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Thesis summary

Greenhouse gas (GHG) emissions are reported in annual national inventories. Globally, the main
anthropogenic sources of methane (CH4) are fossil fuel burning, agriculture, landfills, and waste
management. The main source of CHy from agriculture is enteric fermentation in the digestive tract
of ruminants and a minor source are emissions from manure management. In 2019, the Swiss Federal
council decided that Switzerland must reduce its GHG emission to net-zero until 2050. To reach this
goal, the agricultural sector is obliged to contribute to the emission reduction. However, emissions
from the agriculture and waste sector imply large uncertainties as, among other reasons, the
availability of data based on real-world studies is limited. Several investigations showed that
measurements from laboratory- or pilot-scale experiments do often not comply with real-world
conditions. For studies under real-world conditions, different measurement approaches are available.
One of the most promising methods is the inverse dispersion method (IDM) that was applied in this
thesis to measure CH4 emissions from livestock production and the waste management sector in order
to evaluate the method for complex source configurations and to specify emission factors of

these sources.

For the IDM, a backward Lagrangian stochastic (bLS) model in combination with concentration
measurements up- and downwind of the source using open-path tunable diode laser spectrometers
(GasFinders) were employed. GasFinders are simple to use, flexible in their application, and relatively
cost-effective measuring devices. However, several challenges were faced and overcome throughout the
thesis. The precision of the employed GasFinder model was about 10 times lower than the
manufacturer stated, which necessitated adaptation in the measurement setup. Additionally, an
intercomparison before or after each measurement campaign was necessary to correct the offset and

span between the employed GasFinders.

In the first two studies presented in this thesis, experiments were conducted to evaluate the IDM.
In a third study, experiments were conducted to assess the handling of complex source configurations
with the IDM. The emissions determined in the third study were used as a basis for emission factors

of Swiss biogas plants (BGPs) and wastewater treatment plants (WWTPs).

In the first study, a known and predefined amount of CH4 was released by an artificial source in a

barn that mimics a dairy housing. For concentration measurements, GasFinders with a path length
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of 110 m were placed in downwind direction of the barn at a distance of 50 m, 100 m, 150 m, and
200 m. At the first three distances, an ultrasonic anemometer was placed in the middle of the
GasFinder path length for executing turbulence measurements. Upwind of the barn, an additional
GasFinder and an ultrasonic anemometer were installed. The main objective was to test the ideal
measurement fetch for the IDM. The results of this experiment are included in the method section,
where the conditions and the setup of an IDM measurement campaign are outlined. A release rate of

-1

140 norm litres min! was chosen to achieve sufficient concentration enhancement at the GasFinder

locations. The mean recovery rates of the experiment were between 0.55 — 0.76.

In the second study, CH4 emission measurements from a naturally ventilated dairy housing were
conducted in two measurement campaigns. During part of the campaign duration, emissions were also
measured inside the housing with the inhouse tracer ratio method (iTRM). This allowed comparing
the IDM with the iTRM, which was considered as a reference method for naturally ventilated livestock
housings. For simultaneous emission intervals, the average IDM emissions were lower by 1 % and 8 %
compared to the iTRM measurements, which was within the uncertainty of either of the two methods.
Additionally, an uncertainty analysis for the IDM showed that measurement campaigns of at least

10 consecutive days are necessary to acquire reliable emission data.

The third study addressed the handling of complex source configurations with the IDM. Emissions
from four agricultural BGPs and two WW'TPs in Switzerland were measured. The average BGP CHa
emission varied between 0.39 kg h'! and 2.22 kg h'l, which was less than 5 % of the plant’s CHy
production. The average CHa emissions for the two WWTPs were 166 g population-equivalent™ y!
and 381 g population-equivalent! y'!, respectively. The BGPs often had livestock housings nearby
that needed to be discriminated from the plant emission. It was demonstrated how the plant emission
can be corrected for the nearby CH4 sources, which confounded the GasFinder measurements. Further,
it was demonstrated how to combine multiple GasFinder measurements to a single line concentration
for the bLS modelling. WWTPs are complex sources as they consist of multiple sub-sources with
different emission strengths spread over a large area. Three different calculation approaches with
different degree of details are presented for the combination of the individual sources in the bLS
modelling: (i) A polygon over the entire WWTP area as a single source. (ii) All potential sources
within the WWTP have a uniform emission density. (iii) Based on literature data, relative weighting
of the individual sources is carried out. The maximum difference in emission between the most complex
approach (iii) and the simplest approach (i) was 42 %. It could be shown that for large source areas
(> 10,000 m?), approach (iii) is the preferred option, whereas for the measured BGPs the simple

polygon approach (i) was sufficient.

The recovery rate of the IDM from the release experiment (study 1) was below 1 and somewhat
lower than previous studies with a similar experimental setting have shown. I was not able to
conclusively identify the reasons for this result, which contrasts with the outcome of study 2 at the
naturally ventilated dairy housing with a high consistency between the IDM and the iTRM used as a
reference. Therefore, I suggest repeating the release experiment with an adapted setting and
additionally roughly mapping the emission plume by a drone or a high-precision handheld sensor to

monitor the dispersion of the plume. The field measurements at the WWTPs and the BGPs based on



iii

the chosen approach of source combination yielded data that are in the expected range according to

current state of knowledge.

The presented PhD thesis supports the aptitude of the IDM to measure emissions from complex
sources like farms, BGPs, or WWTPs. Such measurements contribute to increasing the accuracy of
national GHG inventories. Nevertheless, I suggest further investigations to better assess the accuracy

of the IDM under complex conditions.
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Chapter 1

Introduction

1.1 Methane emissions from anaerobic processes in the
livestock sector and in waste management

Methane (CHa4) is the second most important greenhouse gas (GHG) after carbon dioxide (COz2)
(Stocker et al., 2013). CH4 is emitted by thermogenic, biogenic, or pyrogenic processes and can be of
anthropogenic or natural origin. Thermogenic CHa is produced by heat and pressure on geological
timescales and emitted through marine and land geological gas seeps. CH4 emitted by biogenic
processes is due to the decomposition of organic matter by methanogenic Archaea in anaerobic
environments. Potential sources are wetlands, wastewater treatment plants, landfills, or animal
digestive systems. Pyrogenic CHy is produced by incomplete combustion of organic material such as
biomass burning (Saunois et al., 2020). In the last decade, atmospheric CHa concentrations were
dominated by emissions from fossil fuels, agriculture, landfills, and the waste management sector

(Stocker et al., 2013).

Under the United Nations Framework Convention on Climate Change and under the Kyoto Protocol
countries are obliged to report their annual GHG emissions. In Switzerland, GHG from the agriculture
sector contributed 12.7 % of the total Swiss GHG emissions in 2019 (FOEN, 2021b). Within the
livestock sector at a global scale, CH4 mainly originates from enteric fermentation in the digestive
tract of ruminants and to a minor extent from emissions from manure management. Emissions from
manure management occur in the livestock building, during storage, and field application of manure
(Gerber, 2013). In Switzerland, enteric fermentation and manure management are responsible for 55 %
and 18 % of all agricultural GHG emissions, respectively (FOEN, 2021b). The national inventories
are often based on emission factors (average emission per unit and time) from emission measurements
with various measurement methods. The uncertainty of some of these emission factors is large, as
there are only a limited amount of studies available that measured emissions under real-world
conditions (Kupper et al., 2020). Kupper et al. (2020) published an extended review on ammonia and
GHG emissions from slurry stores and concluded that pilot-scale or laboratory-scale studies poorly fit

with real-world conditions and thus, further research is needed (see Annex). The same adjustment is
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needed for emissions from livestock housings and, emissions from the wastewater treatment and

anaerobic digestions at biogas facilities.

In Switzerland, CHy is also the most important GHG in the waste sector. CH4 emissions from the
waste sector are responsible for about 11 % of the total Swiss CH4 emissions. Next to managed waste
disposal sites, the emissions from wastewater treatment are the second major source in the waste
sector. In the national inventories, some of the emissions from wastewater treatment and anaerobic

digestions at biogas facilities are reported in the energy sector (FOEN, 2021b).

1.1.1 Livestock housings

In livestock housings, CHa is either produced due to fermentation in the digestive tract of the
animals or by organic matter included in excretions and bedding material. Compared to non-ruminant
livestock (e.g., pigs), ruminant livestock (e.g., cattle) are a major source of CH4 (IPCC, 2006). In the
following, the most common housing systems for dairy cows and fattening pigs are explained. In
Switzerland, about 50 % (with increasing shares) of the dairy cows are kept in loose housing systems
where the animals are free to walk around in the housing, and the other half in tied housing systems
(Kupper et al., 2015). The most common loose housing system is a cubicle house, which is divided
into walking areas and individual cubicles where the animals lay when they rest. Bedding material
(straw, wood shavings or sawdust) is placed in each cubicle. The walking alley and feeding aisle are
equipped with a slatted or a solid floor. The latter is cleaned with scrapers (mostly automated scrapers,
tractor, or farm loader scrapers) that periodically remove the dung to a slurry pit. Below slatted areas,
the excrements are collected as slurry in a pit or channel (Pain and Menzi, 2011; Sommer et al., 2013).
The slurry from the channel is pumped to a slurry store adjacent or in the close vicinity to the housing.

In a meta-study, no effect of the floor type on CHa emissions was found (Poteko et al., 2019).

Fattening pigs are kept solely in loose housing systems. In contrast to cattle housings where natural

ventilation prevails, fattening pig housings often have a mechanical ventilation (Sommer et al., 2013).

1.1.2 Wastewater treatment plants

In 2019, wastewater treatment and discharge were responsible for 38 % of the CH4 emissions from
the waste sector (FOEN, 2021b). In Switzerland, wastewater is treated by 750 wastewater treatment
plants (WWTPs) with more than 500 population equivalents each (Abegglen and Siegrist, 2012). A

WWTP counsists of a water line, sludge line and energy line as explained below (Figure 1).

1.1.2.1 Water line

A frequent type of WWTP comprises a water line with a conventional activated sludge system with
the following parts: at the inlet, the coarse solids are removed by a screen and fine heavier particles
in a sand trap (Figure 1). In the primary clarifier, the remaining solids settle at the bottom of the
basin, are transported towards a funnel with an automated scraper and are removed there. This solid
fraction is denoted as primary sludge. Those steps correspond to primary treatment. Afterwards, the
wastewater flows to the activated sludge tanks where precipitants (e.g., FeCl, FeClSO4) are added for
phosphorus removal. To promote the growth of bacteria that degrade the organics in the wastewater,

the tanks are aerated. This concomitantly leads to nitrification of ammonium (main form of nitrogen)
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and to further denitrification. The biological removal of carbon as well as nitrification and
denitrification are part of the secondary treatment, and phosphorus removal is the tertiary treatment.
The biomass settles in the secondary clarifier. To promote growth of the bacteria, part of the settled
biomass is redirected to the head of the activated sludge tank as return sludge. The residence time of
the sewage in the activated sludge tank is in the order of several hours. A part of the sludge removed
from the secondary clarifier is redirected back to the plant influent where in the primary clarifier, it
is fed together with the primary sludge into the sludge line. The clarified water is then directed into
the receiving water (Gujer, 2007).

The primary and secondary treatment are performed at all Swiss WWTPs, whereas the tertiary
treatment depends on discharge requirements (FOEN, 2021a). With the new water protection law in
Switzerland of 2016, the removal of micropollutants in the wastewater (quaternary treatment) is

mandatory to be established until 2035 for about 100 of the 750 WWTPs (FOEN, 2015).

Screen Sand trap Primary Chemial Aeration Secondary
dariier predpitation of P tank darifier
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Figure 1: Flow scheme of a wastewater treatment plant with a conventional activated sludge system. Figure is adapted and

republished from Kupper et al. (2006) with permission from Elsevier.

The second most common system in Switzerland after the conventional activated sludge system is
the sequencing batch reactor system. It is mostly used in small WWTPs (population
equivalent < 1,000) but has frequently been implemented at larger WWTPs (population
equivalent > 50,000) as well (FOEN, 2021a). Compared to the conventional activated sludge system,
in the sequencing batch reactor system the biological treatment (activated sludge tanks) and
sedimentation (secondary clarifier) occur incrementally in the same reactor. This allows to adapt the
duration and intensity of a single process to changing conditions in the pollution of the wastewater
(Dutta and Sarkar, 2015).

1.1.2.2 Sludge and energy line

The primary goal of the sludge line is to sanitise and stabilise the sludge and reduce its volume for
the final disposal. In the thickener, part of the supernatant water is removed from the sludge and
redirected to the head of the water line (Figure 1). In the digester, the sludge undergoes anaerobic
degradation where biogas is produced that is combusted in a combined heat and power unit (CHP).

The biogas storage and the CHP are denoted as energy line. After the digester, the sludge can be



4 1. Introduction

further dewatered. For temporarily storage before incineration or transportation to a larger WWTP
(e.g., for further dewatering and incineration), the sludge is pumped to sludge storage tanks. The
combined residence time of sludge in the thickener and digester is around 15 - 30 days. Depending on
the storage time, the residence time of sludge in the sludge line can be more than 100 days (Gujer,
2007). Anaerobic sludge treatment and subsequent production of biogas is not a priori necessary.
However, only mostly small WWTPs do not have a digester (FOEN, 2021a). The electrical power and
heat usage produced by the WWTPs depends on their location. Usually, part of the heat from the
CHP is used for heating the digester and the power is fed to the local power grid (Gujer, 2007).

1.1.2.3 Emissions

CHy is formed in the sewer system and enters the treatment plant in dissolved form with the
wastewater (Fries et al., 2018; Mannina et al., 2018). It can be released into the atmosphere during
the treatment process due to aeration of the basins. Therefore, a part of the CH4 emitted at WWTPs
does not originate from wastewater treatment, but from processes associated with the sewer system.
CHy is produced in those parts of the WWTP where organic carbon is present under anaerobic
conditions. This predominantly applies to the sludge line, e.g., in the thickener, during anaerobic
digestion, i.e., through leakages or flaring, and during storage of the anaerobically digested sludge in
the storage tanks (Daelman et al., 2012). CHu is also emitted from the CHP due to incomplete
combustion of the biogas (Liebetrau et al., 2013). Production of CH4 in the water line has rarely been

reported in the literature.

1.1.3 Biogas plants

In biogas plants (BGPs), organic substrates are digested, and biogas is produced. This is comparable
to the sludge and energy line in WWTPs. In Swiss agricultural BGPs, at least 80 % of the substrate
must be livestock manure. The remaining 20 % are often co-substrates with a high biogas potential
(FOEN, 2016). The substrate is filled via a dosage, where it is chopped, into the digester. The
anaerobic digestion mostly occurs under mesophilic conditions (Liebetrau et al., 2013). After an
average residence time of 25 days, the digestate is directed into a store (vTI, 2009). Some BGPs have
a secondary digester to obtain additional biogas out of the remaining organic substance. The digesters
are covered with a gastight membrane (Liebetrau et al., 2013). At some BGPs, the slurry store is also
covered gastight to capture residual biogas. The liquid digestate is then applied as fertiliser to
agricultural land (FOEN, 2016). The biogas is combusted in a CHP at the plant itself. Usually, part
of the heat is used to heat the digester. The remaining heat can for example be fed into a district
heating network or used by nearby industry. The produced electrical power is supplied into the power
grid if not used omnsite. The benefit of BGPs is that organic substance can be used to produce heat
and power to replace fossil fuels. However, if CH4 emissions exceed a certain limit the savings in fossil
fuels are compensated taking into account the high global warming potential of CH4 compared to COz2
(Scheutz and Fredenslund, 2019). In this case the net effect of the BGP would contribute to

global warming.
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Emissions of CH4 occur due to biogas production and combustion, from stored substrate and
non-gastight covered digestate stores. Potentially high CHa emissions may occur due to flaring,

incomplete combustion of the biogas or leakages in membranes and gas pipes (Liebetrau et al., 2013).

1.2 Overview of potential measurement methods

For emission measurements of agricultural sources, there are multiple methods available. They are
roughly subdivided into intrusive and non-intrusive methods. Non-intrusive methods have the
advantage of not altering the environmental and meteorological conditions, which are controlling the
gas exchange between the atmosphere and the surface over the study area. Some of the most frequently
applied methods for measuring emissions from the livestock sector and anaerobic processes in waste

management are briefly described below.

1.2.1 Inverse dispersion method

The inverse dispersion method (IDM) belongs to the non-intrusive methods. The IDM is a
micrometeorological method that combines concentration measurements up- and downwind of the
source with an atmospheric dispersion model. The advantage of the IDM is that the concentration
measurements are conducted outside of the building a few meters above ground and thus, do not
influence any emitting surfaces or animal behaviour which might indirectly influence the emissions. A
common used dispersion model for agriculture sources is the backward Lagrangian stochastic (bLS)
model based on Flesch et al. (2004), that is implemented in this thesis. The employed bLS model uses
the Monin-Obukhov Similarity Theory (MOST) (Monin and Obukhov, 1954) scaling. It targets
diffusive ground sources in horizontal homogeneous and flat terrains. Nevertheless, the IDM has
recently been used for non-ground sources, such as barns or whole farms. Often, with the IDM, a
differentiation of emission sources within a small area (e.g., livestock housing and adjacent slurry store

or sources within a WWTP) is difficult to achieve.

The IDM with the bLS model based on Flesch et al. (2004) was used to estimate emissions from
slurry stores (Flesch et al., 2013), animal production buildings (Harper et al., 2010), and feedlots (Bai
et al., 2017; McGinn et al., 2016) but also more complex sources such as whole farms (Flesch et al.,
2009; VanderZaag et al., 2014) or biogas plants (Flesch et al., 2011; Reinelt et al., 2017). The reliability
of the IDM was shown in ground release experiments conducted in open field conditions (Flesch et

al., 2004; Héni et al., 2018).

1.2.2 Tracer ratio measurements

With the tracer ratio method (TRM), a known amount of the tracer gas is released at approximately
the same locations as where the target gas is emitted. Either within the building (inhouse tracer gas
ratio method, iTRM) or several 100 meters downwind (external tracer gas ratio method, eTRM) the
concentration of the tracer gas and the target gas are measured (Ogink et al., 2013). By relating the
background corrected target and tracer gas concentration and the mass flow of the tracer gas, the

mass flow of the target gas and henceforth, the emission can be calculated (Mohn et al., 2018). The
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tracer gas should exhibit the same atmospheric dispersion and transport properties as the target gas
and can be either of natural (e.g., CO2) or anthropogenic origin. The method bears the advantages
that it is non-intrusive and precise measurement devices are applicable (Ogink et al., 2013). The TRM
is the most likely candidate for a reliable reference method for emission measurements of naturally
ventilated livestock housings according to Ogink et al. (2013). However, it remains a labour and cost
intensive method and might be limited in the duration of application given the required volume of

tracer gas.

The TRM has been used for a variety of sources including livestock housings (Poteko et al., 2020;
Schrade, 2009; Mendes et al., 2015) and BGPs and WWTPs (Delre et al., 2017; Samuelsson et al.,
2018; Scheutz and Fredenslund, 2019).

1.2.3 Chamber measurements

Chamber measurements are a simple and easy to use method to measure the surface-atmosphere
gas exchange. Chambers are placed on soil or liquid surfaces such as slurry tanks. The chamber
method can be subdivided into static and dynamic chambers. In static chambers, the flux is calculated
by measuring the concentration increase over a given time. Dynamic chambers are flushed, and the
flux is calculated from the concentration difference between the inlet and the outlet (Pumpanen et
al., 2004). Chamber measurements allow measurements of individual sources within a source complex
(e.g., WWTP). However, chamber measurements are intrusive and might change the environmental
and meteorological conditions that are controlling the gas exchange over the study area (Pumpanen

et al., 2004).

Chamber measurements were widely applied for slurry stores (Minato et al., 2013), BGPs (Liebetrau
et al., 2013), and WWTPs (Ren et al., 2013; Daelman et al., 2012). For emission measurements of
livestock (Poteko et al., 2020), there are respiration chambers that usually can house 1 - 2 cows. This
allows for precise measurements of the enteric fermentation of the animals. However, cows are herd
animals and behave differently if isolated (Huhtanen et al., 2015) and the artificial environment might

affect their feeding behaviour (Storm et al., 2012).

1.3 Framework and objectives of the PhD thesis

The main objective of this PhD thesis was to evaluate the applicability of the IDM for various
stationary sources under real-world conditions regarding surrounding topography and weather as
occurring in Switzerland. The IDM was assessed with an artificial CHs release experiment inside a
barn and emission measurements from a dairy housing. For these sources, the emission levels were
known due to the CHa release or emission data obtained from a reference method. The IDM was
further employed at BGPs and WWTPs where the emissions were not known. For the unknow sources
the goal was to assess the handling of complex source configurations and providing emission data that
can be used as a basis for country specific emission factors for the Swiss GHG inventory. Regarding
the micrometeorological conditions, it was attempted to find a combination of filter criteria that
reduces the data loss without including implausible emission values that were obtained under

atmospheric conditions, which deviated largely from the MOST assumptions. For the surrounding
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topography, the main objective was to find an optimal measurement setup design. All the
measurements were related to one of four projects that are described in the following. Each project

had slightly different goals regarding the assessment of the IDM.

Within the project “farms and stationary sources” an experiment with CH4 release inside a barn was
performed. In particular, it was evaluated whether there can be situations that lead to systematic
under- or overestimation of emissions by means of bLLS modelling. Such situations cannot be excluded
a priori, since emission measurements from farms are related to sources of the target gas located in or
around buildings, and the bLS model has, so far, mostly been validated for ground area sources
without obstacles. The focus of the work was on the positioning of the concentration and turbulence
measuring devices and the optimisation of the filtering of measurement data based on
micrometeorological criteria and model parameters. Due to logistical constraints, only the lateral
distance between the source and the sensors was assessed and the height above ground was not varied.
This project was financed by the Swiss Federal Office for Environment (Contract
00.5082.PZ/BECDDG68E6G) and included further measurements that were out of the scope of this

thesis. The results of this subproject are incorporated in the methods chapter (Section 2.7).

Within the project “livestock housing” CHa emission measurements by IDM were compared with the
iTRM to quantify the emissions of a dairy housing. Taking the iTRM as a reference method, it was
possible to assess the performance and suitability of the IDM for measuring housing emissions. This
project was financed by the Swiss Federal Office for the Environment (Contract 00.5082.P21 R254-
0652). The results of this project are described in Chapter 3.

Within the EvEmBi project (Evaluation and reduction of methane emissions from different
European biogas plant concepts), CH4 emission measurements from four different agricultural BGPs
in a total of seven campaigns were conducted (Chapter 4). The goal of this project was to determine
emission factors for the national GHG inventory and potential mitigation effects of measures
implemented at the plants. For the thesis, the focus was to measure emissions with the IDM under
difficult conditions. The challenges included nearby sources not belonging to the BGPs that
confounded the emission measurements or non-horizontal, non-homogeneous, and non-flat terrain.
This project was funded by the Swiss Federal Office for the Environment (Contract 17.0083.PJ/R035-
0703) and the Swiss Federal Office for Energy (Contract SI/501679-01). Within the EvEmBI project,
Okostrom Schweiz had the lead for Switzerland, and the Bern University of Applied Sciences were

subcontractors responsible for the emission measurements.

Within the WWTP project, the goal was to measure CH4 emission from WWTPs and to determine
emission factors for the national GHG inventory (Chapter 4). Compared to livestock housings, BGPs,
or whole farms in Switzerland, WW'TPs are of larger size and exhibit more individual sources with
different emission strengths. Therefore, this project allowed to test the IDM for complex source
configurations and for large source areas. This project was funded by the Swiss Federal Office for the

Environment (Contract 06.0091.PZ/R281-0748).

Overall, in my thesis I investigated four different aspects of the applicability of the IDM to quantify
emissions from the livestock sector and anaerobic digestion in waste management. For this purpose, I
conducted CH4 emissions measurements with the IDM from a release experiment inside a barn, a

livestock housing, two WWTPs, and four agricultural BGPs.
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Chapter 2

Methods

2.1 Boundary layer meteorology

The atmospheric boundary layer (ABL) is the lowest part of the atmosphere. Its extension varies
between 50 to 4000 m depending on the geographical position and the prevailing meteorological
conditions. A detailed description of the ABL can be found in Kaimal and Finnigan (1994), Stull
(1988) and Stull (2000).

Close to earth’s ground there are strong gradients in the mean wind speed due to surface friction
and large temperature gradients, which are related to the atmospheric radiation and its interaction
with the surface. Owing to the strong vertical gradients in the ABL, there is an effective exchange of
momentum, sensible heat, latent heat, and pollutants interactively emitting and absorbing from the
surface. Thus, the ABL is influenced by the presence of diurnal cycles of temperature, wind, humidity,
and pollution and prone to turbulence. Turbulent transport is caused by eddies that can be understood
as superimposed swirls of motions on the mean wind. Eddies or turbulent flow can transport
momentum, energy, and mass without a mean velocity component in the respective coordinate

direction (Stull, 1988, 2000).

Whereas surface friction is always a source of turbulence, solar radiation can increase or dampen
turbulence. During the day the surface usually heats up and an air parcel is displaced vertically away
from the ground as it is warmer than its surroundings. This is an unstable stratification of the ABL
with enhanced turbulence that can further be increased by surface friction. The extend of the unstable,
strongly turbulent ABL is between one and four kilometres. If the surface is cooler than the air with
prevailing light winds, the ABL is stable. Such a situation often occurs during the night or when warm
air blows over a cold surface. In the stable ABL, the turbulence is weak adjacent to the ground and
the ABL extent is between 50 to 500 m. In between the unstable and stable stratification there are
neutral conditions. Neutral conditions are associated with rather strong winds and little cooling or
heating from the surface. A neutral stratification often occurs during overcast conditions (Stull, 1988;

Kaimal and Finnigan, 1994).



14 2. Methods

To determine the turbulence within a certain area, the spatial structure of the turbulence is of
interest. However, it is beyond possibility to measure the three wind velocity components (u, v, w)
at every location over a large area. Instead, turbulence measurements are conducted over a long time
period at a single point in space (Figure 2). With Taylor’s Hypothesis of ‘frozen’ turbulence, this
temporal information can be converted into a spatial information (Taylor, 1938; Stull, 1988). The
Taylor Hypothesis requires stationarity and homogeneity regarding the turbulence characteristics, i.e.,

turbulence production and dissipation remain constant in time and equal in space.

5- —_—
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Figure 2: Snapshot of a high frequency (20 Hz) time series (UTC+1) measurements of an ultrasonic anemometer for all three
wind velocity components (u, v, w).

When examining the spectral energy distribution in the turbulent atmosphere, a local minimum
between 10 - 120 min is visible that is called spectral gap. It separates the lower frequencies of the
energy spectrum, due to daily cycle and long-term developments like changing weather, from the
higher frequencies that can be identified as turbulence.

In the surface layer, which corresponds to the bottom 5 to 10 % of the ABL, the air flow is considered
to be always turbulent. While the flow can theoretically be described by the Navier-Stokes equations,
due to the deterministic chaotic nature of turbulence, analytical results are limited to computational
power und thus only feasible for micro scale domains (Stull, 1988). According to the
Reynolds Decomposition of turbulent flow, every variable a is a superposition of a mean a and a
turbulent part a’,

a=a+a Eq. 1
where the averaging time of @ should be chosen within the spectral gap (Stull, 1988). With the help
of the Reynolds Decomposition, the turbulent flow can be described by means of turbulence statistics

(averages, covariances, etc).
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The most widely used approach to address the turbulent flow in the surface layer is the Monin-
Obukhov similarity theory (MOST, Monin and Obukhov, 1954), where any scaled mean variable can
be expressed as a function of the surface flux of momentum w'w’y, the surface flux of sensible heat
w8, the buoyancy parameter g/@ and the height z (Stull, 1988). However, Monin and Obukhov
(1954) used the friction velocity u,

1/4
u, = [@Wo) + @wo)]”’ Eq. 2
instead of u'Wy, and a characteristic temperature scale 6,

_W,Q,O

0, = Eq. 3

U,
For practical reasons, u, and 6, are evaluated at a convenient measurement height, as their fluxes
are assumed constant within the surface layer. Further, Monin and Obukhov (1954) used the Obukhov
length L (Obukhov, 1946) as a characteristic length scale.

1u,? -1 1 w3 -1
k6. \g kW, \0

whereby k is the von Karman constant, k = 0.4. L can be interpreted as the height at which in the
stable surface layer the turbulence produced by buoyancy exceeds the turbulence produced by wind
shear (Stull, 2000). For unstable conditions, the heat flux is positive and therefore L < 0 and for stable
conditions, the heat flux is negative thus L > 0. When approaching neutral conditions (w'6’y — 0),
L — oo. If the coordinate system is rotated into the mean flow direction and the assumption of

horizontally homogeneous conditions are fulfilled, Eq. 2 can be reduced to

u, = _|(u'wy) Eq. 5
With MOST the logarithmic wind profile in the surface layer is expressed as
dukz z Eq. 6

and the thermal stratification and the variability in the vertical wind w can be expressed as

90 kz _ Z Ba. T
920, Yn I q-
Oy z
o 1l’w(z) Eq. 8

where g, is the standard deviation of w (Kaimal and Finnigan, 1994).

In neutral conditions z/L - 0 and thus ¥, =1. From multiple field experiments, ,, was

empirically defined for unstable and stable conditions:

z z
unstable Y =(1-— yz)ﬁ for I <0 Eq. 9
z z
stable Yn=1+ az for I >0 Eq. 10
z
neutral V=1 for 1= 0 Eq. 11

where, often @ = 6, § * —1/4 and y = 16 (Hogstrom, 1988).
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In fact, the surface layer can be subdivided into a roughness sublayer and an inertial sublayer,
whereas MOST is only applicable for the latter. The inertial sublayer begins at the roughness height
Zy, where the wind speed of the logarithmic wind profile is assumed to be zero. Thus, an integration

of Eq. 6 from z = z, where 7i(zy) = 0 to any height z in the surface layer, yields

u(z) = %(m(zz—o) —y (%) +y, (ZL—°)> Eq. 12

where ¥, is the integrated form of the non-dimensional wind shear (Eq. 10 - Eq. 9) (Kaimal and
Finnigan, 1994).

2.2 Inverse dispersion method concept

The IDM combines concentration measurements with an atmospheric dispersion model to calculate
emissions from sources of atmospheric trace gases. The IDM requires a spatially limited source area
of known extension e.g., a livestock housing. The source is emitting an unknown amount of gas (e.g.,
CHy4) that is dispersed due to atmospheric turbulence as schematically shown in Figure 3. Downwind
of the source, the concentration of the emitted gas is measured with either a point or an open-path
sensor. To separate the contribution of the source from the incoming (background) concentration at
the downwind measurement location, the concentration upwind of the source is equally measured. In
the vicinity of the downwind concentration measurements, also the turbulence characteristics are
determined by using a 3-dimensional ultrasonic anemometer. There are a variety of dispersion models
available e.g., a simple Gaussian plume model or a more complex Lagrangian model (Harper et al.,
2011). All the models have in common that they simulate, for a given state of the atmosphere, a
concentration-emission relationship at the downwind concentration sensor location (Clauss et al.,
2019). This simulated (sim) concentration (C) — emission (E) relation is called dispersion
factor D [s mY:

c
D = <E)sim Eq. 13
The dispersion factor is independent of the source’s real emission. It is solely dependent on the wind

field and the turbulence. With the background corrected concentration data (AC)
AC = Caownwina — Cupwina Eq. 14
and the dispersion factor D, emissions E of the source can be calculated:

AC
E=— Eq. 15
D q
By rearranging Eq. 15, it is also possible to calculate an expected concentration at a certain location

if the emission of the source is known.
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Figure 3: Concept of the inverse dispersion method for emission measurements of a livestock housing. There are up- and
downwind concentration measurements (Conc.). Additionally, the turbulence parameters are measured (Turb.) with a

3-dimensional ultrasonic anemometer.

The advantage of the IDM is that no measurements are conducted within the source area. Thus, it
does not alter the environmental properties of the source (e.g., if emissions from soils are measured)
or influence the behaviour of animals (Ogink et al., 2013). The drawback of the method is that the
wind field is strongly simplified and thus idealised. The dispersion in the entire study area is
represented by turbulence measurements conducted at a single point in space. Depending on the
topography, this could lead to substantial differences between the modelled and the real turbulence
conditions. Additionally, obstacles like buildings lead to disturbances, which are not reflected in the
modelled wind field. With increasing distance (downwind) to the obstacles, the impact of disturbances
decreases (Hani, 2019). Therefore, it is advised to conduct concentration and turbulence measurements
at least 10 times the building height downwind of the source and in horizontal, homogeneous, and flat

terrains (Harper et al., 2011).

Due to the large distance between the source and the concentration measurement location, especially
if open-path sensors are used, it is not possible with the IDM to differentiate between sources that are
close to each other (Ogink et al., 2013). Therefore, only an emission integrated over a certain area
remains determinable. Nevertheless, such results are of high interest, if the average emission of a whole

farm (housing, outside yard, slurry store), or a WWTP are to be quantified.

2.3 bLS model

In this thesis, the backward Lagrangian stochastic (bLS) model based on Flesch et al. (2004) was
implemented according to Hani et al. (2018). It is assumed that a concentration measurement C at

point M is conducted (Figure 4).
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Figure 4: Tllustration of the bLS model for estimating gaseous emission rate E. Average concentration C is measured at point
M downwind of the source. The ratio (C/E)sim is calculated from backward trajectory touchdowns inside the source (wj is the

vertical velocity at touchdown). Figure and figure caption are adapted from Flesch et al. (2004).

From point M, at random a trajectory out of a Gaussian distribution is calculated backward in time.
If the air parcel hits the ground the instantaneous wind components are inverted so that the
covariances (u'_w', v'_w') remain constant. The bLS considers the source area as a ground with
indefinitely small extension z. The residence time t,esgence Of the air parcel within this layer is
defined as

z
tresidence = ——* 2 Eq. 16
Wrp
whereas wyp is the vertical velocity of the air parcel at the touchdown (TD) location. The source
layer is emitting and has a source strength S in unit concentration per time and volume. It can be

understood as concentration charging layer, thus with t,.g;4ence the concentration C can be calculated.

C =S * tresigence Eq. 17
Inserting Eq. 16 in Eq. 17 results in
€_ 2 Eq. 18
E  wpp €

with E being an emission with the unit mass per area per time. As there might be multiple touchdowns
within the source, for each trajectory Eq. 18 is summed up. To get the unbiased best estimate a
number of N trajectories from the given distribution are calculated backward in time and then the

average of them is taken. This leads to the equation
C/Bim =7y —
sim = 3y — Eq. 19
N e Wrp
In this thesis, for N a number between 250,000 and 1,000,000 was used. With increasing number of

touchdowns within the source area the uncertainty of the modelled ratio will decrease.

In this thesis E is defined as an emission density with the unit mass per area per time and Q as the

emission with unit mass per time.

C/E).;
(C/Qsim = (C/E)sim Eq. 20

Asource
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With the simulated concentration-emission ratio, sometimes denoted as dispersion factor Dy;s, and
a measured concentration difference between the downwind concentration Cyuynwing @nd the upwind
concentration Cypying, an emission can be calculated
E = Caownwina — Cupwina

(C/E)sim

In this thesis, the implementation of the bLS model in the R software (R Core Team, 2020) package
bLSmodelR (Héni et al., 2018), available at https://github.com/ChHaeni/bLSmodelR, was used. As
input parameters the bLSmodelR requires source-sensor geometry and the turbulence parameters u,,

L, 0y, 0y, 0y, Zy together with the wind direction (Héni et al., 2018). The advantage of the bLSmodelR

Eq. 21

is that all data handling from raw data to final emissions can be done in the R software and no
external software is needed. Components of the bLS model are parallelised and the model can be
executed on a computer cluster. This substantially reduces the computational time, and the personal

computer may be simultaneously switched off or used for different tasks.

2.4 Requirements for the measurement sites

As described in section 2.1, MOST needs stationarity and homogeneity regarding the turbulence
conditions. Therefore, ideally horizontal homogeneous and flat areas extending over several kilometres
are preferred as measurement sites. To avoid adaptation of the measurement setup every few hours
or days, one or two main wind directions are necessary. If emissions from buildings are measured, the
distance between the source and the downwind measurement locations should be not less than about
10 times the source height so that the turbulence fulfils the assumptions of homogeneity and
stationarity (Gao et al., 2010; Harper et al., 2011). Therefore, enough space upwind and downwind of
the source should be available to set up the measurement devices. With open-path measurements with
path lengths up to 300 m, a wide-open space is required. The measurement height should be at least
three times the canopy height. Additionally, there should not be any source of the measured gas
species upwind or between the concentration measurement location that could confound the
concentration measurements. Thus, an extended assessment of the preselected location is needed to

test its viability as a measurement site.


https://github.com/ChHaeni/bLSmodelR
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Abstract. Open-path measurements of methane (CHa) with the use of GasFinder systems (Boreal
Laser Inc, Edmonton Canada) have been frequently used for emission estimation with the inverse
dispersion method (IDM), particularly from agricultural sources. It is common to many IDM
applications that the concentration enhancement related to CHa sources is small, typically between
0.05 and 0.5 ppm, and accurate measurements of CH4 concentrations are needed at concentrations
close to ambient levels. The GasFinder3-OP (GF3) device for open-path CHa measurements is the
latest version of the commercial GasFinder systems by Boreal Laser Inc. We investigated the
uncertainty of six GF3 devices from side-by-side intercomparison measurements and comparisons to
a closed-path quantum cascade laser device. The comparisons were made at near-ambient levels of
CHai (85 % of measurements below 2.5 ppm) with occasional phases of elevated concentrations (max.
8.3 ppm). Relative biases as high as 8.3 % were found, and a precision for half-hourly data between
2.1 and 10.6 ppm-m (half width of the 95 %confidence interval) was estimated. These results deviate
from the respective manufacturer specifications of 2 % and 0.5 ppm-m. Intercalibration of the GF3
devices by linear regression to remove measurement bias was shown to be of limited value due to

drifts and step changes in the recorded GF3 concentrations.
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Abstract. Open-path measurements of methane (CH4) with
the use of GasFinder systems (Boreal Laser Inc, Edmonton
Canada) have been frequently used for emission estimation
with the inverse dispersion method (IDM), particularly from
agricultural sources. It is common to many IDM applications
that the concentration enhancement related to CH4 sources
is small, typically between 0.05 and 0.5 ppm, and accurate
measurements of CHy concentrations are needed at concen-
trations close to ambient levels. The GasFinder3-OP (GF3)
device for open-path CH4 measurements is the latest version
of the commercial GasFinder systems by Boreal Laser Inc.
We investigated the uncertainty of six GF3 devices from side-
by-side intercomparison measurements and comparisons to
a closed-path quantum cascade laser device. The compar-
isons were made at near-ambient levels of CHy (85 % of
measurements below 2.5 ppm) with occasional phases of ele-
vated concentrations (max. 8.3 ppm). Relative biases as high
as 8.3 % were found, and a precision for half-hourly data be-
tween 2.1 and 10.6 ppm-m (half width of the 95 % confidence
interval) was estimated. These results deviate from the re-
spective manufacturer specifications of 2 % and 0.5 ppm-m.
Intercalibration of the GF3 devices by linear regression to
remove measurement bias was shown to be of limited value
due to drifts and step changes in the recorded GF3 concen-
trations.

1 Introduction

The experimental determination of methane (CH4) emission
rates from agricultural sources is a key element for emis-
sion inventories and for the development of mitigation strate-
gies. A large diversity of approaches to derive emission rates
from measurements is available. Focusing on micrometeo-
rological methods, they can broadly be divided into flux-
based and concentration-based approaches. The latter com-
bine measurements of the concentration enhancement down-
wind or above the source with the modeling of the disper-
sion of the concentration released by the source. One fre-
quently applied concentration-based approach is the inverse
dispersion method (IDM; Flesch et al., 2005) where, gen-
erally, two concentration measurements are used in parallel,
placed up- and downwind of the source under investigation.
It is common to many IDM applications that the concentra-
tion enhancement related to CHy sources is small, typically
between 0.05 and 0.5 ppm.

In recent years, optical open-path instruments have be-
come commercially available that determine the path-
integrated CHy concentration over measurement path lengths
of up to several hundred meters. Regarding the IDM, path-
integrated concentration measurements are preferable over
point measurements, since they capture a larger fraction of
the emission-related plume and, therefore, are less sensitive
to variation and uncertainty in the measured wind direction.

On the other hand, it is more difficult to assess and con-
trol the quality of measurements by open-path gas analyz-
ers in comparison to closed-path instruments. The latter can

Published by Copernicus Publications on behalf of the European Geosciences Union.
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be checked or recalibrated periodically during a field cam-
paign using common cylinder standards (also for multiple
spatially separated instruments). This is usually not possible
for open-path devices with longer measurement paths. The
use of cylinder standard gases is feasible for very short path
lengths (few meters), but the corresponding calibration may
not be representative for other setups with longer path lengths
(DeBruyn et al., 2020). Therefore, the quality of open-path
measurements in the field with path lengths of 10 to 100 m
(or longer) needs to be tested in other ways using instrument
internal quality indicators, plausibility checks and intercom-
parisons of two or more instruments.

In this paper, we focus on the GasFinder3-OP (GF3) sys-
tem for CHy measurements (Boreal Laser Inc, Edmonton
Canada; “Lo-Range” methane variant, i.e., detection range
between 2 and 8500 ppm-m). This open-path system has a
very user-friendly design and is in the lower cost range of
available instruments. It is an improved version of the Gas-
Finder2 system, which has been frequently used to mea-
sure emission rates with the IDM (e.g., Flesch et al., 2007;
Harper et al., 2010; McGinn et al., 2019; VanderZaag et al.,
2014). The aim of this study is to characterize the stabil-
ity and accuracy of the GF3 instruments for CH4 measure-
ments close to ambient levels. We present an overview of sev-
eral field campaigns including (i) intercomparisons between
GF3 devices and a fast-response quantum cascade laser spec-
trometer (QCL) considered to be a state-of-the-art reference
and (ii) direct intercomparisons between various GF3 instru-
ments. They served to generate a basis to correct the mea-
surement data of individual GF3 instruments placed up- and
downwind of emitting sources, which induced a low concen-
tration enhancement where instrument stability and accuracy
are particularly important. This article is written from the
point of view of a GF3 instrument’s end user.

