission
ratio, CO can be used as a proxy for satellite-based measurement in order to de-
termine the total COy emissions of individual large steel plants of the same type.
The combination with atmospheric models ideally allows for a direct quantification
of the total emissions and verification of the satellite measurements.
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Measurements and Discussion

4.1 Intercalibration via Side-by-Side Measurements

All EM27/SUN and IFS 125HR spectrometers undergo rigorous calibration proce-
dures, wherein their ILS is derived from water vapour lines through measurements
employing a calibrated gas cell. However, instrumental imperfections persist, result-
ing in biases in the retrieved gas abundances measured by different spectrometers
(Alberti et al. 2022). In order to facilitate a comparison between data obtained from
the two different spectrometers, it is necessary to perform empirical adjustments.
This is achieved by introducing an empirical instrument-to-instrument calibration
factor, designated as a bias compensation factor (BCF) in this thesis.

The initial section of this chapter outlines the methodology employed to derive the
BCFs. Furthermore, the methodology is applied in a comparative analysis of side-
by-side measurements of the EM27/SUN SN82, which is the principle instrument
utilized in the data presented in this thesis, alongside the IFS 125HR spectrometer
in Bremen, which will be employed to furnish background data for on-site measure-
ments at the steel plant.

4.1.1 Defining the Bias Compensation Factor

In order to facilitate the analysis of data from two distinct instruments, it is es-
sential to ensure that both instruments have been calibrated against one another.
This implies that they must provide identical gas abundances when measuring the
same air column. It is therefore necessary to calculate the observed bias between the
two instruments. This is achieved by utilising a method known as BCFs (Benedikt
Herkommer 2024). In this approach, XGas,.r and XGas,y represent the XGas mea-
surements obtained from a reference instrument and an instrument which is going
to be calibrated, respectively. The bias compensation factor ng} is employed to
describe the instrument-to-instrument bias by

XGasyy = Kﬁg} - XGas,.f (4.1)
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Given the pivotal role of the BCF calculation in ensuring the accuracy of sub-
sequent analytical outcomes, only high quality data were used for the calculation.
This was achieved by filtering the recorded data in accordance with the following
criteria, which are analogous to those proposed by B. Herkommer et al. 2024:

1. All data recorded at a SZA exceeding 75° are excluded from the compara-
tive analysis. This is due to the fact that at larger SZA, there is a greater
variation in the air mass. As the air mass increases, the impact of spectro-
scopic inaccuracies also increases, leading to an expansion of the measurement
uncertainty.

2. Measurements with obvious outliers in XAIR are filtered out. It is an artificial
quantity which is used to check for consistency in the retrieval process. It
becomes unity for a perfectly working spectrometer. The used upper-lower

limits are 0.998-1.002 for SN82 and 0.997-1.003 for 125HR. They are based on
the average performance of the devices on a cloud-free day.

3. Finally, any remaining evident outliers for each species are also removed.
The upper-lower limits employed in this process are 1.6-1.95 ppm for XCH,,
350450 ppm for XCOq and 40-200 ppb for XCO.

These filters were used for all data considered in the calculation of the BCFs
in an identical way. The approach is adapted from B. Herkommer et al. 2024 and
described next.

Initially, the filtered data is binned into time intervals of 10 minutes. The value
of the mean of all XGas values recorded by the reference instrument within the time
interval, denoted by XGas,.,, is calculated for each bin ¢. Similarly, the data for
the second instrument is binned to XGas.q ;. The BCF for a single bin is given by
equation 4.1 with the index ¢ and averaged values. Rather than merely averaging the
K c‘l} values, the method is enhanced by incorporating a cost function to optimise

ref,i

the BCF (Frey et al. 2015).

The discrepancy between the reference value XGas,.s; and the adjusted value for
the second instrument, given by XGas.q ;/ Kf§}7 is calculated for each bin ¢. The
squared sum of all these residuals weighted by their standard errors s; constitutes
the cost function given in equation 4.2.

, 2
X(]}?‘faclal’l - XGaSref,i
Costfunction = Z ref (4.2)
i 8(2:al,i + Szef,i
In order to identify the most precise BCF K%, the cost function is minimised

in an iterative procedure. For measurements with 10 scans, each bin contains be-
tween five and seven unfiltered data points. To prevent bins with a limited number
of values from exerting an undue influence on the statistical weight of individual
measurements, only bins with a minimum of four values are considered.

26



CHAPTER 4. MEASUREMENTS AND DISCUSSION

4.1.2 Bias Compensation Factors for the EM27/SUN SN82

Daily BCFs have been calculated for the EM27/SUN SN82 towards the reference
instrument IFS 125HR and are presented in Table 4.1. In order to achieve this, the
IFS 125HR spectrometer was operated with the same parameters as the EM27/SUN,
i. e. it recorded double-sided interferograms with a spectral resolution of 0.5cm™1,
averaging 10 scans to one measurement.

The estimation of the error associated with the BCF requires an approximation
of the variance in the measurements of the single XGas values. In order to achieve
this, a time interval exhibiting a linear change in gas abundance was extracted. The
recorded data were detrended, and the standard deviation with respect to a mean
value was determined. This value represents the error of a single measurement (see
A.4). The error for the average bin value is then given by the standard error taking
the values per bin into account. In order to estimate the error associated with the
final BCF, as shown in table 4.1, the weighted standard deviation of all single-bin
BCFs K¢, ; with respect to the optimal BCF K%, is calculated (see A.5).
Table 4.1: Calculated bias compensation factors for COy, CO and CH, for the
EM27/SUN SN82 spectrometer with respect to the IFS 125HR spectrometer on
different days and with different measurement duration (number of bins).

Date | bins | Kixs, for CO, | Kifls, for CO | Kigly, for CH,
08.05.24 | 29 10323(5)324 ;83@?& ioggggigfj
10.05.24 | 45 ﬁg%ﬁgg;(j iﬁéé‘iéil ﬁ.g?gggflg
11.05.24 | 42 ioggggégz i169(§)(?202105 i0£%gg§z§4
13.05.24 | 11 io'(?gggé; 103%322 ild9(§)(?§1187
wora [ | g, | | oo
e+ | oo |t |

The BCF for XCO, varies between 0.998547 and 0.999311. Taking the weighted

mean gives in an average BCF of 0.998803. The BCF for XCH, varies between
0.998685 and 1.00041 with a weighted mean of 0.998752. The variation in the com-
pensation factor for XCO appears to be greater. The BCF varies between 0.999473
and 1.027336 with a weighted mean of 1.01217. This means that the EM27/SUN
SN82 measures a higher XCO, and CH4 abundance than the 125HR but a lower
XCO abundance. Figure 4.1 illustrates that the BCF for XCO shows a higher vari-
ability than the BCF for XCO, and XCH,. As simultaneous measurements of the
EM27/SUN SN82 and the 125HR are used in this thesis, the recorded data from the
SN82 are always calibrated against the 125HR, and therefore BCFs of 0.998801 and
1.011283 are used for XCO, and XCO, respectively (weighted means not taking the
most recent side-by-side measurement after the field measurements into account).
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Furthermore, a closer look at the plotted calibration data in Section A.2 makes
clear, how well the BCF for XCO should be chosen. While taking the average BCF
for XCO, leads to consistent results, a clear difference in taking the average BCF
for XCO and taking the daily BCF's is seen (see Figures A.3). It varies in two days
within the magnitude of a percent, corresponding to a difference in the abundance
of about 1ppb. Consequently, the data for Stations 1 and 2 from the 14th May
2024 were calibrated with the most recent BCF at this time for XCO of 0.994524.
However, the variation is still significantly lower than the observed emissions.

