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Preface

This thesis was completed at the Department of Environmental and Resource
Engineering of the Technical University of Denmark (DTU) under the
supervision of Professor Charlotte Scheutz and Professor Johan Mellgvist from
Chalmers University. The PhD project was conducted from December 2018 to
March 2023. The thesis is organised in two parts: the first puts into context the
findings of the PhD in an introductive review, whilst the second part consists
of the papers listed below. These will be referred to in the text by their paper
number, written with the Roman numerals 1-VI.
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In addition, the following publications, not included in this thesis, were also
concluded during this PhD study.
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Summary

Agricultural production is set to grow substantially in the coming years, so
reducing its environmental impacts is vital. Agriculture's contribution to am-
monia (NHz) and methane (CH4) gaseous emissions is significant, especially
from livestock production. Investigating these emission sources, using atmos-
pheric measurement techniques, helps gather knowledge about emission rates,
the factors driving them and the efficiency of mitigation strategies. However,
measuring these sources is still limited to intrusive methods and small-scale
experiments or restricted to the type of animal production (e.g., mechanically
ventilated barns). Consequently, there is a need to provide alternative methods,
especially ones that are easier to apply and can provide accurate emission lev-
els.

Thus, the overall aim of this PhD is to develop and apply methods for quanti-
fying NHz and CH4 emissions from livestock production. CH4 emissions were
measured via the tracer gas dispersion method (TDM) and the indirect flux
method (IFM). Emissions from cattle production in Denmark and the USA
were studied, while pig farms were investigated only from Denmark. Further-
more, NHs emissions were measured from dairy production facilities in the
USA. The methods were primarily designed to assess emissions from the entire
farm, so a stationary approach to the TDM method was refined, by sampling
concentrations downwind from the source at fixed points placed in a field, de-
creasing dependency on driving along roads.

In Denmark, CH4 emission rates at nine cattle farms ranged from 0.7 to 28
kg/h. CH, rates were then normalised per livestock unit (1 LU =500 kg of body
weight), averaging 23 + 9 g/LU/h. The farms with the most significant emission
factors (EFs) were those with deep litter animal houses with long eating spaces.
Moreover, CH4 emission rates from seven pig farms also ranged across a sim-
ilar scale (0.2 to 20 kg/h). After converting rates to EFs, farms with no manure
treatment averaged between 13 + 6 and 18 + 9 g/LU/h, whilst farms storing
digested manure averaged an EF of 8 £ 7 g/LU/h. In addition, in-house manure
acidification was used at two other farms, with average EFs of 2 + 1 g/LU/h.
Measurements were distributed over the year, and emission fluctuations over
the months were more significant at pig than at cattle farms, although emission
patterns were the same. Furthermore, measured emissions were higher for all
farms than the modelled inventory rates, albeit, for cattle farms, inventory es-
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timates and measured rates were within uncertainty levels at most of the stud-
ied sites. Conversely, inventory quantifications greatly underestimated pig
farms' CHj rates.

Furthermore, CH4 emission rates from ten manure tanks were quantified using
mobile and stationary TDMs by running a minimum of six measurement cam-
paigns over the year. Emissions from pig manure were highest, while digested
manure had the lowest EFs. The rates varied from 0.01 to 14.3 kg/h. Average
annual rates, normalised by manure stored, for all tanks ranged from 0.2 g/m3/h
to 2.7 g/m3/h, with pig manure storage showing significant variability among
the different tanks. Additionally, covered tanks had higher emissions than un-
covered tanks.

Moreover, NHsz and CH4 emissions were quantified at 14 dairy concentrated
animal feeding operations (CAFOs) in California, using SOF and MeFTIR, re-
spectively. An error budget analysis showed that this techniques had an aver-
aged uncertainty of 37% and 53%, for NHz and CH4 quantifications, respec-
tively. Emission rates ranged from 155 to 874 kg/h for CH4 and 32 to 191 kg/h
for NHs. Average EFs for the dairies were 40 + 18 g/LU/h for CHs and 9 + 3
g/LU/h for NHs. Measurements were only performed in May and October, and
variations between the measurements were minimal, as the farms operated in
similar temperature conditions. NH3 measurements were limited to the day-
time, albeit emissions for this gas still demonstrated diurnal variations over
this measurement time. Similarly, we observed NH3-to-CHg ratio diurnal vari-
ability. Modelled NHz emissions were similar to those measured when a diur-
nal emissions model was used. For CH4, modelled emissions were lower than
measured emissions; however, a lack of knowledge about manure management
at the specific farms influenced the comparison. Finally, the methods employed
herein were valuable tools for investigating livestock CH4 and NH3 emissions.
They captured emission fluctuations over a complete year, as well as the effi-
ciency of two different CHs mitigation system, and helped identify factors af-
fecting CH4 manure emissions.
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Dansk sammenfatning

Landbrugsproduktion forventes at vokse betydeligt i de kommende ar, derfor
er det afgagrende at reducere dens miljgpavirkninger. Landbrugets bidrag til
ammoniak (NHs) og metan (CH4) gasemissioner er stor, iseer fra husdyrspro-
duktion. At undersgge disse emissionskilder ved hjelp af atmosfariske male-
teknikker bidrager med at indsamle viden om emissionsrater, de faktorer der
driver dem og effektiviteten af afbgdningsstratregier. Maling af disse kilder er
stadigt begraenset til tilgeengelige metoder og smaskalaforsag, eller begraenset
af typen af animalsk produktion (f. eks. Mekanisk ventilerede stalde). Derfor
er der behov for finde alternative metoder, iseer dem, der er lettere at anvende
0g kan give ngjagtige emissionsniveauer.

Det overordnede formal med denne ph.d. er at udvikle og anvende metoder til
at kvantificere NHsz og CH4 emissioner fra husdyrproduktion. CH4 emissioner
blev malt via sporgasmetoden (TDM) og den indirekte fluxmetode (IFM).
Emissioner fra kvaegproduktion i Danmark og USA blev undersggt, mens kun
danske svinefarme blev undersggt. Desuden blev NH3 emissioner malt fra me-
jeriproduktionsanleg i USA. Metoderne var primart designet til at vurdere
emissioner fra hele gardens drift, sa en stationer tilgang til TDM-metoden blev
optimeret, gennem prgvetagning af koncentrationer nedvind fra kilden, ud fra
faste punkter placeret pa en mark, hvilket mindskede afhaengigheden af karsel
langs veje.

| Danmark 1& CH4 emissionsraterne pa ni kvaegbrug fra 0.7 til 28 kg/t. CH4
rater blev derefter normaliseret pr. husdyrenhed (1 LU = 500 kg kropsvegt), i
gennemsnit 23 £ 9 g/LU/t. Bedrifterne med de stgrste emissionsfaktorer var
dem med dybstrgelseshuse med lange spisepladser. Desuden varierede CHa
emissionsraterne fra syv svinebedrifter ogsa over en lignende skala (0.2 til 20
kg/t). Efter omregning til emissionsfaktorer, havde bedrifter uden ggdningsbe-
handling i gennemsnit mellem 13 + 6 og 18 + 9 g/LU/t, mens bedrifter, der
opbevarede afgasset gylle, i gennemsnit havde en emissionsfaktor pa 8 + 7
g/LU/h. Derudover blev der anvendt egen forsuret gylle pa to andre garde, med
gennemsnitlige emissionsfaktorer pa 2 + 1 g/LU/h. Malingerne var fordelt over
aret, og emissionsudsving over manederne var stgre hos svinebedrifter end hos
kvaegbedrifter, selvom emissionsmgnstrene var de samme. Ydermere var de
malte emissioner hgjere for alle bedrifter end de modellerede opggrelsesrater,
omend for kvaegbrug var opgarelsesestimater og malte rater inden for usikker-
hedsniveauer pa de fleste af de undersggte lokaliteter. Omvendt undervurde-
rede lagerkvantificeringer i hgj grad svinebedrifternes CH4 rater.
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Endvidere blev CH4 emissionsraterne fra ti ggdningstanke kvantificeret ved
hjelp af mobile og stationaere TDM’er, ved at kere minimum seks malekam-
pagner i lgbet af aret. Emissioner fra svinegylle var hgjest, mens forsuret gylle
havde de laveste emissionsfaktorer. Satserne varierede fra 0.01 til 14.3 kg/t.
Gennemsnitlige arlige rater, normaliseret efter oplagret gadning, for alle tanke
varierede fra 0.2 g/m3/h til 2.7 g/m3h, hvor svinegylleopbevaring viste bety-
delig variation mellem de forskellige tanke. Derudover havde overdaekkede
tanke hgjere emissioner end ikke-overdakkede.

Desuden blev NHz og CH4 emissioner kvantificeret ved 14 mejerikoncentre-
rede dyrefodringsoperationer (CAFQO’er) i Californien ved hjalp af henholds-
vis SOF og MeFTIR. En fejlbudgetanalyse viser at denne teknik havde en gen-
nemsnitlig usikkerhed pa 37 % og 53 % for henholdsvis NH3; og CH4 kvantifi-
ceringer. Emissionsraterne varierede fra 155 til 874 kg/t for CH4 og 32 til 191
kg/t for NHs. Gennemsnitlige emissionsfaktorer for CAFO’er var 40 + 18
g/LU/t for CH4 0og 9 + 3 g/LU/t for NHs. Malinger blev kun udfart i maj og
oktober, og variationerne mellem malingerne var minimale, da gardene bedrif-
ter var under lignende temperaturforhold. NHs malinger var begranset til dag-
timerne, selvom emissioner for denne gas stadig viste daglige variationer over
denne maletid. Tilsvarende observerede vi i NH3 til CH4 forhold daglig varia-
bilitet. Modellerede NH3 emissioner svarede til dem, der blev malt nar en dag-
lige emissionsmodel blev brugt. For CH4 var modellerede emissioner lavere
end malte emissioner; manglende viden om gyllehandtering pa de konkrete be-
drifter pavirkede dog sammenligningen. Endelig var de heri anvendte metoder
veerdifulde verktgjer til undersggelse af husdyrs CH4 og NH3z emissioner. De
malte emissionssvingninger over et helt ar, savel som effektiviteten af to for-
skellige CH4 reduktionssystemer, og hjalp med at identificere faktorer der pa-
virker CH4 ggdningsemissioner.



Table of contents

P ACE. . i
ACKNOWIBAGEMENTS ... Vi
SUMIMAIY Lot e e e e st e e e e e e e e s e e e e e e e e e e s e snnenees Vii
Dansk sammenfatning .........ccuvvviiiiiieee e IX
Table Of CONTENTS ..uuviiiii e Xi
R 1 01 0o ¥ o3 4 o o SRR PP 1
1.1BACKGIOUNG ...ovviiiiiieeee et e e e e e e e e s e ar e e e e e e e 1
L2AIM Of the StUAY ..oooovviiii 3

2 CHzand NH3 MISSIONS.......uvviiiiiiiiiiiiiieiirereeerererrrerererrserrrrrerrrrrrrrrrr————— 5
2.1CHg4 emissions from livestock production ...........cccccevviiiiieiiiiiiiee e 5
2.1.1 Dairy and beef farm emiSSioNns .........ccvvviieiiiiiiiiiiic e 7

2.1.2 Pig farm emiSSIONS ......cvuuiiiiiiie et 8
2.2Mitigation of CHa €MISSIONS.......uuuiiiiiiiiiiiiiiiiiiiiiieirirerre e 9
2.3NHs emissions from livestock production ...........ccooevvvvivieeeeeeiiiiiiiiiieeeeenn 10
2.4CHas and NH3z measurement Methods.............uuvuiviiiiiiiiiiiiiiiiiiiiiiiinienn, 11

3 Materials and MethOdS...........evvvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeveer v 13
3.1CHa emissions — TDM and IFM.............uuuiuiiiiiiiiiiiiiiiniiiiiiiiiiniren. 13
3.1.1 Mobile tracer gas dispersion method (TDM) ......ccccovviiiiiiiiiiiieeieee e, 13
3.1.2Stationary TDIM......oooiiiiiiiic e 15

3.1.3 Indirect flux Method (IFM) .....couviiiiiii e 16
3.2NH3 measurements — SOF .......uiiiiii e 17
3.2 L WINA SPEEA......eeeieeiiieee et 19
3.3Measurement uncertainty — Error budget ............cccoooiiiiiinee 20
3.4Quantification of CH4 emissions from Danish cattle and pig farms ............ 22
3.4.1 Danish cattle FarmMS.........cuvviiiiiiiiiiiieieeee e aereeees 22
3.4.2Danish Pig farmS .....veeiei i 24
3.5Quantification of CH4 emissions from manure storage tanks ...................... 26
3.6Quantification of NH3z and CH4 emissions from CAFOS ..........cccccvvvvvvvninnns 27

A RESUITS ... e 29
4.1CHa4 emissions from Danish livestock farms — whole-farm emissions......... 29
4.1.1 CH,4 emission rates and EFs from cattle farms ...........cccoooiiiiiiiiiiiiiiiiiieen, 29

4.1.2 CH4 emission rates and EFs from pig farms..........cccoooeeeiiii e, 30

4.1.3 Temporal emission variability at pig and cattle farms...........c...cccoooeiiiiinn. 32

4.1.4 INVENTOTY COMPAIISON ..uuuuuuuuuuueunnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn 33

4.2 CH4 emissions from Danish livestock farms — manure storage emissions... 35
4.2.1 CH,4 emission rates and EFs from manure storage tanks............cccooeeeeiiiiinnne 35

4.2.2 Temporal emission variability in manure tanks............cccccoviiiiiiiiiiieniinn. 36

Xi



5

© 00 N O

4.2.3 Factors affecting MmMISSIONS. .......uuuiuiiiii s 37
4.3CH4 and NHs emissions from concentrated animal feedlot operations in the
uUsS 38

4.3.1 CH4 and NH3 emission rates and EFs from dairy CAFOS........cccccceeeeeiinne, 38

4.3.2 Temporal emission variability at dairy CAFOS .........cccccoeeiiiiiiiiiiiiece e, 39

4.3.3 Comparison with the inventory and other literature ...........ccoooeeeiiiiiiiiiiiinnnnn 40
D o] U 1S1S] L] o P EERRR 42
5.1Suitability of the methods to study CH4 and NHs emissions from livestock
PROTUCTION ...ttt e e e et e e e et e e e st eeeeaas 42
5.2CH4 and NHs emission rates and EFs from different production systems ...43
5.3Factors affecting CHa €MISSIONS ........uvvviiiiiiiiieeeiiiiee e 44
5.4CHa mitigation strategies’ impact ON €MISSIONS .....vvvvvvrrvrrrnrmrnrnrnrirnrninnninnnes 46
(7o) o [0 [V o] o 1P 47
FULUIE FESEANCR ....evveeiic e 49
RETEIENCES. ..o 50
PaAPIS < e 60

Xii



1 Introduction

1.1 Background

About 30 years ago, the first United Nations framework convention on climate
change was signed. Since then, the earth’s temperature has continued to in-
crease to the point that the threshold of 1.5 °C warming is almost inevitable
and set to be reached within the next decades (IPCC, 2022). Agro-food systems
account for 31% of total anthropogenic greenhouse gas (GHG) emissions
(FAO, 2022), 46 %of which derive from farms. CHa4 is a GHG with a warming
potential approximately 28 times worse than carbon dioxide (COz) (IPCC,
2022). Moreover, it has a short lifetime in the atmosphere (~ 12 years), so the
impact of CH4 emission reductions is noticed faster than a decrease in COz
emissions (IPCC, 2022). CH4 emissions from livestock production alone cor-
respond to 5.8% of total GHG emissions (Climate watch, 2022). Country-spe-
cific contributions vary according to their economic activities; for instance, in
the USA, CH4 emissions from livestock production make up 4% of total GHG
emissions (EPA, 2023), while in Denmark, they sum up to 13% (Nielsen et al.,
2021). The contribution of each livestock type globally is 35%, 30% and 10%
for beef cattle, dairy cattle and pigs, respectively (Herrero et al., 2016).

Likewise, agriculture is a major source of NH3z emissions (~ 85%) (EDGAR
database, 2023) —a process strongly influenced by climate (Sutton et al., 2013).
Livestock manure alone corresponds to 13-25% of total NH3z emissions glob-
ally (Sutton et al., 2013), which affect ecosystems by causing eutrophication
and by being an indirect GHG. Additionally, NHzs is a hazard to human health
due to the formation of fine particulate matter (PM2.5) and its subsequent reac-
tion with acid molecules in the atmosphere. Long-term exposure to PM2s can
affect the lungs and cause premature death (Wyer et al., 2022). Moreover, be-
cause NHs is a reactive particle, its lifetime in the atmosphere is short (hours
to days), depending on atmospheric conditions (Wu et al., 2008). The fate of
NH3 also includes dry and wet deposition, which increases complexity and
makes it challenging to model and measure (Zhu et al., 2015a).

NHz emissions from livestock are regulated, to some extent, under EU law
(NEC 2016/2284) by reporting and monitoring emissions in sensitive habitats
and limiting emissions from certain facilities (Wyer et al., 2022). In Denmark,
NH3 legislation is strict, in that farmers must use housing systems and environ-
mental technologies that ensure emissions in this regard are reduced (Bjerg et



al., 2019). Additionally, liquid manure storage tanks need to be covered, fol-
lowing recommendations from the Environmental Protection Agency’s tech-
nology list (Ministeriet for Fgdevarer Landbrug og Fiskeri, 2021). Pig manure
storage should have a fixed cover, with documented reduction efficiencies re-
lating to NH3z and odour when located near residential areas (Ministeriet for
Fadevarer Landbrug og Fiskeri, 2021).

Climate laws started to emerge in European countries in the last decade, with
the intention of achieving short- and long-term goals in relation to carbon neu-
trality; Denmark was one of the pioneers in this regard (Duwe and Evans,
2020). Particularly in agriculture, there is a new initiative on imposing CO;
taxes on farms with the aim of reducing GHG emissions, which will further
ensure an emission reduction of 55 to 65% of emissions from agriculture and
forest sector, by 2030 (Svarer et al., 2022). Additionally, it should be empha-
sised that Denmark has a quality reporting system for agricultural practices
whereby farmers have to document every animal, feed purchase and fertiliser
used (Wirsenius et al., 2020). In the USA, the California State Senate recently
passed a Bill (SB1383 Lara, Chapter 395, 2016) through the California Air
Resources Board (CARB) calling for implementing mitigation strategies to re-
duce 40% of CHs emissions from the livestock sector by 2030 (State of
California, 2016).

Nonetheless, research has pointed out that global livestock CH4 emissions are
11% greater than estimates based on IPCC-modelled emission factors (EFs),
with the most significant errors in manure management emissions (~ 36.7%)
(Wolf et al., 2017). Similar studies have shown the same model underestima-
tions for NH3 emissions (Nowak et al., 2012; Van Damme et al., 2018). Models
used to predict CH4 and NHz emissions suffer from narrow spatial focus and
limited observations (Hristov et al., 2018), which convert to uncertainties about
the impact of different factors controlling emissions (Hassouna et al., 2022).
Models need to be sharpened to estimate emissions used in legislation and cli-
mate agreements, and hence techniques for emissions monitoring should be
developed and well-documented to provide models with important data. More-
over, measuring CH4 and NHs livestock emissions is essential for implement-
ing and documenting new management or mitigation strategies. There is no
ideal method for these emission quantifications, however, because there are
different farm management strategies (e.g., open and closed animal houses),
spatial and temporal methodology limitations and measurement uncertainties
(Tedeschi et al., 2022). Therefore, there is a need to expand the measurement



techniques toolset, and methods not commonly used to quantify livestock emis-
sions should also be tested, in order to determine their suitability for these
sources. The focus should thus be on non-intrusive methods that quantify fu-
gitive farm-scale emissions. The mobile tracer gas dispersion method (TDM)
has been extensively used to quantify emissions from landfills (Galle et al.,
2001; Scheutz et al., 2011), biogas plants (Scheutz and Fredenslund, 2019) and
wastewater treatment plants (Delre et al., 2018), and it has been applied in a
short-term study at a dairy farm (Arndt et al., 2018). Solar occultation flux
(SOF) is another method that has been applied minimally to quantify NH3
emissions from livestock (Kille et al., 2017), but instead it has been widely
used to quantify industrial VOC and alkenes emissions (Johansson et al., 2014;
Mellgvist et al., 2010). In addition, SOF combined with ratio measurements
results in another method that can be used to simultaneously measure CHy,
known as the indirect flux method (IFM).

Therefore, in this study, we investigate additional applications of TDM, SOF
and IFM on livestock emissions. In addition to method development and
demonstrations, quality data on livestock emission rates was obtained, which
can be further used to expand knowledge about farm-based CH4and NH3 emis-
sions. Measurements were performed in different two countries, namely Den-
mark and in the USA, and so the results should reveal a broad picture of these
emissions.

1.2 Aim of the study

The overall objective of this project was to develop and apply methods to quan-
tify CH4 and NH3 emissions from livestock production. It covers whole-farm
and manure tank CH4 emissions from pigs and cattle in Denmark. In addition,
NHs and CH4 emissions from dairy-concentrated animal feeding operations
(CAFOQOs) in the USA (California) were studied. The farms’ manure manage-
ment systems and climates are different in both countries. The research ques-
tions are as follows:

e Are TDM, IFM and SOF suitable for studying CH4 and NH3z emissions from
livestock production? (Papers I-V1)

e What are the CH4 emission rates and emission factors (EFs) for Danish cattle
and pig farm production, and Californian dairy CAFOs? Additionally, what
are the NHs emission rates and EFs for Californian dairy CAFOs? (Papers
I, Il and V)



e What is the CH4 emissions reduction caused by mitigation methods (biogas
and acidification) used Danish farms? (Papers I, I1, 1V and V)

e What are the main factors affecting CH4 emissions from manure storage
tanks? (Paper 1V)

The method development part of the project is described in Papers 111 and VI.
The quantification of emissions from manure storage tanks, using TDM, is of-
ten restricted by limited road availability; therefore, a study of a new stationary
TDM approach was tested (Paper I11). In paper VI, the uncertainty and appli-
cation of the SOF method for quantifying NHs emissions was assessed. Fur-
thermore, method application is the focus of Papers I, 11, IV and V. The TDM
was applied to quantify whole-farm emissions from dairy and beef cattle units
in Denmark (Paper 1). Later, similar work was done for whole-farm emissions
at Danish pig farms (Paper I1), at which point different migration strategies
were also investigated. Using the mobile and stationary TDM (Paper 111)
method, ten manure tanks were investigated for a year to verify factors affect-
ing CH4 emissions (Paper 1V). Finally, we used the SOF and IFM methods to
quantify NHs and CH4 emissions from California dairy CAFOs (Paper V).

Based on the measurement methods’ characteristics (e.g., medium- spatial cov-
erage, discrete sampling) and limitations (e.g., weather conditions), we defined
the approach of our study. In addition, the state of the art lacks measurements
of whole-farm emissions from dairy and pig facilities as well as comparisons
between units using the same emission measurement methodology. Therefore,
in this project, measurements were repeated (six times for TDM and two for
SOF and IFM) at several facilities (16 Danish farms, 14 Californian CAFQs)
instead of focusing on many more measurements at one or two farms.



2 CHs and NHs emissions

This chapter provides an overview of CH4 and NHs emissions from cattle (dairy
and beef) and pig farms. It summarises the current knowledge on emissions,
focusing on management systems used on Danish and Californian farms. Fur-
thermore, the most common methods used to measure these emission sources
are discussed.

2.1 CH4 emissions from livestock production

Livestock CH4 emissions are produced via two different mechanisms: (1) en-
teric fermentation and (2) manure degradation. Emissions from the first pro-
cess come directly from animals’ digestive systems, whilst in the second, CH4
Is produced during the anaerobic decomposition of organic matter in the animal
manure during storage. The proportion of enteric and manure emissions in a
farm varies according to the type of production (e.g., cattle and pig), farms’
management choices and climate conditions.

Ruminants have a digestive system that allows for breaking down large carbo-
hydrate molecules into small ones via fermentation (Palangi et al., 2022). CH4
is produced according to the animal energy feed utilisation, approximately 12%
of which is lost as CH4 (Palangi et al., 2022). Enteric emissions from cattle
depend on genetic factors (Levendahl et al., 2018), age (e.g., calve, heifer,
adult cow), production (e.g., milk, beef) (Ellis et al., 2007) and more im-
portantly on dry matter intake (DMI) and diet composition (e.g., amount of
fibre and oils) (Ricci et al., 2013).

CH4 emissions from manure are produced by anaerobic digestion (AD) pro-
cesses. The magnitude of CHs manure emission depends on manure composi-
tion (Hilgert et al., 2022; Petersen et al., 2016), environmental conditions
(Cardenas et al., 2021) and the type of management used at the farm (IPCC,
2006; Kupper et al., 2020), all — or a combination — of which are often inter-
connected.

Regarding environmental conditions, manure temperature is an essential pa-
rameter in CH4 production because it is connected to microbiological activity.
However, temperature is a result of local climate, the frequency and time (e.g.,
autumn, summer) of manure removal and the size and format of storage solu-
tions (Rennie et al., 2018). The relationship between temperature and CH4



emissions is exponential (Mangino et al., 2001), so a few degrees above a cer-
tain threshold can significantly affect CH4 emissions, whilst changes at low
temperatures will have minimal impacts. Sommer et al. (2007) observed that
CHas emissions for manure temperatures below 15 °C were insignificant, while
at 20 °C they were almost one magnitude higher. Additionally, Céardenas et al.
(2021) found that CH4 production was consistently low below the threshold of
13.9 °C. Other factors associated with manure composition, such as total solids
(Qu and Zhang, 2021), volatile solids (Sommer et al., 2004) and pH level, af-
fect CH,4 production and emissions. Inhibition of the microbial community by
chemicals, such as hydrogen sulphide (H2S), might also occur, although re-
search in this area is lacking (Dalby et al., 2021).

Regarding the management of manure, many farms have shifted to liquid ma-
nure systems (dry matter < 12%) (Sommer et al., 2013). In Denmark, dairy
cattle are placed inside of a house, typically with loose-holding and a slatted
floor lined with straw or sand beds. Dairy manure is collected under the animal
house and then moved to storage tanks, which are subsequently emptied one or
two times a year (Figure 1). Californian dairy CAFOs usually also keep ani-
mals in open houses, where the manure is excreted and removed by flushing
into anaerobic lagoons (Figure 1). Anaerobic lagoons should be emptied once
a year. The described management systems correspond only to lactating cows,
and so heifers and calves might be managed differently. Furthermore, on Dan-
ish organic farms, milk cows spend part of their day grazing outside during the
summer (~ 7 hours over 196 days).

CHa4 emission sources on a farm are animal houses and manure storage units,
such as tanks and lagoons. In the former, CH4 is produced by both enteric fer-
mentation and manure degradation. Most of the research into emissions from
livestock production measures emissions from either manure storage units or
animal houses, while only a few apply measurements to whole-farm emission
studies.
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Figure 1: Simplified typical management schemes at Danish pig and cattle farms and Cali-
fornian CAFOs. On Danish farms, manure is usually stored under the animal house and
transferred to an outdoor storage tank once a month. In California, dairy farms recycle wa-
ter from an anaerobic lagoon to flush the animal house, which is then transferred back to
the anaerobic lagoon. ?Dairy CAFOs animal houses are naturally ventilated, similar to most
of the dairy and beef in Denmark, while pig houses are most often mechanically ventilated.

2.1.1 Dairy and beef farm emissions

A recent initiative has created a global database (DATAMAN) of NH3, N2O
and CH4 EFs from both animal house and manure storage facilities, collecting
approximately 394 CH4 EFs (Hassouna et al., 2022). For comparison herein,
CHs EFs covering cattle production normalised by either livestock unit (1 live-
stock unit = 500 kg of body weight) or by the number of animals were 11.72
5.35 g/LU/h and 21.16 £ 15.13 g/animal/h. These EFs account for enteric and
manure emissions in the house, although the contribution from the last one
should vary according to the type of floor (e.g., slatted, solid), bedding and
climate. Enteric emissions from cattle alone have been reported as varying
from 3.2 to 19.6 g/animal/h (Ricci et al., 2013).

The contribution of manure emissions from cattle farms located in temperate
regions should be around 15-20% of total emissions (Petersen, 2018). How-
ever, in warmer climates, such as in California, manure emissions can be as
high as 50% of all farm emissions (Owen and Silver, 2015). In addition to



climate conditions, Californian farms are expected to produce higher emissions
from manure management due to anaerobic manure lagoons, while in Europe
most countries use concrete storage tanks (Wirsenius et al., 2020). Only a few
studies have measured CH4 emissions from whole cattle farms (Arndt et al.,
2018; Bjorneberg et al., 2009; Leytem et al., 2011; VanderZaag et al., 2014),
and most have focused on North American farms, while only a few have looked
at European farms (Amon et al., 2001; Biihler et al., 2021; Hensen et al., 2006);
however, measurements over different seasons are still in short supply in some
of these studies.

2.1.2 Pig farm emissions

CHas emissions from pig farms originate from manure and enteric mechanisms;
however, a pig’s digestive system is monogastric, so they produce much less
CHas via enteric fermentation (~ 1.5 g/head/day (IPCC, 2006)) than a ruminant
(~ 150 g/head/day (IPCC, 2006)). Similarly to cattle farms, physical CH4 emis-
sion sources at pig farms are animal houses (manure and enteric processes) and
manure storage. There are mainly two types of pig farms, namely breeding and
growing production. The first involves sows producing piglets, accounting for
approximately 14% of Danish pig farms (Danish Agriculture & Food Council,
2020). Piglets are then grown on to become weaners and then transferred to
growing farms, where they arrive at approximately 30 kg in body weight and
grow up to 110 kg over a 12-week cycle; these are called “fattening pigs” (~
42% of Danish farms) (Danish Agriculture & Food Council, 2020). Other
farms are a blending of both pig types.

Pig animal house emissions have been studied, as pigs are kept in closed hous-
ing systems that are often mechanically ventilated, thereby making them easier
to measure. The contribution of CH4 from manure and from enteric emissions
will vary according to the animal’s age, feed intake (Philippe and Nicks, 2015),
house management (e.g., frequency of manure removal), temperature and ven-
tilation rate (Blanes-Vidal et al., 2008; Haeussermann et al., 2006). EFs from
animal houses are expected to be approximately 5.0 + 5.3 g/LU/h (Hassouna et
al., 2022, Paper I1).

After being stored in the animal house, manure is transferred to outdoor storage
concrete tanks. CH4 emissions from these tanks have been studied (Husted,
1994; Kaharabata and Schuepp, 1998; Loyon et al., 2016; VanderZaag et al.,
2022), but they are still limited. CH4 EFs from pig manure tanks are on average
1.39 + 1.47 g/m3/h (Hassouna et al., 2022) or 4.29 + 2.85 g/LU/h (Paper I1).



Emissions from manure storage at pig farms (animal house and outdoor stor-
age) are expected to contribute to as much as 80% of a farm’s total emissions
(Paper I1). Nonetheless, to our knowledge, no study has quantified total fugi-
tive emissions from an entire pig farm.

2.2 Mitigation of CH4 emissions

Reducing CH4 emissions from livestock is essential to preventing the effects
of climate change. Several strategies can be applied to mitigate emissions from
both enteric and manure production. CHs manure emission mitigation strate-
gies studied in this thesis (Papers I, I1, IV and V) are the focus of this sub-
section, as no enteric or NHs mitigation approach was directly studied herein.

Liquid manure management produces CH4 via AD, and the produced CH4 can
be collected and used as energy. On-site solutions vary from simply covering
manure storage facilities (e.g., lagoons (Paper V)), to centralised biogas plants,
to where manure from several farms is digested with other feedstock. In this
last type of setup, the digested manure returns for storage in tanks at the farms
providing the manure. This system has been used in Denmark more frequently
over the last few years (Papers I, Il and 1V), and in 2020, 17% of dairy and
14% of pig manure produced in the country was sent to biogas plants (Nielsen
et al., 2022). The mitigation efficiency of storing digested manure instead of
raw manure has been reported at 85% (Maldaner et al., 2018), while other study
has seen a higher CH4 production from stored digestate than the raw manure
(Rodhe et al., 2015).

Manure acidification is one of the most promising mitigation strategies for re-
ducing CH4 and NH3z emissions and the capacity to use this systems is installed
at 20% of Danish farms (Jensen et al., 2018). The principle consists of reducing
the manure’s pH, which affects the mechanisms producing both gases. The acid
can be added to the storage tank, which is the most common method in Den-
mark (Foged et al., 2017). Additionally, acidification can be carried out in-
house, i.e., when manure stored under the animal barn is transferred to external
storage for acidification and then sent back to a storage unit under the animal
house or to external tanks. Treatment efficiency in lab- and pilot-scale studies
has been reported to vary from 37 to 98% and 17 to 90% for NHz and CHa,
respectively (Fangueiro et al., 2015). In a recent study (Lemes et al., 2022),
early single-dose acidification in farm-scale manure tanks showed an immedi-
ate reduction of 95% in CH4 emissions. Results on the reduction of CH4 emis-



sions for in-house acidification are shown in Paper I1. As a drawback, the treat-
ment might be a health threat to farmers handling the acid and can cause foam
formation (Kai et al., 2008); additionally, it is expensive to implement.

Furthermore, frequent slurry removal from manure pits under animal housing
can reduce emissions, as manure is moved to a colder environment (indoor vs.
outdoor temperature) (Dalby et al., 2022). The effect of this management on
CH4 emissions will be demonstrated in section 4.1.2. In manure storage units,
a natural crust on the top of the manure is usually formed. The effects of this
crust on CH4 emissions mitigation, however, are unclear, as when the crust is
not homogeneous CH4 can escape through cracks in the cover (Kupper et al.,
2020). Other types of mitigation, such as installing a fixed manure tank cover,
have been implemented, but despite generally high efficacy in relation to re-
ducing NHz emissions, CHs emission mitigation is still poorly documented
(Kupper et al., 2020). In Denmark, fixed covers, which are not gas-tight tent
structures made of PVC, are used in 24% of pig tanks and 10% of dairy manure
tanks (Mikkelsen and Albrektsen, 2020) to reduce NHz emissions. The effect
of this cover on CHj are investigated Paper 1V.

2.3 NH3z emissions from livestock production

NHs is produced by the decomposition of primarily urea present in animal
urine, by enzyme urease, mainly present in faeces (Hristov et al., 2011). The
mixture of urine and faeces leads to the production of ammonia (NH3) and
ammonium (NH4"), which are in equilibrium in the manure according to certain
characteristics (e.g., pH). NHz is then volatilised into the atmosphere by mass
transfer driven by temperature and wind speed (Olesen and Sommer, 1993)
from the surface of the manure. To model NH3 emissions, differences between
NH4*/NH3 concentrations are constrained by turbulent, quasi-laminar and can-
opy resistances (Sutton et al., 2013). Furthermore, concentrations at the surface
are proportional to temperature, based on thermodynamics (Sutton et al.,
2013). In pig and cattle farms, sources of NH3 are animal houses and manure
storage.

NH3z emissions from animal barns can be about 10 to 14% of the nitrogen con-
tent in manure, but in extreme circumstances, this figure can reach up to 50%
(Hristov et al., 2011). Emissions depend on the house design, nitrogen intake
and weather conditions. In a study of San Joaquin Valley (SJV) CAFQOs, Miller
et al. (2015) measured NHz mixing ratios downwind from these animal facili-
ties. NHz concentrations were high downwind of the animal area, and they were
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lower near to anaerobic lagoon areas, while CH4 concentrations were high in
this area, therefore, NHsz and CH4 concentrations were poorly correlated down-
wind the lagoon (Miller et al., 2015).

Average EFs estimated by the US EPA (U.S. Environmental Protection
Agency, 2018) for Tulare and Kern county dairy CAFOs are 4.13 g/head/h,
varying from 0.52 to 13.03 g/head/h. The same variation of one factor of mag-
nitude’s difference between monthly NHs emissions has been reported else-
where (Leifer et al., 2018). In addition to monthly variations, NHs emissions
have a strong diurnal pattern (Sun et al., 2015; Zhu et al., 2015b) related to
temperature and wind speed.

2.4 CH4 and NHsz measurement methods

CH4 and NHs have different characteristics. The former is relatively inert and
has a lifetime of approximately two decades, whilst the latter is a highly reac-
tive gas and remains in the atmosphere for only a few hours or days (Leifer et
al., 2017). Therefore, measuring NHs concentrations is difficult, as in close-
path instruments, NHz will adhere to the tube inlet and instrument interior
(Twigg et al., 2022), leading to a delay or inaccuracy in measured concentra-
tions. Hence, open-path instruments are preferable for NHz measurements; oth-
erwise, they need to have a special surface coating or heating, to avoid NH3
adsorption (Sun et al., 2015). Furthermore, CH4 and NH3 concentrations can
be measured using instruments suited to different platforms. Stationary meas-
urements are often used when the priority is obtaining continuous information.
Moreover, instruments can be suited to mobile platforms (Eilerman et al.,
2016; Golston et al., 2020), airplanes (Daube et al., 2018), or, more recently,
drones (Vinkovi¢ et al., 2022). One study applied a novel sampling system set
up in a drone to quantify emissions from animal houses. The system provides
flexibility in terms of measurement, as it does not rely on road availability,
albeit measurements are discrete and record for just a few minutes (Vinkovié¢
et al., 2022). Furthermore, satellite data can be used to investigate emissions
over large areas; for instance, historical IASI NHz column concentration data
has been used to detect and quantify emissions from hotspots around the globe,
with most agricultural sources (~33%) related to intensive farming (Van
Damme et al., 2018). However, satellite-based detection of farm-scale emis-
sion rates is still not possible due to restrictions in spatial resolution.

After concentrations have been measured, they need to be converted to fluxes
by using information about the gas flow. Several methods have been used to
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measure emissions from livestock, each with its own constrains. For instance,
for some popular approaches, such as chamber methods (Husted, 1994), during
their application they can affect the factors driving emissions (intrusive meth-
ods). The design of the facility also plays a role; for instance, emissions from
mechanically ventilated houses are often quantified by measuring emission en-
hancement from an animal house’s outlet together with the ventilation rate
(Hassouna et al., 2020). This method corresponded to 88% of the EFs from
animal houses collected in the DATAMAN dataset (Hassouna et al., 2022),
11% of which were measured using surface chambers and 1% micrometeoro-
logical techniques. Regarding storage tanks, Kupper et al. (2020) revealed that
67% of gaseous emissions from manure storage units were quantified using
surface chambers, about 30% used micrometeorological techniques, while
tracer methods were only used in 1% of the quantifications of lab-, pilot- and
farm-scale EFs. Additionally, 46% of the EFs were quantified in farm-scale
tanks (Kupper et al., 2020).

Different micrometeorological techniques, such as the inverse dispersion
method (IDM), have been used to quantify CH4 (Blhler et al., 2021; Laubach
and Kelliher, 2005) and NHz emissions (Flesch et al., 2007). This method es-
timates emissions using measurements of wind parameters and downwind gas
concentrations to derive the emissions-concentration relationship (Flesch et al.,
2005). Measurements are continuous, although depending on wind conditions
and concentration measurement setup (e.g., open-path, line average), a certain
amount of the collected data will be discarded (Buhler et al., 2021; Lemes et
al., 2022; McGinn et al., 2006). The method requires certain topographical fea-
tures (flat terrain) and a lack of interfering sources nearby (Flesch et al., 2005).
Recently, IDM was applied to measure emissions from an animal house in
Switzerland, revealing a suitable application even at low emission rates and
with complex wind conditions (Bihler et al., 2021). The mass balance flux
method is another micrometeorological method whereby emissions are esti-
mated based on integration over height in upwind and downwind positions
(Wagner-Riddle et al., 2006). Moreover, eddy covariance has also been used
to measure emissions from livestock, as long as assumptions on spatial homo-
geneity are fulfilled (Sunetal., 2015). Since micrometeorological methods rely
on assumptions regarding atmospheric dispersion in order to estimate emis-
sions, they can have significant uncertainties. Finally, combining different
methods might be the best approach to cover any limitations; however, more
research is needed to validate individual methods and apply them in different
production scenarios (Tedeschi et al., 2022).
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3 Materials and methods

3.1 CH4 emissions — TDM and IFM

An alternative method for quantifying target gas emissions without relying on
atmospheric modelling is to use information from another gas (here, called a
tracer) and its correlation to the target gas. The method relies upon both gases
dispersing similarly in the atmosphere. The tracer gas can be a synthetic re-
leased gas or another naturally released gas from a nearby source, as long as it
is ensured that the gases are well mixed. The tracer gas release rate should be
deduced through either calculations or measurements. Fluxes from the target
gas are calculated by combining the tracer gas’s known rate and the target-to-
tracer gas ratio. There are a few approaches for estimating emissions using this
principle (Galle et al., 2001; Grainger et al., 2007; Roscioli et al., 2015), but
herein we focus on two methods, namely the tracer gas dispersion method
(TDM) (Mgnster et al., 2014; Scheutz et al., 2011) and the indirect flux method
(IFM) (Mellgvist et al., 2020), to quantify CH4 emissions.

3.1.1 Mobile tracer gas dispersion method (TDM)

The first method used acetylene (C2H2), an inert synthetic gas, as a tracer gas,
as there are no other sources of this gas on a farm. C;H; was released close to
the target sources directly from the gas cylinder, using a flowmeter to ensure
stable flow. The flow rate was verified by weighing the bottles before and after
the release. In order to quantify manure storage tanks, where feasible, the gas
was released from the centre of the tank, using an extended tube attached to a
floating material. Emission rates were calculated using equation 1:

2
E = Jz1 (Ctg= Cbgg)dx MW,
t

=E; = .
9 " f;cl (Ctr_ Cbg,tr)dx MWy

(Eq. 1)

where E represents the emission rate (kg/h) of the tracer (tr) and target (tg) gas,
C is the plume concentrations and Cyg is the background concentrations of both
the target and the tracer gas (ppbv). Finally, MW is the molar weight of both
gases. Moreover, the ratios were calculated by integrating the whole plume
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area through the transect distances (x1 and x2), described by Fredenslund et al.
(2019) as the preferred approach.

Concentration measurements were taken from vehicle on which the analytical
instruments were installed, with air sampling on the top of the car (~ 2 m). The
main instrument used to measure the concentrations was a cavity ring-down
spectrometer (CRDS) model G2203 (Picarro Inc., California), measuring both
C2H2 and CHa4 (Table 1). When this instrument was not available, a combina-
tion of two other CRDS was used, namely model G1301 measuring CH4 and a
custom-made CRDS instrument (S/N JADS 2001) for CoH2 (more details in
Table 1).

Table 1: Characteristics of the instruments used.

Method Instrument Gases Unit Precision Sampling Papers
(30) frequency
TDM CSDR- G2203 CHa4 ppbv 2.1 2s Paper | - IV
C2H2 0.3 ppbv 2s
- G1301 CHg4 2.5 ppbv 4s
- JADS C2H2 3.4 ppbv 3s
IFM MeFTIR NHs ug/m3, 15 ppbv 9-10s Paper V and
CHa4 ppbv 30 ppbv Vi
SOF SOF NHs mg/m? 2.2 mg/m? 4-5s Paper V and
VI

The TDM is applied by following a few steps. First, other potential interfering
sources are verified by observation maps and by mobile screening atmospheric
CHas concentrations in areas surrounding the farm. Further, internal screening
of the farm is performed to identify the primary sources of CHg, thereby allow-
ing for better placement of the tracer gas bottles. Usually, two to three tracer
gas bottles are used, whilst their release rates and positions depend on the
farm’s layout and CH4 sources. Following the placement of the cylinders, the
tracer gas release starts, and measurements of the source’s plume concentra-
tions downwind (500 to 2000 m) are taken (Figure 2a). In the case of lack in
correlation between the tracer-to-target, adjustments of the release rate or the
placement of the cylinders should be done. At least ten transects where the
plume is fully covered should be performed, and in this study they were col-
lected within approximately 1 to 2 hours on average. The TDM was used to
measure CH4 emissions from farms in Denmark, including entire farm and ma-
nure tank emissions (Paper I, I, 111 and 1V). Best practice for measurement
campaigns using TDM is presented in Scheutz and Kjeldsen (2019).
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Figure 2: (a) Mobile TDM illustration of measurements performed at a pig farm (b)
Stationary TDM illustration, measurements performed at a manure storage tank.

3.1.2 Stationary TDM

Quantifying emissions from manure tanks, using TDM, can be a challenge, as
it can be difficult to find roads at appropriate measuring distances and without
obstructions, as tanks are often located nearby animal houses. A stationary
TDM sampling approach was developed to offer more flexibility to the method,
in that concentration measurements could be done in the field without the need
for roads.

In the stationary TDM approach, sampling bags were placed downwind of the
manure tank, in a field, to sample plume concentrations, instead of driving
across the plume with the analytical instrumentation. It is a simple approach
and allows for measurements at distances and in places where it is impossible
to drive. The procedure consists of five to ten sampling bags (ideally more than
seven) placed across the plume downwind from the source at approximately
100 m (Figure 2b). Gas concentration sampling for the campaign in this study
occurred for about 30 min at a 150 ml/min air flow sampling rate. After gas
sampling, the concentrations were measured in the field using the same analyt-
ical platform for mobile measurements (Table 1). After analysing concentra-
tions in the sampling bags, the sampling points could be repositioned in case
they were placed outside the plume. The sampling trial should be repeated,
ideally three times. According to the analysis comparing mobile and stationary
TDM approaches, both methods produced similar results (Figure 3a). The po-
sition of the bags within the plume affected the results due to misalignments
of the tracer release position and the associated emission plume in regards to
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the source emission plume. Therefore, according to a comparison between mo-
bile and stationary methods, sampling bags should be placed in the centre of
the plume in order to cover the plume peak concentration (and 75% of the tail),
which in turn reduces the error rate to 40-60% in comparison to sampling in
the tails of the plume (Figure 3b).
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Figure 3: (a) Comparison of emission rates quantified using the mobile TDM and station-
ary TDM, (b) Difference in emission rates calculated using stationary sampling points at
different positions within the plume. The legend indicates each section of the plume corre-
spondent in the graph. (Similar figures used in Paper I11)

Target source emissions are obtained similarly to the mobile TDM (Eq. 1). The
target-to-tracer ratio is calculated by integrating the area under the measured
plume, although the plume is often incomplete. A throughout analysis of the
best method to estimate the ratio is presented in Paper I11. More details about
the sampling approach, validation experiment and guidelines for data pro-
cessing and quality assessment are discussed in Paper I11.