2 Materials and methods
2.1 GasFinder3-OP instrument

The GF3 instrument from Boreal Laser Inc. is an open-path
instrument with a tunable laser diode emitting in the infrared
centered around 1654 nm where CH4 shows a distinct ab-
sorption line. The measurement output of the GF3 is pro-
vided as path-integrated concentration Cpy in units of parts
per million meter (denoted ppm-m) that reflects the concen-
tration integrated over the one-way path length (distance be-
tween laser source and reflector). The output data in units
of ppm-m were converted to the path-averaged concentration
C in units of parts per million (i.e., divided by the one-way
path length) and corrected with temperature and pressure cor-
rection functions provided by the manufacturer. Six different
open-path GF3 devices were used in this study (Table 1). The
two devices OP-Ext and OP-1, as well as OP-3 and OP-5, had
identical pressure and temperature correction functions.

Atmos. Meas. Tech., 14, 1733-1741, 2021

The “Lo-Range” version of the GF3 for CHs measures in
the range of 2 to 8500 ppm-m with a sensitivity (precision)
of 0.5 ppm-m at a sample rate of 1 to 1/3 Hz as stated by the
manufacturer (Boreal Laser Inc., 2020). The accuracy of the
GF3 system is specified as 2 % of the reading (Boreal Laser
Inc., 2018a) with a lower value for the “typical accuracy” of
0.5 % of the reading (Boreal Laser Inc., 2018b). Details on
the instrument are given in DeBruyn et al. (2020).

Together with the concentration measurement, the sup-
porting parameters “received power” (of the reflected incom-
ing beam) and “R2” (the goodness of fit between the sample
and the calibration waveform) are provided as standard out-
puts of the GF3 instruments. According to the manufacturer,
a valid concentration measurement can be expected if the fol-
lowing constraints are met: received power is in the range
of 50 to 3000 uW and R2 is above 0.85 (Boreal Laser Inc.,
2018b). We decided to be stricter and kept data for further
analysis only if the received power was in the range of 100
to 2500 uW (as suggested in Boreal Laser Inc., 2016) and
R2 was equal to or greater than 0.98. The quality-assessed
data were aggregated to 1 and 30 min average concentra-
tions. Only averages resulting from a data coverage of 90 %
or more of the respective time interval were retained for fur-
ther evaluation.

2.2 Intercomparison campaigns

In total, eight intercomparison campaigns were conducted
at different sites in Switzerland with varying ranges of
near-ambient concentrations of CHy (Table 2). Two cam-
paigns, P16 and P17, with a focus on the comparison be-
tween GF3 devices and a QCL (QC-TILDAS, Aerodyne Re-
search Inc.) as a reference system, were conducted in Posieux
(46°46/4.22"" N, 7°6'27.65" E) close to an animal housing fa-
cility (approx. 100 m north). The QCL is a closed-path in-
strument with a 20 m inlet tube flushed by a vacuum pump at
13sL min~!. The sample air is analyzed in a multi-pass cell
(0.5L) with a fixed optical path length of 76 m. The cell is
kept at constant temperature (294 K) and pressure (31 Torr).
Due to the stabilized operation, the instrument exhibits a
high precision (1s) around 0.004 ppm or 0.2 % (Nelson et
al., 2004; Wang et al., 2020).

Seven intercomparison campaigns including various GF3
instruments placed side by side were carried out at
the following locations: A18 in Aadorf (47°29'19.03” N,
8°55'8.83” E) next to a dairy housing facility; K19 in
Kaufdorf (46°50'34.60” N, 7°30'12.23” E); H19-1, H19-2
and H19-3 in Hindelbank (46°59'11.86" N, 7°28'22.01” E)
close to a wastewater treatment plant; I19 in Ittigen
(46°59'13.04” N, 7°28'20.38” E) in the vicinity of a biogas
plant; and P17 where both the intercomparison of the GF3
and the comparison to the QCL were assessed. Different
types of reflectors for the open-path instruments were in us-

https://doi.org/10.5194/amt-14-1733-2021
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Table 1. GasFinder3-OP devices and their deployment in the different intercomparison campaigns. Details on the intercomparison campaigns

are given in Table 2.

Name used in ~ Unit number Year of Intercomparison campaign

this study manufacture P16 P17 Al8 K19 119 HI19-1 HI9-2 HI9-3
OP-Ext* CH40P-30015 2016 .

OP-1 CH40P-30017 2016 . . . . ° ° °
OP-2 CH40P-30016 2016 . . . . °
OP-3 CH40P-30018 2016 . . . ° .
OoP-4 CH40P-30025 2019 ° . °
OP-5 CH40P-30026 2019 . . . .

* On loan from Boreal Laser Inc.

Table 2. Characteristics of the intercomparison campaigns (Cmp.). Dur.: duration of the campaign. Conc.: measured average (minimum and
maximum) concentration. Air temperature: average (and minimum, maximum) values. Air press.: average air pressure.

Cmp.  Location Date Dur.  Instruments Conc. (ppm) Air temperature  Alir press.

(days) °O) (hPa)
P16 Posieux 12 Oct—1 Nov 2016 197 QCL,1xGF3 25(19t072) 7.5(—0.1t016.8) 946
P17 Posieux 19 Jul-15 Aug 2017 26.8 QCL,3xGF3 23(1.6t05.8) 18.3 (7.3 t0 32.2) 943
Al8 Aadorf 23 Oct-21 Nov 2018 28.6 3 xGF3 22(1.6t03.8) 63(-24t017.9) 952
K19 Kaufdorf 25 Apr-30 Apr 2019 4.7 4xGF3 1.8(1.7t02.2) 7.7(2.31021.7) 955
119 Ittigen 19 Jul-29 Jul 2019 102 5xGF3 23(1.6t08.3) 22.6(13.6t035.4) 951
H19-1 Hindelbank 23 Sep—7 Oct 2019 127 2 xGF3 1.9(1.6t02.7) 13.9 (3.6 to 24.7) 956
H19-2 Hindelbank 7 Oct—14 Oct 2019 5.1 2xGF3 2.0(1.6t02.7) 12.7 (5.1 t0 22.4) 959
H19-3 Hindelbank 25 Oct-6 Nov 2019 123 5xGF3 2.0(l.6t03.4) 9.7 (4210 17.7) 953

age!. In the campaigns P16, P17 and A18, the seven-corner
cube array type was used; in H19-1, H19-2, H19-3 and 119,
the 12-corner cube array type was used; and in K19 both
types were used.

During side-by-side intercomparisons, the laser beams of
the GF3 devices were always aligned in parallel with small
lateral distances of 1 to 2m. Instrument and laser beam
heights were between 1.3 and 1.7 m above ground. For the
comparison to the QCL measurements, the QCL inlet was
located approx. 4 to 12 m from the center of the laser beams
1.9 m above ground.

For the temperature and pressure correction of the GF3
instruments (Sect. 2.1) during the field campaigns, the tem-
perature and pressure data from a close-by weather station
were used. In A18, the weather station was situated 1.2 km
away with a negligible difference in the elevation of approx.
6 m. At all other sites, the weather station was within 100 m
of the devices. All measurements were conducted continu-

In 2016, when the first devices of GF3 (OP-1 to OP-3) were
ordered, Boreal Laser Inc. recommended seven-corner cube array
reflectors for path lengths up to 200 m. Meshes of different grid
sizes could be installed in front of the corner cubes for path lengths
that are shorter than the specified range. Prior to the second order in
2019 (devices OP-4 and OP-5), the recommendation was adapted to
use the 12-corner cube array reflectors for path lengths up to 200 m.

https://doi.org/10.5194/amt-14-1733-2021

ously, i.e., during day and night, in regions characterized by
agricultural activities related to livestock production.

2.3 Data evaluation

For a valid concentration comparison between the parallel in-
struments, the internal clocks of the individual devices were
adjusted such that all concentration data were synchronous.
This time synchronization was done by maximizing the co-
variance of the high-frequency concentration data in parts per
million between the individual instruments. For each day, the
data were broken down to 1s data (i.e., inserting repetition
values where necessary), and the time shift with the high-
est covariance was assessed. From these daily estimates of
time shifts, a constant time lag was estimated and corrected
for each device and each campaign individually. Time lags
around 2 to 5sd~! between the devices have been observed
and corrected for.

In two intercomparison campaigns (P16 and P17) four dif-
ferent GF3 devices (OP-Ext, OP-1, OP-2 and OP-3) were
compared to the closed-path point measurements by the QCL
instrument based on the 30 min averaged concentrations.

In seven intercomparisons (P17, A18, K19, 119, H19-1,
H19-2 and H19-3), the GF3 devices OP-1, OP-2, OP-3, OP-
4 and OP-5 were compared by parallel measurements. The
analysis of these intercomparisons is based on both 1 and

Atmos. Meas. Tech., 14, 1733-1741, 2021
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30 min averaged concentration data. The device OP-1 was
running during all side-by-side campaigns and, thus, was se-
lected as the (relative) reference instrument; i.e., any com-
parison was done with reference to OP-1.

Based on the synchronized time series, the concentration
difference AC between the parallel instruments was calcu-
lated for each averaging interval. The AC data partly showed
significant deviations (asymmetry, outliers) from an ideal
Gaussian distribution. Thus, for analyzing the difference be-
tween devices, the median AC and the “median absolute de-
viation” (MAD) of AC over each campaign were determined
for each pair of devices. The two quantities are robust esti-
mates of the mean and variability of AC that are insensitive
to outliers and do not rely on prescribed data distributions.
For the ideal case of a Gaussian distribution, the MAD can
be related to twice the standard deviation (comprising 95 %
of the data) by multiplication with a factor of 2.9. The result-
ing value represents an estimate for the (random) precision of
AC, whereas the median AC represents the (systematic) bias
between the two instruments. The estimates of bias and pre-
cision of AC can be partitioned equally to the concentrations
of both intercompared devices by dividing by the square root
of 2 (according to Gaussian error propagation). Thus, the rel-
ative bias and the precision of an individual GF3 device for a
campaign period were estimated as

dian(AC
Rel, bias = Tedian(A€). (1

Cavg\/i
2.9 x MAD(AC)

lpath \/E ’

where the relative bias was expressed relative to the concen-
tration average of the two devices Cayg, and the precision was
converted back to path-integrated concentrations Cpj using
the one-way path length lpan of the GF3 device (in the case
of the intercomparison of two GF3 devices the path lengths
were averaged).

In addition to the concentration differences, the parallel
measurements were also analyzed concerning their linear re-
lationship using the Deming regression that considers mea-
surement errors from both instruments. The GF3 devices
were analyzed with reference to OP-1. Coefficients from the
linear regression and the predicted AC at OP-1 concentration
levels of 2 and 4 ppm were reported for each device (OP-
2, OP-3, OP-4 and OP-5) and campaign, if the number of
observations exceeded 20 and the concentration range was
large enough (difference between 0.025 and 0.975 quantiles
greater than 0.4 ppm).

Precision =

@
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Figure 1. Time series of the average CHy4 concentration (1 min av-
erages) measured with the QCL and the GF3 device OP-Ext during
the intercomparison campaign P16. The figure shows a 30 h win-
dow at the beginning of the campaign (1 to 2.5d after instrument
start). Three sub-periods with specific features are marked by grey
shading.

3 Results and discussion
3.1 Intercomparison between GF3 and QCL

During the two intercomparison campaigns P16 and P17, the
magnitude and temporal course of the GF3 concentrations
measured by the devices OP-Ext, OP-1, OP-2 and OP-3 com-
pared well to the concentration measured by the QCL, specif-
ically for high-frequency structures. Figure 1 shows 1.5d of
parallel QCL and OP-Ext measurement in campaign P16.
However, when focusing on the lower end “baseline” con-
centrations near 2.2 ppm, the OP-Ext signal shows drifts and
steps relative to the more stable QCL signal on the order
of 0.2 ppm (shaded phases in Fig. 1). This corresponds to
instrument-related changes in the path-integrated concentra-
tion of about 7.4 ppm-m (path length of 37 m).

At the 26 h timestamp, a drift occurred dropping the con-
centration of OP-Ext from roughly 0.2 ppm above to roughly
0.1 ppm below the QCL concentration. There is no indication
of a deterioration of the measurement quality of the GF3 val-
ues during this period. The received laser beam power was
always above 100 uW, and the R2 value for the waveform fit
was greater than 0.98 (Sect. 2.1). Further, there was no corre-
lation of the drift with the local weather data (air temperature,
wind direction, wind speed, relative humidity, etc.; data not
shown). The same applies to step changes and drifts of GF3
devices, typically over several hours, during other phases of
the intercomparison campaigns. In some selected cases, step
changes in the concentration could occur when there was ac-
tivity related to device handling during operation (such as
downloading data, checking the reference cell state, etc.), as
observed at hour 46 in Fig. 1. However, such device handling
should not affect the measurements, and it remains unclear
what exactly causes the signal changes. Since these drifts and
step changes cannot be distinguished from real changes in the
ambient concentration without the information from a further

https://doi.org/10.5194/amt-14-1733-2021
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Figure 2. Histograms of recorded 1 min average concentrations of GF3 devices OP-1, OP-2, OP-3, OP-4 and OP-5. A few values greater
than 3.5 ppm are not shown. Blue: values > 1.88 ppm; red: values < 1.88 ppm. Grey: data from device OP-4 during the campaign H19-3 that
passed the quality check but have been omitted in the analysis due to an obvious jump in the concentration (Fig. 3).

parallel measurement, they affect the uncertainty in the GF3
measurements.

Bias and precision of the GF3 devices (Sect. 2.3) were es-
timated and compared to the accuracy (2 % of reading) and
sensitivity (0.5 ppm-m) specified in the GF3 operation man-
ual. The magnitude of the relative bias of the GF3 is higher
than the stated 2 %, with values ranging from —2.7 % to
—8.3 % (Table 3). The Cpy precision for the GF3 devices was
determined to 2.1 up to 10.6 ppm-m, which is between 4 and
21 times higher than the specified sensitivity of 0.5 ppm-m.

3.2 GF3 side-by-side intercomparisons

A cumulated dataset of 60d in total with GF3 side-by-side
measurements that passed the enhanced quality checks was
produced within the seven intercomparison campaigns P17,
A18, K19, 119, H19-1, H19-2 and H19-3. It contains the pe-
riods during which at least two devices were running in par-
allel, i.e., the reference device OP-1 and at least one further
instrument (OP-2, OP-3, OP-4 or OP-5). Data from device
OP-4 measured during the campaign H19-3 passed the qual-
ity check but have been omitted in the further analysis due to
an obvious jump in concentration (Figs. 2 and 3). The overall
average CHy4 concentration was 2.1 ppm. The 1 min averages
ranged between 1.3 and 40.3 ppm, with most of the data cen-
tered around 2.0 ppm.

Extended periods of CH4 concentrations constantly below
1.88 ppm, the minimum of the monthly average background
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Figure 3. CH, concentrations recorded by OP-1 (30 min averages)
and the corresponding differences to OP-2, OP-3, OP-4 and OP-5.
Grey dots: data from device OP-4 during the campaign H19-3 that
passed the quality check but have been omitted in the analysis due
to an obvious jump in the concentration.

concentration in Switzerland since 2016 (BAFU, 2019),
could be observed with devices OP-1, OP-2 and OP-3. Over-
all, shares of measured CH4 concentration (1 min averages)
below 1.88 ppm ranged from 0 % (OP-5) and 13 % (OP-4) to
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Table 3. Direct comparison of GF3 to QCL (30 min averages) during campaigns P16 and P17. N: number of 30 min intervals. Path: path
length of GF3 device. Median C: median concentration of the GF3 device. Rel. bias: estimate of the GF3 relative bias. Precision: estimate of

the GF3 precision.

Campaign  Device N Path Median C  Rel. bias  Precision
(m) (ppm) (%) (ppm-m)
P16 OP-Ext 505 37 2.27 2.7 10.6
P17 OP-1 405 12 2.04 —5.1 2.8
P17 OP-2 105 12 2.14 —-32 2.1
P17 OP-3 66 12 1.97 —8.3 2.6
27 % (OP-2), 35 % (OP-3) and 41 % (OP-1), whereas values I —— L

above 3.5 ppm rarely occurred: 1% (OP-2), 2 % (OP-1) and
3 % (OP-3, OP-4 and OP-5). This agrees with the systemat-
ically lower concentrations measured with the GF3 devices
compared to the measurement by the QCL device in the pre-
vious section.

Figure 3 shows the 30 min averages of the recorded OP-
1 concentration with the corresponding differences between
the measured concentration by the individual devices and the
OP-1 concentration. The differences are generally small, but
larger deviations, as during the A18 campaign, occur.

Table 4 provides statistics on the differences between the
GF3 devices OP-2 to OP-5 and the reference device OP-1 re-
garding directly comparable 30 min concentration averages.
The differences were determined in units of parts per mil-
lion and transformed to ppm-m related to the path length of
the GF3 device that has been compared to OP-1. The relative
bias ranged from —1.7 % to 8.0 % and the precision of Cpy
between 2.6 and 8.8 ppm-m, which lies within the range of
the precision estimates in Sect. 3.1. A large offset in the con-
centration, reflected by the relative bias, could be observed
for OP-4 and OP-5 compared to concentration measurements
from OP-1 (on average > 0.15 ppm higher). Devices OP-4
and OP-5 were acquired 2 years later than instruments OP-
1 to OP-3, and this offset may be due to a difference in the
internal calibration by the manufacturer between the instru-
ments acquired in 2017 and the instruments acquired in 2019.

The devices OP-1 and OP-3 episodically showed dents in
the concentration output that are in line with step decreases
in the received power. Figure 4 shows an example of such a
dent recorded by OP-1 with OP-3 measuring in parallel as a
reference. The rapid loss of receiving power at 27.1h after
device start seems to have triggered a gradual loss of up to
0.15 ppm in the concentration of OP-1. A few minutes later a
step change in the concentration by almost 0.2 ppm occurred,
while the received power was still low. We assign these con-
centration variations to the wrong concentration determina-
tion of OP-1, as the OP-3 concentration remained constant at
the ambient background value slightly above 1.8 ppm. This
indicates that a constant threshold for the received power (50
or 100 uW) may not be sufficient for quality filtering. We no-
ticed that the “optimal” threshold varied between individual
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Figure 4. Example of a concentration dent followed by a step
change related to losses in the received power of device OP-1. The
data were recorded during the intercomparison campaign K19 on
26 April 2019 between 02:00 and 04:00 CET. From hour 27 on-
wards, the data exhibit R2 values above 0.98.

instruments and campaigns, with threshold values ranging up
to 400 uW.

Frequently, linear regression is used to correct for differ-
ences between instruments. There are two problems, how-
ever, that can occur with this correction method for GF3 de-
vices in the case of CHy concentration measurements close
to ambient level. One problem arises if the dataset contains
drifts and steps as shown in Figs. 1 and 4. Inspecting the A18
intercomparison between OP-1 and OP-2 closer (intercept:
—0.04, slope: 1.04), a period of approximately 5.4 continu-
ous days is apparent (around intervals 550 to 750 in Fig. 3)
where OP-2 (and OP-3) recorded systematically higher con-
centrations than OP-1. If we separate this “offset” period
from the remaining part of the campaign (Fig. 5), we see
that the regression results are systematically different. The
offset period shows an intercept of 0.04 and a slope of 1.05,
whereas we get an almost perfect 1:1 relationship for the
residual time (intercept: 0.01, slope: 1.00). Using the overall
regression results for the entire period (Table 5) instead of
two separate periods thus introduces a bias in the evaluation.

The second problem is the observed rather large variation
in the intercalibration from one campaign to another (Ta-
ble 5). Such a variation between different campaigns was
also observed with GF3 devices for ammonia measurements
by Baldé et al. (2019). Concentration response of the instru-
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Table 4. Direct comparison of GF3 devices OP-2 to OP-5 to the reference device OP-1 (30 min averages). N: number of 30 min intervals. Path
OP-1/OP-x: path length of GF3 devices. Median C: median concentration of OP-x. Rel. bias: estimate of the GF3 relative bias. Precision:

estimate of the GF3 precision.

Campaign  Device N PathOP-1 PathOP-x Median C  Rel. bias  Precision
(OP-x) (m) (m) (ppm) (%) (ppm-m)
P17 OP-2 35 12 12 230 2.0 2.6
OP-3 48 12 12 2.10 -0.8 3.0
Al8 OP-2 1081 37 37 2.15 0.9 5.5
OP-3 465 37 37 2.24 2.6 8.8
K19 OP-2 53 170 118 1.83 2.7 3.6
OP-3 82 170 176 1.82 1.8 6.1
OP-5 25 170 118 1.98 8.0 2.7
119 OP-2 322 110 110 1.89 0.6 5.3
OP-3 404 110 110 1.96 0.6 34
OP-4 317 110 110 2.03 5.4 4.9
OP-5 456 110 110 2.10 7.3 5.3
H19-1 OP-5 542 112 111 2.01 7.9 4.0
H19-2 OP-4 66 65 65 2.04 7.5 5.9
H19-3 OP-2 483 110 50 1.86 -1.7 5.2
OP-3 485 110 51 1.93 0.9 6.7
OP-5 559 110 109 2.11 7.7 5.5

Table 5. Coefficients from the Deming regression between OP-1 and OP-2 to OP-5 with 30 min averaged data. Standard errors of the
estimates are given in parentheses. Only campaigns were analyzed, where N > 20 and the concentration range was large enough (difference
between 0.025 and 0.975 quantiles greater than 0.4 ppm). Dev.: GF3 device used as regressand. Cmp.: intercomparison campaign. N: number
of 30 min intervals. oyegiq: standard deviation of the model residuals. ACyppm: predicted difference between the OP-x concentration and the
OP-1 concentration at a level of y ppm (2 or 4 ppm). Lower and upper bounds of the 95 % confidence interval are given in parentheses. For
each device and concentration level, intercomparison campaigns not sharing a superscript letter exhibit significantly different AC.

Dev. Cmp. N Intercept Slope (=)  Oresid AC ppm (ppm) AC4ppm (ppm)
(ppm) (ppm)
OP-2 P17 35 0.15(0.11)  0.96 (0.05) 0.09  0.06%° (—0.13,0.24) —0.032 (—0.28,0.22)
Al8 1081 —0.04 (0.03) 1.04 (0.01) 0.07  0.04%° (—0.10, 0.17) 0.1120 (—0.04, 0.25)
119 322 —0.10(0.01) 1.06 (0.00) 0.02 0.022 (—0.01, 0.05) 0.14% (0.10, 0.17)
H19-3 483 —0.12(0.03) 1.04 (0.02) 0.02  —0.04> (—0.09, 0.01) 0.04° (—0.05, 0.12)
OP-3 P17 48 —0.01(0.11) 1.00 (0.05) 0.11  —0.01? (-0.23,0.21) —0.022 (—0.32, 0.29)
Al8 465 —0.09 (0.06) 1.10(0.03) 0.09 0.10? (—0.09, 0.28) 0.29% (0.07, 0.50)
119 404 0.03 (0.01) 1.01 (0.01) 0.11 0.04?2 (—0.19, 0.27) 0.05% (—0.18, 0.28)
H19-3 485 —0.14 (0.04) 1.08 (0.02) 0.03 0.022 (—0.04, 0.08) 0.18% (0.09, 0.28)
OP-4 119 317 —0.12(0.01) 1.14 (0.00) 0.01 0.16 (0.14, 0.19) 0.44 (0.41, 0.47)
OP-5 119 456 —0.03(0.01) 1.13(0.00) 0.03 0.22% (0.16, 0.28) 0.47% (0.41, 0.53)
H19-1 542 0.14 (0.01) 1.04 (0.01) 0.01 0.22% (0.20, 0.24) 0.31° (0.27,0.35)
H19-3 559 0.03 (0.02) 1.10(0.01) 0.02 0.232 (0.20, 0.26) 0.43% (0.37, 0.49)

ment does change between different campaigns as seen by
the regressions and can thus not be generalized. A signifi-
cant difference in the predicted concentration between differ-
ent campaigns can be seen for devices OP-2 and OP-5; e.g.,
within the same year 2019 (campaigns 119 and H19-3), inter-
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calibrating OP-2 with OP-1 would provide significantly dif-
ferent 30 min concentration estimates at concentration levels
of 2 and 4 ppm. Even though, in theory, an intercalibration
of the devices after an IDM measurement campaign could
solve the issue of differences in the measurements, the nec-
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Figure 5. Scatter plot of 30 min data from OP-1 and OP-2 recorded
during campaign A18. Deming regression lines and corresponding
regression equations are shown for the offset period and the remain-
ing (“residual”) period.

essary change in the setup to perform such an intercalibration
could lead to a change in the response of the devices, and the
intercalibration would then be useless.

4 Conclusion

We found that the uncertainty in the measurements of sev-
eral GasFinder3-OP instruments is higher than given in the
specification provided by the manufacturer when measuring
concentrations close to ambient levels. From on-site inter-
comparisons at various field sites (side-by-side intercompar-
isons and comparisons to a reference QCL instrument), we
estimate a bias up to 8.3 % of the reading and a precision
between 2.1 and 10.6 ppm-m for our devices. This is 4 to
21 times higher than the sensitivity specified by the manu-
facturer. A large part of the inferior precision is attributed
to low-frequency drifts, whereas high-frequency changes in
the concentration are often well captured, as the similarity of
the small features between hours 25 and 27 in Fig. 1 demon-
strates. Drifts and step changes in the concentration occur
up to 0.3 ppm (Fig. 1). Most critical are changes in the con-
centration that can hardly be distinguished from fluctuations
of the atmospheric concentrations. Some of the step changes
are caused by activity related to the handling of the GF3 de-
vice (e.g., downloading data, checking time, checking ref-
erence cell quality). It remains unclear though what activity
causes these step changes, since none of the activities con-
sistently cause such step changes. The internal calibrations
of the GF3 seem to differ between devices. Devices OP-
1, OP-2 and OP-3 show systematically lower concentration
measurements than the devices OP-4 and OP-5. Application
with paired devices needs an intercalibration of the devices.
However, it remains unclear to what extent a side-by-side in-
tercalibration can be transferred to the actual measurement
setup, since relocation of the devices might cause systematic
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changes, as indicated by the different regression coefficients
for different intercomparison campaigns.
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30 2. Methods

2.6 From raw data to emissions

The following section explains how an IDM measurement campaign was typically conducted. For a
campaign, the used equipment comprised at least a weather station, a 3-dimensional ultrasonic
anemometer, and multiple GasFinders. A schematic overview of the steps involved is displayed in
Figure 5. A series of R software scripts were established to complete the following steps (R Core
Team, 2020).

Even though Figure 5 is plotted as a flow chart, it was often necessary to iterate in order to optimise
some of the steps as the result still contained erroneous emissions estimates. In most cases, this was
the processing of the concentration data (Section 2.6.5) or the appropriate combination of quality

filter criteria (Section 2.6.7).

station

Weather

Data processing station

Concentration
correction

Modelling bLS model

Calculating
Emissions

-

Figure 5: Flowchart of an IDM campaign to determine CHa emission from raw data.

Concentration

Emissions
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2.6.1 GPS data
A Global Positioning System (GPS, Trimble Pro 6T, Trimble Navigation Limited, Sunnyvale, USA)

was used to record the exact position of the measurement devices and the sources with a precision of
4 0.1 m. The GPS coordinates were recorded twice or three times to minimise potential errors in the
GPS. Logging the coordinates of buildings was difficult due to accessibility or reduced satellite
connections, therefore the location points of buildings were added manually afterwards in an editing
software (e.g., ArcGIS (Esri, Redlands, US)). The GPS data were then saved and imported in R

software, where the data were processed for use in the bLS model.

2.6.2 Weather station

Atmospheric pressure and air temperature were needed for the GasFinder evaluation, ultrasonic
wind direction validation, and interpretation of the emission data. From November 2018 onwards,
data from a weather station (Lufft WS700-UMB Smart Weather Sensor, G. Lufft Mess- und
Regeltechnik GmbH Fellbach, Germany) placed at the study site were used. The Lufft weather station
recorded air temperature [°C|, wind speed (avg) [m s!|, wind speed (vect) [m s!| and wind direction
(vect) [°] in 1 min resolution; dew point [°C], relative humidity |%], absolute humidity [g m™|, absolute
air pressure [hPal, air density |[kg m3|, precipitation amount absolute [mm]|, precipitation amount
difference [mm)], precipitation intensity [mm h-!], precipitation type [| and solar radiation [W m2| in
5 min resolution; Compass [°] in daily resolution. The accuracy of the wind direction was < 3° RMSE

for wind speeds of > 1.0 m sL.

The weather station was placed horizontally to avoid any errors in the wind direction measurement.
As the weather station was usually not aligned with geographic north, the data from the magnetic
compass were used to rotate the vectorial wind direction. As a few degrees of deviation in the wind
direction might lead to substantially different results, the deviation between geographic north and
magnetic north should be corrected for. At least at the beginning and at the end of the measurement
campaign, the time difference between a reference time (UTC+1) was logged and the weather station
data shifted accordingly. This guaranteed a synchronisation between the different measurement
devices. An experiment showed, that due to internal buffering the 1-minute wind data needed to be
shifted by 5 minutes. The script for reading the weather station data into R software can be found on

GitHub (https://github.com/ChHaeni/gel-scripts/blob /main /weatherstation-functions.r).

Bevor November 2018 as no weather station was available that could be placed directly at the
experimental site, data from nearby weather stations of a meteorological measurement network were
used. Depending on the distance from the measurement site to the weather station, the temperature

correction of the GasFinders might have been slightly biased.

2.6.3 Ultrasonic anemometer

For the wind profile measurements at least one 3-dimensional ultrasonic anemometers (Windmaster,
Gill Instruments Limited, Lymington, UK) was installed. Before January 2020, only small tripods for
the ultrasonic anemometers (sonics) were available that allowed measurements at a maximum height
of 1.40 m above ground. Later, heavy duty tripods (Donges telescopic tripods) that theoretically

allowed measurements up to 5 m above ground, were available.
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In the sonic evaluation (https://github.com/ChHaeni/gel-scripts/blob/main/sonic-turbulence.r)
the model parameters u,, L, zy, 0,/U., 0,/u., 6,,/u, were calculated from the (co-)variances of the
rotated sonic data (u, v, w, T). A two-axes rotation was applied. As input parameters for the sonic
evaluation, the averaging time, the sonic height, and the canopy height of the landscape were needed.
As averaging time (Section 2.1), 30 min were applied for the measurements at the livestock housing,
the BGPs and the WWTPs and 10 min for the release experiment to increase the number of available

data points.

Additional inputs were the deviation towards geographic north and a time offset to a reference time
(UTC+1). The deviation was needed to transform the wind field from the internal Cartesian
coordinate systems into the geographical coordinate system. The deviation towards north of the sonics
was measured with a handheld compass. However, it was often difficult to measure the deviation.
Thus, the wind direction data from the sonics were compared to the corrected wind direction data
from the weather station and the deviations towards geographic north of the sonics were determined.
For this calculation, only wind sectors were used, for which the sonic and the weather station were

uninfluenced by any objects, otherwise a bias is introduced (Figure 12).

If there were multiple sonics placed onsite, the obtained data from all sonics were compared for
validation. Plotting a wind rose (https://github.com/ChHaeni/gel-scripts/blob/main/windrose.r)
allowed a first validation of the setup. It enabled a crosscheck regarding the correct placement of the
GasFinders. To avoid misplacement of GasFinders and to capture a maximum amount of the
downwind plume from the source, sonic measurements at the site beforehand were conducted. If the
recommended sonic measurements before a campaign were not feasible, the wind directions were
assessed with data from nearby weather stations of a meteorological measurement network. In general,
it is advised that the wind direction is thoroughly evaluated during the campaign and if necessary,

the setup adjusted accordingly.

2.6.4 GasFinder data
A detailed description of the GasFinder is given in Section 2.5. In the field, the tripods of the

GasFinder sensors and retroreflectors were fixed with a base screw and a clamping set to the ground
to avoid misalignments of the laser beam which often occurred with wetting or drying soil and
preferably with longer path lengths. At least at the beginning and the end of a campaign, the time
offset to the reference time was recorded. It is advised to do that more often as the time offset to the
reference time, does not change linearly. The data were downloaded via a USB drive. With
temperatures around or below the freezing point, it could happen that the USB drive was not
recognised by the GasFinder, and data could not be downloaded. Once this occurred, also warmer
temperatures did not help. To overcome this problem, the GasFinder was switched off and turned
back on. However, this solution might induce a different state of the GasFinder as pointed out by

Héni et al. (2021).

A script for reading and processing GasFinder data in R software is provided on GitHub
(https://github.com/ChHaeni/gel-scripts/blob/main/gasfinder-functions.r). For the GasFinder

evaluation, the path lengths from the GPS data and the air temperature and atmospheric pressure
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from the weather station were processed. The air temperature and atmospheric pressure were needed

to correct the concentration data according to a function provided by the manufacturer.

2.6.5 Concentration correction

In a next step, the CH4 concentration data from the GasFinder were analysed. For each GasFinder
sensor a threshold for the received power and the goodness of the fit (R?) were defined (Héni et al.,
2021). A fixed fitting value of > 0.98 was used for every measurement conducted in this thesis. For
the received power, the threshold differed from device to device, from campaign to campaign and even
within a campaign. These thresholds were needed to eliminate unreasonable concentration levels e.g.,
drops in the concentrations. Additionally, it was observed that in the first few hours after starting a
GasFinder or after a longer period without any light that was reflected to the sensor, recorded data
needed to be excluded. Once all implausible concentration data were removed, the 0.3 - 1 Hz data
were pooled to the desired averaging period/interval length. For the pooling, a minimum coverage of
75 % of data within an interval was needed. Otherwise, the value of this interval was not taken into

account.

Individual GasFinders differed in measured concentration levels. Thus, the offset and span between
the employed GasFinders needed to be corrected. This correction was done with a simple linear
regression (deming) between two GasFinders. The offset and span correction were usually based on
data from an intercomparison conducted before or after the actual measurement campaign. If these
data were not available, wind sectors, for which the GasFinders were expected to capture the same
background concentration, were used. For the concentration correction, usually data were only used
if recorded during a minimum wind speed of about 0.8 m s'. Due to the described behaviours of the

GasFinder in Héni et al. (2021), the offset and span correction remained a challenging task.

2.6.6 bLS model and emission calculation

With the coordinates of the source and sensors (GPS data) and the sonic data, the bLS model could
be executed. For this, the R software package bLSmodelR was used (Héani et al., 2018). The package
and a documentation of the bLSmodelR is provided on GitHub (https://github.com/
ChHaeni/bLSmodelR). Once the model run was finished, the bLS output and the concentration data
were combined to calculate emissions according to Eq. 21. Before the processed data could be analysed,

a quality filter needed to be applied.

2.6.7 Quality filtering

As described in Section 2.3, the bLS model uses MOST scaling. Thus, the emission data required
compatibility with MOST assumptions and consequently a screening of the data with the goal to
exclude situations that substantially deviated from MOST conditions. Identifying such conditions and
removing them from the data set is called quality filtering. The goal of this screening or quality
filtering was retaining as much data as possible without including too many erroneous data. Such
filters can be applied to the sonic data or on parameters generated by the bLLS model. In the literature,
filter criteria for the friction velocity u,, the Obukhov length L, the roughness length z, and the

fraction of the source covered by touchdowns can be found (e.g., Flesch et al., 2005; Gao et al., 2011;
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Flesch et al., 2014). As described in Flesch et al. (2014), applying a filter of u, > 0.15 m s'!, leads to
substantial data loss. This would be especially the case for the measuring sites in this thesis where
low wind speeds usually occurred. Flesch et al. (2014) reduced the filter threshold for u, to
u, > 0.05 m s! by introducing a filter for the measured vertical temperature gradient. To filter for
the same low u, or even completely omit filtering for u,, filters for the wind direction, L, z,, and
additionally other filter criteria that to my knowledge have not been used in combination with the
bLS model were used. For the sonic data, these were the standard deviation of the u wind velocity
(along wind) scaled by the friction velocity o, /u,, and the standard deviation of the v wind velocity
(across wind) scaled by the friction velocity a,/u,. For the bLS model parameters, filters for the
dispersion factor Dy, the standard error of the dispersion factor divided by the dispersion factor
0b,,s/DbLs, the Kolmogorov constant of the Lagrangian structure function C,, the number of
touchdowns within the source area and, a minimum concentration difference between the up- and
downwind GasFinder measurements were used as filter criteria. The fraction of the source covered by
touchdowns criterion was not used in this thesis as its implementation in the bLSmodelR deviates

from that in WindTrax.

The values of the individual filter criteria were defined empirically separately for each measurement
site, as the influence of local topographical factors differed. The most often used criteria besides L and
zy were o, /u, and o,/u, that were regarded as criteria for stationary conditions. For Cy, values for
quality filtering have not yet been provided in the literature. Single values are available between 1.6
and 7.6 (Du et al., 1995; Degrazia et al., 2008; Rizza et al., 2010), but not necessarily in combination
with a bLS model. The thresholds of this criterion were set to 2 < C, <10.

The combination of filter criteria that were used in this thesis differed from campaign to campaign.
Emissions that did not fulfil all the applied filer criteria were excluded. As some of the criteria are
interrelated, one criterion might not have induced any data removal at the end as invalid data were
excluded by other criteria previously. In the following, the wind direction filter is explained in detail

as it was not directly related to the above discussed turbulence criteria.

As only a limited number of GasFinder instruments were available, wind direction filters were
necessary to avoid intervals for which the emission plume was on the edge or even outside of the
GasFinder path. During this PhD thesis, three slightly different wind direction filter approaches were
applied (Figure 6). Only data between two predefined wind directions were analysed. The directions

were defined by drawing a line from each end of the GasFinder path through a defined point in space.

i) i) i)

Figure 6: Three approaches for wind direction filtering. The grey square is the emission source, the black arrow the GasFinder
path with sensor and retroreflector, the grey solid lines define the wind direction filtering that were drawn through specific

points (red dots). Emissions recorded outside the wind sector defined by the orange lines (shifted grey lines) were excluded.

For approach (i), from each end of the GasFinder path, a line through the centre of the source was

drawn. The lines for approach (ii) were defined by connecting the ends of the GasFinder path with
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the most outer edge of the source closest to the GasFinder path. For each end, the edge situated
further away was chosen. (iii) Instead of drawing lines from the end of the GasFinder path like in
approach (ii) the lines were drawn from the middle of the path. Depending on the source-sensor
geometry, one of those approaches was used. Approach (iii) was not meaningful, if the source was of
small extension (e.g., the barn of the release experiment). This approach was only used for the
WWTPs where the lateral extension of the source was of similar length than the distance between
the source and the GasFinders. For the measurements at the livestock housings approach (ii) was

used and for the BGPs approach (i) was applied.

The viability of filtering was tested by plotting the emissions against the wind direction and by
subsequently drawing the potential wind direction thresholds. Often, the wind direction sector had to
be narrowed down by a few degrees as emission started to vary if the plume was on the edge of the
measurement path. At the edge of a GasFinder path, deviations between the modelled emission plume

and real plume have a significant impact on the emission calculation.

2.7 Methane release experiment

In the following, some steps of an IDM campaign are explained in more detail on the example of
the CHy release experiment inside a barn. The goal of this experiment was to validate the IDM for
emission measurements from an agricultural building e.g., a dairy housing. McGinn et al. (2006)
conducted a release experiment of a barn with the three release positions on top of the roof and three
positions outside the walls of the barn. Gao et al. (2010) released the CHa via four side vents of a
barn. The barn in study of Gao et al. (2010) is comparable to a mechanical ventilated building that
is common for fattening pigs or poultry. However, dairy cows are housing to a larger extent in
naturally ventilated buildings. Thus, in this study, the CH4 was released inside a building without
mechanical ventilation to optimise the quality of the measurement results and minimise the
uncertainty range of the IDM. Compared to Gao et al. (2010), in this experiment, multiple sonics
were available. Thus, the focus of this experiment was on the positioning of the GasFinders and the
sonics in different distances to the source and the optimisation of the filtering of measurement data

based on micrometeorological criteria and model parameters.

2.7.1 Measurement site and periods

Finding an empty dairy housing in Switzerland for the CH4 release experiment in a location that is
suitable for IDM measurements is difficult. Thus, a barn was chosen instead that allowed a setup
which mimics a naturally ventilated housing. The barn is located in the Grand Marais (47.04307 N,
7.22691 E) that is a flat region in the Seeland region in Switzerland. About 350 m northeast of the
barn is a river with dams on each side that are 4 m higher than the agricultural land surrounding the
barn. The canopy height directly around the barn was 20 cm or lower and remained constant over
the course of the measurements. The barn is 25 m long, 17 m wide and 8 m high. The interior of the
barn serves for storing agricultural equipment. During the release experiment, there were four
agricultural machines located inside the barn. About 1/6 of the barn’s surface was occupied by storage

boxes reaching almost up to the ceiling. Despite the goods inside, about 1/3 of the south end of the
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barn was empty. The barn had on each side a 5 m wide and 4 m high gate. Whereas the gate on the
south side was fully open, the gate on the northeast side was opened 1.2 m during the CH4 releases.
The north facing wall of the barn was windproof, however the south wall exhibited small holes and
cracks all over the wall allowing air exchange. The lateral sides of the barn were not airtight as well.
Especially below the roof, there was a gap of about 0.6 m that was covered by cracked plastic sheets.

About 20 m southwest of the barn is a tree (Figure 7).

Figure 7: Barn used for the CH4 release experiment. The photo was taken from the southwest side of the barn. In the foreground,

there is an ultrasonic anemometer.

The barn is not connected to the power grid. Thus, during all times a petrol-powered Honda EU
201 generator connected to a 30 L fuel tank was used that allowed continuous measurements over

several days. The generator was located outside in a shelter at the southeast side.

The whole experiment took place over several months and was divided into different periods. In
December 2020, measurements to determine the prevailing wind direction were conducted. In January
2021, a first intercomparison (IC1) of the GasFinder and additional sonic measurements were
performed. These GasFinder data were not further used. In a second intercomparison of the GasFinder
(IC2), measurements were conducted from 05 March to 10 March 2021. Then the setup was changed
to the actual experiment denoted as measurement campaign (MC) that took place from
18 March 2021 11:00 to 21 March 2021 13:00 UTC+1. The third GasFinder intercomparison (IC3)
was from 18 March 2021 15:00 to 26 March 2021 10:00 UTC+1 (Figure 8). High-purity CHa was
released inside the barn during MC and 1C3.