Intercalibration Factors 125HR

1,03 e CO2

1,025 °CO
° CH4
1,02

1,015
1,01 °
1,005
1

o e ]

Intercalibration Factor

0,995 °

0,99
18/04 08/05 28/05 17/06 07/07 27/07 16/08

Date

Figure 4.1: Change of the bias compensation factors for XCO,, XCO and XCH, of
the EM27/SUN SN82 spectrometer towards the IF'S 125HR spectrometer in Bremen.
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4.2 Setup of Measurement Site

The lightweight and compact design of the EM27/SUN spectrometer facilitates its
deployment in diverse settings, restricted only to the availability of an appropriate
power source. The instrument was operated at various locations around the steel
plant of Bremen (see Figure 4.3). In addition to the spectrometer, the measurement
setup comprises a laptop for spectrometer operation and data storage, as well as a
pressure sensor (Vaisala PTB 330) connected to another laptop. All equipment is
stored within a metal transport box, which can be transported by car to the des-
ignated measurement stations. At the station, the spectrometer is placed on top
of the transport box in order to ensure a stable and secure footing. Furthermore,
a reflective covering is employed to prevent the instrument from overheating. The
requisite power is supplied by a portable power station (Jackery Explorer 2000 Pro).
The battery capacity of 2160 Wh enables the device to operate for over ten hours.
Furthermore, the operational time can be extended through the utilisation of an
additional solar panel (Jackery SolarSaga 200), which generates a surplus of power
in excess of that required by the setup. The complete configuration can be seen in
Figure 4.2a.

Measurements do not have to be taken at a fixed location; they can also be con-
ducted from a vehicle. In this case, the tailgate of the vehicle must be sufficiently
large to allow sunlight to reach the sun tracker and the air conditioning must be
operational to ensure that the equipment is adequately cooled. An example of this
configuration can be seen in Figures 4.2b and 4.2c.

Figure 4.2: Different measurement site configurations as an example for mea-
surements at a fixed measurement station (a) or mobile measurements were the
EM27/SUN is placed in the trunk of the car (b) connected to the laptop and power
supply on the backseats of the car (c).
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4.3 Determining the XCO/XCO- Ratio in Steel
Plant Emissions

This section presents a variety of approaches for quantifying the emission ratio
R [%] = XCO [ppm] / XCO, [ppm] of the steel production site in Bremen. Method
1 presents a theoretical framework for measuring emissions from a production site
stack in the immediate vicinity, whereas Methods 2 and 3 have been applied to
EM27/SUN data collected at greater distance of the steel plant. The results are
presented in this section. Field measurements have been conducted between the
14th May and 31st July 2024 at different locations around the steel plant, denoted
by Station 1 to Station 9. They are shown in Figure 4.3 together with the locations
of the three steel plant emission stacks (red) and the two power plant stacks (green).
Some station setups are depicted in Section A.1. The location coordinates and the
date of the measurement are collected in table A.1.

.' _‘Sfatpn 1
7

[}
Bz

Stali‘qn 4

il
; Station 9
Station 8 ‘ =
LR ‘

Figure 4.3: Map of the 9 different measurement locations (yellow), the three steel
plant stacks (red), including the two blast furnaces (1 and 2), and the stacks of the
two neighbouring power plants.

4.3.1 Method 1: Stack Tip Measurements

This method exploits the fact that the EM27/SUN measures the air column within
the direct path between the Sun and the instrument. This allows the spectrometer
to be configured in a way that it directly measures the air above the stack tip.
Furthermore, the optimal position can be adjusted according to the shadow cast
by the stack itself. In order to plan such a measurement, it is necessary to have
knowledge of the trajectory of the Sun, including the change in azimuth and zenith
angle over time, as well as the height of the stack of interest and the distance
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to it. A number of websites are already available for this purpose (for example
Hoffman 2024). A preliminary measurement for the setup of such an experiment
was conducted on 29th July 2024 at the former SWB power plant stack. Figure 4.4
shows the website interface for this specific day including the sun position and the
expected shadow of the stack and the chosen measurement location.

Figure 4.4: Representation of the sun trajectory (yellow line) and the expected
shadow of the SWB stack (black line) as shown on the website by Hoffman 2024 on
29th July 2024 at 4.30 pm. The measurement location was chosen according to the
shadow position.

Figure 4.5: Sun tracker of the EM27/SUN facing the sun above the SWB stack at
3.40 pm, 4.30 pm and 5.15 pm.
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The day was selected based on the favourable meteorological conditions, namely
a clear sky and minimal wind activity. These conditions permit the accumulation
of the plume above the stack tip, thereby facilitating the measurements. The stack
was selected as it was of an appropriate height and easily accessible, allowing for
the measurement according to the shadow. Figure 4.5 illustrates the trajectory of
the Sun as it crosses the stack tip.

It is not possible to present emission measurements, given that the power plant
is no longer in use and no gases are emitted from the stack. Unfortunately, this
method has not yet been applicable to the steel plant in Bremen, due to the un-
availability of access to the production site. Consequently, alternative methods must
be developed that can be applied from greater distances.

4.3.2 Method 2: Ratio Estimation from Absolute Emission
Values

In order to measure the emissions of the steel production site from a greater distance,
it is necessary to target the transported emission gases, i.e. the emission plume, with
the EM27/SUN spectrometer. In order to accurately quantify the plume, it is es-
sential to position the spectrometer in a downwind location relative to the stacks.
This requires a certain degree of accuracy in regard to the knowledge of the wind
direction. Given the unavailability of current wind data at a sufficiently fine scale
around the measurement area, the orientation of active wind turbines was employed
as an indicator. The high number of turbines in the vicinity of the steel plant per-
mitted an estimation of the wind direction with a sufficient degree of certainty for
locating the dispersed plume at a greater distance.

All measurement stations (see Figure 4.3 and Table A.1) were selected to be in the
estimated downwind direction of the steel plant. However, the plume did not always
cross the measured air column resulting in no recorded emission peaks at Stations
4 and 7 (see Figures 4.7, A.5). Furthermore, the presence of an excessive number of
clouds resulted in the data quality at Station 6 being inadequate (see Figure A.4).
Additionally, a modification to the setup at Station 3 rendered the data unsuitable
for analysis with PROFFAST. Consequently, the following described methods are
applied solely to data collected at Stations 1, 2, 5, 8 and 9. The data are analysed
with PROFFAST and corrected in accordance with the BCF.

The collected data for XCO and XCO, abundances from the EM27/SUN at the
stations and from the 125HR at the university are presented in Figures 4.6 to 4.8.
The measurements were conducted at different times of day, defined by the weather
conditions. Instead of a constantly increased gas abundance corresponding to the
emission plume, emission peaks can be observed. However, the data from Stations
1, 2, 5, 8 and 9 indicate an increase in XCO and XCO, gas abundances at the mea-
surement stations in comparison to the 125HR. The XCO, peaks exhibit an increase
of up to 3ppm for Stations 1, 2 and 5 and up to 5ppm for Stations 8 and 9. The
peaks in XCO exceed an 50 ppb increase at Stations 1, 2 and 5 with respect to the
125HR records and 100 ppb at Stations 8 and 9. The data from Station 4 do not
show a notable difference compared to the 125HR data.
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Figure 4.6: Corrected abundances for a) XCO, and b) XCO abundances collected
with the EM 27/SUN SN82 at Stations 1 and 2 (orange/black) in comparison to
data collected by the IFS 125HR (blue/red) and the fitted background (yellow).
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Figure 4.7: Corrected XCO, (a) and XCO (b) abundances collected with the
EM27/SUN SN82 at Stations 4 and 5 (orange/black) in comparison to data col-
lected by the IFS 125HR (blue/red) and the fitted background (yellow).
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Figure 4.8: Corrected XCOy (a) and XCO (b) abundances collected with the
EM27/SUN SN82 at Stations 8 and 9 (orange/black) in comparison to data col-
lected by the IFS 125HR (blue/red) and the fitted background (yellow).

In order to obtain a quantitative measure of the absolute emissions from the
steel production site, it is necessary to subtract a background value from the XGas
values measured at the stations. This was conducted on the assumption that the
background is represented by the measurements taken with the IFS 125HR spec-
trometer at the NW1 building of the University of Bremen. The location is suffi-
ciently close to permit this approximation, situated to the east-southeast of the steel
plant. Consequently, it is not in the downwind direction of the production stacks
on the days of interest and is therefore not influenced by their emissions. Further-
more, an examination of data from Station 4, which was not affected by the emission
plume, corroborates the validity of this assumption, because the gas abundances for
both XCO, and XCO are nearly identical between the SN82 at the steel plant and
the 125HR at the NW1. To allow for a meaningful comparison of the results, the
125HR was operated in a configuration identical to the EM27/SUN (averaging 10
double-sided interferograms collected with a spectral resolution of 0.5 cm™!) and the
obtained interferograms were analysed with the PROFFAST software.