3.1.3 Indirect flux method (IFM)

The IFM method uses a similar principle as the TDM, but instead the quantifi-
cation of the emission of one target gas is done be measuring the emission of
another target gas and then measuring the contraction ratios of the two gases.
In this project, CH4 emission quantification was done by measuring NHs-to-
CHs concentration ratios, combined with the independent quantification of
NH3 emissions using the SOF method (Section 3.2). It should be mentioned
that SOF is limited to daytime and sunny conditions, and therefore the IFM
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was also constrained to these conditions. The IFM method was used in Paper
V to calculate CH4 emissions at dairy CAFOs. They were calculated using
equation 2:

2
Jy1 (CNH3= C NH3 by )(%)dx

2
Jy1 Ccna= Ccm,bg)(%)dx

Echa = %Zn Enns (%) /%Zn (Eg. 2)

where E is the respective emission of the two target gases (kg/h), C is concen-
trations in pg/m? and Cypq is background concentrations. Measurements were
sometimes not performed simultaneously (<25%), as ground concentrations
are low in unstable atmospheric conditions because of high convection. Hence,
the estimation was done by averaging the measured NHz emissions and the
NHs-to-CHas ratio, detected between 09:00 and 17:30. Additionally, an assump-
tion adopted was that both CH4 and NH3 sources were either the same or col-
located at similar distances away from the source. Concentration ratio meas-
urements were done using a mobile extractive FTIR (MeFTIR) (Table 1) (Galle
et al., 2001; Samuelsson et al., 2018), with external heating on the air inlet and
around the cell to minimise adsorption of the NH3z in the instrument. The FTIR
instrument (Bucker IR cube) was equipped with a dual detector MCT (700-
1200 cm?) and InSb (1800-4000 cm) with a resolution of 0.5 cm™. NH3; was
detected in the fingerprint region (900 to 1000 cm™t), while CH4 was retrieved
in the C-H stretch region (2760 to 3028 cm). NH3 retrieval was achieved by
fitting absorption spectra from HITRAN (Rothman et al., 2005), using a least-
square fitting routine, while for CH4s MALT was used (Griffith, 1996). More
details on the instrument are shown in Table 1. Both the SOF and MeFTIR
instruments were installed in a measurement vehicle. Gas columns and con-
centrations were measured while driving downwind and upwind of the target
sources. A minimum of four to five transects were performed downwind from
the source.

3.2 NH3 measurements — SOF

Solar occultation flux (SOF) measures solar infrared absorption spectra while
crossing the gas emission plume (Figure 4). The instrument comprises a solar
track made with mirrors that direct a beam of sunlight to an FTIR instrument.
The solar track moves and turns according to the driving direction, thereby
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allowing for measuring concentrations around the target source while driving.
An FTIR instrument detects the spectra from which NHs column concentra-
tions (mg/m?) are then obtained (Table 1). To retrieve these column concentra-
tions, reference spectra are fitted to the measured spectra to remove the effects
of water, COz and other possible interferences. Therefore, the method measures
relative concentrations instead of absolute ones. In addition, due to the The
FTIR instrument used for this study was a Bucker IR cube, similar to the one
used on the MeFTIR instrument. However, SOF cannot measure CH4 columns
because the absorption lines are almost depleted due to high CH4 background
concentrations in the atmosphere. By crossing the whole NHs gas plume, the
integrated plume area can then be used to calculate NH3 emission rates, using
equation 3:

Enys (%) = U (%) f;lz Columnypys (%) - cos(0) - sin(a) dx(m) (Eq. 3)

where, in addition to column concentrations (Columnnns) along the driving
distance (x), we also considered 0, which is the angle of the light path from
zenith, and a, which is the angle between the wind direction and driving direc-
tion. Furthermore, the accumulated mass flux (mg/m) is multiplied by wind
speed parameters in order to derive the emission rate. The assumption used in
this method is that the plume is homogenously distributed in the vertical, which
Is reasonably supported because measurements are done in conditions of high
convection. SOF was used in Papers V and VI

NH3 flux g/s

wind station
wind
LIDAR

Figure 4: Solar occultation flux method illustration (figure used in Papers V and V).
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3.2.1 Wind speed

Wind speed is an important factor, as it is used to calculate the emission rate
of the SOF method and it should reflect the plume’s speed. In order to fulfil
this, knowledge of the vertical wind speed profile is needed. Hence, the ideal
representation of the plume’s wind speed is the integrated wind profile (IWP),
from the ground up to the plume’s height. To obtain the wind speed profile, a
wind Zephyr Lidar (Light Detection Ranging) (Campbell), measuring wind
speed between 10 to 300 metres at nine different heights, was used (Paper V).
Lidar instruments shoot a laser (~ 1.5 um) which is reflected when it hits at-
mospheric aerosols. Wind speed is calculated based on the change in frequency
of the emitted laser caused by the Doppler shift. Alternatively to Lidar, wind
speed can be measured at different heights using wind sensors placed at differ-
ent heights (Paper V1) or GPS tracking radiosondes launched in a balloon. With
the wind speed at different heights, the integrated IWP is calculated using
equation 4:

f:u-dz

IWP = (Eq. 4)

where u is the wind speed at different heights and H is the plume height. To
estimate the plume height, column measurements (done by SOF) and simulta-
neous ground measurements (done by the MeFTIR) are combined, as shown in
equation 5:

[ Columnyys (x)dx(%)

H = cos(60)

(Eq. 5)

[ Concentration yy3(x) dx(%)

More details on SOF measurements and the impact of the wind variable are
discussed in Paper VI.

Wind field experiment — Comparison of measured and modelled transects

A field experiment was designed to quantify the impact of wind variability on
emission measurements, using the SOF method. This comprised a controlled
release followed by SOF measurements, while wind speeds at 12 locations,

19



distributed between the release and measurement road, were recorded (Figure
5a). At each location wind speed was measured by 2D-sonic wind meters at a
height of 3 metres above ground, and at one of the sampling points (ST-3, Fig-
ure 5a) a 2D-sonic meter was placed at 15 metres while a 3D-sonic sampled at
3 metres. The purpose was to measure wind speed and then use this information
to produce a model representing gas dispersion as close as possible to the true
one (Figure 5b). Results from the actual measurements and modelled measure-
ments should have been compared. The aim was to understand how wind var-
iability influences emission rates and to further optimise wind and plume tran-
sect measurements (e.g., driving speed, number of wind speed measurements).
However, due to time constraints, this part of the project still needs to be com-
pleted. Nonetheless, the wind field experiment was performed (Figure 5a) and
the model is now ready to be used (Figures 5b). The next step is to compare
the modelled transects with the measured ones.

a) b) —— Measured wind data (St1)
v% Modelled wind data (Stl)
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Frequency (Hz)

|Figure 5: Wind dispersion experiment. (a) Distribution of the wind meters, release point
and measurement road. Wind speed was prevailing from the west. Map source: Google
Earth © (b) Power spectra density plot comparing real and modelled data.

3.3 Measurement uncertainty — Error budget

A measured emission rate comes with a certain amount of uncertainty, i.e., a
range of values where the emission rate is within. Compiling an error budget
for a measuring method can provide insights into which variables are critical
and have the most significant impact on emission quantification (Gates et al.,
2009). Herein, we used the guide to the expression of uncertainty in measure-
ment (GUM) methodology (Joint Committee For Guides In Metrology, 2008)

20



to determine SOF uncertainties (Paper V and V1) and IFM measurements (Pa-
per V). Uncertainty in relation to the SOF method is described in detail in Paper
V1. In short, there are systematic errors, including an NHs absorption cross-
section and concentration retrieval (Table 2). Other errors are associated with
background delimitation and wind speed measurements. These and random
measurement uncertainty were combined to estimate standard (Cl 68%) and
expanded uncertainties (Cl 95%). NHs measurement uncertainty averaged 37%
(Cl 95%), farm specific calculations are shown on Paper V. Wind speed is the
greatest source of systematic error in SOF measurements. However, vertical
profile and plume height measurements help to reduce this uncertainty, as they
assist in estimating the actual plume speed. Case studies and more details on
this uncertainty estimation are reported in Paper VI.

A similar error budget estimation was done for the IFM measurements. The
most critical errors for this method related to SOF NHz quantification uncer-
tainty, which was calculated as described above, and a mismatch between NH3
and CH4 emission sources. CHs measurements uncertainties averaged 53%,
and farm-specific calculations are shown on Paper V. In comparison, for TDM,
an uncertainty budget was created in a published study (Fredenslund et al.,
2019) comprising estimated — instead of site-specific — uncertainty for the
methodology. The method expanded uncertainty for CH4 quantification ranged
from 18 — 24%.

Table 2: Error budget for the uncertainty estimation of SOF, IFM and TDM methods

SOF (Paper VI and V) IFM (Paper V)

Spect. Cross section 2 Spect. Cross section 3

Spect. Retrieval 4.4 Spect. Retrieval 5.6
. Background 1-14 Background NHs 1-10
Systematic (%) Background CHa4 1-10
Sources mismatch 5-41
Wind speed 11-12 SOF NHs 12-32
Random (%) Megsqr_ement 8-31 Megsqr_ement 5.36

variability variability
Combined Standard 17 Standard 25
Uncertainty (%) Expanded 37 Expanded 53

Furthermore, a controlled release experiment was performed to verify the SOF
methodology’s accuracy in estimating NHz fluxes. Four release rates were
tested, varying from 0.48 to 1.1 kg/h (more details in Paper V). The relative
error, was a minimum of -31% and a maximum of +14%. Additionally, the
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calculated standard uncertainty, on average, was 7.5% and the expanded un-
certainty 15.1%. The uncertainty interval was close or within 5% of the error
range in three out of four release test.

3.4 Quantification of CHs emissions from Danish

cattle and pig farms

CHs emissions from Danish livestock production were measured. The emission
rates comprised the whole facility, including animal house and manure storage,
without observing rates from single operations. Six measurements distributed
equally over a year were completed, allowing for a better comparison of the
farms’ emissions. Temporal variability coverage by measuring six times over
a year is a similar procedure to the Vera protocol for quantifying animal house
NHs emissions (VERA, 2018).

3.4.1 Danish cattle farms

In the cattle farm study, nine farms (C1-C9) were chosen according to typical
farm management practices in the country, the willingness of the farmers to
participate and the farms’ suitability for a measurement campaign (Paper I).
Two farms focused on beef production (C8 and C9), while the others were
dairy farms (C1-C7). Three farms housed Jersey milk cows (C1-C3), three had
Danish Holstein milk cows (C4-C6), whilst the last one had Red Danish milk
cows (C7). Regarding house management, three farms had loose-holding with
slatted or drained floors (C1, C2 and C4), and two had deep litter with a long
eating space (C3 and C6), meaning that 60% of the manure was deposited in
the straw beds (Table 3). Some farms had a mix of both systems (C5, C7 and
C9), while C8 had deep litter in the whole house. At most farms, the deep litter
was retained for two months, except for C5, which retained for only six weeks
and C7 for 4 months. Farms sent their removed raw liquid manure and deep
litter to centralised biogas plants once or twice a week (biogas) while receiving
the digested manure for storage in their tanks, except for C1, C7 and C8. C7
started this practice towards the end of the study period, covering only two out
of six measurements. In C8, the deep litter produced when the cows were in
the house was stored further away from the farm. Animal numbers were con-
sistent over the year, except for C1, which had seasonal calving in late spring,
meaning that cows were inseminated simultaneously. C2 was the only farm
where the storage tank had a cover, while the manure tank at C7 had a cover
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installed halfway through the measurements. Additionally, tanks were com-
pletely emptied in spring (C2, C3, C5, C6, C7, C9) and partially in autumn,
except for the two organic farms (C1 and C4). In C1 and C4, the tanks were
emptied during summer, as manure was more frequently applied to fields and
because dairy cows grazed during the day, so less manure was dumped in the
house. At the dairy farms, apart from the dairy cows, heifers and calves were
also part of the farm, often housed in separate housings with different manage-
ment systems. They were accounted for in the livestock unit for the EF calcu-
lation and in inventory estimates. C4 was an exception, as the measured house
had only dairy cows.

In all, 60 quantitative CH4 emission measurements were completed, with most
farms measured every second month. C8 was measured when the animals were
inside the house (four times) and once on pasture. Although emission quanti-
fication of animals on pasture was done in C8, they were inside the house dur-
ing all the other campaigns. Emission quantification took approximately 1-2
hours, and 17 to 23 transects were collected on average. Measurement distance
away from the target farm varied from 0.7 to 1.5 km. CH4 EFs were obtained
by normalising the emission rates by livestock unit (LU). The average weight
of the animals was based on information provided by the relevant farmers,
while the number of animals was collected from the animal central database
(CHR) for consistency (Table 3). More details are available in Paper I.

Table 3: Overview of the farms and measurements characteristics. (Table adapted from
Paper I)

Live- No. of .
Type of stock Manure measure- Dis-
Farm | animal unit House manage- | o tance
(Breed) 1 ment (km)
(LV) (transects)
Dairy Cow =1 970- Loose-holding
C1 Organic . Slurry 12 (17) 1.5
(Jersey) 1250 drained floor
Dairy cow Loose-holding .
Cc2 330 Biogas 6 (21 0.7
(Jersey) slatted floor g (21)
c3 Dairy cow 540 De(_ap litter with long Biogas 6 (21) 15
(Jersey) eating space
Dairy cow — Loose-holding ,
Cc4 Organic 230 Biogas 6 (21) 1.4
(Holstein) Slatted Floor
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Loose-holding
c5 Dairy cow 1055 slatted floor (65%)/deep Biogas 6 (19) 13
(Holstein) litter with long eating '
space (35%)
c6 Dairy cow 305 De(_ap litter with long Biogas 7 (1) 15
(Holstein) eating space
Dairy cow Loose-holding Slurry
c7 (Reg Dan- | 320 slatted floor (50%)/deep | (4X) 6 (23) 11
ish) litter with long eating Biogas '
space (50%) (2x)
Beef )
cs8 | cattle 130 Deep litter E’i(l’('a's 4(17) 0.7
(Limousine)
Beef Loose-holding
co | cattle 545 slatted floor (80%)/deep | gjogas | 6 (22) 11
. litter with long eating
(Holstein) space (20%)

ILU = 500 kg of body weight. Jersey dairy = 0.89 LU; Holstein dairy = 1.2 LU; Jersey heifer 0.65 LU; Holstein
heifer 0.78 LU; Jersey bull = 0.68 LU; Holstein bull = 0.85 LU, Jersey calves = 0.16; Holstein calves = 0.21 LU;
Limousine cows = 1.6 LU; Limousine heifer or bulls = 0.8-1 LU; Limousine calves 0.3 = LU

3.4.2 Danish pig farms

The pig farm project investigated CH4 emissions from five farms (P1 — P5),
covering conventional management practices (Paper I1). Furthermore, two ad-
ditional farms (P6 and P7) were investigated after this project had ended. The
results were published (Paper 11) and are included here to enrich the discussion
and statistics. One of the farms (P1) had sows, piglets and weaners, while the
others (P2 — P7) had fattening pigs and a few weaners. At farm P1, each pig
phase (e.g., farrowing or gestational sows) and type was held in a different
house, as described in Table 4. In P2 to P7, the pigs’ housing had partly slatted/
drained or partly slatted/solid floors (Table 4). Four farms (P1, P2, P6 and P7)
did not treat the produced slurry. Moreover, P3 sent its raw manure to a cen-
tralised biogas plant, similar to the cattle farms (biogas). Finally, P4 and P5
acidified manure stored inside the house. P7 removed manure from the animal
house every week, unlike P1, P2 and P6, which did this once a month. Further-
more, outdoor tanks were completely emptied in spring and partially emptied
in autumn. All the tanks were covered except for P1, which had a natural crust
present on a few occasions. The farms had a continuous operation, meaning
that a certain amount of pigs entered and left every week, apart from the acid-
ification farms. P4 and P5, during specific periods, had more animals during
the same fattening phase; therefore, the number of animals as well as their
weight, on each campaign, were considered when normalising the emissions.
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Approximately 45 measurement campaigns were performed at the seven farms.
Farm emissions were measured six times yearly, following the same approach
as the cattle farm study. More information on emission measurements is de-
scribed in Table 4 and Paper Il. Once more, EFs were calculated by normalis-
ing emissions to LU. Animal weight and their numbers were acquired via in-
terviews with the farmers.

Table 4: Overview of the measured pig farms and measurement characteristics. (Table
Adapted from paper I1)

No. of
Live- measure- Dis-
Farm stock Housing Manure management ments tance
units? (tran- (km)
sects)
Farrowing sows - indi-
vidual housing and
partly slatted floor
Gestational sows -
loose holding, deep lit- Slurry storage
p1 452- ter, slatted floor Uncovered (Natural crust), 8 (20) 14
4612 - removal of housing manure -
Weaners - two climate monthly
housing
Fattening pigs - partly
slatted floor (25-49%
solid floor)
Slurry storage
584- Partly slatted and
P2 6952 drgined floor Covered, Removal of hous- 6 (20) 1.2
ing manure - monthly
Biogasification
P3 365- Partly slatte_d floor (50- Covered, removal of hous- 6 (20) 11
4922 75% solid floor) ing manure — monthly (com- '
plete) or weekly (partially)
767 Partly slatted and Acidification
P4 13523 drgined floor Covered, partial removal of 6 (22) 1.0
housing manure - daily
984 Partly slatted and Acidification
P5 14862 drgined floor Covered, partial removal of 5 (16) 1.5
housing manure - daily
Slurry storage
Partly slatted and
P6 | 416-390 drgined floor Covered, Removal of hous- 7(18) 0.8
ing manure - monthly
Slurry storage
Partly slatted and
P7 700 drgined floor Covered, Removal of hous- 8 (17) 0.9
ing manure -Weekly

1For all farms, one livestock unit (LU) equalled 500 kg of body weight. 2Sows 230 kg; fattening pigs 70 kg; weaners
19.5 kg (Based on farmers’ information). LU was calculated based on the weight ranges provided by the farmer
(30-60 kg; 60-90 kg; 90-120 kg).
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3.5 Quantification of CH4 emissions from manure

storage tanks

CH4 emissions were quantified from ten liquid manure storage tanks. Two of
them stored dairy manure (CN1 and CN2), six had pig manure (PN1, PN2,
PC1, PC2, PC3 and PC4) and the last two contained digested manure (DN1,
DC1) (Paper 1V). The tanks were selected according to measurement suitabil-
ity and that they should comprise a cross-section of manure storage tanks lo-
cated at Danish farms. The digested manure stored at DN1 and DC1 came from
centralised biogas plants. The main difference between these facilities was the
retention time, i.e., longer for DC1 (~90 days) than DN1 (~34 days). The bio-
gas plant feedstock was similar, comprising mostly animal manure, energy
crops and food waste, although DC1 had a smaller percentage (9%) of chicken
manure. Half of the tanks were covered with a PVC tent cover (PC1, PC2, PC3,
PC4 and DC1), while the uncovered tanks had a natural crust at certain times.
Furthermore, at some farms, there were two tanks close to each other, which
were considered as one source, although specific information (e.g., tempera-
ture, VS, volume) was collected from each tank.

Following a similar protocol as in the other studies, six measurements distrib-
uted over a year were completed; however, more measurements were actually
performed on most farms (Table 5). These were primarily done during the day
and lasted from 30 minutes to 4 hours. Both the mobile TDM and stationary
TDM were used in the quantifications. For the stationary method, two ap-
proaches were used. One is described in Paper 111, namely using bags for at-
mospheric sampling and in-field concentration analysis, whilst the other way
is described elsewhere (Fredenslund et al., 2019) and consists of sampling con-
centrations at a single point by parking the measurement vehicle near the plume
peak. EFs were obtained by normalising emissions by the volume of manure
stored in the tank. In addition to the measurements, information on manure
volume, manure temperature (at 1 m depth), atmospheric temperature, dry mat-
ter (DM) and volatile solids (VS) was obtained to support the emission analy-
sis. However, manure temperature measurements were lacking at CN2 and
PC4. Manure was sampled two to three times, except for PC4, from which no
samples were taken.
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Table 5: Overview of the manure tanks measured in this study and measurement character-
istics. (Table adapted from Paper 1V)

Tank? Manure type (Nr. of Cover Tank storage caapacny No. of meas- Method?
animals) (volume m?) urements

CN1 Cattle (dairy 220) No T1 (1300) 7 M, S

CN2 Cattle (dairy 700 No T1 (5000) T2 (3500) 14 M, B

pny | P9 (sows 710, piglets |, T1 (1640) T2 (3000) 8 M

4000)

PN2 Pig (1500) No T1 (2200) T2 (2200) 8 M,S

PC1 Pig (2500) Yes T1 (4400) 8 M

PC2 Pig (5000) Yes T1 (5500) 7 M
Pig (fattening 1800,

PC3 piglets 1125) Yes T1 (4300) 12 M,S
Pig (fattening 2300,

PC4 piglets 1300) Yes T1 (5000) 6 M

DC1 | Digestate — high HRT Yes T1 (7200) T2 (3000) 8 M

DN1 Digestate — low HRT No T1 (800) T2 (3100) 8 M,S

2"M” stands for mobile TDM, “B” for the stationary TDM using bags for concentration
sampling and “S” for stationary TDM measuring concentrations at a single point near the
plume peak.

3.6 Quantification of NHs and CH4 emissions from

CAFOs

NHz and CH4 were quantified from 14 CAFOs in SJV, California. The farms
were located in two main regions, one near Bakersfield (SB2, SB3, SB4, SB5,
NB1 and NB2) and the other close to Tulare (WT1, WT3, WT4, WT5, WT6,
WT7, ET1 and ET8) (Paper V). These are intensive farming areas with a high
density of farms, making single-facility measurements rather tricky for some
methods but more manageable with a mobile platform. Unlike the other stud-
ies, transects were collected downwind of several farms simultaneously, fol-
lowing the wind and weather conditions. For instance, one transect would last
about 40 minutes and collect plumes from five farms. This was the chosen ap-
proach once the placement of tracer bottles was not necessary, albeit, on the
other hand, driving speeds were slow, distances were large and measurement
time was limited by sunlight hours. The number of animals (mature cows, heif-
ers and calves) was provided by the San Joaquin Valley air pollution control
district (Personal communication, 2020). Knowledge of manure management
at the farms was limited to field observations and visualisations of the farms in
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GIS tools, e.g., Google Earth. We therefore assumed that farms followed the
typical management of Californian farms (US-EPA, 2017), with 60% of the
dairy cow manure being managed in anaerobic lagoons. The remaining is man-
aged as liquid/slurry (20%), daily spread (10%), solid storage (9%) and pasture
(1%) (Table 6). In some farms, the lagoon was covered in order to collect gas
for further energy utilisation (Table 6).

Measurements were performed at two different times of the year, namely in
May, comprising 11 measurement days, and in October, covering five days.
Different to the TDM, other quality criteria needed to be fulfilled here accord-
ing to the European standard EN17628:2022 (European standard, 2022) for
SOF, at least four plumes should be carried out and wind speed should be
higher than 1.5 m/s. EFs were again normalised by LU.

Table 6: Overview of the CAFO study, farm characteristics and measurements. (Table
adapted from Paper V)

Farm Luz Manure management No. of tran- No. of tran- Distance

sects for sects (km)

SOF (May - MeFTIR -

Oct) Ratio (May -

Oct)

SB2 21626 | Anaerobic lagoon (60%) 7 3 2
SB3 14184 | Covered lagoon (60%) 15 (9 -6) 7(3-4) 0.5
SB4 7361 Anaerobic lagoon (60%) 20 (10 - 10) 14 (6 — 8) 0.5
SB5 12748 | Anaerobic lagoon (60%) 18 (8 — 10) 13 (7 - 6) 0.6
NB1 10056 | Anaerobic lagoon (60%) 18 (7 — 11) 12(5-7) 0.5
NB2 10592 | Anaerobic lagoon (60%) 21 (9-12) 17 (4 - 13) 0.8
WT1 14883 | Covered lagoon (60%) 14 14 0.6
WT3 12618 | Anaerobic lagoon (60%) 9 5 0.9
WT4 15241 | Anaerobic lagoon (60%) 7 7 0.5
WT5 7111 Covered lagoon (60%) 6 4 0.4
WT6 10308 | Anaerobic lagoon (60%) 6 6 0.5
WT7 5503 Covered lagoon (60%) 8 10 0.7
ET1 2678 Anaerobic lagoon (60%) 7 11 0.3
ET8 12368 | Covered lagoon (60%) 7 7 0.5

2 Livestock units (LU): Holstein dairy cow = 1.36 LU, Jersey dairy cow = 0.91 LU, Holstein heifer = 0.81 LU, Jersey
heifer = 0.5, Holstein calf = 0.23 LU, Jersey calf = 0.18 LU.
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4 Results

4.1 CH4 emissions from Danish livestock farms —
whole-farm emissions

4.1.1 CH4 emission rates and EFs from cattle farms

Total CH4 emission rates from the cattle farms varied from 0.7 kg/h to 28 kg/h,
i.e., farms C8 and C1, the smallest and biggest, respectively. A smaller rate
(0.4 kg/h) was also quantified from a few grazing animals (16 animals) on farm
C8. Hence, this demonstrated that the TDM could be used to quantify large
whole-farm emissions as well as low emissions from a few animals, as long as
suitable roads are available and the animals are located near to each other.

Emission rates were then converted to EFs, for comparison among the farms
in this and other studies. EFs varied from 11 to 54 g/LU/h and averaged 23 £
9 g/LU/h for all farms. The annual average EFs were highest for C3, C6 and
C7, with C3 being approximately 75% higher than C1 and C2 (Figure 6). More-
over, C9 had the lowest average EF. The values obtained were comparable to
EFs in the literature and generally higher than studies of European farms
(Amon et al., 2001; Biihler et al., 2021; Vinkovi¢ et al., 2022), although sea-
sonal representation is lacking in many of these studies. Emphasis should be
given to the fact that our measurements quantified emissions from the whole
farm, including barns housing dairy cows, heifers and calves and manure stor-
age units.

50 - | Organic

Slatted floor
B Deep Litter

= 407 rganic

) Slatted floor

%, 30 Deep litter

= B Slatted floor

ﬁ 20 4 /Deep litter

< Bl Beef

O 104 B Beef

Ci Cc2 C3 C4 C5 C6 Cc7 C8 04°]
Figure 6: CH4 EFs for cattle farms in Denmark (Paper 1)
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Farms that used a large percentage of deep litter, with a long retention time, in
their housing system had the highest EFs (C3, C6 and C7) (Figure 6). Addi-
tionally, although C7 had a lower percentage of deep litter (30%) than the two
other farms (60%), retention time was up to 4 months more extensive than the
others (~2 months). Deep litter house management, with a long retention time,
can produce CHa by anaerobic processes when stored for extended periods, and
higher emissions from this type of management have been reported before
(Edouard et al., 2013; Webb et al., 2012). In addition to deep litter, C7 changed
to storing digested manure instead of raw manure in the final two of the six
measurement campaigns, which reduced emissions. Jersey and Holstein dairy
cows did not display significantly different EFs. Furthermore, beef farms, on
average, were 38% lower than dairy cow farms, which might be due to the
lower feed intake or the different animals’ life stages (Ellis et al., 2007). Most
farms (C2, C3, C4, C5, C6 and C9) sent their manure to a centralised biogas
plant, but it is difficult to compare the impact of this treatment, as the farms’
management systems differed in other ways, such as deep litter and organic
farming. Furthermore, the farmers’ information on dry matter intake (DMI)
was limited because only some farmers shared data on animal diets; therefore,
we assumed that they followed national estimations. However, C1, C2 and C3
provided their DMI, and the values were within 10% of national guidelines,
namely 6, 7 and 10% higher than the national estimate, respectively.

4.1.2 CH4 emission rates and EFs from pig farms
CH4 emissions for pig farms ranged from 0.2 to 20 kg/h, with the lowest rates
consistently from farms using acidification treatment. The highest emission
rates came from farms that did not treat their manure. Farms P1 to P5 are in-
cluded in Paper Il, and farms P6 and P7 were measured after Paper Il was
finalized. Nevertheless, CH4 emission rates from P6 and P7 tallied with rates
previously measured at P1 and P2.

Emission rates were normalised to EFs. To obtain annual average values, in-
stead of averaging all the measurements in a simple average (as in Paper I1),
we used weightings averages proportional to the measurement period (Figure
7). Here, error bars reflect standard deviations of the measurement and not any
variability in the emission rates. The EFs ranged from 1.2 g/LU/h to 19g/LU/h.
Although P2 and P6 had similar management systems, EFs are different and
no clear explanation was found (Figure 7). This supports the need for quanti-
fying several farms in order to derive proper statistics on CH4 emissions. P7

30



did not treat its liquid manure, but it did remove it from the animal house more
often than the other farms. Furthermore, P1 had no manure treatment and EFs
were similar to the other farms, although different types of pigs were housed.

To date, no study has quantified CH4 emissions from entire pig farms. Sum-
ming EFs from the animal house (Hassouna et al., 2022; Kupper et al., 2020;
Philippe and Nicks, 2015) and storage tanks from livestock emission databases
(Hassouna et al., 2022; Kupper et al., 2020; Philippe and Nicks, 2015), EFs
representing whole-farm emissions of 10 £ 6 g/LU/h can be estimated and com-
pared to our values. Based on this comparison, it is clear that the EFs in our
study were at the high end, although still within the expected range based on
emission databases for some of the farms. In our study, we considered all emis-
sion sources at the farm, including those not always considered, such as smaller
tanks where manure is stored temporarily.
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Figure 7: Pig farm CH, EFs (adapted from Paper 11).

EFs significantly differ between farms with and without manure treatment. In
contrast to cattle farms, manure emissions are expected to be the highest source
of CH4 emissions at pig farms. Hence, manure emission mitigation has a high
impact on EFs from the pig farms. Farm P3, which sent its raw manure for
anaerobic digestion and stored digested manure in outdoor tanks, had an EF
about 55% lower than the P2 farm. Acidification treatment, however, was the
mitigation strategy with the greatest impact on the measured farms. P4 and P5
had, on average, emissions 91 and 93% lower than P2, respectively. In the lit-
erature, emission mitigation by manure acidification is also nearly 90%
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(Fangueiro et al., 2015; Lemes et al., 2022). The efficiency in emission reduc-
tion revealed herein is connected to the manure being acidified daily, which
keeps the pH level lower for longer.

4.1.3 Temporal emission variability at pig and cattle farms

CH. emissions varied across the year at both pig and cattle farms, with emis-
sions being lower in spring and higher at the end of the summer and into early
autumn (Figure 8). Seasonal CH4 emission variations were more pronounced
at pig farms than at cattle farms because at cattle farms the primary emission
source is enteric fermentation, which is not expected to vary much over the
year (Arndt et al., 2018). In contrast, it is well-established that manure emis-
sions fluctuate due to changes in temperature and the amount of manure stored,
in which case seasonal emission variations occur. Consequently, CH4 emis-
sions from pig farms have higher seasonal variations than cattle farms, as most
of the emissions come from manure. This is also supported by the fact that a
similar seasonal emission fluctuation pattern has been found in studies of both
pig and cattle manure tank CH4 emissions (Husted, 1994; Kariyapperuma et
al., 2018; Maldaner et al., 2018). Manure tank emissions are discussed in sec-
tion 4.2 and Paper 1V. Finally, fluctuations of emissions from manure stored
in the animal house are expected to be less significant than outdoor storage

tank emissions due to more constant temperatures throughout the year
(Sommer et al., 2004).
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Figure 8: Seasonal CH4 emissions variations: (a) Pig farms (b) cattle farms. (Adapted from
paper | and I1)

The TDM measured discrete emissions, as the measurements covered only a
few hours. Of the many emission measurement campaigns performed in this
study, only one or two revealed significant emission variations over this sort
time period. They occurred when some special activity took place at the farm
during measurement, for instance manure removal from the tanks or opening
the manure tank’s cover. Once they were experienced, an effort was made to
avoid this from happening again. Furthermore, the diurnal variability of emis-
sions is not yet completely understood, albeit some studies have not seen diur-
nal variations in whole-farm emissions (Arndt et al., 2018; Biihler et al., 2021),
while others have (Ngwabie etal., 2011; VanderZaag et al., 2014). In our study,
measurements were taken mainly at night to avoid diurnal emissions bias due
to feeding or a high temperature on the surface of the manure. Diurnal varia-
tions in manure emissions are discussed in section 4.2.2.

4.1.4 Inventory comparison

To verify whether inventory models reflect farm-measured emissions, we com-
pared the annually averaged emission rates to estimates found in GHG inven-
tories. However, we acknowledge that these models were made to reflect na-
tional-scale practices and might perform poorly on farm-specific data. The
IPCC inventory refinement was released during this thesis work; therefore,
both older and refined versions of the IPCC guideline (IPCC, 2019, 2006) and
national models (Nielsen et al., 2022) were tested. Moreover, the only farm-
specific information used was numbers of animals and type of management
practices; other parameters, such as DMI and VS excreted, were based on the
model estimates and Danish normative (Bgarsting et al., 2020).

For cattle farms, the models generally underestimated CH4 emissions by 35%
in comparison to measured emissions; however, for most farms (C1, C2, C4,
C5 and C6), the measured and modelled emissions were within the uncertainty
levels of the two approaches (Figure 9a). C3 and C7 had larger underestima-
tions and EFs, perhaps due to either issues with estimating emissions from deep
litter or because emission rates were high at these farms. Emission rates quan-
tified at beef cattle farms were generally higher than the models, which might
be associated with uncertainties in the DMI, as they were consistently lower
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than for dairy cows. However, farm-specific DMI was not made available by
the farmers housing beef cows and bulls.

In contrast, for pig farms, models underestimated measured emissions by 51%
in comparison to measured emissions. Only the IPCC refinement performed
well on the P1 farm, while the other models applied generally provided lower
emissions, as was also the case for the IPCC refined models when applied at
P2 and P3 (Figure 9b). Uncertainties on manure emission measurements could
play a role here. According to Wolf et al. (2017), underestimations of enteric
emissions are expected to be lower (~8%) than manure emissions (~37%). This
notion supports the higher underestimation of pig farms, whose CH4 emissions
derive mainly from manure. Conversely, lower underestimations of emissions
from cattle farms were revealed, as CH4 is mostly produced via enteric fermen-
tation. Furthermore, knowledge about the dynamics of and contribution to
emissions from the animal house and outdoor storage tanks is still limited
(Petersen et al., 2016). The model was done in Paper Il study, therefore the
two other farms added later (P6 and P7) where not added here, and the farms
with acidification treatment (P4 and P5) could also not be analysed because
this management is not included in inventories. More about emissions from pig
and cattle farm manure storage units is discussed in section 4.2.
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4.2 CH; emissions from Danish livestock farms —

manure storage emissions

Measurements of farm-scale manure tanks are essential to closing knowledge
gaps about the dynamics and magnitude of CH4 emissions in actual farm prac-
tices. In this study (Paper 1V), CH4 emissions from ten manure storage tanks
were quantified, using the TDM.

4.2.1 CH4 emission rates and EFs from manure storage tanks

The measured annual average CHs emission rates varied from 0.01 to 14.3
kg/h, while the annual average manure temperature among the tanks varied
from 10.6 to 16.4 °C and averaged 13.8 °C. The VS% was higher for cattle (3.1
to 4.4%) than for pig-stored manure (1.2 to 3.6%). Furthermore, emission rates
(kg/h) were normalised by the amount of manure stored (g/m3/h). EFs for tanks
storing cattle (CN1 and CN2) and digested manure (DN1 and DC1) were sim-
ilar, averaging 0.63 + 0.09 g/m3/h and 0.50 + 0.02 g/m?/h, respectively (Figure
10). The average EF for pig manure tanks was 1.56 + 0.93 g/m®h; however,
there was a considerable variation between the tanks (from 0.20 to 2.75 g/m3/h)
(Figure 10).

Emissions were also normalised by LU, resulting in EFs of 1.6 £ 0.4 g/LU/h
and 8.9 £ 7.1 g/LU/h for cattle and pig manure, respectively. Comparing EFs
obtained from the entire farm with EFs from manure tanks, the latter repre-
sented approximately 60% of all emissions from pig farms (8.9 g/LU/h out of
15 g/LU/h) and 7% at cattle farms. In Paper 111, a comparison of whole-farm
(C1) and manure tank emissions (CN2) suggests that the measured tanks con-
tributed 14% of total farm emissions at the studied farms.

g? 4.0 - i - 24
3 1
g 3.5 —_ - 20 E
= 307 16 3
1 - 16
g 2.5 7] | @
%) LL
é 15 7] T T -8 <
T 1.0 ] | U T
< ] £ ; Fa O
T 0.5 m L
1 |
O ool [ ®IFH | =fal |10 Lo

CN1 CN2 PN1 PN2 PC1 PC2 PC3 PC4 DC1 DN1

35



Figure 10: Annually averaged emission rates from ten manure tanks (Left) normalised by
amount of manure and (Right) normalised by livestock unit. Bars and dots represent the
average emission rate, while the error bar shows averaged variability on the measured tran-
sect. Green bars represent manure tanks storing cattle manure, blue for pig manure and or-
ange for digested manure. (Adapted from Paper 1V)

4.2.2 Temporal emission variability in manure tanks

Seasonal variability in CHs emissions from manure tanks was high, as the
emissions in some tanks varied by around +100% of their average (Figure 11).
The pattern of emission fluctuations is similar to observations in whole-farm
emissions studies, with emissions being lower in spring and high in late sum-
mer and early autumn (Figure 11). This hysteresis in emissions dynamics
(Kariyapperuma et al., 2018), meaning lower emissions in the warming phase
(spring) than in the cooling phase (autumn), is related to the amount of manure
stored and e manure temperature history (Cardenas et al., 2021). The magni-
tude of these variations is more like the seasonal emission variations observed
at pig farms than at the cattle farms, because the large proportion of pig farm
emissions emanates from external storage tanks.

Significant diurnal variations in CH4 emissions from storage tanks have been
observed in some studies (Maldaner et al., 2018; VanderZaag et al., 2014),
while in others the fluctuation range was smaller (Baldé et al., 2016). These
studies focused on measuring emissions from tanks without a cover. Covered
tanks do not have direct surface heating caused by solar radiation incidence.
On the other hand, the cover can also warm the manure surface by keeping the
heat in the cover headspace for a long time, which might affect emissions dy-
namics differently than open tanks. Therefore, at one of the covered tanks,
emissions were measured continuously by pumping air from the tank's head-
space while measuring the flow rate, gas concentrations and temperature. No
strong diurnal variation (< 20%) in daily average emissions was observed when
averaging the measured emissions over the four seasons. More details are de-
scribed in Paper 1V.
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Figure 11: Seasonal variability of measured manure tank emission rates.

4.2.3 Factors affecting emissions

Other supporting information was collected to support the analysis of the meas-
ured emission rates (kg/h) and to evaluate which factors significantly affected
manure CH4 emissions. The results for this analysis aligned with other studies
showing that manure temperature is the primary explanatory variable, thus
demonstrating an exponential relationship with emissions.

Manure type (e.g., cattle, pig and digested manure) also significantly influ-
ences emissions. As previously mentioned, raw pig manure had higher emis-
sions than cattle raw manure (Figure 12a). On the other hand, cattle raw manure
EFs were only slightly higher than digested manure EFs. However, manure
temperature was higher in the digested manure than in cattle manure. On the
other hand, CH4 potential in the digested manure was expected to be lower than
in raw cattle manure cattle (Elsgaard et al., 2016), albeit the higher temperature
in the digestate might have led to similar emissions (Figure 12a).

Furthermore, the tank's cover was another explanatory variable with a signifi-
cant impact on emissions (Figure 12b). Covered tanks produced greater emis-
sions than the uncovered tanks (Figure 12b), possibly due to the combination
of two different factors. First, anaerobic digestion can produce a small but pos-
itive amount of heat (Im et al., 2022), which cannot easily escape into the at-
mosphere in covered tanks. We observed a slight difference in the temperature
offset (manure temperature minus atmospheric temperature) between covered
and uncovered tanks; however, more measurements following these two types
of tanks are needed to understand if this is the main explanation. Second, when
a homogeneous crust is established, CH4 emissions might be lower due to CH4
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oxidation in the crust (Wood et al., 2013). Covered tanks, though, seldom form
a crust, in which case emission mitigation due to CH4 oxidation is not likely.
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Figure 12: Emissions versus temperature: (a) Effect of manure type, (b) effect of cover.
(Adapted from Paper 1V)

4.3 CHs and NHsz emissions from concentrated

animal feedlot operations in the US

This study used two other methods to quantify CH4 and NH3 from dairy CAFOs
in California (Paper V). SOF was used to measure NH3s, while CH4 was esti-
mated using the IFM.

4.3.1 CH4 and NH3 emission rates and EFs from dairy CAFOs

Average NH3z emission rates varied from 32 kg/h to 191 kg/h, while CH4 varied
from 155 to 874 kg/h, measured at the smallest and largest farms, respectively.
Considering NHs EFs, they varied from 4.8 to 12.6 g/LU/h and averaged at 9.1
g/LU/h. For CH4, EFs varied from 13.1 to 68.5 and averaged at 40 g/LU/h
(Figure 13).
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Figure 13: EFs of (a) NH;3 and (b) CH4 emissions from Californian CAFOs measured in
May. (Paper V)

Elevated ground concentrations of ethanol were detected at three farms during
daytime hours in May. Measurements were performed immediately downwind
of the feed storage units and correlated with the smell of alcohol. Concentra-
tions were only observed at facilities where measurements could be done close
to the source. Ethanol emissions from feed storage have been reported else-
where (Yuan et al., 2017). In addition, acetic acid was detected in one of the
facilities, most likely also associated with the feeding storage area. Moreover,
ground concentrations of nitrous oxide (N2O) were detected, albeit these were
mostly associated with soil emissions from surrounding agricultural fields ra-
ther than the animal feedlots.

4.3.2 Temporal emission variability at dairy CAFOs

Unlike the Danish farm studies, measurements were performed only two times
during the year in California. NH3z emissions were similar in both campaigns.
This emission can vary by a factor of 10 over the year (Paper V, Supplementary
information), but May and October had similar rates, most likely because the
temperature in this region is similar in both months and is close to the annual
average. This is due to NHs emissions mainly being driven by short-term
changes to manure surface temperature. On the other hand, CH4 manure emis-
sions are influenced by changes to temperature on a scale of several days to
months, as well as manure management, e.g., removal of manure from storage.
Two of the farms had different CH4 emission readings in October and May, but
we had no information about the manure management system, which could
potentially be used to explain the variations.
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Figure 14: Diurnal variation in emissions: a) NHz diurnal variation in May, solid lines cor-
respond to the average of the modelled values from the same measurement period. b)
NHs:CHy,4 ratio diurnal variation in May. Figure representing also the October campaign is
on Paper V. (Adapted from Paper V)

Since short-lived temperature variations affect NHs rates, diurnal variations in
temperature and wind speed will cause a diurnal pattern in emissions. This
variation in emissions was observed when the EFs were plotted versus the time
of the day, whilst it was also noticed in the NH3:CHa ratios. Other studies have
also detected these emission fluctuations (Golston et al., 2020; Lonsdale et al.,
2017; Miller et al., 2015). The SOF method is only applicable in sunny weather
and daytime conditions; therefore, when investigating NHz emissions from
farm sources, diurnal variations in rates must be considered. The NH3:CHa ra-
tios also followed a similar pattern, but it is more challenging to establish if
such a fluctuation is due to only diurnal NHs variations or CH4 also. As dis-
cussed earlier, CH4 diurnal emission variations have been observed in some
studies and not in others. It is also relevant to mention that Californian CAFOs
manure management practice is to use anaerobic lagoons instead of concrete
manure tanks as in most Danish farms.

4.3.3 Comparison with the inventory and other literature

On average, measured NHz was 28% higher than NEI inventory estimates (Fig-
ure 15a). Inventory calculations considered the diurnal variation model. How-
ever, an overestimation of 71% for diurnal bias was not considered. When com-
paring the EFs obtained in this study with other measurements at similar farms,
the quantified emissions were at the high end of EF because they corresponded
to daytime emissions only. These were also in line with other works using SOF
to quantify NHs emissions (Kille et al., 2017).
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For CHs, the measured emissions were higher than the CARB inventory by
60% (Figure 15b). Additionally, these measurements were similar to estima-
tions done using airborne mass balance flux measurements at the same facili-
ties (Thompson et al., 2019). A recent study (Amini et al., 2022) compared
measured emissions in the same area with the CARB inventory and airborne
quantifications. Unlike our study, they determined that measurements were
only 8% higher than the inventory. However, they assumed that manure was
100% managed in anaerobic lagoons, which was higher than the percentage
used in our study (60%). On the other hand, our estimations also align with
other studies discussing manure management representativeness in the SJV
(Marklein et al., 2021). Furthermore, 40% of the measured farms had a cover
on the anaerobic lagoons, and several facilities had solid-liquid separator ma-
chines. Therefore, assuming that 100% of the manure was treated in an anaer-
obic lagoon would not be suitable in our study. Conversely, the comparison of
emissions between farms with and without a cover with the anaerobic lagoon
did not show significantly different CH4 EFs; it is uncertain, however, whether
they were complete or collecting CH4 for energy production at all farms.
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Figure 15: Comparison of measured emissions and inventory estimated emissions: (a) NHs
and (b) CHa. (Adapted from Paper V)

41



5 Discussion

A full understanding of farm-scale CH4 and NHs emissions is scarce. There-
fore, in this thesis, we investigated several operational farms, using a system-
atic methodology for comparison within different practices. The results re-
vealed a good deal of variability among similarly managed farms, indicating
that minor practices largely influence emissions. Therefore, using single EFs
to estimate farm emissions is insufficient, so a large dataset on farm emission
rates and emission factors across several farms, considering different manage-
ment practices and mitigation, is essential.