2.7.2 Experimental setup

For all measurements, the five GasFinders (sensor modules and retroreflectors) were placed 1.6 m
above ground with a path length of 110 m. For the IC2, the GasFinders were placed about 100 m
southwest of the barn. For the MC, four GasFinders were placed southwest of the barn and one
northeast of the barn. The distances between the barn and the middle of the GasFinder path on the
southwest side, ranged from 50 m to 200 m (Figure 8, Table 1). For IC3, the average distance to the
middle of the GasFinder paths was 50 m. During the MC, the three sonics were placed downwind in
the middle of the GasFinder paths and one upwind of the barn (Figure 8, Table 1). The measuring
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height of all sonics in the MC was 2.16 m. For IC3, the sonics were placed about 55 m southwest from
the barn at heights between 0.85 m and 3 m. The sonic measurements of IC3 are beyond the scope of
this thesis and only the data of SonicD (2 m above ground) were used. All the setups were intendent

for a wind direction of 45°.

MC IC3
GF26 H¢————

SonicC

SonicA
SonicD GF17
SonicB GF18 N
~— GasFinder
GF16 *  Sonic
A Weather station
Om 50m 100 m
GF25 ————— O Tree
] Barn

Figure 8: Schematic overview of the measurement setup during the measurement campaign (MC) and the third intercomparison
(IC3). For the IC3 the GasFinders and the sonics were all placed next to each other.

Table 1: Position of the GasFinders and ultrasonic anemometers during the measurement campaign.

Location GasFinder Ultrasonic anemometer
50 m downwind GF17 SonicA

100 m downwind GF18 SonicD

150 m downwind GF16 SonicB

200 m downwind GF25 -

upwind GF26 SonicC

2.7.3 Methane source

During the pre-sounding measurements and in IC3, two gas cylinders with 50 L at 200 bars with
high-purity (> 99.5 % mol) CHs were used. During the MC and half of IC3, a gas bundle of
12 cylinders with 50 L at 200 bar each were used. Attached to the bundle was a pressure regulator
(Figure 9). The pressure on the high-pressure side was measured with a digital pressure sensor
(LEX1-Ei / 200bar / 81770.5, Keller AG, Winterthur, Switzerland). The low-pressure side was set to
3 bar. The pressure regulator and the mass flow controller (MFC, EL-FLOW Select F-202AV-M20-
AGD-22-V, Bronkhorst High-Tech B.V., Ruurlo, The Netherlands) were connected by a polyethylene
naphthalate (PEN) tubing (FESTO, PEN-16X2,5-BL-100 551449) with an inner diameter of 10.8 mm.
After the MFC, there was 8 m long PNE tube with an inner diameter of 10.8 mm to a gas distribution
block made of aluminium with three outlets (ITV, 124 A24 G1/2”). Each outlet had an L-fitting
(FESTO, QSL-G1/2-16 186126) and a 1.5 m of the same tubing connected to another gas distribution
block with eight outlets with a reduction of the tubing to 2.7 mm (FESTO, FR-8-1/4 2078). To each
of these outlets a L-fitting (FESTO, QSLL-1/4-4 190662) and a 20 m long with an inner diameter of
2.7 mm PEN tubing (FESTO, PPEN-4X0,75-BL-500 551444) was attached that released the gas
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(Figure 9). At the end of these tubes, no pressure reduction was added. The total pressure drop of

the system was expected to be around 0.4 bar.

The Keller pressure sensor and the MFC were connected to a computer. The pressure and the
temperature recorded with the Keller pressure sensor were logged with 10 Hz. From the MFC, the
setpoint (Ln min™'), the flow rate (Ln min™') and the temperature were logged with 0.1 Hz resolution.
The setpoint of the MFC was controlled via computer. The MFC had a maximum flow of 160 L, min™
and was calibrated for CH4 at 15 °C. During the MC, the MFC was set to 140 Ly min"! and remained
unchanged. During the IC3, the setpoint was varied. The high flow rate was chosen to achieve
sufficient concentration enhancement at the GasFinders location and thus an adequate signal to noise
ratio. The 140 L, min! or 6.02 kg h'! correspond to the emission of about 360 dairy cows. The
cumulative flow through the MFC whilst the gas bundle was connected, was within 1 % of the CHy

volume inside the gas bundle.
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Figure 9: Schematic of the CH4 source for the artificial release experiment.

The gas bundle and the MFC were placed outside the barn on the north side. The release points
inside the barn were at 1.5 m above ground. The 24 release points were equally distributed in the
southern half of the barn. This setup was chosen to mimic CH4 release due to enteric fermentation of

a dairy cow herd inside a housing.

Due to the high flow rate in combination with the large pressure differences (Joule-Thomson effect),
gas temperatures below -70 °C were expected. Thus, the Keller pressure sensor was connected over a
50 cm stainless steel tube with an inner diameter of 4 mm to the pressure regulator to avoid freezing
of the sensor, as the minimal operation temperature was -10 °C. Further, two steel metal blocks were
mounted to the pressure regulator and heated with a heating cartridge, to keep the regulator
temperature above -30 °C. The minimal operation temperature of the MFC was -10 °C and thus a
water-air recuperator was added in between the pressure regulator and the MFC (Figure 9). The
recuperator consisted of a 120 L barrel that was filled with about 90 L of water with an initial
temperature of around 45 °C. During the gas release in the MC, the water was replaced before the
second release. Inside the barrel, about 10 m of the PEN tubing was placed. This setup kept the gas
temperature at the MFC besides the last 30 mins always above 0 °C (Figure 10).
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Figure 10: Upper panel: Temperature (black) and flow rate (grey) recorded by the mass flow controller (MFC). Lower panel:
Temperature (black) and pressure logged (grey) by the sensor at the high-pressure side during the measurement campaign.

The time is in UTC+1. The location of the devices within the source setup are given in Figure 9.

At the beginning of the first release in the MC, an overheating of a heating cartridge occurred that
led to a short circuit and shut down of the power generator. After about 30 min, the problem was
fixed, and the measurements were continued. Around 1:00 UTC+1, the computer was needed to check
data from a sonic and thus, the gas release was stopped for a few minutes. Around 4:00 UTC+1, the
computer switched to the sleeping mode and therefore, no data was logged (Figure 10). However,
during these about 10 min, CH4 was still being released and thus, the flow rate of the MFC was
interpolated for the emission plots (Figure 16, Figure 17, Figure 20).

2.7.4 Filtering

For the release experiment, filters were applied for the wind direction, z,, L, 0,/u,, 0,/u,, and
Co-The thresholds for these filters were z, < 0.07 m, |1/L| < 0.5 m, a,/u, < 4, 0,/u, < 4 and,
Cy < 10. For the wind direction filter, approach (ii) was applied (Section 2.6.7). For the release
experiment, no u, filter, any other filter related to the bLS model, or a minimum concentration
difference between the up- and downwind measurements were applied, as they did not improve

the result.

2.7.5 Results

2.7.5.1 Weather station data
The declination at the barn was 2.8°cast (swisstopo, 2021). With an eastward declination, the

difference must be added to the magnetic direction to get the geographical direction. During the CHa



40 2. Methods

in the MC and IC3, the ambient air temperatures were between -1.3 °C and 6.1 °C and wind speeds
ranged between 2.1 and 6.5 m s (Figure 11). There were only northeasterly winds during the MC.
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Figure 11: Meteorological data measured by the Lufft weather station at 47.04259 N, 7.225523 E coordinate during the
measurement campaign and part of the third intercomparison. The shaded areas represent the time whilst CH4 was being
released. The time series is in UTC+1.

2.7.5.2 Ultrasonic anemometer data
The closer the sonic was placed to the barn in the present study, the further the wind direction

deviates from the weather station data. The upwind sonic (SonicC) accounted for the smallest
deviation. All sonics recorded a similar positive deviation between 60° and 75°, whilst the weather
station measurement was influenced by the proximity of the barn. The applied wind direction
correction was successful as outside the influenced sector the average difference was zero. The problem
of the present study was that there were only limited times where the sonics and the weather station
were not influenced by any objects, as there were no southwesterly winds during the times the sonics

were in the MC setting (Figure 8).

The mean wind direction of the downwind sonics deviated with decreasing distance to the barn.
The closer the sonic was placed to the barn the more a wind direction from north was measured. The
variation in the wind direction was larger for the downwind sonics than for the upwind sonic.

Considering the upwind sonic, the measurement setup was not ideal (Figure 13).
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Figure 12: Absolute difference in the wind direction between the sonics and the weather station recorded during the
measurement campaign, for the corrected wind data. SonicA = 50 m, SonicD = 100 m, SonicB = 150 m,

SonicC = background. The exact locations of the sonics are given in Figure 9.

Table 2: Mean wind direction and wind speed recorded during the measurement campaign setup of the four sonics.

Mean wind direction [°] Mean wind speed [m s!]
SonicA 46 2.9
SonicD 51 2.7
SonicB 51 2.9

SonicC 52 2.6
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Figure 13: Schematic overview and wind rose of the four sonics for the measurement campaign whilst CHs was being released.
The wind rose indicates the frequency of occurrence of wind directions and the friction velocity u, in each wind direction sector.
For display purposes the wind rose of the upwind sonic (SonicC) is plotted at the 200 m location. The names for the GasFinders

are given in Figure 8.
2.7.5.3 Concentration analysis

The threshold for the received power of the used GasFinders are given in Table 3. For the
concentration correction of the release experiment, data from IC2 and IC3 were used and only data
that were recorded during times with a minimum wind speed of 0.5 m s were taken into account.

The intricate task of the offset and span correction is described in the following.

The two newer GasFinders (GF25, GF26, built in 2019) showed higher concentrations than the
three older ones (GF16, GF17, GF18, built in 2016) (Figure 14, top panel). In the following analysis,
GF26 was used as a reference device for comparing the measurements of all other GasFinders. The
smoothed concentration differences between GF26 and the remaining GasFinders (Figure 14, bottom
panel) seem to have a similar pattern. For the smoothing, a nonparametric local regression (loess)

was used (Jacoby, 2000). The differences to GF26 tended to get less negative at the beginning of IC2
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but increased again after 07 March 2021 and reached a maximum around 08 March 2021. Towards
10 March 2021, the differences were less negative (GF16, GF17, GF18) respectively more positive
(GF25) again. If GF18 is compared to the other GasFinders instead, no general pattern in the
concentration differences in IC2 was found (data not shown). This indicates that the pattern in IC2
(Figure 14, bottom panel) was due to some variation in GF26 that was not measured in any other
device. However, without an external reference device, it remains unclear if GF26 measured precisely

- not necessarily accurately - or all other devices did not measure precisely.

Table 3: Threshold values for the received power for the different GasFinders for the first intercomparison (IC1), the second

intercomparison (IC2), the measurement campaign (MC), and the third intercomparison (IC3).

GasFinder 1C1 1C2 MC 1C3

GF16 70 70 70 70
GF17 600 600 400 100
GF18 120 120 120 120
GF25 50 50 50 50
GF26 200 200 200 200

During the MC whilst no CHs4 was being released, the most prominent feature is the lower
concentration difference between GF26 and GF17. As the other concentration differences were similar
to those by the end of IC2, the concentration measurement of GF17 was around 0.04 mg m™ higher
than before. Additionally, the differences to GF26 from GF16, GF18 and GF25 in the MC changed
from the beginning until the end by about 0.04 mg m™3. Although during this time, the GasFinders
were in the MC setup (Figure 8), they should still have measured the same concentration as no CHy
was being released during this time and the next known upwind CHa4 source was about 2 km away.
Thus, it is more likely that GF17 had a concentration step change and GF26 a drift similar as
described in Héni et al. (2021).

The record obtained by IC3 underscores the difficulty of interpreting the recorded data. At this
time, all the GasFinders were placed next to each other and there were only a few hours in between
the end of the MC and the beginning of IC3. However, the concentration difference from GF26 to
GF25 changed by about 0.05 mg m3. Towards the end of IC3, there seems to be an increase in GF26
concentrations and a simultaneous decrease in GF25 as the decrease was strongest for GF25 compared
to the other GasFinders (Figure 14). It appears that over the course of this thesis, the unstable
behaviours of the GasFinder became more frequent. Therefore, they were sent to the manufacturer

for revision.

A challenge faced was to choose the correct time ranges for the offset and span correction that were
most representative for the concentrations in the MC whilst CH4 was being released. However, with
the chosen emission rate of the artificial source concentration enhancements between 0.2 and
2.0 mg m3 were expected, thus roughly 10 times higher as the biases between the

individual GasFinders.

A first offset and span correction were based on the data of IC2 and IC3. In IC3, also CHs4 was
released to have higher variations in the concentrations for a more accurate span correction. As
reference device GF25 was used as its measured concentrations were closest matching to real
atmospheric concentrations. First, GF18 was corrected to GF25. Afterwards, GF16, GF17 and GF26
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were corrected to GF18. For the correction of GF18 to GF25 and GF26 to GF18 the periods from
21 March 18:30 to 22 March 2021 01:50 UTC+1 and 23 March to 27 March 2021 were excluded as
these might contain drifts or step changes. For the corrections of GF16 and GF17 to GF18, the period
from 21 March 18:30 to 22 March 2021 01:50 UTC+1 was excluded for the same reason.
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Figure 14: Upper panel: Uncorrected concentration (conc.) data recorded by the five GasFinders during the second
intercomparison (IC2), the measurement campaign (MC), and the third intercomparison (IC3). Lower panel: Concentration
differences to GF26 of the uncorrected GasFinder data, without the times during the MC whilst CHs was being released. The
solid coloured lines are a graphical smoothing based on a nonparametric local regression (loess) (Jacoby, 2000). The time series

is in UTC+1.

After these offset and span corrections, the corrected concentration data still showed an offset
between the GasFinders in the MC (Figure 15, upper panel). Therefore, the offset to GF26
(background) in the MC was once again corrected (Figure 15, lower panel). For this, data from
19 March 17:10 to 19 March 2021 21:30 UTC+1 and 20 March 07:30 to 20 March 2021 11:50 UTC+1
were used. This was the time between the two releases in the MC and right after the second release

in the MC.

As written above, during IC3, also CHs was released. To calculate emissions from these intervals a
background concentration was needed. Therefore, the corrected concentration of all five GasFinders
in IC3 when no CH4 was being released were averaged. From the beginning to the end of the CHa
release in IC3, the averaged concentration was linearly interpolated and used as background
concentration. This was feasible as the concentrations during this time period on the day before and
the three days after the release, exhibited only small variations (data not shown). The corrected

GasFinder concentrations were then used to calculate CH4 emissions.
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Figure 15: Upper panel: CHy concentration (conc.) data recorded by the five GasFinders during the second intercomparison

(IC2), the measurement campaign (MC), and the third intercomparison (IC3) after a span and offset correction, based data

from IC2 and IC3. Lower panel: CH4 concentration after a second offset correction for the measurement campaign.

2.7.5.4 Emissions

The emissions determined from the different sonic and GasFinder combinations did not substantially

differ during the MC (Figure 16, Figure 17). The determined emissions seem to increase with

increasing distance of the GasFinders from the barn (Figure 17). The data loss during the MC whilst
CH4 was being released is highest with the combination SonicA and GF25 (81 %) and lowest with

SonicB and GF17 (7 %) after quality filtering. On average, the closer the sonic was placed to the barn

the larger the data loss (Table 4). For IC3, the emissions from all GasFinder were almost

identical (Figure 18).

Table 4 Percentage of data loss of the different sonics and GasFinder combination after quality filtering.

SonicA SonicD SonicB SonicC
GF17 64 % 08 % 07 % 10 %
GF18 66 % 12 % 11% 14 %
GF16 76 % 26 % 21 % 27 %
GF25 81 % 34 % 30 % 34 %
average 72 % 20 % 17 % 21 %
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Figure 16: CHa emissions calculated for the measurement campaign with the concentrations of the GasFinders and the bLS
output from the different sonics. Each panel represents a GasFinder (location) and the colours indicates the sonics used to
calculate the emissions. The black solid line is the expected emission based on the flow rate of the mass flow controller (MFC).

The positions of the GasFinders and sonics are given in Figure 8. The time series is in UTC+1.
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Figure 17: CHa emissions calculated for the measurement campaign with the concentrations of the GasFinders and the bLS
output from the different sonics. Each panel represents a sonic and the colours indicates the GasFinder used to calculate the
emissions. The black solid line is the expected emission based on the flow rate of the mass flow controller (MFC). The positions

of the GasFinders and sonics are given in Figure 8. The time series is in UTC+1.
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Figure 18: CHa emission data from the third intercomparison calculated with all five GasFinders and the data from SonicD.
The black solid line is the expected emission based on the flow rate of the mass flow controller (MFC). The time series is in
UTCH+1.
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The recovery rates (determined emission divided by expected emission) calculated from the CHa
releases were always below 1 (Table 5). The mean recovery rates ranged between 0.56 - 0.72 for the
MC and 0.55 - 0.76 for IC3.

Table 5: Recovery rates (mean, median) for all possible GasFinder-sonic combinations for the measurement campaign and the

third intercomparison.

SonicA SonicD SonicB SonicC
Measurement campaign
GF17 0.65, 0.66 0.57, 0.58 0.58, 0.57 0.56, 0.56
GF18 0.67, 0.69 0.60, 0.61 0.60, 0.60 0.59, 0.59
GF16 0.64, 0.70 0.63, 0.63 0.61, 0.61 0.64, 0.63
GF25 0.60, 0.63 0.67, 0.67 0.63, 0.61 0.72, 0.71

Third intercomparison

GF26 - 0.69, 0.66 - -
GF17 - 0.76, 0.66 - -
GF18 - 0.66, 0.64 - -
GF16 - 0.67, 0.63 - -
GF25 - 0.55, 0.65 - -

2.7.6 Discussion

Recovery rates between 0.55 and 0.76 have been determined. This deviates from the findings of Gao
et al. (2010) that conducted a similar experiment and achieved a recovery rate between 0.93 and 1.03
for a fetch of 10 - 25 times the building height. For a fetch of 5 times the building height the recovery
rate in Gao et al. (2010) was 0.66. For a similar fetch in this study (GasFinders at 50 m), the recovery
rates for the MC were 0.56 - 0.65 and for IC3 55 — 0.76, thus comparable. However, for larger fetches

the recovery rate in this study did generally not increase.

The setup was intended for an average wind direction of 45°. The average wind direction during the
MC measured by the upwind sonic deviated by 6° toward the east compared to the setup chosen
according to the predicted wind direction (Figure 5). About 3° were due the erroneously omission of
declination correction in the test measurements conducted prior to the campaign. The slightly
inaccurately placed setup was the reason that most of the emission plume was rather close to the edge
of the GasFinder path (Figure 19). A deviation between the modelled plume and the emission plume
leads to large differences in the determined emission, if most of the plume is not inside the GasFinder

path. In the following, possible reasons for the lower recovery rate are discussed.
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Figure 19: Contours of the modelled emission plume given as concentration enhancements for the xy-plane at a height of 1.6 m
above ground for the bLS runs based on the four sonics. The name of the GasFinders and the position of SonicC are given in

Figure 8.

2.7.6.1 Deviation of the plume in the xy-plane
A deviation in the xy-plane between the modelled plume and the real emission plume could be

potentially the cause for the lower recovery rate. This can be either due to wrong wind direction data

or a lateral deflection of the plume.

Wrong wind direction data could be due to a bias in the magnetic compass of the weather station
which would cause an error in the sonic wind field transformation into the geographical coordinate
system. Additionally, the wind direction correction of the sonics with the weather station could off by
a few degrees. Especially due to the lack of southwesterly winds, there were only a few undisturbed
wind directions for the comparison available (Figure 12). In the worst case, the measured wind
direction could deviate by about 6° from the real wind direction. Thus, the implications on the
emission data if the wind field was rotated by 15° clock- and anticlockwise in 1° steps was

tested (Figure 20).
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The general pattern of the wind field rotation was similar for all sonics (only data for SonicB are
shown). The GasFinder closest to the barn was almost unaffected by any change in wind direction
(Figure 20). The more the GasFinders were placed away from the barn, the larger were the changes
in emissions due to the wind field rotation. Generally, a clockwise shift of the wind field led to higher
emissions and an anticlockwise shift led to lower or unchanged emission estimates, whereas the changes
were more pronounced with a clockwise rotation. This indicates that the emission plume was on the
edge of the GasFinder paths. Thus, shifting the wind field clockwise turned the plume further out of
the GasFinder paths and therefore decreased the modelled dispersion factors. Smaller dispersion
factors with the unchanged measured concentrations led to higher emissions (Eq. 21). On the other
hand, shifting the wind field anticlockwise shifted the plume more towards the middle of the GasFinder
paths and thus increased the dispersion factors or remained unchanged as already the whole plume
was inside the GasFinder paths. Hence, an anticlockwise shift decreased the emission or left it
unchanged. That is a reason why it is important to cover a large distance with the GasFinder paths.
A clockwise shift of 6° would have led to mean recovery rates between 0.54 and 0.80 with an average

at 0.68. Nevertheless, it seems unlikely that the wind direction was off by so many degrees.

There could be other reasons for the discrepancies between the modelled plume in the bLLS model
and the real plume. The CH4 could have left the barn in a way that would lead to a large deviation
from the modelled plume. Before the CHy release, the wind speed inside the barn was about 0.9 m s
(only 10 min of data available). During the CHa release, no data are available as there were no
electronic devices placed inside the barn for safety reasons. Nevertheless, it is likely that most of the
CHu left the barn through the gate or gaps in the south wall. As described in Section 2.3, the bLS
model assumes a homogeneous diffusive ground source. One could argue that due to the wind inside
the barn, the source in the bLS model should be only the most southern part of the barn. By
considering this kind of source definition as being less biased to natural conditions, it would decrease
the recovery rate further as the dispersion factors of the GasFinders increase, since the average source
area is now closer to the GasFinders. To overcome the problem of heterogeneous emissions within the

source area, the GasFinders were placed 50 — 200 m downwind.
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Figure 20: Effects of the wind field rotation on emission data calculated with SonicB and the four downwind GasFinders. Each
colour represents a rotation by 1°. Green: anticlockwise rotation of the wind field. Blue: clockwise rotation of the wind field.
Red: original line. The black solid line is the expected emission based on the flow rate of the mass flow controller. The time
series is in UTC+1. Note that due to wind direction filtering (for every run the same) not every run has the same number of

data points. Emissions over 9 kg h'! are not displayed.

Another possibility is that the CHq left the barn almost jet like that was increased by the disturbance
of the wind field due to the barn. That jet could have further been deflected by the tree southwest of
the barn displacing the plume westwards. After several meters, the CHs would have reached the open
field and dispersed according to the bLS model. In this case, the difference between the real and
modelled plume (regarding the xy-plan only) would have been largest for the GasFinder closest to the
barn and decreasing with rising distance to the barn. However, due to the long GasFinder paths this
difference should not have affected the emissions calculated with the GasFinder closest to the barn as
the real and the modelled plume were still inside the measurement path. The differences between the
modelled and the real plume rather affected the emissions calculated with the GasFinders further
downwind as can be seen in the wind direction variation (Figure 20). In combination with the setup
that was not ideal, this could have shifted the plume outside the GasFinder paths the more distant
the devices were placed away from the source. A hypothetical illustration of such a deflected plume

is given in Figure 21.
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Figure 21: Illustration of a hypothetical deflected plume (blue) in contrast to the originally modelled plume (red).

2.7.6.2 Deviation of the plume in the xz-plane
Besides the deviations in the xy-plane, the modelled plume could also have differed from the real

plume in the xz-plane. For a qualitative analysis a forward model with WindTrax was executed to
investigate the effect of different release heights. As micrometeorological conditions provided by
WindTrax, the stability classes neutral, slightly stable, and slightly unstable were used. A wind speed
of 3 m s! and a wind direction of 51° were employed. As release heights, 0.05 m, 1 m, 2 m, 3 m, 4 m,
and 5 m were selected. The 0.05 m were chosen as it is not possible to use ground emissions in the
forward mode of WindTrax. The forward model run showed that with increasing release height the
expected concentration at the GasFinders locations compared to a ground release decreases (Figure
22). This effect decreases with increasing distance of the GasFinder from the source. For a
measurement height of 3 m instead of 1.6 m the effects are less pronounced. For all stability classes,

the effects are similar.

As the concentration is proportional to the emission rate, this could explain the low recovery rate
of the GasFinder closest to the barn and the findings of Gao et al. (2010) for a fetch 5 times the
building height, as most of the CHs flew over the laser path. This is another reason for placing the
concentration measurements with a fetch of 10 times the building height downwind of the source.
However, it seems unlikely that the CH4 exclusively left the barn at 4 m above ground level or higher.
Additionally, only small differences in the emissions between the different GasFinder positions were
recorded (Figure 17), and thus, according to results of the forward mode, the release rate must have

been rather near ground.
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Figure 22: Percentage of the concentration found at the different GasFinder location with different release heights compared
to a ground release calculated with the forward mode of WindTrax. The upper row shows the original GasFinder height (1.6 m
above ground) and the lower panel the ratios resulting from GasFinder positions at 3 m above ground. Slightly unstable
conditions: L = -30.37 m, u, = 0.2355 m s’!. Neutral conditions: L = 10° m, u, = 0.2265 m s’'. Slightly stable conditions:

L =30.37 m, u, = 0.2138 m s!, For all conditions a wind speed of 3 m s and a wind direction of 51° was used.

2.7.6.3 Other reasons for the low recovery rate
An erroneous offset correction between the downwind and the background concentration is unlikely

as between the two releases during the measurement campaign all the GasFinders measured a similar
concentration (Figure 15). Another possibility is an inadequate span correction by a factor of about
1.6. The same span correction for the MC was also applied to IC3. In the IC3, all GasFinders,
inclusively GF26, which was used as background in the MC, had almost identical emissions (Figure
18). Thus, an error in the span that could explain the low recovery rate did not occur. Emissions were
also calculated for times without any CHa release. On average these emissions were -0.01 kg h'! with
a standard deviation of 0.18 kg h! and thus support the statement that the concentration correction
was correct. The somewhat higher emissions of GF25 during the measurement campaign (Figure 17)
might also be due to errors in the concentration of the GasFinder (drift, step changes) that could not
be corrected with the intercomparisons data. For the third intercomparison, GF25 did not seem to
have any issues and the emission of all GasFinders (background was interpolated) was
identical (Figure 18).

The cumulative flow through the MFC was within 1 % of the volume inside the gas cylinders. It is
possible that there were compensation errors in the source but the bias of the CH4 source is not higher
than 5 %. It is also unlikely that the released CH4 concentrated up inside the barn and leaked out in
small doses over a several hours after the release. A concentration change was measured almost
instantaneously after CHa was being released or the release was stopped. Additionally, the missing
amount of CH4 was just too much. In the first release during the MC, about 14 kg of CH4 were

missing. Directly after the release, all the gates and doors were fully opened to flush all remaining
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CH4 out and thus, one would have expected a concentration increase for at least the GasFinder closest
to the barn (GF17), which did not occur. If despite venting the barn the missing CHa remained inside,
the maximum leaking in the following time could not have been more than about 0.1 kg h'l,
considering a detection limit of the GasFinder of 0.027 mg m= (H&ni et al., 2021). With a rate of

0.1 kg h!, it would have taken over a week until all the missing gas has left the barn.

2.7.7 Conclusions

The recovery rates of the release experiment were 0.56 - 0.76 and thus, smaller than 1, which cannot
be conclusively explained. It is likely a combination of a deflected lateral plume and an uplift due to
the wake of the barn or the tree. Additionally, a smaller part of the deviation could be due the
uncertainty in the GasFinder concentrations and their correction. However, reliable information
regarding the outflow of the gas from the barn, its interaction with the tree and the shape of the
plume is not available. To test the impact of these three factors, a simulation of the air flows at this

barn using a CFD model would be necessary.

To examine if there was a limitation of the IDM and to be able to better assess the measured
emission, I suggest repeating the experiment. For a repetition of the experiment at the same location,
several improvements can be suggested. First, low-cost CH4 sensors should be installed at several
places inside the barn for monitoring the dispersion of the CH4 and safety reasons, as CHy is explosive
in high concentrations. Second, the gate on the north side should be closed completely to reduce the
wind flow through the barn. Third, turbulence measurements or wind measurements inside the barn
would be desirable. These three suggestions were all well planned, but the concentration sensors were
not ready at the time the experiment was conducted and the experiment could not be further delayed.
Thus, for safety reasons the north gate was opened more than intended and no electronic device (a
second weather station) was placed inside the barn. Fourth, longer path length of the GasFinders
(140 — 200 m) should be employed in a corrected setup to be even less dependent on wind direction
and lateral differences of the bLLS model plume and the emission plume. However, longer path lengths
will decrease the measured concentration differences between the up- and downwind GasFinders. For
distances between 50 m and 150 m from the barn and the given release rate of the CHu, the
enhancement should however, not be a problem. Considering the uncertainty in the GasFinder
measurements, there might be an issue with the measurement 200 m downwind, though. Fifth, if
possible, also conditions with wind directions from southwest should be measured in the measurement
setup to crosscheck the sonics wind direction and the GasFinder concentrations. Independent of the
experimental site, an analysis of the plume shape via a drone or a mobile, high resolution measurement
device (e.g., GasScouter™ G4301 Mobile Gas Concentration Analyzer, Picarro Inc, Santa Clara, USA)
and an inlet attached to a telescope bar are advisable. Even though such measurements can only be
conducted over a short period and the concentrations are expected to vary inside a plume, such
measurements could give a general impression of the shape of the plume. This might be enough to see
at which height the gas is released from the building and if the plume got deflected. This would allow

a better interpretation of the IDM emission data.
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Abstract. Methane (CH4) emissions from dairy housings, mainly originating from enteric
fermentation of ruminating animals, are a significant source of greenhouse gases. The quantification
of emissions from naturally ventilated dairy housings is challenging due to the spatial distribution of
sources (animals, housing areas) and variable air exchange. The inverse dispersion method (IDM) is
a promising option, which is increasingly used to determine gaseous emissions from stationary sources,
as it offers high flexibility in the application at reasonable costs. We used a backward Lagrangian
stochastic model combined with concentration measurements by open-path tunable diode laser
spectrometers placed up- and downwind of a naturally ventilated housing with 40 dairy cows to

determine the CHy emissions. The average emissions per livestock unit (LU) were 317 (£44) g LU d*!
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and 267 (+43) g LU d! for the first and second campaign, in September - October and
November - December, respectively. For each campaign, inhouse tracer ratio measurements (iTRM)
were conducted in parallel during two subperiods. For simultaneous measurements, IDM showed
average emissions which were lower by 8 % and 1 % than that of iTRM, respectively, for the two
campaigns. The differences are within the uncertainty range of any of the two methods. The IDM
CH4 emissions were further analysed by wind direction and atmospheric stability and no differences
in emissions were found. Overall, IDM showed its aptitude to accurately determine CH4 emissions
from dairy housings or other stationary sources if the site allows adequate placement of sensors up-
and downwind in the prevailing wind direction. To acquire reliable emission data, depending on the
data loss during measurements due to quality filtering or instrument failure, a measuring time of at

least 10 days is required.
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Enteric fermentation

Methane (CHy4) emissions from dairy housings, mainly originating from enteric fermentation of ruminating an-
imals, are a significant source of greenhouse gases. The quantification of emissions from naturally ventilated
dairy housings is challenging due to the spatial distribution of sources (animals, housing areas) and variable air
exchange. The inverse dispersion method (IDM) is a promising option, which is increasingly used to determine
gaseous emissions from stationary sources, as it offers high flexibility in the application at reasonable costs. We
used a backward Lagrangian stochastic model combined with concentration measurements by open-path tunable
diode laser spectrometers placed up- and downwind of a naturally ventilated housing with 40 dairy cows to
determine the CH4 emissions. The average emissions per livestock unit (LU) were 317 (+44) g LU d~! and 267
(+43) g LU! d! for the first and second campaign, in September — October and November — December,
respectively. For each campaign, inhouse tracer ratio measurements (iTRM) were conducted in parallel during
two subperiods. For simultaneous measurements, IDM showed average emissions which were lower by 8% and
1% than that of iTRM, respectively, for the two campaigns. The differences are within the uncertainty range of
any of the two methods. The IDM CHy4 emissions were further analysed by wind direction and atmospheric
stability and no differences in emissions were found. Overall, IDM showed its aptitude to accurately determine
CH4 emissions from dairy housings or other stationary sources if the site allows adequate placement of sensors
up- and downwind in the prevailing wind direction. To acquire reliable emission data, depending on the data loss
during measurements due to quality filtering or instrument failure, a measuring time of at least 10 days is
required.

1. Introduction which in temperate regions accounts for about 15-20% of CH4 emissions
(Petersen, 2018), and includes the livestock building, manure processing
and storage (Gerber 2013). For the period 2008-2017, Saunois et al.

(2020) estimated total emissions for enteric fermentation and manure

Global emissions of greenhouse gases from the livestock sector are
estimated at 7100 Tg CO-eq per year, which corresponds to 14.5% of

the anthropogenic GHG emissions (Gerber, 2013). Approximately 3100
Tg COz-eq or 44% of livestock emissions are due to the release of
methane (CHy4) with the main share provided by cattle (2000 Tg CO2-eq
per year) (Gerber, 2013). CHy in the livestock sector is mainly produced
through enteric fermentation in the digestive tract of livestock animals
(Niu et al., 2018) and to a smaller extent during manure management,
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management at 111 Tg CH, yr™* or 2775 Tg COz-eq which corresponds
to one third of the global anthropogenic CH4 emissions (366 Tg CH,
yr’l).

Loose housing systems in a naturally ventilated building are
becoming the most common housing type for cattle in Switzerland
(Kupper et al., 2015). CH4 emissions from this system for dairy cows
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were found to vary over a large range (Poteko et al., 2019). The quan-
tification of gaseous emissions from naturally ventilated livestock
buildings is challenging due to the spatial distribution of sources (ani-
mals, housing areas) and variable air exchange rates.

The inverse dispersion method (IDM) is a promising option for
emission determination from stationary sources such as livestock
housings, without the need to access the buildings. It combines con-
centration measurements up- and downwind of the source with turbu-
lence measurements and a dispersion model to quantify the emission
strength. Backward Langrangian stochastic (bLS) models are most
commonly used in the IDM approach, but simple Gaussian plume models
or complex fluid dynamics models are also possible (Harper et al., 2011;
Sonderfeld et al., 2017). The IDM has been successfully applied to es-
timate emissions e.g. from whole farms (including stationary sources
such as animal housings and manure stores) (Flesch et al., 2005; Flesch
et al., 2009; McGinn et al., 2006; VanderZaag et al., 2008), animal
production buildings (Harper et al., 2010), feedlots (Bai et al., 2017;
Flesch et al., 2007; McGinn et al., 2007; McGinn et al., 2016), grazing
cattle (Laubach et al., 2013; Laubach et al., 2014) and manure stores
(Flesch et al., 2013). In an experiment with controlled CHy release in an
animal housing, a recovery rate between 0.93 and 1.03 was achieved for
IDM at a fetch between 10 and 25 times the housing height (Gao et al.,
2010). These studies have highlighted the flexibility in the application of
IDM for farm scale measurements.

In contrast to the current published studies with IDM application,
livestock farms in Switzerland are often located in hilly terrain with
substantial topographical variation in nearby surroundings. The pre-
vailing micrometeorological conditions are often associated with low
wind speed and unsteady wind directions. Furthermore, the average
Swiss dairy farm is relatively small, housing only 22 dairy cows on
average (Federal Statistical Office, 2020) and there are often neigh-
bouring farms with potentially confounding CH,4 emissions in the vi-
cinity of the target source. This leads to a small CH4 concentration
gradient up- and downwind of the source. All these factors make a
successful application of the IDM challenging.

In this study, we investigate the applicability and performance of the
IDM for a naturally ventilated dairy housing in eastern Switzerland as a
relatively weak CH4 source where variable and unsteady wind condi-
tions prevail. The dependence of the IDM results on micrometeorolog-
ical conditions and the housing dimensions, influencing the turbulence
at the positions of the measuring devices, are analysed. This is necessary,
as the bLS model assumes a flat topography with emissions released at
ground level. The average CH4 emission obtained by the IDM are
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compared to independent simultaneous measurements by an in-house
tracer ratio method (iTRM).

2. Material and methodology
2.1. Experimental site and periods

2.1.1. Geographical location

Measurements were conducted at a naturally ventilated dairy hous-
ing in Aadorf, Switzerland (47.489175° N, 8.919663° E) which is an
experimental facility of Agroscope (Mohn et al., 2018). The housing is
built on a small plain that extends > 1 km in southwest direction and
220 m in northeast direction (main two wind directions). In the north-
east, the plain terrain is followed by a descending slope of about 9%.
Next to the dairy housing towards the northwest, outside the main wind
directions, there is a building and some trees, which exceed 10 m height
(Fig. 1). 200 m westward, a small forest is situated. Apart from the
associated slurry pit at the southwest side of the housing (Fig. 1), no
other potential CH4 sources were present in close vicinity of the build-
ing. However, within a radius of 600 m of the dairy housing there are
three other livestock housings (280 m south, 370 m east, 570 m west)
and temporary grazing cattle and sheep (200 m northwest, 380 m east,
100-500 m north).

2.1.2. Experimental dairy housing and livestock

The dairy housing is 50 m long, 25 m wide and 5 m and 8.5 m high in
the southwest and northeast side, respectively. It has a mono-pitched
roof with the slope towards southwest. The main building axis is ori-
ented perpendicular to the prevailing wind direction (Fig. 1). The
housing consists of two experimental compartments for 20 cows each
with cubicles equipped with straw mattresses and solid floors with a
common rubber mat. The layout of the functional areas is further
described in Poteko et al. (2018). In the centre section between the two
compartments, the milking parlour and waiting area as well as technical
installations, office and analytics are placed. The feeding aisles and
cubicle access areas were equipped with stationary scrapers, which
removed the dung 12 times per day to cross channels. These cross
channels were emptied in around 8 to 12 days intervals into the two
separated below-ground slurry pits at the southwest side situated
outside of the building. The slurry pits are covered with a concrete
ceiling that contains eight openings (each around 0.8 m?). The total
volume and slurry surface of the slurry pits are 252.2 m® and 127 m?,
respectively.

u* [m 3’1]

0.00,0.05]
0.05,0.10]
0.10,0.15]
0.15,0.80]

(
(
(
(

Fig. 1. Schematic overview of the measuring
location with a wind rose. The wind rose in-
dicates the frequency of occurrence of wind
directions and the friction velocity u* in each
wind direction sector. The large black rectangle
is the dairy cattle housing with the under-
ground slurry pit on the southwest side. Filled
black circles indicate positions of GasFinder
[ (GF) sensors and retroreflectors with the dashed
I/ line representing the measuring path. The black
i triangles mark the position of the sonic ane-
mometers (S). The inlet for the iTRM back-
ground measurements (P) is denoted as asterisk.
Further, trees (grey circles), forest area
(hatched polygon), a building (dark grey poly-
gon) and the streets (light grey) are drawn.
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The experimental compartments are naturally ventilated without
thermal insulation and with flexible curtains as facades. Management
routines such as milking (05:30 and 16:30) and dung removal with
stationary scrapers were the same in both measuring campaigns. Due to
nutrition trials, which were carried out in parallel using the two groups
of 20 dairy cows each, the diets during the iTRM measurements phases
consisted of (i) hay, maize pellets and pellets of a mixture of maize and
beans, or (ii) grass silage, maize silage and hay in compartment one and
two, respectively. In addition, concentrates rich in energy and protein
were allocated according to milk yield and body condition by an auto-
matic feeder individually. Between the two iTRM measurements in each
campaign, the rations (i) and (ii) were interchanged between the groups
in the two compartments with prior phases allowing the cows to grad-
ually adapt to the new diet. The silage-free diet (i) was provided twice
per day (05:00 and 15:30) and the silage diet (ii) once per day (15:30).
The cows had access to the fresh feed after each milking. The feed was
automatically moved towards the cows 18 times a day.

During both measuring periods 40 lactating cows of Brown Swiss and
Swiss Fleckvieh breeds were housed in the dairy housing for emission
measurements (Table 1). The cows had no access to pasture or to the
outdoor exercise areas during the measurements.

2.1.3. Measurement campaigns

Measurements were conducted during two campaigns in 2018. The
first campaign lasted for 36 days from 17 September to 23 October with
iTRM measurements conducted for two subperiods of eight days from 24
September to 02 October and 15 October to 23 October. The second
campaign comprised 23 days of measurements from 24 November to 17
December with iTRM measurements divided into two subperiods of four
days conducted from 26 November to 30 November and 11 December to
15 December.

The two campaigns were planned as two individual campaigns to
reflect varying meteorological conditions which turned out to be sub-
stantially different in the first and second campaign (Section 3). Addi-
tionally, the herd composition was not identical (Table 1). Therefore, in
the following we differentiate between the two campaigns.

2.2. Inverse dispersion method

2.2.1. Concept

IDM is a micrometeorological method to determine gaseous emis-
sions from a spatially limited source of known area. The difference be-
tween measured concentrations upwind (Cyw, background
concentration) and downwind (Cpy) of the source is proportional to the
total emission rate Q between upwind and downwind concentration
measurement (Eq. 1).

Cpw —Cyw =D Q (€]

The dispersion factor D is determined from measured turbulence
characteristics by a dispersion model. Here, the bLS model described in
Flesch et al. (2004) was used. With the modelled Dz [s m™] values and
the measured concentrations Cpy and Cyy [mg m~3] the emission flux Q
[mg s~1] can be calculated (Eq. 2).

Table 1
Herd composition in the first and second campaign (means =+ standard
deviation).