The background is calculated by a linear fit of the 125HR data and then subtracted
from the SN82 data to determine the XGas abundances of the emissions. The ratio
can then be determined by R = XCO,pmission/XCO2 emission- The error is obtained
through Gaussian error propagation, as outlined in Section A.6. The calculated ratio
is expressed as a percentage and illustrated in Figure 4.9. It exhibits a range of 0%
to 5.42 %, with an overall mean value and standard deviation of R = 1.31 + 0.91 %.
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The observation of emission peaks highlights the rapid alteration in the plume trajec-
tory, whereby it repeatedly intersects with the monitored air column. Consequently,
there are also periods during which no plume is measured, resulting in XCO, and
XCO values reaching the background level. An XCO, abundance at background
level gives rise to high ratios with large errors. An XCO abundance approaching the
background level results in ratios approaching zero. Although these values indicate
a small error, they are meaningless in that no emission is actually measured. The
small error is simply the result of the multiplication with the near-zero ratio itself
within the error calculation (refer to Section A.6).

Therefore, it is more accurate to exclude XGas abundances close to the background
level before calculating the ratio. The selected criteria are that the difference be-
tween the station value and the background value must exceed 0.5 ppm for XCOq
and 5 ppb for XCO. This results in a revised mean ratio of R = 1.46 4 0.86 %. This
threshold appears to be the minimum appropriate for the data from Stations 1 and
2. For Stations 8 and 9, a filter threshold of 10 ppb appears to be more accurate for
XCO to exclude all plateaus between the emission peaks. This may be attributed
to the shorter distance of the stations to the steel plant, which allows for the accu-
mulation of CO around this area - irrespective of the plume direction - increasing
the background level. The aforementioned threshold adjustment for Stations 8 and
9 yields in a mean ratio of R = 1.54 & 0.85 %. This represents the best estimate. If
the threshold for XCO is set to 10 ppb for all stations, the mean ratio is found to
be R = 1.62 + 0.85 %.

This method is based on the assumption that the background at the steel plant
is identical to the gas abundances measured by the 125HR. Furthermore, the plots
demonstrate that peaks in XCO, are not consistently accompanied by an XCO in-
crease at the same time step, and vice versa. CQOs emission peaks, which are not
accompanied by an CO increase, likely correspond to a measurement of other COq
emission sources or a not consistent mixing of the plumes of the different stacks of
the steel production site. In order to reduce the dependency on the background
and, consequently, the dependency on the accuracy of the BCF, and to attempt
the disentanglement of different emission sources, a third method is developed and
presented in the following section.
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Figure 4.9: Calculated XCO/XCO, ratios by absolute emission abundances mea-
sured at a) Stations 1 and 2, b) Station 5 and c¢) Stations 8 and 9. Ratios calculated
from XCOs not larger than 0.5 ppm and XCO not larger than 10 ppm with respect
to the background are indicated in grey colour.
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4.3.3 Method 3: Ratio Estimation from Differential Emis-
sion Values

A first analysis of the recorded data revealed some challenges in precisely deter-
mining the XCO/XCO, emission ratio for the steel production site from a greater
distance. It became evident that a number of factors preclude the possibility of
maintaining a constant measurement of the emission plume. The frequently chang-
ing wind directions, atmospheric features such as the upwind over the river Weser
adjacent to the steel production site, other potential emission sources, and the com-
plex viewing geometry lead to the result that the plume is frequently changing
between being inside and outside the measured air column. However, this should
be leveraged as an opportunity to ascertain the ratio of the emissions. It can be
assumed that the steel production site is the primary source of CO and CO in
the area such that peaks observed in both gas abundances can be accounted to it.
Thus, an increase in XCOy accompanied by an increase in XCO indicates that the
plume is traversing the measurement column. Instead of using the absolute emission
values in relation to a background, the differences in XCO and XCO, between two
time steps within an aforementioned emission peak provide the amount of CO and
COy contributed by the steel production site. It is therefore possible to use these
differences to determine the ratio.

Field measurements 14th May 2024
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Figure 4.10: Recorded XCO (black) and XCO; (orange) abundances at Stations 1
and 2. XCO increases exceeding 6 ppbmin~! are highlighted in red, as well as the
corresponding change in XCO, in black.
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In order to avoid the consideration of differences that are only caused by noise and
measurement uncertainty, a threshold is introduced for filtering the data. Moreover,
the relative error in the ratio decreases with an increase in the difference between
two measured abundances. Filters are chosen according to different assumptions.

A first assumption is that the steel production site is the primary emission source
for CO in the measurement area. The recorded data can thus be filtered for time
intervals showing a notable increase in XCO. The threshold is set to be 10 ppb be-
tween two measurements, each averaging 10 interferograms (=~ 6 ppbmin=!). This
criterion was applied to the data set and is shown for the data from Stations 1
and 2 in Figure 4.10 as a representative example. It can be observed that not ev-
ery increase in CO is accompanied by an increase in CO,. The measurement is
more sensitive to changes in CO as the emissions are larger in relation to the low
background. Therefore, when the plume is measured, it is observed as plateaus of
increased abundance in XCO,, while the CO recording shows a series of abundance
peaks. As a result, the ratio calculation for the data filtered in accordance with this
assumption is highly variable and imprecise, as illustrated in Figure 4.11. The ratio
for individual time steps varies between -69.23 % and 717.97 %.
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Figure 4.11: Ratios calculated for all stations under the criterion of filtering for

increases in XCO exceeding a change of 6 ppbmin~!.

The steel production site is an emitter of both CO and CO,; thus, a second
assumption can be made, namely that an increase in XCO, must be observed. In this
way, only the initial moment when the plume moves into the measured air column
is considered. The threshold for CO, is set at 0.5 ppm between two measurements,
each averaging 10 interferograms (=~ 0.3 ppmmin~—!). The additional application of
this criterion results in a more consistent calculation of the ratio, as illustrated in
Figure 4.12. The drawback of this data filtering method is that the number of data
points used for the ratio calculation is significantly reduced. Not only increases in
the XGas abundances can be considered but also decreases, which occur when the
plume is moving out of the measured air column. This is represented in Figure 4.13
for the data of Stations 1 and 2. This third assumption can therefore be additionally
used to quantify the emission ratio of the steel production site while simultaneously
increasing the number of data points. The ratios filtered by these three assumptions
exhibit a markedly reduced degree of variation in comparison to the unfiltered data.
Additionally, the number of data points is increased (compare Figure 4.14 and 4.12).
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The plotted ratio in Figure 4.14 shows different behaviour for the different sta-
tions. While a low variation and a smaller mean are observed in the data from
Stations 1, 2 and 5, the data indicate a larger spread and higher mean at Stations
8 and 9. This can be attributed to a number of factors. One contributing factor
is the distance between the measurement station and the steel plant. The steel
production site comprises multiple emission stacks, which are likely to emit with
different XCO/XCO, ratios. A more detailed examination of the emissions from
the nearby Stations 8 and 9 (see Figure 4.8) indicates a shift in emission peaks for
XCO and XCO,, which could be attributed to the fact that the plumes of the dif-
ferent stacks are still distinguishable and do not traverse the monitored air column
simultaneously. Contrarily, the emissions at the more distant stations are presum-
ably well-mixed. This effect is strengthened by the viewing geometry: The emission
stacks of the steel production site are oriented along a direction that is nearly par-
allel to the line of sight to the more distant stations. Stations 1, 2 and 5 are located
north-west of the steel production site, and measurements were taken at noon when
wind from the south-east was mixing the individual plumes immediately after the
exhaust. The locations of Stations 8 and 9 are to the south-east of the steel plant.
The measurements at these stations were conducted in the late afternoon, with the
Sun in the north-west. In order for the plume to traverse the measured air column,
the wind was blowing from the north-east, perpendicular to the orientation line of
the emission stacks. As a result, the individual plumes were not mixed immediately.
However, this also means that the purely CO, power plant emissions are not al-
ways measured together with the steel plant emissions, leading to higher measured
CO/COq ratios which might be attributed to the steel plant emission ratio. Further-
more, the smaller the distance to the emission source, the narrower is the plume.
As a result, it can be difficult to monitor the traversing plume at a near station
with the necessary temporal resolution. This challenge was tackled by decreasing
the number of averaged interferograms per measurement from 10 at Station 1 and 2,
to 6 at Stations 5 and 8, down to 4 at Station 9. But clearly the XGas abundances
are still rapidly changing in the data of Station 9.