5.1 Suitability of the methods to study CH4 and NHs

emissions from livestock production

The results illustrated that all the methods were applicable to quantifying farm
emissions. The TDM was adequate in relation to the strength of the emissions
at the studied sites (0.5 to 20 kg/h) (Paper I and I1); for instance, despite low
CH. emissions from pig farms carrying out acidification treatment, emission
rates were obtained (Paper I1). The TDM method can also be applied to meas-
ure whole-farm emissions from several farms, due to low requirements for site
selection and no reliance on wind information. In addition, the method was
further developed to allow for higher flexibility in quantifying single manure
tank emissions when road accessibility was limited (Paper I11). Moreover, alt-
hough method comparison was not performed in the project, this has been done
in another study (Arndt et al., 2018), which obtained similar rates for IDM,
TDM and airborne measurements.

NHs is a reactive gas and difficult to quantify, so instrument limitations often
challenge emissions measurements methodology (Twigg et al., 2022). SOF
performed well in the validation test (Pape VI), and uncertainty calculations
were approximately 30%, thus demonstrating as reliable method to obtain NH3
emissions. The method was also suitable for quantifying NH3z emission meas-
urements from small (1 kg/h) to large sources (100 kg/h) (Paper V1). Addition-
ally, the method had the flexibility to measure individual facilities in areas with
a high farm density because measuring upwind and downwind plumes allowed
for isolating individual sources (Paper VI). The indirect flux method (IFM)
also detected CHs rates at the typical range of farm emissions with an uncer-
tainty of approximately 50%.
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All of the studied methods are non-intrusive and can quantify direct emissions
from the entire facility, as they were not initially designed to discern single
sources. In addition, their setup is flexible, allowing for significant spatial
cover; consequently, several facilities can be investigated quickly using single
instrumentation. They are rather accurate and precise, as shown in the uncer-
tainty analysis, as they do not rely upon wind modelling, which can add uncer-
tainty to the quantifications. The advantages of the methods applied in this
project, compared to commonly used methods such as surface chambers, for
instance, is that they are non-intrusive and measure fluxes from the whole
source (Tedeschi et al., 2022). Furthermore, micrometeorological techniques
are often stationary, and although continuous data is obtained, they lose 50 to
80% of this data due to wind direction coverage (Bihler et al., 2021; Lemes et
al., 2022).

TDM, SOF or IFM are not designed for continuous measurements. Addition-
ally, perhaps their main limitation is caused by weather conditions. SOF quan-
tifications are restricted to sunny daytime conditions, as IFM is limited to SOF
quantification; in this case, the same limitation applies to it. On the other hand,
TDM is more challenging to use on days with strong convection, as the con-
centration will be low at ground level. Therefore, TDM is better for neutral or
stable atmospheric conditions, allowing for concentration measurements at
greater distances. In addition, the bias introduced by diurnal variations in ma-
nure emissions is minimised in these conditions (night time, cloudy) (Wood et
al., 2013).

5.2 CHs and NH3; emission rates and EFs from

different production systems

Direct CH4 emission rates and EFs from whole farms were reported for the first
time for Danish cattle and pig production facilities in Papers | and 11, respec-
tively. Direct NH3 and CH4 emission rates from dairy CAFOs in California
were reported in Paper V. Dairies in the USA averaged CH4 emissions of 4018
g/LU/h, and there was a large variation between EFs, as farms were quantified,
ranging from approximately 13 to 68 g/LU/h. Dairy farms in Denmark aver-
aged 26+8 g/LU/h varying from 20 to 38 g/LU/h. Several factors can justify
the difference in emissions between farms located in these two countries, most
likely linked to manure management emissions (Wirsenius et al., 2020). The
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climate of the two regions is quite different, with the annual average tempera-
ture for Denmark being 9.4 °C, whilst it is 19.4 °C for SJV, California. Fur-
thermore, the management system adopted by each farm might also have in-
fluenced emission differences, as anaerobic lagoons are expected to produce
more emissions than slurry pits (Wirsenius et al., 2020). Furthermore, Arndt et
al. (2018) measured emission contributions from manure management (La-
goons) of 70% in summer and 35% in winter, while at a cattle farm (Paper I11),
we saw contributions of 15% and 8% in summer and winter, respectively.

Measurements showed that modelled emissions are underestimated compared
to single-farm emissions (Papers I, Il and V). The underestimation was lower
for Danish dairy farms, as enteric emissions are the biggest contributor to farm
emissions, and better knowledge about this source makes it easier to model
them (Hristov et al., 2018). Most farm emission rates were within the models
and measurement uncertainty levels. On the other hand, manure emissions are
more difficult to model, and so the model perform poorly in farms where ma-
nure emissions are dominant. In this study, these were the Danish pig farms
and Californian CAFOs. For the Danish pig farms, model revision could ben-
efit manure emissions modelling, as well as revision of the main emissions
parameters such as manure temperature. The measured temperatures were
higher than those used in the models (Nielsen et al., 2022) and found in previ-
ous studies on northern European conditions (Husted, 1994; Rodhe et al.,
2015). The manure tank cover also increases emissions, which was used more
in pig manure tanks and at most of the pig farms studied herein. Additionally,
more data should be collected to improve statistics. The measurements show
that emissions can vary greatly among farms and tanks with similar character-
istics. Apart from manure modelling uncertainties, the underestimation of
American farms is also linked to limited information on their management.

5.3 Factors affecting CH4 emissions

For all Danish farms, emissions were high at the end of summer and in early
autumn, and lower during spring. Cattle farm emissions varied less across the
year, which is different from the pig farms, due to manure being the dominant
emission source on the latter. Studies measuring whole-farm emissions, or
even single sources, several times a year are scarce in the literature.

Furthermore, for diurnal variations, CH4 emissions from manure are not well
documented. Wood et al. (2013) concluded that the reason for daily variations
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in emissions is the overnight accumulation of gas bubbles in the manure and
their release in the early morning, caused by surface heating, coinciding with
periods of high gas production. This warming allows for both a decrease in
surface tension and gas expansion. These gas bubble bursts are lower on cloudy
days, because of lower surface heating, or when there is a presence of a natural
crust on the surface of the manure (Wood et al., 2013). Therefore, Wood et al.
(2013) recommended discrete night-time sampling over a maximum interval of
seven days. On the other hand, Wood et al. (2013) highlighted an overestima-
tion of only 15% when not following the recommended sampling (~ 21days
sampling interval). The presented studies (Danish cattle and pig whole farms)
mostly fulfilled this time-of-day requisite. The same is not valid for the manure
tank measurements, but since diurnal overestimation is small, the bias in our
dataset should be minimal. In contrast, diurnal variations in ammonia emis-
sions have been better documented (Lonsdale et al., 2017; Sun et al., 2015),
and models have been developed to estimate these fluctuations (Zhu et al.,
2015a). Therefore, due to the SOF weather conditions limitation, the quantified
emissions only reflect daytime conditions, and in order to obtain total emis-
sions during the day, a model of the expected diurnal fluctuation or measure-
ments using another methodology are needed.

Results from the TDM method demonstrated that manure temperature was an
important factor affecting emissions (Paper 1V). This correlation is not a new
finding (Husted, 1994; Maldaner et al., 2018) but it does confirm the method's
suitability in terms of identifying factors affecting CH4 rates. Furthermore, pig
manure emissions were higher than cattle emissions, which were then greater
than digested manure. A few studies have noted that pig manure produces more
CH4 (Kupper et al., 2020) because of the higher content on easily degradable
V'S when compared to cattle manure (Petersen et al., 2016). The most exciting
finding here was the impact of the manure tank cover in CH4 emissions, i.e.,
higher EFs for covered than uncovered tanks. The suggested reason is both the
preservation of heat by the cover (Im et al., 2022), leading to a higher manure
temperature, and the lack of crust formation. However, this hypothesis still
needed to be proven. CH4 emissions from pig manure tanks also showed con-
siderable variability among the studied tanks, potentially due to small differ-
ences in farm management practices, such as the use of intermediary tanks.
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5.4 CH4 mitigation strategies’ impact on emissions

TDM can be used to quantify emission mitigation efficiencies from biogas and
acidification strategies. Mitigation efficiencies need to be documented in order
to be implemented in inventory methods, especially results from farm-scale
practices.

This was the first study to quantify CH4 emissions mitigation from an entire
pig farm using acidification treatment. Emissions were 91-93% lower than
from pig farms without a manure treatment (P2) (Paper I1). High mitigation
efficiency was expected once it was reported that acidification could reduce
CH4 manure emissions by up to 95% (Fangueiro et al., 2015; Lemes et al.,
2022). The percentage of enteric emissions from the pig farms should be low
and also be in accordance with the measured rates.

In Denmark, delivering raw manure to centralised biogas plants, and then stor-
ing digested manure, is the most common practice, instead of farms having
their own biogas reactors (Nielsen et al., 2022). Furthermore, emissions from
the cattle manure tanks were similar to tanks storing digested manure (~ 20%
difference) (Paper 1V), and also in farms with and without anaerobic lagoon
covers (Paper V). In contrast, there was a significant difference between pig
manure and digested manure (~ 68%) (Paper 1V), thus supporting the lower
emissions from pig farms storing digested manure (~ 55%, P3) (Paper I1) com-
pared with farms where manure was not treated (P2). For the whole cattle
farms, differences in emissions caused by biogas treatment could not be eval-
uated, as mentioned previously (Paper 1). Studies looking at emissions from
digested manure have focused on dairy manure (Maldaner et al., 2018; Rodhe
etal., 2015)
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6 Conclusions

CHs emission rates and factors were quantified from livestock production fa-
cilities in Denmark and California. The tracer gas dispersion method (TDM)
was used in Denmark, while the indirect flux method (IFM) was used in the
USA. Furthermore, NHz emission rates were also measured at dairy farms in
California via the solar occultation flux method (SOF). CH4 emission rates
from cattle farms in Denmark varied from 0.7 to 28 kg/h, while in the USA
they ranged from 155 to 874 kg/h. Californian farms were much larger (~ 2000
to 20000 LU) compared to Danish farms (~150 to 1200 LU). Average EFs were
40 and 26 g/LU/h for American and Danish cattle, respectively, due to differ-
ences in both management and climate. Additionally, NHz emission rates var-
ied from 32 to 199 kg/h, and EFs averaged 9 g/LU/h,

Uncertainty for the SOF NH3 measurements was 37% on average, and for IFM
it was 53% when quantifying CHa. All three tested methods measured discrete
emissions, which lasted a couple of hours. Additionally, in Denmark, measure-
ments were taken a minimum of six times a year, while in the USA, only two
quantifications were performed. The techniques were suitable for this source,
covering emission rates and showing the expected temporal variability over the
year. CH4 emissions from Danish cattle did not broadly fluctuate during the
year, as enteric fermentation is the primary CHa4 production mechanism and
remains rather constant over the year. On the contrary, CH4 emissions from pig
farms showed significant variability over the year, and manure was its primary
CHa source, which is dependent on temperature and organic matter availability.

All comparisons between measured CH4 and inventory emissions calculations
exhibited an underestimation by modelled emissions. The smallest difference
was found for Danish cattle, again likely due to enteric emissions being an
easier source to predict emissions. For the Danish pig farms, however, where
manure emissions dominate, it is more challenging for the model to perform.
This is similar to results for American cattle farms, where manure also domi-
nates due to climate and management choices. For NHz emissions, the models
performed well, as long as the diurnal variation in emissions was considered.

Furthermore, a stationary TDM approach was developed in order to offer more
flexibility for manure tank measurement. The stationary TDM uses the same
principles as a mobile TDM, ensuring accuracy but sampling at stationary sam-
pling points placed in a field where a vehicle cannot drive. Combining mobile
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and stationary TDM, CH4 emission measurements of ten manure tanks were
performed at least six times over the year. Pig manure had the greatest CHs
emissions, while digested manure had the lowest. Additionally, covered tanks
showed higher emissions than non-covered tanks.

Moreover, the impact of mitigation strategies on CH4 emissions was investi-
gated. Using centralised biogas plants to collect raw manure at farms and re-
turned digested manure is efficient for mitigating CH4 from pig manure. In
California, anaerobic digestion treatment was done by covering anaerobic la-
goons in order to collect CH4 gas, thus avoiding its release into the atmosphere.
However, emission reduction by this type of system was not observed. Farms
employing in-house acidification of manure exhibited emissions approxi-
mately 90% lower than a farm with no manure treatment.

Finally, this study provided annual rates and EFs from whole-farm emissions
for the first time (cattle and pig northern European farms and dairy CAFOs in
SJV). Furthermore, we developed and investigated methods to enrich the tool-
set for further research into emissions at this type of facility.
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7 Future research

The methods developed and applied in this thesis can continue to be used to
study CH4 and NH3s emissions from livestock farms in the following ways:

e There is a need to understand how the dispersion of the gases by wind affects
the measurement of plume concentrations. Finalisation of the wind model-
ling experiment to better evaluate wind parameters in the SOF method, thus
reducing uncertainty, so that the method becomes more accurate and precise.
Initial steps in this regard were taken in this study, albeit they were not con-
cluded before the end of this thesis.

e The use of the TDM, SOF or IFM, in combination with a method measuring
continuous emissions (e.g., IDM and eddy covariance), should be studied.
Although the results of this thesis established the good reliability of discrete
method sampling, it would be relevant to combine it with a continuous
method. This setup could be used to look further at the variability of emis-
sions and how daily practices influence emissions.

e For Danish cattle farms, the impact on emissions of a few inconclusive fac-
tors herein, such as deep litter usage and beef farm underestimations, could
be studied. Additionally, for cattle farms it would be interesting to investi-
gate the biogas mitigation of manure emissions.

o Evaluate the contribution of different sources (animal housing and manure)
on the same farm with simultaneous measurements, for instance to under-
stand emission dynamics and pig animal house and manure tanks. Such in-
formation could be used, for example, to improve inventory calculations of
pig farms.

e Once NHs has been quantified at pig and cattle manure farms in Denmark,
the method could then be used to investigate further emissions from this
source, also in combination with the TDM, so that night-time emissions can
be quantified.
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In Denmark, agriculture is the largest source of anthropogenic methane emissions (81%), mainly from cattle
(dairy and beef) farms. Whole-farm methane emissions were quantified at nine Danish cattle farms, using the
tracer gas dispersion method. Five to six measurement campaigns were carried out at each farm, covering a full
year. Of the nine cattle farms, seven were home to dairy cows and two to beef cattle. The farms represented
typical breeds, housing and management systems used in Denmark. Whole-farm methane emission rates ranged
from 0.7 to 28 kg h™?1, with the highest measurements seen at locations with the highest number of animals.
Emissions tended to be higher from August to October, due to elevated temperatures and high amounts of stored
manure during this period of the year. The average emission factor (EF) for dairy cow farms was 26 + 85 g
Livestock Unit (LU) ! h™!, whereas it was 16 + 4.1 LU " h™! for beef cattle farms, i.e. 38% lower for the latter.
The use of deep litter house management explained some of the differences found in the EFs for dairy cows.
Methane emission rates estimated using IPCC models and national guidelines tended, on average for all farms
and measurements, to be underestimated by 35% in comparison with the measured methane emissions, for all
models and farms. The results suggest that future improvements to inventory models should focus on enteric
methane emissions from beef cattle and manure methane emissions for both dairy cows and beef cattle, espe-

cially from deep litter management.

1. Introduction

Many countries have strengthened their greenhouse gas (GHG)
reduction targets and are putting efforts into reducing associated emis-
sions with the goal of minimising climate change impacts. Globally,
methane is the second most important emitted GHG and constitute 19%
of the combined effective radiative forcing (relative to 1750) of the well-
mixed GHGs (Forster et al., 2021). Atmospheric methane concentrations
are increasing and reached 1.89 ppm in 2020, corresponding to an in-
crease of 16% since 1985 (NOAA, 2021). Due to the relatively short
atmospheric lifetime of methane (IPCC, 2013), reducing its emissions
will lead to cost-effective mitigation of climate change impacts in the
short term (Johansson et al., 2008). In Denmark, 81% of all anthropo-
genic methane emissions come from agriculture, produced by both
enteric fermentation and manure management (Nielsen et al., 2021). Of
the methane emitted from cattle livestock, about 76% is due to enteric
emissions from the ruminant digestive system and about 24% comes
from degradation of animal manure, stored either under the animals’

house or at outside tank storages (Nielsen et al., 2021). Approximately
1.5 million cattle (dairy and non-dairy), accounting for about 20% of
total agricultural exports (Danish Agriculture and Food Council, 2018),
contribute 59% of all national methane emissions, which is a reflection
of the large dairy industry in the country.

At the Danish national level, methane emissions from livestock
production are estimated by using the empirical models provided in the
International Panel on Climate Change (IPCC) 2006 guidelines for na-
tional inventory GHG emission reporting (IPCC, 2006). However, these
models lack spatial resolution, and many of their parameters are based
on limited or outdated research (Hristov et al., 2018). In order to
improve them, the IPCC recently published a refined version of their
guidelines, updating and supplementing some of the calculations and
factors and using more actual research (IPCC, 2019). Where available,
nations are encouraged to apply national models and emission factors,
with the justification that they will better reflect their animal manage-
ment policies.

Few studies have compared estimated methane emissions using these
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IPCC models with emissions based on whole-farm scale measurements
representing real management conditions. This form of study is impor-
tant for evaluating model accuracy and consequently improving emis-
sion predictions. Additionally, for models to achieve reliable
predictions, a large dataset with a wide range of feed compositions and
management systems across different regions remains to be built
(Hristov et al., 2018).

Methods for quantifying enteric emissions from a single cow have
mostly used respiratory chambers (Hammond et al., 2015), SFg tracer
flux (Grainger et al., 2007) and, head-chamber systems (Sorg et al.,
2018), albeit these are difficult to apply in real farm-scale measure-
ments. Similarly, studies on methane emissions from farm-scale manure
tanks are scarce, but they are still needed in order to obtain emission
rates that reflect real conditions, preferably using non-intrusive methods
(Kupper et al., 2020). Flux chambers (Amon et al., 2006), inversion
dispersion models such as backward Lagrangian Stochastic (bLS)
dispersion modelling (Baldé et al., 2016) and micrometeorological mass
balance methods (Wagner-Riddle et al., 2006) are commonly used to
measure emissions from manure tanks. Quantifying whole-farm CHy4
emissions is useful in understanding mitigation efforts. In addition, in-
ventory models have been reported to underestimate livestock emissions
(Owen and Silver, 2015; Wolf et al., 2017), therefore farm measure-
ments representing real management conditions can help to improve
model accuracy for the whole-farm system; however, they are few in
number and mostly focused in North America (Arndt et al.,, 2018;
Hensen et al., 2006; McGinn and Beauchemin, 2012; VanderZaag et al.,
2014). The mobile tracer gas dispersion method (sometimes also
referred to as the tracer correlation method or tracer flux ratio method)
is a ground-based remote method that has been used to quantify emis-
sions from many different area sources, such as landfills (Borjesson et al.,
2009; Scheutz et al., 2011; Mgnster et al., 2015), wastewater treatment
plants (Delre et al., 2017; Samuelsson et al., 2018), biogas plants
(Scheutz and Fredenslund, 2019) and livestock production facilities in
North America (Arndt et al., 2018; Daube et al., 2019). This method has
been described elsewhere (Galle et al., 2001; Roscioli et al., 2015;
Scheutz and Kjeldsen, 2019) and can be used to quantify whole-farm
emissions and, in some cases, emissions from physically
well-separated farm operations such as manure tanks and cattle barns
(Arndt et al., 2018). The tracer gas dispersion method uses a tracer gas to
mimic the source methane release, which it is a principle also used in
other techniques such as the SF¢ tracer flux method where it has been
used to measure enteric methane emissions from individual cows

Table 1
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(Grainger et al.,, 2007), and from manure tanks (Kaharabata and
Schuepp, 1998) by performance of stationary plume sampling. The
mobile tracer gas dispersion method applies an easier approach using a
mobile analytical platform and measures multiple complete plume
transects at a greater distance to the emission source securing sufficient
mixing and source simulation thus reducing measurement uncertainty.

The objective of this study was to quantify whole-farm methane
emissions from cattle farms, using a mobile tracer gas dispersion
method, and to compare measured emissions with estimated methane
emissions, using IPCC guidelines and national inventory models. We
directly measured methane emissions consistently over one year for nine
farms, which were selected to represent the different housing systems,
manure management systems and breeds currently used in Danish
agriculture. This study targets the lack of studies assessing whole-farm
direct CH4 emissions from cattle livestock and the need for IPCC
model validation.

2. Materials and methods
2.1. Investigated sites

Nine cattle farms (C1-C9) were chosen for this study (Table 1). Seven
of them were dairy farms, while the other two focused on beef pro-
duction. Their selection was based on wishing to represent typical
breeds, housing systems and manure management methods used in
Denmark, where three dairy cow breeds predominate: the Danish Hol-
stein (70%), Danish Jersey (12%) and Red Danish (5%) (Danish agri-
culture and Food Council, 2020a). Among beef cattle, the Limousine is
the most common breed, accounting for 18% of all beef animals (SEGES,
2021). Considering these statistics, we selected at least one farm for each
breed. Regarding manure management, 28% of the manure produced by
cattle (dairy and non-dairy) is treated by anaerobic digestion, while 8%
of the farms use deep litter and 60% have loose-holding housing systems
for dairy cows (Nielsen et al., 2021). Therefore, three farms with
loose-holding and different floor types (drained or slatted floor) (C1, C2
and C4), two with deep litter with a long eating space (C3 and C6), three
with a mix of both systems (C5, C7, and C9) and one with deep litter only
(C8) were selected. For the farms applying deep litter with a long eating
space (C3 and C6), 60% of the excreted manure is deposited in straw
beds, forming the deep litter, while 40% is collected as liquid/slurry.
The anaerobic digestion of manure at the studied farms is performed in
centralised biogas plants, i.e. raw manure is collected from pits under

Overview of the investigated farms. For more detailed information, refer to Table A1 in Appendix A.

Farm Type of Numbers of animals Livestock unit Animal House Manure handling
Name animal A , (LU)* breed
Dairy Heifer/young  Calves
bulls
C1 Dairy cow - 600 — 289-765 0-643 970-1250 Jersey Loose-holding drained floor Liquid/slurry manure
Organic 745
Cc2 Dairy cow 250 110 100 330 Jersey Loose-holding slatted floor Biogas
c3 Dairy cow 420 180 150 540 Jersey Deep litter with long eating space Biogas
c4 Dairy cow - 240 180 70 230 Holstein Loose-holding slatted floor Biogas
Organic
Cc5 Dairy cow 526 405 212 1055 Holstein Loose-holding slatted floor (65%)/deep Biogas
litter with long eating space (35%)
c6 Dairy cow 160 110 40 305 Holstein Deep litter with long eating space Biogas
Cc7 Dairy cow 190 103 44 320 Red Danish Loose-holding slatted floor (50%)/deep Liquid/slurry manure
litter with long eating space (50%) (3/20 - 9/20)
Biogas (9/20-1/21)
c8 Beef cattle 30 40 20° 130 Limousine Deep litter Solid piles
(] Beef cattle 560 143 545 Holstein Loose-holding slatted floor (80%)/deep Biogas

litter with long eating space (20%)

@ LU = 500 kg of body weight. Jersey dairy = 0.89 LU; Holstein and Red Danish dairy = 1.2 LU; Jersey heifer 0.65 LU; Holstein and Red Danish heifer 0.78 LU; Jersey
bull = 0.68 LU; Holstein bull = 0.85 LU, Jersey calves = 0.16; Holstein and Red Danish calves = 0.21 LU; Limousine cows = 1.6 LU; Limousine heifer or bulls = 0.8-1

LU; Limousine calves 0.3 = LU.
> On average, farm C8 had 26 heifers and 13 bulls.



N.T. Vechi et al.

the barn one or more times a week and then taken to a biogas plant,
which in turn returns degassed biomass to the farm’s manure tanks. The
amount of degassed manure received is around 90% of the initial vol-
ume; however, the composition largely differs, since biogas plants
employ a mix of manure, deep litter, organic industrial waste and energy
crops. Six farms send their manure for anaerobic digestion, while C7
only started sending it after September. For the other two farms, the
manure was not treated and was instead either stored in liquid/slurry
form (C1) or as a solid in deep litter piles (C8). Organic farms account for
14% of Danish dairies (Danish agriculture and Food Council, 2020b);
hence, two organically managed farms were selected (C1, and C4).
Among other things, milk cows spend part of their day grazing during
the summer (~7 h over 196 days) and are fed with a high percentage of
organic fodder. Enteric methane emissions vary according to the animal
feed intake and the energy used, therefore different breed with differ-
ences in weight will produce distinctive emissions. As for manure
emissions, the amount of manure stored in the house, the use of straw in
the house or any other treatment the manure is subjected to can affect
the strength of emissions.

The farms had a constant number of animals during the year. One
exception was C1, which has seasonal calving in late spring, as all cows
are inseminated at the same time, thereby affecting milk production and
especially the amount of heifers and calves during the year. Methane
emission factors (EFs) were calculated by normalising measured emis-
sion rates to the body weight base unit, whereby one livestock unit (LU)
corresponded to 500 kg of body weight (Table 1). The animal weights
used and other information on the farm’s management were obtained by
interviewing the farmers (Table Al in Appendix A). Animal numbers
used to model annual farm emissions were obtained from the animal
central database (Centrale Husdyrbrugsregister (CHR)), to ensure con-
sistency among the farms and to account for monthly variations. At the
dairy farms, in addition to dairy cows, the numbers of heifers and calves
were also included in the assessment of whole-farm emissions. These
animals are sometimes managed at individual housing systems apart
from the dairy cows’ housing, which was taken into consideration when
calculating inventory emissions. The only exception was farm C4, where
measurements included only dairy cows, while heifers and calves were
located at a building further away from the main farm, in which case
they were not included in neither the measurements nor the modelling.

2.2. The tracer dispersion method

Methane emissions were quantified using the mobile tracer gas
dispersion method, which has been employed previously to quantify
methane emissions from dairy livestock in the USA (Arndt et al., 2018;
Daube et al., 2019). The method involved the controlled release of tracer
gas and simultaneous measurements of methane and tracer gas con-
centrations downwind of the farms, using high-precision instruments
installed on a mobile platform (Galle et al., 2001; Mgnster et al., 2014;
Scheutz et al., 2011). Although the method has limited temporal reso-
lution, it has a short setup time and can cover more than one facility in a
single day; additionally, it is independent of weather conditions and
atmospheric modelling. The method is based on the assumption that the
source and tracer gas disperse similarly (Mgnster et al., 2014), and
therefore the tracer gas can be used to simulate target gas (methane)
emissions, which can then be calculated by considering the ratio be-
tween the target and the tracer gas, and the known constant emission
rate of the tracer gas (Eq. 1)

f:IZ (Clg' C!g-bg)dx MW,
.]:(lz (Cu‘ Clr—bg)dx "MW,

E(g = Qu (1)

where E (kg hY) is the target gas emission, Q. (kg h™1) is the known
tracer gas flux, Cz and Cigpg (ppb as mass mixing ratio) are target gas
concentrations measured inside the plume and in the background,
respectively, similar to Ci (ppb) and Cyr.pg (ppb) for the tracer gas. MW,
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(g/mol) and MWy, (g mol 1) are the molecular weights for the target and
the tracer gas, respectively. X2 (m) and X1 (m) represent the end and the
beginning of the plume, respectively. The ratio is estimated by inte-
grating the plume concentration of each gas, because this has been
demonstrated as the best approach for minimising minor tracer gas
misplacement (Fredenslund et al., 2019; Mgnster et al., 2014). A number
of transects provided average emissions, and in order to be considered a
measurement, a minimum of 10 transects should be performed (Fre-
denslund et al., 2019). Acetylene (C2Hz) was selected as the tracer gas,
due to its negligible atmospheric background concentrations and long
atmospheric lifetime. Recent studies, using the tracer gas dispersion
method by performing controlled releases, have shown that method
uncertainty is no higher than + 20% in a 95% confidence interval
(Fredenslund et al., 2019; Mgnster et al., 2014).

The present study used a mobile analytical platform equipped with
fast-response and sensitive gas analysers and a global positioning system
(GPS) connected to the van. Air was sampled from the car’s roof (two
meters above ground) with the help of an external pump, and measured
concentrations were shown in real time. Three different gas analysers
(based on cavity ring-down spectroscopy) were used, based on instru-
ment availability. The instrument used most during the measurement
campaigns was a methane and acetylene analyser (G2203, Picarro Inc.,
CA), with a measurement frequency of two seconds and a precision (3c)
of 2.14 and 0.34 ppb for methane and acetylene, respectively. In addi-
tion, two other instruments were used in combination during the cam-
paigns carried out from January 2020 to June 2020. One instrument
measured acetylene (S/N JADS 2001, Picarro Inc., CA), with a response
on average every three seconds and a precision (36) of 2.5 ppb, while the
other instrument measured methane (G1301, Picarro Inc., CA), with a
response time of four seconds and a precision (3c) of 3.4 ppb. Acetylene
(> 99.5%) was released from gas cylinders (at one to two locations
usually close to the animal house and manure tanks), using constant
flow rates set with calibrated high-precision flowmeters. In addition, the
cylinders were weighed before and after each measurement campaign,
in order to determine the precise mass of the released tracer. The tracer
release rates varied from 0.6 to 2 kg h™L.

Prior to the measurements, a desktop study was performed in order
to evaluate the best weather conditions for optimal measurement per-
formance, especially with regards to interfering methane sources and
road availability. During the field campaign, the measurements can be
described in three phases — as defined earlier (Scheutz and Kjeldsen,
2019). First, an on-site screening of the farm was performed to identify
the main methane emission sources, which were mainly the animals’
barns and manure tanks. Second, the farm’s surroundings were screened
by driving along available roads, in order to identify any interfering
sources located in the area. Lastly, tracer gas was released and plume
measurements performed. If the tracer and target gas plumes did not
correlate well, meaning that they did not start and finish at the same
time, the tracer gas bottles were repositioned. Crossing the whole plume
downwind is important, to define baselines for the integrated plume
calculations and assuring that the whole emission from the target source
is measured.

2.3. Measurement campaigns

Table 2 provides an overview of the performed measurement cam-
paigns. In total, 60 quantitative emission measurement campaigns were
taken, all fulfilling the requirement of at least 10 plume transects carried
out over 1-2 h. Most quantifications were performed on roads more than
1 km away from the target source, to ensure sufficient plume mixing.

Whole-farm methane emission rates were measured every second
month, covering all seasons over one year. However, C1 was measured
over a period of two years. Since the measurements were distributed
equally around the year, the simple average of all measurements was
considered as the annual average emissions. One exemption was beef
farm C8, on which the animals grazed during the summer, and so
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Table 2
Summary of the quantitative emission measurements.
Farm Date Time interval ~ Wind speed (m s™') and T Road distance Number of Methane emission + SD Emission factor + SD (g
direction” Q) (km) transects (kg Y LU'h ™
C1 07-02-19 11:00-13:20 4.5, SSW 3 1.1 (10) 2.1 24 15.3+4.3 159+ 4.5
a4
11-04-19  17:57-19:10 4, ENE 7 1.5 11 188 +1.4 20.4+1.5
28-06-19 22:09-23:15 2, WSW 18 1.5 20 13.0+ 1.6 13.5+1.7
25-09-19  16:00-18:00 6, ENE 15 1.5 12 25.2+ 4.1 259+ 4.1
14-11-19  17:00-18:40 1.5, ESE 4 2.4 11 28.5+ 4.0 30.5+43
22-01-20 20:00-22:00 6, W 6 1.4 12 25.1+4.2 26.8 + 4.7
04-03-20  16:00-18:00 2.5, WSW 7 1.4 20 24.1+3.3 20.3+2.9
23-06-20  18:00-19:00 2, WSW 20 1.4 13 16.6 £ 4.2 13.5+35
13-07-20  17:30-19:00 25 W 18 1.4 20 159+1.8 139+1.6
02-10-20  14:45-16:00 2.5, ESE 16 0.95 18 27.6 + 4.2 249+ 3.8
05-11-20 14:45-15:45 5 W 11 1.4 17 221422 20.2+2.0
12-12-20 14:00-15:30 2,E 3 0.95 22 21.6 +1.7 20.0+1.6
Cc2 05-03-20 19:00-21:00 1.5, ENE 3 0.7(14)1.0(4 18 9.2+1.9 28.5+5.9
12-05-20  20:00-22:00 3.5, N\W 5 0.4 17 5.9+ 0.5 17.8 £ 1.5
08-07-20  16:00-18:00 4, NW 14 0.4 25 77+11 241+3.4
09-09-20 07:00-08:30 3, SW 17 1.0 20 72+1 23.0 £3.2
10-11-20  11:00-13:00 2.5, SE 7 1.1 22 6.4+ 0.6 19.9 +£1.9
04-01-21 13:00 - 5, ESE 2 0.6 (22) 1.0 (3) 25 6.5+1.0 20.2+3.1
14:15
Cc3 06-03-20  15:30-17:30 4, NE 5 1.4 14 23.7 +4.1 40.6 + 7.5
08-05-20  17:30-19:00 3, W 16 1.2 17 223+ 5.5 43.5+11.3
07-07-20  21:00-22:30 1.5, W 14 1.2 30 16.6 £1.1 32.3+21
08-09-20 10:00-12:00 3.5, W 18 1.2 27 18.7 + 3.6 35.6 + 6.8
12-11-20  13:00-15:00 2.5, SSE 9 1(9)2204 23 20.1 +2.8 38.0 £5.3
05-01-21 09:00 - 1, NE 3 2 17 199 +24 374+ 45
11:00
C4 17-03-20  13:30-15:30 5, SW 9 1.6 19 7.7 +1.3 26.4 + 4.5
14-05-20  16:00-18:00 1.5, NW 13 0.8 24 57+1.0 19.5 £ 3.4
07-07-20  15:00-16:30 4.5, WSW 17 1.6 18 56+1.2 19.5+42
07-09-20 17:30-18:45 2, WSW 15 1.6 24 4.8+ 0.6 16.9 £ 2.1
10-11-20  14:30-18:00 1.5, SSE 6 0.9 21 7.8+ 15 27.2+5.2
04-01-21 16:00 — 4.5, NE 1 1.7 21 6.6 £0.8 21.3+2.6
18:00
C5 05-03-20  16:00-18:00 2.5, ENE 5 1.4 19 18.1 £2.9 18.2+3.1
12-05-20  12:00-16:00 3.5 W 7 1.8(10) 0.4 (3) 13 17 £33 17.2 +£3.2
07-07-20  17:20-18:45 25 W 14 1.8 20 19.6 £ 1.8 20.1+1.8
07-09-20  16:00-15:30 4.5, SW 17 1.8 21 239+ 3.6 241+ 3.6
11-11-20  17:00-18:30 1.5, ESE 7 1.2(19) 0.6 (2) 21 21.3+27 21.3+27
05-01-21 16:30 - 2, ENE 1 1.1 19 23.4+1.6 23.3+1.6
18:30
Cc6 29-03-19  20:15-22:30 4, SW 10 1.4 29 7.5+1.2 26.0 + 4.2
20-08-19  21:00-23:00 2, SW 13 1.4 32 89+1.0 30.0+3.4
13-02-20  10:00-13:00 25,8 3 1.5 11 7.8+ 1.9 279+ 6.8
18-05-20  16:30-18:30 1.5, WSW 11 1.4 20 7.3+1.2 24.7 + 4.1
27-06-20  21:30-23:30 1S 20 1.5 16 8.0+15 27.1+5.1
10-10-20 15:00-17:00 1.5, WSW 10 1.5 20 84+11 29.0+3.8
18-12-20  10:45: 12:15 3.5, SSW 8 1.8 19 5.4+0.8 18.3 £ 2.7
Cc7 16-03-20  11:00-13:00 3.5 W 8 1.0 19 13+18 39.6 £ 5.5
07-05-20  19:45-22:15 3.5 W 14 1.0 18 8.7 +£0.9 27.0+28
06-07-20  20:30-22:00 4.5, W 13 1.0 30 121+ 1.3 37.2+ 4.0
09-09-20  15:30-17:30 3.5 W 18 1.0 26 169 +1.7 54.4+55
12-11-20  14:00-15:30 2.5, ESE 7 1.8 20 93+11 30.2+4.8
12-01-21 10:00 - 3, WSW 1 1.0 23 7.6 +0.8 24.2+25
12:00
C8 - House  16-03-20  18:00-19:30 1.5, WSW 7 0.7 20 1.24+0.2 116 £1.9
07-05-20 21:30-23:45 1, WSW 8 0.7 13 1.9+0.5 16.9 + 4.5
11-11-20  07:30-09:00 1, SE 7 0.7 17 1.1+£0.3 17.9 + 4.9
C8 - 11-11-20  10:30-12:00 1, SE 7 0.5 19 0.4+0.1 23.5+5.9
Grazing
C8 - House 06-01-21 08:00 - 4, NE 1 1.0 16 2.7+ 0.6 22.3+£3.6
10:00
Cco 17-03-20  17:30-19:30 4.5, WSW 7 0.8 16 6.2+1.1 11.5+20
08-05-20 20:00-22:00 2.5, W 11 0.8 18 59+0.8 10.6 + 1.4
08-07-20  20:00-21:30 1, WNW 14 1.5 29 7.4+0.7 18.0 £ 1.7
08-09-20  13:30-14:45 0.5, WNW 21 1.2 21 8.6+1.3 184 +28
12-11-20 17:00-18:15 1,S 8 0.6 24 6.1 +£0.7 11.8+1.4
05-01-21 13:00 - 2.5, NE 2 1.5 21 6.6 + 0.7 11.9+ 1.3
15:00

# Wind speed measured by a vane anemometer at a height of 1.5 m.
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measurements were only taken during the winter season (from
November to May). However, in the November measurement campaign,
about two-thirds of the animals were housed inside while the others
grazed on a nearby field. Emissions from both groups of cows were
therefore measured in this campaign. For the dairy farms and beef farm
C9, measurements were only taken when animals were inside, although
cows did graze outside for part of the day (~7 h) at the organic farms
(C1, C4).

2.4. Methane emission estimation, following the IPCC and Danish
inventories

Measured methane emission rates were compared to modelled
emission rates, following the IPCC’s inventory guidelines and the Danish
national guideline. The IPCC guidelines are divided into Tier 1, 2, and 3,
differing on the level of information used in the calculation (IPCC,
2006); for this study, Tier 2 was adopted. Additionally, the IPCC recently
published a refined version of their models, which included improve-
ments to the estimations of methane emissions from cattle production
(IPCC, 2019); therefore, for comparison, both the 2006 IPCC model
(106) and its 2019 refined version (119) were used here. The Danish GHG
inventory uses a similar approach to the IPCC (2006), applying extra
information and models, which should reflect better the management
systems used at Danish farms (Nielsen et al., 2021). Both the IPCC
guidelines (I06 and I19) and the Danish guideline (DK) calculate EFs for
enteric fermentation and manure management, and each uses similar
equations (Eq. A1l and A2 in Appendix A).

Farm-specific information obtained from the farmers was used in the
modelling, such as type of housing system, manure treatment, frequency
of manure removal (when applicable in IPCC, 2019), milk production
and animal body weight (Table Al). The calculations resulted in esti-
mated EFs per animal head (Table A5), which were then converted to
annual emissions by multiplying the EFs by the number of animals in
that month (the same month as the measurement was done) and then
averaged over all months to get an average annual emission rate. The
estimated annual emissions were compared to the measured annual
emissions, which was the average of all measurements.

As values for animal feed intake were not available or unknown for
some of the farms, enteric emissions were calculated for consistency by
following the indicated approach for each of the models. Gross energy
(GE) is the main parameter used to estimate enteric emissions. The IPCC
calculates GE based on animal used net energy (NE) and digestible en-
ergy (DE) (IPCC, 2006) (Fig. 1), while the Danish guideline uses GE per
feed intake for dairy cows, or feeding units (FU) for other cattle (Nielsen
et al., 2021). Standardised GE values for the different livestock and
breeds in the country (Table A2) (Bgrsting et al., 2020) are provided
based on national feeding plans for 15-18% of Danish dairy production
(Nielsen et al., 2021). For three of the farms (C1, C2 and C3), feeding
plans were known; however, the difference between real feeding and
standardised values were minimal and did not affect the models’ results.

Manure emissions are estimated by the models using information on
volatile solid contents (VS), the methane conversion factor (MCF)
(Table A3) and maximum methane-producing capacity (Bg) (for more
information, see Appendix A). The IPCC calculates the quantity of VS
excreted based on energy intake, while the Danish guideline provides
standard values for excreted manure based on information on typical
animal characteristics (Bgrsting et al., 2020) and according to the types
of housing systems most frequently used in the country (Table A4)
(Fig. 1). The estimation of VS by the Danish inventory approach results
in higher values than the VS based on GE, mainly due to the inclusion of
bedding material in the first option (Nielsen et al., 2021). The IPCC 2019
refinement contains updated model parameters and improvements to
the way the methane conversion factor (MCF) for liquid manure is
estimated. The newest version applies a more detailed sub-model, using
temperature-dependent degradation functions, and considers manure
storage time. A similar sub-model is also applied in the Danish national
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Gross energy
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Volatile solids
GE + DE + UE
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VS + MCF + B,

Manure emissions

DK

Volatile solids
VS Housing

Fig. 1. The IPCC and Danish inventory models estimate enteric and manure
methane emissions, using similar equations (Appendix A). NEx = Net energy for
each type of activity (Maintenance, growth, activity, pregnancy and lactation).
DE = Digestible energy; GE = Gross energy, UE = urinary energy fraction.
VS = Volatile solids. MCF = Methane conversion factor. Ym = Methane yield.
The most important parameters for enteric fermentation are GE and Y,, while
manure emissions are based on VS, MCF and B,. Both methods differ in the
calculation of.

guidelines, following the most common practices and data available for
the country, resulting in recommended values for annual MCF for cattle
manure handled as liquid slurry or treated biogas (Table A3) (Nielsen
et al., 2021). For deep litter, the Danish model adopts the MCF provided
in the IPCC 2006 model. Additionally, the Danish model considers
different temperatures for the storage of manure in barns and for
external manure tanks in order to calculate MCF factors (Nielsen et al.,
2021). According to the IPCC guidelines and the Danish national in-
ventory the uncertainty on the EF estimates using Tier 2 is on the order
of 20%, which is a reflection of the level of information available.

3. Results and discussion
3.1. Methane emission rates

Whole-farm methane emissions were quantified at nine farms, and
during all quantitative measurement campaigns, well-confined methane
and tracer gas plumes were obtained, thus avoiding any influence of
methane plumes from neighbouring sources. Fig. 2 shows a represen-
tative example of an on-site and off-site methane screening campaign as
well as plume concentration transects. The average measurement time
was ~ 90-120 min, and within this time interval no temporal emission
variations were observed, not even for longer measurement periods (>
4 h). Whole-farm emissions rates ranged from 0.7 kg h™! to 28 kg h™!
(Table 2). The highest emission rates were measured at the three dairy
farms C1, C3 and C5, which were also home to the highest number of
animals. The lowest emission rates were recorded at beef cattle farm C8,
which had only approximately 100 animals (including animals at
different life stages). During one of the campaigns at C8, methane
emissions of 0.4kgh™! from 16 cattle grazing in the field were
measured.

Methane emissions fluctuated throughout the year, but these oscil-
lations were small, with emissions varying on average between — 16%
and + 13% of the mean annual emission measured at the individual
farm (Fig. 3). The measured emission rates contained both enteric and
manure methane emissions. Enteric emissions were expected to be
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Google Earth

glé Earth

Fig. 2. (a) Example of on-site screening performed at farm C2, showing methane (red) concentrations (above background). The blue area indicates the location of the
animal housings and the green area the location of the manure tank. (b) Example of off-site screening and plumes at different distances away from the farm (C2) (blue
area) (160 m, 600 m and 1400 m). Two tracer gas bottles (yellow triangles) were positioned close to the animal barn, and the wind was blowing from the east-north-
eastern direction. For the second plume (600 m), the methane (red) peak concentration was 108 ppb above background and 11 ppb for acetylene (yellow), while for
the third plume the values were 30 ppb and 3.4 ppb, respectively. The small methane emission plume on the left of the target farm’s plume came from a small horse
farm, indicated by the purple area, which was clearly distinguishable from the farm’s emissions, due to the lack of tracer gas. (c) Example of a plume transect at farm
C9. Three gas bottles were positioned close to the animal barn and manure tanks, the wind blew in the north-easterly direction and the methane peak (red) was 17

ppb above background, with 4 ppb for acetylene (yellow). (For interpretation of the references to colour in this figure, the reader is referred to the web version of
this article.)