Campaign 1 Campaign 2

No of animals per breed Brown Swiss 27 30
Swiss Fleckvieh 13 10

No of animals primiparous 7 11
multiparous 33 29

Body weight + 1 SD [kg] 701 + 82 685 + 77
Milk yield per day + 1 SD [kg] 23.2+88 25.7 +11.0

Agricultural and Forest Meteorology 307 (2021) 108501

~ Cpw — Cyw

2
Dirs 2

o

The line-integrating concentration measurements (Section 2.2.2)
were approximated by a series of point sensors with a 1 m spacing along
the path length. For each sensor and emission interval, 250,000 back-
ward trajectories were calculated and analysed for touchdowns within
the source area. The simulations were done with the R package
bLSmodelR (Hani et al., 2018), available at https://github.com/Ch
Haeni/bLSmodelR.

2.2.2. Methane concentration measurements

For the concentration measurements, open-path tunable diode laser
spectrometers (GasFinder3-OP, Boreal Laser Inc., Edmonton, Canada)
and retroreflectors with seven corner cubes were utilised. The Gas-
Finders measure at a frequency range of 0.3 - 1 Hz. The sensors and
heated retroreflectors were connected to the power grid. The CH4 con-
centration measurements were corrected for temperature and pressure
influences using device specific relationships determined by Boreal
Laser after construction (Boreal Laser Inc., 2018).

Concentration data was used only if the ‘received power’ of the re-
flected incoming laser beam was in the range of 200 to 2500 uW for two
of the GasFinders. Due to erroneous concentration measurements when
‘received power’” was low, a more restrictive threshold of 400 to 2500
uW was used for the third GasFinder. For all three GasFinders the
threshold for the goodness of fit between the sample and the calibration
waveform quantified as R2 was 98%. The 0.3 - 1 Hz data were then
averaged to 30 min intervals and periods with a data coverage of less
than 75% (22.5 min) were removed. The three GasFinders were inter-
calibrated between the two campaigns and further, to relate measure-
ments to international scales (WMO X2004A), the data was corrected to
match independent background measurements from a cavity ring-down
spectrometer (CRDS, model G2301, Picarro Inc., Santa Clara, USA) with
an inlet 30 m southeast of the housing (Fig. 1). The interquartile range of
the background concentration was 2.04 — 2.45 ppm. The interquartile
range of the concentration difference (downwind - background) was
0.09 - 0.38 ppm. The median precision of GasFinder devices used in this
study for 30 min averaged concentration measurements is 0.04 ppm
(Hani et al., 2021).

2.2.3. Experimental setup

Based on experimental findings, Harper et al. (2011) advised placing
concentration and turbulence measurements at the downwind side of
the housing at a distance of at least 10 times the maximum building
height so that the devices are outside the disturbed turbulence field. For
the present site this corresponds to a distance of 85 m. From previous
wind measurements at the site, two distinct main wind sectors, northeast
and southwest had been identified (Fig. 1). Towards northeast, Gas-
Finders and the sonic anemometer (Gill Windmaster, Gill Instrument
Ltd., Lymington, UK) were placed at a distance of at least 120 m. To-
wards southwest, however, the instruments had to be placed at a shorter
distance of at least 60 m (Fig. 1) due to a main road passing on this side
of the housing.

On the northeast side two GasFinders with a path length of 50 m and
42 m were placed next to each other. The average heights of the
measuring paths for the two GasFinders were 1.41 m and 1.35 m above
ground. These two GasFinders were combined to a single sensor in the
bLS simulations to cover a larger fraction of the emission plume and to
be less prone to erroneous measurements (Supporting information 1).
For the intervals where only one of the devices passed the quality checks
(Section 2.2.2), the emission estimate was based on the measurement of
this single sensor only. On the southwest side a single GasFinder was
placed with a path length of 75 m with an average height of 1.54 m
above ground. At both sides of the dairy housing a 3D sonic anemometer
was installed at 1.35 and 1.40 m height (Fig. 1) to derive the turbulence
characteristics that are needed as input for the bLS model. Two sonics



3. Assessment of the inverse dispersion method for the

62 determination of methane emissions from a dairy housing

M. Biihler et al.

were used because it was expected to have two dominant wind di-
rections, therefore necessitating two downwind sonics. Sonic measure-
ments were recorded as 10 Hz data in daily files.

The coordinates of the housing and the main GasFinder modules and
retroreflectors that were needed to run the bLS model were logged with
a handheld global positioning system (Trimble Pro 6T, Trimble Navi-
gation Limited, Sunnyvale, USA). For both campaigns, the GasFinders
and sonics were placed at the same location.

2.2.4. Data processing and filtering

The 10 Hz sonic data were corrected for a Gill software bug affecting
the magnitude of the vertical wind component (Gill Instruments, 2016).
After wind vector rotation (two-axis coordinate rotation), averaged
wind and turbulence characteristics for 30 min intervals were calcu-
lated. For the evaluation, only the data from the downwind sonic were
used. This is more representative as the location coincides with the
concentration measurement of the emission plume.

The bLS model is suspected to provide erroneous results given
extreme micrometeorological conditions (e.g. very low wind speed,
highly unstable or stable conditions). To avoid unrealistic and error-
prone emission results, the data were quality filtered (e.g Flesch et al.,
2005; Flesch et al., 2018). Filters were applied for the friction velocity
(u™), the Obukohv length (L) and the roughness length (2p). In addition,
to exclude periods with instationary wind directions filters for the
standard deviation of the along wind divided by u* (¢,,/u*), the standard
deviation of the crosswind divided by u* (¢,/u*) and the estimated
Kolmogorov constant of the Lagrangian structure function (C0O) were
applied. Emission values with either u* < 0.05m s, L] <2m,zp>0.1
m, o,/u* > 4.5, o,/u* > 4.5, CO > 10 were removed. Additionally, the
data were filtered for wind direction. Wind direction filtering is done to
make sure that most of the plume from the source is caught by the
line-integrating concentration measurements. More information on
wind direction filtering is given in the Supporting information 3. Data
from measurement intervals which coincided with processes of the
slurry pit (e.g. emptying cross channels, slurry agitation) were
discarded.

2.2.5. Uncertainty analysis

We estimated the uncertainty ¢ of the mean IDM emission rate Q(At)
over a certain measurement integration time At from the standard de-
viation SD of consecutive measurement periods of length At:

£o(A1) = 2-SD{Q(Az)} 3)

eq was analysed for time periods At of increasing length (effective
measurement time without data gaps). This was done with the data set
of the first campaign as it is longer and has less gaps than the second
campaign. For practical reasons, the data set was truncated to 360 h and
Eq. 3 was evaluated for Q; averaged over time periods between 1 h and
45 h. £ corresponds to a 95% confidence interval of the respective mean
under the ideal assumption of a constant Q with time. Since the calcu-
lated SD may also include true variations of Q, ¢q is considered as an
upper boundary estimate for the uncertainty of the mean emission.

To estimate the IDM measurement time length, which is necessary to
determine the mean emission rate Q with a given precision, the results
were fitted with a power function of At. By extrapolating this function to
the total cumulative measurement length of the measurement cam-
paigns, the uncertainty of the mean campaign emissions was estimated.

2.3. Inhouse tracer ratio method

Emissions were measured using a dual tracer ratio method (Schrade
etal., 2012) as described in detail by Mohn et al. (2018). The goal of this
setup and this housing is to measure two variants in two experimental
compartments simultaneously, for comparison as conducted previously
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by Poteko et al. (2020). The method involves dosing of two different
tracer gases, sulphur hexafluoride (SFg) and trifluoromethyl sulphur
pentafluoride (SFsCF3), one per compartment, to quantify emissions for
each experimental compartment independently and detect potential
cross-contamination. Both tracer gases were dosed constantly at floor
level using mass flow controllers (Contrec AG, Dietikon, Switzerland) to
regulate the total flow and critical steel orifices to achieve homogenous
spatial distribution. Representative air sampling in each compartment
was accomplished with critical glass orifices (250 pm in diameter 2.5 m
above the ground; Thermo-Instruments, Dortmund, Germany, and
Louwers, Hapert, The Netherlands). Concentrations of the tracer gases
and CH4 were analysed in real time by gas chromatography with elec-
tron capture detection (GC-ECD, model 7890A, Agilent Technologies
AG, Basel, Switzerland) and by cavity ring-down spectrometer (CRDS,
model G2301, Picarro Inc., Santa Clara, USA).

The quantification of emissions with the tracer ratio method is based
on the assumption that the tracer gas (SFe, SF5CF3) behaves in the same
way as the target gas and thus mimics the emitting source (Demmers
et al., 2001). The mass flow of the target gas (Marge) is calculated from
the ratio of the background corrected target (Carge) and tracer gas
concentration (Cyqcer) and the mass flow of the tracer gas (Myrqcer) as
given in Eq. 4:

Hyracer ¥ Crarger

Ct racer (4)

mmrg«/ =

Background concentration was sampled at a point situated at 30 m
southeast of the building (Fig. 1). More details on the implemented
analytical technique and its performance with respect to suitability for
point/areal sources, sensitivity, and uncertainty have been described in
Mohn et al. (2018). In the study of Mohn et al. (2018), with constant CHy4
dosing through critical orifices, the absolute uncertainty of the iTRM
was reported to be better than 10% for daily averages.

The applied measurement sequence provided emission data with a
temporal resolution of 10 min per compartment. To make the iTRM data
comparable to the IDM data, 30 min averages for each experimental
compartment were calculated and afterwards both compartments sum-
med up. Milking times were excluded from the iTRM analysis, as no
animals or only parts of the herd were present in the experimental
compartments during these periods.

2.4. Comparison with iTRM emissions

The iTRM measurements were running only during certain times of
the IDM campaigns (Section 2.1.3). To make a valid comparison, only 30
min measurement intervals where both methods provided valid data
were considered. Based on those data pairs, the average CH4 emissions
of IDM and iTRM were calculated separately for campaign 1 and
campaign 2. For this purpose, the data were not weighted e.g. in relation
to hour of the day or micrometeorological conditions.

The experimental site comprises two CHy sources, the dairy housing
and the adjacent slurry pit (Fig. 1), with the second expected to have a
much lower emission strength (Petersen, 2018). It can be assumed that
measurements of the iTRM do not capture emissions from the slurry pit.
Thus, for comparison of CH4 emissions by IDM and iTRM, the emissions
from the slurry pit were subtracted from the total IDM emissions. This
correction and the assumptions used to estimate emissions from slurry
storage are described in detail in the Supporting information 2. If not
otherwise noted, CH4 emissions are given without the slurry pit.

3. Results
3.1. Meteorological conditions
The average temperature during campaign 1 and campaign 2 was

12.3 °C and 3.4 °C, respectively. The predominant wind directions were
southwest (around 233°) and northeast (around 60°) during both
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campaigns. Wind speeds were mostly below 2 m s
periods with higher wind speeds (Fig. 2).

The diurnal pattern observed for the wind direction resembles a
mountain-valley wind system. This means that there is wind during the
day from one direction and during the night from the opposite direction.
For this site, there was predominantly northeasterly wind and unstable
atmospheric conditions at day and southwesterly wind and stable con-
ditions at night. The diurnal pattern is more distinct in the first than in
the second campaign. During the second campaign, periods prevailed
over several days with wind from one direction and the mountain-valley
like wind system was only observed occasionally (Fig. 2).

, with occasional

3.2. Quality selected IDM emissions

Fig. 3 shows the percentage of data loss for both IDM campaigns as a
function of time of day. In campaign 1, the data loss was largest in the
morning and evening, while in campaign 2, the proportion of data loss
was largest during the night. In total, there are 745 and 448 valid half-
hourly IDM emission intervals for the first and second measurement
campaign, respectively. This corresponds to a data loss of 57% and 64%
(average 60%) due to quality filtering and failure of the GasFinders for
the first and second campaign, respectively.

Fig. 4 displays the filtered IDM CH4 emission data for campaign 1 and
campaign 2. The subperiods, during which parallel measurements with
the iTRM were conducted, are highlighted by orange shaded areas. Valid
data were obtained throughout the entire duration of the measurement

Agricultural and Forest Meteorology 307 (2021) 108501

campaigns with larger data gaps (Fig. 4) due to mostly GasFinder
measurement failure. The main reasons for the larger data loss in
campaign 2 was displacement of the GasFinders due to unstable
mounting on the wet soil or impacts of wind, resulting in a misalignment
of the laser beam of the GasFinders. The data loss in the morning and
evening hours of campaign 1 coincided with instationary time periods
where the wind direction changed from southwest to northeast and vice
versa. Data loss in the second campaign was largest during the night.

As the number of 30 min intervals with valid IDM CH4 emission data
varies over the course of the day, the data were first averaged within
groups of equal ‘hour of day’ values before calculating the overall
average. This resulted in daily-average CH4 IDM emission estimates for
the first campaign and second campaign of 0.74 (+£0.10) kg h~'and 0.61
(+0.10) kg h™!, respectively. The uncertainty is given as 95% confidence
interval derived according to Section 2.2.5. The relative uncertainty for
the first and second campaign is 14% and 16%, respectively. For com-
parison with literature data, daily average emissions were scaled to LU
(Livestock Unit with 500 kg live weight) with the live weight given in
Table 1. For the first and second campaign, the resulting CH4 emissions
by IDM were 317 (+44) g LU ! d! and 267 (+43) g LU™! d°},
respectively.

If the emissions from the slurry pits are included, the resulting CH4
emissions by IDM for the first and second campaign were 342 (+48) g
LU d! and 269 (+43) g wtal, respectively.
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Fig. 3. Data loss of quality filtered IDM emission data as function of hour of day for the two campaigns. Lower values mean more valid data.
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3.3. Dependence on micrometeorological conditions and diurnal variation

In the first campaign during the day (07:30 — 16:30), there were
mostly unstable conditions and northeast wind. During the night (16:30
—07:30), stable conditions and southwest wind with on average slightly
lower friction velocity than during the day prevailed. In campaign 1, the
mean CH4 emission, determined with the IDM, for northeast wind was
4% lower than for southwest wind. For stable conditions the CHy4
emission was 6% lower than with unstable conditions. A correlation
between the atmospheric stability, represented by the Obukhov length L,
and wind direction in the first campaign is discernable (Fig. 5). The
algebraic sign of L is given by the sensible surface heat flux. For
convective or unstable conditions (typically during the day) the surface
heat flux is positive and hence L < 0. For stable conditions the surface
heat flux is negative and hence L > 0. If |L| - oo then L™} — 0 which are
neutral conditions (Monin and Obukhov, 1954).

In the second campaign, the distribution of stability, wind direction
and friction velocity are very similar during the day and night. In
campaign 2 the mean CH4 emission was 18% lower for southwest wind
than for northeast. For stable conditions the CH4 emission was 9% lower
than with unstable conditions. The differences in CH4 emission in either
campaign for wind direction or atmospheric stability are within the
standard deviation and the approximated uncertainty of the emissions.

The diurnal variations of CH4 emission, housing temperature
(average of the two compartments) which is proportional to ambient
temperature and wind speed recorded at the downwind sonic, are
plotted as hourly averaged boxplots (Fig. 6). Temperature and wind
speed values are shown for corresponding intervals with a valid emis-
sion number. In campaign 1, highest emissions were observed between
8:30 and 13:30 and smallest emission are visible around 3:30 and 15:30.
In campaign 2, emission minima occur around 5:00 and 17:00. From
6:00 to 16:00 and 18:00 to 20:00, the emissions are slightly higher than
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Fig. 5. Violine plots for CH4 IDM emission (fist panel), wind direction (second
panel), friction velocity u* (third panel) and the inverse of the Obukhov length
L (last panel) differentiated by day (07:30-16:30) and night (16:30-07:30) local
time for both campaigns. The black dot indicates the median.

at other times. The temperature in the first campaign was lowest around
6:00 and highest at 14:30, whereas in the second campaign the tem-
perature remained constant during the day. In the first campaign, wind
speed was increasing from 10:00 onwards and decreases after 15:00
again. In the second campaign, highest wind speeds were recorded
around 6:00 but the variation was high throughout the day.

3.4. Comparison with iTRM emission

Fig. 7 shows the scatterplot of CH4 emission data, where simulta-
neous IDM and iTRM measurements were available. The variation in the
IDM emission data is somewhat larger than that of the iTRM emissions
and the correlation between the two methods is 0.02.

In campaign 1 and campaign 2, there are 324 and 90 data pairs
derived from the IDM and the independent ITRM measurements,
respectively, with valid simultaneous half-hourly data (Table 2). For this
subset of data, the iTRM emissions exceeded the IDM results by 0.06 kg
h~!and 0.01 kg h™! (or 8% and 1%), for the first and second campaign,
respectively. The uncertainty for the average IDM emission (Section
2.2.5), in the first and second campaign is 0.14 and 0.17 kg h™},
respectively. For iTRM the uncertainty is 0.09 and 0.07 kg h™ for the
first and second campaign, respectively (Section 2.4). The differences in
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average emission for the two methods are within the uncertainty of both
methods.

4. Discussion
4.1. IDM emission estimates

The average emissions determined by IDM agree, within their un-
certainty range of 18-24%, with the emissions simultaneously deter-
mined by the fully independent iTRM (Table 2). The iTRM that has been
installed in the dairy housing earlier is considered a good candidate for a
reference method (Ogink et al., 2013). In a previous validation study,
with constant CH4 dosing through critical orifices, the absolute uncer-
tainty of the iTRM was reported to be below 10% (Mohn et al., 2018),
which is lower than that of IDM. Therefore, the good agreement of both
methods indicates that the IDM achieved a good accuracy for average
CH4 emissions in the present study.

The mean emissions per LU obtained in this study of 317 (+44) g
LU d! and 267 (+43) g LU™! d™* for the first and second campaign,
respectively, lie within the range of other published studies. Poteko
et al. (2020) reported an emission of 327 g LU~ d~! based on measured
emissions from dairy cows in respiration chambers. Hempel et al. (2020)
investigated two naturally ventilated dairy cattle buildings and obtained
mean CHy emissions of 276 g LU~ d ! and 340 g LU ! d ™}, respectively.
Schmithausen et al. (2018) determined emissions between 225 and 307
g LU! d™! for a naturally ventilated dairy cattle housing. Both studies
investigated systems with loose housings and cubicles, solid or slatted
floors and applied a CO, mass balance method. In summary, we
conclude that the average IDM CH,4 emissions agree well with both, the
independent iTRM measurements and the literature.

4.2. Factors influencing IDM emissions

At the measurement site, the dairy housing causes a disturbance of
the wind field. The induced disturbance conflicts with the requirements
of the bLS model that assumes a horizontally homogeneous wind field.
To keep errors small due to such a disturbance, the sonics and Gas-
Finders should to be placed at a minimum distance of about ten times the
maximal building height downwind of the source as suggested by
Harper et al. (2011). On the northeast side the minimal distance of the
measuring path to the dairy housing was 120 m. With a maximum
building height of 8.5 m the distance between the GasFinders and the
housing was thus sufficient. On the southwest side the minimal distance
was only 60 m due to the nearby main road and thus rather close to the
housing (Fig. 1). Average emissions for the two wind directions and two
stabilities lie within the uncertainty range of the measurements. Thus,
we conclude that the measurement fetch did not cause a detectable
difference in the measured CH4 emissions. Nevertheless, there is a
distinction between the measurement with southwest and northeast
wind which could be due to the difference in the distance to the building
(Supporting information 4).

In the first campaign, there is a distinct diurnal cycle of the housing
temperature that follows the ambient temperature. For wind speed, a
small diurnal cycle with higher values during the day is discernable. For
the CH4 emissions however, no diurnal cycle was detected. There is a
decrease in emissions from midnight towards early morning and then
slightly higher emissions until the afternoon. However, the boxplots in
Fig. 6 show a large variation. In the second campaign, there is almost no
variation in wind speed and housing temperature, but the emissions are
slightly higher during the day. No systematic dependency of the CHy
emissions on temperature or wind speed was detected as they are either
phase shifted (first campaign) or are constant at varying CH4 emissions
(second campaign). In contrast to our study, Hempel et al. (2020) found
a minimum in the CH4 emissions for temperatures at around 10 °C to 15
°C. Poteko et al. (2020) observed a diurnal cycle in the CH,4 emissions
with a peak in the evening after the second milking. Felber et al. (2015)
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Fig. 6. Average diurnal variation of CH, emission (upper panel), average housing temperature of the two compartments (mid panel) and wind speed at the

downwind sonic (lower panel) plotted as hourly boxplots.

observed a similar pattern where the maximum emission in the evening
coincided with the most distinct grazing activity. The studies of Ham-
mond et al. (2016) and Poteko et al. (2020) suggest that such high CH4
emissions are associated with feeding. On the other hand, Laubach et al.
(2014) and McGinn et al. (2011) observed higher emissions during day
for grazing cattle. Overall, the studies provided diverse diurnal emission
patterns.

Four our study, we cannot rule out that the observed variation in IDM
CH4 emission data may be mainly controlled by the temporal fluctua-
tions (within precision levels) in the concentration measurements. The
median (and respective interquartile range) of the measured concen-
tration difference AC between the up- and downwind GasFinder was
0.18 ppm (0.09-0.40 ppm). For the GasFinders used in this study (all of
them were also used in the study of Hani et al. (2021)), the median
precision for one 30 min measurement is 0.04 ppm. This corresponds to
a median uncertainty in the concentration measurements of 22%.

We conclude that the variation in the real CH4 emission were smaller
than the modulation of the IDM calculations through other influences (e.

g. concentration measurements, deviations of bLS model from reality,
diurnal cycle associated with feeding). This is supported by the lacking
correlation between the half-hourly results of both measurement
methods IDM and iTRM (Fig. 7) which could be due to uncertainty in
either or both methods. For IDM, we assume the factor dominating
temporal variability was the CH4 analytics because concentrations
measured downwind were close to ambient levels and thus more
affected by the precision of the GasFinder analysers.

4.3. Uncertainty analysis

The uncertainty of the average IDM emissions (calculated according
to Eq. 3) depends on the averaging period At. This relationship is plotted
in Fig. 8. Instead of the absolute uncertainty, the relative uncertainty
(e /Q) is used here.

The more measurement intervals are included for the calculation of
the mean emission the smaller the relative uncertainty gets. We have an
average data loss of 60% in this study, which is in the range of other
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Table 2

Number of valid data pairs and average CH4 emissions and standard deviation
(in parentheses) for time intervals with simultaneous IDM and iTRM measure-
ments, specified for both campaigns.

Campaign 1 Campaign 2
Number of valid data pairs 324 90
Average CH,4 emissions IDM [kg h 1 0.79 (0.28) 0.69 (0.31)
Average CH,4 emissions iTRM [kg | 0.85 (0.22) 0.70 (0.12)
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Fig. 8. Relative uncertainty of the mean emission given for different averaging
intervals according to Eq. 3. The dotted line indicates the fitted power law. Note
that the x-axis has a logarithmic scaling.

studies reporting between 50% and 90% periods of time with invalid
data (Flesch et al., 2014; VanderZaag et al., 2014). More important, we
obtained sufficient observations throughout 24 h of the day (Fig. 3).
With the power function given in Fig. 8 and assuming a constant emis-
sion it is possible to calculate the minimum needed effective measuring
time to reach a certain uncertainty. For e.g. 20% uncertainty this would
be 96 h. Accounting for a data loss of about 60%, a measurement period
of about 10 days is thus necessary. We recommend measuring beyond 10
consecutive days to obtain data under different micrometeorological
conditions and to have a sufficient safety margin in case of larger data
loss.

5. Conclusions

The CH4 emissions from a small dairy housing with 40 lactating cows

Agricultural and Forest Meteorology 307 (2021) 108501

measured with IDM are in good agreement with the simultaneously
determined iTRM emissions. The differences are within the uncertainty
of either of the two methods. The emission factors per LU from this study
agree well with the range of other studies. The findings suggest that the
bLS model is not affected by external parameters like stability, friction
velocity or temperature at this site with difficult micrometeorological
conditions. Unlike other studies, no clear diurnal cycle in the CHy
emissions was detected. However, it is possible that the different factors
influencing the emission determination (wind direction, stability,
feeding) cancel each other out which could induce the observed constant
emissions patterns or temporal changes might be masked by the limited
precision of the analysers. To disentangle these effects and identify
shortcomings of any or both methods (IDM, iTRM), an optimised
experimental design and extended measurements would be required.
For IDM, we suggest an experiment with controlled artificial release of
CH4 well above ambient concentrations within an empty dairy housing
and concentration measurements at several distances downwind of the
source to determine the recovery rate at each distance under stable and
unstable conditions and different u* values.
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Supporting information 1

Combining two sensors

The GasFinders on the northeast side were post-measurement combined to a single sensor to cover a larger
fraction of the emission plume and to be less prone to erroneous measurements as fluctuations within one
device are evened out. For each 30 min interval the weighted average according to the path length of the sensors
over the concentration measurements and D,;s values were taken (Eg. S1.1).

X _X0P1 * Pop1 + Xop2 * Popa
comp Pop1 + Popz

Eq. S1.1

With X either concentration C or dispersion factor D,s for the corresponding device OP, P = path length,
OP1 = device 1, OP2 = device 2 and comb = combined sensor.
For the intervals where only one of the devices passed the quality checks, the sensors were not combined, and

the emission estimate was based on the measurement of the single sensor that passed the quality checks.
Supporting information 2

Source weighting

The dairy housing has a covered underground slurry pit which also emits CH,. Because the emission from the
slurry pit and the housing differ in their emission strength (g CH, m? h') the two sources need to be weighted.
This is done giving each area a prior emission based on Kupper et al. (2020) for the slurry pit and Poteko et al.
(2020) for the housing (respiration chamber data).

For campaign 1, the pre assumed emissions for the housing and slurry pit are Euusing = 0.6924 g m? h' and
Esury=0.4438 g m? h', respectively. For the second campaign the assigned emissions are
Enousing = 0.5699 g m? h' and Egu., = 0.0575 g m? h?' for the housing and the slurry pit, respectively. For the
slurry pit the baseline emissions for cattle from farm-scale for temperate and cold season were used with a
reduction of 15% due to the solid cover (Kupper et al., 2020). With those values, the two sources were combined

to a single source (Eq. S2.1) with an average D of:
Davg = Dhousing * Whousing T Dslurry * Woturry Eq. S2.1

Where the weights were calculated as

Aslurry + Ahausing

Eq. S2.2

slurry A

Whousing = E
(Ehuusing

sturry T Ahousing)
It is assumed that the iTRM method does not capture any emission from the slurry pit. Hence, to make IDM
emissions comparable to iTRM, the slurry pit emissions need to be subtracted from the total IDM emissions. In
a first step, it is assumed that the emission for every interval from the slurry pit varies proportional to the
emission from the dairy housing. The average slurry pit emission (Quu..) for each campaign are therefore
calculated by multiplying the average IDM emission (slurry pit + housing) (Q.«w) wWith the share of the slurry pit
(Ssumy) €mission calculated with the individual emission strengths (Eiousing and Equy) and the area of each source
(Arousing = 1064 m?, Ag,,, = 140 m?) (EqQ. S2.3).

Eslurry * Aslurry

Eq. S2.3

Sslurry =
Eslurry * Aslurry + Ehausing * Ahousing
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The shares of the slurry pit are 7.8% and 1.3% for the first and second campaign, respectively. For the final
results, we assumed a constant emission from the slurry pit. Therefore, Eq. 2 in the paper is expanded by the
term ACuny, Which is the theoretical concentration at the sensors that comes from in the first step calculated

average slurry pit emission and the Dy uny value (Eq. S2.4).

ACslur'ry = DbLS_slurry * Qslurry Eq S2.4

The emission from the dairy housing is then calculated as (Eq. S2.5):

CDW - CUW - ACslurry

Eq. S2.5

Qhousing =
DbLS,housing

We assumed a constant emission rate for the slurry store which is not perfect as it is likely varying with
temperature during the day (Kupper et al., 2020). The variation is expected to be small due to the coverage of
the pits with a concrete ceiling. Overall, this simplification will not introduce a major error the emission

calculation.
Supporting information 3
Wind direction filtering

Wind sectors were defined by drawing imaginary lines from one end of the sensor path to the nearer diagonal
edge of the source (Figure S3.1)

et Sensor path

Figure S3.1 Defining wind sectors for filtering by drawing imaginary lines to the nearer diagonal edge of the source. Dots =

GasFinder sensor and retroreflector, solid line = measuring path, dotted line = line for wind sector filter

Figure S3.2 shows the CH, emission data for the northeast and southwest side for both measuring campaigns
with all filters applied as outlined in section 2.2.4 of the paper. The initial wind sectors for the northeast side
had to be narrowed by 8 to eliminate the high variation of emission estimates at the edge of the chosen wind
sectors. The higher emissions towards the edge of the wind sectors are most likely to the corresponding
GasFinder capturing only a part of the plume. This can be a problem because the plume from the bLS model
does not entirely coincide with the real emission plume. For the presented IDM emissions, the narrowed wind

direction filter was used.



71

2.5
2.0 g
=
1.5 . el
i [0
— 1.01 o
Nl =
< 051 : 3
o
=, 0.01 ; ; — I
2 180 200 220 240 260 280
o
'€ 201 g
) =4
< 1.57 ®
L &
1_ 4 —
O 1.0 = :
i o 3 . 35
0.5 ™ a
0.0, T T T T I
0 20 40 60 80 100

Wind direction [°]

Figure S3.2 CH, emission flux (kg h"') plotted against wind directions. Vertical solid line indicates initial wind sector filtering.

Dotted line indicates revised wind sector used for the further data processing.

Supporting information 4

A detailed overview on emission estimates differentiated by stability and wind direction is given in Table S4.1.

As written in the paper, the differences are within the standard deviation and the uncertainty of the IDM.

Campaign 1 Campaign 2

N Emissions [kg h'] N Emissions [kg h']
SW Wind 440 0.76 (0.24) 322 0.58 (0.27)
NE Wind 305 0.73 (0.34) 126 0.71 (0.31)
L>0 438 0.73 (0.25) 301 0.6 (0.28)
L<0 307 0.78 (0.33) 147 0.66 (0.31)

Table S4.1 Average CH, emission estimates in kg h-1 +SD (in parentheses) for both campaigns separated by wind direction and

stability conditions. N = number of valid half-hourly IDM emission intervals, SW = southwesterly, NE = northeasterly, L = Obukhov

length, L > 0 = stable conditions, L < 0 = unstable conditions.

However, if the IDM retrieved CH, emissions are plotted against friction velocity (u* values) and grouped by

wind direction a small trend is discernable (Figure S4.1). For northeast wind, it seems that there is an increase

in the CH, emissions with higher u* values. For southwest wind no trend is discernable. One hypothesis could

be that the GasFinders and the sonic on the southwest side of the housing were too close to the building and

that their emission estimates show systematic (model) biases that vary with wind strength.
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Figure S4.1 CH. emission estimates, determined with the IDM method, plotted against friction velocity (u*) values for different wind
directions and campaigns. Left column: emissions with southwesterly wind. Right column: emissions with north easterly wind. Upper
panel = Campaign 1, lower panel = campaign 2. Dashed line: local regression (loess) with standard error.

Supporting information 5

Measurement data

Measurement data of the study are provided in the additional excel file “Supporting information 5”.
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Abstract. Wastewater treatment plants (WWTPs) and biogas plants (BGPs) are significant
sources of methane (CH4), with a combined share of around 40% within the waste sector of the Swiss
national emission inventory. We conducted whole-plant CH4 emission measurements at two WWTPs
and four agricultural BGPs in Switzerland using the inverse dispersion method (IDM). It was based
on line-integrated concentration measurements up- and downwind of the plant in combination with a
backward Lagrangian stochastic (bLS) model. Average CHa emissions for WWTP-1 and WWTP-2
were 0.82 kg h'! and 0.61 kg h'! and scaled to population equivalents (PE) they were 166 and
381 g population equivalent! y!, respectively. BGPs CHa emissions varied between 0.39 kg h'! and
2.22 kg h'! whereas highest numbers were due to measurements during other than normal operating
conditions. The emissions of WWTPs and BGPs comply with literature values. WWTPs in particular
consist of multiple CH4 sources with different areas and emission strengths. For the combination of
the individual emission sources in the bLS modelling, three different calculation approaches with

different levels of detail were applied: (i) single source over enveloping polygon area, (ii) uniform
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emission density for all individual source areas, (iii) specified relative weighting of individual sources
based on literature data. The most complex approach with source weighting led to a difference of up
to 42 % for the two WWTPs compared to the assumption of uniform emissions. Furthermore, we
demonstrate how multiple line-integrated concentration measurements can be combined and how the
measurements can be corrected for nearby external CH4 sources not belonging to the investigated

plants.
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Abstract

Wastewater treatment plants (WWTPs) and biogas plants (BGPs) are significant sources of methane
(CH.), with a combined share of around 40% within the waste sector of the Swiss national emission
inventory. We conducted whole-plant CH, emission measurements at two WWTPs and four
agricultural BGPs in Switzerland using the inverse dispersion method (IDM). It was based on line-
integrated concentration measurements up- and downwind of the plant in combination with a
backward Lagrangian stochastic (bLS) model. Average CH, emissions for WWTP-1 and WWTP-2 were
0.82 kg h' and 0.61 kg h' and scaled to population equivalents (PE) they were 166 and 381 g PE’
y', respectively. BGPs CH, emissions varied between 0.39 kg h' and 2.22 kg h' whereas highest
numbers were due to measurements during other than normal operating conditions. The emissions
of WWTPs and BGPs comply with literature values. WWTPs in particular consist of multiple CH,
sources with different areas and emission strengths. For the combination of the individual emission
sources in the bLS modelling, three different calculation approaches with different levels of detail
were applied: (i) single source over enveloping polygon area, (ii) uniform emission density for all

individual source areas, (iii) specified relative weighting of individual sources based on literature
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data. The most complex approach with source weighting led to a difference of up to 42% for the
two WWTPs compared to the assumption of uniform emissions. Furthermore, we demonstrate how
multiple line-integrated concentration measurements can be combined and how the measurements

can be corrected for nearby external CH, sources not belonging to the investigated plants.

Keywords: Wastewater treatment plant, Biogas plant, GasFinder, Open-path tunable diode laser,

Source combination, Backward Lagrangian stochastic
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1. Introduction

Methane (CH,) is a relevant greenhouse gas (GHG) with a global warming potential 28 times greater
than that of carbon dioxide (CO,). Anthropogenic CH, emissions of which agriculture (ruminants
and rice paddies), fossil fuel extraction and the emissions from landfills and waste are the principal
sources and account for 50% to 65% of total CH, emissions (Stocker et al. 2013). Within the
framework of the revised CO, Act and the Kyoto Protocol, Switzerland is obliged to regularly report
on the current status of the national emissions of GHGs including CH, with regard to the specified
reduction targets (FOEN 2021a). After agriculture, the waste sector is the second most important
source of CH, emissions in Switzerland. Wastewater treatment plants (WWTPs) and biogas plants
(BGPs) are significant sources of CH, with a combined share of around 40% within the waste sector
(as of 2019) (FOEN 2021b). WWTPs comprise a mechanical, biological and chemical stage for
wastewater treatment (Gujer 2007) denoted as water line. Solids removed from the water line during
treatment are directed to the sludge line where dewatering, anaerobic digestion and storage of the
sludge occur. In WWTPs, CH, is mainly produced in the sludge line and in the energy line i.e.
combustion of biogas in the combined heat and power (CHP) unit and biogas storage (Daelman et
al. 2012; Delre et al. 2017). Besides WWTPs, the sewer system is also a significant source of CH,
within urban water management (Eijo-Rio et al. 2015; Mannina et al. 2018). Agricultural biogas
plants (BGPs) process manure from livestock production, organic residues from food processing,
landscape and garden maintenance and catering waste. As for WWTPs, the main sources of CH,
from BGPs are anaerobic digestion, storage of feedstock material and digestates and the
combustion of biogas. The organic waste is directly fed into an anaerobic digester and, in contrast
to most WWTPs, there is often a post digester and often no balloon for biogas storage.

Measurements of CH, emissions from the whole WWTPs based on direct measurements at exhaust
pipes or indirectly by means of the tracer gas dispersion method are available. However, the former
is based on measuring the flow rates and the concentration of air from exhaust pipes from plants
where the parts of a WWTP producing odours are covered, ventilated and the exhaust air undergoes
a treatment. Still, not all parts of WWTPs are necessarily covered and thus some emissions of a
WWTP are not included in the measurements (Daelman et al. 2012; STOWA 2010). For the
investigations with the tracer gas dispersion method mobile analysers were used to obtain a cross-
section of the downwind plume. The analysers were mounted to a car. This implies relatively short

measurement periods, i.e. mostly < 5 measurement campaigns over ca. 1 to < 6 h (Yoshida et al.
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2014; Delre et al. 2017; Samuelsson et al. 2018). Thus, whole WWTP emission measurements
including all sources over a longer time period are lacking.

Measurements with the inverse dispersion method (IDM) have been successfully conducted to
estimate emissions from stationary sources such as whole farms (Biihler et al. 2021; VanderZaag
et al. 2014), manure stores (Flesch et al. 2013) and BGPs (Flesch et al. 2011; Reinelt et al. 2017).
These studies have highlighted the flexibility in the application of IDM measurements of various
sources. Thus, the IDM is a promising option to conduct whole plant emission measurements of
WWTPs over a period of several weeks.

In this study, we conducted CH, emissions measurements with the IDM deploying line integrating
CH, measurements and a bLS (backward Lagrangian Stochastic) model at two WWTPs and four
agricultural BGPs in Switzerland. They all represent source configurations of greater complexity
because they consist of multiple spatially distributed sources, and/or the measurements were
complicated by the influence of other nearby CH, sources that needed to be corrected for. We
investigated the effect of the complex source distribution and associated uncertainties on the
quantification of the total CH, emission of the whole plant (WWTP or BGP). For this purpose, different
approaches for combining individual sources were compared. It is hypothesised that with an
optimised experimental setup, the effect of the distributed multiple sources within the plant is
small and that neighbouring external sources can be separated from the emission of the

investigated plant.

2. Material and Methodology

2.1 Experimental sites and periods

Measurements were conducted at the two WWTPs and at four agricultural BGPs in Switzerland.

2.1.1 Wastewater treatment plants

WWTP-1 (Table 1, Figure 1A) is located in a rather flat topography. The only major increase in
elevation is a mound from the road crossing the train line and the motorway, situated about 110
m southwest of the WWTP-1. Between the WWTP-1 and the mound there were 11 heifers grazing.
Along the river northeast of the WWTP-1, trees are growing. 300 m northeast of the WWTP-1 is a
small settlement with several barns housing cattle (138 heads in total). Inside the WWTP-1 area,

there is an open storage for road-sweepings covered by a roof. The WWTP-2 is located in a valley



79

with approximately south-north direction. In the prevailing wind directions at WWTP-2, there are no
major obstacles or elevations outside the WWTP area that could potentially influence the turbulence.
West of the WWTP-2 along the river are trees and 160 m north of the WWTP-2 is a small barn with

29 sheep (Figure 1B).

WWTP-1 consists of a conventional activated sludge treatment with complete nitrification and
denitrification with open sludge storage tanks. The population equivalent (PE) of WWTP-1 during
the measurements was 43,534. WWTP-2 consists of a sequencing batch reactor (SBR) system
with complete nitrification and denitrification with open sludge storage tanks. The population
equivalent of WWTP-2 during the campaigns was 14,071. For both WWTPs, the sludge is regularly
evacuated and transported to a larger WWTP for further treatment and disposal. For both WWTPs
the produced biogas in the digester is used in an onsite CHP unit and part of the heat is used
to heat the digester. Further information on the WWTPs is given in Table 1 and the Supporting
information 1, section 1. Measurements were conducted between 23 September 2019 and 14

October 2019 at WWTP-1 and between 6 May 2020 and 20 May 2020 at WWTP-2.
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Figure 1 Schematic overview of the two WWTPs with a wind rose. A = WWTP-1, B = WWTP-2. The wind rose indicates
the frequency of occurrence of wind directions and the friction velocity u* in each wind direction sector. Black solid
circles mark positions of GasFinders with the dashed line representing the measuring path. Black triangles indicate
the position of the sonic anemometers. Orange filled polygons are the sources within the WWTPs. The name for the
numbers indicating the different sources are given in Table 4. The orange line surrounding the sources indicate the
whole WWTP area. Blue are the external sources not belonging to the WWTP. Filled blue polygons are buildings, the
diagonal blue hatched polygon indicates the resting place for the cattle and the horizontal blue hatched polygon is a

pond. The brown hatched polygon is a mound with increasing height towards southeast.



4. Determination of methane emissions from complex
source configurations with the inverse dispersion method

WWTP-1 WWTP-2
Moossee-
Name Gurbetal
Urtenenbach
47.05572° N 46.84409° N
Geographical coordinates
7.53964° E 7.50276" E
Total WWTP area [m?] 21,803 7,354
Population equivalents 43,534 14,071
Connected inhabitants 33,126 14,365
Total digester volume [m?] 2,200 1,400
Gas production during MC [m?® d'] 1,261 672
Total volume [m?] 1,960 400
Sludge storage tanks (uncovered) Used volume during MC [m?] 632 93
Surface [m?] 331 64

Table 1 Operating data and characteristics of the sludge line and energy line as major source of CH, for WWTP-1 and

WWTP-2. MC: measuring campaign. The total WWTP area corresponds to the orange outlined polygon in Figure 1.

2.1.2 Biogas plants

Measurements were conducted at four different agricultural BGPs. A schematic overview of each
BGP is given in Figure 2. The agricultural BGPs have at least 80% of dry matter input as manure
and organic residues of agricultural origin. The remaining amount is organic waste from non-
agricultural sources to increase gas production. BGP-1, BGP-3 and BGP-4 have a non-airtight
digestate store, while the storage tank of BGP-2 is airtight (Table 2). At all BGPs, there were
livestock animal housings in the close vicinity. At each BGP, the biogas is incinerated in an onsite
CHP unit to produce electricity and heat. The heat is used to heat the digester and other
purposes such as heating of houses or drying of agricultural goods. Biogas upgrading and

injecting the biogas into a gas distribution grid did not occur at the four sites.
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0

Figure 2 Schematic overview of BGPs with wind roses. A) BGP-1, B) BGP-2, C) BGP-3, D) BGP-4. The wind rose indicates
the frequency of occurrence of wind directions and the friction velocity u* in each wind direction sector. For BGP-1
and BGP2 the wind data from both measuring campaigns are plotted. Black solid circled mark positions of GasFinders
with the dashed line representing the measuring path. For BGP-2 the positions of the GasFinders for the second
campaign which differed substantially from those of campaigns one, are plotted in red. Black triangles indicate the
position of the sonic anemometers. The orange filled polygon is the area of the BGPs and used in the bLS model
calculations. In blue, external sources not belonging to the BGPs are shown. Filled blue polygons are livestock
buildings or slurry stores. Diagonal hatched polygons are pastures with grazing cattle or in case of BGP-2 the resting
place of the cattle within the pasture area. 10 m contour lines are denoted as brown solid lines. Grey crosshatched

polygons indicate forest areas. Grey circles are trees. Grey polygons with a black outline are buildings not emitting

any CH..
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BGP Power size Digestate storage BGP area [m?]