These factors lead to the conclusion that two cases have to be distinguished: The
measurements obtained from Stations 1, 2 and 5 give more consistent results for a
steel production site emission ratio. The measurements obtained from Stations 8
and 9 are highly variable but might indicate results closer to the steel plant emis-
sion ratio. The mean XCO/XCO, emission ratio derived for Stations 1, 2 and 5 is
found to be R = 1.58 +0.36 %, which is in good agreement with the result obtained
using Method 2, with an improved standard deviation. This shows the good consis-
tency between Method 2 and Method 3 for the calculation of the steel production
site emission ratio for these stations. The mean XCO/XCO, emission ratio derived
with Method 3 for Stations 8 and 9 is found to be R = 5.29 & 5.14 %.

The drawback of Method 3 is that the choice of the XGas thresholds influences
the ratio. In order to evaluate this influence, the production site emission ratio was
calculated for Stations 1, 2 and 5 with varying thresholds defining the minimum
change in XGas abundances considered for the ratio calculation. With the help of
the number of data points and the variance of the calculated mean ratio (see Figure
A7), a quality metric was derived.
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The ratios shown in Figure 4.15 are colored according to the quality metric. The
lighter the color the more accurate the ratio. The data point count is decreasing
from the plot origin towards the upper right corner where the thresholds are set
higher, exceeded by less XGas abundance differences (see Figure A.7a). The vari-
ance does not show such a clear pattern. It is very high for low thresholds as the
ratio from small differences is highly influenced by measurement noise (see Figure

ATh).

It can be observed that the thresholds of 10 ppb for XCO and 0.5 ppm for XCO, were
well chosen, representing an accurate estimate of the XCO/XCO, ratio. The plot
suggests that the precision is improved by lowering the XCO threshold as the num-
ber of data points increases without increasing the variance. This should be treated
with care, as lowering the threshold only for the numerator of the ratio includes more
ratios close to zero. These values might not reflect the true ratio but also do not
increase the variance significantly. However, the data leads to the conclusion that
production site ratios with a low variance lie all within the interval of 1.02 to 2.05 %.

The emission ratio obtained by the EM27/SUN measurements (R = 1.54 & 0.85%
with Method 2 and R = 1.58 £ 0.36 % with Method 3 for Stations 1, 2 and 5) can
be interpreted as the ratio characterising the emission of the entire steel production
site. It is in agreement with the steel production site emission ratio calculated by
the values of the thru.de portal of 1.49 %. In order to allow for a comparison with
the steel plant emission ratio for the specific steel plant of 6.28 £ 4.09% and the
overall sector-specific 5.09% (4.27% - 6.11%, 1o) as determined by satellite-based
measurements (Schneising et al. 2024), the theoretical steel plant emission ratio
from the measurements can be calculated. Under the assumption that the relative
ratio of the the CO, emissions of the power plant and the steel plant as given in
the thru.de portal is correct, the steel plant emission ratio can be estimated. There-
fore, the whole amount of the measured CO is attributed to the steel plant and the
steel plant emission ratio is calculated according to the theoretical CO, fraction ac-
counted to the steel plant. This results for Method 2 in a revised CO/CO, emission
ratio of 3.46 + 0.85 %, which is still markedly lower than the ratio determined by
Schneising et al. 2024 but in good agreement with the theoretical value from the
thru.de portal of 3.33 %. An illustrative comparison is given in Table 5.1.

Further reasons for this difference have yet to be investigated but possible factors
shall be discussed here. Firstly, the study based on satellite measurements did not
measure the COy emissions directly but relied on emission data from the EU ETS.
The higher ratio could be the result of an underestimation of the CO, emission.
Next, further measurements must be conducted at sites in diverse directions and
at varying distances from the steel production site in order to assess how well the
individual plumes are mixed. Finally, it has yet to be established whether the steel
plant operates using a consistent production process or alternates between different
production steps, which could result in fluctuations in the CO/CO; emission ratio.
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4.3.4 Lagrangian Transport Model

Lagrangian transport forward models can be used for the simulation of emission
plumes and the determination of their properties. The trajectories of particles emit-
ted by a source are calculated by utilising meteorological data ficlds as described
in Section 2.6. A model run was conducted to simulate the emissions of the steel
production site on 14th May 2024, when EM27/SUN measurements were taken at
Stations 1 and 2. Given that the trace gases of interest are CO and CO, and that the
plume is measured in cloud-free conditions, both precipitation and radioactive decay
can be considered to have no influence on the simulation. The detailed configuration
of the FLEXPART model can be found in Section B.0.3. Model and meteorological
data were provided by Dr. Poulidis from the LAMOS group of the ITUP Bremen.

The emissions are simulated from a point source located at the largest stack of
the steel plant, situated at 53.125°N and 8.688 °E, and 125 m in height. Assuming a
stack exhaust diameter of 3 m, the plume rise above the tip, resulting from the typi-
cal exhaust velocity of 15m/s, is approximately 5m (ASHRAE 1996). Accordingly,
the particle release is set at the line from 125 to 130m above the stack. It is as-
sumed that the emission occurs at a constant rate between 1a. m. and 10 p. m., with
a total of 100000 particles emitted, having a total mass of 5.5 * 10° kg. This is an
arbitrary number as default value that can be scaled according to the measurements.

The data product contains concentrations in mass per volume, recorded at 10-minute
intervals on a pre-defined output grid. The grid encompasses a rectangular area
surrounding the steel production site, extending from 53.11 °N, 8.59 °E to 51.185°N,
8.715°E. The grid cell size is 0.0025°N x 0.0025 °E. The altitude dimension com-
prises 77 layers, extending from ground level to an altitude of 20000m. The layer
thickness increases with altitude, allowing for higher resolution at the emission level.

Figure 4.16 illustrates the result of the emission plume simulation. It shows the
concentration of the plume as a mass per unit area integrated over the vertical
columns. The plot demonstrates that the wind direction and therefore the plume
trajectory direction remained relatively constant throughout the day under study.
In contrast, the shape of the plume, especially its width, undergoes a change over
the course of the day. Prior to sunrise and following sunset, the plume is observed to
be narrower than during the diurnal period. This is attributed to the smaller mixing
during the nocturnal hours. The variation during the daytime, and therefore during
the measurements with the EM27/SUN, is considerably smaller (see Figure B.4 for
further details). As illustrated in the subplot at 12:10 a. m., the simulation indicates
that the plume traversed both measurement stations.

An additional dimension of interest is the height of the plume. Figure 4.17 illus-
trates the development of the plume height over a day. It can be observed that the
plume reaches the ground in the immediate vicinity of the stack during the daytime
due to the presence of high vertical mixing. In contrast, minimal vertical mixing
occurs during nocturnal hours, resulting in a plume that concentrates within a spe-
cific height layer (see Figures B.7 and B.8). It should be noted that FLEXPART
approximates the nocturnal boundary layer as completely stable, which raises the
question of how large the actual diffusivity is during the night.
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Figure 4.16: Plume shape and trajectory simulated with FLEXPART for 14th May
2024. The illustrated concentration [mass/area] is given on a logl0 scale. The
subplot at 12:10 includes marks for the measurement Stations 1 and 2.
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This understanding of the plume characteristics may facilitate the deployment
of additional measurement methodologies, such as in-situ observations in the vicin-
ity of the steel plant during daytime hours or tall tower measurements at greater
distances during nocturnal hours.