Emissions variation (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 3. Methane emission variations during the year. For each farm the variation is the measured emission in a specific month minus the mean annual emission of the

farm and divided by the mean annual emission of the farm. The black line represents average variations for each month. Note that in some months, only one or two
measurements were available.
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constant in most of the farms, since animal numbers or feeding patterns
did not vary much throughout the year. Therefore, monthly variations
are most likely an effect of fluctuations in manure emissions, which in
turn is expected due to changes in atmospheric temperature and the
amount of manure stored during the year. In addition, most of the farms
stored anaerobically digested (degassed) manure, so the expected
contribution of this source was reduced, consequently causing small
variations in the total farm emissions — as indicated by the results. The
highest average emissions were seen in late summer/early autumn
(August to October), which was expected, because at this time of year,
there is a combination of higher temperatures and higher amounts of
stored manure, thereby increasing emissions (Fig. 3) (Kariyapperuma
et al., 2018). At some farms (C1, C2, C3, C4 and C7), slightly higher
emissions were recorded in March, which was due to the high amount of
manure stored at the time. The manure tanks are emptied in early spring
(April/May), thus explaining the reduction in emissions at this point in
time.

The maximum and minimum values observed were + 49% and
— 32% of the mean annual emissions, respectively. They were found on
farm C7, most likely because, during the first measured months (March
to September), raw manure was being stored in on-site manure tanks
before being sent for anaerobic digestion, following which the farm
stored degassed manure. Farm Cl1 had a lower number of heifers in
combination with its dairy cows producing less milk in spring due to
pregnancy, thereby decreasing enteric emissions, which is in agreement
with the observed data showing lower emissions in April and June in
comparison to September and October (Fig. 3). C8 also had a few more
suckling cattle in January than in March, possibly explaining the higher
emissions in January. Some of the outliers can be explained; for
example, C4 had lower emissions in September, in complete opposition
the overall trend, because the manure tanks remained empty due to the
manure constantly being applied to the fields from March to November.

Finally, other factors might explain some of the observed emission
variation, such as time of the measurement in relation to feeding and
general activity of the cattle, type of fodder, amount of manure accu-
mulated under the housing, measurement uncertainty and others.
Diurnal variation of methane emissions caused by periods of feeding has
being observed in some studies (Ngwabie et al., 2011; VanderZaag et al.,
2014) although, others have not observed such significant emission
variation (Arndt et al., 2018; Biihler et al., 2021). At the farms investi-
gated in this study, fodder was available for the animals during the
whole day, therefore the animals would have alternate periods of
feeding and resting, which would level out any emission variation to due
feed intake. However, the data set did not allow for an in depth analysis
of the influence of these factors on the measured emissions.

3.2. Methane emission factors

Converting the measured emission rates to EFs resulted in EFs
ranging from 11 to 54 g LU™! h™!, with an average EF of 23 + 9 g LU}
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h~! and a median of 22 g LU h™! (Table 2 and Fig. 4). For dairy cows,
normalising the measured emissions according to milk production
resulted in EFs ranging from 21 to 67 g Lk ', with an average EF of
39 g Liii * or 35 g head™! h™! when normalising milk per head of cow
(Table Al).

For comparison, Table 3 compiles methane EFs from dairy cows,
including only studies where whole-farm methane emissions were
measured. The values ranged from 7.1 to 60.2 g LU h™!, which is
comparable to the values found in this paper (11-54 g LUl hly;
however, a direct comparison must be made with caution, due to dif-
ferences in management systems, seasons and measurement techniques.
First of all, there are relatively few studies, and most of them were
performed in the USA or Canada, which might not reflect Danish con-
ditions in terms of either climatic conditions or manure management
practices (Arndt et al., 2018; Bjorneberg et al., 2009; Leytem et al.,
2011). An important difference in manure management between DK and
North America dairy farms (especially in USA) is the use of open
anaerobic lagoons by the latter, while in DK external manure is stored in
concrete tanks. Only three European studies on whole-farm methane
emissions were found, and each reported very different EFs, i.e. rela-
tivelylow11.2 - 15.0 g LU 'h!in Austria (Amon et al., 2001) and 11
—14 g LU h™! in Switzerland (Biihler et al., 2021) and relatively high
28.7 -50.5¢g LU ! h™! in Netherlands (Hensen et al., 2006) in com-
parison to the EFs in our study. In addition, seasonal variations can play
a role in emissions, and most of these studies did not systematically
measure emissions across the whole year. Therefore, it is difficult to
conclude whether the EFs found in our study were elevated or not when
compared to the studies compiled in Table 3, due to the lack of
comparability between them.

In the following sections different factors are discussed, which can
explain some of the variations in EFs found across the farms investigated
in this study (Fig. 4).

3.2.1. Housing type

Of the Jersey farms (C1, C2 and C3), farm C3 had an EF significantly
higher than the other two Jersey farms (p < 0.05, Tables A6 and A7). Of
the Holsteins dairy farms (C4, C5 and C6), C6 had a significantly higher
EF than C5 and C4 (p < 0.05, Table A6), while the C4 and C5 farms were
significantly similar (p > 0.05, Table A6). Farms C3 and C6 both used
deep litter with two months of retention time as their main house
management system (60% of the manure produced is deposited in deep
litter and mixed with straw) (Table A1), which might explain the higher
methane emissions (Fig. A1b in Appendix A). In the deep litter house
management system, faeces, urine and straw are compressed into mats,
thereby limiting oxygen diffusing into the material, and as a result
anaerobic conditions and methane formation develop in the bottom and
centre of the material, potentially leading to higher emissions than other
housing systems (Nicks et al., 2003; Webb et al., 2012). Farms C5 and C7
also used deep litter, albeit to a lesser extent (between 13% and 30% of
the manure is handled as deep litter). Additionally, C5 also applied a

Fig. 4. Average yearly methane emission factors (EFs) (g
LU ' h™Y). Error bars represent the standard deviations of
six or more measured EFs. C1- Organic dairy, Jersey, no
manure treatment; C2 — Traditional dairy, Jersey, biogas;
C3 - Traditional dairy, Jersey, deep litter and biogas; C4 —
Organic dairy, Holstein, biogas, C5 — Traditional dairy,
Holstein, deep litter (35%) and biogas; C6 — Traditional
dairy, Holstein, deep litter and biogas; C7 — Traditional
dairy, Red Danish cow, deep litter (50%) and biogas; C8 —
Traditional Beef cattle, Limosine, deep litter and grazing;
C9 - Traditional beef cattle, Holstein, deep litter (20%) and
biogas.
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Table 3
Overview of whole-farm methane emission factors (EFs) measured at dairy farms.
Ref Country Period Farm management Measurement technique EFs (g LU™!
hh
Present study Denmark Yearly Dairy and beef cows with manure TDM 23.6
tank
(Arndt et al., 2018) USA- Summer Dairy cows 1 (Jersey) - free stallsand ~ Open-path spectrometer and inverse dispersion 60.2
California Winter anaerobic lagoon modelling, TDM and aircraft close-path 28.5
Summer Dairy cows 2 (Jersey) - free stalls and 46.8
Winter anaerobic Lagoon 18.9
(Leytem et al., 2011) USA- Idaho Spring, summer, Dairy cows CAFO - anaerobic Open-path spectrometer and inverse dispersion 57.9
winter and fall lagoons modelling
(Bjorneberg et al., USA- Idaho Spring, summer, Dairy cows - anaerobic lagoons Open-path spectrometer and inverse dispersion 9.7
2009) winter and fall modelling
(McGinn and Canada Fall Dairy cows 1 - open lagoon Open-path spectrometer and inverse dispersion 7.5
Beauchemin, 2012) Dairy cows 2 - open lagoon modelling 7.1
Dairy cows 3 - open lagoon 8.1
(VanderZaag et al., Canada Spring Dairy cows 1 - earthen storage Open-path spectrometer and inverse dispersion 7.3
2014) Fall modelling 19.6
Spring Dairy cows 2 - earthen storage and 10.4
Fall concrete tank 21.8
(Amon et al., 2001) Austria Yearly Tied stall and solid manure (heap - FTIR - flux conversions using exhaust air flow oropen ~ 11.2
aerobic conditions) dynamic chambers
Tied stall and solid manure (heap - 15.0
anaerobic conditions)
(Hensen et al., 2006) Netherlands Spring and summer Dairy cows - manure tanks - slurry TDLAS - Gaussian plume method and fast box 28.7
based system measurement Technique
Dairy cows - manure tanks - straw 50.5
based systems
(Biihler et al., 2021) Switzerland Fall (Sep-Oct) Dairy cows - loose- holding, slurry Open-path spectrometer and inverse dispersion 14.2
Fall (Nov-Dec) pit modelling 11.2

comparatively short manure retention time (6 weeks), thus reducing
emissions caused by deep litter accumulation (IPCC, 2019).

3.2.2. Animal breed

Emission factors for Jersey cow farms (C1 - C3) were 21 + 6,22 + 4
and 38 + 4 g LU"L h™! for farms C1, C2 and C3, respectively (Fig. 4). For
the Holstein dairy cows (C4 - C6), the average EFs were 22 + 4.1,
21 +2.7 and 26 +3.9gLU! h™!, for C4, C5 and C6, respectively,
while for the Red Danish milk breed (RDM) farm C7 the averaged
emission factor obtained was 35 & 11 g LU™! h™!. Comparing the two
groups of dairy farms (Jersey versus heavy species (Holstein and RDM)),
EFs did not differ as a result of breed differences. The same was the case
when emission rates were normalised by the number of cows instead of
body weight (Table Al).

3.2.3. Production target

The largest difference in EFs was recorded between the dairy and
beef farms (Fig. Ala). Emission factors for the C8 and C9 beef cattle
farms were between 11 and 24 g LU 1h! (Fig. 4) with an average EF of
16 + 4.1 gLU* h™!, which is approximately 38% lower than the
average EF for dairy cows 26 + 8.5 g LU™! h™! (Fig. 4). The higher EF
for dairy cows is mainly caused by differences in enteric emissions, due
to the higher feed intake (caused by milk production) — as described in
the Danish guideline (Bgrsting et al., 2020). Dry matter intake is known
to be correlated with enteric emissions (Hristov et al., 2018).

3.2.4. Other factors

Farms C1 and C2 had similar average EFs, even though farm emis-
sions were significantly different according to the Wilcoxon test
(p < 0.05, Table A6, Fig. 4). Farms C1 and C2 had rather different
management systems; C1 is an organic farm where cows spend part of
their time grazing, and they do not treat the manure but instead apply it
to the fields more frequently. Farm C2 is a conventional farm and treats
its manure at a centralised biogas plant. Stored digestate in the tanks is
only removed in spring, therefore it is difficult to draw a conclusion from
their comparison. C7 had the highest EF among the heavy race farms,
two factors might have caused this elevated EF. First, 50% of the dairy

cows were managed in deep litter with a long eating space and an
extended retention time (4 months), and the second, there was a lack of
liquid/slurry manure treatment (only implemented in September)
(Fig. 4). This notion is also supported by the large variability in emis-
sions seen on this farm, which was potentially caused by variations in
manure emissions, since enteric emissions is expected to have been
constant during the year as no changes in animal numbers occurred
(Arndt et al., 2018; VanderZaag et al., 2014). Generally, for dairy cows,
a significant difference between EFs was observed for farms using deep
litter management and other treatments (Fig. A1b).

The two beef farms had similar average EFs in spite of different
housing systems, with C8 having 18 + 2.1 g LU h™! and C9 having
14 +1.4gLU 1 h! (p > 0.05 for a t-test, but p < 0.05 for a Wilcoxon
test, Tables A6 and A7). At farm C8, methane emissions were not
measured during the summer months, because the cows grazed outside
(24/7) from May to November. However, in November, emissions were
measured for two groups of cows, namely those grazing in the field and
those in a barn, resulting in an EF of 24 + 6 g LU ! h™! for the first
cohort, higher than second group in the barn at 18 £+ 5gLU ! h™L.
These results are most likely due to the high feed intake in pasture
conditions, during measurements or issues in the adopted normalization
(calculation of livestock units), since the animals here were a mix of
calves, heifers and suckling cows. Nevertheless, more data are required,
in order to support a more substantive conclusion.

Housing type and production target was the two factors, which
caused a larger impact on the EFs. Other factors like the use of anaerobic
digestion for manure treatment did not show a large impact because
among the dairy cows only one farm did not treat their manure and their
management was not comparable with the other farms.

3.3. Comparison of measured methane emissions with international and
national inventory estimates

The measured emissions were compared to methane emissions pre-
dictions made by IPCC models and the Danish national model. Both IPCC
models showed a similar average underestimation of emissions (—35%
for the 2019 refinement, and —33% for the IPCC 2006 model (Fig. 5),
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Fig. 5. Comparison between inventories and measured methane emission rates. The bars represent the emission estimated by the models, where the light colours
correspond to enteric emissions and the dark colour shows manure emissions. The brown dot shows measured emissions. The error bar for the models corresponds to
their respective uncertainties ( + 20%), and for the measured emissions it corresponds to method uncertainty ( &+ 20%) based on Fredenslund et al. (2019).

while the national Danish inventory resulted in the highest underesti-
mation (—37%). Although the measured annual averaged emissions
were higher than estimated by the inventory models for all farms
(Fig. 5), the differences were within uncertainty limits when considering
the models and measurements’ uncertainty (as indicated by the error
bars in Fig. 5). Exceptions were C3, C7, C8 and C9, for which none of the
models managed to estimate emissions within the uncertainty limit. C3
and C7 utilised a deep litter house with high retention times (> 1
month). This type of management resulted in the largest differences
between the measured and modelled emissions. Similar observations
were noted at farm C6, which also used deep litter (Fig. 5). For this type
of house management (with deep litter), the Danish model considers
both the manure produced and the straw used for the beds in the VS
estimation (Table A4), resulting in a higher manure methane emission
than the IPCC models, although it is still lower than the measured
emissions for C3 and C7 (Fig. 5). Fig. 6 shows the difference between
international and national VS estimations, whereby the farms using deep
litter as part of their dairy cow management (C3, C5, C6 and C7) all have
higher VSs in the Danish model, in comparison to the IPCC models.
Considering the beef farms (C8 and C9), the national inventory
performed worse (higher underestimation in comparison to measured
emissions) than the IPCC models (Fig. 5). IPCC models estimate enteric
emissions based on the weight of and energy used by the animals,
whereas the Danish national guidelines use predefined feed intake ac-
cording to the breed and the animal’s life stage. As a result, the IPCC
models calculated a significantly higher gross energy intake of 146 MJ
head™? day_1 in comparison to the Danish model, resulting in a value of
63 MJ head ! day ! (Fig. 6 farms C8 and C9), which might suggest the
need to revise the Danish model’s feed intake values used for bulls for
slaughtering. The low gross energy used in the Danish models resulted in
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lower enteric emissions for this type of animal in this model (Table A5)
and consequently in lower emission estimations. However, in compari-
son, the IPCC models also underestimated the emissions on these farms
(C8 and C9), which might point to a lack of knowledge on emissions
from beef cattle production, since it is unclear whether the source of
error is enteric or manure emissions estimations. For C8, deep litter with
a high retention time might have played a role in increasing model
underestimation, as observed in the dairy cows’ inventory comparison.

The differences between the 2006 and 2019 IPCC models were, on
average, small, because the models are very similar in structure and to a
large extent use analogous equations and approaches to estimate the
variables, and in some cases they even use the same input parameters
(such as for the net energy calculations) (IPCC, 2019, 2006). This is
especially the case for modelling enteric fermentation emissions, which
accounted for most of the estimated emissions (77% in average) (Fig. 5).
Therefore, the differences between the two IPCC models (2006 and 2019
refinement) are mostly caused by differences in the modelling of emis-
sions from manure management. For the anaerobic digestion of manure,
IPCC 2019 uses a lower methane conversion factor (MCF) (3.5%) than
IPCC 2006 (7.5%, based on the national model), resulting in a lower
emission estimation by the 2019 methodology (farms C2, C3, C4, C5, C7
and C9). For on-site storage of liquid slurry (as was the case for farms C1
and C7), MCF values for IPCC 2019 were higher (14% and 22% for C1
and C7, respectively) in comparison to the MCF values used in IPCC
2006 (10% and 17% for C1 and C7, respectively), which made the
manure emissions slightly higher in the IPCC 2019 predictions for those
farms. For the Danish inventory, the annual MCF factors were estimated
according to typical management conditions in the country, for cattle
manure without (12.5%) and with biogas treatment (7.5%), while the
MCF value for deep litter (17%) was adopted from the IPCC 2006 model.
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Fig. 6. Parameters used in the EF model calculations, estimated according to each model’s methodology (for more information, please refer to Fig. 2. or Appendix A).
(a) Gross energy intake (MJ head™! day’l) for dairy cows (C1 to C7) and bulls (C8 and C9). (b) Volatile solids excreted (kgys head™! day’l) for dairy cows (C1 to C7)

and bulls (C8 and C9).
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It is difficult to assess the impact of the MCF on emissions calculations in
the Danish model in comparison to the IPCC models, because other
parameters also play an important role, as discussed previously for VS.

A European study comparing top-down (tower measurements and
inverse dispersion modelling) and bottom-up approaches (UNFCC/IPCC
approaches) generated similar results to ours, with emissions being
lower when using bottom-up inventories in comparison to top-down
measurement approaches, albeit they were still within the uncertainty
limits set for the modelled and measured emissions (Bergamaschi et al.,
2015). In addition, a Danish study estimated methane emissions from
manure stored under animal housing by calculating methane emission
rates produced by incubating the collected manure at ambient temper-
atures (Petersen et al., 2016). They found that only the contribution
made by manure emissions from animal housing was close to the total
modelled manure emissions (accounting housing and external storage
sources), which might indicate underestimations of total manure emis-
sions by the national inventory (Petersen et al., 2016).

4. Conclusion

Annual whole-farm methane emissions were measured at nine cattle
farms in Denmark, using the tracer gas dispersion method. Of the nine
farms, seven were dairy and two beef cattle, and they were represen-
tative of common Danish breeds, housing systems and manure man-
agement practices. The seasonality of the emissions was addressed by
measuring emissions every second month throughout a whole year.
Methane emissions varied from 0.7 to 28 kg h™!, while normalised
measured emission factors (EFs) ranged between 14 and 54 g LU tht!
for dairy and 11-24 g LU} h™? for beef.

On average, the EF for dairy cows was 26 g LU™! h™! and for beef
cattle 16 g LU 1 h™}, the latter being approximately 38% lower than for
dairy cow farms. Methane emissions tended to be higher in late summer/
autumn (August to October), but annual variations in measured
methane emissions were in general relatively low, varying between
— 16% and + 13% of the annual mean emission for all farms. Among the
dairy farms, housing systems using deep litter with high retention times
seemed to result in higher emissions in comparison to farms using slatted
or drained floors. Measurements of more farms are necessary to
strengthen the conclusion that higher emissions are caused by deep litter
house management and the mitigation of emissions using anaerobic
digestion, which was not possible to evaluate herein.

A comparison of the measured emissions with modelled emissions
showed an underestimation by all models: — 35%, — 33% and — 37%
for IPCC 2019 and 2006 and the Danish national inventory, respectively.
The underestimation fell within uncertainty limits for the modelled and
measured emissions for most of the farms while for the beef farms this
difference was large. The national model largely underestimated the
measured emissions therefore a revision of national values in terms of
feed intake for bulls for slaughter might be needed. Additionally, in
order to improve model estimations of dairy cow methane emissions, the
focus should fall on the estimation of manure emissions, with particular
emphasis on deep litter management.
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This study investigated whole-farm methane emissions from five Danish pig farms with different manure man-
agement practices and compared measured emission rates to international and national greenhouse gas in-
ventory emission models. Methane emissions were quantified by using the tracer gas dispersion method. Farms
were measured between five and eight times throughout a whole year. One of the farms housed sows and
weaners (P1) and the others focused on fattening pigs (P2-P5). The farms had different manure treatment
practices including biogasification (P3), acidification (P4-P5) and no manure treatment (liquid slurry) (P1-P2).
Quantified methane emissions ranged from 0.2 to 20 kg/h and the highest rates were seen at the farms with
fattening pigs and with no manure treatment (P2), while the lowest emissions were detected at farms with
manure acidification (P4 and P5). Average methane emission factors (EFs), normalised based on livestock units,
were 14 £ 6,18 £9,8 + 7,2+ 1and 1 + 1 g/LU/h, for P1, P2, P3, P4 and P5, respectively. Emissions from
fattening pig farms with biogasification (P3) and acidification (P4-P5) facilities were 55% and 91-93% lower,
respectively, than from farm with no manure treatment (P2). Inventory models underestimated farm-measured
methane emissions on average by 51%, across all models and farms, with the Danish model performing the worst
(underestimation of 64%). A revision of model parameters related to manure emissions, such as the estimation of
volatile solids excreted and methane conversion factor parameters, could improve model output, although more
data needs to be collected to strengthen the conclusions. As one of the first studies assessing whole-pig farm
emissions, the results showed the potential of the applied measuring method to identify mitigation strategy
efficiencies and highlighted the necessity to investigate inventory model accuracy.

1. Introduction

Denmark is one of the world’s leading pig exporters, shipping
approximately 90% of the country’s production to China as well as other
European countries (ITC, 2020; Danish Agriculture and Food Council,
2021). The pig industry is thus of great importance to the Danish
economy, with a population of 12.3 million pigs across all life stages
counted in 2019 (Danish Agriculture and Food Council, 2021; Nielsen
et al.,, 2021). Due to the large number of animals, methane emissions
from pig production make up about 13% of the agricultural sector’s total
greenhouse gas (GHG) emissions — a sector which itself contributes 25%
of Denmark’s total GHG emissions (Nielsen et al., 2021).

The majority of methane emissions from pig farms originate from
manure storage, where methane is produced via the anaerobic degra-
dation of slurry retained in animal housing and in outdoor storage tanks.
In contrast, enteric methane emissions are rather low for pigs, because
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they have a simple monogastric digestive system. Therefore, methane
emissions in a typical pig farm are often spatially distributed between
animal housing and outdoor manure storage tanks. In Denmark, manure
is temporarily stored in slurry pits under animal housing, and emissions
vary according to the amount of manure stored and in-house tempera-
ture. Methane emissions from outdoor manure tanks depend on weather
conditions, such as temperature, relative humidity, wind speed and
rainfall, in addition to the adopted manure management and the treat-
ment strategy (Philippe and Nicks, 2015).

In Denmark, 82% of pig manure is stored in liquid slurry form,
without any treatment, and spread directly on agricultural land - often
in early spring, with a smaller proportion in summer or fall (Nielsen
et al., 2021). In 2019, about 14% of the generated pig manure was used
in biogas production in Denmark, and for most of these biogas plants,
the manure is collected at the farm and after treatment, the digested
manure is returned and stored on-site, at the farm, until it is spread on
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agricultural land. Only few farms have their own on-site biogas plant
(Nielsen et al., 2021). The anaerobic digestion of manure in biogas
plants can reduce emissions from manure storage, while the biomethane
produced offsets the use of fossil fuels (Petersen et al., 2013). Based on
modelling, Sommer et al. (2004) reported a 90% reduction in methane
emissions from digested manure storage in comparison to the storage of
raw manure, while real-scale farm measurements found a reduction of
85% (Maldaner et al., 2018). The frequent removal of manure from
housing units has also been discussed as an efficient mitigation strategy
(Amon et al., 2007). Moreover, manure acidification is a technique used
to reduce ammonia emissions; however, it has also shown potential to
reduce methane emissions by 17-90%, depending on the acid used
(Fangueiro et al., 2015).

Current research on methane emissions from pig livestock produc-
tion has focused on emissions from either animal housing or outdoor
manure storage (Husted, 1994; Philippe et al., 2007). The method most
commonly used to estimate methane emissions from closed pig houses
involves measuring gas concentrations at ventilation exit points and
combining these with flow rates at these outlets (Hassouna et al., 2020).
Emissions from manure tanks are often measured by using flux cham-
bers, which are popular due to their simplicity (Kupper et al., 2020).
However, the placement of a chamber can significantly influence the
surface methane flux, due to the unavoidable disturbance of the manure
surface, and the method has poor spatial representation, as measure-
ments (due to practical restrictions) are often performed close to the
tank wall. Methods such as dispersion modelling or micrometeorological
techniques are other approaches used to estimate fugitive methane
emissions primarily from manure tanks (Husted, 1994; Park and
Wagner-Riddle, 2010). These techniques use methane concentrations
measured at a distance away from the source, and therefore they do not
interfere with the emission source. However, atmospheric models and
meteorological data are needed to infer methane emissions, thus adding
uncertainty to the results. To the authors’ best knowledge, there is a lack
of studies on whole-farm methane emissions assessment from pig farms,
especially using measurement techniques to quantify fugitive emissions.
Moreover, the data produced in such studies could help to validate and
improve inventory models, which in turn could be used to calculate
national and global methane emissions from pig production. Inventory
models used to estimate annual methane emissions from livestock often
require information about animal housing and manure management
practices. A comparison between methane emissions estimated using
international and national accounting methods and methane emissions
measured at operational pig farms is not commonly made. For pigs, most
of the current studies reported in the literature compare either housing
manure emissions (Petersen et al., 2016) or outdoor manure storage
(Rodhe et al., 2012).

The aim of this study is to quantify whole-site methane emissions
from pig farms with different manure management strategies. Addi-
tionally, it investigates the performance of inventory models in pre-
dicting pig farm emissions in northern European conditions. The study
contributes to the knowledge on methane emission factors (EFs) from
pig livestock production. The novelty of the study lies in the use of the
tracer gas dispersion measurement technique for whole-farm methane
emission quantification at pig farms with different manure management
practice and a comparison of total farm emissions with inventory
estimations.

2. Materials and methods
2.1. Investigated sites

Five pig farms were investigated (P1-P5). One pig farm (P1) focused
on pig breeding, thus its population was made up of gestating and far-
rowing sows (230 kg on average), piglets (1-7 kg) and weaners (8-32
kg) and a smaller amount of fattening pigs and gilts (32-110 kg). The
other four farms (P2-P5) produced fattening pigs (32-110 kg), and thus
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their populations were fattening pigs and a few weaners (for P3). About
14% of the total number of farms in Denmark house only sows and
weaners, while 42% focus on producing fattening pigs and other farms
have a mix of different life stages (Danish Agriculture and Food Council,
2020). Measured methane emissions were normalised to one livestock
unit (LU) equalling 500 kg of body weight. At farms P1-P3, the numbers
of LUs were almost constant during the year. At farms P4 and P5, the
weight of the animals varied over the year (e.g. at certain periods, more
animals with a high body weight were housed and vice-versa), and thus
also the farms’ LU varied between measurement campaigns. Information
on the numbers of animals and house management was collected in
interviews with the farmers.

At farm P1, gestating sows were housed in a loose holding were 40%
of the area had a slatted floor and 60% had deep litter, while farrowing
sows were kept in individual housings with a partly slatted floor, and
weaners had dual-climate housing (partly slatted floor together with an
adjustable cover, where the temperature was optimal for the weaners).
At P2-P5, the pigs had either partly slatted and partly drained floors or
partly slatted and partly solid floors, corresponding to 49% and 10% of
typical farm management in Denmark, respectively. At all farms, the
manure was managed as liquid slurry, and only the breeding farm (P1)
had a small amount of deep litter. Farms P1 and P2 did not use any
strategy to mitigate methane emissions from manure storage. In
contrast, farm P3, on a weekly basis, would send raw manure to a biogas
plant and in return receive digested manure, co-digested with other
animal manure and industrial organic biomass. About 14% of manure
from pigs in Denmark was treated in biogas plants in 2019 (Nielsen
et al., 2021). Farms P4 and P5 added sulfuric acid to the raw manure,
lowering its pH to 5.5. The acid was added to the manure by mixing in an
external tank and stored under the floor of animal housing, and a daily
proportion of the manure would be sent to an outdoor storage tank,
leaving about 25 cm of manure in the house storage area. In Denmark,
20% of manure is treated with acidification, mainly in the outdoor
storage tank or during field application (Foged et al., 2017; Jensen et al.,
2018). For all the farms, the manure, after removed from the house, was
stored in external storage tanks, which were fully emptied in spring
(March-April), and partially emptied in autumn. Additionally, farms P2,
P3, P4 and P5 had a plastic tent cover on their manure tank, while P1
had a natural crust and some addition of straw on the top the tank. The
tank tent cover is not gas tight and mainly serves to preserve storage
capacity and reduce dilution of the stored manure due to rainfall.

2.2. The tracer gas dispersion method

The tracer gas dispersion method has been used previously to
quantify emissions from landfills (Mgnster et al., 2015), wastewater
treatment plants (Delre et al., 2017), biogas plants (Scheutz and Fre-
denslund, 2019) and, more recently, dairy farms (Arndt et al., 2018;
Daube et al., 2019; Vechi et al., 2022). The method considers that two
gases with a long atmospheric life-time will disperse similarly in the
atmosphere (Galle et al., 2001; Scheutz et al., 2011; Roscioli et al., 2015;
Mgnster et al., 2015), therefore assuming that a tracer gas with a known
release rate (Qy) (kg/h) can be used to simulate target source emissions
(Etg) (kg/h). The target emission is calculated by using the ratio between
the known tracer gas flux and the concentration ratio between the target
(Ctg) (ppb) and the tracer gas (Cy) (ppb), minus their background con-
centration (Cigbg and Cibg) (ppb), which should be measured down-
wind of the source at a suitable distance, thereby allowing for the proper
mixing of the gases (Eq. (1)). Acetylene (CaHz) was chosen as the tracer
gas, which was released from gas cylinders at controlled flowrates set by
calibrated flowmeters to ensure a stable flow. Cylinders were weighed
before and after release to calculate tracer gas flow rates.

fjlz (Cfg - Crg,bg)dx M Wrg
[2(Cir = Corg)dx MWy

x1

Elg = er (1)
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where MWy, (g/mol) and MW, (g/mol) are molar weights of the
methane and tracer gas, and x(m) is the transect distance. According to
best practice, the ratio between the target and tracer gas was calculated
by integrating the whole plume transect to minimise gas misplacement
errors (Mgnster et al., 2014; Fredenslund et al., 2019). A transect was
considered invalid and discarded when there was: (1) poor visual cor-
relation between methane and the tracer gas concentrations, (2) a
signal-to-noise ratio lower than three and (3) incomplete plume tra-
verses. Measurements were conducted following best practice as
described by Scheutz and Kjeldsen (2019) and consisted of on-site
screening to assess primary emissions sources for optimal tracer gas
bottle positioning and source simulation. Thereafter followed a
screening of the farm’s surroundings to identify possible interfering
methane sources and to determine useful measurement roads. Finally,
tracer gas was released, and a minimum of 10 plume transects (prefer-
ably more) were performed to reduce measurement random un-
certainties (Fredenslund et al., 2019), which usually takes around one to
3 h, according to the weather and road conditions.

A mobile analytical platform, fitted with a fast-response cavity ring-
down spectroscopy analyser from Picarro Inc., was used in the mea-
surements. On the car’s roof (~2 m), atmospheric air was sampled with
the help of an auxiliary pump, which directed the flow to the analytical
instrument. Most of the measurements were done using a methane and
acetylene analyser (G2203, Picarro Inc., CA, response time 2 s, precision
(30) of 2.14 and 0.34 ppb for methane and acetylene). When not
available, a combination of an acetylene analyser (S/N JADS 2001,
Picarro Inc., CA, response ~3 s, precision (36) of 2.5 ppb) and a methane
analyser (G1301, Picarro Inc., CA, with a response time ~4secs, preci-
sion (30) of 3.4 ppb) was used instead. Additionally, the location of the
analytic platform was continuously recorded via a global positioning
system (GPS).

2.3. Methane emission measurement campaigns

In general, whole-farm emissions (including house and manure tank
emissions) were measured at each farm every second month over a year,
totalling six measurements. Exceptions were farm P1, which had two
extra measurements, while farm P5 had a total of five measurements,
due to limited road availability and requirement of specific wind

Table 1
Management characteristics of the studied farms.
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direction. For all farms, the measurement period was on average
60-120 min, and most transects were performed 1 km away from the
source. With the exception of one quantification (at farm P5), the
numbers of plume transects were always 10 or more (in average 20
transects per campaign) (Table 2). Meteorological information was ob-
tained by a Kestrel weather meter positioned 1.5 m high. Considering
the equal monthly distribution of the measurements, annual emission
averages were calculated using simple averaging. The tracer gas bottles
were positioned according to the farm’s main methane sources, identi-
fied from methane screening performed on-site the farm and in close
vicinity to the farm. Between one and three bottles were distributed on
the farm to provide a good correlation between tracer and target gases,
mostly close to the manure tanks and the animals’ house.

2.4. Estimation of methane emissions, using IPCC and Danish inventory
models

The Intergovernmental Panel on Climate Change (IPCC) has devel-
oped guidelines for countries to estimate their GHG emissions, which
includes methane emissions from pig livestock production (IPCC, 2006).
Recently, the 2006 guidelines (I06) were refined and a few changes
made, in order to update default values as a result of more recent
research (119) (IPCC, 2019). Moreover, Denmark adopted models (DK)
from these guidelines to calculate its emissions, adding some improve-
ments and considering country-specific conditions (Nielsen et al., 2021).
In this study, we estimated the inventory emissions for farms P1-P3
(Table 3). The only parameters that were farm-specific for this model-
ling were the number and type of animals, choice of manure manage-
ment (e.g. biogas, liquid slurry), floor type of the animal housing and
frequency of manure removal from outdoor tanks. At the time of writing
this study, acidification treatment had not been adopted as a methane
mitigation strategy by the inventories, and as a result, emissions from
farms P4 and P5 could not be modelled.

For the IPCC estimates, enteric emissions from pigs were calculated
at the Tier 1 level, using a single default methane EF (1.5 kg/head/year)
multiplied by the numbers of pigs (IPCC, 2006, 2019). The Danish model
uses the Tier 2 level, because pig livestock production contributes
significantly to the agricultural sector’s GHG emissions and as a result
should be estimated using more detailed information (Nielsen et al.,

Farm  Number of animals Livestock Housing Manure management
) units®
Sows  Fattening Weaner
pig
P1 625 69 3973-4200  452-461" Farrowing sows - individual housing, partly Slurry storage
slatted floor Natural or straw cover;
Gestational sows - loose holding, deep litter, Removal of housing manure - monthly
slatted floor
Weaners - two climate housing
Fattening pigs - partly slatted floor (25-49%
solid floor)
P2 4200-5000 584-695" Partly slatted and drained floor Slurry storage
Plastic tent cover
Removal of housing manure - monthly
P3 2400-3400 500-800 365-492" Partly slatted floor (50-75% solid floor) Biogasification
Plastic tent cover
Removal of housing manure — monthly (complete) or weekly
(partially)
P4 6945-8304 400 767-1352¢ Partly slatted and drained floor Acidification
Plastic tent cover
Partial removal of housing manure - daily
P5 6025-7796 984-1486° Partly slatted and drained floor Acidification

Plastic tent cover
Partial removal of housing manure - daily

@ For all farms, one livestock unit (LU) equalled 500 kg of body weight.

b Sows 230 kg; fattening pigs 70 kg; weaners 19.5 kg (Based on farmers’ information).
¢ LU was calculated based on the weight ranges provided by the farmer (30-60 kg; 60-90 kg; 90-120 kg).
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Table 2
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Quantitative measurement information. Details on the weather, time of day and dates are shown in the table, together with the resulting emission rates and factors.

Farm  Date (dd- Time interval (hh: ~ Wind speed (m/s) Tempe-rature ~ Measuring Number of Methane emissions + Emission factors +
mm-yy) mm) and direction coP distance (km)“ transects STD (kg/h) STD (g/LU/h)
P1 08-03-19 18:15-20:30 10, W 5 1.4 19 4.7 £ 0.5 11.8 +1.3
28-06-19 00:15-01:05 2, WSW 16 1.4 22 41+ 0.4 10.3 + 1.0
04-09-19 23:00-00:00 1.5, WSW 15 1.4 31 10.0 + 1.0 25.6 + 2.6
14-11-19 22:00-23:00 2, ESE 5 1.5 14 9.0 £+1.5 22.7 £ 3.8
22-01-20 17:00-19:00 45, W 6 1.4 18 4.8 +0.8 12.1 + 2.0
29-04-20 10:30-12:30 6, ESE 9 1.5 11 2.4+05 6.0 + 1.3
24-07-20 15:30-17:10 3, W 20 1.5 29 6.8 + 0.5 17.1+£1.3
02-10-20 12:30-14:30 3, ESE 16 1.4 17 6.3 +0.3 15.8 + 0.7
P2 11-11-19 17:00-19:00 3,SE 4 1.2 18 20.0 + 3.3 28.8 + 4.8
28-01-20 09:30-11:00 2, SSE 8 1.2 16 15.3 +£ 2.9 234+ 4.4
02-03-20 16:20-18:20 2,8 8 1.2 21 7.5+ 1.6 12.8 + 2.7
01-05-20 19:00-20:00 35,8 10 1.2 23 4.7 +0.3 8.1 +0.5
14-07-20 18:15-20:00 2,8 15 1.2 23 20.0 £ 2.1 30.0 + 3.1
14-09-20 17:00-18:10 1,8 19 1.2 18 10.4 + 1.0 156 +1.5
P3 22-11-19° 06:45-09:30 4, SE 8.5 0.8 (20) 1.3 (10) 30 6.7 +1.3 18.4 + 3.6
23-01-20 18:00-20:00 2, WSW 3 0.9 11 2.9+ 0.9 7.9+ 2.8
02-03-20 20:00-21:30 2, ESE 6 0.7 (14) 1.6 (7) 21 1.3+0.3 3.1+0.7
04-06-20 21:00-22:40 4.5, ESE 12 1.6 20 4.1+ 0.6 83+1.2
14-07-20 16:45-18:00 2, SSW 16 1.2 20 3.7+05 85+ 1.2
14-09-20 20:00-21:00 1L,E 15 0.7 (15) 1.6 (3) 18 1.8+0.3 4.4+ 0.7
P4 04-09-19 20:00-22:00 4, SW 15 1.0 29 2.2+ 0.4 1.8+ 0.3
14-01-20 16:30-18:30 2.5, SSW 7 1.0 14 1.0 +0.2 0.7 + 0.2
09-03-20 18:30-20:00 1.5, WSW 7 1.0 21 1.1+0.2 1.0 £ 0.2
04-05-20 19:45-20:45 1.5, WNW 10 1.0 21 0.6 £0.1 0.7 £ 0.1
10-07-20 18:00-19:00 2.5, WSW 12 1.0 26 2.7 + 0.6 3.5+ 0.8
03-11-20 17:00-18:40 1.5, SW 9 1.0 22 1.1+0.2 1.2+0.2
P5 11-09-19 20:00-22:00 45, W 15 1.8 18 2.3 +0.5 2.0+ 0.4
05-02-20 16:30-19:00 45 W 5 1.8 8 1.6 + 0.4 1.2+0.3
27-03-20 20:30-21:40 7, NNE 6 0.3 10 0.2+0.1 0.2 +0.1
12-07-20 18:15-19:15 3, W 13 1.8 30 1.4 +0.2 1.2+0.2
03-11-20 19:00-20:30 3, W 11 1.8 16 1.5+0.1 1.0+ 0.1

@ Emissions measured during the removal of raw manure from temporary storage and the discharge of digested manure into the storage tanks.

b Averaged and rounded air temperature measured by the weather station.

¢ The numbers in parentheses indicate the number of transects performed at the respective distances

Table 3

Methane conversion factors (MCFs) and estimated annual excreted volatile
solids (VS) in manure for each farm by IPCC methodology (106 and 119) and
Danish guidelines (DK). VS is specific according to the animal life stage, while
MCF is specific to the applied manure system (MS) and corresponds to the
annual comparison.

Farm  Farm specific information Model input parameter used
Pig life Type of manure Volatile MCEF (%)
stage systems and solids (kg
proportion (%) VS/head/
year)
106/ DK 106 119 DK
119
P1 Gestating Deep litter (60%) 397 308 17.0 21.0 14.7
SOWs Liquid slurry 10.0° 29.0 134
(40%)
Fattening Liquid slurry 160 116  10.0°  29.0 13.4
pigs (100%)
Weaners Liquid slurry 61 43
(100%)
P2 Fattening Liquid slurry 160 116  17.0 30.0 134
pigs (100%)
P3 Fattening Biogas (100%) 132° 96 10.3 3.6 10.3
pigs
Weaners Biogas (100%) 61 38

# The VS values for P3 are lower, because the pig’s growing cycle is greater
than P2 or P1.

b p1 farm had a crust formed on top of the manure tank, but this was not the
case for P2.

2021). For Tier 2, EFs for enteric emissions were estimated for each life
stage (e.g. sows, weaners and fattening pigs), using standard values for
feed units, gross energy per feed unit and associated methane conversion

factors (Bgrsting et al., 2020). This resulted in EFs of 2.8, 1.7 and 0.6
kg/head/year for sows, fattening pigs and weaners, respectively. For
comparison of average annual emissions, enteric emissions in this study
were calculated by taking the annual average number of animals at the
farm (Section 3.3), whereas for comparison of monthly emissions the
number of animals present at the farm at the time when the individual
measurement was carried out was used (Section 3.4).

Methane emissions from pig manure storage were calculated at the
Tier 2 level, using Eq. (2) for all models. Some of the important pa-
rameters considered in this equation are volatile solids excreted (VS)
(kgys/head/day) by the animals, at different life stages, and the methane
conversation factor (MCF) (%), varying according to manure handling
(e.g. liquid slurry or biogas). IPCC guidelines and Danish national
guidelines assume a maximum methane-producing capacity (Bg) of 0.45
m%m/kgvs. And finally, the management system (MS), which is the
percentage of the specific type of manure handling (liquid slurry, biogas
and deep litter) applied at the farm (Table 3) (Eq. (2)), is considered.
MCF )

EF:(VS-365).<BO~O‘67- > = MS

100 @

The national and the international models, however, take different
approaches for estimating volatile solids (VS) in excreted manure. The
estimation of excreted VS in excreted manure by IPCC is based on gross
energy, resulting in a value for each life stage, whereas the Danish model
estimates VS based on manure excreted, using standard values for each
life stage and housing system (Bgrsting et al., 2020) (Table 3). The
methodology used by the national model typically leads to a lower
amount of VS than the IPCC estimated value, which is mainly explained
by the high feed efficiency of Danish pigs (Nielsen et al., 2021).

The methane conversation factor (MCF) is temperature-dependent
and varies according to manure handling (e.g. solid, liquid slurry or
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biogas treatment). The IPCC 2006 defines MCF values for the manure
management technologies for different climates (e.g. temperate, trop-
ical) around the globe. However, it does not differentiate between pig
and cattle manure, although it considers the effect of a natural crust on
top of the manure (Table 3, for P1), which is different from the Danish
national model. The well-known Van’t Hoff-Arrhenius equation is used
to include the temperature dependency on the VS degradation rate
(Mangino et al., 2001), which is used in all three models. The IPCC 2006
guidelines adjust the MCF factor by considering the national average
annual temperature. The IPCC 2019 refinement has instead improved
the MCF estimation of liquid slurry manure by adding a sub-model
considering the manure storage time and monthly variations in tem-
perature, which is different from the previous 2006 version (Table 3,
applicable for farms P1 and P2). A factor f, for the VS degradation rate,
can be calculated for each month, which can then be used to estimate
monthly MCFs.

The Danish methodology includes a similar assessment to the I[PCC
2019, in that monthly temperature variations and outdoor storage time
for typical farm management policies are considered (Table 3) (Eq. (3)).
The differences between inventories lie in the consideration of housing
and outdoor storage as two separate entities by the Danish model, while,
when choosing liquid slurry management with the IPCC model, the
assumption is that manure emissions only come from outdoor manure
tanks. For the Danish model, since the annual average temperature in-
side a housing unit is rather constant and higher (18.6 °C) than the
average outdoor storage temperature (11.2 °C), this leads to an
assumption that 72% of the manure producing methane emissions
comes from manure storage system under the housing floor (Nielsen
et al., 2021). Additionally, VS content stored in the outdoor tanks, i.e.
excreta minus the VS degraded during storage in the housing, is further
divided into degradable (VS4q) and non-degradable portions (VSyq),
whereby the latter has a degradation rate 100 times slower than the
former (Sommer et al., 2004) (Eq. (3)). The percentages of VSq and VSpq
used in our calculation were the ones reported in the Danish inventory,
being 51% and 49%, respectively. Additionally, the temperature of the
building is considered constant throughout the year, while outdoor
storage temperature varies according to atmospheric temperature (T).
Manure emissions from the house storage were calculated following the
approach reported on the Danish inventory, considering a manure
retention time of approximately 18 days and the EF for house methane
emissions (563 gcua/kgys/year). Although farm P1 and P2 applied a
retention time of around 30 days, we followed the national guidelines,
which use an average retention time of 18 days. Methane emissions from
manure outdoor storage tanks are calculated using Eq. (3), where F(t) is
the methane production rate (kgcus/h), and the Arrhenius equation
parameters, such as In(A) (kgcua/kgys/h) and Ea (J/mol), are based on
Elsgaard et al. (2016), Maldaner et al. (2018) and Petersen et al. (2016).
R is the gas constant 8.3 (J/(K.mol)) and Tmanure is the manure tem-
perature in Kelvin.

(InA—Ea- (m) )
F(t)=(VS;+0.01VS,4)-e ”

The manure temperature in outdoor storages is calculated based on
air temperatures, T, with following parameters Tanure = Tair - 0.5011
+ 5.1886 (Nielsen et al., 2021). Finally, the Danish model assumes that
only 25% of the carbon degraded in the VS is lost as methane, whereas
the remaining part is degraded aerobically and lost to air as carbon di-
oxide (Nielsen et al., 2021), therefore, only 25% of the degraded VS was
assumed to be converted to methane and lost as emissions to air, ac-
cording to the Danish inventory methodology. The Danish inventory
applies the model (Eq. (3)) according to Danish practices, resulting in a
single MCF value used to estimate annual emissions (Table 3). The MCF
is calculated by considering methane emissions (from Eq. (3)) divided by
the VS available, which is then further divided by the By (methane
maximum potential) and methane gas density. Another MCF value is
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estimated, using similar modelling, for the farms that treat their manure
with biogasification, considering a reduction of 23% in total methane
emissions (Table 3).