BGP-1 small covered 1,525
BGP-2 large covered gastight 4,924
BGP-3 medium covered 1,713
BGP-4 large uncovered 3,211

Table 2 General characteristics of the BGP operating data. Power size according to energy production. Small: < 1000
MhW, medium: 1000 - 2000 MWh, large: > 2000 MWh. The BGP area corresponds to the filled orange polygon in

Figure 2.

BGP-1 is located on a slope facing northeast. The average inclination of the slope is about 9%.
Southwest of the farm on top of the hill is a small forest. BGP-1 belongs to a farm with dairy cows
and heifers. At this site, CH, originating from ruminants can represent a source of CH, that is in a
similar order of magnitude as that of the BGP. Next to the farm are residential buildings and farm
buildings. During the second campaign (BGP-1.2) the dairy cows and heifers were occasionally
grazing on the field northwest of the barn (Figure 2A). Measurements at BGP-1 were conducted
from 21 February 2018 until 27 April 2018 (BGP-1.1) and from 30 May 2019 until 19 June 2019
(BGP-1.2). During the first period, 38 dairy cows and 17 heifers were present and during the second
period 28 dairy cows and 16 heifers.

BGP-2 is located in a rather hilly area. However, the elevation differences in a radius of 250 m
around the BGP are less than 10 m. Next to BGP-2 is a fattening pig barn and, adjacent to it, a
circular slurry tank covered with a tent structure. Northwest of the BGP, there were non-lactating
cows and heifers grazing. In Figure 2B, only the area within the pasture is denoted, where the
animals were resting. Measurements were conducted from 7 June 2018 until 23 July 2018 (BGP-2.1)
and 1 July 2019 until 19 July 2019 (BGP-2.2). During both campaign, there were 380 fattening pigs
inside the barn. In the first campaign, 8 non-lactating dairy cows and 8 heifers were grazing and in
the second campaign there were 5 non-lactating dairy cows grazing.

BGP-3 is in a valley on a southeast facing slope with an inclination of about 5%. Northwest of the
BGP-3 was a fattening pig (480) farm (polygon 2 in Figure 2C), 300 m southwest was a farm with
59 dairy cows and 33 heifers (polygon 1) and 130 m northeast of the BGP-3 is a barn with 36 dairy
cows, 6 non-lactating dairy cows and 3 heifers (polygon 3). Measurements were conducted between
2 December 2019 and 18 December 2019.

BGP-4 is located on a plain. But directly south of the BGP-4, there is a slope with an average

inclination of about 7% facing southwest. Northeast of the BGP, a forest is situated. The farm
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belonging to the BGP-4 has 91 dairy cows and 46 heifers that were either in the barn or grazing on
the pastures around the BGP. Measurements were conducted from 10 August 2018 until 11

September 2018.

2.2 Measurement setup

2.2.1 Methane concentration measurements

CH, concentration measurements at all sites were conducted with GasFinder3-OP (Boreal Laser Inc.,
Edmonton, Canada), which are line-integrated tunable diode laser spectrometers. As retroreflectors
either seven (BGP-1.1 BGP-2.1, BGP-4) or twelve (WWTP-1, WWTP-2, BGP-1.2, BGP-2.2, BGP-3) corner
cubes were used. To reduce data loss due to misalignment of the laser beam with the
retroreflectors, the tripods of the GasFinder sensors and retroreflectors were fixed to the ground
by a clamping set and a base screw from 2019 onwards (Supporting information 1, section 3). The
measured concentration was adjusted for local air temperature and pressure, using device specific
relationships determined by factory calibration. The 0.3 - 1 Hz measured concentrations were
averaged to 30 min periods, whereby periods with a data coverage lower than 75% (22.5 min) were
excluded.

The GasFinders output concentrations have a bias, which needs to be corrected (Hani et al. 2021).
Therefore, an offset and span correction of the individual concentration measurements must be
done. This was either achieved with an intercomparison of the utilised GasFinders before or after
the campaign by placing the GasFinders in parallel or/and by using wind sectors during the
campaigns for which all GasFinders were exposed to the same background concentration
(Supporting information 1, section 3). The uncertainty of the utilised GasFinder ranges from 2.1 to

10.6 ppm-m (Hani et al. 2021).

2.2.2 Positioning of GasFinders

Harper et al. (2011) recommend placing the GasFinder at least ten times the measuring height of
the source. In our case this corresponds to a concentration fetch of 100 - 150 m. In Switzerland,
southwest wind prevails during the day. During the night, there is mostly wind from northeast and
often too low wind speeds for measurements (section 2.2.3). Thus, we generally planned the
measurements for only southwesterly winds except for BGP-2.2, where we projected the
measurements with two prevailing wind directions. The pathlengths of the downwind sensors and

the minimal distance between the source and the closest downwind sensor are given in Table 3.
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Location of downwind

Site Downwind path length [m] minimal distance to source [m]
sensor

WWTP-1 Northeast side 65, 49, 52 106

WWTP-2  South side 64, 59 97

BGP-1.1* Northeast side 145, 125 73

BGP-1.2 Northeast side 190, 111 73

BGP-2.1 Northeast side 125,176 93
Northeast and southwest

BGP-2.2 99, 143, 109** 107, 146**
side

BGP-3 Northeast side 122 93

BGP-4 Northeast side 75,107 127

*The pathlength of the GasFinder in the north was extended towards west and the pathlength of the GasFinder in
the east was reduced compared to BGP-1.1. In Figure 2A the setting of BGP-1.2 is shown.

**Sensor on the southwest side of BGP-2.2 measuring downwind concentration with northeasterly winds

Table 3 Path lengths and minimal distance between any source and the measuring path for all sites.

2.2.3 Turbulence measurements and data filtering

The turbulence characteristics were recorded with sonic anemometers (Gill Windmaster, Gill
Instrument Ltd., Lymington, UK) and the data were corrected for a Gill software bug affecting the
magnitude of the vertical wind component (Gill Instruments 2016). As wind vector rotation a two-
axis coordinate rotation was used. The 10 Hz data were averaged to 30 min periods.

The measuring sites were located in landscapes with rather complex topography that does not fulfil
the idealised assumptions (horizontal, homogeneous and flat terrain) of the Monin-Obukhov
similarity theory (MOST). Therefore, the bLS model output was filtered to avoid unrealistic and error-
prone emission results. For each site, an individual quality filtering was applied. Filters were used
for friction velocity (u*), the standard deviation of the along wind divided by u* (o ./u*), the standard
deviation of the crosswind divided by u* (o./u*), the Kolmogorov constant of the Lagrangian
structure function (C0), the Obukohv length (L), the roughness length z,, the number of touchdowns
within the source area, the dispersion factor D and a minimal concentration difference AC between
the upwind (background) and the downwind concentration. The applied quality filtering for each

site is given in the Supporting information 1, section 2.
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2.3 bLS modelling and post-calculations

2.3.1 bLS model calculations
The inverse dispersion method (IDM) is a micrometeorological method that combines
measurements of the turbulence parameters that are used in a dispersion model with gas

concentration measurements up- and downwind of the spatially confined source.

CDW - CUW .

=—" 7 Eq. 1
Q D A

Qis the emission of the source (standard Sl units kg s), Cyw and Cow the upwind (background) and
downwind concentration (kg m?3) and D the dispersion factor (s m') depending on the geometrical
configuration of source and sensor as well as on the micrometeorological conditions. To gain
emissions in kg s’ the calculations have to be multiplied by the area A (units m?) of the source.

As dispersion model a backward Lagrangian stochastic model (bLS) described in Flesch et al. (2004)
was used to simulate the dispersion factor D (Eq. 1) for each individual source and each line sensor
based on the actual turbulence measurements and the source-sensor geometry. The line-
integrating open-path concentration measurements were approximated by a series of point sensors
with a 1 m spacing along the path length. For each of these point sensors and each emission
interval, 50,000 - 250,000 backward trajectories were calculated and analysed for touchdowns
within the source area. The simulations were done with the R package bLSmodelR (Hani et al. 2018),

available at https://github.com/ChHaeni/bLSmodelR.

2.3.2 Combining multiple sensors

Often, there was more than one GasFinder used at the downwind side of the WWTPs and BGPs. If
two or more GasFinders were used on one side, these GasFinders were post-measurement
combined to a single sensor to cover a larger fraction of the emission plume and to be less prone
to erroneous measurements as fluctuations within one device are evened out. For each 30 min
interval, the weighted average according to the path length of the sensors over the concentration
measurements and D values were taken (Eq. 2).

XY X+ Py

Xeomp = Ziv P, EC] 2

With X either concentration C or dispersion factor D for the corresponding device, P = path length,

comb = combined sensor. For the number of touchdowns within a source the numbers were
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summed up. GasFinders that did not measure a valid CH, concentration were ignored and thus not

combined with the remaining GasFinder(s).

2.3.3 Combining multiple sources

If the source (e.g. WWTP) consists of multiple sources different levels of detail on how to calculate

the total emission are possible. In this study we used three approaches.

e ESP: Emissions with a single polygon. For this approach the WWTP is treated as a single polygon
source that covers all individual sources.

e EHD: Emissions with homogeneous emission densities. For this approach, it is assumed that
the individual source areas have equal emission densities (i.e. the same emission per area).

e EWS: Emissions with weighted sources. For this approach, the individual source areas have
specified relative emissions.

The different approaches are explained with the example of WWTPs. ESP corresponds to the orange

outlined polygon in Figure 1 and to calculate the emissions Eq. 1 is used. The approaches EHD and

EWS are calculated as follow:

Each emission of an individual source Q; within the WWTP contributes to the total emission Q,,, of

the WWTP (Eg. 3):

N
Qrot = Z 1Qi Eqg. 3
i=

We assume that the relative emission strengths w; to a reference source Q,.¢, which is a source

within the WWTP, are known (Eq. 4):
Qi = Qres ' W; Eq. 4

With the values for w; and for the areas 4; of the individual sources, the total emission of the

WWTP can be calculated using Eq. 5:

ACor OV

Qtor = m i w; Eq. 5

I
[y

The full derivation of Q. is given in Annex A. Note, that the approaches EHD and EWS differ only
in the determination of w;. The w; and 4; to calculate @Q,,, with the EHD and EWS approaches are
given in Table 4.

The ESP approach was used for the BGPs, because the components of the BGPs (storage, digester,
CHP, etc) are positioned close to each other and the total extension of the plants is relatively small

(Figure 2). This was not the case for the WWTPs where the total plant area and the distance between
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the individual sources is larger. Within a WWTP, the individual sources differ in emission density,
e.g. the emissions from the sludge storage tanks are expected to be substantially higher per area
than those from the secondary settlers. Thus, the use of specified relative emissions is a more
adequate solution. Therefore, for the WWTPs the EWS approach was used to calculate emissions.
Nevertheless, emissions with the ESP and EHD approach were also calculated for the WWTPs and
compared with the results based on the EWS approach.

To calculate the w; for the EWS, literature data were used. Depending on the source, the emissions
from the literature data were scaled to the corresponding WWTP with population equivalent (PE) or
with the area. As reference source the sludge storage tanks were used. The used literature data for

the specified emissions are given in the Supporting information 1, section 1.

No Source Area [m?] w; EHD w; EWS

WWTP-1 WWTP-2 WWTP-1 WWTP-2 WWTP-1 WWTP-2

1 Inlet NA 123 NA 1.8 NA 0.0
2 Sand trap 163 41 0.5 0.6 0.5 0.8
3 Primary clarifier 808 156 2.4 2.2 0.3 0.3
4 Activated sludge tanks 2258 171 6.7 2.5 0.2 0.3
5  Secondary clarifier 1501 NA 4.5 NA 0.1 NA

6 SBR NA 1017 NA 14.7 NA 0.2
7  Thickener for primary sludge 92 246 0.3 3.5 0.2 0.3
8  Overflow sludge 320 NA 1.0 NA 0.0 NA

9 Digester 236 NA 0.7 NA 0.1 NA

10 Digester + CHP unit NA 274 NA 4.0 NA 3.1
11 Sludge storage tanks 336 69 1.0 1.0 1.0 1.0
12 Supernatants 226 69 0.7 1.0 0.1 0.5
13 Balloon for biogas storage 120 151 0.4 2.2 0.0 0.2
14 CHP unit 44 NA 0.1 NA 1.0 NA

Table 4 Data used for combining multiple sources with the approaches EHD and EWS for the two WWTPs. The
number given in the first column indicates the location of the source in Figure 1. w;= relative emission ratio in

relation to sludge storage tanks used in Eq. 5. NA = This source does not exist on the corresponding WWTP.

For the WWTPs a simple sensitivity analysis of the EWS approach was done. For this purpose, the w;
of one individual source was multiplied or divided by a factor of 4, while the other w; retained the
original value. The resulting emission was then compared to the original WWTP emission. For the

analysis, we used a factor of 4 because the specified emissions from the literature data are on
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average about four times larger and four times smaller than the minimum and maximum value,

respectively.

2.3.4 Treating external sources

At each site, CH, sources occurred in close vicinity not belonging to the WWTPs or BGPs. This is a
problem if the influence of external source’s CH, emissions on the up- and downwind concentration
measurements differ. These emissions need to be corrected for in the emission calculation for the
WWTPs and BGPs. The external sources were mostly emissions from livestock barns or grazing
cattle. This issue is illustrated for the example of BGP-3 (Figure 2C). A few meters northwest of BGP-
3, there is an animal housing with fattening pigs (polygon 2 in Figure 2C), 300 m southwest (1) and
130 m northeast (3) of the BGP are cattle housings. The emissions from the external sources (1, 2,
3) are confounding the concentration measurements and thus alter the determined emission of the
BGP. The bLS model simulations included (besides the BGP source polygon) also calculations for all
external sources. For each GasFinder measuring path (upwind and downwind), the dispersion factor
Dexernai Was available. Instead of calculating the BGP emission directly with the measured
concentration difference (Eq. 1), the partial effect of the external sources (Q.yternai;) ONn the

measured concentrations was simulated (Eq. 6).

Qexternat i
Acexternal_i = Dexternal_i ' Aex TR EC] 6
external_i
The emission from the BGP was then calculated as (Eq. 7):
_ (CDW - E ACDW,external,i) - (CUW - Z ACUW,external,i) E 7
BGP — D " Apgp a.

Frequently, it was not possible to measure the emissions of the external sources with IDM as they
were too close to the target source or for other reason. In this case, the emissions of the external
sources needed to be assigned based on literature values. Emissions from enteric fermentation of
pigs are based on the national inventory values and for cattle on a model which considers age and
energy corrected milk yield (FOEN 2021b). Emissions factors for manure stores are based on Kupper
et al. (2020). These assigned emissions my differ from the gas release occurring in reality and thus
induce an uncertainty in the emission in the source of interest. We assumed a general uncertainty
of the of external CH, emissions, respectively their AC,,;orna Values of 20%.

For grazing cattle, we used two different approaches to define the source polygon in the bLS model.
If the cattle had limited time access to the pasture, we used the entire pasture as source polygon

(BGP-1.2 and BGP-4). However, if the animals were 24 h a day outside over a period of several days,
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we used the area on which they usually rested as source polygon only. This is supported by Kilgour
(2012) that found that cattle spends about one third of their activities with grazing if they are all

day on the pasture and most of the remaining time with laying (resting and ruminating).

3. Results

3.1 Emissions from wastewater treatment plants

3.1.1 Overview on emissions

There were 398 and 280 valid half-hourly emission values for WWTP-1 and WWTP-2, respectively.
This corresponds to an average data loss of 50% and 53% for WWTP-1 and WWTP-2, respectively,
due to quality filtering or GasFinder failure. For both WWTPs, the data loss was two to three times

larger during the night than during the day (Figure 3).

WWTP-1 WWTP-2

100+

~
(6}

Data loss [%]
o 3

o

T T T T T T T T

0 6 12 18 24 0 6 12 18 24
Hour of day

Figure 3 Proportion of data loss of IDM emission intervals after data filtering given as diurnal cycles for the two WWTPs.

Higher bar means higher data loss.

As the number of valid data was not evenly spread over the course of the day and there might be a
diurnal pattern in the emissions, daily averaged emissions were built (Figure 4). The daily averaged
CH, emissions * standard deviation (with the EWS approach) were 0.82 + 0.15 kg h' and 0.61 +
0.08 kg h', for WWTP-1 and WWTP-2, respectively. The emissions scaled by population equivalent
(PE) were 166 = 31g PE'y' and 381 = 17 g PE" y' for WWTP-1 and WWTP-2, respectively. The CH,
emission scaled by chemical oxygen demand (COD) for WWTP-1 was 1.9 g m? of the inflow or 0.7%

of COD. For WWTP-2, it was 4.0 g m? of the inflow or 1.5% of COD.
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Figure 4 Diurnal cycle of CH, emissions calculated with three different approaches of the two WWTPs plotted as
boxplot. ESP (orange), EHD (red) and EWS (blue). The red asterisks indicate outliers that are above 10 kg h"' and 3 kg
h' for WWTP-1 and WWTP-2, respectively. For WWTP-1 there are two outliers per asterisks. ESP (13.58 kg h" and 14.87
kg h'), EHD (14.48 kg h' and 16.24 kg h"), EWS (12.69 kg h' and 13.78 kg h'). For WWTP-2 there is one outlier per
asterisks. In chronological order: ESP (6.63 kg h" and 5.32 kg h'), EHD (6.54 kg h" and 5.31 kg h"'), EWS (6.35 kg h"

and 5.04 kg h).

Both WWTPs showed a similar emission pattern with lower emissions during the night, highest
emission in the morning around 8:00 and then decreasing emission until late afternoon (Figure 4).

Measurement data can be found in Supporting information 2.

3.1.2 Combining multiple sources

For both WWTPs the emissions with all three approaches according to section 2.3.3 were calculated.
For the ESP approach, the daily averaged emissions for WWTP-1 and WWTP-2 would be 1.006 kg h-
'and 0.624 kg h™', respectively or 202 g PE' y' and 388 g PE' y', respectively. For the EHD approach,

the daily averaged emissions for WWTP-1 and WWTP-2 would be 1.173 kg h' and 0.602 kg h”,



respectively or 236 g PE' y' and 375 g PE' y', respectively. The diurnal cycles of the two methods
are also given in Figure 4.

The simple sensitivity analysis showed that for WWTP-1 the sources that are most sensitive to the
total WWTP emission are the sand trap and the sludge storage tanks. The activated sludge tanks
and the primary clarifier have a smaller sensitivity on the total emission. All the other sources have
low or no influence on the total emission. For WWTP-2 the source digester + CHP unit and the sand
trap have the biggest sensitivity to the total plant emission. All other sources do only have small or

negligible influence on the total emission of the WWTP according to the sensitivity analysis (Table

5).

WWTP-1 WWTP-2

Increasing w; Decreasing w; Increasing w; Decreasing w;
Source
by factor 4 by factor 4 by factor 4 by factor 4

Inlet NA NA 0% 0%
Sand trap +17% -4% -9% +4%
Primary clarifier +11% -3% -3% +1%
Activated sludge tanks +7% -2% -3% +1%
Secondary clarifier +2% 0% NA NA
SBR NA NA 0% 0%
Thickener for primary

0% 0% 0% 0%
sludge
Overflow sludge 0% 0% NA NA
Digester -4% +1% NA NA
Digester + CHP unit NA NA +9% -6%
Sludge storage tanks -14% +26% 0% 0%
Supernatants +1% 0% +2% 0%
Balloon for biogas storage -1% 0% +2% 0%
CHP unit +13% -3% NA NA

Table 5 Results of the sensitivity analysis. Percent change in the total WWTP emission if the specified w; of a single

source is increased or decreased by a factor of 4. NA = This source does not exist on the corresponding WWTP.

3.2 Emissions from biogas plants

The number of valid half-hourly emission values for the measuring campaigns at BGPs ranged from
78 to 310 and the data loss from 77% to 91%, respectively (Table 6). The average CH, emissions

varied between 0.44 kg h' and 2.95 kg h' and the median CH, emissions between 0.39 kg h"' and
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2.22 kg h'. The highest numbers are due to measurements during other than normal operating

conditions (OTNOC). The emissions without treatment of external sources are substantially higher

for BGP-1, but in a similar range for BGP-2 and lower for BGP-3 than the mean which includes the
correction (Table 6). Figure 5 shows the large variation of hourly emissions of the BGPs.

For BGP-4, the calculation procedure gave predominantly physically implausible results, most likely
because of the potentially strong but varying influence of the grazing cattle between the BGP and
the concentration measurements. Therefore, no meaningful results can be shown. More
information on this issue is provided in the section 4.3.1. Measurement data can be found in

Supporting information 2.

BGP-1.1 BGP-1.2 BGP-2.1* BGP-2.2* BGP-3

N of valid values 310 78 143 132 121
Data loss 77% 91% 91% 82% 81%
Median [kg h'] (with correction

0.39 0.44 2.22 1.93 0.60
for external sources)
Mean [kg h'] (with correction for

0.44 0.49 2.95 2.61 0.57
external sources)
SD [kg h'] 0.50 0.35 2.62 3.69 0.41
Mean without correction for

0.94 0.82 3.23 2.83 0.37

external sources [kg h']

*Measurements during other than normal operating conditions (OTNOC)

Table 6 Summary of CH, emissions of the BGP-1, BGP-2,and BGP-3 (data not shown for BGP-4; see section 4.3.1)
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Figure 5 CH. emissions from three different BGPs. For BGP-1 and BGP-2 emissions from two campaigns. The red
asterisks indicate outliers that are above 10 kg h'. There are three outliers for BGP-2.1 (10.77, 11.26, 11.93 kg h")
and BGP-2.2 (13.48, 21.65, 35.97 kg h'). BGP-2* measurements were conducted during other than normal operating

conditions (OTNOC)

3.3 Uncertainty assessment

Buhler et al. (2021) conducted an uncertainty analysis of a measurement campaign with the IDM at
an experimental dairy cow housing. They demonstrated that the uncertainty of the average
emission decreases with increasing number of observations, i.e. valid emission intervals. As the
sites in this study exhibit similar characteristics regarding topography and micrometeorological
conditions as the location used by Bihler et al. (2021) and the same GasFinders were used, the
function to determine the uncertainty from Buhler et al. (2021) was applied for the data of this
study. The resulting random uncertainty ranged between 14 and 21%. However, the sites in this
study exhibit additional (systematic) uncertainties due to external sources and the EWS approach.
Assuming that the uncertainties introduced by the bLS model, external sources and the EWS
approach are independent, the total uncertainty for each site was estimated. Using the
corresponding values for each site, the total uncertainty in emission of WWTP-1 and WWTP-2

resulted in 36% and 27%, respectively. For the BGPs, the total uncertainties in emissions range
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between 25% and 30%. Note that in section 3.1.1, the precisions of the daily averaged WWTPs

emissions are given and not the uncertainty (or accuracy) calculated here.

4. Discussion

4.1 Wastewater treatment plants

4.1.1 Comparison with literature data

Daelman et al. (2012), Daelman et al. (2013), Delre et al. (2017), Samuelsson et al. (2018), Scheutz
and Fredenslund (2019), STOWA (2010) and Yoshida et al. (2014) reported average CH, emissions
from 16 European WWTPs in the range of 140 - 1339 g PE' y'. The average of these 16 WWTPs was
458 g PE' y' (median: 324 g PE' y'). Scaled to COD in the influent, the average emissions were
0.9% with a range of 0.3 - 1.7%. The 16 WWTPs have a size between 40,000 and 805,000 PE and
the sewage was mostly of domestic origin. A detailed overview on the emission data of these plants
is provided in the Supporting information 1, section 4.

The CH, emissions of 177 g PE' y' and 420 g PE' y' for WWTP-1 and WWTP-2, respectively, lay
within the range of the reported literature data. Compared to the literature data, the emissions of
WWTP-1 are at the lower end. In terms of COD in the influent, the emissions of 0.7% and 1.5%
compare well with the literature. Overall, the measured emission observed in our study are in line

with investigations conducted previously.

4.1.2 Combining multiple sources

The main problem of the source combination is that the ratios w; of the specified emissions between
the individual sources need to be known. As usually no direct measurement of an individual source
is possible with the IDM, these ratios are estimated based on available literature data which are still
sparse and might be uncertain. Additionally, the data need to be scaled to the site. For scaling, we
used the PE if possible. This parameter may introduce an additional uncertainty as it depends on
the accuracy of the measured WWTP inflow and the COD contents of the sewage. For the digester
and the balloon for biogas storage, we made our own assumptions. Despite these challenges, the
comparison in section 4.1.1 with the literature showed that the obtained results are reasonable.
For WWTP-2 the differences in total emissions between the ESP and EHD approach and the EWS

approach were 2% and thus, of minor importance. But for WWTP-1, the differences were larger. The
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total CH, emission of the ESP approach and the EHD approach were higher by 22% and 42%,
respectively, than the EWS approach.

The higher differences between the different approaches in WWTP-1 compared to WWTP-2 are also
reflected in the simple sensitivity analysis. For WWTP-1, a change by factor a of four in the w; of the
sludge storage tanks led to a maximum change of 26% in emission, whereas for WWTP-2 the
maximum change caused by a single source was 9%. This shows that reliable literature data on the
individual sources within a WWTP are important. For the sensitivity analysis, we expected that a
change in the emission of the sources with the highest specified emission density would induce the
largest change in the total WWTP emission. This was the case for both WWTPs. However, at WWTP-
2, the total plant emission is not sensitive to a variation in the specified w; of the sludge storage
tank that had the second highest specified emission. The sensitivity analysis of the EWS approach
done in this study suggests that a combination of the location of a source within the source
complex, the distance between the emission source and the measurement path, the concentration
measurements and the specified emission density, respectively the w;, define the sensitivity.
Sources that are rather at the edge of the source complex have a higher sensitivity than sources in
its middle. Sources that are closer to the downwind measurement path tend to have a higher
sensitivity than those situated further away. But if the w; of these sources is low, they have a low
sensitivity as well. The applicability of these findings to other sites needs to be investigated in
further studies since other factors like the position of the GasFinders, the prevailing wind direction,
or other micrometeorological parameters may also influence the resulting emission data.

Another reason for the differences between the three approaches for the two WTTPs could be the
total WWTP area size. WWTP-1 (21,803 m?) is about three times larger than WWTP-2 (7,354 m?) and
thus the distance between the different sources is larger. For WWTP-1, the EHD approach had the
highest emission and the EWS approach the lowest. This can be explained by mechanism of the
EWS approach: the sludge storage tanks (No 11 on Figure 1A) are located at the northern corner of
the WWTP-1. Southwest of the sludge storage tanks, there is a larger empty area, that is included
in the polygon for the ESP approach, thought. For this approach, this configuration allocates more
“weight” to the northern part of the WWTP compared to the EHD approach, but less than for the
EWS approach. Thus, the emissions with the ESP approach are between the other two approaches.
The question remains if for the source combination the specified relative emission densities are

necessary or if one could use a simpler approach. Based on our two examples, we recommend the
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EWS approach for sources like WWTPs. Additional emission data from individual sources within

WWTPs will be available in the future which might improve the accuracy of the EWS approach.

4.1.3 Interrelations between emission rate and operations at WWTPs

The emission of individual measurement intervals varied over a large range (Figure 6). The
variability can be due to fluctuations in the gas release from the WWTPs or/and due to varying
micrometeorological conditions. Several studies reported CH, emission evolution characterised by
a high incidental gas release from slurry storage (i.e. ebullition; Baldé et al. 2016; Kaharabata et al.
1998). They showed large variability in gas releases with or without operations at storage tanks. It
seems likely that sludge storage tanks, which contribute a large proportion of emissions at the
investigated WWTPs, show characteristics regarding emissions variability that are similar to those
of slurry storage tanks at livestock farms. The temporal variability in CH, emission observed here
is in the range as observed in previous studies e.g. conducted at farm sites (Flesch et al. 2005).
Thus, we investigated interrelations between more than 100 parameters from the operational
system and CH, emissions at WWTP-1. We selected those related to activities that potentially
influence the gas release of CH,. We identified several parameters associated to sludge treatment
that coincided with emission peaks. Figure 6 shows a coincidence for periods with the agitation of
sludge in either or both storage tanks and CH, emission peaks. Other parameters with interrelations
are e.g. the filling level of the sludge storage tank or removal of sludge from the tank (not shown).
Parameters related to the energy line (e.g. flaring, the volume of biogas storage balloon) did not

coincide with CH, emission peaks.
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Figure 6 Interrelations between CH. emissions (EWS approach) and agitation of sludge storage tanks and flaring at
WWTP-1 and WWTP-2. Red vertical bars indicate the operational time of the agitator of either or both storage tanks.
Green vertical bars indicate the flaring periods. The CH, emissions are given as 30 min intervals. For WWTP-2, only
the starting time of agitation is known and an operation time of 30 min was assumed. Grey dotted vertical lines

indicate the start and the end of the measurement campaign.

For the WWTP-2, numerical data was not available, and we thus employed a visual analysis of images
from agitation and flaring obtained from the operational system of the WWTP. Slurry store agitation
mostly occurred over a period of less than 1h duration between 8:00 and 12:00 in the morning.
Figure 6 shows a coincidence for periods with agitation of the sludge storage tank and flaring with
emission peaks in some cases. The agitator was operated on average at a capacity of 70% and the
gas torch of 10%, respectively, which suggests a relatively low effect on gas release.

Information on other potentially non-negligible emission sources such as leakages, e.g. bursts from
pressure relief valves (Nisbet et al. 2020; Reinelt et al. 2017) could play a role in the total emissions

at both of the investigated plants but could not be specifically obtained in the present study.
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The CH, emissions at both WWTPs exhibited a diurnal cycle with a maximum at approximately 9:00
and a second, smaller peak in the mid-afternoon (Figure 4). As the pattern is not WWTP specific, we
suggest coincidence with operating activities at the WWTPs and not with micrometeorological
conditions. The peak in the morning is partly due to sludge storage tank agitation which did not
occur every day, however. Another reason for the peak in the morning could be the CH, emissions
from the sewer system. CH, builds up in the sediments and in the biofilm of the sewer system
(Mannina et al. 2018) where the CH, production is higher with longer retention time of the
wastewater in the sewer system (Guisasola et al. 2008). During the night, the influent into the
WWTPs was small and thus CH, could have built up in the sewer system that was then released in
the morning leading to an emission peak. There were no operation activities on the WWTP during
the night and therefore the emissions were low.

The observed variability indicates that for a reliable emission estimate, measurement campaigns of
sufficient duration are required. Based on our experience and to ensure data acquisition under
different micrometeorological conditions, the distinct diurnal cycle and to compensate for an
eventual data loss of more than 60%, we recommend measuring beyond 10 consecutive days (Buhler

et al. 2021).

4.1.4 Source apportionment

With the bLS model it is not possible to distinguish between individual sources within a source
complex. Therefore, we evaluated the feasibility of source apportionment based on literature data.
Literature data were not available for CH, emissions from sludge storage tanks. Due to the similarity
of human and pig excretions (both human and pigs are monogastric) data from pig slurry storage
(Kupper et al. 2020) corrected for the lower methanisation potential when anaerobically digested
(VanderZaag et al. 2018) were used as a proxy for emissions from stored sewage sludge. Based on
these data, the estimated proportion of CH, emissions originating from sludge storage tanks was
48% and 13% of the total emissions for WWTP-1 and WWTP-2, respectively. The results of WWTP-1
coincide with the literature (Daelman et al. 2012; Delre et al. 2017; Samuelsson et al. 2018; STOWA
2010) that suggest the sludge line as main CH, source. WWTP-2 exhibits a substantially lower value.
Given that a much higher emission share for the water line is implausible, we hypothesised that
other sources occurred such as leakage from digestors, gas pipes or the CHP unit. Liebetrau et al.
(2013) found emissions from the CHP unit ranging between 0.04% and 3.28% (average: 1.74%) of

the utilised CH, at BGPs. Principally, the same technology is used for the CHP unit at WWTPs and it
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can be assumed that CH, losses are similar at BGPs and WWTPs. We used the average value 1.74%
from Liebetrau et al. (2013) of the gas production and the gas production data from Table 1. This
yields CH, releases from the CHP unit of 3,493 kg CH, y' and 1,862 kg CH, y' for WWTP-1 and
WWTP-2, respectively. This corresponds to a share relative to the total WWTP emissions of 48% and
35% for WWTP-1 and WWTP-2, respectively. The emissions from the sludge tanks and the CHP unit
combined give 96% and 48% of the total plant emissions for WWTP-1 and WWTP-2, respectively,
which is in the range of values for the sludge line found in the literature with WWTP-1 at the higher
and WWTP-2 at the lower end. We thus assume that the emissions from the CHP unit at WWTP-1 are
rather in the lower range of the reported values of Liebetrau et al. (2013) for the CHP unit and vice
versa for the WWTP-2. A higher contribution of the CHP unit leakage for the latter is supported by
the lower effect of the sludge storage tank agitation on CH, emission and the lower variability of
the hourly emissions (Figure 6) which points at a continuous CH,-flow which levels out emission
peaks due to operations at the sludge and energy line. With the assumptions above regarding
leakage from CHP unit, both plants would achieve a contribution of the sludge line to the total CH,

WWTP emissions in the range of 60% to 80% which we assume as plausible.

4.1.5 Calculated emissions below zero

Emissions below zero occur, if after the treatment of potential external sources confounding any
concentration measurement, the upwind concentration is higher than the downwind concentration.
These negative emissions are solely due to calculations and must not be understood as deposition
of CH,. For WWTP-1 12% of the emissions were below zero (49 intervals). Most of the intervals (33)
were in the time periods 29 September 2019 14:00 - 29 September 2019 23:00 and 8 October
2019 22:00 - 10 October 2019 08:00. The occurrence of an unknown external source emitting and
confounding the upwind concentration over these time periods is rather unlikely. We also analysed
all filtering parameters and could not find any reason allowing exclusion of these periods.

Due to low concentration differences between the up- and downwind measurements, negative
emissions can occur due to statistical reasons according to Hani et al. (2021). They described an
uncertainty range of the used GasFinders between 2.1 and 10.6 ppm-m. Hani et al. (2021) further
reported drifts and jumps in the concentration measurements that could be indistinguishable from
real concentration fluctuations without an external reference device. Such jumps or drifts could

lead to systematic errors.
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As we did not have a second GasFinder or another measuring device placed upwind, we were not
able to verify if the upwind sensor was influenced by any external CH, source, or if a problem with
the GasFinder occurred. Nevertheless, we decided to retain these two periods in the data set,
because removing or excluding such calculated emissions below zero could unintentionally
increase the emission of the measured source: without these two periods, the CH, emission of

WWTP-1 would be higher by 14%.

4.2 Biogas plants

For all BGPs emission measurements were conducted for one wind direction sector only (Table 3).
Except for BGP-2.2 where we placed the GasFinder on the southwest side further away compared
to BGP-2.1 (Figure 2), measurements with two prevailing wind directions were possible. Reasons
for only one general wind direction at the other BGPs were either the topography, the surrounding
sources or lack of wind from more than one direction that would fulfil the filter criteria.

The relative fugitive CH, emissions of the BGPs in this study were lower than 5% of the plant’s CH,
production. This is in line with literature data based on measurements with IDM and GasFinder-2
from agricultural biogas plants that reported a range of 1.7 - 5.2% of fugitive emissions (Flesch et
al. 2011; Groth et al. 2015; Hrad et al. 2015). A detailed literature review on BGPs emission
(agricultural and non-agricultural) with different measuring techniques including IDM and tracer
gas dispersion method, is given in Bakkaloglu et al. (2021).

The highest emissions were measured at BGP-2 with some very high emission intervals (Figure 5).
First, this BGP has a large electrical power production and second, according to the operator of the
plant, there were other than normal operating conditions during both measuring campaigns.
Nevertheless, the relative fugitive emissions lie still within the range of literature data.

Other than for WWTPs, we used for the ESP approach for the BGPs in the bLS model calculations.
This is reasonable as the dimension of the polygon of the BGPs are 1.5 - 4.8 times smaller than
that of WWTP-2, which showed only small differences of <2% between the different approaches.
Further, we believe that due to the open storage of substrate material in the BGPs and due to pipes
running between the individual plant parts that could potentially have gas leakage, the assumption
of a large polygon is warranted. For larger BGPs with more physical distance between individual
parts, it might be preferable to use the EWS approach.

In contrast to WWTPs, BGPs did not exhibit a clear diurnal emission pattern and therefore, we did

not use a diurnal cycle to calculate daily mean emissions. We suggest using the median value to
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determine emission rates for BGPs to give outliers less weight (Figure 5). Emissions below zero are
caused by small concentration differences between up- and downwind measurements in
combination with the uncertainty of the GasFinders and the correction for external sources.
However, excluding them would unintentionally increase the emissions as variations might also

occur towards high emissions.

4.3 Coping with complex source configurations

4.3.1 Treatment of external sources

CH, sources outside of WWTPs or BGPs, which occurred at all sites confounding the concentration
measurements, could be corrected for. The greater the distance between these sources and the
GasFinder paths the more accurate results were obtained. The biggest problem were emissions
from grazing cattle, especially if they were close to the measurement paths. This was one reason
for unsuccessful measurements at BGP-4. At this site, there were about 90 grazing dairy cows and
25 heifers on the pastures around the BGP including the pasture where the GasFinders were placed.
The assumption of homogeneous emissions from such a large area strongly differed from reality
and thus produced obviously erroneous results with the bLS model calculations. The effect of
external sources strongly depended on their position relative to the wind direction and to the
measurement locations. For WWTP-1 and WWTP-2, the emissions without the correction for external
source would be higher by 27% and lower by 4%, respectively. The average emissions of BGP-1.1
and BGP-1.2 without correction of external sources would be higher by 114% and 67%, respectively,
and for BGP-2.1 and BGP-2.2, by 10% and 8%, respectively. For BGP-3, the emissions without
treatment of external sources would be lower by 35%. For WWTP-1, BGP-1 and BGP-2, the external
sources predominantly influenced the downwind concentration and thus, the emissions without
treatment of external sources would be higher. At WWTP-2 the sheep stable at the northern side
mostly influenced the upwind concentration and only to a smaller extent the downwind
concentration. At BGP-3, the emission from the fattening pigs barn exclusively influenced the
downwind concentration, however the dairy cow housing northeast of the BGP (Figure 2C) produced
higher CH, emissions and therefore, the CH, upwind concentration was more confounded than the
downwind concentration. Thus, for these two sites the emissions without treatment of external
sources would be lower.

Correcting for external sources introduces an additional uncertainty of the WWTPs and BGPs

emission. For the external sources, we assume a general uncertainty of the AC,;erna;; (EQ. 6) of 20%.
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The larger the share AC,,ornq; ON the AC,.asureq> the larger the uncertainty of the plant emission. A
change in 20% in emission of the external sources would result in a change of the WWTP-1 and
WWTP-2 emission of 6% and 1%, respectively. For BGP-1.1, BGP-1.2, BGP-2.1, BGP-2.2 and BGP-3, the
changes in the average emission would be 19%, 14%, 2%, 2% and 7%, respectively.

The higher numbers for BGP-1 are because the external sources are close to the BGP and produce
about the same amount of CH, as the BGP. Nevertheless, this study suggests that the treatment of
external sources allows an accurate correction thereof as the resulting data are comparable with

emissions obtained from other studies.

4.3.2 Placement of concentration sensors

At WWTP-1, due to the mound southwest of the WWTP measurements were only possible with
southwestern wind. The background sensor was placed close to the mound as there were grazing
heifers between the mound and the WWTP. At WTTP-2 we knew from previous turbulence
measurements that data passing filtering would be unlikely with wind from south and thus we
planned only measurements with northerly winds. At BGP-1, measurements with northeast wind
were not possible due to the forest and the pasture. There was mostly northeast wind during the
first campaign at BGP-2. Thus, we placed the GasFinder for the second campaign on the southwest
side further away from the plant to enable measuring from the two prevailing wind directions. Also,
the setup on the northeast side was optimised for the local wind directions. At BGP-3,
measurements were planned with southwest wind only. For measurements with northeast wind, the
cattle housing No 3 (Figure 2C) would have been too close.

Determining emissions from WWTPs and BGPs at sites with a mostly complex environment as
prevailing in Switzerland is challenging. Placing GasFinder devices is often hampered due to several
different factors that need to be considered. It depends on tract of land borders, canopy height of
the different tract of land, traffic routes, topography (often non-flat), surrounding CH, sources and
other obstacles like trees or buildings. An analysis of trade-offs between the different factors is
necessary which often results in only one feasible wind direction for measurements: only in two out
of seven campaigns it was possible to use data from two general wind directions. A prior
determination of the prevailing wind direction is the most important factor. Before the campaign
start, we used data from nearby weather stations to determine the wind direction. However, due to
non-flat topography and forests, the available data were not always representative for the plant

sites. In case of BGP-4, the latter factor was another reason for the unsuccessful results. At this site,
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the wind direction was not parallel to the forest as previously expected. The wind direction was
more towards 180" and therefore causing a wind edge rendering the turbulence measurements not
representative for the entire area. Thus, the best case would be to make extended wind
measurements directly at the experimental site prior to the campaign.

Another problem could be low concentration differences between the up- and downwind
measurements. GasFinders-3 have a relatively large uncertainty (Hani et al. 2021) and therefore
sufficient concentration differences are needed. With increasing wind speed and unstable
conditions, concentration differences may decrease. This rises the uncertainty of the results and
could also lead to calculated emissions below zero. At WWTP-2 we conducted a measuring campaign
one year prior to the shown measurements that was not successful. We placed the GasFinder on
the downwind side too far away from the WWTP with too long measuring paths and thus no
concentration difference between the up- and downwind concentrations was detected. That is why

the distance between the measuring path and the WWTP-1 shown in Table 3 is rather short.