Moreover, the simulation can be combined with the EM27/SUN measurements,
thereby enabling an estimation of the steel production site emissions. By focusing
on the time intervals of the measurements and the location of the measurement sites
(see Figures B.4 to B.6), it can be seen that the plume crossed the slant column
measured by the EM27/SUN. In order to calculate the simulated concentration that
would have been observed by the EM27/SUN at Station 1 during the measurement
period on 14 May, the grid boxes of the model output containing concentration data
are aggregated over the column of interest. To this end, the vector between the lo-
cation of measurement Station 1 and the current position of the Sun is determined
for each simulated time step. Next, the aforementioned path is divided into discrete
segments of 0.5m. The path length is multiplied by the corresponding concentra-
tion (mass x volume), as provided by the simulation for the grid box containing the
specified length step. The overall concentration in units of mass per area is obtained
by summing up the contributions of each step. The result of the calculation is then
compared to the XCO abundance measured by the EM27/SUN at Station 1 at the
same measurement time, as illustrated in Figure 4.18.

Measurement and Simulation 14th May
6E+08 115
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Figure 4.18: Comparison of the XCO concentration measured by the EM27/SUN
(orange) and the simulated column load due to the steel plant emissions for the slant
column (blue) for Station 1.

The plot demonstrates a distinct discrepancy between the simulated column
concentration and the measured gas abundance. While both values exhibit a com-
parable decline over the initial 40 minutes, the measured XCO records a pronounced
emission peak that is not evident in the simulation. Subsequently, both variables
demonstrate an increase, which is then followed by a pronounced decline in the
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measured XCO, a phenomenon not observed in the simulated concentration. This
result suggests that the simulation may be employed to estimate the emissions from
the steel production site for a slowly varying plume, but is less effective at tracking
rapid changes, which are likely to be caused by quickly changing wind patterns of
short duration.

The following section investigates whether a mass balance approach can provide
a first estimation of the total emissions from the steel production site. In this con-
text, a mass balance approach means to attribute the total measured gas enhance-
ment to the plume as simulated with the model. A scaling of the simulated column
such that it matches the measurement leads to an estimate of the total emissions.
The measured emission signal is obtained by subtracting the measured number of
CO molecules in the background (125HR) from the calibrated station measurement
(EM27/SUN). This value is directly provided by the PROFFAST analysis for the
total column in molecules/m?. Tt is then multiplied by the molecular weight of CO
meo = 4.65 x 1072 g to yield a mass per unit area. As the total emitted mass
for the simulation was kept at the default value of 5.5 * 10°kg, it is necessary to
scale the simulated values to match the measured values. The mean scaling factor
is found to be 2.40 x 107° £ 0.53 % 1075, The scaled simulated concentration and the
calculated measured concentration are shown in Figure 4.19. It is evident that the
measured data exhibits a greater degree of variability due to the temporal sensitiv-
ity to wind gusts. The overall mean appears to exhibit a similar slope. If the total
emission mass is scaled in accordance with the aforementioned factor, it corresponds
t0 6.29 + 1.39t/h of CO emissions and accordingly 55.06 4 12.16 kt /yr. This result
appears to be reasonable when compared to the values found by Schneising et al.
2024 of 92 + 59kt/yr and the CO emission estimate of 71.9kt/yr of the thru.de
portal (Umweltbundesamt 2022).
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Figure 4.19: Comparison of the XCO concentration measured by the EM27/SUN
(orange) at Station 1 and the corresponding simulated column load due to the steel
plant emissions for the slant column (blue) scaled for a best fit.
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This shows that the CO emissions yielded by this straightforward mass bal-
ance methodology are in line with the other emission estimates, suggesting that
this approach can be utilized to ascertain the overall emissions from a strong point
source. The accuracy can be significantly enhanced by incorporating multiple fac-
tors: While the XCO BCF was used to correct the number of CO particles measured
by the EM27/SUN, a BCF specifically for the CO particles ought to be established.
A more robust result can be obtained by considering the averaging kernel of the
FTIR spectrometer and simulating a measurement that corresponds to the emissions
modeled by FLEXPART. This was not yet implemented as the accurate averaging
kernel could not yet be accessed. For the height of the plume, the averaging kernel is
slightly smaller than 1 and the application would lead to a larger emission estimate.
Additionally, the simulation itself can be optimized by combining the FLEXPART
model with the numerical Weather Research and Forecasting (WRF') model, thereby
increasing the resolution of the meteorological data, which plays a pivotal role in
small-scale simulations of single point sources.

Nevertheless, applying the same approach to the measured CO, emissions and
scaling the simulated column load accordingly results in an emission estimate of
2.36 +0.52kt/h and, hence, 20.6 & 4.59 Mt /yr. The calculation exceeds thereby the
expected value of 2.3 Mt/yr by one order of magnitude. This emphasises again that
the CO4 emissions from the power plant and from the steel plant are still distinguish-
able. The CO emissions can be nicely simulated by a single emission source because
it is only emitted by the steel plant. In order to obtained an estimate of the COa,
at least two emission sources have to be simulated, an additional one for the power
plant. Moreover, the mass balance approach can be substituted with a backwards
Lagrangian inverse modelling approach that employs a priori emission maps. In
conjunction with more measurement points in vicinity of the steel production site,
sampling different parts of the plume, this approach appears to hold considerable
promise for future applications of inversions in emission estimation. Nevertheless,
the application of this methodology would extend beyond the scope of this thesis.
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4.3.5 DOAS Measurements

DOAS measurements were conducted at the steel production site on 1st August 2024
and supported by Thomas Visarius and Dr. Kezia Lange of the IUP Bremen DOAS
group. The objective is to ascertain whether DOAS can provide additional value in
emission plume measurements with the EM27/SUN. Moreover, the effectiveness and
complementarity of the two different measurement techniques in various conditions
is analysed. The configuration of the instruments is demonstrated in Figure 4.20.

Figure 4.20: Mobile measurements were conducted by car with simultaneous em-
ployment of a DOAS instrument and an EM27/SUN spectrometer. a) The car and
the two sensors of the DOAS instrument (red cirlce, vertically upwards) and the
EM27/SUN (red arrow, directed towards the Sun). b) Configuration inside the car
showing the Laptop of the EM27/SUN and the DOAS unit.

Initially, car DOAS measurements with an average speed of 30 km/h were con-
ducted along roads perpendicular to the expected wind direction (hence, direction
of the plume movement) at various distances from the emission source. The wind,
blowing from the north-northeast, carried the plume toward the south-southwest,
which was ideal as the roads lead from west to east. This initial phase involved
recording data along these transects to establish the presence and spread of the
emission plume. Two of such transects are shown in Figure 4.21.

The findings confirm that the plume could be effectively detected and significant
conversion of emitted nitrogen oxide (NO) to NOy took already place. The in-
creasing spread of the plume can be observed by comparing the transect taken at
a distance of approximately 900 m to the emission stack in Figure 4.21a with the
cross-section recorded at a distance of approximately 1400 m in Figure 4.21b. The
plume cross-section increases from approximately 400m to 1000 m. Moreover, the
higher column loads of NOy observed at the greater distance can be attributed to
either an ongoing conversion of NO to NOy or varying NO, emissions. A more
detailed analysis of these properties would be possible if both measurements were
collected within a shorter time interval. In fact, consecutive measurement drives
were conducted at four different distances within 20 minutes. However, the GPS
recording was interrupted, preventing the retrieval of meaningful data.
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Figure 4.21: Two plume cross-sections indicated by NOy measurements with the
DOAS instrument in different distances from the steel plant. (provided by Dr. Lange)

Next, subsequent simultaneous DOAS and EM27/SUN measurements were car-
ried out in two different distances from the source. For these measurements, sta-
tionary observations were made every 50 to 100 meters within the expected plume
area, with each station being observed for approximately five minutes. A total of 16
stops were used: Stops 1 to 10 were measured between 10:30 and 12:00 local time at
a distance of 900 m from the emission stack, and Stops 11 to 16 were measured from
12:10 to 13:00 at a distance of 1400 m. The EM27/SUN measurements had then to
be stopped due to excessive cloud cover. The locations of the stops are shown on
the map in Figure 4.22.