For estimation of annual methane emissions from manure storage,
information on the annual average number of animals and life stage
(section 3.3) were used for all three models. Estimated annual average
methane emissions including both enteric and manure emissions were
compared to whole-farm measured annual average emissions. Annual
average emissions were calculated based on the six measurement cam-
paigns distributed throughout a full year. In addition, for two of the
farms (P1 and P2), emissions were estimated for specific months using
the IPCC 2019 and Danish National inventory and compared to emis-
sions measured during these months. In this case, information from the
specific month, such as monthly-specific MCF and animal numbers were
used.

3. Results and discussions
3.1. Whole-farm methane emissions rates

Whole-farm methane emissions from five pig farms were successfully
quantified through 31 quantitative measurements. The measured
emission rates ranged from 0.2 to 20.0 kg/h, combining emissions from
animal housing and outdoor manure storage. P2 had the largest emis-
sions, ranging from 4.7 to 20 kg/h, while P4 and P5 had the lowest,
ranging from only 0.2-2.3 kg/h. In general, emissions did not vary much
during the measurement period, apart from the first campaign per-
formed at the P3 farm. In this campaign, raw manure was being removed
from the temporary storage tank, and its discharge caused a peak in
methane emissions, observed in three or four transects for which the
methane/tracer gas ratio increased, corresponding to emissions four
times higher (26.5 kg/h) than the whole measurement period quantifi-
cation (6.7 kg/h). These single high emission events were not included
in the average emissions for this campaign. An example of the obtained
plume measurements and on-site screening is shown in Fig. 1.

The mean monthly emission variation (around the average annual
emission), considering all farms and measurements, was —33% to
+40%, with maximum and minimum variations of 97% and —63%
(Fig. 2). Emissions tended to be lower in the first half of the year (spring
and early summer) and higher during the second half of the year (late
summer and autumn). Temperature is a factor well-known to affect
manure methane emissions. The temperature inside the housing unit
should be rather stable during the year, according to other research,
averaging 18.6 °C (14.8-22.3 °C) (Petersen et al., 2016), with a small
increase during the warmer months. Outdoor manure storage temper-
ature, however, is affected more by ambient temperature, and previous
studies in Danish conditions have shown an average manure tempera-
ture of 11.2 °C, varying from 4 °C to 18 °C during the year, with the
higher temperature recorded in July and the lower one in the winter
months (Husted, 1994). In addition to temperature, the amount of
manure stored in the tanks influences the magnitude of emissions, which
explains the lower emissions in spring and early summer, because the
tanks are emptied in spring. In addition, some farms partially remove
manure from the tanks in autumn. For farms P2 and P3, their September
measurements were made after this partial manure removal, which ex-
plains the lower emissions observed (Fig. 2).

It is relevant to mention that shorter-term temporal emissions dy-
namics were not investigated in this study. However, the authors believe
that shorter-term emission dynamics are expected to be limited and only
have a minor effect on the presented results. For pig farms, methane
emissions from manure are much higher than enteric emissions. For the
studied farms, enteric emissions are expected to be near to constant
throughout the year since the farms keep approximately the same
number of animals at same weight throughout the year. Any emission
variability is therefore expected primarily to be due to variations in
factors influencing manure storage. Monthly emission variations were
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Fig. 1. (a) On-site screening at P1 farm; methane concentrations above background are represented in red. Orange marked areas correspond to outdoor manure
storage, and blue denotes animal housing. (b) Off-site screening of the area surrounding farm P1, where the blue marked area corresponds to the target source and the
yellow triangular markers indicate tracer gas positions. Measured plumes can be seen at two distances: the plume closer to the farm (400 m) has a peak above
background levels of 205 ppb for methane and 23 ppb for acetylene. The plume further away (1400 m) has peaks of 15 ppb for methane and 1.7 ppb for acetylene.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Variations in measured methane emissions at the five pig farms. The percentages correspond to relative emissions in the respective month in relation to the
annual average of each farm, represented by the bars. The solid line indicates the average percentage of all farms in the respective month. Note that some months

have only one measurement or none at all.

covered by measuring six times evenly distributed during the year,
covering all seasons as well as periods with high and low amounts of
stored manure. Day-to-day variations are expected to have minor impact
on emissions due to the temperate climate conditions in the region
(average daily temperature around 15-16° in summer and just above
freezing in winter) and the management practices adopted (near con-
stant number of animals at specific ages and constant temperature in
housing) (Haeussermann et al., 2006). Diurnal variations in methane
emissions from pig houses have been reported to be small (about 10%).
For manure tanks higher emissions have been observed in warmer
months, peaking at day-time (around midday, or early morning) (Baldé
et al., 2016; Blanes-Vidal et al., 2008; Maldaner et al., 2018). However,
most of the measurements in this study were made in late evening (after
sunset), especially in warmer months and therefor emissions measured
during summer are not biased.

3.2. Whole-farm methane emission factors

Average whole-farm methane EFs for the five farms ranged between
1.2 + 0.6 and 18.1 + 8.7, g/LU/h (Fig. 3), with the highest seen for
farms with no manure treatment, and the lowest from farms with
manure acidification. Farms with no manure treatment (P1-P2) had an
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Fig. 3. Pig farm methane emission factors (EFs) based on whole-farm emission
measurements. Bars correspond to the average EF across all measurement
campaigns, and the error bars represent the standard deviation from the EF.
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average EF of 15.8 + 7.5 g/LU/h, whereas those with biogasification
(P3) and acidification (P4-P5) had average EFs of 8.4 + 5.4 g/LU/h and
1.3 + 0.9 g/LU/h, respectively (Fig. 3). Methane EFs normalised by the
number of fattening pigs averaged 2.7 + 1.2, 1.3 + 0.8, 0.2 &+ 0.1 and
0.2 + 0.1 g/head/h for P2, P3, P4 and P5, respectively. The lower and
upper 95% confidence interval are 8.4-17.8, 10.4-28.4, 2.8-14.1,
0.4-2.6 and 0.3-1.9 for P1, P2, P3, P4 and P5, respectively. Considering
only farms with fattening pigs (P2-P5), EFs from the biogasification
farm (P3) were 55% lower in comparison to the farm with no manure
treatment (P2). This decrease is higher than stated in the Danish in-
ventory guidelines, which suggests a reduction of 23% in methane
manure emissions when manure is treated by biogasification (Nielsen
et al., 2021). A study on anaerobic manure treatment, focusing on
emissions from the outdoor storage of cattle manure, found an 85%
decrease in methane emissions (Maldaner et al., 2018). On a whole-farm
level, emission reduction would likely be lower, because emissions from
manure stored in animal housing are not affected. Furthermore, a fair
comparison with the literature is difficult, because very few data are
available on farms with and without anaerobic digestion manure
treatment; consequently, further studies should be carried out to
determine a reliable emission reduction factor.

Farms with manure acidification had EFs of 91% (P4) and 93% (P5)
lower than the farm with no manure treatment (P2). Previous studies
looking at emission reduction via acidification mainly focused on out-
door storage tanks. Sommer et al. (2017), for instance, found a 68%
emission reduction, whereas Sokolov et al. (2019) recorded 87-89% in
this regard and Kupper et al. (2020) a 61-96% reduction. A further
analysis of the methane conversion factor estimated an MCF decrease
from 16% for raw manure to about 2% for acidified manure (Sokolov
et al., 2019). Finally, Petersen et al. (2012) noted emission reductions of
67-87% based on laboratory-scale test. The reason for the higher decline
in our study might possibly be due to the frequent removal of manure
from animal housing (daily removal, Table 1) compared to the
non-management scenario (P2 - monthly removal, Table 1). The
frequent removal of manure from the pit under the housing has also been
discussed as an emissions reduction strategy (Sommer et al., 2009).
Methane emissions (annual average 1.5 kg/h) from farms P4 and P5
were comparable to the modelled enteric emissions (according to the
Danish model 1.5 kg/h, and IPCC 1.3 kg/h) supporting that methane
emissions from stored manure at these farms were minor.

To the authors’ knowledge, no other studies have measured whole-
farm direct methane emissions from pig farms, or integrated emissions
from both housing and outdoor manure storage. Instead, studies have
focused on methane emissions from pig houses with different floor types
and management practices, but they did not consider outdoor manure
storage, and vice-versa. With regards to animal housing emissions, an
average methane EF, obtained from a combination of other studies (n =
38, including two review papers covering European, North American
and Asian studies) was 5.3 + 5.4 g/LU/h, with EFs ranging from 0.4 to
24.3 g/LU/h (Philippe et al., 2007; Blanes-Vidal et al., 2008; Ni et al.,
2008; Philippe and Nicks, 2015; Rzeznik and Mielcarek, 2016). The
large array of EF values is due to differences in house management,
temperature, fodder or even the measurement methods used in the
studies. According to a review study, there was no significant difference
in methane EFs between gestating sows and fattening pig, normalised by
livestock unit (Philippe and Nicks, 2015), which is different from the
results found in the present study.

Furthermore, a few studies have examined methane emissions from
real-scale pig manure tanks (Husted, 1994; Kaharabata and Schuepp,
1998; Park et al., 2006; Loyon et al., 2007; Flesch et al., 2013), for which
the average (n = 7) methane EF factor was 4.3 + 2.8 g/LU/h (ranging
from 2.0 to 9.6 g/LU/h). The methane EFs range, however, was less
broad than for housing emissions.

Adding the EFs for housing and manure storage, an average whole-
farm methane emission of 9.6 + 6.1 g/LU/h is obtained, which is
comparable to the EFs obtained from farms P1-P3 with no manure
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treatment or with biogasification (Fig. 3).

3.3. Comparison of measured and modelled annual methane emissions

All three tested models underestimated methane emissions when
compared to measured methane emission rates (Fig. 4), and only the
results of the IPCC 2019 model for the P1 farm were within measured
and modelled uncertainties. On average, the modelled emissions were
—51%, —36% and —64% lower than the emissions measured for the
IPCC 2006 (106), IPCC 2019 (119) and Danish models (DK), respectively
(Fig. 4). Methane emissions from farms P4 and P5 were not modelled,
because none of the inventories had methane conversion factors for
manure acidification (cf. section 2.4). The prediction of enteric methane
emissions was comparable between models (Fig. 4) and made up about
20% of the total modelled emissions for farms with no manure treatment
(P1 and P2) and, 38% for the farm using biogasification (P3). The largest
difference between the models was most likely a result of under-
estimating methane emissions from manure management, where the
variables excreted VS and the MCF played an important role (Table 3).
The I19 model calculated the highest manure methane emissions (P1
and P2, no manure treatment), even though for farm P2 the figure was
still significantly lower than the measured rates (Fig. 4). The higher
emissions for P1 and P2 when using I19 in comparison to 106 and DK
were due to the higher MCF values used in 119 (Table 3). The revised
version (I19) considers monthly temperature variations and the fre-
quency of manure removal of outdoor storage, which is different to the
IPCC 2006 model. In addition, the older IPCC model (106) accounts for
emissions reductions due to the presence of crust on the manure’s sur-
face, which was the case for P1 but not for P2; therefore, for P1, the MCF
value was even lower in the 106 model for liquid slurry management
(Table 3, 10% for P1 and 17% for P2). The lower emissions estimated
using the national model (DK) in comparison to the international al-
ternatives (119 and 106) might be due to the lower VS and MCF values
used by the national model (DK), when compared to 119 (Table 3). The
Danish guidelines calculate VS based on the amount of manure excreted
and on the housing system, instead of on gross energy (as done by the
IPCC guidelines), thereby resulting in a lower VS value for the national
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: :] Estimated enteric emissions
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0T ! J T 3 T T T T T * —
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Methane emissions (kg/h)

M

Fig. 4. Comparison between measured methane emissions (pink bars) and
emissions estimated using GHG inventory guidelines (blue bars). Light blue
represents enteric methane contributions, and dark blue represents the manure
contribution. 106 stands for IPCC guidelines 2006, 119 for IPCC guideline
refinement 2019 and DK for the Danish guidelines. The error bars correspond to
the uncertainty of the modelled (+20% across all models) and measured
emissions (+20%, uncertainty of the measurement technique (Fredenslund
et al., 2019)). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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model (IPCC, 2006; Nielsen et al., 2021). Additionally, the MCF factor
calculated by the national guide takes different views on manure
methane emissions inside animal housing and in outdoor manure stor-
age tanks. The main differences include the assumption of an annual
constant housing temperature and that 100% of the loaded VS in the
house is easily degradable. Conversely, for outdoor storage, temperature
varies according to atmospheric conditions, and only half of the loaded
VS is easily degradable (Nielsen et al., 2021). These assumptions lead to
a lower MCF value than in the IPCC guidelines (Table 3) and reflect
emission estimations made by the international models and the national
model.

For farm P3, which treats manure by biogasification, 119 estimated
the lowest emissions out of all models, because it uses a lower MCF
value, as it only considers emissions from outdoor storage tanks, thereby
ignoring regular housing and the temporary storage of raw manure. The
IPCC 2006 model uses national MCF values, and so it is similar to the
national estimation. Additionally, in the Danish model the MCF was
calculated for degassed pig slurry, however, the sludge stored at P3
came from a biogas plant that co-digested manure with other types of
feedstock.

Further conclusions on the models’ underestimations need to be
supported by a larger range of measured farm emissions and ideally by
the segregation of emissions from housing units and storage tanks. The
study highlights that methane emissions from manure might be the main
reason for the models’ inaccuracy, rather than enteric emissions, since
the contribution of the former is more significant, and many factors
affect it, as well as the models approach in handling the different vari-
ables. According to our results, assumptions regarding the influence of
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temperature variations on manure emissions (from house pits and out-
door storage units) and the amount of VS available in the models, might
need some revision, however, a larger data set would be necessary to
confirm the assumptions.

3.4. Comparison of measured and modelled monthly methane emissions

Fig. 5 compares monthly methane emissions for farms P1 and P2
estimated with the IPCC 2019 and Danish inventory with measured
emissions. The models considered variations in numbers of animals and
life stage, atmospheric temperature and the amount of manure stored in
the tanks when the measurement was carried out. For both models,
enteric methane emissions were relatively constant throughout the year,
and thus any variations in emissions were primarily due to manure
management. The IPCC’s 2019 model captured seasonal emission vari-
ability the best, showing a trend similar to the measured emissions at
both farms. The correlation between the modelled and measured emis-
sion values, however, was best for the P1 farm, resulting in an R?0f 0.66,
while for P2 it was 0.23. Interestingly, for both farms, the model
underestimated emissions in November, we speculate that this might be
because the models lack a lag time for the period when the temperature
starts decreasing and the methanogenic activity is still high.

For the Danish model (Fig. 5), however, emissions were close to
constant throughout the year, presumably because manure emissions
primarily came from animal housing (72%), which has constant metrics
throughout the year (amounts of manure and temperature). Addition-
ally, the IPCC 2019 model assumed that the amount of VS easily avail-
able for methane production in the outdoor storage tank, which is the
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source exposed to yearly emissions variations, is 100% of the excreted
VS, while for the DK model is only 51% of the VS coming from the house
(approximately 40% of excreted VS). Furthermore, the Danish model
assumes that only 25% of the carbon in the VS stored in the outdoor tank
is converted anaerobically to methane, whereas the remaining part is
instead degraded aerobically and emitted as carbon dioxide. Although
the [PCC 2019 performed better, the assumption that all the excreted VS
is stored in atmospheric temperature conditions does not agree with
typical management systems in Denmark. Additionally, in the Danish
model, average farm information is used as default, however, adding
more specific farm data, e.g. VS contents, manure retention time and
volume of manure stored in house and outdoor storage, and manure
temperature, could improve the model performance. More studies on
emission variations in manure stored in pits under animal housing and
outdoors need to be carried out, in order to pinpoint the source of
underestimation.

4. Conclusion

Whole-farm methane emissions were measured at five pig farms in
Denmark (P1-P5) and quantified using the tracer gas dispersion method
and covered methane emissions from animal housing and outdoor
manure storage tanks. One of the farms treated their manure in a biogas
plant (P3) and two used acidification treatment (P4 and P5). Methane
emission rates ranged from 0.2 to 20 kg/h across all farms, the sampling
was discrete, comprising six measurements distributed over a year, each
with 1-3 h sampling coverage. In addition, methane emissions varied
throughout the year, with emissions lower in spring and higher in
autumn. Methane emission factors (EF) for the farms were 14 6, 18 &
9,8+7,2+1and1+1 g/LU/h, for P1, P2, P3, P4 and P5, respectively.
The different manure management practices adopted by the farms were
reflected in the EFs, with a methane emission 55% lower on the farm
with manure biogasification (P3) compared to the farm with no manure
treatment (P2) while for the farms with manure acidification (P4-P5)
the emissions were 91-93% lower compared to P2. Because of the
limited number of measured farms, a larger data set is needed for further
investigation of the impact of these mitigation technologies.

Moreover, a comparison of measured methane emissions and
modelled emissions, using international and national guidelines,
revealed a large underestimation of 51% across all models and all farms
(P1-P3). The Danish inventory model performed worse than the inter-
national models, averaging an underestimation of 64%. The IPCC 2019
model captured seasonal emission variability the best, highlighting a
similar trend in emissions to the measured emissions, whereas the
Danish inventory model provided almost constant emission rates
throughout the year. The results indicate that methane conversion fac-
tors and volatile solids for calculating emissions from manure manage-
ment might need revision across all models, based on the farms we
measured. However, due to the limited number of farms included in this
study, more data should be collected, with attention paid to specific
parameters such as volatile solids (amount, composition and degrad-
ability), storage temperature (inside house and outdoor), storage times,
etc. Since large seasonal emission variations were recorded, future
studies should focus on understanding the dynamics of manure emis-
sions during storage in both manure pits under animal housing and in
outdoor storage tanks and its temporal variations. This study demon-
strated that methane emitted from Danish pig farms might be under-
estimated and that mitigation strategies, including manure
biogasification and acidification, are not well-integrated in current
models. Assuming that the results from the three studied farms are
representative of all Danish pig farms, anthropogenic methane emissions
in Denmark might be about 17% higher than current estimates. Accurate
emission measurement methods are therefore required to quantify true
emission rates, to document mitigation actions and to validate emission
inventories, thereby closing the gap between modelled emissions and
true emissions.
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Abstract

Methods to measure fugitive methane emissions from farm-scale manure outdoor
tanks are needed to improve understanding of these emissions. Tracer gas
dispersion methods have rarely been used for measuring gaseous emissions from
manure tanks likely due to limitations in terms of farm layout, road availability,
and complex setup for tracer gas release. To offer more flexibility to the mobile
tracer dispersion method (TDM), this paper tested a stationary sampling approach
while keeping the TDM method assumptions. Unlike the mobile TDM, which
consists of driving across the plume measuring downwind concentrations, the
stationary method uses fixed sampling points downwind the source to sample
concentrations, independently of road availability. The aim of this study was to
develop, validate and apply the new approach for methane emission quantification
of manure storages.

Controlled gas release experiments validated the method, and the stationary TDM
had an average and standard deviation of 95 £ 12% methane recovery rate, while
the mobile TDM achieved a 107 = 5% recovery rate. Moreover, the stationary
TDM was applied to measure methane emissions from dairy manure tanks. Over
more than a year of measurements using the stationary TDM, methane emissions
average and the standard deviation was 2.19 + 0.66 kg h* or, normalized by
volume of manure, 0.58 + 0.17 g mh. Atmospheric and manure temperatures
correlated well (R?=0.72, R?=0.85, respectively) with methane emissions from the
tank. In conclusion, the stationary method was shown to be an alternative method
to facilitate measurements when the mobile TDM is not applicable.

Graphical abstract
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1. Introduction

Agriculture is a significant source of greenhouse gas (GHG) emissions,
contributing 12.4% of emissions globally, whilst manure emissions from livestock
production account for 2.4% of the total (Climate Watch, 2022). In Denmark, these
numbers are even higher, with agriculture producing 25% of total GHG emissions
and animal manure corresponding to 4.2% of the total (Nielsen et al., 2021). Pig
and dairy cattle liquid manure, which has dry matter content lower than 12%
(Christensen & Sommer, 2013), is partly degraded by anaerobic digestion during
storage, producing methane. In northern European and North American farm
systems, the manure is temporarily stored under the animal house and later
removed to outdoor concrete tanks, where it remains until application on
agricultural land. Improvements in monitoring and modelling these emission
sources allow countries to estimate their GHG emissions budgets better and find
efficient mitigation strategies.

The study of manure methane emission can be done on smaller scales (lab or pilot
scale) or in farm-scale storage tanks, with measurement complexity scaling in line
with the storage size. Additionally, manure methane emissions are dynamic and
vary around the year according to temperature and the amount of manure stored.
A recent review study found that 46% of gaseous emissions studies have been done
at farm-scale manure storage facilities, most often using surface flux chambers
(31%) and micrometeorological methods (63%) to quantify emissions (Kupper et
al., 2020). The surface flux chamber method (Husted, 1994; Loyon, Guiziou,
Picard, & Saint-Cast, 2016) is well-known and relatively straightforward in its
application. However, it is an intrusive method in that surface emissions might be
affected by the placement of the chamber and lacks spatial and temporal resolution.
As for micrometeorological techniques, backward Lagrangian stochastic
modelling (bLS) (Baldé, VanderZaag, Burtt, Gordon, & Desjardins, 2016; Flesch,
Vergé, Desjardins, & Worth, 2013) and mass balance (MMB) (Maldaner, Wagner-
Riddle, VanderZaag, Gordon, & Duke, 2018; Wagner-Riddle, Park, & Thurtell,
2006) have been frequently used. As a challenge, micrometeorological methods
require modelling of atmospheric conditions, thus adding some uncertainty to the
measurements.

Tracer gas techniques have been used in only 2% of farm-scale measurement
campaigns (Kupper et al., 2020), with sulphur hexafluoride (SFs) as a tracer gas.
In the first study, Kaharabata and Schuepp (1998) used a grid array placed over
the centre of the storage tank surface for the tracer release (SFs). Concentrations
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were sampled one metre downwind and half a metre above the tank’s edge and
measured by gas chromatography (CH4) and a tuneable diode laser tracer gas
analyser (SFe). In a second study by Sneath et al. (2006), the tracer was released
around the edge of the storage tank. Furthermore, concentrations were sampled 30
metres upwind and downwind from the tank, at a single point, with a custom-made
setup using a GC spectrometer. More recently, with the development of high-
precision and fast-response instruments, the called tracer gas dispersion method
(TDM or mobile TDM) has been developed further and applied to quantify sources
such as whole dairy and pig farms by coupling the instruments to mobile platforms
as vehicles (Arndt et al., 2018; Vechi, Jensen, & Scheutz, 2022; Vechi, Mellgvist,
& Scheutz, 2022) and aircraft (Daube et al., 2018). In contrast with the previous
studies, tracer gas was released close to the source directly from gas cylinders
without a fixed release setup. Concentrations were measured downwind at greater
distances from the target source (500 to 2000 metres) by driving across the whole
concentration plume, minimising errors caused by tracer positioning (Mgnster,
Samuelsson, Kjeldsen, Rella, & Scheutz, 2014; Taylor, Chow, Delkash, & Imhoff,
2016). Additionally, SFe should not be used as tracer gas because it is a potent
GHG and due to its heavy molecular weight, which hinders gas dispersion,
alternatively acetylene (C2H>) or nitrous oxide (N2O) are now commonly used.

The TDM is a non-intrusive method with high accuracy, which does not depend
on wind modelling and has a rather easy setup, making it advantageous for
emissions quantification. However, the application of the TDM method for
quantifying emissions from manure storage tanks will be hindered at many farms
by road availability, wind conditions, high animal housing densities and farm
layout. Therefore, a complementary stationary sampling approach to the mobile
TDM can make the method more flexible, as it allows for air concentration
sampling in surrounding fields, where driving is not possible. The novelty of this
study is the sampling strategy differentiating from the previous studies because it
applies the best practices of the mobile TDM. In addition, the tracer gas is released
using a simple system, to allow for mobility and faster setup, and C>H> is used as
tracer gas instead.

This study aims to develop, validate and apply a stationary mobile tracer dispersion
method for quantifying methane emissions from manure storage tanks. We
validate the method with controlled release tests and apply it by measuring
methane emissions from a manure tank for a whole year. Additionally, we develop
quality parameters and guidelines for the method’s best practices. Employing a
large portfolio of methods to quantify accurate emissions from agricultural sources

I -4



is essential to cover the methods’ limitations and align them with emissions source
dynamics.

2. Materials and methods
2.1 Mobile tracer gas dispersion method

In the TDM, a tracer gas is released at a known rate (Qx) (kg h't) close to the target
source to simulate the target source emissions (Ey) (kg ht). The target and tracer
gas should have a long atmospheric lifetime, because they will then disperse in a
similar manner (Mganster et al., 2014). C>H» and N2O were used as tracer gases in
this study based on the instruments available and on the source characteristics
(Delre, Mgnster, Samuelsson, Fredenslund, & Scheutz, 2018).They were released
from calibrated flowmeters, thereby guaranteeing flow stability. Additionally, the
tracer gas release rate was assured by weighing the gas cylinders. Methane and
CoH. concentrations were measured by a fast-response cavity ring-down
spectrometer (CRDS) (G2203, Picarro Inc., CA, response time 2 sec), with a
precision (36) of 0.34 and 2.14 ppb for CoH> and methane, fitted to a mobile
platform. N2O concentrations were measured using another CRDS instrument (S/N
JADS 2001, Picarro Inc., CA, response ~3 secs) with a precision (3c) of 47 ppb.
The air was sampled approximately two metres height, on the top of a car, and
directed to the analytical instrument via an auxiliary pump, additionally, global
positioning (GPS) was recorded. Gas concentration measurements were performed
downwind from the source, crossing the full plume at approximately 200 metres’
distance to the source (Fig. 1). The ratio between the known tracer gas (C«) (ppb)
and target gas (Cig) (ppb), minus their background concentration (Cigng and Cirng),
was calculated by integrating the whole plume transect. The emission was
estimated using Eq.1, where MW, (g mol?) and MW4 (g mol) are molar weights
of the methane and tracer gas, respectively, and | (metre) is the distance across the
transect.

l
E. = flf(ctg— Ctgbg)dl MW, )
tg — Qtr 12 ;W ( )
Ji1 (Cer=Cerpg)dl i

Fredenslund et al. (2019) described five different methods for calculating the
target-to-tracer gas ratio and found that integrating the area under the plume
concentration transect (Equation (1)) is the best approach when using a mobile
TDM. The method can be applied to different target gases, but in our study, only
methane emissions were investigated.
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Google Earth & Google Earth

Fig. 1: a) Overview of the controlled release test (Test #3 25/02), b) Overview of air concentration
measurements performed downwind two manure tanks (Blue shaped area) (31/08). The red square
indicates the CH, release and yellow triangle the C;H,, the balloons indicated the bags sampling
points. The red plumes show the CHs concentrations while the yellow show the C;H:
concentrations, which were measured at three different distance on the controlled release test. The
red arrow shows the wind direction. Map source: Google Earth ©

2.2  Stationary tracer gas dispersion method

When applying the stationary version of the TDM, concentrations are measured in
air samples collected at fixed sampling points positioned downwind from the
source, instead of measuring the concentrations by crossing the plume with a
mobile platform (Fig. 1). Air sampling was done with peristaltic or SKC pocket
pumps, which pumped air at 50 - 150 ml min into gastight bags of 9 — 12 |. Bags
were made of heat seal aluminium foil material, commonly used for food storage.
The number of sampling points varied from five to ten in a measurement campaign,
which is a measurement activity lasting 4 to 6 hours. Similarly to the mobile tracer
method, gas concentrations in the gas bags were analysed using CRDS Picarro
instruments. Samples were collected over a certain period (30 min to 1 hour),
following which gas concentrations in the bags were measured. Usually, the
sampling was repeated two to four times, which is referred to as “repetitions”.
When necessary, the sampling points were repositioned and the air sampling
repeated. Additionally, background concentrations were measured by either
sampling air upwind from the manure tanks (~20 m), using gas bags, or by driving
outside the emission plume and further calculating the average concentration of
the sampled air.

Similar to the analysis described in Fredenslund et al. (2019) and Meanster et al.
(2014), we tested different approaches to calculate the target-to-tracer gas ratio
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from the sampling points. This exercise was done in order to establish the best
approach to estimate the ratio, mainly because — differently from the mobile TDM
— the whole plume is often not completely covered by sampling points. The first
approach (1), called “Area”, follows the same approach as the mobile TDM
strategy, using equation (1), which integrates the area under the concentration
plume transect. The second approach (2), called “Point average”, uses equation (2)
to infer the ratio in each sampling bag, and the final emission rate is calculated as
an average of these.

Ctg— Ctgbg MWy
Etg = Q¢r 020, Z 2)
Cer— Ctr,bg MWy

In the third approach (3), “Point correlation”, the sampling points were correlated
using a linear fit (Equation 3), where the calculated slope was used as the target-
to-tracer ratio, which was then multiplied by the tracer release rate (Qt) to obtain
Etg.

Ctg = Cr " Ratiogg.er + Chgg 3

Another approach (4), named “Gaussian”, used the Gaussian plume model to infer
the plume, based on the sampling points as described in Manster et al. (2014). This
method fitted the Gaussian model curve to the measured methane plume
concentrations using the bags (Equation 4). The Gaussian model uses parameters
related to atmospheric stability, wind conditions and measurement distance, and it
is based on a dispersion model; therefore, no tracer gas information was used
herein. The Gaussian model inputs assumed neutral conditions for most of the
campaigns (Class D), with exception of campaign #5, which was slightly unstable
(Class C), regarding the topography, it was considered an urban area.

c By ﬁ —(z—H)22 —(z+H)22
rg(x,y,2) = TnUays exp?’y (exp 202(0% 4 exp202() ) (4)
Finally, the last approach (5), called “Gaussian tracer”, combines Gaussian plume
modelling and knowledge of the tracer gas in order to estimate emissions. The
method uses modelling (Equation 4) not only for the methane concentrations, but
also for the tracer gas. Further, it calculates the area under both gas emissions’
modelled dispersion curves. Thereafter, emissions are estimated similarly using
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equation 1, combining the area of both modelled emissions and the known tracer
release rate.

2.2.1 Quality requirements

Stationary TDM best practices were established to minimise quantification errors
when measuring methane emissions from manure tanks similar to executed in
previous studies (Scheutz & Kjeldsen, 2019). Additionally, quality parameters
were identified to score the quality of the data collected, interpret data usefulness
and determine issues with tracer gas misplacement, sideways of the emission
source, as this is the main cause of potential errors in the TDM.

The quality parameters considered were: (1) the tracer and target gas correlation
coefficient (R?), (2) plume coverage and (3) plume representation; in other words,
whether concentrations were measured in the plume peak or only in the plume
tails. The correlation coefficient (R?) between tracer and target gas concentration
indicates whether the tracer and target gases are similarly dispersed (Fig. 2a).
According to Foster-Wittig et al. (2015) and Roscioli et al. (2015), who applied
the mobile TDM, R? should be higher than 0.8 and 0.75, respectively. When using
the stationary TDM, only a few points are measured, thus making the parameter
more sensitive to random distribution; therefore, the accepted R? was lowered to
0.5. Other studies have shown that a sideways misplacement of the tracer gas
release does not influence emission rate quantification, so even with a low R?,
accuracy might be achieved — as long as the whole plume is covered (Mgnster et
al., 2014; Matacchiera et al., 2018; Taylor et al., 2016). For this reason, plume
coverage (2) was another parameter used in the quality assessment. It was obtained
by fitting a Gaussian curve to the measured tracer gas concentration points (Fig.
2b). Furthermore, it was calculated how much the measured points represent the
full modelled plume (area of the covered points, grey area on Fig 2b divided by
the area of the entire estimated plume). The parameter was considered fulfilled
when plume coverage was higher than 50%. Finally, the last factor used in the
quality assessment was the presence of the plume peak concentration in the
measured points. Based on Gaussian modelling (Fig. 2c), it was evaluated that
when the sampled points were positioned in the centre of the plume, it reflected a
better representation of the target-to-tracer gas ratio, although gases are sideways
misallocated, in comparison to when points are positioned in the plume tail (0.75
to 1.25, from one peak to another, yellow square). A scoring system was used to
classify the quality of each measurement repetition, summing one point each time
one of the three requirements was fulfilled, resulting in a maximum of three points.
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2.3  Description of the measurement campaigns

2.3.1  Controlled release test
Table 1 summarises conditions during the five controlled release test campaigns
(#1-5). The release tests were carried out in an open grass field (480 m x 420 m),
and air samples were collected (at ~ 1m height) at five different locations across
the plume and at two different distances downwind from the release point, namely
~40 m and ~80 m (stationary method). Simultaneously, the analytical mobile
platform measured air concentrations (at a 2 m height) by traversing the plume
next to the sampling points on multiple occasions (nine to 28 transects per test)
(mobile method) (Fig. 1a). The sampling lasted from one to one and half hours. In
two of the campaigns (#3 and #4), plume transects, using the mobile platform,
were also done at a third distance (~120 m) (Fig. 1a). The acetylene release rate
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varied from 0.26 to 0.76 kg h™, while the methane release rate was between 0.61
and 1.21 kg h.

For emission quantification using the mobile TDM approach, the target-to-tracer
gas ratio was estimated by using plume integration (Equation 1), whereas for the
stationary TDM, five approaches were tested to calculate the target-to-tracer ratio,
as explained in section 2.2. To assess the methods’ performance, the methane
recovery rate was used, which calculates the percentage of the measured methane
divided by the true release rate, corresponding to method accuracy.

Table 1: Summary of the five controlled release test campaigns

Stationary method Mobile method
) Distanc
Wind . . . .
. Distance 1 Distance 2 Distance 1 Distance 2 e3
Atmospheri speed
Tes c (m s, (~40 m) (~80 m) (~45 m) (~85m) (~120
t | temperatur | wind m)
e (°C) directio Number
n l\;::bfirnof Number of Number of Number of of
P g sampling points transects transects | transect
points s
8-9,
#1 10 WNW 3 3 24 23
#2 3 2-3, NE 5 4 23 20
#3 6 3-4, W 5 5 28 33 5
#4 10 6-8, W 3 1 9 20 14
#5 25 4-6, SE 5 4 10 7

2.3.2 Manure tank methane measurements
Methane emissions were quantified at two manure storage tanks at a cattle farm
located in Denmark. They were measured as one source, due to their proximity
(Fig. 1b), and methane was selected as the target gas. The tanks were surrounded
by grass fields, and roads suitable for the measurements were available with
northerly winds only; simultaneous measurements using the mobile and stationary
approach were made in these conditions (Fig. 1b). The location of the tanks
allowed for the use of most wind directions with the stationary method, except for
the southerly wind, due to the interference of methane emissions from the animal
barns. Manure volume and temperature were measured in most of the campaigns
(Table 2). Air sampling was similar to that described above, with the difference
that the sampling event was only 30 min, in order to avoid misplacement of the
sampling points due to changes in wind direction. Each of the manure
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measurement campaigns included two to four air sampling repetitions, which took
place over two or more hours. Distance from the sampling points to the tank varied
from 100 to 200 metres according to the wind direction (Table 2). The number of
air sampling points varied due to pump availability. The tracer gas was released
from two gas cylinders, each placed on the upwind edge of the storage tanks (Fig.
1Db).

In addition to quantifying methane emissions from the manure tank, a comparison
between quantifications made using the stationary and mobile methods was done.
In total, 17 measurement campaigns were carried out, nine of which included both
the stationary and the mobile measuring approach (Table 2). Simultaneously with
air sampling (~ 30 minutes from five to 10 sampling points), the mobile platform
was driven across the plume, performing on average six to eight plume transects
during ~20 min. The first tank had a storage capacity of 5000 m3and a depth of
5.2 meters, whereas the smaller tank had a capacity of 3500 m? and a depth of 5.7
meters. Both tanks were partially above the ground.

Table 2: Overview of the manure tank measurement campaigns. “S” corresponds to the stationary
method and “M” to the mobile method. Total capacity of the tanks is 5000 m® for one of them,
and 3500 m?® for the other. The measurement distance varied with the wind direction. For a
westerly wind direction, the measuring distance was ~ 160 meters, for northerly winds the
distance was ~ 180 meters and for easterly winds it was ~ 110 meters.

Atmosph | C it
ericp apc?fCI Manure N° of N° of Wind speed
Time ofthe | Meth Y temper . | (s,
Date temperat tank samplin | repeti .
day od i ature i X wind
ure occupie . g points | tions direction
(oc) d (%)a ( C) '
11-04-2019 | 13:00t0 15:00 | S, M 10 5 2 4, NE
28-06-2019 | 03:00t0 07:00 | S, M 14 5 3 3, W
20-09-2019 | 16:00t020:00 | S, M 14 5 4 6, WNW
04-03-2020 | 10:30to 15:00 S 6 85 5 4 3, W
20-05-2020 | 12:00 to 15:00 S 15 39 5 3 25 W
23-06-2020 | 11:30t015:30 | S, M 20 24 7 4 3, W
13-07-2020 | 12:30to 16:00 S 18 24 8 3 3, W
31-08-2020 | 15:00t019:30 | S, M 19 38 7 3 1.5, NW
02-10-2020 | 09:00 to 12:00 S 15 48 6 3 25 E
05-11-2020 | 12:00 to 15:00 S 11 61 8 3 5.5, WNW
02-12-2020 | 14:30to 17:00 S 5 65 11 8 3 4, ESE
10-12-2020 | 10:00 to 14:00 S 3 7 10 10 4 4, ESE
03-01-2021 | 11:30t015:30 | S, M 3 89 9 9 3 5, ENE
17-02-2021 | 14:00t016:30 | S, M 2 90 6 10 3 3, NW
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18-03-2021 | 12:30t0 16:00 | S, M 7 36 7 9 2 3,N
15-04-2021 | 17:00t019:30 | S, M 9 36 8 8 3 6,N

19-05-2021 | 13:00to 17:00 S 13 34 13 10 3 8, W
aFor the combination of both tanks

2.3.3 Evaluation of errors caused by tracer gas misplacement
To evaluate the possibility of tracer gas release misplacement error caused by the
gas cylinder position, methane emission measurements were taken with the tracer
gas positioned first upwind and then downwind of the manure tank, using C>H. as
a tracer gas. In this case, the mobile TDM was used, and the measurements were
taken at approximately 190 metres away from the tanks.

Moreover, the dual release of N.O and C;H> was performed, whereby N.O was
released from the centre of the tank (Sl, Figure S2) while C2H: was released on the
upwind edge of the tank. Plume concentration measurements at three different
distances to the tanks were made 35, 92 and 162 metres away from the centre of
the tanks (SI, Figure S3). At the closest distance, traverses were done with the
mobile platform, while the stationary method was used to measure the other two
distances. Each traverse using the stationary method had five sampling points,
which resulted in two repetitions with quality data.

3. Results and discussions
3.1 Method development and validation

3.1.1 Mobile tracer dispersion method — controlled release

Fig. 3 shows the methane recovery rate from the five controlled gas release tests
(#1-5), with TDM performed at two or three different distances (40, 80 and 120
m) away from where the methane and C>H> were released. For the mobile TDM
controlled release experiments, the average methane recovery rate varied between
92 and 115% at the shortest measuring distance (T1 ~ 40 metres), showing slightly
better results in comparison to the greater distances (T2-3 ~80-120 metres) (Fig.
3). All measurement transects distances showed recovery rates within the
uncertainty of the TDM, which for more complex emission sources have been
previously assessed as being lower than +15-20% (Fredenslund et al., 2018;
Maganster et al., 2014). The best performance was obtained for the short measuring
distance (T1 ~ 40 metres), where the error of the average recovery rate (3%) was
within the controlled gas release uncertainty (£5%).
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Fig. 3: Methane recovery rates from five controlled release tests based on mobile TDM
measurements performed at three distances, namely T1 ~45 metre, T2 ~80 metres and T3 ~120
metres. The bars show the average value, the dashed line the median value and the error bar the
standard error. Black diamonds represent each measured transect for all controlled releases. The
grey area corresponds to release rate uncertainty (£5%).

3.1.2 Stationary tracer dispersion method — controlled release

For the stationary TDM, four of the five approaches (“Area” (Equation 1), Point
average” (Equation 2), “Point correlation” (Equation 3), and “Gaussian tracer”)
employed to obtain the tracer-to-target gas ratio produced similar results,
considering the average recovery (90-95%) and the median recovery (90-98%)
(Fig. 4). The “Area” method had the best median recovery (98%) and the second-
best average recovery (94%), so it was chosen for further quantifications using the
stationary TDM (Fig. 4). This method is less sensitive to poor plume mixing, while
“Point correlation” and “Point average” are similar to the “Area” method when the
source simulation is correct (Mgnster et al., 2014). Moreover, as tracer and target
gases were released from the same point in the controlled release experiments,
problems with source simulation and improper plume mixing would be less likely
to occur. For the “Point correlation” estimation, all sample correlation coefficients
(R?) were higher than 0.83, with the lowest being obtained in test #4. The stationary
methods (“Area” (Equation 1), Point average” (Equation 2), “Point correlation”
(Equation 3)) generated recovery rates comparable to the mobile TDM (median
and average recovery rates of 109%, including all data and disregarding
differences in measurement distances) when considering method uncertainty.

The “Gaussian” model method, however, performed the worst among the tested
methods (average 170% and median 127%) (Fig. 4), especially in one of the
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campaigns, which had a higher emission estimation (methane recovery of ~350%,
test #2), albeit all of the other campaigns were also above the controlled release
rate. This method is very sensitive to the parameters used for atmospheric class
stability (unstable, neutral and stable) and the type of topography (open country
and urban), which may explain the weaker performance. On the other hand, when
the Gaussian model used tracer information (“Gaussian tracer”), accuracy
increased when compared to the model by itself, with an average of 93% and a
median of 97%, thus demonstrating how accuracy increases in line with the use of
a tracer gas.
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Fig. 4: Methane recovery rates for the five controlled release tests based on stationary TDM
measurements and using six different approaches for obtaining the target-to-tracer ratio. The bars
show the average value, the dashed line the median value and the error bar the standard error.
Black diamonds represent each controlled release test. The grey area corresponds to release rate
uncertainty (x5%).

3.1.3 Number of sampling points — controlled release
Quantification using a stationary TDM requires that a number of sampling points
are positioned across the plume. A large quantity of sampling points would provide
a good description of the plume; however, the method would also be more labour-
intensive for operators, as it would require more pumps, additional time and,
consequently be more expensive. The optimal number of sampling points provides
quality data and eliminates unnecessary costs. The influence of the number of
plume sampling points on the recovery rate was examined by using results from
the controlled release tests (Fig. 5a). The methane recovery rate was calculated by
randomising the order of the sampled points and increasing the number of samples
from one to eight. The CHs recovery rate (%) for all controlled release tests was
lower than 120% and higher than 80%, and it did not significantly change with an

I -14



increase in the number of bags, especially after the fourth sampling point. With the
exemption of controlled release test #2, most of the other campaigns showed
changes in variability when considering four samples; thereafter, variability
decreased. In controlled release test #2, there was significant variability between
the eight samples, although the reason for this anomaly is unclear. Therefore, based
on the results from the controlled release test, a minimum number of five bags is
acceptable for decreasing variability among the sampling points, whilst error,
however, is less affected by the number of samples.

The sampling location within the plume is another crucial parameter when the
tracer and emission source are not as well aligned — differently from the controlled
release test. An analysis was done to identify the effect of sampling positioning
within the plume, using data from the manure tank quantification. We compared
emissions calculated using ratios from single bags, with the emissions quantified
by mobile TDM, assuming that the latter of the two options was the most accurate
emission estimation. Furthermore, we classified the bags according to their
position relative to the plume peak (in the tail, 25%, 50% or 75% away from the
peak). In Fig. 5b, we observed that when the bags’ measured concentrations were
25 or 50% away from peak concentrations, they tended to overestimate the
emissions. In comparison, when placed at 75% of the peak or at the peak, emissions
were £ 10% of emissions quantified using the mobile method. As illustrated in Fig.
5b, when the bags are on the tails, with concentrations below 50% of the plume
peak, the error is most likely to be significantly independent of the number of bags.
On the other hand, when the bags are above 50% of the peak, the error tends to be
lower.
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Fig. 5: (a) Methane recovery rate (%) average according to the number of stationary sampling
points in each controlled release test. (b) Comparison between emissions quantified using
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stationary sampling points and mobile TDM according to the position of the sampling point within
the plume. Close to the plumes’ peaks, the ratio is close to the true, which is one.

3.2 Manure tank measurements — method application

3.2.1 Comparison of the mobile and stationary tracer dispersion method
In nine of the campaigns, quantification using both stationary and mobile methods
was possible (Table 2); a comparison between these quantifications is shown in
Fig. 6. One of the campaigns was excluded based on the quality assessment
(Section 3.2.3 and Sl Table S1). The correlation between the quantifications was
R2=0.93, while the slope was close to 1 (0.92) (Fig. 6), indicating how similar the
mobile and stationary methods results are, and that the stationary method
demonstrated good performance when compared to the mobile method.
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Fig. 6: Correlation plot of the manure tank emissions rates quantified using the mobile and
stationary method. Error bars represent the standard deviation of each quantification. The red line
shows the correlation between both methods, and the black line represents a one-to-one
correlation.

3.2.2 Tracer gas misplacement — manure tank emissions
The position of the tracer gas release point is an important variable in the tracer
gas method (TDM), as misplacement of the tracer release can lead to under- or
overestimate emissions if the tracer is placed upwind or downwind of the emission
source, respectively (Delre, Manster, Samuelsson, Fredenslund, & Scheutz, 2018;
Magnster et al., 2014). Proper tracer gas release positioning might be challenging
when quantifying emissions from manure storage tanks, due to the large tank size
and inaccessible surface area of the tank. However, the effect of tracer
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misallocation will decrease in line with an increase in measurement distance (
Magnster et al., 2014; Taylor et al., 2016).