5. Conclusions

In this study, CH, emission measurements from whole WWTPs and BGPs by IDM produced
reasonable results that are in line with literature data. We could demonstrate that
measurements under rather complex conditions are possible. This study thus provided several
valuable insights on how to conduct successful CH, measurements with IDM under such
challenging situations. It showed that prior analysis of the external sources in combination
with the wind direction is important to detect sites where measurements are likely to fail (like
BGP-4 with insufficient localisation of grazing cattle, wind edge). After selecting a site, a careful
analysis of trade-offs regarding placing measurement devices must be done. Often, a
compromise is required between extending the distance toward the source to have the
turbulence re-established and limiting it for obtaining sufficient difference between the upwind
and downwind concentrations. For the measuring campaign itself, sufficient time should be
planned for, especially where only one general wind direction for measurements is possible.
In this study, we showed a procedure for treatment of external sources. Additionally, an
approach was introduced for more accurate emission calculations for sources of greater

complexity. For this approach, the individual sources within a source complex were specified
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and the total emission was calculated according to these relative weights. We showed that
such an approach is necessary for large sources like WWTPs. This approach can be refined with
additional available measurement data from individual sources. The future use of source
apportionment will provide further experience and by this, increase the accuracy of
measurements with IDM under complex situations; this also allies for treatment of external

sources.
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A. Annex
Here the derivation on how to combine multiple sources is given.

A. Combining multiple sources

We have calculated D; (h m™) values that are a function of the micrometeorological parameters
and the source-sensor geometry for N sources. We intend to combine all N sources into one
source with an average emission of Q,,.. The emission of a sources Q; (with unit kg h') is defined

as:
Q; =E A, Eq. Al

Whereas E is the emission density (kg m? h') and A (m?) the area of the source.

Each source Q; contributes to the total emission Q,,,

N
Qtor = Z._loi Eq. A2

Assumption: The relative emission strengths w; to a reference source Q,.s, which is a source

within the source complex, are known:

Qi = Qref "W ECI A3
Expanding Eq. A3 gives
Q= ref 'A'ref "W ECI A4
Combining Eq. A1-A4 results in
N
Qrot = Eres " Ares - Z 1Wi Eq. A5
i=

The bLS model simulates the dispersion factor D; between each individual source E; and its partial

concentration effect AC;:
ACi = Di * Ei Eq. A6

The measured concentration difference is a sum (superposition) of the individual concentration

effects of all sources:
ACror = Y  AG Eq. A7

Combining Eq. A3, A4, A6 and A7



106

4. Determination of methane emissions from complex
source configurations with the inverse dispersion method

N
ACo = Eref ’ Aref z 1 (A_> Eq A8
i= i

Solving for E,;

Brp = ——— Eq. A9
Arey s (M)
Once E,,; is known, the emission of the total source complex can be calculated.
Y. SR oL
tot - (WLA—LDL) i Eq. A10

Note, as the weights w; are defined in relation to @;, they are different for the EHD and EWS
approach. In Table 4 the w; for the two approaches are given.
As for the EHD approach the w; are reduced to the ratio of the areas, Eq. A10 can be reduced to:

ACor W

SN . i
i:1Di i=1

Qtor = Eq. A1l
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Supporting Information 1

For the publication from Biihler et al. entitled “Determination of methane emissions from
complex source configurations with the inverse dispersion method”

1. Description of WWTPs

Wastewater treatment plant T (WWTP-1) consists of a conventional activated sludge treatment with
complete nitrification and denitrification. The primary sludge passes a thickener from where it
enters the digesters with a dry matter content of 4%. The anaerobic digestion is operated at
mesophilic conditions (average temperature during measurement campaign: 37.8°C). The biogas is
fed to a combined heat and power (CHP) unit for electrical power production. The heat is used for
heating the digester. The excess heat is fed to a district heating network. The gas torch was never
operated during the measurement campaign. After a residence time of approximately 20 days the
sludge is again dewatered to 8% of dry matter after addition of a flocculant by means of a rotary
screen and then transferred to open sludge storage tanks (total volume: 1,960 m?). The sludge is
regularly evacuated and transported to a larger WWTP for further treatment and disposal. Before
the transport, the tanks are stirred to achieve pumpability of the sludge.

The water line at the WWTP-2 (Fig2b) consists of a screen, a grit chamber, primary clarification
basins and a sequencing batch reactor where the pre-treated sewage undergoes three cycles of 8 h
each: (1) filling of one of the three reactors, (2) aeration, (3) sedimentation of the secondary sludge
and extraction of excess sludge and discharge of the treated water into the retention basin from
where it is regularly discharged into the receiving water.

The primary sludge passes a pre-thickener and is then directed to a belt thickener and enters the
digesters with a dry matter content of 2 to 3%. The anaerobic digestion is operated at mesophilic
conditions (average temperature in 2020: 37.6°C for digester 1 and 34.4°C for digester 2). After a
residence time of approximately 20 days the sludge is again dewatered to 5% of dry matter after
addition of a flocculant by means of a rotary screen and then transferred to one of the two open
sludge storage tanks (volume: 400 m3). The biogas is fed to a CHP for electrical power production.
The heat is used for regulating the temperature in the digester. The sludge is regularly evacuated
and transported to a larger WWTP for further treatment and disposal. The tank for sludge storage
is regularly stirred in the morning. The supernatants are removed from the surface in the afternoon
and filled into the storage tank for sludge water. The gas torch is rarely used, i.e. mainly to evacuate
condensation water in the gas pipe system.
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Table S1 Characteristics of the wastewater inflow at WWTP-1 and WWTP-2: annual values of 2019 and/or 2020 and
recorded during measurement campaigns; C: concentration, COD: Chemical Oxygen Demand, NH4-N: ammonium
given as nitrogen, F: flow, MC: Measuring campaign.

Inflow C-CoD C-NH.-N F- COD F-NH.-N
[m*d] [gL'] [g L] [kg d'] [kg d']
WWTP-1
Average 2019 12268 293 33 3483 376
Median 2019 10248 307 36 3377 368
Minimum 2019 7829 156 11 1866 230
Maximum 2019 30660 424 48 6133 1034
Average during MC 11168 299 36 2862 336
Median during MC 9380 310 311 2933 341
WWTP-2
Average 2019 4458 240 34 1010 138
Median 2019 3710 233 36 995 139
Minimum 2019 2321 113 14 566 95
Maximum 2019 12967 373 51 1757 168
Average 2020 (01.01-30.06) 4606 259 33 1126 137
Median 2020 (01.01-30.06) 3798 248 35 1009 139
Minimum 2020 (01.01-30.06) 2417 134 9 631 69
Maximum 2020 (01.01-30.06) 11829 577 50 2388 164
Average during MC 4005 270 37 1076 140
Median during MC 3469 279 39 994 139

In Table S2 the a priori emission used for the source combination are given. The emissions for the
sludge storage tanks were estimated based on emission rate 1.8 g CH, m? h” derived from data for
pig slurry from Kupper et al. (2020) (i.e. baseline emissions for tank, temperate season,
Supplementary data 5), a correction factor which takes into account the lower methanisation
potential by 35% for anaerobically digested slurry (VanderZaag et al. 2018) and the sludge volume
from Table 1. Emission estimates for the CHP are based on emission factor of 1.74% of the utilised
CH, (Liebetrau et al. 2013) and the gas production from Table 1, CH, content in biogas: 65% (Kvist
and Aryal 2019); conversion factor of m® CH, to kilograms CH,: 0.671 (IPCC 2006).
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Table S2 Data used for source the combination of the individual sources within the WWTPs. PE = Population
equivalent. The given literature data was used to define the a priori emissions. Given are the emissions per area.

Area Emission
Source Literature data Scaling [m?] [g CH. m* d"]
WWTP-1 WWTP-2 WWTP-1 WWTP-2
Inlet Ren et al. 2013 PE NA 123 NA 0.3
Sand trap Czepiel et al. 1993; Liu et al. 2014; PE 163 41 30.8 39.3
Ren et al. 2013; Samuelsson et al.
2018; STOWA 2010
Primary clarifier Ren et al. 2013 Area 808 156 3.4 3.4
Activated sludge eawag 3/24/2020 PE 2258 171 0.7 3.2
tanks
Secondary clarifier Ren et al. 2013; Samuelsson etal. PE 1501 NA 0.4 NA
2018; Tumendelger et al. 2019;
Wang et al. 2011
SBR eawag 3/24/2020; Ren et al. 2013; PE NA 1017 NA 0.4
Samuelsson et al. 2018;
Tumendelger et al. 2019; Wang et
al. 2011
Thickener for Ren et al. 2013 PE 92 246 21.8 2.6
primary sludge
Overflow sludge Ren et al. 2013; Samuelsson et al.  PE/Area 320 NA 0.1 NA
2018; Tumendelger et al. 2019;
Wang et al. 2011
Digester Own assumptions other 236 NA 4.2 NA
Digester + CHP unit  own assumptions, IPCC 2006; other NA 274 NA 22.2
Liebetrau et al. 2013
Sludge storage tanks Kupper et al. 2020; VanderZaag et  Area 336 69 28.1 28.1
al. 2018
Supernatants Ren et al. 2013 Area 226 69 3.4 15.4
Balloon for biogas Own assumptions other 120 151 2.5 2.0
storage
CHP unit IPCC 2006; Liebetrau et al. 2013 other 44 NA 216.9 NA

1.1 Meteorological conditions

Figure S1 shows the meteorological condition during the measurement campaign in 2019 at
WWTP-1. The conditions were normal for autumn and winter although the temperatures were
periodically at the upper range for the season and periods with high wind speeds occurred.



4. Determination of methane emissions from complex

114 source configurations with the inverse dispersion method
o
™~
S
S
= e |
2 @
15 o _|
5 °
e
T T T 1 T 1 | A A A E N [ B B
23.09 25.09 27.09 29.09 01.10 03.10 05.10 07.10 09.10 11.10 13.10
— N
£
E 7
Q N —
I
o =
a o — H iIl ‘ |l.l [ 1 '
e e T T T T T T T 1 [ B B
23.09 25.09 27.09 29.09 01.10 03.10 05.10 07.10 09.10 11.10 13.10
o -
& -
~ o
E o
> _ ]
o -
I [ I [ I [ I I I I I [ I [ I [ [ I I I
23.09 25.09 27.09 29.09 01.10 03.10 05.10 07.10 09.10 11.10 13.10

Figure S1: Overview on the temperature, precipitation and wind speed from our own weather station during the

measurements conducted at WWTP-1.
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Figure S2: Overview on temperature, precipitation, and wind speed from our own weather station during the

measurements conducted at WWTP-2.

The meteorological conditions during the measuring campaign in May 2020 at the WWTP-2 were

normal for late spring (Figure S2).
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2. Data filtering

In Table S3 the applied data filtering for each site is given.

Table S3 Quality filter criteria that were applied at the different sites. It shows what kind of data was kept. N_TD = Number of touchdowns within the source. z,, = canopy

height, A = Area of the source.

filter criteria

Site Mhmzo:mm v e Juw o, /u (O IL| 2 N_TD D/A AC WD

WWTP-1 250000 > 0.06 <7 <7 - <2 < 0.1 - - - yes
WWTP-2 250000 >0.05 <6 <6 <10 <2 <0.1 - > 6.00E-05 - yes
BGP-1.1 50000 >0.05 <8 <8 <10 <2 7> NH:%S & 7, < ﬁs%& > 8.00E+04 > 8.20E-05 >-0.08  yes
BGP-1.2 50000 >0.06 <8 <8 <10 <2 z> N%% &7, < 5:43 > 8.00E+04 > 8.20E-05 >-0.08  yes
BGP-2.1 50000 >0.05 <8 <8 <10 <2 z> N%%E & 70 < £ > 2.70E+05 > 8.20E-05 >-0.08  yes
BGP-2.2 50000 >0.06 <8 <8 <10 <2 z> NH:%S &7, < ﬁs%& > 2.70E+05 > 8.20E-05 >-0.08  yes
BGP-3 250000 >0.10 <8 <8 <10 <2 z> Nm%s &7, < £ > 4.20E405 > 1.00E-04 >-0.08  yes
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3. GasFinder

3.1 Intercomparison of GasFinder devices

An intercomparison of the GasFinder was conducted after each WWTP campaign. This was necessary
because of the offset and span between the GasFinder sensors (Hani et al. 2021). The
concentrations were corrected for span and offset. As reference device the GasFinder used as
background concentration (at both sites the same sensor) was used. A concentration during the
campaign with wind sectors where all used GasFinders were exposed to the same background
concentration was for the WWTP campaigns not possible.

For BGP-1 the concentrations were corrected with wind sectors for which all GasFinders were
exposed to background concentration. For BGP-1.2, additionally a correction from an
intercomparison was applied that was conducted some weeks prior to the campaign. For BGP-2.1
wind sectors were used and for BGP-2.2 an intercomparison that was conducted after the
measurements. For BGP-3 the intercomparison conducted at WWTP-1 was used.

3.2 Fixation of GasFinders

Running the GasFinders out in the field can lead to a misalignment of the laser beam with the
retroreflector. This often happens due to soil movement (wetting, drying, freezing, unfreezing) or
wind gusts. If no automatic realignment system is available, even a daily realignment could be
necessary. However, we run the devices for days without supervision and a car drive every day of
several hours to the devices was not possible. Fixing the tripods with a clamp set to the ground
really helped to reduce the data loss. The tripods of the retroreflectors were also fixed with a clamp
set.
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4. Comparison of WWTP emissions with literature data

Samuelsson et al. (2018) report an average CH, emission of a Swedish WWTP of 337 g PE"' y'. Delre
et al. (2017) conducted measurements at five different WWTPs with average emissions between
153 g PE'y'and 919 g PE' y' and Yoshida et al. (2014) report CH, emission of 1339 g PE' y' from
a WWTP in Denmark. Scheutz and Fredenslund (2019) measured emissions from several WWTPs and
BGPs which were between 257 g PE' y' and 747 g PE' y' (data from four WWTPs that are not already
included in Delre et al. (2017), Samuelsson et al. (2018) and Yoshida et al. (2014). Daelman et al.
(2012) and Daelman et al. (2013) reported CH, emissions of a WWTP in the Netherlands of
306 g PE' y' and 390 g PE' y', respectively. STOWA (2010) measured emissions of three different
WWTPs in the Netherlands between 140 and 310 g PE' y'. Detailed information on the individual
WWTPs is given in Table S4

The average of the 16 WWTPs reported above is 458 g PE' y' (median: 324 g PE" y'). Scaled to COD
in the influent, the average emissions were 0.9% with a range of 0.3%-1.7%. The 16 WWTPs have a
size between 40,000 and 805,000 PE and the sewage was mostly of domestic origin.

The CH, emissions of 177 g PE' y' and 420 g PE' y' for WWTP-1 and WWTP-2, respectively, lay
within the range of the reported literature data of 140 - 1339 g PE' y'. Compared to the literature
data the emissions of WWTP-1 are on the lower end. In terms of COD in the influent the emissions
of 0.7% and 1.5% lie also within the range of the reported literature. Overall, the measured emission
observed in our study are in line with investigations conducted previously.

Table S4: Methane emissions per day and scaled to Population Equivalent (PE) and in percent of Chemical Oxygen
Demand (COD) from the present study in from the literature

WWTP PE kg CH. h' g CH. PE' y' % of COD Source

Moossee-Urtenenbach 43,534 0.82 166 0.7% This study

Glrbetal 14,071 0.61 381 1.4%  This study

Goteborg 805,000 31.0 337 0.6% Samuelsson et al. (2018)
Holbaek 60,000 2.6 380 1.0% Delre et al. (2017)

Vaxjo 95,000 10.0 919 1.7% Delre et al. (2017)

Kallby 120,000 8.6 628 1.3% Delre et al. (2017)

Lundtofte 150,000 2.6 153 0.3% Delre et al. (2017)

Lynetten 750,000 14.2 165 0.3% Delre et al. (2017)

Avedgre 265,000 40.5 1,339 NA Yoshida et al. (2014)
Avedare 265,000 13.5 446 NA  Scheutz, Fredenslund (2019)
NA 420,000 12.3 257 NA Scheutz, Fredenslund (2019)
NA 95,000 8.1 747 NA Scheutz, Fredenslund (2019)
NA 125,000 10.0 701 NA  Scheutz, Fredenslund (2019)
Kralingseveer 360,000 12.6 306 1.3% Daelman et al. (2012)
Papendrecht 40,000 1.2 266 0.9% STOWA (2010)

Kortenoord 100,000 1.6 140 0.5% STOWA (2010)

Kralingseveer 360,000 12.8 310 1.2% STOWA (2010)

Kralingseveer 360,000 9.5 230 0.8% STOWA (20]0)
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5. Measurement data

The processed data from all sites is given in the Supporting information 2.
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Chapter 5

Conclusions and outlook

The main objective of this thesis was to validate the application of the IDM method under real-
world conditions. CHs4 emissions from a release experiment inside a barn, a dairy housing, two
WWTPs, and four agricultural BGPs were measured with the IDM. The first two studies were used
to assess the accuracy of the IDM. The release experiment inside a barn yielded recovery rates lower
than 1 that could not be sufficiently explained. In the second study, the difference in emissions between
the IDM and iTRM for simultaneous emission intervals was small and within the uncertainty of either
of the two methods. The measurements in the third study were conducted to assess the handling of
complex source configurations with the IDM and determine emission factors for BGPs and WWTPs.
The measurements at the WWTPs allowed to introduce approaches for measurements of complex
source configurations. The emissions determined at the WWTPs and the BGPs agree with the data

from the literature.

An advantage of the IDM is that long-term measurements are possible. This is of high interest as
emissions might have short- and long-term fluctuations. The IDM has its strength to determine mean
emissions over a long time period (e.g., weeks or longer). However, it is also possible to detect diurnal
cycles, but for this purpose, the expected variation in concentration at the sensor location over the
course of a day should be higher than the precision of the concentration measurement device. If a
diurnal cycle in the emission of a source is expected, it is important to have sufficient data over the
course of a day. Due to lower wind speeds during the night, the data loss in the night is usually higher
compared to the day. To counteract the large data loss of the IDM compared to other measurement

methods (e.g., TRM), it is advised to measure for at least 10 consecutive days.
Based on all the measurements conducted during this thesis, the following points should be

considered for a successful campaign:

e It is of great importance to select the measurement sites according to the requirements of

the IDM.

e The turbulence parameters derived from sonic measurements should best reflect the
turbulence acting on the dispersion of the emission plume between the source and the

downwind concentration measurements.



122

5. Conclusions and outlook

The entire plume should be located within the measurement path. Otherwise, the wind
direction has a strong influence on the estimated emissions and small deviations between
the modelled plume and the real plume will potentially lead to larger biases in the

emission data.

The GasFinders showed a precision about 10 times lower than stated by the manufacturer

and, in addition, arbitrary drifts and step changes occurred.

The GasFinders were usually placed about 100 m downwind of the source location. At this
distance the plume is already considerably diluted. To measure a detectable concentration
enhancement between the up- and downwind measurements, the source emission should be
sufficiently high. It is advised to execute the bLS model in advance and to verify if a

concentration enhancement can be detected with the expected level of source emission.

The quality filtering of the emission data assures that only emission intervals are used that
do not substantially deviate from the MOST assumptions. However, the standard quality
filter criteria would have led to large data losses. A combination of different filter criteria
was introduced that increased the data retention but still excluded obvious erroneous

emission measurements.

To further optimise the IDM application, it is suggested to continue with release experiments as

done in this thesis.

A qualitative analysis of the plume is recommended during at least part of the release time
to detect unexpected deviations between the modelled and the real plume and for improving
the interpretation of the recovery rate. A coarse plume mapping could be done with a drone
or a hand-held high-precision measurement device. Such measurements are also of interest

for any other measurement campaign.

Longer path lengths of the GasFinders are advisable in order to be less sensitive to wind
direction fluctuations, but this could induce a too low concentration enhancement if the

emission level of the source is not high enough.

Another possible variant of a release experiment is a simultaneous application of GasFinder
and sonic measurements at various heights up to 5 m above ground at a fixed distance from
the barn (e.g., at 10 times the barn height), to investigate the extent of differences in the
recovery rate. However, for such an experiment, two towers are needed to attach the

GasFinders and sonics making the experiment cost and labour intensive.

Additionally, simultaneous measurements with a TRM for various sources are of

high interest.

At present, one of the limiting factors of the IDM for CH4 emission determination are the

concentration measurements. To my knowledge, there is only one other open-path device commercially

available, which includes variable path lengths of up to several hundred meters. However, the
ORION@®) CH4 (MIRICO, Didcot, UK) is difficult to handle due to its weight and is more expensive

compared to a GasFinder. A newer approach for the IDM is using a closed-path measurement device

(e.g., Picarro G2509) connected to a sampling line with multiple inlets that simulates an open-path
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device as investigated by the Department of Biological and Chemical Engineering at Aarhus

University, Denmark*.

To summarise, the IDM can be considered as a reliable measurement method that can be used for
emission measurements of various source types with a small emitting surface like slurry stores or large
sources like WWTPs. The IDM has the potential to improve knowledge on complex emission sources,
and thus, contribute to the improvement of national emission inventories. Moreover, it enables
investigation of effects due to mitigation measures and thus might contribute to the reduction of GHG

emissions.

*e.g., Lemes, Y., Hani, C., Kamp J.N., Nyord, T., Feilberg, A.: Evaluation of open and closed path sampling for flux estimates
with inverse dispersion modelling by controlled ammonia and methane release, in preparation.
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Abstract. Storage of slurry is an important emission source for ammonia (NHs), nitrous oxide
(N20), methane (CHa), carbon dioxide (CO2) and hydrogen sulfide (H2S) from livestock production.
Therefore, this study collected published emission data from stored cattle and pig slurry to determine
baseline emission values and emission changes due to slurry treatment and coverage of stores. Emission
data were collected from 120 papers yielding 711 records of measurements conducted at farm-, pilot-
and laboratory-scale. The emission data reported in a multitude of units were standardized and
compiled in a database. Descriptive statistics of the data from untreated slurry stored uncovered
revealed a large variability in emissions for all gases. To determine baseline emissions, average values
based on a weighting of the emission data according to the season and the duration of the emission
measurements were constructed using the data from farm-scale and pilot-scale studies. Baseline

emissions for cattle and pig slurry stored uncovered were calculated. When possible, it was further
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distinguished between storage in tanks without slurry treatment and storage in lagoons which implies
solid-liquid separation and biological treatment. The baseline emissions on an area or volume basis
are: for NHs: 0.12 g m2 h'! and 0.15 g m?2h'! for cattle and pig slurry stored in lagoons, and
0.08 g m?2 h'! and 0.24 g m2 h'! for cattle and pig slurry stored in tanks; for N2O: 0.0003 ¢ m h! for
cattle slurry stored in lagoons, and 0.002 ¢ m2 h'! for both slurry types stored in tanks; for CHa:
0.95 gm™ h'! and 3.5 g m™ h'! for cattle and pig slurry stored in lagoons, and 0.58 g m™ h'! and
0.68 g m™ h'! for cattle and pig slurry stored in tanks; for CO2: 6.6 g m2 h'! and 0.3 g m?2 h'! for
cattle and pig slurry stored in lagoons, and 8.0 g m™2 h'! for both slurry types stored in tanks; for HaS:
0.04 gm?h! and 0.01 gm?h'! for cattle and pig slurry stored in lagoons. Related to total
ammoniacal nitrogen (TAN), baseline emissions for tanks are 16 % and 15 % of TAN for cattle and
pig slurry, respectively. Emissions of N2O and CHy relative to nitrogen (N) and volatile solids (VS)
are 0.13 % of N and 0.10 % of N and 2.9 % of VS and 4.7 % of VS for cattle and pig slurry,
respectively. Total greenhouse gas emissions from slurry stores are dominated by CHa. The records
on slurry treatment using acidification show a reduction of NH3 and CH4 emissions during storage
while an increase occurs for N2O and a minor change for CO2 as compared to untreated slurry. Solid-
liquid separation causes higher losses for NH3 and a reduction in CH4, N20O and CO2 emissions.
Anaerobically digested slurry shows higher emissions during storage for NH3 while losses tend to be
lower for CH4 and little changes occur for N2O and CO2 compared to untreated slurry. All cover types
are found to be efficient for emission mitigation of NH3 from stores. The N20 emissions increase in
many cases due to coverage. Lower CH4 emissions occur for impermeable covers as compared to
uncovered slurry storage while for permeable covers the effect is unclear or emissions tend to increase.
Limited and inconsistent data regarding emission changes with covering stores are available for CO2
and H2S. The compiled data provide a basis for improving emission inventories and highlight the need

for further research to reduce uncertainty and fill data gaps regarding emissions from slurry storage.
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Keywords: Storage of slurry is an important emission source for ammonia (NHs), nitrous oxide (N,0O), methane (CH,),
Store carbon dioxide (CO») and hydrogen sulfide (H,S) from livestock production. Therefore, this study collected
Cover published emission data from stored cattle and pig slurry to determine baseline emission values and emission
Treatment

changes due to slurry treatment and coverage of stores. Emission data were collected from 120 papers yielding
711 records of measurements conducted at farm-, pilot- and laboratory-scale. The emission data reported in a
multitude of units were standardized and compiled in a database. Descriptive statistics of the data from un-
treated slurry stored uncovered revealed a large variability in emissions for all gases. To determine baseline
emissions, average values based on a weighting of the emission data according to the season and the duration of
the emission measurements were constructed using the data from farm-scale and pilot-scale studies. Baseline
emissions for cattle and pig slurry stored uncovered were calculated. When possible, it was further distinguished
between storage in tanks without slurry treatment and storage in lagoons which implies solid-liquid separation
and biological treatment. The baseline emissions on an area or volume basis are: for NHs: 0.12 g m~2 h'! and
0.15 g m~2h! for cattle and pig slurry stored in lagoons, and 0.08 g m~ 2 h™ and 0.24 g m~2 h! for cattle and
pig slurry stored in tanks; for N,O: 0.0003 g m~2 h! for cattle slurry stored in lagoons, and 0.002 g m~2 h™! for
both slurry types stored in tanks; for CH,: 0.95 g m™> h™ and 3.5 g m™> h™! for cattle and pig slurry stored in
lagoons, and 0.58 g m™ h™ and 0.68 g m™ h™! for cattle and pig slurry stored in tanks; for CO,: 6.6 g m~2h! and
0.3 gm~2h! for cattle and pig slurry stored in lagoons, and 8.0 g m~2 h™* for both slurry types stored in tanks;
for H,S: 0.04 g m 2 h™ and 0.01 g m~2 h™! for cattle and pig slurry stored in lagoons. Related to total am-
moniacal nitrogen (TAN), baseline emissions for tanks are 16% and 15% of TAN for cattle and pig slurry,
respectively. Emissions of N,O and CH, relative to nitrogen (N) and volatile solids (VS) are 0.13% of N and
0.10% of N and 2.9% of VS and 4.7% of VS for cattle and pig slurry, respectively. Total greenhouse gas emissions
from slurry stores are dominated by CH,. The records on slurry treatment using acidification show a reduction of
NH; and CH, emissions during storage while an increase occurs for N,O and a minor change for CO, as com-
pared to untreated slurry. Solid-liquid separation causes higher losses for NH3 and a reduction in CH4, N,O and
CO, emissions. Anaerobically digested slurry shows higher emissions during storage for NH; while losses tend to
be lower for CH, and little changes occur for N>O and CO, compared to untreated slurry. All cover types are
found to be efficient for emission mitigation of NH; from stores. The N,O emissions increase in many cases due
to coverage. Lower CH, emissions occur for impermeable covers as compared to uncovered slurry storage while
for permeable covers the effect is unclear or emissions tend to increase. Limited and inconsistent data regarding
emission changes with covering stores are available for CO, and H,S. The compiled data provide a basis for
improving emission inventories and highlight the need for further research to reduce uncertainty and fill data
gaps regarding emissions from slurry storage.

Emission reduction
Baseline emission
Lagoon
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1. Introduction

Livestock production systems around the world generate slurry—a
mixture of feces and urine from housed livestock, mixed with bedding
material and cleaning water (Pain and Menzi, 2011). Storage of slurry is
required to enable the spreading in the field at appropriate time to
supply nutrients to crops. Thus, a major part of the slurry is transferred
from housings to outdoor stores such as tanks (at or above ground level)
or earthen lagoons. Stores have variable forms and dimensions (e.g. up
to several hectares for lagoons) according to the required storage vo-
lume. They have been identified as important emission sources for
ammonia (NH3), hydrogen sulfide (H,S) and greenhouse gases (GHGs)
including nitrous oxide (N,O), methane (CH4) and carbon dioxide
(CO,) from livestock production. Slurry stores are complex systems
which influence emissions in many ways (Sommer et al., 2006;
VanderZaag et al., 2008; Sommer et al., 2013).

A thorough description on principal mechanisms influencing the
release of NH3, GHGs and H,S from slurry stores can be obtained from
several studies (Olesen and Sommer, 1993; Ni, 1999; Sommer et al.,
2006; VanderZaag et al., 2008; Sommer et al., 2013). Some important
basic principles are summarized here. Slurry stores have a defined area
where the gas exchange with the atmosphere takes place. It is a diffu-
sive process and is quantified by emission rate values with the unit mass
per area and time. Dissolved species of the gases are produced through
microbial breakdown of nitrogen or organic compounds in the bulk
slurry. Depending on prevailing chemical equilibria (e.g. NHs/NH, "
which shifts to NH,* at a low pH-value) and absence of microbial
consumption, the gases move towards the emitting surface driven by
diffusion (i.e. movement due to concentration gradients) and convec-
tion where parcels of air or liquid induce a movement of the compounds
in the slurry (Sommer et al., 2013). At the slurry-air interface, the
compounds pass gas- and liquid-phase resistances and diffuse into the
air where they are transported to the atmosphere by convection.
Transport within the liquid phase is temperature dependent and the
gas-phase transfer is dependent on both temperature and turbulence
(VanderZaag et al., 2015). Depending on the dry matter content of the
slurry or more precisely, the amount of particles in the slurry which is
influenced by the slurry type, animal species, animal diets, the thick-
ness of the slurry bulk layer in the stores and meteorological conditions
(Smith et al., 2007), a natural crust at the slurry surface can develop. It
constitutes a barrier to the gas molecules between the liquid and the air.
NH; and CH4 may be consumed due to microbial activity in the crust
leading to an emission reduction (Petersen and Ambus, 2006; Nielsen
et al.,, 2010) while N,O production may be enhanced (VanderZaag
et al., 2009).

Ammonia has a large variety of negative environmental impacts
which encompass the quality of air, soil and water, ecosystems and
biodiversity. Moreover, it contributes to the formation of particulate
matter which impairs human health (Sutton et al., 2011). N,O and CH,4
are strong GHGs (Myhre et al., 2013). H,S is often related to odor
nuisances and can be lethal to animals and humans at high exposure
levels (Sommer et al., 2013). NH; and GHG emissions have been
regulated by the 1999 Gothenburg Protocol to Abate Acidification,
Eutrophication and Ground-level Ozone (UNECE, 1999) and by the
Kyoto protocol arising from the UN Framework Convention on climatic
change (UN, 1997), respectively. Member countries of these protocols
are obliged to calculate and report their national emissions annually, to
track changes and compare to national emission ceilings where ap-
plicable. The methods for emission reporting are defined in EEA (2016)
for NH; and in IPCC (2006) for N,O and CHy.

EEA (2016); IPCC (2006) and UNECE (2014) provide emission
factors for slurry storage or numbers for emission reduction related to
mitigation techniques which are used for emission reporting in emission
inventories. However, a considerable number of recent studies on
emissions from slurry storage provide updated information. The present
review paper aims therefore to collect the data on NH3, GHGs (CH,,
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N,O, CO,) and H,S emissions from these recent but also from previous
studies and to provide a comprehensive overview on emissions from
cattle or pig slurry stored uncovered and emission changes due to slurry
treatment and coverage of slurry stores. This information can be used
for the purpose of guide values, e.g. for the evaluation of emission data,
and for improving emission inventories (greater accuracy, reduced
uncertainty), e.g. for the determination of baseline emissions or emis-
sion reductions due to slurry treatment or coverage of slurry stores. The
compiled data is entirely provided in the Supplementary data 2 for
tracking the present or conducting future analyses.

2. Material and methods
2.1. Data search and data selection

A literature research was carried out with Web of Science [5.3]
using the following search terms: “storage”, “slurry”, “emission”; “la-
goon”, “slurry”, “emission”. These searches were done on January 10,
2018 and yielded 601 papers in total. In a first screening, 290 papers
were eliminated because they did not encompass livestock slurry. The
remaining 311 articles were retained. In addition, 58 papers were found
in the reference list of the screened articles. Therefore, in total, 369
articles were retained for further screening according to the following
criteria:

(i) The investigated slurry was produced in an animal operation and
consisted of urine and feces excreted from the animals onto a floor
of a barn, a hardstanding or a milking parlor. The slurry might
contain solids like bedding material or feed residues and be diluted
with water. The investigated slurry was untreated or submitted to a
treatment such as solid-liquid separation, anaerobic digestion,
addition of an acid (acidification), additives or co-substrates. The
treatment occurred under real-world conditions or after slurry
sampling in the laboratory. Studies based on synthetic slurry, e.g.
urine and feces collected separately from animals and subsequently
combined in the laboratory, were excluded since fresh animal ex-
cretions substantially differ in chemical composition from stored
slurry (Table 6). Moreover, urine and feces deposited onto a floor
can rapidly undergo processes leading to gaseous losses. Hence,
synthetic slurries might induce different emission levels as com-
pared to slurries submitted to real-world conditions.

(ii) The untreated or treated slurry was transferred from the animal
operation to a storage tank or a lagoon outside of animal housings
and then submitted to measurements under real-world conditions
or the slurry as characterized under point (i) was collected from a
floor, an underfloor pit or an outside store and subsequently
transferred to an experimental vessel where emissions were mea-
sured at pilot- or laboratory-scale. Studies encompassing e.g.
emissions from a pit below an animal confinement were excluded
since such facilities provide an environment which substantially
differs from outside stores (e.g. exposure to outdoor climate, dis-
turbance of the slurry surface due to continuous addition of animal
excretions over almost the whole area of a pit).

(iii) The reported emission data are based on experimental determi-
nation of emission rates as defined by VanderZaag et al. (2008).
Studies providing gas concentrations only were excluded.

(iv) The article provides numerical data encompassing emission data or
percent differences in emissions between a slurry submitted to a
treatment or slurry stored with covering and a reference system
with untreated slurry or uncovered storage, respectively.

After evaluation, 120 papers complied with criteria (i) to (iv). 93
papers did not provide numerical data or comply with these criteria but
included substantial information on emissions from slurry storage, e.g.
basic mechanisms driving emissions. The remaining 156 papers were
excluded because they were out of topic or did not provide substantial
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information. An overview on the screened papers is in Supplementary
data 1.

2.2. Data extraction

Data from the 120 papers were extracted. The parameters as shown
in Table 1 were transformed, standardized or aggregated where ne-
cessary and then compiled in a database. Overall, 711 records were
available for the analysis where one record is defined as an ensemble of
entries listed in Table 1 (i.e. multiple records may be created from a
single paper). Each record may differ in completeness according to the
information provided in a paper.
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2.3. Standardization of emission data

Emissions were reported in the papers using numerous units invol-
ving the gas molecule (i.e. NH3, N,O, CH,4, CO, and H,S) or N, C or S
included therein and various units for weight, time and surface or vo-
lume. Also, cumulative emissions were given over the entire experi-
mental period. Overall, 36, 22, 31, 13 and 3 different ways for emission
reporting were found for NH;, N,O, CH4, CO, and H,S, respectively.
Standardization was performed in the present study to obtain com-
parable values over all records. For all emission rates, the unit g of
molecules was used according to UNECE, (2015) and IPCC (2006). An
emission on an area basis was applied for NHs, N,O, CO, and H,S. For
CH.,, the emission relative to the bulk volume was employed. Due to the

Table 1

availability of numerous additional records, data relative to the area
were also provided for CH,. For the area and the volume, the unit m?

Parameters extracted from the papers after transformation or standardization and transferred into the database. Explanations are given for parameters marked with
symbols in the table footnote. The complete extracted data are provided in the Supplementary data 2.

Parameter Explanation

Year Date the study was published
Country Location where the study was done
Slurry type Cattle or pig

Slurry treatment

Slurry characteristics
Type of study*

Type of store
Replicates

Store characteristics

Experimental conditions

Meteorological conditions

Measurement methods applied

Cover type

Occurrence of a natural crust at the store’s

surface
Measurement data

Untreated, solid-liquid separation, anaerobic digestion, acidification, aeration, addition of additives, dilution with water,
addition of co-substrates (also denoted off-farm materials; mostly organic residues from e.g. food industry or energy crops) and
combinations of treatments (e.g. solid-liquid separation and anaerobic digestion)

Chemical analysis of the slurry: dry matter (DM), volatile solids (VS), total nitrogen (Ni), ammonium (NH,*; TAN (total
ammoniacal nitrogen) is often used instead of NH,4*), total carbon (C), total sulfur (S) in g LY, pH

Farm-scale, pilot-scale, laboratory-scale

For farm-scale studies: tank, lagoon according to Pain and Menzi (2011)**

Number of replicates of real-world stores or experimental vessels

Investigated store surface (m?), depth (m), and volume (m®); agitation of slurry (number of agitation events); other producer
events or meteorological conditions; slurry temperature (°C)

Duration of storage of investigated slurry (days); duration of the study (days); number of measurement periods and total
duration of the measurement (hours); season of measurements: cold, temperate, warm; for the determination of the season, the
meteorological winter, spring or fall and summer were considered

Air temperature during measurements (°C); air speed over the emitting surface during measurements (m s~'); rainfall
(cumulative amount during measurements in mm)

Measurement method for the gases: dispersion modeling based on a backward Lagrangian stochastic (bLS) dispersion model or
UK-ADMS atmospheric dispersion model, flux chamber method, flux gradient method, micrometeorological mass balance
method (e.g. integrated horizontal flux, IHF; vertical radial plume mapping, VRPM), sampling at exhaust chimney, tracer gas
method, method not further defined; instrument used for the concentration measurements of the gases

Storage uncovered or covered;

For covered storage: cover type according to VanderZaag et al. (2015): impermeable structural covers: lid (wood or concrete),
tent covering; impermeable floating covers: plastic film; permeable synthetic floating covers: plastic fabrics, expanded clay,
other materials such as expanded polystyrene, plastic tiles; permeable natural floating covers: peat, straw, vegetable oil, other
organic materials (wood chips, sawdust etc.), other cover types such as storage bag

Formation of natural crust: yes or no, crust thickness (cm), time for natural crust formation (days:

NHs (g NHsm~2h?, g NH; m® h?, g NH; AU h), NH3-N in % TAN and in % N, N,O (g N;Om ™~ 2h™, g N;,Om® h, g N,O
AU h™), N,O-N in % TAN and % N, CH, (g CHym~2h™, g CHy m>h™, g CH, AU h™), CH,4-C % VS, CO, (g CO, m™2h™, g
CO, m?h!, g CO, AU h™), CO,-C in % VS, COzeq (g COeqm ™2 h'!, g COeqm>h, g CO,eq AU h™), H,S (g HoS m™2h,
g H,S m® h', g HoS AU hY);

Difference between untreated and treated slurry or between slurry stored uncovered and stored covered in percent for NHj,
N,0, CHy4, CO,, COzeq, H,S

* Type of study: Farm-scale: measurements carried out at real-world storage facilities at a farm site. This information could be obtained from the description of the

experimental setup given in the papers. Pilot-scale and laboratory-scale: measurements conducted under controlled conditions in experimental vessels. Due to a lack
of definition for these study types, a discrimination according to the following characteristics was employed: Pilot-scale: volume of slurry investigated: =500 L with
experimental vessels situated outdoors, with or without a shelter and submitted to ambient meteorological conditions. Laboratory-scale: volume of slurry in-
vestigated: < 500 L. Most of the studies defined as laboratory-scale studies were conducted indoors in a temperature-controlled room. Three studies deviated from
the conditions regarding study situation or temperature control and for four studies, this information was not available (Supplementary data 2). Despite these gaps in
information, the studies were retained.

** A tank is a large, normally open-top, in most cases circular vessel made from pre-fabricated vitreous enameled steel, concrete or wood panels charged from a
reception pit and emptied using a pump. It is a facility constructed at or below ground level and may extend above ground with a depth of several meters. Earthen
storage basins not designed for biological treatment of slurry are considered as stores equivalent to tanks. Like earthen storage basins, a lagoon is a large rectangular
or square shaped structure with sloping earth bank walls and may be lined with water impermeable material. Lagoons are designed for both storage and biological
treatment (Pain and Menzi, 2011). They are not emptied below a specific depth necessary for slurry treatment except for maintenance (Hamilton et al., 2001).

*** We did not consider a natural crust as a mitigation technique equivalent to covering of slurry stores. The significance of crusting and considerations regarding
distinction between crusting and storage covering are specifically addressed in Section 4.2.4.

**#% For units: see Section 2.3. Acronyms: AU: animal unit = animal with a live weight of 500 kg; CO,eq: carbon dioxide equivalent. CO5eq is a standardized unit
for different greenhouse gases. The numbers reported rest on data provided by the authors of the papers which were mostly based on IPCC (2007); TAN: total
ammoniacal nitrogen; N: nitrogen; VS: volatile solids.
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and m® was used, respectively. For all gases, the time unit hour was
applied (reasons are given in section 4.1). Where useful for inventories,
the time unit year was additionally provided for emissions. In this
paper, the emission data standardized as explained above are denoted
emission on an area or volume basis.

Since emission inventories do usually not apply emissions on an
area or volume basis but emission factors which express emissions as a
proportion of a compound present in the slurry store, data were ad-
ditionally scaled as follows: percent of TAN for ammonia (EEA, 2016),
percent of N for N,O (IPCC, 2006) and percent of VS for CH, (IPCC,
2006) and CO,. To be consistent with the notion “emission on an area
or volume basis” regarding terminology, we used the term flow-based
emission. Flow-based emissions were either taken from the papers or
determined based on the emission rate, the N, TAN or VS content of the
slurry, the volume of the store and the duration of the experiment.
Dividing the cumulative emission which was derived from the emission
rate and the duration of the study by the amount of the compounds
present in the store at the beginning of the experiment (derived from
the slurry content of N, TAN or VS and the slurry volume) yielded the
flow-based emission. It was only calculated if no slurry addition or
discharge occurred during the experiment.