The XCO4 and XCO abundances measured with the EM27/SUN illustrated in Fig-
ure 4.23 show significant increases due to the steel production site emissions in
comparison to the background measured with the 125HR. Emission peaks leading

to an increase of the column-averaged mole fraction of approximately 7.5 ppm in
XCO4 and 200 ppb in XCO are observed.
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Figure 4.22: Map of the stops for simultaneous measurements of the DOAS and the
EM27/SUN.
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Figure 4.23: Results of the mobile EM27/SUN measurements showing a) the XCO,
abundance and b) the XCO abundance both against the corresponding background
recorded by the 125HR.

The results of the EM27/SUN are compared to the NOy column loads collected
with the DOAS instrument as illustrated in Figure 4.24a for all 16 stops. The
NO, values correspond to a relative difference to background values which were
recorded at the beginning of the measurement near the NW1 building and assumed
to be near-zero. Each series of connected data points corresponds to a specific
measurement stop. The NO, values recorded in the same time intervals as the XCO
fractions are highlighted in green. The diagram reveals an interesting observation:
while there appears to be a potential correlation between the measurements for
Measurement Series 2 (the more distant stops 11 to 16), the emission maxima for
Measurement Series 1 (Stops 1 to 10) are clearly offset. This offset could potentially
be explained by the ”viewing geometry”, a factor that needs careful consideration
when interpreting the data of the two instruments.
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Figure 4.24: a) Results of the simultaneous DOAS and EM27/SUN measurements
showing recorded NOy and XCO values. b) Calculated difference in the viewing
geometry between the target point of the DOAS instrument and the EM27/SUN for
a height of 130m (average plume height).
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In order to provide a clearer understanding of the viewing geometry, calculations
were made based on the solar position angles (see Figure 4.24b). These calculations
determined the specific point at a height of 130 m (the average plume height ac-
cording to modeling) that is observed from the EM27/SUN spectrometer in relation
to the DOAS measurement point vertically above the measurement stop. Given
the north-south movement of the plume, the difference in the east-west direction
is particularly important. According to the calculation, at Stop 1 the EM27/SUN
targeted a point that was shifted by about 130 m along the plume cross-section; a
significant shift compared to the whole plume width of 400 m. As the Sun moved
from east to south throughout the day, this distance gradually decreased. However,
the north-south shift along the plume’s movement direction also needs to be consid-
ered, as the plume broadens with increasing distance from the source.

Taking the viewing geometry into account allows for a more refined comparison
by shifting the EM27/SUN measurements along the viewing direction (which aligns
with the driving direction). This adjustment would bring the two emission maxima
measured in NO, and XCO for Measurement Series 1 closer together. A shift of
approximately 130 m, which corresponds to the distance between two stations for
Measurement Series 1, would improve the correlation between the measurements.
In contrast, such a shift would degrade the correlation for Measurement Series 2.
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However, the influence on Measurement Series 2 is significantly smaller since it was
conducted at a greater distance and later point in time and therefore in a wider
plume and smaller solar azimuth angle.

A bold assumption underlying this analysis is that the plume remains relatively
stationary. This assumption could be validated with further plume modeling. Wind
data, which is available in about two months after the measurement, could provide
additional confirmation. While stationary measurements already show the tempo-
ral fluctuation of the plume, it has to be noted that the distance between the NO,
minima at Stations 2 and 10 is approximately 400 meters, consistent with the plume
width observed in the transect measurement. Similarly, the distance between CO
minima at Stations 1 and 8 is around 420 meters, which is measured farther to
the south (due to the viewing geometry). This suggests an relative stability of the
time-averaged plume direction.

The findings highlight several important conclusions: (1) The use of DOAS measure-
ments to detect emission plumes has been demonstrated to be an effective method;
(2) the width of plumes can be accurately measured using DOAS at varying dis-
tances, thus providing a means of validating plume models; (3) the ability to calcu-
late the viewing geometry prior to measurements being taken allows for the optimi-
sation of the positioning of the EM27/SUN instrument; and (4) segmented measure-
ments with the EM27/SUN can be challenging due to the long measurement time
relative to plume movement. This indicates that stationary EM27/SUN measure-
ments under conditions where the plume traverses the measurement column may
prove more effective. Simultaneous DOAS transects can also record the plume be-
haviour. These findings highlight the additional value of DOAS measurements in
achieving accurate and meaningful emission estimates.

Future measurements should also include SO, analysis as this might help to dis-
entangle the plumes of the power plant and the steel plant. While NO, emissions
are only attributed to the steel plant, SO, emissions are attributed to both facilities
(Umweltbundesamt 2022).
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Chapter 5

Conclusion and Outlook

The primary objective of this thesis was to examine and quantify GHG emissions,
particularly CO and CO, and their emission ratio, from the steel production site in
Bremen. This was achieved through the utilisation of advanced measurement and
modelling techniques. By employing the EM27/SUN spectrometer, the IFS 125HR
spectrometer, a DOAS instrument, and Lagrangian transport models, this study
developed a comprehensive methodology for the assessment of emissions from large
emission sources and their spatial distribution. The findings of this study provide
valuable insights into atmospheric GHG monitoring of single, large emitters.

The first key conclusion is the validation of the EM27/SUN spectrometer as a reli-
able tool for measuring GHG emissions from stationary and mobile platforms. The
stability of the device was demonstrated through the continuous performance of
side-by-side measurements. The intercalibration of the EM27/SUN SN82 with the
IFS 125HR at the University of Bremen indicates a reliable comparison for XCOq
and XCH,; measurements by introducing a constant bias compensation factor of
0.9988 + 0.0003 and 0.9998 £ 0.0006, respectively. It must be noted that the inter-
calibration of XCO is of greater concern due to the larger variation observed in the
corresponding BCF (0.9974 to 1.0273) on individual days.

The study focused on estimating the XCO/XCO, ratio in emissions from the Bremen
steel production site. As access was restricted, the emission plume was measured at
various locations at varying distances from the emission stacks. It became evident
that the reliability of the measurements heavily depends on accurate knowledge of
the wind direction, ensuring that the spectrometer is positioned within the plume’s
trajectory. Additionally, the measurements at more distant stations provided a more
consistent representation of the emissions, as the highly variable and narrow plume
was challenging to be resolved by the EM27/SUN at nearby sites. Although these
measurements resulted in a reproducible CO/CO; ratio, this has to be understood
as the emission ratio of the entire industrial facility for steel production, including
the steel plant and the two associated power plants, rather than a sector-specific
steel plant emission ratio.

The steel production site emission ratio obtained by calculating the absolute emis-

sion signals was found to be R = 1.54 £ 0.85%. The absolute emissions were
obtained by subtracting the background levels measured by the 125HR from the
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collected EM27/SUN data. This methodology is based on the assumption that
the 125HR accurately reflects the background level at the steel plant. This de-
pendency was mitigated by calculating the ratio exclusively from the EM27/SUN
recordings, by considering the alterations in gas abundances introduced by selected
emission peaks in both CO and COs. The best estimate of the ratio was found to be
R =1.58 4 0.36 %. This result is in accordance with the previously obtained value
and with the steel production site emission ratio of 1.49% as calculated with the
data of the thru.de portal. The comparison to the steel plant ratio of 5.09 & 0.89 %
calculated based on satellite measurements of CO was attempted by considering the
theoretical fraction of COy contributions solely from the steel plant. The revised
steel plant emission ratio from the EM27/SUN measurements of 3.46 £0.85 % is still
markedly lower. The discrepancy between the satellite-based measurements and the
EM27/SUN recordings can be attributed to a number of potential causes, the precise
nature of which requires further investigation.

Table 5.1: CO/CO;, emission ratios and total CO emissions of the steel plant in
Bremen. Comparable values are given in Schneising et al. 2024 and the thru.de
portal (Umweltbundesamt 2022).