Two tests were performed to access the potential effect of tracer misallocation on
emission quantification. The first test was done by releasing the tracer gas on the
upwind edge of the tank (~ 15 metres to the centre of the tanks) and secondly on
the downwind edge of the tank (~ 15 metres to the centre of the tank). Emissions
were measured at ~190 metres away from the tanks. Placing the tracer release
bottle on the upwind edge resulted in average emissions of 1.95 + 0.39 kg h*, while
placing it downwind resulted in 1.62 + 0.25 kg h' (Fig. 7a). Overestimation is
expected when the tracer is positioned upwind from the source, and vice versa for
downwind, and a similar pattern was observed in our results. However, by
applying a Wilcoxon test, the difference between the two datasets was insignificant
(hypothesis: p<0.05 if the distance is significant, result: p=0.089). In conclusion,
most likely, the overestimation potentially produced by placing the tracer upwind
from the tank was minimised due to the greater measurement distance.

In the second test, a dual tracer release was used. A C,H> bottle was positioned on
the upwind edge of the manure tank, and N2O was released from the middle of the
tank. Concentration measurements were taken at three distances, namely 35, 90
and 160 metres away from the centre of the tank (SI, Figure S3). Tracer
misallocation, which is the distance from the N>O tracer release position to the
measurement transect, divided by the distance of the C>H> release position to the
transect, was 43, 24, and 7%, respectively. Methane emissions quantified using
C2H2 and N0 at each different transect are represented in Fig. 7b. C2H. estimated
higher emissions than N2O, which was also expected due to the longer distance for
C2H> to travel in comparison to N2O, thereby resulting in more plume dilution.
This was especially the case in the two nearest transects (shortest measuring
distance), while the difference was smaller for the third and furthest transect.
According to a Wilcoxon test, the difference between the quantifications using
C2H. and N2O was only significant on the first transect (hypothesis p<0.05;
p=0.01) but not relevant on the second or third transects (p= 0.123 and p= 0.796,
respectively). Looking at a Gaussian model for this scenario, considering the
model characteristics as “open country” and Class D of stability (neutral), expected
overestimation was +79%, +45% and +8%, while what was measured was +33%,
+26% and -5% for T1, T2 and T3, respectively.
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Fig. 7: Tracer gas misplacement evaluation using two different tracers (C2H, and N-O) released
from two different positions. (a) Methane emissions determined using the tracer positioned on the
upwind edge of the tank using acetylene (C2H) as tracer or in the centre of the tank using nitrous
oxide instead as a tracer (N20). (b) Test on misplacing the tracer release upwind and downwind
from the tanks. The bar indicates the average and error bars the standard error, the dashed line
shows the median of the values and the diamond shapes point to the individual plumes or points
measured.

3.2.3 Quality assessment

A quality assessment of the data obtained from measurements carried out at the
manure tanks was performed according to section 2.2.1 (S, Table SI1), where for
each sampling repetition a score was given. Only one repetition did not sum any
points, 22% summed one point and 41% and 35% amounted to two and three
points, respectively. We considered that “one-point” data was worst in terms of
quality; therefore, it was not included when calculating annual manure methane
emissions, which means that 24% of the total data was excluded. The difference
between the annual emissions calculated using all the data (2.25 kg h?) and the
data passed on the score test (2.19 kg h't) was 3%.
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3.3 Annual manure methane emissions and dynamics
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Fig. 8: (a) Manure tank methane emissions (average and standard deviations), quantified using
the stationary tracer dispersion method. The black squares show emissions in g m™ h?, while the
pink circles represent the percentage of manure occupation in the tank. (b) Correlation between
measured methane emissions (g m™ h) and temperature, where the purple diamonds and dark
purple line correspond to atmospheric temperature, and orange squares and the dark orange line
correspond to manure temperature.

Annual average manure tank emissions measured using the stationary TDM and
standard deviation were 2.19 + 0.66 kg h, or 0.58 + 0.15 g m= h* normalized by
volume of manure stored and calculated as a weighted average according to the
distribution of the measurements over the year (Fig. 8a). In comparison to the
literature, the quantified emission is similar to the annual emission baseline for
cattle manure stored in tanks (0.58 g m= h!) obtained by Kupper et al., (2020),
which is estimated based on quantifications obtained from many other studies.
Husted (1994) measured emissions from Danish cattle manure tanks, for which
annual emissions averaged 0.34 g m h'l. Average emissions using the stationary
approach were 2.19 + 0.66 kg h, while for the mobile TDM they were 1.99 + 0.34
kg ht.

Manure emissions were the highest in summer, when the temperature was higher,
although the amount of manure stored was low (Fig. 8a). Manure was removed
from the tanks in the spring (March - April), and these tanks were kept relatively
empty during summertime and until late autumn, when they started to be filled
again (Fig. 8a). Emissions normalized by volume of manure stored, in g m= h?,
correlated well with atmospheric temperature R?= 0.72, and even more with
manure temperature R?=0.85 (Fig. 8b). The correlation between methane
emissions and temperature was expected, because the microbiological community
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responsible for the anaerobic decomposition is temperature-dependent (Husted,
1994; Westermann, 1996).

In our study, diurnal dynamics of the emissions were not taken into consideration.
The stationary method was used for discrete measurements, which corresponded
to 30-min intervals, and repeated two to four times at each measurement campaign.
However, under stable wind conditions, the method can be applied for a longer
period without becoming labour-intensive, because there will be less need for
repositioning the sampling points, and sampling can be done over a longer period.
This might be relevant, since diurnal variation is expected at some times of the
year, especially in summer and autumn (Maldaner et al., 2018). Considering that
most of our measurements were done in the early afternoon, it is possible this could
have caused a positive methane quantification bias during months when there is
diurnal variation, because high emissions are expected around midday due to
surface heating (Wood, Gordon, & Wagner-Riddle, 2013). Total methane
emissions from the farm, including housing and the two manure tanks, were
quantified in a few of the campaigns, when the weather and operational conditions
allowed. In the spring, when the tanks were emptied and the manure temperature
was low, emissions from the manure tanks corresponded to only 5% of the whole
farm rate (Fig. 9). During the rest of the year, this contribution varied from 9% to
20%, reaching its highest point in autumn. According to IPCC modelled data,
specific for this farm data, the contribution of manure to whole-farm emissions is
approximately 20% (Vechi, Mellgvist, et. al., 2022).
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Fig. 9: (a) Monthly methane emissions (average and standard deviations) of whole-farm
emissions (light green) and the manure tanks (dark green). Whole-farm emissions were quantified
using the mobile TDM, while for the manure tanks the stationary TDM was used. Orange points
correspond to the percentage of whole-farm emissions emitted by the studied manure tanks.
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4. Employment of the stationary tracer dispersion method and best
practices

The mobile TDM has proven to be an accurate method for quantifying emissions
from large heterogeneous sources such as landfills, wastewater treatment plants
and biogas plants (Scheutz et al., 2011; Mgnster et al., 2015; Delre et al., 2017;
Scheutz and Fredenslund, 2019). The method has been validated in several
controlled release and comparison tests, and its uncertainty has been assessed to
be within 15-20% (e.g. Manster et al., 2014; Delre et al., 2018; Fredenslund et al.,
2019; Feitz etal., 2018) when applied following best practice (Scheutz & Kjeldsen,
2019). In this study, the mobile TDM was applied to a smaller area source (20-30
m wide), and where plume measurements were performed at a closer distance
(100-200 m downwind) in comparison to many of the referenced studies, where
the source can span over several hectares and plume measurements are often
performed 2-3 km downwind. This study showed that mobile TDM performed well
on a smaller scale such as a manure tank, and controlled release tests showed
recovery rates close to 100%. We also demonstrated that the stationary TDM could
be applied for discrete measurements of methane emissions from manure tanks.
However, the mobile method is preferable because it does not require the
installation of a sampling setup in the field and consequently is less labour-
intensive; nevertheless, when a mobile platform is used, the method is limited by
road availability and weather conditions (wind direction and atmospheric
stability). This can especially be the case for manure tanks, which are often located
relatively close to farms and interfered by emissions from animal housing, or in
agricultural fields with limited road accessibility. For this reason, using stationary
sampling points provides more flexibility to the measurement method, and in this
study monthly measurements could be obtained without having to depend on the
“right” wind conditions, although the sampling needed to be carried out with more
care.

The number of sampling points and their position in the plume are important
factors. As discussed in section 3.1.3, a minimum of five sampling points
decreased emission estimation variability; however, more sampling points are
likely to cover a more significant part of the plume and its peak, thus increasing
accuracy. Therefore, a minimum of seven bags generally produced better quality
results (a data quality score of 3 in 40% of the repetitions) than fewer bags (a score
of 3 in 26%). The position of the bags within the plume is another critical aspect,
being one of the quality parameters, because, in the case of misallocation between
the emission from the source and the tracer release, the error in quantification is
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smaller when samples are taken around the plume peak than from its tails. In the
case of two nearby sources, it is also crucial to cover the plume peak to ensure that
both sources are considered. In the validation experiment executed by Feitz et al.
(2018), a similar approach to the stationary TDM was tested in order to measure
emissions, with the difference being that sampling was done in canisters instead of
bags. The method did not function well, and the lower amount of sampling points
was pointed out as an issue affecting uncertainty. Additionally, canister analysis
was done mostly by using an FTIR instrument in the field, which had lower
precision than the CRDS.

A sampling time of 30 min was adopted in our study, and even though other
sampling times were not investigated, we believe that 15 to 30 min is ideal because
wind direction is likely to change during longer time intervals, hence making it
more viable to sample outside the plume or on the fringes thereof. Instead of longer
sampling times, we suggest repeating sampling two to four times. This offers the
ability to adjust the position of the sampling locations in between sampling events.
For continuous measurements, the setup can be improved by optimising the
sampling procedure with automatic sampling, such as in the example described in
the experiment by Finn et al. (2010).

The setup time for tracer gas release can be decreased when compared to other
studies, because it does not require a fixed setup in which a grid of gas release
points is necessary (Kaharabata & Schuepp, 1998; Sneath et al., 2006). This can
be supported by measuring at greater distances as this reduces the effect of
misallocation of the tracer release (Manster et al., 2014; Taylor et al., 2016). We
adopted typical distances of 100 to 200 metres (three to six times the manure tank’s
diameter), and the dual tracer gas experiment showed that at distances of 100 m
upwards, in neutral conditions, the effect of tracer gas misplacement was low,
although the difference between centred and the misplaced releases was smaller at
160 metres. The concentration measurements at a greater distance are viable due
to high-precision instruments such as the CRDS. In addition, we analysed the bags
in the field, after each sampling exercise, which allowed for sampling
repositioning. This is not mandatory, and the bags can indeed be taken for analysis
away from the field, but in-situ analysis improves the quality of the data and
reduces the risk of invalid field campaigns. The challenge in measuring the
combined emissions from two tanks is related to the tracer release rate, which
should be proportional to each tank’s emissions. A proportional release rate is
needed because stationary sampling most likely will not cover the whole plume,
and the same tracer gas release rates from different emissions will produce
different ratios across the plume, which can be misinterpreted as poor-quality
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measurements. In this case, covering a larger part of the plume (minimum 50%) as
well as the plume peak is essential; otherwise, emissions from only one tank might
be quantified.

Finally, to obtain high-quality data when using the stationary TDM, best practice
should be followed. A quality assessment of the measured data can be performed
when conditions are not ideal to support reliable data. In these cases, the measured
data should be filtered according to three quality scores (described in section
2.2.1), namely (1) correlation coefficient R? > 50%, (2) plume coverage > 0.50 and
(3) plume peak representation. An example of the quality assessment for the data
used in this paper is provided in the Sl (Table S1). Data receiving a lower score
(one point) is deduced as being low quality and might be excluded. Excluding this
data, did not affect the results of our measurements (difference between annual
average emissions was 6%).

4.1 Guidelines for best practice using the stationary tracer gas dispersion
method

Based on the results described above, and in the guideline for the mobile tracer gas
dispersion method (Scheutz & Kjeldsen, 2019), best practice for quantifying
methane emissions from manure tanks using the stationary TDM is described in
the following section.

Interfering sources. Initially, a desktop analysis is performed, using imagery tools
and Google Earth, to investigate possible interfering methane sources, identify the
most suitable wind conditions and set the measuring distance for emission
quantification. On the measurement day, a methane screening of the surrounding
area is done to exclude methane sources that could otherwise interfere with
measuring emissions from the specific manure tank. For this task, a mobile
analytical platform with high precision instrumentation is recommended. In cases
where several tanks are located too close to each other, they can be measured as a
single source instead, because they will result in a combined plume, making it
difficult to distinguish sources. Planning the measurements also involves
understanding emission dynamics.

Tracer gas release. The tracer gas should ideally be released from the centre of the
manure tank, which can be done with the help of an extended tube (SI, Fig.S1).
Alternatively, the tracer gas bottles can be placed upwind or downwind of the tank,

I -23



as long as a certain distance is considered for positioning the sampling points (three
to five times the tank’s diameter). The tracer gas release should be constant
throughout the measurements and controlled using high-precision flow controllers.
In order to control the amount of tracer gas released, the weight loss of the gas
bottles should be recorded using a high-precision scale. In the case of two tanks,
the proportionality of the tracer gas released from each tank can be assessed by
screening concentrations close to — or even above the surface of — the tanks.

Plume sampling. A minimum five stationary sample points is needed, but more are
preferred in order to ensure good plume coverage, including the plume peak.
Sampling points should be marked downwind of the source, whilst air samples can
be collected in bags or, alternatively, containers (Duan, Scheutz, & Kjeldsen,
2021). After starting the tracer gas release, air samples are collected over a period
of 30 minutes. Ideally, the collected samples are analysed in the field before
proceeding with the next sampling repetition. If recorded target and tracer gas
concentrations are not correlated, the sampling locations should be adjusted. At
least two repetitions should be repeated, ideally three.

Data processing. The calculation of methane emissions should be done by
following the “Area” approach. This method uses the area under both the measured
target and tracer gas plumes to estimate the ratio between the gases. After that,
methane emissions are obtained by using the ratio and tracer release information.
To evaluate data quality, the data quality scoring analysis should be performed as
described in section 2.2.1, namely (1) correlation coefficient (R?), (2) plume
coverage and (3) plume peak representation. Any score of 1 or lower indicates low-
quality data that may be excluded from the dataset.

5. Conclusion

Methane emissions from manure storage tanks contribute to the greenhouse gas
emission budget, and they can be mitigated by strategies such as anaerobic
digestion and biogas production, acidification and other options. Nonetheless, it is
important to verify mitigation efficiencies and understand emission dynamics.
Measurements of real-scale manure tanks are somewhat challenging, so it is
essential to have validated emission quantification methods that can be used either
on their own or in combination, in order to overcome different measurement
challenges and limitations.
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This study investigates a variant of the well-known tracer gas dispersion method
(TDM), by adopting some of the principles of the improved mobile TDM but using
a stationary sampling approach, which brings more flexibility to the method. The
stationary TDM was validated by using controlled methane release tests, which
demonstrated the accuracy of both the mobile and stationary TDM, with the
methane recovery rate varying on average from 94 to 97% for the stationary
method and 107% for the mobile approach. The stationary method was further
developed by determining the minimum number of stationary sampling points and
the effect of the tracer gas release position, and further developed a best practice
measurement guideline.

Finally, the stationary method was applied for quantifying methane emissions from
manure tanks, and a comparison between the mobile and stationary approach was
approximately 96%. Annual methane emissions from the manure tanks averaged
at 0.58 g m= h, which is in line with literature estimations for dairy cattle manure.
It was also possible to observe the temperature dependency of the emissions.

The study concludes that the stationary TDM is useful for quantifying methane
emissions from manure tanks and can be used to complement the original mobile
TDM. The stationary method also offers greater flexibility in terms of less
dependency on road availability and weather conditions; however, labour intensity
is higher, and measurements need to be carried out with care by following best
practice.
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Google Earth

Google Earth

Fig. S1. Air concentration measurements performed downwind two manure tanks using a mobile
analytical platform. The read plume represents the methane (CH.) plume and the yellow the tracer
gas (CzH.) plume. The icons show the location of stationary samplings in the plume. Map source:
Google Earth ©

Fig. S2. Tracer gas released from the middle of the manure tank. The tube is attached to a bottle,
which floats on the manure surface.

Google Earth
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Fig. S3. Dual tracer gas release experiment. Purple line represents measurement transect 1, the
green markers transect 2 and the red, transect 3. The yellow triangles represent the location of the
C,H- release, and the blue the N2O release. Map source: Google Earth ©

Table S1. Quality assessment of measured data using the stationary tracer dispersion method for
quantification of manure tank emissions. The data marked in red corresponds to score 1 data,
which was rejected, the green marked data corresponds to score 2 and 3. In total, 18 measurement
campaigns were carried out consisting of in total 54 plume sampling repetitions each of 30
minutes.

Campaign- , Plume Plume , Plume Plume
Sampling R reprgsent coverag | Score R reprgsent coverag | Score
ation e ation e
#1-B1 37% Yes 32% 1 #12-B1 | 89% No 49% 1
#1-B2 94% no 16% 1 #12-B2 | 22% Yes 50% 2
#2-B1 67% yes 88% 3 #12-B3 | 43% Yes 68% 2
#2-B2 21% yes 50% 2 #12-B4 2% No 66% 1
#2-B3 1% yes 51% 2 #13-B1 | 22% Yes 56% 2
#3-B1 24% Yes 69% 2 #13-B2 | 59% Yes 61% 3
#3-B2 76% yes 10% 2 #13-B3 | 62% Yes 66% 3
#3-B3 97% no 51% 2 #14-B1 | 83% Yes 25% 2
#3-B4 63% yes 65% 3 #14-B2 | 69% Yes 16% 2
#4-B1 0% yes 20% 1 #14-B3 | 97% Yes 64% 3
#4-B2 94% yes 69% 3 #15-B1 | 90% Yes 84% 3
#4-B3 70% yes 37% 2 #15-B2 | 67% Yes 78% 3
#4-B4 0% Yes 10% 1 #16-B1 93% No 25% 1
#5-B1 76% Yes 90% 3 #16-B2 | 91% Yes 87% 3
#5-B2 74% yes 98% 3 #16-B3 | 97% no 21% 1
#5-B3 91% no 10% 1 #17-B1 | 67% no 50% 2
#6-B1 90% Yes 84% 3 #17-B2 1% Yes 50% 2
#6-B2 37% Yes 68% 2 #18-B1 | 50% Yes 69% 3
#6-B3 88% yes 71% 3 #18-B2 6% Yes 50% 2
#6-B4 94% yes 84% 3
#7-B1 2% yes 46% 1
#7-B2 44% Yes 95% 2
#7-B3 92% Yes 95% 3
#8-B1 94% Yes 54% 3
#8-B2 93% Yes 32% 2
#8-B3 92% No 50% 2
#9-B1 2% Yes 60% 2
#9-B2 36% Yes 56% 2
#9-B3 21% Yes 76% 2
#10-B1 87% Yes 90% 3
#10-B2 80% Yes 38% 2
#10-B3 31% Yes 10% 1
#11-B1 68% Yes 52% 3
#11-B2 100% No 10% 1
#11-B3 1% No 28% 0
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Abstract

Methane (CH4) emissions from animal manure stored in outdoor tanks are difficult
to predict because of several influential factors. In this study, the tracer gas
dispersion method (TDM) was used to quantify CH4 emissions from ten manure
storage tanks, along with the collection of supporting information, in order to
further identify emission drivers. The dataset included two tanks storing dairy
cattle manure, six holding pig manure and two with digestate from manure-based
biogas plants. CH4 emissions from the tanks were measured six to 14 times,
covering a whole year. Emissions varied from 0.02 to 14.30 kg/h, or when
normalised by the volume of manure stored, they varied from 0.05 to 11 g/m3/h.
Annual average CH4 emission rates varied greatly between the tanks, ranging from
0.20 to 2.75 g/m%/h. The averaged manure temperature for all tanks varied from
10.6 to 16.4 °C, which was higher than reported in a previous Danish study.
Volatile solids (VS) concentration was higher for cattle manure (3.1 and 4.4%)
than pig manure (1.0 to 3.6%). CH4 emissions were positively correlated with
manure temperature, whereas this was not the case for VS manure content. Annual
average CH4 emissions normalised to manure volume were higher for pig than for
cattle manure (a factor of 2.5), which was greater than digested manure emissions
(a factor of 1.2). For the pig manure storage tanks, CH4 emissions were higher for
covered tanks than for not-covered tanks (by a factor of 2.3). In this study, manure
storage tanks showed a large disparity in emissions, driven not only by physical
factors, but also by farm management practices.
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1. Introduction

The recently released sixth International Panel for Climate Change (IPCC)
assessment report highlighted the importance of reducing methane (CHa)
emissions in order to lower peak warming caused by greenhouse gases (GHG)
accumulation over the coming years. Ultimately, CHa4 contributes to 30% of global
warming and has a relatively short lifetime in the atmosphere; therefore, the
impacts resulting from its reduction can be seen sooner than for carbon dioxide
(CO2) mitigation (IPCC, 2022).

Agriculture is a significant source of CHs emissions, and about 4.7% of total
anthropogenic CHs discharges come from manure degradation (FAO, 2022;
United Nations Environment Programme and Climate and Clean Air Coalition,
2021). Liquid manure, or slurry, which is manure with a lower dry matter content
(<12%) (Sommer et al., 2013), can be stored in anaerobic lagoons or concrete
tanks. In many farms in northern Europe and North America, slurry is stored in
concrete tanks, holding the material until it is ready for application on crop fields.
Many factors can affect CH4 production and emissions, for instance volatile solids
(Maldaner et al., 2018), total ammonia nitrogen (Dalby et al., 2021), temperature
(Husted, 1994), wind speed (Leytem et al., 2017), type of storage (Kupper et al.,
2020) and manure removal efficiency when emptying the storage tank (Baldé et
al., 2016b). These factors influence the manure’s microbiological composition and
activity, thereby affecting CH4 production and emissions.

Moreover, to estimate annual CHs emissions from manure storage, the IPCC
inventory schemes have adopted simple models to account for annual emissions
(IPCC, 2019), but when used in short-term studies, they show limitations in terms
of capturing these emissions (Baldé et al., 2016a; Baral et al., 2018; Vechi et al.,
2022a). To support model improvements, emission rates representing farm-scale
manure storage tanks must also be acquired. Kupper et al. (2020) comprehensively
analysed a number of studies investigating gaseous emissions from manure tanks,
highlighting the necessity of manure tank measurements, on the farm scale, using
non-intrusive methods, covering different seasons of the year and collecting
supporting data related to farm operations and manure characteristics (Kupper et
al., 2020). Additionally, they pointed out the need to investigate experimental
biases, since the methods applied in the studies had different limitations, which
might partially explain the variability of emission rates (Kupper et al., 2020).

Manure-based biogas is considered climate-neutral, as it substitutes the use of
fossil fuels. Additionally, the storage of digested manure is considered to reduce
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CHs emissions in comparison to storing raw manure (IPCC, 2019; Nielsen et al.,
2021). CH4 emissions from the full-scale storage of digested manure, however,
have only been the focus of a few studies (Baldé et al., 2016c; Maldaner et al.,
2018; Rodhe et al., 2015). At many farms (24% pig and 10% dairy) in Denmark,
manure storage tanks are covered with a fixed PVC tent to mitigate NHz emissions
(Data from 2018) (Mikkelsen and Albrektsen, 2020), which is a well-documented
NH3 emission reduction strategy. However, it is unclear how these tent covers
affect CH4 generation and emissions.

The tracer gas dispersion method (TDM) has been used to measure CH4 emissions
across entire farms (Arndt et al., 2018; Vechi et al., 2022a, 2022b). It is a non-
intrusive method and is well documented in the literature and recognised by its
precision. This study used the TDM to quantify discrete emissions from ten
manure tanks over a whole year in Danish management conditions. The aim was
twofold: first, to obtain and compare CH4 emission rates from manure tanks with
different management systems using the TDM, and second, to investigate factors
driving CH4 emissions during manure storage at the studied tanks. The novelty lies
in quantifying several farm-scale manure tanks, using the same data collection and
emission measuring methodology, including tanks storing pig and cattle raw and
digested manure. Additionally, the effect of the storage tank cover on CHs
emissions from manure has been limited in the literature.

2. Methods

2.1. Site description

CHa4 emission rates were quantified at ten outdoor storage tanks, an overview of
which can be found in Table 1. The ten manure tanks stored manure with different
characteristics: two tanks stored dairy cattle manure (CN1, CN2), six contained
pig manure (PN1, PN2, PC1, PC2, PC2, PC4) and, finally, two stored digestate
from centralised biogas plants (DC1, DN1) primarily fed with livestock manure
(Table 1).

Regarding the two tanks receiving cattle manure, they were both located at organic
dairy farms, meaning that from mid-April to the end of October, milk cows were
grassing for six hours during the day. CN2 was the farm’s primary storage tank,
while CN1 was a secondary tank that stored manure when the primary tank was
full. The amount of stored manure was low during the summer because cows were
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grazed for part of the day, and the collected manure was also more frequently
applied to the fields. Furthermore, manure levels increased towards autumn and
reached total capacity in winter.

Regarding the tanks storing pig manure, one of them was located at a breeding
farm (PN1, sows and piglets), while the others were located at growing farms
(piglets and fattening pigs). Two farms removed manure from the animal barn
every week (PN2, PC2). The manure was first transferred to a small temporary
tank and later to the larger tank PC2, while in the site PN2 manure was sent directly
to tank. Moreover, PC3 removed manure from the animals' barn every week during
summer because water was used to cool the barn, resulting in more rapid filling of
the manure storage unit under the house’s floor, thereby meaning more frequent
emptying during this season. During the rest of the year, manure was removed
every second week. For PN1, PC1 and PC4, manure was removed from the
animals' barns once a month.

In Denmark, many centralised biogas plants operate in agreement with farmers by
collecting raw manure from farms and providing a similar amount of digestate
back to the farm to be deposited in outdoor storage tanks. This was the case for
tanks DC1 and DN1. Tank DC1 held digestate from a biogas plant with a high
retention time (approximately 90 days). Feedstock for the biogas plant consisted
of a mix of pig, cattle and chicken manure, deep litter, beets and straw. The second
biogas tank (DN1) stored digestate from a biogas plant with a short retention time
(34 days). The feedstock used in this biogas plant was animal manure (pig and
dairy), industrial waste and energy crops.

Of the ten tanks, five had a tent cover (PC1, PC2, PC3, PC4 and DC1). In our
study, “covers” refer to fixed tent structures made of PVVC with service hatches to
mix and remove manure. The tent structure is fixed to the wall of the concrete tank
by elastic straps, and it is not gas tight. Tank covers are a requirement for manure
storage tanks in Denmark to reduce ammonia (NH3) emissions, which can be
fulfilled by either a fixed tent cover or a natural crust (Ministeriet for Fgdevarer
Landbrug og Fiskeri, 2021). Of the tanks without a cover (CN1, CN2, PN1, PN2,
DN1), some occasionally had a natural crust.

Half of the farms had two manure tanks positioned very close to each other (Table
1), so discriminating between their emissions was not feasible. In these cases, the
two tanks were measured as one, and supporting information (manure temperature,
volume, and VS) was taken from both tanks. The sizes of the tanks also varied,
with the smallest having a storage capacity of only 800 m3 and the largest 7200
md,



Table 1: Farms characteristics

Tank storage

. . Tanks surface
Tank® Manure type Cover Animal (number) capacity (volume u

2
m) area (m¢)
CN1 Cattle No Dairy cows (220) T1 (1300) 315
CN2 Cattle No Dairy cows (700) T1 (5000) T2 (3500) 834
PN1 Pig No  Sows(rlO)andpiglets ) ;0015 (3000) 560
(4000)
PN2 Pig No Fattening pigs (1500)  T1 (2200) T2 (2200) 490
PC1 Pig Yes Fattening pigs (2500) T1 (4400) 804
PC2 Pig Yes Fattening pigs (5000) T1 (5500) 960
. Fattening pigs (1800)
PC3 Pig Yes and piglets (1125) T1 (4300) 855
. Fattening pigs (2300 )
PC4 P Y . T1 1
¢ '9 e and piglets (1300) (5000) 615
Digestate —
DC1 high HRT Yes NA T1 (7200) T2 (3000) 860
Digestate —
DN1 low HRT No NA T1 (800) T2 (3100) 465

2 The tanks’ names were giving as follows: C for cattle, P for pigs and D for digestate as the first letter. Further, N
was given to not-covered tanks and C to covered tanks. The number follows the number of tanks with the same
manure type and cover. In general, pig farms added manure to their storage tank every month, with the exception of
PN2 and PC2, which removed manure from the animal barn every week. Additionally, PC3 removed manure from
the house weekly during the summer months and every second week for the rest of the year.

2.2. Tracer gas dispersion method (TDM)

The TDM was used to measure CH4 emissions from the storage tanks. The method
uses a tracer gas with a known release rate (Qr) to simulate target source emissions
(Et) and quantifies discrete emissions during the short tracer release period (1 — 3
hours). The tracer gas should have a long life in the atmosphere and therefore
disperse in a similar way to the measured gas. Ground plume concentrations of
tracer and target gases are measured downwind from the source at the furthest
measurable distance, in order to allow for a proper mixture between gases (Galle
et al., 2001; Scheutz et al., 2011). The known tracer release rate is combined with
the target-to-tracer ratio to estimate target emissions, as shown in Eq. 1.

2
f;cl (Ceg— Cegpg)dx MWig (1)
f;lz(ctr_ Ctr,bg)dx "MWy

Etg = Qtr-



where Ciand Cy are the target and tracer gas concentrations in ppb, respectively.
Cibg and Cupg are the background concentrations of the respective gases.
Furthermore, x indicates the distance across the plume, and MW (g/mol) is the
molar weight of the correspondent gases.

In this study, acetylene (C2H2) was used as the tracer gas, released by calibrated
flowmeters to ensure a constant flow rate. In addition, cylinders were weighted
before and after release, to confirm the release rates from flowmeter readings. The
tracer gas was released directly either from bottles located next to the tanks or from
the middle of the tank, using an extended tube connected to a floating material
placed on the surface of the manure inside the tank. Gas concentrations were
measure by a high precision instrument using the principle of cavity ring-down
spectroscopy (CRDS) from Picarro Inc. (California, USA). The main instrument
was the G2203 model, which measures both C2H, and CHa (precision (30) of 2.14
and 0.34 ppb for CH4 and C2Hy). For a few campaigns where the G2203 was not
available, two instruments were combined, namely a G1301 measuring CHa
(precision (3c6) of 2.5 ppb) and a custom-made CRDS instrument measuring C2H>
(precision (30) of 3.4 ppb).

The TDM was applied in three approaches. In the first approach (1), the
instruments were placed in a car and driven across the plume to measure
concentrations. The tracer-to-target ratio was calculated by integrating the entire
measured plume (Eg. 1) (Fredenslund et al., 2019) — identified as “M” in Table 2
(Supplementary Information (SI), Fig. S1). When driving across the plume was
not feasible, two stationary approaches were used instead (Fredenslund et al.,
2010; Scheutz and Kjeldsen, 2019). In the second (2), a single-point stationary
TDM measured concentrations at a fixed position without driving across the plume
(Fredenslund et al., 2010). This approach was used when the measurement road
was not long enough to cross the whole plume. The ratio was calculated using a
scatter plot of tracer versus target gas concentrations. In Table 2, the method
corresponds to “S”. Finally, in the third approach, (3) another stationary TDM
approach was used, when roads were unavailable, in the form of gas sampling bags
positioned in a field covering the CH4 plume from the tank. Five to ten points were
sampled within the plume, and the ratio was calculated as the integrated area of
the measured plume. Sampling took an average of 30 minutes and was repeated
two to four times. This method corresponds to “B” in Table 2.

Table 2: Information on manure tank measurements



Average of days in

measurements
CN1 7 M,S 3 Oct/20 to Sep/21 52 (4-93)
CN2 14 M,B 3 Mar/20 to May/21 26 (2 - 49)
PN1 8 M 3 Oct/20 to Oct/21 46(2 - 77)
PN2 8 M,S 2 Feb/21 to Nov/22 46 (11 -81)
PC1 8 M 2 Jul/21 to Jul/22 46 (16 — 69)
PC2 7 M 2 May/21 to Jul/22 52 (6 —142)
PC3 12 M,S 3 Feb/21 to Dec/22 30 (4-89)
PC4 6 M 0 Feb/21 to Jun/22 60 (4 —118)
DC1 8 M 3 Oct/20 to Oct/21 46 (9 - 84)
DN1 8 M, S 3 Nov/20 to Oct/21 46 (16 - 83)

&M — Mobile TDM, the plume concentration was measured by driving across the plume, S — Stationary single-point
TDM, whereby plume concentrations were measured at a single point over ~30 min by parking the instrumented
vehicle downwind in the middle of the plume. B — Stationary bag TDM, where plume concentrations were measured
by placing sampling bags (5 to 10 bags) across the plume. This approach was used when roads were not available.

2.3.  Measurement campaigns

A minimum of six measurement campaigns were executed to obtain annual
average emission rates. They were performed as equidistant as possible according
to the measurement possibilities, covering every season (S, Table S1). Most of
the tanks were measured more than six times, and two were measured more than
ten times. Data sampling lasted from 30 min to 4 hours, and they were done mostly
during daytime. An emission measurement sampling simulation was performed
using data from CN2 and PC3, i.e., the tanks with the largest number of
measurements (SI, Fig. S2). When equidistant, six samples already produced an
error smaller than £10% on annual average emission rates (SI, Fig. S3).

Emission quantifications were performed across different calendar years. Five
tanks were measured between 2020 and 2021, whilst the others ranged from 2021
to 2022. Table 2 shows the minimum, maximum and average days in between
measurements for each studied site. The tanks with a large gap between
measurements were PC2 and PC4, with no measurements for more than 110 days
(~ 4 months). At these two sites, measurements were resumed before planned, due
to changes to the management.

2.4. Characterisation of manure and storage tanks



Emission quantification was supported by collecting additional information such
as manure temperature, manure volume and dry matter (DM) and volatile solids
(VS) content. Manure temperature was measured using a temperature probe
inserted approximately one metre deep into the manure. However, when a lower
volume of manure was stored, the probe was inserted at a minimum of 20 cm.
Manure temperature information was recorded during most campaigns, except for
tank CN2, for which the temperature was not measured during summer.
Atmospheric temperature was considered as the daily average of the three days’
prior measurements, and the temperature values used were obtained from nearby
Danish Meteorological Institute (DMI) stations. The volume of stored manure was
determined by measuring the manure depth for each campaign.

Manure samples were taken on three occasions from six tanks (CN1, CN2, PN1,
PC3, DC1, DN1) and twice from four tanks (PC1, PC2, and PN2); no samples
were taken from PC4. The manure was collected using a custom-made device,
namely a pipe with a diameter of 10 cm and 4 metres in height, which therefore
collected a column of manure, thus avoiding sampling bias due to manure
stratification. The bottom of the device was locked by a rubber stopper pulled by
a string (Bernstad et al., 2013). For tanks without a cover, sampling was performed
at five points around the tank. For covered tanks, sampling was done twice at three
service hatches, i.e. a total of six samples. The collected manure was mixed into a
composite sample. A 500 mL sub-sample was collected while stirring the
composite sample and stored in a plastic bottle, which was then frozen until
analysis. Samples were analysed for DM and VS. DM was obtained by drying
approximately 10g of the manure, in triplicate, in a 105 °C oven for 24 hours.
Furthermore, the dried samples were combusted in a 550 °C oven and weighed in
order to calculate the VS.

2.5. Evaluation of diurnal variation — continuous setup

Annual emission variability was captured by measuring emissions several times
over a whole year, thereby distributing the measurements over the seasons.
However, CH4 emissions might vary throughout the day. Significant diurnal
variations have been observed in summer and autumn by Maldaner et al. (2018)
and VanderZaag et al. (2014), while Baldé et al. (2016c¢) reported fewer significant
deviations. As these studies were carried out in open tanks, an extra experiment —
in tank PC3— was devised for the present study to verify diurnal variations in
covered tanks. For this experiment, the tent cover was made even more airtight



than one would ordinarily find in typically covered tanks, and a ventilation pump
(Grundfos MGE 037, H50) was installed for suction with a pump rate of 100 m3/h
(pumping maintains a slight negative pressure (0-10 Pa) inside the headspace to
minimise gas leaks from around the tent cover, in which case most of the CHs is
pumped out). Although the quantification did not reflect total emissions from the
tank, because less than 100 % of the gas produced was extracted by the pump,
emission patterns should still be equivalent for the hourly variation comparison.
Additionally, the flow rate was measured using a Proline Prosonic B200 (Endress
+ Hauser), which also measures gas temperature in the gas stream out. CH4
concentration was measured using an IR Biogas5000 (Geotech, Warwickshire,
UK). Furthermore, emissions were estimated by combining information on the
CHa concentrations and the pump flow. Data was filtered to remove any days
where the cover was opened to remove manure, or where an instrument was
unavailable; therefore, the analyses only included 103 days of the year, namely 21
in winter, 26 in spring, 11 in summer and 45 in autumn.

2.6. Data analysis

Annual average emission rates (Eannual) Were calculated by weighing emission rates
according to the number of days between measurements (Eq. 2).

_on __ (DOY (_1)—DOYy)
Eannual - Zi=1wi X, W= 365 (2)

where wi Is the weight of the emissions interval, DOY is the day of the year and xi
is measured emissions normalised by the volume of manure (g/m3h). The data was
assembled over one calendar year, because no management changes at the farms
were observed during the measurement campaign.

To evaluate the effect of different emission drivers, data analysis was carried out
using the statistical programming software R (R Core Team, 2022). Covariance
analysis was chosen for the investigation because the response variable was
continuous (emission rates) while the explanatory variables were both continuous
(e.g. manure temperature) and categorical (e.g. manure type) (Crawley, 2005). We
investigated the effect of manure temperature (°C), wind speed (m/s), tank-filled
capacity (%), VS (tons), tank cover (yes/no) and manure type (cattle, pig or
digested) on CH4 emissions. Assumptions underlying the covariance analysis were
tested. Additionally, a permutation test was used to confirm the significance of the
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factor “cover,” due to the presence of many outliers; this type of test evaluates
significant differences between two datasets, and it is less sensitive to outliers
(Hayes, 1996). In addition, the same test was used to evaluate manure temperature
differences in the covered and not-covered tanks.

3. Results and discussions

3.1. Manure characteristics and environmental factors

The annual average manure temperature was 13.8 £ 2.2 °C (Table 3, all tanks
except CN2 and PC4), which was about 4.4 °C higher than the atmospheric
temperature. The average annual manure temperatures of cattle, pig and digested
manure were 13.3 °C, 12.8 + 1.7 °C and 16.4 = 0.1 °C, respectively. In general,
average manure temperatures were higher than those found in other Danish and
Swedish studies; for example, Husted (1994) measured the mean annual manure
temperature for Danish pig and cattle manure storage tanks (not covered) at 11.2
°C, whilst a Swedish study found temperature averages of 7.9 and 8.2 °C for pig
manure in pilot-scale storage tanks (Rodhe et al., 2012), 8.9 and 10.4 °C for cattle
manure and 11.1 and 13.5 °C for digested manure in farm-scale tanks (Rodhe et
al., 2015). According to Danish GHG inventory reporting, the annual average
manure temperature should be approximately 10 °C, which sits at the lower end of
the measured manure temperatures in our study.

Table 3: Manure characteristics and manure volume parameters. Average corresponds to the
weighted annual average.

Manure Atmospheric
Tank temperature temperature DM (%) VS (%) Manure volume
°C) (°C)* (m°)

CN1 133(74-234) 84(39-184) 42(36-52) 31(26-40) 540(170-1300)
CN2 10.3 (6 - 13)° 8.8(0.2-17.0) 86(6.9-9.2) 4.4(4.0-4.7) 4520 (2030 - 7630)
PN1 14.1(8.9-19.4) 8.4 (-2-18.6) 1.8(1.6-2.0) 11(0.9-1.3) 2460 (1050 - 3950)
PN2 10.6(1.9-19.9) 9.4(-3-215) 47(29-49) 35(1.9-3.6) 1380 (550-2150)
PC1 14.4 (8-21.4) 9.4(1.3-213) 42(3.7-52) 3.0(26-3.7) 2840 (1500 - 4010)
PC2 11.3(5.8-16.4) 102(45-213) 56(40-84) 34(24-53) 2720 (800-5500)
PC3 135(54-20.7) 95(38-214) 21(1.7-22) 12(1-13) 2850 (600 — 4290)
PC4 14270(72):1 - 7.3(-2.6-15.3) - - 1530 (200 — 3050)
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DC1 16.4(9.4-342) 83(-3.0-159) 36(3.5-40) 19(1.8-23) 5280 (2580 9690)
DN1 16.7(14-228) 113(6.2-17.8) 4.4(40-52) 3.0(27-3.6) 2050 (1150 3820)

Avg
+ Std 13.8 +2.2¢ 94+10 44+20 2711 2620 + 1420
dev.

a Annual temperatures in 2020 were around 9.5-10.3, and in 2021 they were 8.4 —9.3. ® For CN2, manure
temperatures were not measured in summer; therefore, the average temperature is biased toward the lower end. For
PC4, it was possible to measure temperatures only half of the time, due to low manure volume; therefore, it does not
reflect an annual average. ¢ CN2 and PC4 were not included in the average calculation.

Differences in temperature between tanks relate to farm management practices, as
exemplified by storage tank PC2. After removal from the animal barn, the manure
was first stored in a temporary tank (outdoor, not covered, 1350 m3, 17.9 + 2.9 °C),
before being transferred to the primary manure storage tank (Table 3). This
management practice most likely decreased the temperature of the manure
transferred to the primary tank.

Digested manure (DC1 and DN1) average temperatures (~ 16.4 and 16.7 °C) were
considerably higher than the average of the other tanks (~ 10.6 — 14.4 °C) (Table
3). These higher temperatures were the result of the digestate being discharged in
a warm state. The higher average temperatures found in digested manure, in
comparison to raw manure, are in agreement with another study (Maldaner et al.,
2018). The reason for the higher annual temperature in our study when compared
to other studies in a similar climate (Danish or Swedish conditions) is unclear, but
it might indicate greater microbial activity.

Average annual dry matter (DM) and volatile solids (\VVS) contents were 4.4% and
2.7%, respectively (Table 3). Average VS content was higher for cattle manure
(3.7%) than for pig manure (2.4%), which is comparable to a Danish study stating
1.2% for pig slurry and 4.7% for cattle (Husted, 1994). DM content followed VS
content, whereby the latter was 63% of the DM content on average. Our numbers
for VS follow, to some extent, the values reported in a review study (Kupper et al.,
2020), i.e. an average of 48 g/L for cattle and 37 g/L for pigs, while our numbers
were 38.7 and 25.7 g/L, respectively. For the digestate, the plant with a higher
retention time (DC1) had lower VS content than the one with a low retention time;
however, these values are not comparable to each other or to other raw manure
tanks because the substrate used in the biogas plants had different compositions
and did not consist of raw pig or cattle manure only.

3.2. Temporal CH4 emission variations
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3.2.1. Seasonal CH4 emission variations

CHa emissions from manure tanks varied significantly throughout the year and
were connected to the volume of manure stored and its temperature (SI, Fig. S4).
Fig. 1 displays the monthly values for tank stored manure, temperature, CHs
emission rates in kg/h and emissions normalised by the amount of manure stored
in g/m3/h for all the tanks. On average, the tanks were full at the start of the year,
and during spring, they were emptied and the manure was applied to field crops,
which is a common practice in Denmark (Fig. 1a). Thereafter, the tanks were
slowly filled and reached almost maximum storage capacity at the end of year. At
some farms, manure was also removed during summer and autumn. The seasonal
trend in manure temperature was somewhat in line with atmospheric temperature
(Fig. 1b, grey solid line and black dashed line, respectively), being lower at the
beginning and at the end of the year and higher in summer in comparison to
atmospheric temperature. In April and May, the temperature of the manure was
close to the atmospheric temperature because the volume of stored manure was
low. Manure temperature peaked in June and remained elevated until October;
thereafter, it slowly decreased again.

CHas emission rates varied from 0.01 to 14.3+8.8 kg/h, with lower emissions noted
at the beginning of the year, whilst they were higher in summer and autumn,
peaking in August (Fig. 1c). Temperature and manure storage period influenced
CHas emission patterns, in that they caused a hysteresis loop in tank emissions, i.e.
when emissions were higher in a cooler period (September, October and
November) than in a warmer period (March, April and May) (Céardenas et al.,
2021; Kariyapperuma et al., 2018). A similar emission pattern was observed when
normalising emission rates by the volume of stored manure (Fig. 1d). Normalised
emissions varied from 0.01 to 11 + 6.4 g/m?/h, with emissions peaking in August.
The difference between CH4 emission rates and normalised emission rates is most
noteworthy in summer emissions (June and July), where they are closer to August
emissions than the rates in kg/h (Fig. 1d). The volume of manure stored in summer
Is low; however, the temperature is high, thus producing more CHa4. Therefore,
when taking into consideration the volume of stored manure, normalised rates are
high during the whole summer period (June to September). These seasonal trends
confirm an older Danish study, which also identified the highest CH4 emissions in
summer, peaking in August, for both cattle and pig manure (Husted, 1994). In
contrast, emissions and manure temperatures were higher in our study. An
exception to the general seasonal emission trend was PC3, which had high
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normalised emissions even in winter (1.2 g/m%h) whereas other tanks had
normalised emissions close to zero (<0.2 g/m3h).
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Figure 1: Box plot of monthly values measured in all tanks for: (a) Stored manure given in %
of the tank capacity (b) manure temperature (black dashed line corresponds to average
atmospheric temperature), (c) CH4 emissions in kg/h and (d) CH, emissions normalised to
stored manure volume in g/m*/h. The grey continuous line shows the median values for the
corresponding factors, while the box shows the 75% and 25% distribution intervals. Error bars
indicate the standard deviation, and lastly the star symbols indicate mean values. The grey dots
are the measured points.