2.4. Data analysis

2.4.1. Descriptive statistics of the emission data

In a first step, descriptive statistics (number of records, minimum, 1
st quantile, median, average, 3rd quantile, maximum, standard devia-
tion) were calculated over all records encompassing slurry stored un-
covered. There were eight categories for data reporting resulting from
the combination of two slurry types (cattle and pig) with four study
types (farm-scale lagoon comprising solid-liquid separation and biolo-
gical treatment of slurry; farm-scale tank, pilot-scale and laboratory-
scale which include untreated slurry).

2.4.2. Baseline emissions

2.4.2.1. Definition. We define the term baseline emission as the average
emission occurring with slurry storage according to the reference
technology without emission control similar to VanderZaag et al.
(2015). This implies uncovered storage in the following types of
store: i) tanks or earthen stores without slurry treatment; ii) lagoons
with solid-liquid separation and biological treatment occurring during
storage (Hamilton et al., 2001). The baseline emission is considered as
representative for average emissions over the whole course of a year.
According to EEA (2016), baseline emissions are given separately for
cattle and pig slurry. We further distinguished between storage in tanks
(or earthen stores) and lagoons. Baseline emissions were calculated
from uncovered slurry stores regardless of the occurrence of a natural
crust because its formation can be only partially controlled and thus
varies widely between stores (Smith et al., 2007). Moreover, there was
insufficient information about the presence of crusts in the data
impeding a distinction between crusted and non-crusted store’s
surfaces.

2.4.2.2. Determination. Baseline emissions were calculated using farm-
scale and pilot-scale studies published in peer-review papers. For the
calculation of representative emissions, important influencing factors
should be considered such as the meteorological conditions (mainly air
temperature, wind speed, precipitation) and operations at storage
facilities (Sommer et al., 2013). Among these factors, we were able to
include air temperature since the season used for emission
measurements which can be used as surrogate for the temperature
was available for more than 90% of the records. Records were dropped
where conditions prevailed which are not representative for slurry
storage in practice over a longer period, e.g. if daily agitation of slurry
occurred. More detailed information on meteorological conditions and
operations at storage facilities was not available and could not be
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included in the evaluation of emissions (e.g. only approx. 60% of
records provided numerical air temperature data). Information on wind
speed, precipitation and crust formation was available for less than half
of the records.

We hypothesized that for generating emission data which are re-
presentative over the whole course of a year, emission values generated
during the cold, the warm and the temperate season (spring, fall)
should be equally covered. To achieve this, a weighting of the emission
data for season was done. Values were aggregated according to the
categorization “Season code” (“c”: cold season = winter, “t”: temperate
season = spring or fall, “w”: warm season = summer, “c,t”: cold and
temperate season, “c,w”: cold and warm season, “t,w”: temperate and
warm season, “c,t,w”: cold, temperate and warm season), “Slurry type”
(cattle, pig), “Type of study” (farm-scale, pilot-scale) and “Type of
store” (for farm-scale studies: lagoon, tank). For some papers, emission
values for each individual season “c”, “t”, and “w” were provided and
also the average value over the year, i.e. the “c,t,w” value. In these
cases, the “c,t,w” value is denoted as redundant in the database
(Supplementary data 2). It was used for the further calculations and not
the values of the individual seasons. The aggregated values were
averaged afterwards in the following manner:

i) Study duration varied considerably, i.e. individual experiments
ranged from less than one day up to several months. The individual
records were thus weighted according to measurement durations of
records within each “Season code” category. The individual records
were aggregated to four classes of measurement durations: a) =1
month, b) =1 week to < 1 month, ¢) =1 day to < 1 week, d) <1
day. Weighting was done based on the square-root of the median of
the measurement duration for each class to avoid over-emphasis of
long-term measurements. The median values of the measurement
duration for the 4 classes a, b, c and d were 146.5 days, 16.9 days,
4.5 days and 0.34 days, respectively. This implied the following
respective weights 12.1, 4.1, 2.1 and 0.6. Therefore, a record based
on a measurement of more than one month received a weighting
20.8 times higher than a record based on a measurement over less
than a day.

ii) Average values for each season “c”, “t” and “w” were calculated
from all available values within one category (based on “Slurry
type”, “Type of study” and “Type of store”). Averaging was done in
a way that values spanning over more than one season were at-
tributed to the respective seasons, i.e. a value for “c,t” was attrib-
uted half to “c” and half to “t”, a value of “c,t,w” was counted one
fourth to seasons “c” and “w” and one half to season “t”. For ex-
ample, to average a “c” value based on a 2 weeks measurement
(Caweeks); @ “c” value based on a 2 days measurement (Caqays) and a
“c,w” value that based on a 2 months measurement (CWamones) led
to the following average “c” value: “Cavg” = (Coweeks*Weightaweeks
+ C2da\ys*V‘/‘Eight2days + CWZmonths*0~5*Weight2momhs)/(weight2weeks
+ weightagays + 0.5*weightomontns)-

iii) These average values were further averaged to annual emission
rates “c,t,w” by weighting the value for season code “t” twice as
high as the seasons “c” and “w” (i.e. “C,t,Wayg” = %*“c” + 12*"t” +
Y4*“w”) since the temperate season code “t” includes two seasons
(spring and fall). These final averaged values are listed in column
“Avg” in Tables 8, 9 and Supplementary data 4.

»

Numbers for baseline emissions are reported as average emission
values if at least one record for each of the season “c”, “t” and “w” was
available. Included can be a record from an individual season (i.e. “c”,
“t” or “w”), or any kind of seasons combination (i.e. “c,t” “c,w” “t,w” or
“c,t,w”). The lower and upper 95% confidence bounds (195, u95) for
baseline emissions were determined using bias-corrected and ac-
celerated bootstrap intervals (Efron, 1987) if at least three individual
records for each of the season “c”, “t” and “w” were available. Again,
this can be in the form of an individual season or any kind of seasons
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combination as for the calculation of the average. The bootstrapping
was done as non-parametric bootstrapping with sampling stratified by
season. To test whether there are significant (p < 0.05) differences in
these baseline emission values, 95% confidence intervals were obtained
from bootstrapping the differences between each combination of va-
lues. If a confidence interval of a difference did not include 0, the dif-
ference was marked as statistically significant.

The data resulting from this procedure related to emissions on an
area or volume basis were aggregated according to the slurry type
(cattle and pig) and the study types farm-scale tank and pilot-scale and
for the two study types combined which were denoted as baseline
emissions tank. The baseline emissions for lagoons are based on mea-
surements carried out at farm-scale for lagoons. Baseline emissions
expressed as flow-based emissions were given separately for cattle and
pig slurry for tanks only due to a lack of appropriate data for lagoons.
The calculation procedure is additionally illustrated based on an ex-
ample in the Supplementary data 9.

2.4.3. Emissions and emission changes due to slurry treatment and covering
of slurry stores

We determined the emission changes due to slurry treatment tech-
niques and covering of slurry stores using records with a treatment or a
cover and a reference system (uncovered storage with untreated slurry)
to compare the emissions on an area or volume basis from both. Due to
the limited number of available records, the restriction to peer review
papers and exclusion of laboratory-scale studies was not applied. For
storage covering, all records with less than 20 cm of slurry depth were
excluded from the data analysis since it is likely that such conditions
differ too much from the real-world and even more evident if the
thickness of the cover material is similar to that of the bulk slurry layer.
Studies where slurry depth was not provided were excluded.

Although a natural crust is often listed as abatement measure to-
gether with slurry store covers (Bittman et al., 2014) we did not con-
sider it as a mitigation technique equivalent to covering of slurry stores.
In contrast to coverings such as impermeable floating covers, it is not
applicable for all stores since it does not form at each slurry type.
Crusting was neither considered for the analysis on emission changes
due to slurry treatment and covering of slurry stores because of in-
sufficient information about the presence of crusts in the experimental
data. The significance of crusting is specifically addressed in Section
4.2.4.

The numbers from different studies were aggregated without a
weighting for season or measurement duration due to the limited
number of records. We tested whether the differences between treat-
ments or covers and the reference system (untreated slurry or un-
covered storage) were significantly different from zero by a two-sided t-
test.

3. Results
3.1. Characterization of the database

3.1.1. General characteristics

The literature review yielded a total of 711 records. Among them,
13% were from before 2000. The period between 2000 and 2010
contributed 43%, and 44% were published after 2010 (Table 2). US and
CA generated 28% and 19%, respectively, of the records while 11
European countries provided 48%. Two countries from Asia and
Oceania contributed 3% and 2% of the records. Ammonia was studied
in 38% of the records, while 59% were on GHGs, and 3% on H,S.
Among GHGs, CH, was most often investigated with a share of 30% of
all records. 47% of the records included one gas and 53% several gases.

Table 3 shows the types of studies. A share of 46% of the records are
based on studies conducted at farm-scale. Pilot-scale studies con-
tributed 31% and laboratory-scale 23% of the records. Records from
pilot-scale studies are similarly represented over all three periods
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before 2000, between 2000 and 2010 and after 2010. In contrast, data
from farm-scale studies and conducted in the laboratory occur more
frequently from 2000 onwards.

An overview of the investigated slurry types is shown in Table 4.
Cattle and pig slurry each account for about 50% of the investigated
slurries. Cattle slurry mostly originated from dairy cows while for pig
slurry fattening pigs and breeding pigs or a mixture of both was studied.
Other types of slurry were included in measurements as well, but these
occur much less. The proportion of untreated slurries is 65% and 87%
for cattle slurry and pig slurry, respectively. Solid-liquid separation
occurs for 16% (cattle slurry) and 3.7% (pig slurry) of the records.
Anaerobic digestion of unseparated slurry applies for 7.2% (cattle
slurry) and 3.7% (pig slurry) of the records while for anaerobically
digested and separated slurry, the numbers are 8.1% for cattle slurry
and 0.6% for pig slurry, respectively. Other treatments encompass
acidification, aeration, supplementation with additives or dilution of
slurry, but these treatments occur less.

Approximately 140 records compare the emissions between covered
and uncovered storage. More than 80% of these data are from pilot and
laboratory studies. Straw covers and other natural materials such as
wood chips or maize stalks were most often investigated (51 in total).
Also, cover types such as a lid, plastic film and fabrics were frequently
addressed resulting in approximately 15 records for each.

Measurement methods employed in the experiments are shown in
Table 5. Roughly, two thirds of all measurements were carried out using
a flux chamber method. While this is almost the only option for pilot-
and laboratory-scale studies, this system was also used for approxi-
mately 30% of the measurements conducted at farm sites. Methods like
dispersion modeling or micrometeorological mass balance method
make up about 60% of the records from farm-scale studies. Other
methods e.g. using a tracer gas were rarely applied.

Slurry analyses are shown in Table 6. Not all studies provided
analytical data of the slurry (e.g., only 84% of NHj; studies presented
TAN values). While most laboratory studies analyzed TAN, only 67% of
the studies carried out at farm sites reported this parameter. Pilot-scale
studies lie in between with 92% of records reporting TAN data. The
availability of analytical data is similar for other parameters (e.g. DM)
as for TAN but with somewhat lower numbers. The composition of the
mixture of urine and feces as excreted by animals published by ASAE
(2005) and Richner et al. (2017) is added at the bottom of Table 6. They
provide numbers for cattle on DM, VS and TAN in the range of 80 to 90
gL™!,53t070gL™" and 1.4 to 2.1 g L™ !, respectively. For pigs, the
values for DM, VS and TAN are in the range of 50 to 90 g L™, 36 g . ™*
and 3.4 to 5.0 g L™ . The slurry analyses given in the records show
substantially lower numbers for DM and VS contents for untreated
slurries which is most likely due to dilution with water from farm op-
eration and rainfall at the farms (Table 6). Studies at farm-scale based
on tanks, at pilot-scale and at laboratory-scale exhibit DM contents
which are in a similar range within cattle and pig slurry. Numbers for
DM are lower for pig slurries compared to cattle slurry except for la-
boratory scale studies. Pig slurry exhibits higher N;,; and TAN contents
than cattle slurry. Within farm-scale studies, the numbers for all ana-
lytes strongly differ between slurry from tanks and from lagoons. Values
for DM, VS, Ny and TAN are lower for lagoons by a factor of ap-
proximately two to eight as compared to slurry stored in tanks. Slurries
from lagoons compare better with slurries after solid-liquid separation
(Table 6) than with untreated slurries.

3.1.2. Descriptive statistics of emission data from cattle and pig slurry stored
uncovered

Descriptive statistics are shown in Table 7 for NHsz, N,O, CHy4, CO,
and H,S over all records encompassing untreated cattle and pig slurry
stored uncovered from studies conducted at farm-, pilot- and labora-
tory-scale (farm-scale studies with lagoons include biologically treated
and separated slurry; see section 2.4.2.1). Data from measurements
conducted during warm, temperate and cold seasons are unevenly
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Number of records listed by country and year of publication and share of total records by country.

Country Before 2000 2000 to 2010 After 2010 total Share of total
Cattle Pig Cattle Pig Cattle Pig Cattle Pig Cattle and pig
AT 0 0 15 6 0 0 15 6 21 3%
AU 0 0 0 0 0 4 0 4 4 1%
CA 1 1 47 10 72 5 120 16 136 19%
CN 0 0 0 0 0 17 0 17 17 2%
DE 8 9 4 2 0 0 12 11 23 3%
DK 20 17 0 0 6* 14 22 35 57 8%
ES 0 0 0 0 1 0 1 0 1 0.1%
FR 0 0 2 33 0 6 2 39 41 6%
T 0 0 23 32 12 12 35 44 79 11%
JP 0 0 0 0 3 0 3 0 3 0.4%
LT 0 0 0 0 0 21 0 21 21 3%
NL 13 11 4 4 0 0 17 15 32 5%
NZ 6 0 1 1 2 0 9 1 10 1%
PT 0 0 4 0 4 8 8 8 16 2%
SE 0 0 1 0 6 3 7 3 10 1%
UK 1 3 13 2 6 13 20 18 38 5%
us 1 3 13 86 74 25 88 114 202 28%
Total 50 44 127 176 182 132 359 352 711 100%
Share of total 13% 43% 44% 100%

* Cattle slurry with addition of other types of manure and feedstock materials.

Table 3
Number of records classified by type of study (farm-scale, pilot-scale, labora-
tory-scale) and time periods of publication and in percent of the total.

Type of study Before 2000 - After Total  Share of study
2000 2010 2010 types

Farm-scale 27 157 141 325 46%

Pilot-scale 54 75 90 219 31%

Laboratory-scale 13 77 77 167 23%

Total 94 309 308 711 100%

Publication of study types over time (in percent of total)

Farm-scale 8% 48% 43% 100%

Pilot-scale 25% 34% 41% 100%

Laboratory-scale 8% 46% 46% 100%

Table 4
Overview on investigated slurry types stored uncovered or covered: number of
records listed by slurry treatments, slurry types and share of the total records in
percent.

Slurry treatment Cattle Pig Other* Cattle Pig Other*
n Percent of total
Untreated 233 302 - 65%  87% -
Solid-liquid separation 57 13 - 16% 3.7% -
Anaerobic digestion 26 13 - 72% 37% -
Anaerobic digestion, solid-liquid 29 2 4 81% 0.6% 100%
separation
Acidification 5 3 - 1.4% 0.9% -
Acidification, anaerobic - 2 - - 0.6% -
digestion
Acidification, anaerobic - 1 - - 0.3% -
digestion, solid-liquid
separation
Acidification, solid-liquid - 1 - - 0.3% -
separation
Dilution 5 2 - 1.4% 0.6% -
Addition of additives 3 3 - 0.8% 0.9% -
Aeration 1 4 - 03% 1.1% -
Aerobic treatment - 2 - - 0.6% -
Total 359 348 4 100% 100% 100%

* Cattle slurry with addition of other types of manure and feedstock mate-
rials.

Table 5
Number of records classified by the measuring method and by the type of study.
Measuring method Farm- Pilot- Laboratory- Total
scale scale scale
Dispersion modeling based on 107 2 109 15%
bLS* or ADMS**
Dispersion modeling based on 8 8 1.1%
bLS* and VRPM***
Flux chamber method 98 213 167 478  67%
Flux gradient method 4 4 0.8%
Micrometeorological mass 92 92 13%
balance method
Sampling at exhaust chimney 4 4 0.6%
Tracer gas method 7 7 1.0%
Method not defined 5 4 9 1.3%
Total 325 219 167 711 100%

* backward Lagrangian stochastic (bLS) dispersion model.
** UK-ADMS atmospheric dispersion model (Hill et al., 2008).
*** Vertical Radial Plume Mapping.

distributed over all records (Supplementary data 3). The minimum and
maximum emission values differ by one to several orders of magnitude
for all gases. The average often exceeds the median by a factor of two or
more which is most pronounced for N,O. This indicates a distribution of
data being right skewed by high values. The variability of data and the
occurrence of high maximum values is most pronounced for laboratory-
scale studies. Striking high values exceeding the median by at least one
order of magnitude for NH;, CH, and CO, are reported in the labora-
tory-scale study of Guarino et al. (2006). For N,O, high values were
found from three studies conducted at farm- and pilot-scale (Clemens
et al., 2006; Amon et al., 2007; Leytem et al., 2011) (Supplementary
data 2,8,11). For H,S, one figure from a laboratory-scale study stands
out which exceeds all other values by two orders of magnitude (Hobbs
et al., 1999).
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Number of records of a slurry type (cattle, pig), type of study (f: farm-scale; p: pilot-scale; 1: laboratory-scale), type of store for farm-scale studies, and slurry treatment
(untreated, sol-liq sep: solid-liquid separation) in the database. Number of records (n) with analytical data on DM, VS, Ny, TAN and average contents of DM, VS, Nior,

TAN in g L™" for untreated slurry.

Slurry type Type of study* Type of store Slurry treatment** Total number of records DM 'S Niot TAN DM VS Niot TAN
n n gLt

Cattle f lagoon untreated 73 19 7 13 14 17 3.7 1.2 0.2
Cattle f tank untreated 39 21 9 19 25 67 48 3.1 1.5
Cattle P untreated 106 97 36 93 97 62 53 3.2 1.6
Cattle 1 untreated 35 31 24 29 31 57 43 3.0 1.3
Pig f lagoon untreated 109 19 23 50 76 9.7 4.5 0.8 0.6
Pig f tank untreated 55 35 9 33 35 42 37 3.3 1.9
Pig P untreated 63 56 30 56 54 50 33 4.6 3.2
Pig 1 untreated 68 68 43 64 64 59 56 4.7 2.9
Cattle f tank, p, 1 sol-liq sep 23 19 10 17 17 39 29 2.4 1.2
Pig f tank, p, 1 sol-lig sep 14 10 5 8 12 29 23 3.8 2.3
Cattle Contents of mixture of urine and feces obtained from ASAE (2005) 80 53 3.0 1.4
Pig 61-90 na 4.7-7.0 3.4-5.0
Cattle Contents of mixture of urine and feces obtained from Richner et al. (2017) 90 70 3.9 2.1
Pig 50 36 65 4.6

n.a.: not available.
: farm-scale; p: pilot-scale; 1: laboratory-scale.
sol-liq sep: solid-liquid separation.

Table 7

Emissions from cattle and pig slurry stored uncovered in tanks at farm-scale, pilot-scale and laboratory-scale without slurry treatment and in lagoons with solid-liquid
separation and biological treatment; descriptive statistics for NH3, N>O, CHy, CO2 and HyS in g m~2h?or g m™>h'. n: number of records; Min: minimum; 1 st Qu:
first quartile; 3 st Qu: third quartile; Max: maximum; Std: standard deviation. Additional information is provided in Supplementary data 3.

Slurry type Study type n Min 1stQu Median Average 3rd Qu Max Std
NHz gm~2h?
Cattle Farm-scale lagoon 35 < 0.01 0.03 0.10 0.13 0.21 0.36 0.11
Cattle Farm-scale tank 20 0.02 0.04 0.06 0.13 0.16 0.68 0.15
Cattle Pilot-scale 53 <0.01 0.03 0.07 0.09 0.11 0.44 0.08
Cattle Laboratory-scale 19 <0.01 0.02 0.04 0.26 0.33 1.4 0.43
Pig Farm-scale lagoon 74 <0.01 0.04 0.08 0.15 0.18 0.68 0.18
Pig Farm-scale tank 23 0.03 0.06 0.10 0.22 0.27 1.0 0.26
Pig Pilot-scale 22 0.01 0.06 0.20 0.24 0.26 0.92 0.23
Pig Laboratory-scale 20 <0.01 0.03 0.23 0.69 0.71 4.5 1.16
N,O gm™2h?
Cattle Farm-scale lagoon 13 < 0.001 < 0.001 < 0.001 0.002 0.001 0.02 0.006
Cattle Farm-scale tank 3 < 0.001 0.001 0.002 0.002 0.003 0.003 0.002
Cattle Pilot-scale 46 < 0.001 < 0.001 0.001 0.003 0.004 0.04 0.007
Cattle Laboratory-scale 6 < 0.001 < 0.001 < 0.001 0.005 0.001 0.03 0.01
Pig Farm-scale lagoon 6 < 0.001 < 0.001 < 0.001 0.003 0.002 0.01 0.005
Pig Farm-scale tank 5 Not detected
Pig Pilot-scale 17 < 0.001 < 0.001 < 0.001 0.01 0.001 0.06 0.02
Pig Laboratory-scale < 0.001 < 0.001 < 0.001 0.003 0.003 0.01 0.006
CHygm 2 h?
Cattle Farm-scale lagoon 3 0.27 0.29 0.30 0.77 1.0 1.7 0.83
Cattle Farm-scale tank 7 <0.01 0.26 0.75 0.83 1.3 1.9 0.71
Cattle Pilot-scale 46 0.01 0.07 0.42 0.56 0.75 3.6 0.69
Cattle Laboratory-scale 15 <0.01 0.15 0.64 10 16 51 16
Pig Farm-scale lagoon 2 <0.01 0.88 1.8 1.8 2.6 3.5 25
Pig Farm-scale tank 10 0.02 0.25 0.55 1.6 3.1 5.0 1.8
Pig Pilot-scale 21 0.01 0.13 0.18 0.77 1.0 3.4 1.1
Pig Laboratory-scale 18 0.02 1.3 2.9 7.4 6.6 33 10
CO, gm ™ 2h?
Cattle Farm-scale lagoon 18 0.27 1.9 2.3 4.7 5.3 27 6.4
Cattle Farm-scale tank 3 11 11 11 16 18 25 8.1
Cattle Pilot-scale 15 0.17 2.8 4.3 5.6 6.3 21 5.2
Cattle Laboratory-scale 14 0.45 2.4 8.0 86 189 332 120
Pig Farm-scale lagoon 7 < 0.01 <0.01 0.03 0.89 0.74 4.7 1.8
Pig Farm-scale tank 1 5.7 5.7 5.7 5.7 5.7 5.7 -
Pig Pilot-scale 7 3.2 3.6 4.4 6.6 9.0 13 4.1
Pig Laboratory-scale 14 1.0 6.3 9.1 52 80 217 75
HySgm 2h?!
Cattle Farm-scale lagoon 3 0.02 0.04 0.06 0.05 0.07 0.07 0.03
Cattle Laboratory-scale 3 < 0.01 <0.01 0.01 0.01 0.01 0.02 0.01
Pig Farm-scale lagoon 14 < 0.01 < 0.01 < 0.01 0.01 0.03 0.08 0.02
Pig Laboratory-scale 6 < 0.01 <0.01 < 0.01 0.47 0.02 2.8 11
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Emissions on an area or volume basis from cattle and pig slurry stored uncovered in tanks at pilot-scale and at farm-scale without slurry treatment and in lagoons with
solid-liquid separation and biological treatment. Baseline emissions for storage in tanks and lagoons given in g m~2h™ / kg m~2 y™ for NH3, N,O and CO, and in g
CH, m?>h™ / kg CHy m™ y'. n: number of records after aggregation; Avg: average; 195, u95: lower and upper 95% confidence bounds; cells denoted with “-: value is
not available; #: values denoted with different letters are significantly different (p < 0.05). Detailed information is provided in Supplementary data 4.

Slurry type Study type/baseline emissions n Avg 195 u9s # Avg yearly amount
NH; gm ™ 2h?! NH; kg m™2y!
Cattle Pilot-scale studies 34 0.08 0.07 0.09 a -
Cattle Farm-scale studies tank 11 0.09 0.05 0.13 ab -
Cattle Baseline emissions* lagoon 28 0.12 0.10 0.15 be 1.1
Cattle Baseline emissions** tank 45 0.08 0.07 0.09 a 0.67
Pig Pilot-scale studies 15 0.24 0.15 0.38 def -
Pig Farm-scale studies tank 8 0.23 0.13 0.37 cdef -
Pig Baseline emissions* lagoon 40 0.15 0.12 0.19 ce 1.3
Pig Baseline emissions** tank 23 0.24 0.17 0.34 f 2.1
N,O gm~2h’ N,O kg m™ 2y
Cattle Pilot-scale studies 33 0.002 0.001 0.002 a -
Cattle Farm-scale studies tank - - - - -
Cattle Baseline emissions lagoon 11 < 0.001 - - - < 0.01
Cattle Baseline emissions tank 35 0.002 0.001 0.002 a 0.02
Pig Pilot-scale studies 12 0.002 < 0.001 0.005 a -
Pig Farm-scale studies tank 2 < 0.001 - - - -
Pig Baseline emissions* lagoon - - - - - -
Pig Baseline emissions** tank 14 0.002 < 0.001 0.005 a 0.01
CHy;gm %h? CHskgm 2 y?!
Cattle Pilot-scale studies 35 0.49 0.38 0.70 a -
Cattle Farm-scale studies tank 6 1.2 0.88 1.5 b -
Cattle Baseline emissions* lagoon 3 0.95 0.40 1.5 ab 8.3
Cattle Baseline emissions™* tank 41 0.58 0.46 0.76 a 5.1
Pig Pilot-scale studies 16 0.67 0.38 1.1 a -
Pig Farm-scale studies tank 3 0.76 - - -
Pig Baseline emissions* lagoon 1 3.5 - - - 31
Pig Baseline emissions** tank 19 0.68 0.41 1.1 a 6.0
CO, gm ™ 2h? CO, kgm~2y?
Cattle Pilot-scale studies 6 7.0 - - - -
Cattle Farm-scale studies tank - - - - - -
Cattle Baseline emissions* lagoon 14 6.6 2.6 17 - 58
Cattle Baseline emissions** tank 8 8.0 - - - 70
Pig Pilot-scale studies 4 8.8 - - - -
Pig Farm-scale studies tank 1 5.7 - - - -
Pig Baseline emissions* lagoon 3 0.30 - - - 2.7
Pig Baseline emissions** tank 5 8.0 - - - 70

Cells denoted with “-“: value is not available.

* Baseline emissions lagoon are entirely based on values from farm-scale studies lagoon.

** Based on the average from studies at farm-scale tank and pilot-scale.
3.2. Baseline emissions

3.2.1. Emissions on an area or volume basis

Table 8 shows emissions on an area or volume basis from cattle and
pig slurry stored uncovered in tanks at farm-scale and at pilot-scale
without slurry treatment and in lagoons with solid-liquid separation
and biological treatment for NH3, N,O, CH4 and CO,. Average NHj
emissions from farm-scale studies conducted at lagoons are higher than
those from tanks for cattle slurry but lower for pig slurry. Pilot-scale
studies exhibit similar emissions as farm-scale studies conducted at
tanks, but they differ when compared to measurements from lagoons.
The range between the lower and upper 95% confidence bounds is
relatively small for cattle slurry but large for pig slurry with the greatest
range for farm-scale studies from tanks (0.13 to 0.37 g NH; m~ 2 h'!).
The baseline emission for lagoons is 0.12 g NHs m~2h! and 0.15 g NH3
m~2h for cattle and pig slurry, and for tanks 0.08 g NH; m~ 2 h™! and
0.24 g NHs m~2 h! for cattle and pig slurry, respectively. Baseline
emissions given as a yearly average emitted amount for lagoons are 1.1
kg NH; m 2y and 1.3 kg NHs m ™~ 2 y™* for cattle and pig slurry, and
for tanks 0.67 kg NHs m 2y and 2.1 kg NHs m 2 y* for cattle and pig
slurry, respectively. The differences between baseline emissions for
cattle slurry and pig slurry, and the difference between lagoons and
tanks are both statistically significant (p < 0.05).

Values for N,O emissions mostly originate from pilot-scale studies.
The data from the three studies which exhibit high values mentioned in

section 3.1.2 were excluded for the calculation of baseline emissions.
The N,O losses shown in Table 8 are very low and often close to the
limit of detection. Negative fluxes are reported e.g. in VanderZaag et al.
(2009) or values lower than the limit of detection in Misselbrook et al.
(2016). Pig slurry exhibits a large range between the lower and upper
95% confidence bounds (< 0.001-0.005 g N,O m~2 h''). Baseline
emissions are 0.002 g N;O m~2 h™! for cattle and pig slurry stored in
tanks. Storage in lagoons for cattle slurry is 0.0003 g N,O m ™2 h™! while
for pig slurry no baseline value is available. Statistically significant
differences were not found for N,O.

Farm-scale studies exhibit higher CH4 emissions than pilot-scale
studies (Table 8). For both study types, pig slurry has a higher emission
level as compared to cattle slurry. The baseline emission values for
lagoons are 0.95 g CH; m ™~ h! (cattle slurry) and 3.5 g CHy m ™3 h™!
(pig slurry), and for tanks 0.58 g CHy m ™2 h? (cattle slurry) and 0.68 g
CH, m ™3 h! (pig slurry), respectively. The baseline emission for lagoon
storage of pig slurry is based on one record only. But its distinctly
higher emission level as compared to the baseline for tank storage and
relative to the baseline emissions of cattle slurry stored in lagoons and
tanks is confirmed by the area based CH4 emissions where the data
basis is much larger and statistically significant differences (p < 0.05)
were found (Supplementary data 4).

For CO,, the number of observations is relatively small. Some stu-
dies exhibit high values for cattle slurry which are greater than 20 g
CO, m~ 2 h! (Leytem et al., 2011; Minato et al., 2013; Misselbrook
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Table 9

Flow based baseline emissions for tanks from untreated cattle and pig slurry
stored uncovered for NH3 given in percent of total ammoniacal nitrogen (TAN),
N,O in percent of nitrogen (N), CH4 and CO in percent of volatile solids (VS).
The average (Avg) and the lower and upper 95% confidence bounds (195, u95)
are shown. The numbers are mainly based on pilot-scale studies. Cells denoted
with “-“: value is not available; #: values denoted with different letters are

significantly different (p < 0.05). Detailed information is provided in
Supplementary data 4.
n Avg 195 u95 #
NH3% TAN
Cattle 31 16% 14% 19% a
Pig 17 15% 9.2% 23% a
N»0% N
Cattle 16 0.13% 0.08% 0.18% a
Pig 8 0.10% 0.01% 0.18% a
CH,4% VS
Cattle 27 2.9% 2.3% 3.7% a
Pig 14 4.7% 2.1% 10% a
CO.% VS
Cattle 4 11% - - -
Pig 3 9.2% - - -

Cells denoted with “-“: value is not available.

et al., 2016). The baseline emissions for lagoon storage are 6.6 g CO,
m~2h™ and 0.30 g CO, m ™2 h™! for cattle and pig slurry, respectively,
and for tank storage, 8.0 g CO, m~2 h™! for both slurry types. Data on
H,S emission are sparse and a calculation of baseline emissions is only
feasible for lagoon storage which are 0.04 g HoS m~2 h™' for cattle
slurry and 0.01 g H,S m™2 h™! for pig slurry (Supplementary data 4).

3.2.2. Flow-based emissions

Flow-based emissions, i.e. emissions given in percent of TAN, N or
VS present in the store are shown for NH3;, N,O, CH4 and CO, in
Table 9. Almost all data originate from pilot-scale studies (Supple-
mentary data 4) which can be used for baseline emissions for tanks but
not for lagoons. Baseline emission values for NH; are 16% of TAN for
cattle slurry and 15% of TAN for pig slurry, respectively. N,O emissions
are 0.13% of N for cattle slurry and 0.10% of N for pig slurry. Baseline
emissions for CH,4 are 2.9% of VS for cattle slurry and 4.7% of VS for pig
slurry. Emissions for CO, reach 11% of VS and 9.2% of VS for cattle and
pig slurry, respectively, but the data basis is limited. The ranges be-
tween the lower and upper 95% confidence bounds are large in most
cases and are partially skewed to high values, especially for N,O and
CH, from pig slurry. There were no statistically significant differences.

3.3. Emission changes due to slurry treatments
Acidification clearly reduces NH; emissions by ca. 70% during

Table 10
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storage compared to untreated cattle and pig slurry (Table 10). The
effect is even higher for CH4 (61%-96%) but lower for CO,. For NH3
and CHy, the differences are statistically significant (p < 0.05). An
emission reduction also occurs for digested slurries and slurries after
solid-liquid separation combined with acidification for all gases except
for N,O (Supplementary data 6). In contrast, the emissions are en-
hanced for N,O emissions compared to untreated cattle and pig slurry
although limited data are available and the differences not statistically
significant. Data on H,S emissions are sparse. Fangueiro et al. (2015)
state in their review that H,S emissions were either unaffected or de-
creased following acidification.

The number of studies on emission changes due to anaerobic di-
gestion is limited. Where more than one observation is available, both
an increase and a decrease in emissions occur for storage after anae-
robic digestion as compared to untreated slurry (Supplementary data
6). NH3 and N,O exhibit on average greater emissions from anaerobi-
cally digested slurry. Most studies comparing anaerobically digested
and untreated slurry exhibit lower emissions of CH, for the former. An
emission increase is observed for N,O and CO, for pig slurry, although
this is based on only one observation for both gases. Statistically sig-
nificant differences do not occur for anaerobic digestion.

Average NH; emissions during storage from the liquid fraction are
significantly (p < 0.05) higher as compared to untreated cattle slurry
(Table 10). But for pig slurry, only a slight effect of solid-liquid se-
paration on NHj release can be observed which is statistically insig-
nificant. CH4 and CO,, exhibit lower emissions from the liquid fraction
as compared to untreated slurry with a statistically significant differ-
ence for CHy. A statistically significant reduction (p < 0.05) in N,O
emissions occurs for cattle slurry. But the release of N,O is greater for
pig slurry compared to untreated slurry where the difference is statis-
tically not significant.

Five studies examined the effect of slurry dilution with water and
found an average reduction of all investigated gases in the range of
approximately 30-50%. Statistically significant effects occurred for
cattle slurry for NH; and N,O. Maximum abatement effects of 88% and
86% were found for N,O and CHy, respectively (Supplementary data 6).

3.4. Emission changes due to covering of slurry stores

The average NH; emission percent reduction due to covers ranges
between approximately 50% up to ca. 90% for most cover types
(Table 11). However, the variability of values is large. Minimum values
can be around 15% and maximums higher than 95% (Supplementary
data 7). The emission mitigation does not systematically differ between
cattle and pig slurry on a percentage basis. Emission reductions lie in a
similar range for structural covers, impermeable floating covers,
permeable floating covers and the other cover materials. The differ-
ences are statistically significant (p < 0.05) for the following covers and

Percentage emission change (i.e. % change of emissions on an area or volume basis) during storage due to acidification, anaerobic digestion, solid-liquid separation
and dilution of cattle and pig slurry for NH;, N,O, CH,4 and CO, relative to untreated slurry. Positive figures indicate a decline, negative numbers an increase in

emissions. n: number of records, Avg: average emission change; Std: standard deviation; cells denoted with

provided in Supplementary data 6.

.

: value is not available. Detailed information is

NH, N,O CH, CO,
n Avg Std n Avg Std n Avg Std n Avg Std
Acidification Cattle 5 71%* 17% 1 —4% - 5 61%* 36% 5 7% 23%
Pig 3 77%* 22% 1 —39% - 3 96%* 3% 1 67% -
Anaerobic digestion Cattle 3 —59% 64% 3 —16% 29% 5 —2% 129% 1 53% -
Pig 1 45% - 1 —363% - 1 99% - 1 —22% -
Solid-liquid separation Cattle 12 —23%* 21% 6 43%* 36% 10 32%* 27% 7 18% 24%
Pig 7 —1% 18% 1 —258% - 7 39%* 39% 5 13% 12%
Dilution Cattle 5 48%* 29% 5 57%* 38% 5 39% 33% - - -
Pig - - - - - - 2 47% 15% 2 30% 11%

Cells denoted with “-“: value is not available.

* Numbers with an asterisk indicate a statistically significant difference (p < 0.05) between the treated and the untreated slurry.
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Percentage emission change (i.e. % change of emissions on an area or volume basis) from storage of cattle and pig slurry due to different types of covers relative to
uncovered storage for NHs, N,O, CH,4, CO, and H,S. Positive figures indicate a decline, negative numbers an increase in emissions. n: number of records, Avg: average
emission change; Std: standard deviation; cells denoted with “-“: value is not available. Detailed information is provided in Supplementary data 7.

Slurry type NHj; N,O CH,4 CO, H,S
n Avg Std n Avg Std n Avg Std n Avg Std n Avg  Std
Impermeable structural covers Lid (wood or concrete) Cattle 6 73%* 29% 2 —4% 23% 2 15% 2% - - - - - -
Pig 7  64%* 35% 4 31% 56% 4 45%* 17% - - - - - -
Tent covering Cattle 2 7% % - - - - - - - - - - - -
Pig 2 8% 7% - - - - - - - - - - - -
Impermeable synthetic floating covers Plastic film Cattle 4 66%* 22% - - - - - - - - - - - -
Pig 6 88%* 18% 2 100% 0% 2 62% 54% - - - - -
Permeable synthetic floating covers Plastic fabrics Cattle 1 8% - 1 68% - 1 -2% - 1 15% - - - -
Pig 5 39%* 15% - - - 3 -17% 18% - - - 50%* 20%
Expanded clay Cattle 4 59% 39% - - - 2 11% 7% 2 0.1% 1% - - -
Pig 12 74%* 20% -8% - 6 8% 17% 5 29%* 8% - - -
Expanded polystyrene Cattle 2 7% 2% - - - - - - - - - - - -
Pig 4 64%* 32% - - - 2 —26% 41% 2 26% 35% - - -
Plastic tiles Cattle - - - - - - - - - - - - - - -
P 2 88% 11% —7% - 1 25% - - - - - - -
Permeable natural floating covers Peat Cattle 2 90% 13% - - - - - - - - - - - -
Pig 3 5% 31% - - - 1 -33% - 1 -31% - - - -
Straw cover Cattle 8  71%* 19% —79% 30% 4 3% 30% 4 —-6% 10% - - -
Pig 8 73%* 22% - - - 7 0.2% 36% 2 13% 9% - - -
Other organic material# Cattle 4 51%* 32% - - - 4 -13% 37% 4 —46% 71% - - -
Pig 4  45% 44% - - - 4 -9% 37% 4 20% 17% - - -
Vegetable oil Cattle 4 71%* 16% - - - 2 3% 6% 2 27% 9% - - -
Pig 4 94%* 10% - - - 2 11% 2% - - - - - -
Cells denoted with “-“: value is not available; # materials like maize stalks or wood chips; cells denoted with “-“: value is not available.

* Numbers with an asterisk indicate a statistically significant difference (p < 0.05) between storage with a cover and uncovered storage.

both slurry types: lid, plastic film, straw cover, vegetable oil; other
organic materials for cattle slurry; plastic fabrics, expanded clay, ex-
panded polystyrene for pig slurry.

For N,0O, an increase in emissions is observed in many cases. But
reduced emissions occur as well (Supplementary data 7). However, the
number of records providing emission changes from slurry storage due
to store covers is sparse and the effects are statistically insignificant.
CH,4 emissions being lower by approximately 10% to 60% occur for
impermeable covers (lid and plastic film), plastic tiles and vegetable oil
compared to uncovered storage (Table 11). For plastic fabrics, ex-
panded polystyrene and peat, the emissions are higher by 2% to 33%.
The other cover types (expanded clay, straw and organic materials such
as corn stalks or wood chips) show both increases and reductions in CH,4
emission (Supplementary data 7). On average, CH, emissions from
slurry stores covered with permeable materials moderately differ in
emission levels as compared to uncovered storage. The differences in
CH, emissions are statistically not significant (p < 0.05) except for pig
slurry covered with a lid. Stores covered with plastic fabrics, expanded
clay and expanded polystyrene emit less CO, while higher emissions are
observed for peat and straw covers than for the uncovered controls, but
the differences are statistically not significant. Plastic fabrics induce a
significant (p < 0.05) emission reduction for pig slurry by 50% for H,S.
Data on both CO, and H,S emissions are sparse.

4. Discussion
4.1. Variability in emissions

The high variability of emission levels as shown by descriptive
statistics (Table 7) may be due to different meteorological conditions,
disturbance of the slurry surface induced by operations at the stores and
slurry characteristics. The enhanced variability in laboratory-scale
studies compared to the other study types is striking. In laboratory-scale
studies, the environment is expected to be largely uniform since the
experiments were mostly conducted in a temperature-controlled room
with ambient temperatures lying in a narrow range and the slurry being
undisturbed. As most of the laboratory-scale studies aimed at a

comparison of different techniques or systems, the representativeness of
the resulting emission rates for real-world conditions was not the pri-
mary focus and discrepancies between different approaches are very
likely present. A thorough evaluation of potential biases of the la-
boratory studies is not possible due to missing information on the
measuring systems and is beyond the scope of this paper (see Liu et al.
(2020) and the related discussion). Also, for other study types, the oc-
currence of methodological biases cannot be ruled out which may lead
to implausible results. Detection of striking values might be hampered
due to the multitude in units used in the papers. Therefore, a standar-
dization as used here and providing guide values are important issues.
For this, a favorable option is the unit g m~2 h™ or g m™> h of a
molecule. It is equally suitable to illustrate an emission pattern within
one day, also in combination with important influencing factors such as
temperature or wind speed which can change over short time periods
and to compare them with e.g. average emissions over one year. If a
yearly amount of a gas release is required, data can be obtained from
Table 8. Alternatively, the unit mol m2 h? could be used to facilitate
the comparability between different molecules, even if to date, it is
generally not used in the context of emission inventories.