*no error estimates provided

Quantity This thesis Schneising et al. | thru.de
Steel plant
CO/CO, ratio [%]
Steel production site | Met. 2: 1.54 £ 0.85 i 1.49%
CO/COq ratio [%] | Met. 3: 1.58 +0.36 ’
CO emissions [kt/yr] 55.06 + 12.16 92 + 59 71.9*

3.46 + 0.85 5.09 £0.89 3.33*

The use of a Lagrangian transport model further refined the analysis by simu-
lating the dispersion of the emission plume. The model facilitated the identification
of the plume’s movement and dilution over time, thereby enhancing the accuracy
of the spectrometer data interpretation. This understanding of the plume charac-
teristics presents potential avenues for future in-situ measurements of the plume.
The high dispersion of the plume during the day makes direct measurements of CO
and CO, near the steel plant a promising future investigation. The use of drones to
collect air samples at the simulated average plume height can serve for verification.
Additionally, the dispersion of the plume in a distinct altitude layer during the night
indicates that the plume might be observable with the Tall Tower in Steinkimmen.

Moreover, a quantitative comparison between the measured and modelled data sug-
gested the possibility of total emission estimations based on a straightforward mass
balance approach. The resulting CO emission estimate is in good agreement with
values obtained in the satellite study and reported in the thru.de portal (refer to
Table 5.1). The same does not hold for the CO; estimate which has to be simulated
by multiple emission sources. Future research should include the use of a more so-
phisticated plume model that utilises meteorological data of higher resolution (for
example, by application of the WRF model) and a priori emission maps in order to
allow for backwards Lagrangian inverse modelling. The application of this method-
ology to additional measurement points in the vicinity of the steel plant, sampling
different parts of the plume, appears to offer considerable promise for the accurate
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estimation of the total steel production site emissions.

DOAS measurements were determined to be an effective measurement technique
for monitoring the plume and its properties in near real-time. Such measurements
can be employed for the purpose of verifying simulations of the plume and sup-
porting EM27/SUN measurements. However, the complex difference in the viewing
geometry of EM27/SUN and DOAS introduces an additional spatial variation to the
temporal variation of the plume, which makes a robust analysis challenging. Future
measurements should rely on a stationary measuring EM27/SUN, whose optimal
location for the plume measurement can be determined by the DOAS instrument,
which can then continuously monitor the behaviour of the plume over time. An
additional analysis of SOs would possibly allow for a disentanglement of the plumes
from the power plant and the steel plant.

In summary, this study identified a number of prospective experiments based on
the presented methodology:

1. Should access to the steel production site be granted, it would be beneficial to
examine the feasibility of Method 1 (stack tip measurements).

2. Further stationary EM27/SUN measurements in different directions and vary-
ing distances from the steel production site are favourable. Such measurements
should be accompanied by a DOAS instrument, which would enable the iden-
tification of the optimal measurement location and facilitate the continuous
monitoring of the emission plume.

3. The modelling approach should be refined by utilising a backwards Lagrangian
inverse modelling approach employing the WRF model and a priori emission
maps.

4. The results of the DOAS measurements can be further employed for the pur-
pose of validating and constraining the plume model. In addition, an analysis
of SO, should be included in order to attempt the disentanglement of the steel
plant and power plant plume.

5. The EM27/SUN measurements could be expanded to other large emitters.

6. In-situ and drone measurements taken near the steel production site during
the daytime could be used to quantify the emission ratio.

7. The potential for quantifying the steel production emissions with the data
from the Tall Tower in Steinkimmen on days with favourable wind direction,
preferably during nighttime, should be investigated.

In conclusion, this thesis presents a comprehensive investigation into the GHG
emissions from the steel production site in Bremen, demonstrating the effectiveness
and substantial potential of combining advanced measurement technologies with
robust modelling techniques. The findings establish a foundation for future studies
and have significant implications for environmental monitoring.
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Appendix A

Measurement Data

A.1 Station Setups

(d) Station 2 (f) Station 7

(g) Station 8 (h) Station 9
o7

Figure A.1: Measurement setup at the different locations.



APPENDIX A. MEASUREMENT DATA

Table A.1: Locations of the 125HR at NW1 and the 9 measurement stations.

Station | Date Latitude [°N] | Longitude [°E]
NW1 - 53.10376 8.84952
1 14.05.2024 53.15600 8.62888
2 14.05.2024 53.14510 8.65964
3 16.07.2024 53.12720 8.71050
4 19.07.2024 53.12400 8.66439
5 19.07.2024 53.16220 8.62199
6 25.07.2024 53.14314 8.69015
7 29.07.2024 53.13935 8.69313
8 31.07.2024 53.11760 8.69540
9 31.07.2024 53.11670 8.7057

A.2 Side-by-side Measurements

XCO2 [ppm]

Side-by-side Measurements 8th May 2024

426

425

424

423

422
09:30

calibration factor: 0,998801

Figure A.2:
EM27/SUN SN82 (grey) and its calibrated values (orange) on a) 8th May 2024,
b) 10th May 2024 and c) 11th May 2024.
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Side-by-side Measurements 10th May 2024
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Side-by-side Measurements 8th May
105

1,011283

Side-by-side Measurements 8th May
105
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o) o)
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Figure A.3: XCO abundances measured by the IFS 125HR (red) and the EM27/SUN
SN82 (grey) and its calibrated values (black) on 8th, 10th and 11th May 2024. The
left panel shows the data calibrated according to the mean bias compensation factor
and the right panel shows the data calibrated with the daily bias compensation

factor.
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A.3 Recorded Data

Field measurement 25th July 2024 Field measurement 25th July 2024
424 108
+SN82 ——
* HR 107 . ?:82
423 106
E A o 105
S 422 H g 104
2 o 103
o 421 Q102
2 . . 101 —
420 ¢ ti ! 100 s B e
Station 6 * 99 Station 6
419 98 aton
08:30 08:40 08:50 09:00 08:30 08:40 08:50 09:00
Local time - Local time
calibr. factor: 0.998801 calibr. factor: 1.011283
(a) (b)

Figure A.4: XCO2 (a) and XCO (b) abundances recorded with the EM 27/SUN
SN82 at Station 6 (orange/black) and the IFS 125HR (blue/red) on 25th July 2024.

Field measurement 29th July 2024 Field measurement 29th July 2024
420,5 --SN82 130 —+-SN82
420,0 t * HR 125 HR
'E 4195 2 12
g g
: 419,0 . N o 115 \,
Qo 3 H < i
O 418,5 Siaitie 110 - *
< Rirnesd
418,0 — 105
417,5 Station 7 100 Station 7
12:30 13:45 15:00 16:15 12:30 13:45 15:00 16:15
Local time Local time -
calibr. factor: 0.998801 calibr. factor: 1.011283
(a) (b)

Figure A.5: XCO2 (a) and XCO (b) abundances recorded with the EM27/ SUN
SN82 at Station 7 (orange/black) and the IFS 125HR (blue/red) on 29th July 2024.

A.4 Error Estimation for Single X(as Measure-
ments

To estimate the accuracy of the measurements with the EM27/SUN SN82 and the
IF'S 125HR spectrometer, the standard deviation was determined. That was done by
isolating data in a time interval with linearly changing gas abundance of data filtered
as described in Section 4.1.1 as shown in Figure A.6. A trend line for the specific
data part was calculated and the difference of the single measurements towards
this trend line. The standard deviation in these differences was determined to give
an estimate of the accuracy in the single XGas measurement. This procedure was
applied to XCO,, XCO and XCHy of both instruments EM27/SUN SN82 and IFS
125HR. They were found to be 0.12ppm, 0.19 ppb and 0.72ppb for XCO,, XCO
and XCHy for the 125HR, respectively, and 0.08 ppm, 0.14 ppb and 0.47 ppb for the
EM27/SUN SN8&2.
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Measurement with SN82 on 11th May 2024
424,6

Measurement with SN82 on 11th May 2024
* SN82

N
N
[}

4245 « Linear fit

——Standard deviation:

424,4

N
N
wv

424,3

424,2

XCO2 [ppm]
XCO2 [ppm]

EN
N
EN

424,1

423
11:00 13:00 15:00 17:00 19:00 21:00 4240
13:30 13:45 14:00 14:15 14:30 14:45

Local time Local time
(a) (b)

Figure A.6: a) Specification of a time interval with linearly changing XGas con-
centration (blue line). b) Determination of the trend line (blue dots) and standard
deviation (green line) of the single measurments (orange dots).