3.2.2. Diurnal CH4 emission variations

Fig. 3 shows hourly CH4 emissions normalised to the daily average emissions and
grouped by season for tank PC3. No significant diurnal emission pattern for the
four seasons was observed. Daily CH4 emission variations were less than +20%,
which is approximately the method’s level of uncertainty (Fredenslund et al.,
2019). Other studies have shown daytime emissions about two times higher than
nighttime emissions — most likely due to surface heating, which leads to CH4
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bubble bursting (e.g. Maldaner et al., 2018). These studies were carried out on
uncovered tanks, and it is likely that the tent cover, on tank PC3, prevented direct
surface heating and thereby emission variations, albeit this needs to be explored
further. In March only, emissions averaged by month showed a clear diurnal
variation up to 30% (SI, Fig. S5, S6, S7 and S8), and these correlated well with the
temperature measured at the tank's headspace.
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Figure 2: (a) Diurnal pattern divided into different seasons: (a) autumn, (b) winter, (c) spring
and (d) summer.

3.3. Annual average manure tank CH4 emissions

The highest annual average CHs; emission rates, normalised by the volume of
stored manure, were seen for pig manure (1.56 + 0.93 g/md/h) followed by cattle
manure (0.63 + 0.09 g/m®h) and then digested manure (0.50 + 0.02 g/m3/h) (Fig.
3). Normalising emissions to the VS content of the stored manure resulted in
average values of 81.6 £ 85.4 g/tonVS/h, 16.7 + 6.5 g/tonVS/h and 20.3 £ 5.2
g/tonVS/h for pig, cattle and digestate slurries, respectively (Fig. 3).
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Among the pig manure tanks, PN2 had significantly lower emissions than the
others (Fig 3), and it was also lower than the cattle manure tanks. Additionally, it
had the lowest average temperature and was the only tank that did not have any
seasonal variation patterns (Sl, Fig. S4) (Table 3). Moreover, manure was removed
from the animal barn every week, which would be expected to increase emissions
from the tank, due to the frequent discharge of warm and relatively fresh manure.
The product used to clean the animal barn should have no effect on emissions.
Only one of the two manure storage tanks was used throughout most of the year,
and because the other tank remained empty for a long time before filling again,
methanogenic activity could have reduced and therefore affected CH4 production.
Nonetheless, more investigation is still needed to explain the unusually low
emissions from PN2, such as an analysis of manure microbiological composition
and biological CH4 potential.

Furthermore, while most of the covered pig manure storage units had high
emission rates, PC2 had the lowest rates among the covered tanks — most likely
due to the storage of manure in a temporary tank prior to transfer to the studied
tank, which affected manure temperature and, consequently, emissions. A similar
practice was applied at the two cattle manure tanks (CN1 and CN2).
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Figure 3: Average annual emission rates for each measured manure tank. The bar plot and the
left y-axis show emissions in g/m*/h, while the right y-axis and the scatter plot in grey show
emissions in g/tonVS/h.

A recent review paper summarising CHs emissions from manure storage tanks
reported in the literature found average CH4 emissions, weighted according to the
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measurement period, of 0.58 g/m%h for cattle and 0.68 g/m%h for pig manure
(Kupper et al., 2020). Our average emission rates from dairy cattle manure (Fig.
4) were close to the average value found by Kupper et al. (2020). For pigs,
however, our emissions were more towards the high end identified by other studies
with consistent seasonal measurements. The study with the highest emissions
(Loyon etal., 2007) did not run a measurement campaign for all seasons. The effect
of the tank tent cover could explain higher emissions than other studies with no
cover, which will be discussed in section 3.4. Additionally, it is relevant to
highlight that temperature is a well-known factor affecting CH4 emissions, and that
the relationship is exponential; therefore, the higher the temperature, the greater
the impact on the emissions, especially above 15 °C (Sommer et al., 2007). This
fact might partly explain why our emissions were higher than established in the
literature, since our average manure temperatures were higher than in other studies
(Husted, 1994). Finally, for tanks storing digested manure, emission rates were
quite close to other studies.

3 -
o
= _
o
E 2
=)
0
c
i)
B 14
e _ [ | 1 ‘ A
o En Y A
<t
T u - ]
@) A
0 -
T T T 1T 71 T T T T T | T T T
RO N & P P& S P &
R R IR ST ) P TN L PTS
AT A T8 A S A AL A A v
> > A xQ > N > > XS K o\ > AN
S & & & L F & & & W & & &0
U SN O S SR XS 87
N ¥ & & & O &L FE S £ H F &
S K F L NN P RS S & & S
*_\) %(\ N s ) Qﬂ {_\) <<\ Y (’\& N %
¢ T\ & &
< A\< O\ .\\'b’ @ *
RN & ]

Figure 4: Comparison between measured emissions (g/m*h) in the present study and other
studies found on the literature. The error bars correspond to the standard deviation of the
emissions from the different tanks. The coloured points correspond to emissions from this study,
while the black points are taken from the literature. Squares represent cattle manure emissions,
circles pig manure emissions and triangles digestate emissions. Studies with a “*” in front of
their names represent emission factors that were used in the study by Kupper et al. (2020) to
calculate average CH4 emissions. The letter “D” represent emissions corresponding to dairy raw
manure, found in papers measuring more than one type of manure (e.g. dairy and digestate).
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CHa emission rates normalised by VS content did not follow a similar pattern to
the rates normalised by manure volume. Very few farm-scale studies report
emission rates on a VS basis. Different from other studies, Maldaner et al. (2018)
found an annual average CH4 emission rate of 8.68 g/tonVS/h for raw dairy manure
and 2.97 g/tonVS/h for digested manure, while Baldé et al. (2016c) measured
11.25 g/tonVS/h, also for digested manure. In comparison, our emission rates on a
VS basis were higher than the literature for cattle and digested manure. For pigs,
no comparable studies were found. Tanks PN1 and PC3 stored manure with a
relatively low VS content (~1.2%), while their emissions were relatively high;
emissions were especially high for PC3.

3.4. Factors driving CH4 emissions

A statistical analysis showed that the measured CH4 emissions were significantly
influenced by manure type, manure temperature and tank cover (Sl Table S2).
Different than expected, amount of VS stored was not a significant variable.
Digested manure had the lowest emissions, followed by dairy cattle and pig
manure (Figure 5). Moreover, normalised annual CH4 emission rates in g/m3/h
were higher for pig manure than for dairy cattle and digested manure (Figure 4).
Many studies (Husted, 1994; Kupper et al., 2020) have observed higher emissions
from pig slurry than from cattle storage tanks. CH4 emissions are expected to be
higher for pig than cattle manure, because the volatile solids in the former are more
degradable by methanogens than in the latter (Husted, 1994; Petersen et al., 2016).
The result also indicates that emissions from the digestate were lower than raw
manure, which has also been observed by Maldaner et al. (2018). In comparison
to emissions from raw pig manure, digested manure emissions were 68% lower,
while they were 21% lower compared to dairy cattle manure. However, our
knowledge about the fractions of pig and dairy manure in biogas plant feedstock
is limited for a further comparison.
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Figure 5: Correlation between different emission drivers. (a) Correlation of the emissions
logarithm versus manure temperature for the three different manure types, namely cattle, pig
and digested manure. (b) The graph indicates the effect of the cover on the tanks’ emissions.
Data only for pig manure, to eliminate the manure type effect.

In addition to manure type, the manure storage cover significantly affects
emissions, since covered tanks have higher CH4 emissions in comparison to
uncovered pig manure tanks (SI Table S2). This conclusion was confirmed by a
permutation test (p-value <0.05) revealing significant differences between the
datasets (Fig. 5). This factor might be associated with a higher manure temperature
in covered tanks, because the cover better conserves heat, whereas this is not the
case for uncovered tanks (Im et al., 2022). Higher manure temperature will
consequently lead to more CH4 emissions (Im et al., 2022). However, the manure
temperatures for covered and uncovered tanks were not significantly different in
our dataset. A limitation of our temperature measurements is that they were not
continuous and instead occurred in different years and at various times of the year.
Therefore, instead of looking for differences in absolute manure temperature, it is
better to analyse the offset between manure temperature and atmospheric
temperature, as it will indicate how much warmer the manure was compared to the
external temperature, thus assuming that covered tanks would have a higher offset.
By analysing the whole dataset, the covered tanks’ offset temperature was slightly
higher than for the uncovered tanks, albeit the difference was not significant
according to the permutation test (p>0.05) (Fig. 6). Therefore, continuous data on
CH, emissions and manure temperature is needed to confirm this hypothesis.
Moreover, the presence of a natural crust could also play a role because it is only
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formed on uncovered tanks. Some studies have pointed to a reduction in emissions
caused by CHs oxidation in the natural crust (Husted, 1994), although a
homogeneous crust was not always present for the uncovered tanks, which could
have allowed CHa to slip through any cracks. To our knowledge, the impact of this
type of PVC tent cover on CH4 emissions is not mentioned in the literature.
However, a larger dataset is necessary to gain a better estimate of this impact
because, in our study, only two tanks were not covered, while four were covered.
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Fig. 6: Temperature offset on covered and uncovered tanks.

4. Conclusion

Methane (CH,) emissions from ten manure tanks were quantified using the tracer
gas dispersion method over a full year. The studied tanks stored dairy cattle, pig
and digested manure, and half of them had a tent cover. Measurements were taken
a minimum of six times a year, but on average more than eight measurements were
applied to most tanks. In addition, data was collected in relation to manure
temperature, manure volume, atmospheric conditions and volatile solid manure
content. The average manure temperature (raw manure 13 °C, digested manure 16
°C) was higher than reported in the literature.

The highest annual average CHs emissions were seen for pig manure storage tanks
(1.56 * 0.93 g/m%h) followed by cattle manure tanks (0.63 + 0.09 g/m%h) and
digested manure tanks (0.50 + 0.02 g/m®h). CH. emissions tended to be higher
during summer and autumn due the combination of more manure being stored in
the tanks and relatively high atmospheric temperatures at these times of the year.

CH4 emissions tended to be higher from covered tanks; however, more studies
should be done to explain if temperature is the reason for such a result. Finally, the
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variability of the quantified annual emissions reveals the complexity of emission
dynamics, with several factors contributing to these variations. Delving into the
tank's microbiology could complement and help understand emission variability.

Acknowledgements

This work was funded in part by the Danish Energy Agency (Project —
Measurement of methane emissions from biogas plants), the Danish Agricultural
Agency (GUPD — Biomet project) and the Danish Environmental Protection
Agency (Intermet project). Additionally, the authors wish to thank the farmers for
their willingness to participate in the study.

References

Arndt, C., Leytem, A.B., Hristov, A.N., Zavala-Araiza, D., Cativiela, J.P.,
Conley, S., Daube, C., Faloona, 1., Herndon, S.C., 2018. Short-term methane
emissions from 2 dairy farms in California estimated by different
measurement techniques and US Environmental Protection Agency
inventory methodology: A case study. J. Dairy Sci. 101, 11461-11479.
https://doi.org/10.3168/jds.2017-13881

Baldé, H., VanderZaag, A.C., Burtt, S., Evans, L., Wagner-Riddle, C.,
Desjardins, R.L., MacDonald, J.D., 2016a. Measured versus modeled
methane emissions from separated liquid dairy manure show large model
underestimates. Agric. Ecosyst. Environ. 230, 261-270.
https://doi.org/10.1016/j.agee.2016.06.016

Baldé, H., VanderZaag, A.C., Burtt, S.D., Gordon, R.J., Desjardins, R.L., 2016b.
Does fall removal of the dairy manure sludge in a storage tank reduce
subsequent methane emissions? J. Environ. Qual. 45, 2038.
https://doi.org/10.2134/jeq2016.03.0083

Baldé, H., VanderZaag, A.C., Burtt, S.D., Wagner-Riddle, C., Crolla, A.,
Desjardins, R.L., MacDonald, D.J., 2016c. Methane emissions from
digestate at an agricultural biogas plant. Bioresour. Technol. 216, 914-922.
https://doi.org/10.1016/j.biortech.2016.06.031

Baral, K.R., Jégo, G., Amon, B., Bol, R., Chantigny, M.H., 2018. Greenhouse
gas emissions during storage of manure and digestates : Key role of methane
for prediction and mitigation. Agric. Syst. 166, 26-35.
https://doi.org/10.1016/j.agsy.2018.07.009

Bernstad, A., Davidsson, &, Tsai, J., Persson, E., Bissmont, M., la Cour Jansen,
J., 2013. Tank-connected food waste disposer systems - Current status and
potential improvements. Waste Manag. 33, 193-203.
https://doi.org/10.1016/j.wasman.2012.09.022

IV-21



Cardenas, A., Ammon, C., Schumacher, B., Stinner, W., Herrmann, C.,
Schneider, M., Weinrich, S., Fischer, P., Amon, T., Amon, B., 2021.
Methane emissions from the storage of liquid dairy manure: Influences of
season, temperature and storage duration. Waste Manag. 121, 393-402.
https://doi.org/10.1016/j.wasman.2020.12.026

Dalby, F.R., Hafner, S.D., Petersen, S.0O., VanderZaag, A.C., Habtewold, J.,
Dunfield, K., Chantigny, M.H., Sommer, S.G., 2021. Understanding
methane emission from stored animal manure: A review to guide model
development. J. Environ. Qual. 50, 817-835.
https://doi.org/10.1002/jeq2.20252

FAO, 2022. GLEAM v3 Dashborad. [WWW Document]. Shiny Apps.

Fredenslund, A.M., Rees-White, T.C., Beaven, R.P., Delre, A., Finlayson, A.,
Helmore, J., Allen, G., Scheutz, C., 2019. Validation and error assessment of
the mobile tracer gas dispersion method for measurement of fugitive
emissions from area sources. Waste Manag. 83, 68-78.
https://doi.org/10.1016/j.wasman.2018.10.036

Fredenslund, A.M., Scheutz, C., Kjeldsen, P., 2010. Tracer method to measure
landfill gas emissions from leachate collection systems. Waste Manag. 30,
2146-2152. https://doi.org/10.1016/j.wasman.2010.03.013

Galle, B.O., Samuelsson, J., Svensson, B.H., Borjesson, G., 2001. Measurements
of methane emissions from landfills using a time correlation tracer method
based on FTIR absorption spectroscopy. Environ. Sci. Technol. 35, 21-25.
https://doi.org/10.1021/es0011008

Husted, S., 1994. Seasonal Variation in Methane Emission from Stored Slurry
and Solid Manures. J. Environ. Qual. 23, 585-592.
https://doi.org/10.2134/jeq1994.00472425002300030026x

Im, S., Mostafa, A., Lim, K.H., Kim, I., Kim, D.H., 2022. Automatic temperature
rise in the manure storage tank increases methane emissions: Worth to cool
down! Sci. Total Environ. 823, 153533.
https://doi.org/10.1016/j.scitotenv.2022.153533

IPCC, 2022. Climate Change 2020: Impact, Adaptation, and Vulnerability,
Contributi. ed. United Kingdom and New York, NY, USA.

IPCC, 2019. 2019 Refinement to the 2006 IPCC Guidlines for National
Greenhouse Gas Inventories, Volume 4: Agriculture, forestry and other land
use.

Kariyapperuma, K.A., Johannesson, G., Maldaner, L., VanderZaag, A., Gordon,
R., Wagner-Riddle, C., 2018. Year-round methane emissions from liquid
dairy manure in a cold climate reveal hysteretic pattern. Agric. For.
Meteorol. 258, 56-65. https://doi.org/10.1016/j.agrformet.2017.12.185

1V-22



Kupper, T., Hani, C., Neftel, A., Kincaid, C., Bihler, M., Amon, B.,
VanderZaag, A., 2020. Ammonia and greenhouse gas emissions from slurry
storage - A review. Agric. Ecosyst. Environ. 300.
https://doi.org/10.1016/j.agee.2020.106963

Leytem, A.B., Bjorneberg, D.L., Koehn, A.C., Moraes, L.E., Kebreab, E.,
Dungan, R.S., 2017. Methane emissions from dairy lagoons in the western
United States. J. Dairy Sci. 100, 6785-6803.
https://doi.org/10.3168/jds.2017-12777

Loyon, L., Guiziou, F., Beline, F., Peu, P., 2007. Gaseous Emissions (NH3, N20,
CH4 and CO2) from the aerobic treatment of piggery slurry-Comparison
with a conventional storage system. Biosyst. Eng. 97, 472-480.
https://doi.org/10.1016/j.biosystemseng.2007.03.030

Maldaner, L., Wagner-Riddle, C., VanderZaag, A.C., Gordon, R., Duke, C.,
2018. Methane emissions from storage of digestate at a dairy manure biogas
facility. Agric. For. Meteorol. 258, 96-107.
https://doi.org/10.1016/j.agrformet.2017.12.184

Mikkelsen, M.H., Albrektsen, R., 2020. Forbedring af datagrundlaget for
opgerelse af ammoniakemissionen fra landbruget.

Ministeriet for Fgdevarer Landbrug og Fiskeri, 2021. Bekendtgarelse om
miljgregulering af dyrehold og om opbevaring og anvendelse af gedning.

Nielsen, O.-K., Plejdrup, M.S., Winther, M., Nielsen, M., Gyldenkarne, S.,
Mikkelsen, M.H., Albrektsen, R., Thomsen, M., Hjelgaard, K., Fauser, P.,
Bruun, H.G., Johanssen, V., Nord-Larsen, T., Vesterdal, L., Stupak, 1.,
Scott-Bentsen, N., Rasmussen, E., Petersen, S.B., Olsen, T.M., Hansen,
M.G., 2021. Denmark’s national inventory report 2021. Emission
Inventories 1990-2019 - Submitted under the United Nations Framework
Convention on Climate Change and the Kyoto Protocol.

Petersen, S.0O., Olsen, A.B., Elsgaard, L., Triolo, J.M., Sommer, S.G., 2016.
Estimation of methane emissions from slurry pits below pig and cattle
confinements. PLoS One 11, 1-16.
https://doi.org/10.1371/journal.pone.0160968

Rodhe, L.K.K., Abubaker, J., Ascue, J., Pell, M., Nordberg, ake, 2012.
Greenhouse gas emissions from pig slurry during storage and after field
application in northern European conditions. Biosyst. Eng. 113, 379-394.
https://doi.org/10.1016/j.biosystemseng.2012.09.010

Rodhe, L.K.K., Ascue, J., Willén, A., Persson, B.V., Nordberg, A., 2015.
Greenhouse gas emissions from storage and field application of
anaerobically digested and non-digested cattle slurry. Agric. Ecosyst.
Environ. 199, 358-368. https://doi.org/10.1016/j.agee.2014.10.004

1V-23



Scheutz, C., Kjeldsen, P., 2019. Guidelines for landfill gas emission monitoring
using the tracer gas dispersion method. Waste Manag. 85, 351-360.
https://doi.org/10.1016/j.wasman.2018.12.048

Scheutz, C., Samuelsson, J., Fredenslund, A.M., Kjeldsen, P., 2011.
Quantification of multiple methane emission sources at landfills using a
double tracer technique. Waste Manag. 31, 1009-1017.
https://doi.org/10.1016/j.wasman.2011.01.015

Sommer, S.G., Christensen, M.L., Schmidt, T., Jensen, L.S., 2013. Animal
manure recycling: Treatment and management. John Wiley & Sons.

Sommer, S.G., Petersen, S.O., Sgrensen, P., Poulsen, H.D., Mgller, H.B., 2007.
Methane and carbon dioxide emissions and nitrogen turnover during liquid
manure storage. Nutr. Cycl. Agroecosystems 78, 27-36.
https://doi.org/10.1007/s10705-006-9072-4

United Nations Environment Programme and Climate and Clean Air Coalition,
2021. Global methane assessment: Benefits and costs of mitigating methane
emissions. Nairobi.

VanderZaag, A.C., Flesch, T.K., Desjardins, R.L., Baldé, H., Wright, T., 2014.
Measuring methane emissions from two dairy farms: Seasonal and manure-
management effects. Agric. For. Meteorol. 194, 259-267.
https://doi.org/10.1016/j.agrformet.2014.02.003

Vechi, N.T., Jensen, N.S., Scheutz, C., 2022a. Methane emissions from five
Danish pig farms: Mitigation strategies and inventory estimated emissions. J.
Environ. Manage. 317, 1153109.
https://doi.org/10.1016/j.jenvman.2022.115319

Vechi, N.T., Mellgvist, J., Scheutz, C., 2022b. Quantification of methane
emissions from cattle farms, using the tracer gas dispersion method. Agric.
Ecosyst. Environ. 330, 107885. https://doi.org/10.1016/j.agee.2022.107885

1V-24



Supplementary material

Methane emission rates averaged over a year from ten farm-
scale manure storage tanks

Nathalia T. Vechit, Julie M. Falk®, Anders M. Fredenslund®, Maklawe E. Edjabou?,
Charlotte Scheutz!,

!Department of Environmental and Resource Engineering, Technical University of Denmark,
Kgs. Lyngby, Denmark.

IV-25



N
Google Earth - \ |Google Earth

Figure S1: Example of measured plumes using the mobile TDM. Blue shadowed areas show
the measured tanks, the yellow triangles the position of the tracer gases, and the arrow illustrate
the wind direction. Red and yellow plumes are the concentrations of CH4 and CzHa,
respectively. In the top-left figure, the two tanks were isolated, while in all the other figures,
contributions of CH,4 from the animal house can be seen in the plume. Map source: Google
Earth ©
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Table S1: Overview about the manure tanks measurements and supplementary information about the tank

Tank Date Meas_urement s\sltleg(cji 'Win_d Atmospherioc teml\gaer:;trl(jre vc]ir:nke 3’8 })/S Emission Dsés Emisgsion Std. 3E)ev.
time (m/s) direction temperature (°C) °C) (m?) (%) (%) (kg/h) (kg/h) (g/m3/h) (g/m3/h)
03-10-2020 1540 9 w 15 14 141 40 29 0.1 0.0 0.4 0.1
27-10-2020 1300 6 SSE 11 11 104 40 29 0.0 0.0 0.1 0.0
25-12-2020 1135 5 NNW 2 10 885 40 29 0.1 0.0 0.1 0.0
CN1 09-02-2021 1223 6 NE -4 8 1218 40 29 0.1 0.0 0.1 0.0
16-04-2021 1720 7 N 5 7 126 36 26 0.0 0.0 0.3 0.1
29-06-2021 1000 2 NNW 18 23 94 36 26 0.3 0.0 2.9 0.4
30-09-2021 1450 8 SW 12 16 692 52 4.0 1.0 0.2 15 0.2
04-03-2020 1030 3 w 5 - 7207 9.2 47 1.6 0.3 0.2 0.0
20-05-2020 1200 3 w 11 - 3324 9.2 47 1.6 0.2 0.5 0.0
23-06-2020 1130 3 w 17 - 2031 9.2 47 2.6 1.0 1.3 0.5
13-07-2020 1230 3 w 14 - 2031 9.2 47 2.3 0.3 11 0.2
31-08-2020 1500 2 NW 16 - 3201 9.1 44 24 0.4 0.8 0.1
02-10-2020 900 3 E 15 - 4063 9.1 44 2.8 14 0.7 0.4
CN2 05-11-2020 1200 6 WNW 10 - 5202 9.1 44 3.7 11 0.7 0.2
02-12-2020 1430 4 ESE 3 11 5515 9.1 44 2.7 0.8 0.5 0.2
10-12-2020 1000 4 ESE 4 10 6550 6.9 4.0 1.9 1.2 0.3 0.2
03-01-2021 1130 5 ENE 2 9 7608 6.9 4.0 1.9 0.7 0.2 0.1
17-02-2021 1400 3 NW 0 6 7635 6.9 4.0 1.3 0.3 0.2 0.0
18-03-2021 1230 3 N 3 7 3024 6.9 4.0 0.4 0.1 0.1 0.0
15-04-2021 1700 6 N 5 8 3059 9.2 47 0.7 0.3 0.2 0.1
19-05-2021 1300 8 W 11 11 2856 9.2 47 2.0 0.5 0.7 0.2
08-10-2020 1300 3 SW 13 17 3194 21 1.3 3.3 0.5 1.0 0.2
25-11-2020 1345 5 SSwW 7 14 1760 21 13 1.9 0.3 11 0.2
09-02-2021 1700 4 NE -2 11 3954 21 13 0.7 0.2 0.2 0.0
PN1 15-04-2021 1150 5 NE 5 9 790 16 0.9 0.5 0.1 0.6 0.1
01-07-2021 1030 3 NE 19 19 1278 16 0.9 2.0 0.3 1.6 0.3
28-08-2021 1515 6 N 15 21 2208 20 12 7.8 1.2 3.5 0.5
21-09-2021 920 3 S 12 19 2738 20 1.2 8.5 1.3 3.1 0.5
07-10-2021 1010 2 SE 13 17 1747 20 1.2 4.9 0.8 2.8 0.5
04-02-2021 1320 3 ENE -3 2 1677 49 36 0.7 - 0.4 0.0
15-03-2021 1850 4 SW 4 3 2015 49 36 0.3 0.1 0.2 0.0
21-04-2021 1820 8 N 9 7 543 49 36 0.0 0.0 0.1 0.0
PN2 13-07-2021 1710 5 ESE 20 20 1162 49 36 0.2 - 0.2 0.0
04-03-2022 1050 3 ESE 2 5 2138 49 36 0.2 0.1 0.1 0.1
15-08-2022 700 6 E 22 19 1157 49 36 0.2 0.1 0.2 0.1
21-10-2022 1600 3 ENE 15 11 882 49 36 0.1 0.1 0.1 0.1
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15-11-2022 1400 3 ESE 13 11 1454 49 3.6 0.3 0.1 0.2 0.1
05-07-2021 1145 2 S 17 - 1671 52 37 6.0 2.8 3.6 1.7
05-08-2021 1920 4 ESE 15 21 1888 52 37 10.6 2.8 5.6 15
26-09-2021 1300 2 SE 14 20 2572 52 37 6.8 3.6 2.6 1.4
PC1 04-12-2021 1800 4 SE 1 14 3617 3.7 26 6.4 2.7 1.8 0.8
23-01-2022 1300 4 NwW 5 10 3537 3.7 26 1.2 0.4 0.3 0.1
20-03-2022 1230 8 ESE 5 8 3537 37 26 1.4 0.3 0.4 0.1
18-05-2022 1400 3 SE 14 12 1101 3.7 26 0.4 0.1 0.3 0.1
20-07-2022 1400 4 S 21 21 1648 52 37 7.9 3.1 4.8 1.9
27-05-2021 1430 3 NNE 10 - 800 84 53 11 0.3 1.4 0.4
05-08-2021 1100 4 SE 15 16 1061 84 53 5.9 4.1 5.6 3.9
09-09-2021 1215 4 SE 17 15 1894 41 24 1.2 0.7 0.7 0.4
PC2 29-01-2022 1400 13 SW 6 8 5500 41 24 3.4 0.7 0.6 0.1
20-03-2022 1700 9 SE 5 6 5500 41 24 0.9 0.4 0.2 0.1
26-03-2022 1500 4 NW 8 7 2567 41 24 0.5 0.4 0.2 0.2
20-07-2022 1900 4 S 21 16 1721 84 53 3.9 1.6 2.3 0.9
10-02-2021 1020 5 ENE -4 5 2985 20 13 3.6 0.4 1.2 0.1
15-03-2021 1550 4 SW 3 6 3698 20 13 4.6 0.2 1.2 0.1
19-03-2021 1100 4 NE 2 6 3698 20 13 4.9 0.3 13 0.1
03-04-2021 1250 3 NNW 5 9 1559 20 13 4.4 0.2 2.8 0.1
16-04-2021 1050 5 NNE 5 9 578 20 13 2.1 0.3 3.7 0.5
PC3 14-07-2021 1430 4 ENE 21 21 1701 20 13 8.6 - 51 0.0
27-08-2021 1350 9 NE 15 19 2361 20 12 10.4 11 4.4 0.5
01-10-2021 830 4 SSE 12 18 3047 22 13 8.3 2.1 2.7 0.7
29-11-2021 1200 5 NE 2 11 3119 22 13 4.5 0.2 15 0.1
31-01-2022 1320 2 SW 4 7 3948 22 13 4.6 0.2 1.2 0.1
23-09-2022 1000 3 S 11 18 2093 22 13 7.6 1.2 3.6 0.6
20-12-2022 1300 5 S 7 9 3168 1.7 1.0 5.1 0.8 1.6 0.2
16-02-2021 1010 4 SSE -3 2 2340 - - 0.7 0.3 0.3 0.1
21-04-2021 1200 9 NNW 9 - 200 - - 0.4 0.2 2.0 1.0
pC4 28-05-2021 1230 3 NNW 10 - 200 - - 0.0 0.0 0.1 0.0
01-06-2022 4 WNW 10 - 1095 - - 12.0 7.0 11.0 6.4
01-09-2021 1420 3 WNW 15 21 2310 - - 14.3 8.8 6.2 3.8
21-10-2021 6 WNW 11 19 3040 - - 7.4 4.0 2.4 1.3
10-10-2020 1200 3 SSW 9 20 9509 35 18 3.7 0.6 0.4 0.1
18-12-2020 1600 6 SSW 6 23 3122 35 18 20 0.3 0.6 0.1
03-02-2021 1545 7 ENE -3 19 8930 35 1.8 2.8 0.4 0.3 0.1
DC1 28-04-2021 1240 4 SSwW 5 9 3052 35 1.8 0.0 0.0 0.0 0.0
25-06-2021 1130 5 SW 15 18 3578 35 18 0.9 0.6 0.2 0.2
06-08-2021 1440 5 SE 16 34 6378 40 23 5.6 1.0 0.9 0.2
05-09-2021 1810 3 SE 14 21 4501 40 23 3.3 0.5 0.7 0.1
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20-10-2021 1000 6 SW 11 15 4782 40 23 13.0 2.0 2.7 0.4
04-11-2020 1400 7 WSW 11 17 1611 43 28 0.5 0.1 0.3 0.1
21-12-2020 1100 5 SW 6 16 2781 43 28 0.9 0.1 0.3 0.1
24-02-2021 1400 8 SW 9 14 3673 43 28 0.6 0.1 0.2 0.0
DN1 18-05-2021 1000 3 E 10 11 995 40 2.7 0.5 0.1 0.5 0.1
07-07-2021 1050 3 SW 18 23 1393 40 27 15 0.3 11 0.2
07-08-2021 1240 5 SSwW 17 21 1066 52 36 11 0.2 11 0.2
21-09-2021 1430 3 SSwW 11 19 1752 52 36 1.2 0.2 0.7 0.1
07-10-2021 1100 3 SSW 11 21 1916 52 3.6 1.9 0.7 1.0 0.4
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Figure S2: Analysis on the number of measurements analysis. The “a”, “c” and “e” corresponds
to CN2 data and “b”, “d”, and “f” are the PC3 data. The “a” and “b” are the modelled emissions
(open circles) based on the measured points (closed circles). The “c” and “d” figures are
examples of measured and modelled emissions in case of only three equidistant measurements.
The “e” and “f” are n-sample at random intervals.
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Figure S5: Autumn - Relative emissions (left-axis) binned to day time
(Emissionshn:mm/EMissionsgaily-avg) and the average temperature in the tank’s headspace (right-
axis).
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Figure S6: Winter - Relative emissions (left-axis) binned to day time
(Emissionshh:mm/EMIiSSioNnSgaily-avg) and the average temperature in the tank’s headspace (right-
axis). The temperature sensor was not working on January and February.
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Figure S7: Spring - Relative emissions (left-axis) binned to day time
(Emissionshhmm/EMIisSionSgaily-avg) and the average temperature in the tank’s headspace (right-
axis).
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Figure S8: Summer - Relative emissions (left-axis) binned to day time
(Emissionshhmm/EMIiSSioNnSgaily-avg) and the average temperature in the tank’s headspace (right-
axis).
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Table S2: Model — analysis of covariance. R? of the manure type model was 0.45, while for the
pig manure tank cover effect, R? was 0.56.

Model Parameter Coefficient | Standard P-value Confidence
errors interval
Full Intercept -1.45 0.19 -1.83 -1.07
model?
Temperature 0.06 0.01 <0.001 0.04 0.08
Manure type 0.19 (Cattle) | 0.17 <0.001 -0.14 0.52
0.66 (Pigs) (Cattle)
0.13 (Pigs) 0.39 0.92
Intercept -1.03 0.16 -1.36 -0.71
Only Temperature 0.05 0.01 <0.001 0.03 0.07
covered
tank® Cover 0.50 0.12 <0.001 0.25 0.75

aThe factor cover was also significant in the first model, but because we wanted to evaluate the effect of
the cover only and not the type of manure, it was removed. Full model: log10(Emis_gm3h) ~

Temp_Manure + Manure_type. ® log10(Emis_gm3h) ~ Temp_Manure + Cover.
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HIGHLIGHTS

e NH3 and CH,4 emissions were quantified using direct and indirect flux methods.
e NH3 and CH,4 emission factors averaged 9.1 gnus/LU/h and 40.1 gcus/LU/h.

e Day-time NHj3 emission factors were 28% higher than estimated by NEI 2014.
e Quantified CH4 emission factors were 60% higher than the CARB inventory.

ARTICLE INFO ABSTRACT

Keywords: Dairy concentrated animal feeding operations (CAFOs) are significant sources of methane (CH4) and ammonia

CAFO (NH3) emissions in the San Joaquin Valley, California. Optical techniques, namely, remote sensing by Solar

EOF Occultation Flux (SOF) and Mobile extractive FTIR (MeFTIR), were used to measure NH3 air column and ground
airy

air concentrations of NH3 and CH4, respectively. Campaigns were performed in May and October 2019 and
covered 14 dairies located near Bakersfield and Tulare, California. NH3 and CH4 emission rates from single
CAFOs averaged 101.9 + 40.6 kgnus/h and 437.7 + 202.0 kgcus/h, respectively, corresponding to emission
factors (EFs) per livestock unit of 9.1 + 2.7 gnu3/LU/h and 40.1 + 17.8 gcua/LU/h.

The NH;3 emissions had a median standard uncertainty of 17% and an expanded uncertainty (95% Confidence
Interval (CI)) of 37%; meanwhile, CH4 emissions estimates had greater uncertainty, median of 25% and 53% (in
the 95% CI). Decreasing NH3 to CHy4 ratios and NHg EFs from early afternoon (13:00) to early night (19:00)
indicated a diurnal emission pattern with lower ammonia emissions during the night. On average, measured NH3
emissions were 28% higher when compared to daytime emission rates reported in the National Emissions In-
ventory (NEI) and modeled according to diurnal variation. Measured CHy4 emissions were 60% higher than the
rates reported in the California Air Resources Board (CARB) inventory. However, comparison with airborne
measurements showed similar emission rates. This study demonstrates new air measurement methods, which can
be used to quantify emissions over large areas with high spatial resolution and in a relatively short time period.
These techniques bridge the gap between satellites and individual CAFOs measurements.

Emission inventory
Emission factor

1. Introduction

The quantification and monitoring of ammonia (NH3) and methane
(CH4) emission sources are crucial to effectively plan and implement air
quality and climate change policies. CHy is a potent greenhouses gas and
has a global warming potential of 27 over a 100-year span (IPCC, 2021).
NHj3 is a critical precursor of fine particulate matter (PMy 5), which has

implications for human health and climate change (Lelieveld et al.,
2015). In addition, atmospheric NH3 can be transported to downwind
ecosystems leading to eutrophication and loss of biodiversity (Harris
et al., 2016). Livestock operations are large emission sources of both
NHj and CHy, and in California, the agricultural sector contributes 8% of
total GHG emissions and approximately 57% of the state’s anthropo-
genic CH4 emissions (CARB, 2019a). For NHs, livestock operations are
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responsible for 56% of total emissions in California (U.S. Environmental
protection Agency, 2018). These numbers are a reflection of the state’s
number one ranking, as the largest milk producer in the USA, with
production concentrated in the San Joaquin Valley (SJV) (Monson et al.,
2017; USDA, 2021). However, these estimates have large uncertainties,
and better understanding of NH3 and CH4 emissions from livestock op-
erations can facilitate policymaking for achieving California’s air quality
and climate goals. Concentrated animal feeding operations (CAFOs) are
defined as operations where animals are confined for a certain amount
of time and where vegetation is not sustained, additionally, they should
meet the requirement of more than 700 milk cows (US-EPA, 2012).

NH; emissions from livestock originate from the mixture of animal
urine and feces, and they are highly variable and depend on a number of
factors such as temperature, pH, wind speed, manure composition, and
manure management (Hristov et al., 2011). Shortly, nitrogen molecules
in the manure are converted to NHs, which stays in equilibrium with its
ionized form ammonium (NHJ). In favorable conditions NHs is trans-
ported to the manure surface by diffusion and further volatilized from
the manure surface by convection (Hristov et al., 2011). NHg lifetime in
the atmosphere varies from hours to a few days according to atmosphere
composition. In Palm Springs (California) for example, the load of oxi-
dants reduced NHj life time to four to six hours (Leifer et al., 2017). Part
of the NH3 emitted reacts neutralizing acid species as H,SO4 and HNO3
forming PM; 5, during the San Joaquin Valley (SJV) episodes of high
particulate concentrations occuring specially in the winter (Lonsdale
et al., 2017). Moreover, the NHs left is deposited on soil and water
surfaces. Miller et al. (2015) measured a ~30% decrease in the ratio of
NH3:CH4 within a few kilometers of a dairy facility in the SJV and
attributed the difference to NH3 deposition. Overall the modeling and
understanding of NH3 dynamics is a complex task having to account for
all the mechanism mentioned above (Lonsdale et al., 2017; Zhu et al.,
2015b). On the other hand, CH4 emissions from dairy operations come
from both manure management and enteric fermentation, with emis-
sions from the latter depending mainly on animal age, feed intake, and
body weight (Hristov et al., 2018), while emissions from manure are
affected by temperature and management practices (Rennie et al.,
2018). Furthermore, emissions might have a diurnal trend associated
with wind speed, temperature, and cattle activity (Leytem et al., 2011).
Although many studies (Leytem et al., 2011; Sun et al., 2015) show a
clear diurnal pattern for NHs, the same is not true for CH4, which pro-
vide contradictory results (Arndt et al., 2018; Bjorneberg et al., 2009;
Golston et al., 2020).

Direct emissions quantification offers information that can be used to
improve inventories, evaluate emission dynamics, and determine the
efficiency of different mitigation strategies. Several studies in North
America show that inventories have lower emissions estimations than
measurements of both NH3 (Lonsdale et al., 2017; Nowak et al., 2012)
and CH4 (Hristov et al., 2017; Miller et al., 2013; Owen and Silver,
2015), while others reveal good agreement (Arndt et al., 2018; Golston
et al., 2020).

The solar occultation flux (SOF) technique has been used to measure
industrial emissions for about 20 years, with most studies focusing on
VOCs (alkanes and alkenes) (Johansson et al., 2014; Mellqvist et al.,
2010) and industrial NH3 (Mellgvist et al., 2007). NH3 measurements of
dairy and beef farms using the SOF technique have been carried out by
Kille et al. (2017) in Colorado. Mass fluxes can be obtained by
combining wind information and the path-integrated concentrations
retrieved from the gas columns of solar spectra collected by the SOF
instrument on a moving measurement platform. The technique can be
used to study emissions from single-point sources to larger areas (radius
~ 50 km), and it can therefore help to fill gaps between point concen-
tration measurements and satellite remote sensing.

In this study, SOF together with local wind profile measurements
were used to measure NH3 emissions from CAFOs. In addition, CHy4
measurements were carried out via an emission ratio approach,
combining direct NHg3 flux measurement by SOF with plume NHg to CHy4
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concentration ratios. The aim of this study was threefold. First CH4 and
NH3 emissions were investigated from several individual dairy CAFOs
located at the SJV. These facilities were selected according to mea-
surements possibilities with respect to wind direction and drivable roads
and due to their large size. Results were then evaluated by comparing
them with the inventory estimates and other reports in the literature.
Lastly, the causes of variability in the NH3 emission factors obtained
were identified and discussed.

2. Methodology
2.1. CAFOs and measurement campaigns

The study focused on emissions from dairy concentrated animal
feeding operations (CAFOs) in the SJV, California. The first campaign
took place in May 2019 and consisted of 11 measurement days, while
the second took place in October 2019, lasting five days. In May, CAFOs
were measured in Kern (near Bakersfield) and Tulare Counties, whereas
in October, only the facilities in Kern County were revisited.

In the application of the SOF method for industrial measurements
(European standard 2022, EN 17628:2022) there are quality criteria for
the measurements to be valid. In this study we have used a subset of
these, given that animal operations are less complex than industries,
including that at least four plume transects need to be carried out on a
single day and that the wind speed is higher than 1.5 m/s. In total,
emissions from 14 individual dairy CAFOs passed the quality control
requirements. Table 1 provides an overview of the facilities measured,
including information on numbers of animals as well as manure man-
agement (Fig. 1c). Emission factors (EFs) were calculated by normal-
izing the measured emission rates by livestock units (LU) based on
animal body weight, with one LU equaling 500 kg (Ngwabie et al.,
2011). Although emission measurements were also successful at two
facilities in Madera County in May, they were excluded from the EFs and
inventory analysis since the numbers of animals were unavailable for
them, but a comparison of their emissions rates with other studies is
shown in section 4.3.2. All the CAFOs stored the manure in anaerobic

Table 1

CAFOs characteristics. The CAFOs are named according to their geographic
location (Fig. 1c), whereby the first letter corresponds to the cardinal direction
(North, South, West, East) and the second letter to the nearby city (Bakersfield
(Kern County) or Tulare).

CAFOs  Mature Heifers Calves  Livestock Covered lagoon
cows” and bulls unit” and gas collection
SB2 7380 13414 2880 21626 No
SB3 6450 6280 1300 14184 Yes
SB4 4000 2358 0 7361 No
SB5 8115 2100 0 12749 No
NB1 5250 3620 0 10056 No
NB2 6640 1925 0 10592 No
WT1 11350 8870 0 14883 Yes
WT3 12100 0 925 12618 No
WT4 9980 2060 0 15241 No
WT5 3075 3600 0 7111 Yes
WT6 4820 4620 0 10308 No
WT7 2770 2135 0 5503 Yes
ET1 1375 1000 0 2678 No
ET8 10900 5000 0 12368 Yes

# Accounting both milking and dry cows.

b One LU = 500 kg of body weight. Holstein dairy cow = 1.36 LU, Jersey dairy
cow = 0.91 LU, Holstein heifer = 0.81 LU, Jersey heifer = 0.5, Holstein calf =
0.23 LU, Jersey calf = 0.18 LU. Body weight based on U.S. Environmental
Protection Agency (2013) for Holstein, by The Pennsylvania State University
(2017) for heifers and calves, and American Jersey Cattle Association (2015) for
mature Jersey. The numbers of mature cows, heifers, and calves at the individual
farms were obtained from San Joaquin Valley Air Pollution Control District (San
Joaquin Valley Air Pollution Control District, Personal Communication, 2019)
and based on data from the last inspection between 2018 and 2019.
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Fig. 1. (a) The principle behind the solar occultation flux (SOF) method, which was used to measure NHj3 fluxes. The car drives across the plume, measuring
enhanced NH; concentration air columns, while the wind LIDAR is positioned close to the source and measures wind speed from 10 to 300 m high. (b) Example of
SOF columns measured downwind at six facilities (red areas). The white arrow indicates the wind direction, the white shadowed areas are other farms were not
measured Map source: Google Earth. (c) CAFOs location in the San Joaquin Valley, California. The size of the bubbles are proportional to the dairy size (number of
animals) and the color is related to the presence of a covered lagoon (digester). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

lagoons, and five of them had a covered lagoon, which worked as a
digester, for gas collection and utilization for generation of electricity
and conversion to compressed natural gas (CNG). There was some un-
certainty, though, whether they were actually operational.

2.2. Measuring principles and instrumentations

CH4 and NHj3 emissions were measured using a mobile laboratory
equipped with several optical systems (Mellqvist et al., 2017). Two
measurement systems were used, i.e., the solar occultation flux method
(SOF), consisting of a solar tracker connected to a Fourier transform
infrared spectrometer (FTIR), and a mobile extractive Fourier transform
infrared (MeFTIR), consisting of an FTIR spectrometer coupled to a
multireflection gas cell (Table 2). A GPS recorded the car’s position
while driving. Meteorological measurements were performed with (1) a
sonic instrument (AIRMAR) located on the roof of the vehicle and (2) a
light detection and ranging instrument (LIDAR, Zephyr) with a mea-
surement range of 10-300 m in height and positioned close to the spe-
cific emission source (maximum distance of 5 km). The sonic sensor was
only used for the operator’s guidance during the measurements, while
the LIDAR measurements were used for the emissions calculations (see
section 2.3.3).