4.2. Important factors influencing emissions

The relevance of important influencing factors on emissions from
slurry stores is discussed in this section in order to support interpreta-
tion and understanding of the data used to determine baseline emis-
sions and emission changes due to slurry treatment and coverage of
slurry stores. It should be noted that a part of these influencing factors
could not be included in the data processing such as the weighting or
the statistical analysis of emission data due to insufficient information
in the records. This data limitation applied for operations at stores, the
meteorological parameters rain and wind speed and the natural crust.

4.2.1. Type of slurry

Records from the same study where both cattle and pig slurry have
been investigated using the same approach were compared. Eight stu-
dies (De Bode, 1991; Sommer et al., 1993; Husted, 1994; Kaharabata
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et al., 1998; Balsari et al., 2007; Dinuccio et al., 2008; Mosquera et al.,
2010; Misselbrook et al., 2016; Baral et al., 2018) with a total of 14, 2, 8
and 3 pairs of records on NH3, N,O, CH4 and CO, emissions, respec-
tively, were available. For NH3, 85% of data pairs, exhibited higher
emissions for pig slurry than for cattle slurry. Similar for N,O, CH4 and
CO,, pig slurry exceeds emissions of cattle slurry in most cases. These
findings agree with the data reported in Table 8 (except for CO,) and
with data previously published by Sommer et al. (2006) and
VanderZaag et al. (2015).

4.2.2. Operations at stores

Operations at the storage tank, such as agitation, filling and re-
moving of slurry are necessarily related to real-world storage systems.
Their effects are usually reflected in farm-scale measurements using
non-intrusive methods but rarely included in pilot studies or farm-scale
studies using chamber systems. A series of studies specifically in-
vestigated such processes (see Supplementary data 10). They showed
consistent results and provided evidence that disturbance of the manure
surface due to slurry agitation, filling and discharging of the stores
induces large episodic emissions for NH3, CH,4, CO, but not for N,O.
While emissions of CH4 and CO, rapidly decline after cessation of the
operations and can even drop to levels below the previously un-
disturbed stores, increased emission levels persist for NH;. Due to the
relatively short time duration of agitation over the year and the sub-
sequent drop below average levels for CHy, this operation per se does
not substantially contribute to annual NH; and GHG emissions from
slurry (VanderZaag et al., 2009). A more detailed overview on emis-
sions during and following operations at stores is given in the Supple-
mentary data 10.

4.2.3. Meteorological conditions

Increasing air temperature and wind speed enhance the emissions
since they directly affect diffusion and convection of gases near the
emitting surfaces (Sommer et al., 2013). The relationship between the
temperature as represented by the season of measurements and the
emission level could be demonstrated in the present study (Supple-
mentary data 5). It must be considered however, that the air tem-
perature is a simplistic surrogate for the slurry temperature which is a
determinant factor for GHG emissions. Rennie et al. (2018) demon-
strated that slurry store design and operations (i.e. filling level, agita-
tion) influence the slurry temperature and the emission level of gases
such as CHy. In 25 studies, slurry temperatures during different seasons
are available. Slurry temperatures increase as expected in the order
cold < temperate < warm for 94% of the cases. The effects of tem-
perature and wind speed are not discussed further in the present study
because this topic has been previously covered by e.g. Ni (1999) or
Sommer et al. (2006). In contrast, emission changes related to the in-
fluence of rain events and thawing of the slurry surface are summarized
here since they have been less frequently addressed in the literature.
Petersen et al. (2013) found lower NH;3 emission from uncovered sto-
rage of pig slurry with precipitation than from the treatment without
rain although the differences are not statistically significant. It was
shown that ammonia emissions can decline towards zero during rain
events after slurry spreading (Hafner et al., 2019) due to sorption of
NH; onto wet surfaces. Moreover, the TAN-concentration at the emit-
ting surface may decrease with precipitation due to dilution or trans-
port of TAN from a crusted slurry surface into the bulk liquid. Overall, it
can thus be assumed that NH; emissions from slurry storage during rain
events are low. In contrast, an increase in emissions of CH4 has been
observed. Balde et al. (2016b) reported average emissions of 1.8 g CH,
m~2 h! for digested slurry while peak emissions during rain events
reached 10 g CH4 m ™2 h'!. This was likely due to bursting of bubbles at
or near the surface. Elevated emissions were also observed by Balde
et al. (2016a) from storage of the liquid fraction of cattle slurry which
confirms earlier findings from Kaharabata et al. (1998) and Minato
et al. (2013) on slurry stored in open tanks or lagoons. Kaharabata et al.
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(1998) suggested that the emission increase is due to more disturbance
at the slurry surface induced by rain and thus enhancement of the CH,4
exchange through the liquid surface area and of incidental outburst of
gas bubbles (ebullition). Petersen et al. (2013) found a drop of N,O
emissions to zero as a result of rewetting of the crust after rainfall in-
ducing a shift towards anaerobic conditions. Grant and Boehm (2015)
did not find a relationship between H,S emissions and rain events.

VanderZaag et al. (2011) observed important bubble flux events in
late winter/early spring that coincided with surface thawing which
were probably due to a release of previously produced CH,4 that was
trapped under the frozen slurry surface. In the study of VanderZaag
et al. (2010a) which encompassed winter and spring, N,O release was
only recorded during spring thaw. A moderate increase in CH4 emis-
sions was observed during the same period at slurry temperatures above
0 °C while NH; and CO,, flows were unaffected by spring thaw. Elevated
CH, emissions due to thawing of the manure store were also reported
by Leytem et al. (2017).

4.2.4. Natural crust

There is agreement that crusting impacts the gas release in many
ways: enhanced resistance to mass transfer (Olesen and Sommer, 1993),
oxidation of NH3 (Nielsen et al., 2010) and CH,4 (Petersen et al., 2005)
and formation of N,O related to nitrification and denitrification oc-
curring in liquid-air interfaces near air-filled pores present in crusts
(Petersen and Miller, 2006). Several studies investigated the effect of a
natural crust on the emission level (Sommer et al., 1993; Misselbrook
etal., 2005; Aguerre et al., 2012; Wood et al., 2012). All studies showed
that a natural crust provided an efficient barrier leading to an emission
reduction for NHj. Baldé et al. (2018) confirmed these findings by
measurements conducted under farm conditions at tanks and earthen
basins containing slurries with differing ability to form natural crusts
(i.e. raw cattle slurry, the liquid fraction of cattle slurry produced by
solid-liquid separation, digested slurry with and without solid-liquid
separation). They confirmed that slurry stored with a thick surface had
lower NHj losses. Grant and Boehm (2015) found that crusting of a
lagoon surface containing dairy cow slurry reduced NH3 but not H,S
emissions. Nielsen et al. (2010) showed that NHs-oxidizing bacteria
may contribute to a significant reduction of NH; emissions if a natural
crust is present on a slurry store. Grant and Boehm (2018) found
emissions from a tank containing pig slurry to be greater by 10% when
the surface was covered with a crust than without crusting (difference
not statistically significant). They explained their findings by the higher
TAN content of the crusted slurry surface as compared to a non-crusted
one. Sommer et al. (2000) and Husted (1994) found higher emissions of
CH, from slurry without than from slurry with a natural surface crust.
Wood et al. (2012) investigated the emissions from dairy slurry with
varying DM contents and thus natural crusts with different thicknesses
and coverage of the storage surfaces. They were not able to relate the
CH, fluxes to the presence of a natural crust. N,O production was found
to be enhanced after build-up of a natural crust (VanderZaag et al.,
2009).

In the literature (e.g. Vanderzaag et al., 2015), a natural crust is
often classified as abatement measure for NH; similar as slurry store
covers. However, crust formation can only be controlled to a limited
extent. Crusts are of variable thickness, coverage of the store and dur-
ability. Their effectiveness for emission abatement has therefore be
considered as inconsistent (Vanderzaag et al., 2015). Crusts only de-
velop for slurry types with a high content of fibrous material (Bittman
et al., 2014). This applies mainly for cattle slurry (Smith et al., 2007)
and less for pig slurry (Sommer et al., 2006). Crusting is likely to occur
at a slurry DM content of more than 20 g L~! (Sommer et al., 2006;
Wood et al., 2012) which mostly does not apply for slurry stored in
lagoons (Table 6). Consequently, they have much less ability to form a
natural crust as shown by e.g. Balde et al. (2018).

We therefore did not consider crusting as an emission mitigation
technique equivalent to slurry store covers but rather as a parameter
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influencing emissions from stored slurry and thus excluded it from the
analysis of emission changes due to covering of stores. But we stress
that if a natural crust is present, it is likely to significantly contribute to
an emission reduction and, therefore, should be preserved by e.g. re-
ducing slurry agitation and addition of manure below the surface.

The limited information in the data impedes our ability to clearly
distinguish between crusted and non-crusted stores. This may be re-
levant for (i) the calculation of baseline emissions and (ii) emissions
changes due to slurry treatments and covering of stores: (i) baseline
emissions determined here may include stores with variable occurrence
of a natural crust. For lagoons, information on crusting was available
for 45% (cattle slurry) and 19% (pig slurry) of the records, respectively.
Among these, 62% of the lagoons containing cattle slurry were fully or
partly covered by a crust during the emission measurements. For pig
slurry, this applies for 21% only. Among records used for the de-
termination of baseline emissions for tanks, 78% and 50% included
information regarding crusting for cattle and pig slurry, respectively. Of
these, 83% (cattle slurry) and 48% (pig slurry) had a fully or partly
crusted surface. This complies with findings that crusting occurs less on
lagoon surfaces and stores containing pig slurry. The proportion of crust
occurrence for cattle slurry stored in tanks is in line with earlier find-
ings (Smith et al., 2007). We thus suggest that the baseline emissions
determined here are based on studies which appropriately reflect the
range of store surface crusts occurring at farms. (ii) A natural crust may
occur in combination with a storage cover and thereby be enhanced
(Chadwick et al., 2011) since the slurry surface is less exposed to wind
turbulence. In experiments comparing uncovered and covered storage,
it is thus difficult to stringently distinguish between the effect of cov-
ering and of crusting. Moreover, this information is not always avail-
able: only 60% of the records used to determine the emission change
due to covering included information on crusting. From these, about
half had crusted surfaces and the other half not. This might partly ex-
plain the variability of emission changes due to covering found here.
These considerations should be taken into account for the discussion in
the Sections 4.4 and 4.6.

4.3. Study types to be included for baseline emissions

Data should only be included for the calculation of baseline emis-
sions if they can be considered as representative or typical for gas flows
occurring at farm conditions. In principle, this applies for farm-scale
studies. Pilot-scale studies imply some aspects of farm-scale studies due
to measurements conducted in outdoor facilities and a slurry volume in
the order of several cubic meters. But there are concerns extrapolating
data from pilot-scale studies to real-world systems. VanderZaag et al.
(2009, 2010a, 2010b) who performed pilot-scale studies state that al-
though measured fluxes were reported, emission trends and treatment
differences or temporal trends were the focus of their analysis. More-
over, almost all pilot-scale studies are based on flux chambers.
VanderZaag et al. (2010b) argued that steady-state chambers alter the
enclosed environment and concluded that absolute fluxes measured
might deviate from emissions that would occur without chambers.
Nevertheless, several studies conducted in pilot-scale facilities similar
to that of VanderZaag et al. (2009, 2010a, 2010b) quantified emissions
of NH; and GHGs and derived emission factors for slurry storage (e.g.
Amon et al., 2006, 2007; Rodhe et al., 2012). Petersen et al. (2009)
presented a pilot-scale facility and suggested to use the obtained results
for better documentation of emission data for GHG and ammonia in-
ventories. Pilot-scale studies have occasionally been conducted with
simulation of real-world conditions by including mixing of the slurry or
filling of tanks during the experiment (VanderZaag et al., 2009; Rodhe
et al., 2012).

Emission peaks for CH, were observed in several studies
(VanderZaag et al., 2011; Balde et al., 2016a) due to ebullition. They
may remain unrecorded (Rodhe et al., 2012) unless the gas measure-
ments are continuous with a high temporal resolution. This
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shortcoming may apply for pilot-scale studies where e.g. a flow
chamber is used which is moved between several experimental tanks
(e.g. Amon et al., 2006). Intermittent gas sampling can hamper mea-
surements at a farm-scale as well. Grant et al. (2015) assumed differ-
ences in emission levels between two locations due to under-sampling
of ebullition events given the short measurement periods. Sampling
large storage areas using chambers might be hampered if the sampled
surface areas are not representative for the entire store. Balde et al.
(2016b) found average emissions of CH, measured at an earthen sto-
rage containing liquid digestate with a floating chamber which were
about four-fold greater than measured at the same time with a non-
intrusive bLS technique. The authors explained this by the limited area
covered by the chamber and by disturbances induced by the chamber
causing bubble formation and bursting thereby increasing emissions.

To summarize, it can be hypothesized that farm-scale measurements
using non-intrusive methods are a preferential option. Still, data from
such studies are limited at present time. Therefore, inclusion of records
from pilot-scale and farm-scale studies appears to be the best oppor-
tunity for the determination of baseline emissions. This approach pro-
vides a larger data basis as if only farm-scale studies were included.
Moreover, Table 8 shows that emissions from pilot-scale studies comply
with farm-scale studies tank for NH3 but less for CH,4. On the other
hand, we excluded laboratory-scale studies for the determination of
baseline emissions. They are mostly not designed for generating emis-
sion rates. Their experimental conditions strongly deviate from an en-
vironment that occurs under practical conditions. The enhanced
variability found in emissions level from laboratory-scale studies (sec-
tion 3.1.2) points to severe methodological shortcomings which might
bias baseline values.

4.4. Baseline emissions

4.4.1. Emissions on an area or volume basis

NH; emissions from pig slurry are higher as expected due to its
higher TAN content and its lower ability to form a natural crust com-
pared to cattle slurry. Sommer et al. (2006) and VanderZaag et al.
(2015) suggested lower emissions on an area basis from pig slurry
stored in lagoons than from storage in tanks. This complies with the
results of this study (Table 8). Lagoons are the prevailing system for
slurry storage in the US (Sorensen et al., 2013). They usually have a
greater surface area than tanks which would imply more exposure to
the ambient air turbulence suggesting a higher emission potential.
Slurries from lagoons have on average a lower dry matter and TAN
content as compared to tanks. This might be due to a stronger dilution
with water: e.g. five out of six lagoons investigated by Leytem et al.
(2017) collected parlor wash water and not slurry from a pit of a li-
vestock housing. We assume that solid-liquid-separation was applied at
the farms studied which have lagoons although this was not always
clearly defined in the papers. This is supported by the low contents in
DM and TAN in slurry from lagoons as shown in Table 6. The lower
solids content would enhance the emission potential due to less ability
for formation of a natural crust at the slurry surface (Wood et al., 2012).
But the lower TAN content induces the opposite effect on NH3 emissions
(Sommer et al., 2006). The overall impact of these effects combined on
the emission level is difficult to assess. The present data suggest higher
emissions from lagoons than from tanks containing cattle slurry but the
opposite for pig slurry.

The baseline emissions (lagoons: 0.12 g¢ NH; m~2 h* and 0.15 g
NH; m~2 h™! for cattle and pig slurry, tanks: 0.08 g NH; m~2 h! and
0.24 g NH; m~2 h'! for cattle and pig slurry, respectively), are mostly
lower than numbers given by VanderZaag et al. (2015), Sommer et al.
(2006) and Bittman et al. (2014). VanderZaag et al. (2015) suggested
emissions for crusted and non-crusted cattle slurry of 0.11 and 0.19 g
NHs m~2 h™', respectively, from tanks or lagoons. For pig slurry stored
in a lagoon, they give 0.12 g NH; m~2 h'%, and stored in a tank, 0.40 g
NH; m~2 h'l. Sommer et al. (2006) provided similar values. Bittman
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et al. (2014) gave baseline emissions between 0.19 and 0.40 g NHz m ™2
hl. They attributed the lower value to slurry which is frozen in the
store for several months, and the higher value applies to warm coun-
tries. For N,O, most studies exhibit emissions clearly below 0.01 g N,O
m~2h (Supplementary data 8). In contrast, three papers reach values
from 0.02 to 0.06 g N,O m~2h! and N,O losses ranging between 25%
and 160% of the NH; emissions determined concomitantly (Clemens
et al., 2006; Amon et al., 2007; Leytem et al., 2011). Unless at very low
levels of NH; emissions, flows of both NH3; and N0 in the same order of
magnitude do not occur in other records and have not been reported in
the livestock sector (e.g. EEA, 2016). Therefore, the data from the three
studies were excluded for the calculation of baseline emissions. If they
were kept, the baseline emissions for N,O would be higher by a factor of
two and three for cattle and pig slurry stored in tanks, respectively.
Chadwick et al. (2011) stated in their review that N,O emission from
slurry stores without a surface cover are negligible which supports the
baseline emissions shown in Table 8.

For CH,4, higher emissions occur for farm-scale studies than for pilot-
scale studies (Table 8; statistically significant differences for emissions
on an area basis; p < 0.05; Supplementary data 4). This could be due to
the temperature dependency of methanogenesis (Elsgaard et al., 2016).
Pilot-scale studies exhibit lower slurry volumes as compared to farm-
scale stores which suggests faster cooling of the slurry and therefore a
lower methane conversion rate. Another reason could be the batch-
filling of vessels used for pilot-scale studies which differs from con-
tinuous filling and incomplete removal of slurry at farm-scale stores.
Under such conditions, aged slurry may act as inoculum which was
shown to enhance emissions of CHy (Wood et al., 2014). Overall, the
lower emission level for CH4 measured at pilot-scale included for the
determination of baseline emissions tank could lead to an under-
estimation thereof.

The review of Owen and Silver (2015) reported CH4 emission data
from lagoons and tanks of dairy systems being 2.3 and 2.7 g CH, m 2 h"
!, respectively. This is higher than data from farm-scale studies reported
here which are 1.2 and 1.3 g CH; m~2 h™! for cattle slurry stored in
lagoons and tanks, respectively (Supplementary data 4). However, the
data basis of Owen and Silver (2015) is smaller and measurements
carried out in the warm season tend to be overrepresented. The higher
CH, emissions from pig slurry as compared to cattle slurry are expected
due to the higher methane production potential of pig slurry (Triolo
et al., 2011). Both cattle and pig slurry exhibit lower losses from tanks
than from lagoons. Moreover, lagoon storage produces a solid fraction
which includes a large proportion of the slurry VS generating additional
emissions. According to VanderZaag et al. (2010b), a CO,-C:CH4-C ratio
of 50:50 is expected from stores. Looking at records which include
emission data of both CH4 and CO,, a large variation occurs. The
average CO,-C:CH,4-C ratio is approximately 65:35 which also differs
from the CH,4 to CO, relationship expected from anaerobic digestion of
livestock slurries (ca. 55%-70% CH,4 content of dry biogas; Triolo et al.,
2011). This could be due to a tendency for greater CO,-C:CH,4-C ratios
in pilot-scale studies which increases the average CO,-C:CH,-C ratio of
all records included. The greater ratios were also linked to studies with
low CHj, fluxes. This is likely because pilot-scale studies had less ability
to provide appropriate conditions for CH4 production as mentioned
above. On the other hand, CO, seems to be emitted more consistently in
all studies.

As the aim of all studies considered for the calculation of baseline
values in the present paper was the determination of emission rates we
think that the baseline emissions are robust and reflect the current state
of knowledge. But the confidence intervals shown in Table 8 may be
substantial. This suggests an inherent variability in the systems which
can be due to differing conditions regarding meteorological conditions,
operations at stores and occurrence of a natural crust. Baseline values
must be considered as average numbers. In a specific situation and e.g.
for representative regional values, deviations from the presented
baseline values can occur. Moreover, methodological biases cannot be
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ruled out and different experimental approaches might entail sys-
tematic differences in results (e.g. possibly CH,4 emissions from pilot-
scale studies). Such effects have been observed for experimental data on
NH; emissions from slurry application (Hafner et al., 2018).

4.4.2. Flow-based emissions

The determined baseline emission values for NH; of 16% of TAN
and 15% of TAN for cattle and pig slurry, respectively, which are mostly
based on pilot-scale studies exhibit similar values as the emission fac-
tors of EEA (2016) which give 20% of TAN and 14% of TAN as Tier 2
default values for cattle and pig slurry. Data from farm-scale studies
have comparable numbers for storage in tanks for cattle slurry: 16% of
TAN (Baldé et al., 2018) and 13% of TAN (McGinn et al., 2008) but
lower emissions for pig slurry (Dinuccio et al., 2012) with 2% and 5% of
TAN. Flow-based emissions are not available for lagoons. IPCC (2006)
and EEA (2016) suggest an N,O emission factor being zero for slurry
storage without a natural crust. For a crusted store, IPCC (2006) and
EEA (2016) give EFs of 0.5% of N and 1% of TAN entering the store,
respectively. These values are higher than the values determined in this
study which are 0.13% of N and 0.10% of N for cattle and pig slurry,
respectively (Table 9). The eight highest values for flow-based N,O
emissions originate from records that include slurry stores with a crust
which supports the occurrence of N,O emissions with crusted store
surfaces. This complies with Sommer et al. (2000) who suggest that
N,O is produced in drying of natural crusts where aerobic and anae-
robic zones exist. Drying enhances convection of liquid upward through
the cover, where dissolved ammonium can be oxidized by nitrifying
bacteria in an aerobic environment and under such conditions, mole-
cules produced from nitrification can be denitrified. During ammonium
oxidation and denitrification, N,O is released as an intermediate or
final product. At limited oxygen availability, formation of N,O is en-
hanced.

For CH,, a direct comparison between the suggested baseline
emissions with default emission factors used in models for emission
inventories is not possible. A simplified application of the approach of
Mangino et al. (2001) and IPCC (2006) using the methane conversion
factor (MCF) for slurry in a cool climate with an annual average tem-
perature of 14 °C results in a CH4 emission of ca. 4.0% of VS and 7.5%
of VS for cattle slurry and pig slurry, respectively. These figures are
somewhat higher than the baseline emissions suggested (Table 9) which
are 2.9% of VS and 4.7% of VS for cattle and pig slurry, respectively. It
should be noted that emission values for CH, derived from such model
approaches can strongly deviate from measured values as shown by
several studies (e.g. Kariyapperuma et al., 2018).

For the determination of flow-based emissions, analytical data of
the slurry, the flow volume of slurry into storage and its residence time
in the store must be known. Determining these three parameters is not
straightforward which might explain the high degree of absence re-
garding flow-based emissions in farm-scale studies. This particularly
applies for lagoons where extended slurry residence times, accumula-
tion of solids over long time periods and repeated recycling of liquids
used for flushing or recharging pits of livestock housings represent
additional challenges. Generally, lagoons have a greater surface to vo-
lume ratio and longer slurry residence times as compared to tanks.
These two factors will lead to higher flow-based emissions for lagoons
as compared to tanks if identical emissions on an area basis are assumed
for both storage systems.

For inventory purposes, emission factors could be calculated using
the baseline emissions on an area or volume basis and an assumption of
the surface or volume of the storage system, the average values for the
residence time of the slurry in the store and the slurry contents of TAN,
N or VS. These values are specific for different countries and production
systems. A further assessment thereof is outside the scope of this paper.
The calculation of flow-based emissions (and emission factors) is sub-
ject to additional uncertainties as compared to emissions on an area
basis due to the requirement of further parameters.
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4.5. Emission changes due to slurry treatments

The pH value has a strong effect on gaseous emissions from slurry
stores (Sommer et al., 2013). This is appropriately reflected by the data
on emission changes due to slurry acidification through addition of
inorganic acids shown in Table 10. The variability in the achieved re-
duction is likely related to the degree of acidification and the different
pH values in slurry (Dai and Blanes-Vidal, 2013). The emission reduc-
tions found for NH3 and CH, are in line with the review of Fangueiro
et al. (2015). Similarly, Petersen et al. (2012) observed significant re-
duction effects for NH3 and CH,4 due to acidification. The data point at
an increase in N,O emission but this is based on limited data. Bastami
et al. (2016) concluded that self-acidification of slurry induced by ad-
dition of substrates rich in carbon may be a promising alternative to
slurry acidification using concentrated acids for abatement of CH,4
emissions. Additives other than acids to reduce gaseous emissions or
odor nuisance from manure storage have been investigated in some
studies (Martinez et al., 2003; Sun et al., 2014; Owusu-Twum et al.,
2017). A clear emission reduction due to other additives did not occur.
Similarly, Van der Stelt et al. (2007); Wheeler et al. (2011) and Holly
and Larson (2017a) found little evidence that manure additives other
than acids have a clear influence on the release of ammonia and GHGs.
Still, individual investigations have shown an emission reduction po-
tential for certain additives (Bastami et al., 2016).

The number of studies allowing a direct comparison of emissions
from storage of untreated slurry and anaerobically digested slurry is
limited since biogas plants are mostly fed with manure and off-farm
organic feedstock material which hampers a direct comparison with
unamended untreated slurry. The increase of NH3 emissions due to
anaerobic digestion complies with studies which include anaerobic di-
gestion with addition of organic feedstock material. Baldé et al. (2018)
measured NH; emissions from two stores at different farms containing
untreated livestock slurry and liquid digestate obtained from livestock
slurry and organic feedstock materials under farm conditions. Emis-
sions from the untreated slurry were lower. Koirala et al. (2013) sug-
gested that anaerobic digestion of dairy slurry significantly increased
the NH; volatilization potential. The most important factor was the
enhanced ammonium dissociation. Anaerobic digestion seems to reduce
CH, emissions during slurry storage. Maldaner et al. (2018) found
lower CHy4 losses from the liquid fraction of anaerobically digested
slurry amended with organic feedstock material compared to un-
amended raw slurry from the same farm before the installation of
anaerobic digestion. This is likely due to the reduction of the VS load
after digestion but also a consequence of solids removal with solid-li-
quid separation of the major part of the digestate. Furthermore,
Maldaner et al. (2018) suggested that VS remaining in the digestate was
less degradable which leads to a reduced CH, production. VanderZaag
et al. (2018) showed the CH,4 emission potential (By) from digestate was
35% lower than the By of untreated manure. In contrast, Sommer et al.
(2000) and Rodhe et al. (2015) measured higher emissions from
anaerobically digested slurry as compared to untreated cattle slurry.
They explained this by the presence of a larger and more active mi-
crobial community in digested slurry. However, most storage tanks are
never completely empty. Residual aged slurry may act as inoculum and
enhance the production of CH4 (Sommer et al., 2007; Ngwabie et al.,
2016). Although, the microbial population in aged slurry may be less
efficient for methane production as compared to microbes present in
anaerobically digested slurry, the higher amount of degradable organic
carbon available in untreated slurry might compensate this. It can
therefore be hypothesized that untreated slurries as occurring in real-
world stores imply a higher potential for CH, emissions than anaero-
bically digested slurry.

Solid-liquid separation reduces the solids content of the slurry and
thus the potential to develop a natural crust. This enhances NHj
emissions during storage which complies with the increasing emissions
of cattle slurry due to solid-liquid separation. Pig slurry exhibits a lower
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ability to form a natural crust which could explain why almost no effect
of solid-liquid separation on NH3 emissions can be observed (Table 10).
Baldé et al. (2018) investigated the NH3 emissions from two stores si-
tuated at different dairy farms containing untreated slurry and sepa-
rated liquids under farm conditions. They measured higher emissions
from the liquid fraction than from the untreated slurry and reported
similar findings for the separated liquids from digestate derived from
livestock slurry and organic feedstock materials. In contrast, Hjorth
et al. (2009) found significantly higher NH3 emissions from raw and
digested slurries than from the corresponding liquid fractions. They
explained their findings by the higher ammonium and N contents of the
unseparated raw and pre-digested slurries compared with the liquid
fractions, which increased the potential for NHj volatilization. The
lower N,O storage emissions of the liquid fraction for cattle slurry as
compared to raw slurry is in line with the conclusions of the review
paper published by Chadwick et al. (2011). The reduced emissions of
CH,4 due to solid-liquid separation results from the reduction of the total
solids content in the slurry which can be considered as a surrogate for
the available VS pool. This leads to a lower amount of organic matter
which can be degraded to CH, and CO, (Wood et al., 2012). However,
yearly average CH, emissions of 1.4 g CHm ®>h™ and 2.2 g CHm > h’!
for the first and second year of measurements were reported for dairy
slurry from a farm-scale study conducted at a tank (Balde et al., 2016a).
These numbers exceed the baseline emission and emissions from farm-
scale studies from tanks for cattle slurry given in Table 8. Balde et al.
(2016a) explained the elevated emission levels by the high biode-
gradability of the liquid fraction and the limited crust development.
VanderZaag et al. (2018) showed that the speed of CH4 production was
much higher for the separated liquid fraction, compared to untreated
slurry. Grant et al. (2015) found CH,4 emissions on an area basis from
the liquid fraction of cattle slurry stored in a lagoon which are similar to
the baseline emission for cattle slurry (Supplementary data 4). The
discrepancy between the emission changes given in Table 10 and the
high emissions found in these two studies is difficult to explain.

Dilution of slurry with water changes its DM content. DM of slurry
can be considered as an indicator for the N/TAN- and VS-content which
influences the potential production of NH3, N,O, CH4 and CO,, re-
spectively (Wood et al., 2012). However, DM affects the formation of a
natural crust as well (section 4.2.4). Overall, dilution leads to a re-
duction of all investigated gases which complies with the findings of Ni
et al. (2010) for NH3 and CO, and of Habetwold et al. (2017) for CH,.
But this conclusion is based on pilot-scale studies where the slurry
volume is identical for the diluted and untreated slurry. Under practical
conditions, addition of water leads to a higher amount of slurry. If the
area of manure stores is thereby increased due to requiring larger sto-
rage capacities, the reduction might be overcompensated due to a rise
in emitting surface (Ni et al., 2010).

Aeration of slurry is a technique which is used to remove excess N
from slurries. It induces nitrification and denitrification that converts
TAN in the slurry to nitrite/nitrate with the aim of a complete deni-
trification to N,. If the process is not properly controlled aeration can
produce substantial amounts of NH; and N,O (Loyon et al., 2007). The
effect of aeration was investigated in several laboratory- and pilot-scale
studies. Amon et al. (2006) found a strong increase of NH; emissions by
up to a factor of five. Molodovskaya et al. (2008) reported NH3 emis-
sions of up to 50% of total slurry N. Losses were increased at greater
aeration rates. Many studies found a strong increase in emissions for
N,O with aeration (Beline et al., 1999; Beline and Martinez, 2002;
Amon et al., 2006; Loyon et al., 2007). Low emissions for both NH; and
N,O were achieved from low flow phased oxic/anoxic treatment
(Molodovskaya et al., 2008). A reduction of CH,4 by ca. 50% to almost
100% emissions was observed by Martinez et al. (2003) and Amon et al.
(2006) if slurry aeration was applied. Concomitantly, CO, emissions
were reduced (Martinez et al., 2003).

An increase in emissions of a specific gas during slurry storage due
to a treatment technique does not necessarily indicate a conflict related
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to emission mitigation. Enhanced losses during storage can be reduced
by e.g. storage covering and might be overcompensated by reduced
emissions during subsequent field application. The overarching goal of
manure management is the reduction of gaseous losses between the
excretion by livestock and uptake by arable and fodder crops.
Therefore, the discussion on effects of slurry treatments on emissions
from slurry storage must consider the context of good management
practices along the whole manure management chain (Sajeev et al.,
2018).

4.6. Emission changes due to coverage of slurry stores

Almost all types of covers induce a substantial emission reduction
for NH; which complies with the review of VanderZaag et al. (2008).
Emission reductions lie in a similar range for all categories of covers
and for both cattle and pig slurry. This contrasts to Bittman et al. (2014)
who give distinct values for the different cover types and lower values
for “Low technology” floating covers such as permeable natural floating
covers. VanderZaag et al. (2015) give an emission reduction of 80% for
impermeable structural covers and for impermeable synthetic floating
covers which is in the range of the values given in Table 11. A larger
layer thickness of natural floating covers leads to a higher emission
reduction (Guarino et al., 2006; VanderZaag et al., 2009). This is
probably due to a more efficient barrier for the gas transport between
the slurry and the ambient air (VanderZaag et al., 2009). Other cover
types not included in the data analysis according to section 2.4.3 also
efficiently reduce NH3; emissions. Organic materials such as steam-
treated wood or biochar were shown to exhibit similar effects as
floating covers consisting of straw or peat (Holly and Larson, 2017b).
Minerals like perlite or zeolite were also found to be efficient in NH3
emission reduction (Hornig et al., 1999; Portejoie et al., 2003).

The increase in emissions observed for N,O in many cases agrees
with the previously published literature (VanderZaag et al., 2008;
Chadwick et al., 2011). Petersen et al. (2013) observed lower N,O flows
with a straw cover exposed to precipitation as compared to straw covers
where wetting by precipitation was excluded. Sommer et al. (2000)
suggested that N,O is only produced in periods with drying surface
layers. Storage covers can influence the formation of a natural crust
(Chadwick et al., 2011). A natural surface crust on slurry can provide
sites with aerobic conditions where nitrification occurs which produces
N,O (Sommer et al., 2000). Therefore, the variability in emission
changes due to slurry storage covering could be driven by differing
moisture contents of the manure surfaces and differing formation of a
natural crust due to covering. However, the number of records related
to emission changes for N,O due to store covers is sparse and these
findings can be uncertain.

The observed increase in CH4 emissions for plastic fabrics, expanded
polystyrene and peat complies with the review of VanderZaag et al.
(2008). Straw covers provide additional carbon but might reduce
ebullition and increase aerobic microbial activity at the upper storage
layer (VanderZaag et al., 2009). This induces contrasting effects on CH4
net emissions. VanderZaag et al. (2009) suggested that the reduction of
CH, emissions due to a straw cover is related to areas in a crust where
microbial breakdown of CH4 might occur. It can be assumed that the
enhanced CH, consumption overcompensates the increased potential
for CH,4 production due to the additional carbon supply with straw. An
opposite effect can occur if straw is incorporated into the bulk slurry
during storage due to e.g. agitation. Petersen et al. (2013) found that an
elevated CH,4 concentration in the gas phase above the slurry surface is
required for a significant stimulation of methane oxidation. This would
support the preponderant emission reduction found for impermeable
covers. For other cover types, the CH4 concentration above the emitting
surface might have been inconsistent in the experiments which could
explain the contrasting emission changes for CH,4 due to storage cov-
ering. Similar to NHj, a larger layer thickness of straw covers leads to a
higher emission reduction for CH, although the differences of the
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emissions are low (Guarino et al., 2006; VanderZaag et al., 2009).

The contribution of the different gases to the total of GHG emissions
is largest for CH4 with a proportion of ca. 80% (VanderZaag et al.,
20009; Petersen et al., 2013). Therefore, the changes of GHG equivalents
due to effects of covers is moderate with a slight trend towards lower
total GHG emissions.

VanderZaag et al. (2010b) have shown that a permeable synthetic
floating cover was more efficient regarding emission reduction of NH3
and CH4 when slurry is agitated as compared to undisturbed slurry.
VanderZaag et al. (2009) found that agitation increased NHj; losses
from straw covered tanks less than from the uncovered reference. CHy
emissions from covered and control tanks were similarly changed.

Although found efficient in emission reduction, low cost floating
covers such as straw covers are probably not efficient for emission
mitigation in practice since they may be destroyed when the slurry
surface is disturbed due to strong winds or operations at a store.
Therefore, we consider impermeable structural covers or synthetic
floating covers as most reliable for emission mitigation.

4.7. Recommendations for further research

The emission data provided in records from different studies range
over several orders of magnitude even for the same slurry type, the
same type of study and identical seasons of measurement. This may be
partly due to varying conditions related to manure management and
meteorological conditions occurring during the measurements. In ad-
dition, different study designs and measuring methods are likely to
contribute to the variability in emissions. An important issue in future
research should thus focus to identify and quantify potential experi-
mental biases. This aspect requires the simultaneous use of independent
approaches to determine emissions.

Farm-scale studies using non-intrusive methods such as micro-
meteorological mass balance (Wagner-Riddle et al., 2006) or dispersion
modeling (Flesch et al., 2009) are likely to be a preferential option.
Such approaches avoid interactions with emitting processes and de-
termined emission rates best reflect the emissions occurring under
conditions at farm-scale. They have the ability to cover large area
sources (Gao et al., 2008) and can thus integrate the large in-
homogeneity of emissions over space and time. For dispersion mod-
eling, the limiting factor is the requirement of a simple topography
allowing for representative turbulence measurements. Most of the mi-
crometeorological methods require a minimum wind speed. Many
sensors, e.g. for NH3, have a minimum detection limit which may be
higher than gas concentrations occurring under conditions with low
emissions (Balde et al., 2019). Consequently, farm-scale studies using
non-intrusive methods have a risk to overestimate the true average
emissions (Baldé et al., 2018). This risk can be minimized by using
recently developed sensors such as DOAS systems (Volten et al., 2012;
Bell et al., 2017). Moreover, it would be important to quantify such
potential biases by an assessment of gap filling procedures used for
missing data due to e.g. non-detection at low concentration levels as
done by Voglmeier et al. (2018). For reliable results from farm-scale
studies, extended measurement periods are required covering all sea-
sons of a year. Moreover, recent research has demonstrated that the
history of the storage may play an important role for CH, emissions
(Kariyapperuma et al., 2018) pointing at the necessity of measurement
campaigns over several years for an adequate determination of re-
presentative emission rates. This implies a large effort in labor and
costs. In addition, thorough recording of the operations at the storage
facilities (agitation, filling, discharging of the stores by using e.g. a
webcam, continuous measuring of the slurry volume stored), of crusting
at the stores surface (thickness, structure, coverage of the surface), of
slurry temperature at several depths, of meteorological conditions as
well as slurry sampling and analyses are required. A few studies comply
with these requirements (e.g. Baldé et al., 2018; Kariyapperuma et al.,
2018). Still, collection of such data can be challenging or even hardly
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feasible (e.g. representative slurry sampling at large lagoons). Also,
operations at stores can largely differ between individual farms and
consequently, it is difficult to select an experimental site at farm-scale
which is appropriate to generate baseline emissions. Therefore, several
measurement campaigns that consider the variety of different condi-
tions occurring at slurry stores are required.

Pilot-scale studies are indispensable for studying principal me-
chanisms and influencing factors driving emissions or to evaluate the
effectiveness of emission mitigation techniques. Facilities allowing for
continuous measurements e.g. as presented by Petersen et al. (2009) are
probably the best option. Further advantages of pilot-scale studies are
the possibility to conduct experiments in replicates and a better control
of the experimental conditions. There is also a potential to generate
bases for modeling which could be used to complement data from farm-
scale studies. Further progress for the quantification of emissions from
slurry storage could be achieved by an analysis of individual mea-
surement intervals from several experiments and model construction on
this basis as e.g. done for slurry application by Hafner et al. (2019). The
measurement intervals should include the relevant information re-
garding influencing factors. For this, we recommend that the re-
searchers provide the emission data along with parameters as given in
the Supplementary data 2. For indistinct parameters such as crusting,
we suggest the elaboration of a standardized procedure to achieve a
definition which reliably reflects its influence on the emission level.

5. Conclusions

The present article provides a comprehensive overview on pub-
lished emission data from slurry storage which serves as a basis to
determine guide values and baseline emissions for NH3, GHGs and H,S.
Standardization of the emission data is an important issue in the present
study due to the use of a large variety of units in the studies.
Accompanying parameters (e.g. data on slurry analyses) were only
partly available in the papers and could thus not be used for a more
advanced data analysis. However, the season of the experimental period
which served as a surrogate for the temperature was provided in most
studies. Descriptive statistics of the emission data revealed a large
variability for all gases. Data generated during warm, temperate and
cold seasons are unevenly distributed over all records. Therefore, the
calculation of an average annual value completed with a confidence
range based on a weighting of the emission data according to the season
and measurements duration was done. The baseline emissions on an
area or volume basis determined for cattle and pig slurry stored in la-
goons and tanks (Table 8) are mostly lower than existing reference
values. NH; baseline emissions for tanks related to TAN are 16% of TAN
(range: 14%-19% of TAN) and 15% TAN (range: 9.2%-23% of TAN) for
cattle slurry and for pig slurry, respectively, and thus similar to emis-
sion factors used in emission inventory models. The flow-based baseline
emissions for N,O and CH, are lower than current emission factors.
Total GHG emissions from slurry stores based on the global warming
potential using a 100-year time horizon are dominated by CHj.

Techniques for slurry treatment exhibit contrasting effects on
emission levels during storage. Acidification was found to be efficient in
reducing the emissions of NH; and CH,4 but less for CO, while the re-
lease of N,O was enhanced in few studies. Solid-liquid separation
causes higher losses for NH; and a reduction in CH4, N,O and CO,
emissions. Anaerobic digestion promoted NH3; emissions in most stu-
dies. In contrast, emission changes during slurry storage were less ex-
plicit for CHy, although there is evidence toward an emission reduction.
The effect of anaerobic digestion on N,O and CO, emissions is unclear.
It is essential to consider the context of good management practices
along the whole manure management chain when the effect of slurry
treatments on emissions from slurry storage is assessed.

All storage cover types reduce emissions of NH; while the effect is
small for CHy and CO, with a trend toward a reduction. Permeable
covers increase emissions of N,O. Total GHG emissions tend to be lower
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with coverage of slurry stores. Overall, coverage of slurry is efficient to
abate NH3 emissions involving a minimum risk of pollution swapping.

The present study provides a robust data basis for the determination
of baseline emissions except for flow-based baseline emissions for la-
goons which could not be calculated. The emission data in the records
from different studies may vary over several orders of magnitude even
for the same slurry type, the same type of study and identical seasons of
measurement. For future research, appropriate study designs are re-
quired to generate baseline emissions appropriate to improve emission
inventories. For this, farm-scale studies using non-intrusive methods are
likely to be a preferential option. Pilot-scale studies are important to
complement results from farm-scale studies.
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