A.5 Error Estimation for the Bias Compensation
Factor

The optimal bias compensation factor Kﬁg}yopt of a day is calculated by minimizing
the residual between the reference data and the calibrated data. The values used
for this procedure are binned average values of single XGas measurements with an
error as described in Section A.4. To determine the error of the binned value, the
standard error s; is calculated for each bin according to the equation:

0;
N

where ¢; is the error of the single measurement, identical for all data points for
the same XGas species and instrument, and n; is the number of recorded values in
bin 1.

(A.1)

S; =

For each bin, a bias compensation factor K Cg}’i can be calculated according to Equa-

T

tion 4.1. Gaussian error propagation for division leads to an uncertainty calculated
by:

9 2
Scal i Sref,i
ok, = I - — = | | == A2
(XGanal> (XGas:ef ) (A-2)
The uncertainty in ngfﬁopt is then approximated by the error in the daily mean
value of all Kﬁg}z according to Gaussian error propagation for addition:

T et
i (A.3)
e
=1 g%{,’

UKopt =

where N is the number of bins per day.
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A.6 Error Estimation for the XCO/XCO, Ratio

Each XGas measurement has an uncertainty oyqqs as described in Section A.4. The
XGas value of the emission are for both methods 1 and 2 obtained by taking the
difference between two XGas values for the same species, XGascmission = XGasy -
XGasy. The corresponding error is then given by Gaussian error propagation for
subtraction:

— 2 2
O X Gas,emission — \/O-XGasJ + (TXGas,Q (A4)

This applies to both species XCOy and XCO. For the calculated ratio

XCOemission

R = _—_—cmssion A5
XCOQemission ( )
the error is given by Gaussian error propagation for division:
0xco ? 0xco ?
X emission X 2,emission
cr=R- | + | == A6
R <XCOemission ) (XCOQ,emission> ( )

For method 1 0 x¢qs,1 is the uncertainty in the measurement with the EM27/SUN
SN82 and oxgas,2 is the uncertainty in the measurement with the IFS 125HR. For
method 2 0xges,1 and o xqs 2 are identical as both values are recorded by the SN82.

The error of the mean ratio is given by its standard deviation.
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A.7 Influence of the Choice of Threshold on Cal-
culating the Mean Ratio by XGas Abundance
Differences
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Figure A.7: a) Number of considered data points for the calculation of the mean
ratio and b) its standard deviation; in dependence on the chosen thresholds for XCO
and XCO,.
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Programming Detalils

B.0.1 FLEXPART Simulation Setup

ion model FLEXPART

Total number of specti

numbers in directory SPECIES

IDATE1L
ITIME1
IDATE2
ITIME2
LONL

ate, YYYYMMDD: year,
in UTC HHMISS: HH hour
IDATEL

Upper height of r 3 3 reference level
Reference level s 1, 3 for pre
! Total m emi ¢ i 3
Total number of particl
omment, written in the outputfile

COMMENT

Figure B.1: FLEXPART Releases File with settings for simulation.

Figure B.2: FLEXPART Outgrid File with settings for simulation.
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Input file for the Lagrangian particle d
select your optic

on model FLEXPART

COMMAND
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IBDATE

IBTIME=
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H
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! Default path

LINTT |
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LINT OND=1 or 2, not with netCDF output
ive ABL, need larg L and IFINE

Figure B.3: FLEXPART Command File with settings for simulation.

65



APPENDIX B. PROGRAMMING DETAILS

B.0.2 Additional Simulation Plots

Local time: 11:10

Local time: 11:20 Local time: 11:30 Local time: 11:4
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Figure B.4: Plume shape and trajectory simulated with FLEXPART for measure-
ment time on 14th May 2024. The illustrated concentration [mass/area] is given on
a log10 scale.
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Local time: 11:10 Local time: 11:20 Local time: 11:30 Local time: 11:40
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Low High
Log10 Concentration [mass/areal

Figure B.5: Plume height at longitude 8.629 °E (Station 1) simulated with FLEX-
PART for the measurement time on 14th May 2024. The illustrated concentration
[mass/area] is given on a logl0 scale. Station 1 is located at 53.156 °N measuring
south-wards.

Local time: 14:30 Local time: 14:40 Local time: 14:50 Local time: 15:00

Height [m]

53.135 53.145 53.125 53.135 53.145 53.125 53.135 53.145 53.125 53.135 53.145
Latitude [°] Latitude [°]

0
53.125

Low High
Log10 Concentration [mass/areal
Figure B.6: Plume height at longitude 8.659 °E (Station 2) simulated with FLEX-
PART for the measurement time on 14th May 2024. The illustrated concentration
[mass/area] is given on a logl0 scale. Station 2 is located at 53.145°N measuring
south-wards.
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Figure B.7: Plume trajectory simulated with FLEXPART for the hours before sun-
rise on 14th May 2024 on larger scale. The illustrated concentration [mass/area] is
given on a logl0 scale.
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Figure B.8: Plume height simulated with FLEXPART for the hours before sunrise
on 14th May 2024 on larger scale. The illustrated concentration [mass/area] is given
on a logl0 scale.

B.0.3 Python Programs

For this thesis, python codes were written for the calculation of the BCF (’calibra-
tion routine.py’), the calculation of the XCO/XCO; ratio (‘ratios all files.py’) and
the calculation of the simulated slant column load (’slant columns all.py’). This
link leads to a GitHub repository containing the used python codes:

https://github.com/lgrosch /Master_Thesis.git
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Acronyms

BCF bias compensation factor. 25-28, 32, 35, 47, 53, 68

CH, methane. 1, 4, 6, 13, 17, 26-28, 53, 60

CO carbon monoxide. iii, 2-4, 13, 17, 22-24, 26-28, 30, 32-43, 45-47, 49-54, 59,
60, 62, 63, 63

CO, carbon dioxide. iii, 1-4, 6, 13, 17, 22-24, 26-28, 30, 32-43, 47, 49, 50, 53, 54,
58, 60, 62, 63, 68

COCCON Collaborative Carbon Column Observing Network. 2

DMF dry-air mole fractions. 2

DOAS Differential Optical Absorption Spectroscopy. iii, v, 21, 22, 24, 48-53, 55
EU ETS European Union Emissions Trading System. 22, 23, 42

FFT Fast Fourier Transform. 12

FLEXPART FLEXible PARTicle dispersion model. 20, 43, 44, 47, 64—68
FTIR Fourier Transform Infrared. 2, 3, 11, 13, 16, 17, 47

FWHM full width at half maximum. 9

GHG greenhouse gas. iii, 1, 3, 6, 7, 18, 22, 23, 53, 55
GOSAT Greenhouse gases Observing SATellite. 1
GPL General Public License. 20

H,O water vapour. 1, 13
HCHO formaldehyde. 22

HITRAN High-resolution Transmission Molecular Absorption Database. 14

ICOS Integrated Carbon Observation System. 1
ILS instrumental line shape. 17, 25

IMK-ASF Institute for Meteorology and Climate Research - Atmospheric Trace
Gases and Remote Sensing. 2
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Acronyms

IR infrared. 7, 14
IRWG Infrared Working Group. 2

LPDM Lagrangian Particle Dispersion Mode. 20
MIR mid-infrared. 2, 13

N2O nitrous oxide. 1, 4, 6, 13

NDACC Network for Detection of Atmospheric Composition Change. 2
NIR near-infrared. 2, 13, 21

NO nitrogen oxide. 48

NO, nitrogen dioxide. 22-24, 48-52

O, oxygen. 13, 17, 19
O3 ozone. 22

OPD optical path difference. 2, 11, 12, 17

ppb parts per billion. 4, 26, 28, 32, 35, 37-39, 42, 49, 60
ppm parts per million. 1, 4, 6, 26, 32, 35, 36, 38, 39, 42, 49, 60

RTE radiative transfer equation. 14, 21

SO, sulfur dioxide. 22, 23, 52, 55
SZA solar zenith angle. 16, 26

TCCON Total Carbon Column Observing Network. 2
TROPOMI TROPOspheric Monitoring Instrument. 2, 23

UV ultraviolet. 4, 21

VIS visible. 21

VOCs volatile organic compounds. 22

WMO World Meteorological Organisation. 2
WRF Weather Research and Forecasting. 47, 54, 55
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