NHj; columns (mg/m?) were obtained using the solar SOF technique
(Fig. 1a). In this method (Mellgvist et al., 2010), solar infrared spectra
are recorded using a customized solar tracker, with mirrors reflecting
the solar beam into an FTIR (Bruker IRCube), when crossing the plume
concentration downwind of the emission source (Fig. S1, in Supple-
mentary Information (SI)). The measurements do not provide the

Table 2
Summary of gas measurement techniques.
Method  Compound  Detection Wind Sampling Measured
limit (36)"  speed time quantity
tolerance resolution
SOF NH; 2.2 mg/ 1.5-12 4-5s Integrated
m? m/s vertical
column mass
(mg/m?)
MeFTIR  CH4 30 ppbv 9-10s Mass
NHj3 15 ppbv concentration
at vehicle
height (mg/
m®)

 The detection limit was calculated as the three times the standard deviation
of constant concentration reading. These values are on the high end of the in-
strument limits because they were measured in field conditions, where air is not
clean.

absolute atmospheric column but the differential one, relative to a
reference point, usually taken outside of the plume, and a slant column
of the target species is retrieved from each spectrum. The SOF retrieval
uses customized analysis software (Fluxmeasure), which fits a set of
spectra from the HITRAN2004 (Rothman et al., 2005) and PNNL (Sharpe
et al., 2004) spectroscopic databases in a least-squares fitting procedure.
The software has been tested (Kihlman, 2005) against other published
codes (Griffith, 1996). The instrument incorporates a dual
semi-conductor detector to increase the useable frequency range (InSb
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(1800-4000 cm™')/MCT (700-1200 cm™"). NH3 is measured in the
spectral region between 900 and 1000 em tata spectral resolution of
0.5 cm™!, and the unique absorption features of this gas in the “finger-
print region” are advantageous in terms of specificity. More details on
the instrument and validation experiments can be found in Johansson
et al. (2014), Mellgvist et al. (2010), and Mellgvist et al. (2017).

CH,4 and NH3 ground concentrations (mg/m?®) were measured using
MeFTIR, in which infrared radiation from an internal glow is trans-
mitted through an optical multi-pass measurement cell. The ambient air
is pumped via an inlet placed at 2 m height through the cell at high flow
(100 ml/min and cell pressure of 10 mbar below ambient pressure), to
ensure that the gas volume in the cell is rapidly replaced (top < 10's, gas
exchange rate). The transmitted light is measured with an FTIR identical
to that applied for SOF (Bruker IR Cube) (Figs. S1 and SI). Concentration
retrieval of the gas species is carried out using the same spectroscopic
software and databases as for SOF. NH3 was retrieved in the same in-
terval as in SOF (900-1000 cm‘l), while for CH4 the interval used was in
the C-H strength region (2760-3028 cm’l). More details on the in-
struments and methods can be found in Samuelsson et al. (2018). The
retrieval of NH3 followed similar procedure as described for SOF while
for CHy4 the retrieval was done by using the known published code,
Multiple Atmospheric Layer Transmission (MALT) (Griffith, 1996).

In general, emissions were measured by driving downwind of the
CAFO at a distance about hundred meters from its fenceline and this was
close enough to avoid the influence of emissions from neighboring
sources. Upwind measurements and the identification of external sour-
ces using GIS tools e.g., Google Earth, were used as a criterion to identify
interfering emission sources (Fig. 1b). Because measurements were
made by isolating the CAFOs in a box and checking upwind and
downwind concentrations, interfering sources were most likely not
affecting the quantification. In addition to diurnal measurements,
ground concentration measurements were performed close to sunset or
at night, when SOF measurements were no longer possible, this was to
confirm potential variation in the NH3:CH,4 ratio.

2.3. Emission rate calculations

2.3.1. Direct ammonia flux measurements

To obtain NH3 emissions, the measured slant columns are first con-
verted to vertical columns. These are subsequently integrated across the
plume, corresponding to the accumulated mass across the plume (g/m).
To obtain the gas flux (g/s), the accumulated mass (g/m) is multiplied
by the average wind speed (m/s) of the plume (Eq. (1)). The latter ap-
plies when the plume is transected orthogonally; otherwise, the wind
speed component orthogonal to the travel direction is utilized.

X2

Enms (rr;g) =u, (?) /1 Columnyys (n];g) o cos(0) e sin(a)dx(m) @

X

where Enps is the NH3 emission rate, u; is the average wind speed at
plume height, columnyys is the concentration retrieved from the solar
spectrum, 0 is the angle of the light path from zenith, « is the angle
between the wind direction and driving direction, and x; and x5 are the
start- and endpoints of the plume transect, respectively. Note that
because solar spectra are measured, the slant column densities will vary
with latitude, season, and time of the day. The NHg emissions of each
CAFO was calculated as the average emission of the performed transects
on the respective facility.

2.3.2. Indirect CH4 flux measurements

From MeFTIR, the ground concentrations for NH3 and CHy4 are
retrieved; hence, to quantify emissions, an indirect flux calculation
approach is used. With this method, the measured concentration ratio
between the two gases is combined with the gas flux measurements of
one of these gases to derive the gas flux of the other one. Therefore, we
combined the average NHs3:CH4 ratio, with the average NHs flux
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obtained from SOF measurement (Eq. (1)), to find the average CAFO
CH4 emission (Eq. (2)).

k
Ecys = ZENH3< g)

@

ZLI CNH% CrG-nms )(lf, )dx
(Cera — Cag- CH4)(#_51’)dx

Where Ecpyq is the CHy emission rate, n is the number of transects and C
is the concentration measured by MeFTIR. Additionally, the background
concentrations (Cpg.nu3 Or Cpg.cus) Were decreased from the concen-
trations measured when crossing the plume (Cyys or Ccpg) Note that in
this study, the SOF and MeFTIR measurements were not always carried
out simultaneously, and Eq. (2) was therefore applied using average
concentration ratio values and average flux values over the same time of
day (from 09:00 to 17:30).

Ratio concentration measurements can be carried out with tech-
niques other than MeFTIR, but the advantage of using the same spec-
troscopic approach for both column and concentration is that systematic
spectroscopic errors are reduced, and there is consistency in which
species are being measured. The indirect flux measurement approach
relies on the assumption that the path-integrated concentration ratio of
the two species is proportional to the ratio of the emissions. This means
that the two species are dispersed in the same manner, requiring that
they have the same release height and travel the same distance from the
release point to the measurement point. NHs and CHy4 ground plumes
were not always correlated, due to differences in the sources’ location,
which could lead to over- or underestimations (Delre et al., 2018; Miller
et al., 2015). However, if the sources’ distances to the actual road were
very different in comparison to the measuring distance, the plumes were
excluded, in order to avoid large under- and/or overestimations.
Nevertheless, the spatial correlation was considered in the uncertainty
analysis (Section 4.1).

2.3.3. Wind measurements

Local wind speed, along with its direction, is an integrated part of
emission measurements (Eq. (1)), and associated uncertainties are
directly propagated into the flux estimation. For the SOF method, the
average wind speed of the emission plume should be used.

In this study, wind profiles close to the studied dairies were
measured using wind LIDAR (LIght Detection and Ranging), i.e. a
remote sensing technique, which measures wind speed by calculating
the change in frequency due to the Doppler shift of the emitted laser
wave (~1.5 pm) when reflected back on moving atmospheric aerosols
(Locker and Woodward, 2010). The LIDAR used here (Campbell Scien-
tific, LIDAR ZX 300) operates between 10 m and 300 m, and it is based
on a continuous laser that transmits light in a 30° cone relative to zenith,
combined with adaptive receiving optics that sequentially focuses on
different atmospheric heights. In this study the wind speed was averaged
in 5 min intervals over three height ranges, i.e. 10-50 m, 10-100 m, and
10-300 m. The accuracy of wind speed measurements is stated as 0.1
m/s, wind direction of 0.5°, and vertical precision at around 10 m. A
field test comparing measurements done by cup anemometers on a 100
m wind tower to the Zephyr LIDAR showed a correlation between the
two of 95% (3-week measurement period) (Smith et al., 2006).

As mentioned above, SOF measurements do not provide information
on the height of the emission plume, which is of relevance when esti-
mating average wind speed for the plume for Eq. (1). However, it is
possible to estimate the plume height using vertical and horizontal wind
speeds rates and distance from the measurement road to the source
(Johansson, 2016). Based on previous studies in Texas (Johansson et al.,
2014; Mellgvist et al., 2010) vertical dispersion rates of 0.5-1 m/s were
used, which was obtained by wind soundings and aircraft
measurements.

For most measurements, the wind intervals of 10-50 m and 10-100
m were found to be most appropriate for calculation of average plume
wind speed, with just two exceptions. However, in reality there was only
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12% difference between these two intervals since the wind variation is
the strongest close to the ground and this was taken into account in the
uncertainty analysis (Section 4.1).

The prevailing wind in southern San Joaquin Central Valley flows
from the north/northwest direction during the day, and this was true for
all measuring days in Bakersfield, when LIDAR measurements often
resumed after the sunset, and the instrument was positioned at a
maximum of 5 km downwind of the source. In Tulare, higher wind
speeds and different directions were encountered (Fig. S2 in SI).

2.3.4. Techniques’ advantages and challenges

NHj is a sticky gas that is easily being adsorbed on surfaces and this
poses challenges for measurements using extractive techniques, and
concentrations are thus easily underestimated. SOF, however, is a
contact-free technique, which makes it more suitable to measure such
types of gases. Other advantages of the technique lie in its capability to
measure path integrated gas columns, mobility and real-time respon-
sivity, thereby making it possible to measure multiple emission sources
over a short time period. On the other hand, MeFTIR is a close-path
instrument, where the adsorption of NH3 in the cell and inlet might
play a role. To minimize the adsorption on internal surfaces (Brodeur
et al., 2009), which would cause a time delay in the measurements, the
inlet tubing and the cell are heated to a minimum of 40 °C, thereby
ensuring that NHj3 is not adsorbed inside the tubing or the measurement
chamber.

Primarily, measurements of columns and ground concentrations
were carried out simultaneously. However, sometimes this was not
possible (25% of the time), due to very low concentrations at the ground
level. SOF columns are only measured during daytime and sunny con-
ditions (low cloud coverage), which generally is associated with strong
vertical convection. However, it can be difficult to carry out ground
concentration measurements during these conditions, where a better
detection is often obtained after sunset.

2.4. Emission inventories

2.4.1. Ammonia emission rate comparison with the NEI 2014 inventory

The measured farm-scale NHg emission rates were compared to farm-
specific daytime emission rates estimated by inventory models, in order
to evaluate their performance (for more details, see Fig. S3 in SI).

NEI (2014v1) provides daily emission rates on county level (avail-
able at the inventory supporting information), which, for comparison,
were converted to EFs averaged by month, resulting in values of 4.5
gnus/headyik cow/h in May and 4.1 gnus/headyk cow/h in October for
both counties (Kern and Tulare) (Fig. S4b in SI). The calculation of EFs
was solely based on the number of milk cows, while heifers, bulls, and
calves housed in dairy CAFOs were not included, in order to follow the
NEI 2014 methodology. The use of a more refined model was hampered
by limited knowledge of the studied CAFOs.

Because NH3 emissions vary over the day, this needed to be
considered when comparing with the SOF daytime-measured emissions.
Diurnal emission profiles from modelling by (Zhu et al., 2015a) were
used in our study, these were calculated by the EPA (J. Bash, Personal
communication, 2020) for the respective locations and measured
months (May and October 2019) (Fig. S4a in SI). The calculations were
based on weather information from the WRF model 4.1.1 (weather
research and forecasting) and the calculated data was given as monthly
hourly fraction of NH3 emissions Net(t).

Zhu et al. (2015a) obtain the diurnal emission pattern of NHg from
the two equations below. The hourly fraction Npet(t) (%) (Fig. S3 in SI) is
first obtained from Eq. (3). After that, the hourly NH3 emission rates (Ey
(kg/h)) (Fig. S4a in SI) are obtained from Eq. (4), where Ep, (kg/h) is
monthly total emissions from the NEI 2014 v1.
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H, /R,
chz(l) = n(l) /H 4 3
Hy
,Z‘: (Rum>
Eh (t) = Emlvmct(t) (4)

Here Rq(y) (m/s) is atmospheric resistance at a specific time t, and Hy) is
Henry’s equilibrium constant, which is where the temperature is
incorporated. Each hourly fraction is then divided by the sum of frac-
tions of the whole month.

Fig. S4a in SI shows the estimated hourly NH3 emission rates (Ey, (kg/
h)) for one of the dairies (SB05) in May and October, compared to
modeled emission rates without the consideration of diurnal variation.

2.4.2. CHy emission rate comparison with the CARB inventory

For CHy4, we compared the average measured emission rates at the
farm scale with emission rates obtained by the modeled California Air
Resources Board (CARB) inventory. In the US, both national (U.S.
Environmental Protection Agency, 2013) and the statewide (CARB,
2019b) CH4 emission rates are derived from the methodology suggested
by the International Panel for Climate Change (IPCC) (IPCC, 2006). The
CH,4 inventory data (EFs) used in this study is specified for the climate
and management conditions in the studied region by using EFs provided
by CARB (CARB, 2019b) (Fig. S5 in SI). These estimations are divided
into enteric fermentation and manure management EFs for each animal
class (e.g., dairy cows, replacement heifers, and calves). For enteric
emissions, the EF is multiplied by the number of animals at each life
stage. For manure management practices, the EFs from each type of
management have a different weight, which is based on CAFOs practices
across the whole state of California. In the CARB inventory the following
distribution for the manure from the dairy cows was assumed: 60%
anaerobic lagoons, 10% daily spread, 20% liquid slurry, and 9% solid
storage. In contrast, for heifers, 88% of manure treatment is assumed to
be in dry lots, 11% daily spread, 1% pasture, and 1% liquid slurry. This
approach is used because knowledge on the specific manure handling of
the studied CAFOs was limited. Similarly, a recent study calculating CHy
manure emissions in SJV, estimate that the largest percentage of the
dairy manure (58-70%) was handled in anaerobic lagoons (Marklein
et al., 2021). For the CAFOs with an anaerobic digester, the EF for this
management were used instead of the anaerobic lagoons EF.

The comparisons between measurements and inventories for NH3
was done with respect to time of the day, in contrast to CH4, which was
done for the annual average, because we assumed negligible diurnal
variations. To obtain annual averages from the campaign measure-
ments, the average emission rates were scaled to the full year. It should
be noted that some of the farms were measured during two seasons, i.e.
May and October (SB3, SB4, SB5, NB1 and NB2), while others were only
measured once in May.

3. Results
3.1. NH3 and CH4 emission rates and emission factors

Fig. 2 shows the measurement approach used in this study demon-
strated at dairy SB5, consisting of two nearby facilities housing 10,227
animals (mature cows, heifers, and bulls) corresponding to 12,750
livestock units (the detailed measured transects at SB5 are in Table S1 in
SI). The obtained NH3 columns (Fig. 2a and b) and ground concentra-
tions of NH3 and CH4 (Fig. 2c and d) are shown along a measurement
transect downwind of the CAFO. This measurement was complemented
by upwind measurements. In May, the average emission and standard
deviation from eight transects were 113.5 + 49.2 kgngs/h, measured on
two different days from 12:00 to 18:00, at an average wind speed of 2.34
+ 0.68 m/s and an average temperature of 28.11 + 1.45 °C (Table S1 in
SD). The plume ground concentration measurements gave an average
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16.4 £5.7 gNH3/headMamre cow/h or18.9 + 6.2 gNH3/headMﬂkc0w/h. For
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Fig. 2. Transects measured downwind of dairy SB05
on May 14th at 16:00. The measurements were ob-
tained simultaneously, and the white arrow indicates
wind direction. (a) NH3 column. (b) Spatial location
of the NH3 column measurements. (¢) Ground con-
centrations of NH3 and CHy4. (d) Spatial location of
NH;3; and CH4 ground concentrations; the small CHy
concentration plume on the far left side of the CAFO
is likely due to emissions coming from a flooded area
on the field. Map source: Google Earth.

CHy, around 73% of the CAFOs had an EF below 50 gcp4/LU/h and an
EFs median of 34 gcys/LU/h (Fig. S6 in SI). For some of the dairies, such
as NB2, the EF factors were rather high (Fig. 3b).

Comparison of the emissions measured in May and October for a
subset of the CAFOs was done (Fig. 4). Average daytime temperatures
during the individual measurements in each campaign were similar, i.e.,
24 °C in May and 22 °C in October, respectively (Fig. S7 in SI). Average
wind speeds during the individual measurement campaigns were higher
in May (3.6 £+ 1 m/s) than in October (2.8 + 0.7 m/s). The results show
that there was no difference in NH3 emissions between the October and
May campaigns (differences were within uncertainty levels), which
could be expected from the fact that measurements were performed in
seasons with similar average temperatures. The same is valid for the CHy
measurements with the exception of CAFOs NB2 and SB4. One uncer-
tainty that could not be accounted for was whether cattle numbers or
CAFO management practices were the same during the two campaigns.
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Fig. 3. (a) NH; emission factors (average and standard uncertainty (68% confidence limit)) and sampled transects (black dots). (b) CH4 emission factors (average and

standard uncertainty).
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Fig. 4. EFs for five CAFOs during the October and May campaigns, and stan-
dard uncertainty.

4. Discussion
4.1. Measurement uncertainty

Errors in the SOF ammonia (NH3) measurements were estimated per
individual dairy (Table S4 in SI) following the GUM procedure (Joint
Committee For Guides In Metrology, 2008), as illustrated in Table 3.

Uncertainty was dominated by the random error, directly estimated
from the 1o variability of the individual fluxes (or ratios) divided by the
square root of the number of transects. In addition, systematic mea-
surement errors, unchanged between measurements transects, were
caused by the spectroscopic retrieval method, uncertainty in spectro-
scopic parameters, systematic inflow from upwind sources, and the
assumed plume height. Here, the uncertainty related to the NHg cross-
sections (Systematic error - strength of the cross-section) between 700
and 1200 cm~! was obtained from Kleiner et al. (2003), which corre-
sponds to 2% error. The retrieval error was obtained from the ratio
between the standard deviation of the fitting residual, divided by
square-root of the number of points, and the average NH3 absorbance in

Table 3
Measurement uncertainty for the direct and indirect flux calculations.

SOF/Direct Flux

Systematic - Spectroscopic — strength of the cross-section NH3 2 %"
Systematic - Spectroscopic - retrieval 4.4 %"
Systematic - Background errors (facility-specific) 1-14%
Systematic - Wind speed uncertainty in height 11-12%
Random - Measurement variability (facility-specific) 8-31%

Median standard uncertainty (68% confidence)
Median expanded uncertainty (95% confidence)

17% (11-32%)
37% (23-76%)

MeFTIR/Indirect flux

Systematic - Spectroscopic — strength of the cross-section NH3 0 %"
Systematic - Spectroscopic — strength of the cross-section CHy 3%
Systematic - Spectroscopic — retrieval NH3 0 %"
Systematic - Spectroscopic — retrieval CHy 5.6%
Systematic - Sources mismatch (facility-specific) 5-41%
Systematic - SOF NH3 uncertainty (facility-specific) 12-32%
Systematic - Background error — NH; (facility-specific) 1-10%
Systematic - Background error — CH, (facility-specific) 1-10%
Random - Ratios measurement variability (facility-specific) 5-36%

Median standard uncertainty (68% confidence)
Median expanded uncertainty (95% confidence)

25% (19-49%)
53% (40-119%)

@ Some of the systematic spectroscopic errors for NH3 will be cancelled out
when doing the normalization (Eq. (2)) between SOF and MeFTIR.
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960-968 cm~'. The wind speed error was obtained by the systematic
discrepancy in the wind speed between the different heights intervals
(0-50 m to 0-300 m). The last is a conservative estimate which, assumes
that the plume height was estimated wrongly. The background error was
estimated from any systematic differences in the upwind column values
caused by the presence of interfering sources. The error was obtained by
calculating the flux for the different baseline values, and comparing its
average with the primarily estimate emission. Further, the average of
the error from the different transects was used as the error value for the
specific facility. Uncertainty was obtained by error propagation, taking
the square root of the quadratic sum of the uncertainties as given in
Table 3. The total estimated uncertainty for NHs median emission was
17% (range per facility of 11-32%) for 68% Confidence interval (CI) and
37% (range per facility of 23-76%) for 95% CI (Table 3 and Table S4 in
SI).

The measurement error for CH4 emissions includes uncertainty in
both NH3 emissions, as given above, and in estimating the NH3-to-CHy4
ratio for the overall facility, since both are included when calculating the
CH4 emission. Uncertainty in the ratio is dominated by random uncer-
tainty, estimated from the measured variability, although several sys-
tematic uncertainties are also important (Table 3 and Table S5 in SI). In
particular, this includes the source misallocation error, which is caused
by the fact that in some cases NH3 and CH4 are released at different
distances away from the measurement position, and hence they are
diluted differently. This error was assessed by Gaussian plume modeling
(Fig. S8 in SI). Note that since the ratio is calculated from the integrated
values across the measurement transect (Eq. (2)) it is mainly the dif-
ference in distance between source and measurement position along the
wind that causes errors and not the sideways separation between the
sources. Background error was similarly estimated for the concentration
measurements of NHs and CH4, while some of the systematic errors for
NH; were cancelled out when doing the normalization between MeFTIR
and SOF (Eq. (2)). The uncertainty on the CH4 cross section was ob-
tained from (Brown et al., 2003), while the reported error by MALT
(Smith et al., 2011) was used as the CH4 retrieval uncertainty. The
median estimated uncertainty for CH4 emissions was 25% (range per
facility of 19-49%) for 68% CI and 53% (40-119%) for 95% CI (Table 3
and Table S5 in SI). Throughout the article, the authors adopted stan-
dard uncertainty (68% CI) in the data analysis, because it is more
commonly used in scientific literature for this type of measurements
(Johansson et al., 2014; Johnson et al., 2017).

4.2. Comparison of measured ammonia emission rates with other data

4.2.1. Measurement representativeness

NHj; emissions from manure (feeding area, stall, or manure storage)
are known to increase as a result of temperature, wind, and solar radi-
ation (Hristov et al., 2011; Sun et al.,, 2015), consequently varying
throughout different seasons (U.S. Environmental protection Agency,
2018). The measurements were carried out in May and October, and as
can be seen in Fig. 4, the emissions are approximately the same during
both periods and halfway between the modeled maximum and mini-
mum emissions (Fig. S4b in SI). This is likely due to the fact that the
average daily temperatures for both these months were close to the
yearly average (May: 20 °C; Oct: 18.6 °C; Annual: 19.4 °C) (NOAA’s
National Weather Service, 2019). The diurnal model and the NEI in-
ventory shows, that the NH3 emissions should be 2% lower in October
and 9% higher in May than the annual average, respectively (Fig. S4 in
SI). Other variables as precipitation, humidity and solar radiation were
not further evaluated, however, they should follow annual temperature
trends, and therefore the measured months (October and May) would be
close to the expected yearly average.

Studies that have measured NH3 daily dynamics indicate that the
difference between midday peak emissions and night-time lower emis-
sions can vary by a factor of between two and five (Bjorneberg et al.,
2009; Golston et al., 2020; Harper et al., 2009; Leytem et al., 2011; Sun
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et al., 2015). As the SOF technique uses the sun as a light source, NH3
measurements were carried out during the daytime and in sunny con-
ditions. The NH3 emission factors measured in this study showed a
diurnal behavior with peak emissions at around 14:00 (Fig. 5b). In order
to evaluate the diurnal variation of the measured NH3 emissions, they
were compared to modeled diurnal emissions, which were calculated
using the average emission factor from the NEI inventory and a model
for diurnal variation (Zhu et al., 2015a) provided by the US EPA (J. Bash,
personal communication, 2020) (see section 2.4)). The single measured
transect and modeled NH3 emissions were normalized to the average
CAFOs emissions of each measured facility, thus obtaining the emission
variations. The modeled diurnal behavior for the specific measurement
times is shown in Fig. 5a and b, while the full measurement period is in
Fig. S4 in SL It is evident that the average of the normalized SOF data
and the model data agree rather well. Fig. S4 in SI shows the average
inventory EF (straight line) and the modeled daily emission variations
for May and October (bell shaped curve). The impact of diurnal emission
variations caused in inventory and measurements comparisons has
previously been pointed out by Lonsdale et al. (2017), who noted that
the CARB inventory would be overestimated by a factor of 2.4 when
compared to a single measurement at 13:00 local time.

The obtained NH3 to CH,4 ratios, were normalized with the average
ratio of each individual dairy value (Fig. 5¢ and d). The diurnal behavior
of the NH3 to CHy4 emission ratios followed the same diurnal trend as the
NHj emissions. A similar diurnal pattern has been observed also in other
studies (Eilerman et al., 2016; Golston et al., 2020; Miller et al., 2015).
Most of the diurnal variation in the ratios are probably caused by
changes in NH3 emissions rather than CHy, since temperature and solar
insolation have relatively small impact on the emission on the latter
(Arndt et al., 2018; Bjorneberg et al., 2009; Golston et al., 2020; Leytem
etal.,, 2011; Sun et al., 2015). On average, 71% of the daytime variation
in the ratio can be explained by NHjz variations in October, based on the
comparison between measured ratios and quantified fluxes, and 83% for
the May data (Fig. 5). Multi-variable linear regression analyses of the
measurement data (ratios and emission rates) versus ambient parame-
ters (Table S6 in SI) shows significant correlations only for the time of
the day.
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4.2.2. Comparison of measured ammonia emission rates with inventory and
other literature

On average, the measured NH3 emissions were 28% higher in com-
parison to inventory estimates accounting for diurnal variations, using
the model provided by Zhu et al. (2015a) (Fig. 6). This was not the case
for all individual facilities, for example CAFO WT6 (Fig. 6). Excluding
daily emission variations in the inventory emission rates, the measured
emissions would instead be 71% higher. Some of the differences be-
tween measured and estimated emissions for specific facilities might be
related to uncertainties in the numbers of animals, which can vary be-
tween the inspection day for the San Joaquim Valley pollution control
district and the measurement day.

A comparison of emission factors at dairy cattle farms obtained in
various studies is shown in Table 4. The EFs in this study are at the high
end, consistent with that the SOF data (Kille et al., 2017) corresponds to
daytime values, as discussed above, and the same tendency can also be
seen in other daytime studies. By assuming the modeled diurnal pattern
described above (Zhu et al., 2015a), the measured EF factors were
converted to daily averages corresponding to 3.0 gxus/h/LU/in May and
to 4.2 gnus/h/LU in October, respectively; hence in better agreement
with some of the other studies in Table 4. Additionally, according to
recent studies, NH3 emissions measured close to ground level might be
underestimated due to NH3 deposition or missampling of the concen-
trated part of the plume. The plume might be located lofted, which
would not affect SOF measurements, since it measures whole air col-
umns concentrations (Lassman et al., 2020), differently from ground
measurements only. It is relevant to highlight that most of the farms
were measured under similar wind speed conditions, except WT06 and
WTO04, measured at averaged higher wind speeds, which could partially
explain the high emission factors observed compared to inventory
estimates.

4.3. Comparison of the measured CH4 emission rates with other data

The measured farm-scale CH4 emissions were on average 60% higher
than those modeled by inventories. For the five CAFOs that were
measured both in May and October the average difference drops to 40%.
The measured CHy4 emissions are associated with greater uncertainties
than the NHj fluxes, and the variability between individual facilities

Fig. 5. Variation of NH3 emissions (a, b) and NHj:
CH,4 ratios (c, d) versus time of the day for all CAFOs
(time specific by average) and classified according to
the measured period. Solid lines in Figures a and b
correspond to the average of the modeled values from
the same period as the measurements. In the box plot,
the average is indicated by the star-shaped symbol.
The diamond symbols correspond to each measured
transect. The upper box represented the 75%
percentile, while the lower corresponds to 25%
percentile. The whiskers show the standard deviation.
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Fig. 6. Comparison of measured NH3 emissions (average and standard uncertainty), and modeled day time emissions (average and standard deviation from hourly
emissions), using NEI 2014 and (Zhu et al., 2015a)(average and standard deviation).

Table 4
Average emission factors at CAFOs for NH3 and CH,4 with corresponding standard uncertainties. In addition, NH3:CH,4 ratios from other studies are illustrated.
Farm Period Method/Instrument NH; (g/h/ NH; (g/h/ CH4 (g/h/LU) CHy4 (g/h/ NH3:CHy
LU) * head) head) ' g8/8
Present study dairy, CAFO Spring and autumn SOF and MeFTIR 9.0 + 2.6 16.8 £55 40.1 +£17.8 74.0 + 21
(California) (Day-time) 32.8
Average farm NEI (NH3) and Yearly Inventory 6.7-6.8 30.7
CARB inventory (CH4)™

Dairy, CAFO (Colorado)” August (Day-time) SOF 11.4 + 3.4

Dairy, CAFO (Colorado)” Summer, winter, Cavity Ring spectroscopy 14-17
spring, autumn

Dairy, CAFO (California)* Winter (January) Open-Path (WMS, Licor) 14+ 3

Dairy farm (California)* Winter and summer Open path/Inverse 26.0 + 7.4 (Winter) 58.9

dispersion modeling + 10.5 (Summer)

Dairy farm (Washington)® Yearly model DOAS, Tracer ratio flux 4.6

Dairy CAFO (Idaho)" Summer, winter, Open-path FTIR/Inverse 8.1 10.4 17.1 22.9 12-90
spring, autumn Dispersion modeling 1.2 1.7 5.3 8.3

Dairy CAFOs (California)® Summer (June) Airborne/surface (AMOG/ 38 76 52

MISTIR)

Dairy CAFO (Idaho)" Whole year Open-path/Inverse 4.9 6.3 45.1 57.9 2-10
(Monthly) dispersion method

Dairy CAFO (Colorado)' Summer Tildas, Licor and others/ 5.3+ 0.5 39.3 + 3.9 40

Dairy farm(Canada)

Spring and autumn

modeled emissions
Open-path/inverse

dispersion modeling

20.7 £1.2 37
8.8+22

a Kille et al., 2017.

b Eilerman et al., 2016.

¢ Miller et al., 2015.

4 Arndt et al., 2018.

¢ Rumburg et al., 2008.

f Bjorneberg et al., 2009.

8 Leifer et al., 2018.

h Leytem et al., 2011.

! Golston et al., 2020.

J VanderZaag et al., 2014.

kK Livestock unit (LU), 1 LU = 500 kg of body weight.
! head of dairy cows only.

™ U.S. Environmental protection Agency, 2018, CARB, 2019b.

were relatively high (Fig. 7). The uncertainty is especially large for some
CAFOs, e.g., NB1-May, a result of the combined SOF and ratios’ large
measurement variability.

The inventory values agree with the measurements in 9 out of 19
measurements when considering the 68% CI (Fig. 7).The measurements
are at the high end of the values reported in other studies (Table 4).
Recent studies have found a good correlation between measured CHy
and inventory (Arndt et al., 2018; Golston et al., 2020).

Most (75%) of the measured NH3:CH4 ground concentration ratios
(n = 205) were below 25 gnys/gcu4 (Fig. S6b in SI). Differences within

CAFOs are likely a reflection of differences in management or mea-
surement time. A few observed ratios were larger than 80 gnus/gcu4s
likely due to specific short-term activities, e.g., the mixing of solid
manure piles, which could be observed from the CAFO fence line. The
ratios obtained are comparable to results from recent studies carried out
in the same area or at the same type of facility (Eilerman et al., 2016;
Miller et al., 2015). There are differences when compared to some other
studies (Bjorneberg et al., 2009; Kille et al., 2019; Leifer et al., 2018), but
we believe this is mostly due to different seasons or manure
management.
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Fig. 7. Comparison of measured CH4 emissions (average and standard uncertainty) and CARB inventory annual emissions (average and CI 95%) (U.S. Environmental

Protection Agency, 2013).

4.3.1. Factors affecting CH4 emissions

While NH3 emissions are consistently reported to vary during the
day, this is not the case for CH4 emissions. Arndt et al. (2018) noted a
small increase during rumination time, Leytem et al. (2011) found larger
variations between day and night, Golston et al. (2020) and Sun et al.
(2015) found an increase in emissions at the end of the day, while others
did not observe any clear pattern at all (Bjorneberg et al., 2009). For CHy4
emissions, seasonal variations have also been reported (Bjorneberg
et al., 2009; Leytem et al., 2011); however, since the campaign months
of May and October have temperatures close to the annual average, our
measurements should also be close to annual averaged emission values.

In this study, we lack detailed knowledge about manure manage-
ment practices at the CAFOs that can influence CHy4 emissions, such as
manure management, storage time, and animal feeding. However, a
rough assessment of the manure practices at the individual facilities was
done during the campaigns by studying maps and making visual ob-
servations, e.g., making it possible to identify farms with and without a
manure lagoon cover, which enables the facility to collect the CH4
produced in lagoons and use the gas as an energy source. In total, 5 of the
measured CAFOs used this system. Noteworthy here is that these farms
did not emit significantly less than those without a cover (Fig. 8). Un-
certainties in terms of animal numbers or the measurements may have
contributed to concealing any differences. An alternative explanation is
that even though we did observe the presence of a lagoon cover, we
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Fig. 8. Comparison of CH4 emissions from CAFOs with and without a lagoon
cover. The mean is represented by the square symbol, the median by the hor-
izontal solid line, the lower part of the box shows the 25th percentile while the
upper part is the 75th percentile.

10

lacked information regarding whether the system was actually opera-
tional. For example, observation of high CHy4 peaks persistently corre-
lated to the digesters. Additionally, two of the farms had their systems
recently built, thus raising doubts about whether or not they were
already operational.

4.3.2. Comparison of measured CH4 emissions and previous measurements,
using other techniques

Some of the farms in this study were previously measured for
airborne CHy4 emissions by Scientific Aviation (Thompson et al., 2019),
as illustrated in Fig. 9. The approach used by Scientific Aviation com-
prises a mass balance calculation, based on Gaussian law. The aircraft
flies in circles around the facility, from the minimum safe height to
above the plume height (Conley et al., 2017).

These measurements were carried out over four campaigns in 2018
and 2019, and the last one coincided in time with this study, as indicated
in Fig. 9. For sites SB2 and SM1, measurements were done on the same
day or within a few days. The error bars in the Scientific Aviation data
correspond to measurement uncertainty. As evidence herein, the two
datasets overlap reasonably well, given the measurement uncertainties,
with the exception of ET8. Note that the latter airborne measurement
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Fig. 9. Comparison of CH4 emission rates measured by Scientific Aviation
using a mass balance approach and SOF (present study) (average and standard
uncertainty). The farms compared here are ET8, WT1, WT4, SB2, and two other
from Madera County, which were not included in the inventory analysis. SB2
measurements were done on the same day.
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was carried out one year before the present study. The advantage of the
indirect flux technique over the airborne mass flux approach is its higher
spatial resolution and, consequently, the ability to measure an individ-
ual facility more easily, although both approaches have a limitation
relating to the measurement period, because they require specific
weather conditions.

5. Conclusions

Several optical methods, i.e., solar occultation flux (SOF) and MeF-
TIR, were used to quantify ammonia (NH3) and methane (CH4) emis-
sions, respectively, at dairy CAFOs in the San Joaquin Valley, California,
United States. The measurement uncertainty of NHs flux by SOF for the
measured CAFOs was estimated to a median value of 17% for 68% CI,
and the largest error sources were measurement variability (random
error) and wind speed uncertainty. When comparing daytime emissions
of NH3 measured by SOF with inventory data, the former yields 71%
higher emission values than the latter, primarily driven by the fact that
the emissions are affected by temperature and solar insolation. When
taking diurnal variations in these environmental factors into account the
difference is lowered to 28%. In addition, when comparing the daytime
emission results from SOF to other studies in the literature, the former
are at the high end, since most of the other studies include both day and
night contributions.

The CH4 emission measurements have larger uncertainties than the
NH3; measurements (25% for 68% CI, and 53% for 95% CI). The
measured emissions are 60% higher than the CARB inventory, and the
values are towards the high end when compared to other studies in the
literature. An uncertainty in this study is in the lack of detailed knowl-
edge about management practices in the measured facilities. From visual
observations, it is estimated that 35% of the CAFOs had covered manure
lagoons. However, this practice was not observed to abate the emissions.
The obtained CHy4 emissions in this study correspond reasonably well
with airborne measurements done using a mass balance approach at six
of the studied CAFOs, indicating that our CH4 results were consistent
with other measurement approaches.

Complementary measurements during night periods or in different
seasons could provide a better understanding of emissions dynamics.
The methods described herein offer a suitable approach for monitoring
emissions from CAFOs, as they can cover several facilities in a short time
period, without being expensive or labor-intensive.
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Abstract

Ammonia (NHz) emissions can negatively impact ecosystems and human health;
thus, they should be monitored and mitigated. NHs concentration measurements
are troublesome, particularly due to the gas molecule’s reactive nature. The solar
occultation flux (SOF) is an open-path passive method in which NHz slant columns
are retrieved from the solar spectrum, avoiding gas adsorptions in the instrument.
Moreover, measurements of horizontal and vertical wind speeds and estimation of
plume height is necessary to obtain accurate NHs gas fluxes. A novel methodology
to access the uncertainties in the NHs emissions measurements using SOF is
presented, where systematic and random errors are considered. The paper aims to
introduce an uncertainty calculation methodology and demonstrate the use of the
SOF method for quantifying NHs emissions from livestock production. First, a
validation experiment was performed, and the measurement errors varied
from -31 % to +14 % on average, while the calculated expanded uncertainty was
from £12 to £17 %. Secondly, the method was used to quantify emissions rates
from farms of different sizes. The error related to wind measurement was
calculated according to the wind measurement setup, being either anemometers at
one or two heights or the use of a wind LIDAR. The uncertainty of emission
quantifications in each case study varied from +21 to +37 %, dominated mainly by
wind and random uncertainties. SOF was able to quantify small (~1 kg h') and
large (~100 kg ht) emission sources, even in areas with high farm densities. The
SOF is suitable for measuring NHz emissions from livestock production and has
an expanded uncertainty lower than 40 %, which can be further improved
following the best practices for the method’s application.
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1. Introduction

Agriculture is the primary source of ammonia (NHs) emissions accounting for
around 85% of total emissions (EDGAR database, 2023), which has increased
since pre-industrial times due to the growing food demand (Galloway et al., 2003).
Within the different agricultural sources, livestock production can release NH3
during animal urine and faeces decomposition. NHs is a precursor of atmospheric
fine particulate matter (PM2s), eutrophication, and an indirect greenhouse gas
(GHG). PM2; is associated with lung diseases, and NHz forms approximately 30
and 50 % of PM2s in the US and Europe, respectively (Wyer et al., 2022). The
atmospheric lifetime of NHs ranges from hours to days because it can either react
in the atmosphere forming PM2s, or be retained in the ground due to dry or wet
deposition. The complex emissions and depositions mechanisms of NHs hinder the
understanding of these emissions and associated dynamics (Hristov et al., 2011)
and highlight the need to monitor emissions and atmospheric concentrations (Wyer
et al., 2022). Knowledge gaps still need to be filled regarding NHs emissions
dynamics, which is reflect in the large discrepancy between modelled NHs and
measured emissions (Lonsdale et al., 2017). A recent study on NHs emission
hotspots using satellite data indicated that two-thirds of the high emissions sources
are underestimated by at least an order of magnitude (Van Damme et al., 2018).

Consequently, NHs has gained attention over the last decades, increasing the
development of instruments and models used to study its emission sources. Many
monitoring stations worldwide still use old techniques to obtain NHs
concentrations, such as wet-chemistry, which samples in the order of days and
weeks (Twigg et al., 2022). Moreover, with improvements in infrared lasers,
spectroscopy based instruments emerged, such as FTIR (Fourier Transform
infrared spectrometer), cavity ring-down spectrometer (CSDR), and quantum
cascade laser absorption spectrometer (QCLAS) (Twigg et al., 2022). NHz3 is
challenging to quantify due to its strong reactivity, which makes the gas molecule
adhere to surfaces, requiring that close-path instruments and inlets are coated or
heated to decrease the response delay (Zhu et al., 2015b). A study using 13
instruments highlighted the importance of its setup, inlet design, and operation
(flow rate and filter status), as these factors can affect measurements performance
(Twigg et al., 2022).

For measurements instruments attached to a mobile (Eilerman et al., 2016; Golston
etal., 2020; Miller et al., 2015), stationary (Sun et al., 2015a), or airborne platform
(Guo et al., 2021; Miller et al., 2015; Sun et al., 2015b). Mobile platforms can
resolve local scales greatly (Golston et al., 2020), even though they are limited by
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road availability. Furthermore, Lassman et al. (2020) found that a surface-based
platform can underestimate NHs emissions by a factor of 1.5 because
concentrations near the surface might be depleted due to the gas deposition. In
recent years, satellite column retrievals complemented the information on NH3
emissions on large scales. These platforms have extensive spatial coverage;
however, as disadvantages, they have high emissions uncertainties and poor spatial
and temporal resolution.

Solar occultation flux (SOF) is a method used for years in the quantification of
alkenes, VOCs, and industrial NH3 (Johansson et al., 2014; Mellgvist et al., 2007,
2010) and has been recently used to measured agricultural NH3 emission sources
(Kille et al., 2017, Vechi et al., 2023). The SOF technique measures spatially
distributed slant columns (g/m?), which can be converted to emission rates using
information about the wind. It can be complementary to in-situ and satellite
measurements, bridging both techniques (Guo et al., 2021). The uncertainty of this
technique has been discussed before for both alkanes (Johansson et al., 2013),
alkenes (Mellgvist et al., 2010), and NH3z (Kille et al., 2017). Here, the aim is to
deepen the error analysis with a comprehensive measurement uncertainty
methodology and comparison to validation experiments. Furthermore, we
illustrate the use of the technique in three different case studies investigating NH3
emissions from agricultural sources. In addition, a description of plume height
estimations obtained from the ground and column NHz concentration
measurements is included. This study's results are also valuable when using SOF
for other species and in other applications.

2. Instrument, flux quantification and measurement campaigns
2.1. SOF instrument and columns retrieval.

The SOF operation consists of recording solar infrared absorption spectra while
driving through the gas plume (Fig. 1d and e). The spectra is captured by a solar
tracker, containing several mirrors that transmit the solar light to the spectrometer,
following the light as the car moves, thus there is a need for sunny or low cloud
coverage conditions. Further, an FTIR instrument, Bruker IR cube, with a
resolution of 0.5 cm™* wavenumbers, and a dual detector InSh (Indium Antimonide,
2.5—5.5 um) /MCT (Mercury cadmium telluride 9-14 um) was used to detect the
spectra. The detection limit for NH3 columns by the SOF instrument calculated as
30 is 2.2 mg m at a sampling rate of five seconds.
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Alkanes are retrieved in the “C-H stretch band” at approximately 3.3 um, while
alkenes, propene, and NHjs are found in the “fingerprint region” at around 10 pm.
The specificity of NHz is strong because this species’ absorption at the fingerprint
region is unique, with sharp absorption features, well separated from other species
(Fig. 1c). During the measurements campaigns, the NHzs retrieval was done either
in a broad (900 — 1000 cm™) or a narrow spectral window (940 - 970 cm™). The
broader window results in a more stable atmospheric background retrieval,
however, at a slightly lower noise. The obtained column values correspond to the
relative abundance compared to a reference spectrum recorded outside the plume
(Fig. 1a). The best practice is to choose a location with a low target gas
concentration as a reference. Additionally, a posterior re-evaluation can be
performed with a new reference spectrum in the case of a noisy measurement. A
retrieval of absolute columns is also possible, however, the signal-noise then
becomes lower. The challenge of the spectral retrieval is the long atmospheric path
length of the solar spectra, which is affected by the strong absorptions of H>O and
CO2 in the atmosphere; therefore, other interfering species are considered. The
retrieval is done by fitting a calibration spectrum from HITRAN (Rothman et al.,
2005) infrared database to simulate the absorption spectra for atmospheric
background, using nonlinear multivariate analysis, and calibrated according to
pressure and temperature (Fig. 1b). A custom Software executes the retrieval
(Kihlman, 2005), the fitting procedure is described in more detail in Mellgvist et
al. (2010).

Each SOF measured transect should ideally be in one instant because then the wind
and turbulence are “frozen”. However, in practice, transects are performed over a
few minutes, depending on the distance to the source, the size of the plume and the
road characteristics, adding measurement uncertainties.
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Fig. 1: a) Example of spectra measured in the plume and the reference spectra. b) Measured and
fitted absorbance spectra and the calculated residual spectra. ¢) The NH; calibration absorbance
used to model the fitted spectra (approx. 40 mg m™). d) Example of solar spectral measurements
when crossing the target plume. €) Example of a box measurement around a target farm.

2.2. Emission quantification
2.2.1. Emission Calculation

The gas flux is obtained first by integrating the measured column concentrations
across the plume and hence the integrated mass of the target gas species can be
obtained (Eg. 1). Furthermore, to calculate the flux, the integrated mass is
multiplied by the wind speed parameter, u: (m s) Eq. (1).

Enyz(mg s™') = u(ms™) [, Columnyys, (mg m=2) - cos(6,) - sin(a;) dl(m) (1)
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where, p is the transect path across the plume, | corresponds to the travel distance,
a is the angle between the wind and driving direction. The slant angle of the Sun
is compensated by multiplying the concentration with the cosine factor of the solar
zenith angle 0.

2.2.2. Determination of the wind speed parameter

The wind is a crucial part of the SOF emission quantification (Eq. 1). SOF retrieves
vertically integrated concentration; for this reason, the wind parameter (u, Eq. 1)
should correspond to the plume speed. However, wind speed measurements are
not straightforward; as usual, the wind is disturbed close to the ground and
increases with the height above the surface. Therefore, an approximation of the
plume speed, to be used u, is the averaged integrated wind profile (IWPavg, EQ. 2)
from the ground to the plume height (Fig. 2b). An assumption applied here is that
the plume is vertically well mixed, meaning similar concentration from ground to
plume height, which is usually the case during sunny conditions. Additionally, in
very unstable atmospheric conditions, the wind speed gradient is smoothed out by
convection (Fig. 2a).

The IWPayq is obtained using Eq. 2, where H is the plume height (Section 2.2.3),
and u; is the horizontal wind speed (m/s) measured at the different heights (z).
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Fig. 2: a) Averaged wind profile measured for 1 hours using LIDAR, the error bars correspond
to standard deviation. b) Typical wind