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Nomenclature

Au Autumn

Crust, crusting See Natural crust
DM Dry matter

Enus NH; emission

FL Filling level

IHF Integrated horizontal flux

miniDOAS Differential optical absorption spectroscopy
(DOAS) instrument for optical open path
measurements of ambient air
concentrations of ammonia
Natural crust A natural crust is formed due to the
transport of solids suspended in the
slurry being carried to the surface by gas
bubbles generated by microbial
degradation of the organic material.
Evaporation at the surface of the store
promotes drying and binding of the
particles. These processes induce crust
formation (Misselbrook et al., 2005)

PI Precipitation intensity

S Season

Sp Spring

Su Summer

TAA Time span after the previous agitation event
TC Temporal coverage

Temp Air temperature

Uzo Wind speed (m s ') measured at 10 m height
Wi Winter

WS Wind speed

1. Introduction

Livestock production systems producing slurry are wide-
spread in many countries. Slurry stores have been identified
as important sources of ammonia (NH;) emissions (Kupper
et al., 2020). Ammonia has a series of negative effects on the
quality of air, soil and water, and on ecosystems and biodi-
versity. Moreover, it indirectly affects the human respiratory
tract through the formation of particulate matter (Sutton
et al., 2011). In 1999, NH; emissions were therefore included
in the Gothenburg Protocol to Abate Acidification, Eutrophi-
cation and Ground-level Ozone (UNECE, 1999). The parties to
this Protocol are obliged to report on their emissions and to
control compliance with the national emission ceiling values
according to methods provided by EEA (2019) air pollutant
emission inventory guidebook. Such methods require the
underlying parameters to be based on reliable data. Kupper
et al. (2020) showed in their review that wide variability oc-
curs in measurement data, which impedes appropriate
determination of emission factors.

Slurry stores are complex systems in which NH; emission
is driven in many ways (Sommer, Christensen, Schmidt, &
Jensen, 2013; Sommer et al., 2006; VanderZaag, Gordon,
Glass, & Jamieson, 2008). The principal mechanisms include

microbial breakdown of nitrogen (N) in the bulk slurry, which
produces dissolved ammonia NHs(aq) in equilibrium with
ammonium NHj(aq). Depending on prevalent chemical
equilibria and given that NHs(aq) and NHj(aq) (denoted as
total ammoniacal nitrogen, TAN) are not degraded by micro-
bial processes, these molecules move towards the surface of
the store by diffusion and convection. At the slurry—air
interface, the molecules pass boundary resistances and
disperse into the atmosphere. Transport within the liquid
phase depends on the temperature of the slurry (molecular
diffusion) and slurry disturbance (advection) induced for
example by agitation or by wind shear at the surface. The gas-
phase transfer is driven by both temperature and wind speed
at the slurry surface (VanderZaag, Amon, Bittman, &
Kuczynski, 2015). Surfaces surrounding the emission source
that are moist due to rainfall result in sorption of NH; as
observed by e.g. Petersen, Dorno, Lindholst, Feilberg, and
Eriksen (2013). A natural crust on the slurry surface can
form, which reduces the transfer of NH; between the liquid
and the air and provides an environment for microbial activity
leading to consumption of NH; (Nielsen, Nielsen, Schramm, &
Revsbech, 2010). Crust formation depends on the number of
fibre particles in the slurry, which is influenced by the slurry
type, animal species and their diets, the height of the slurry
bulk layer in the stores, meteorological conditions (Smith,
Cumby, Lapworth, Misselbrook, & Williams, 2007) and opera-
tions at the slurry store.

The complex interactions associated with prevailing
meteorological conditions and store operations must be
considered when determining emissions (Grant & Boehm,
2015). It is hardly feasible to create conditions at laboratory-
or pilot-scale which are equivalent to the real-world (Baldé
et al.,, 2018). Therefore, measurements at farm-scale over an
adequate time period are required, since there have been few
such investigations.

2. Material and methods
2.1. Farm and storage tank

The investigated slurry tank is situated approximately 70 m
west of a dairy farm (Fig. 1). It is a circular open tank of
enamelled steel 21 m in diameter and 4.5 m in height with a
surface area of 346 m?, and a capacity of 1558 m>. The tank is
fed from a 100-head dairy house with cubicles, natural
ventilation and an adjacent open exercise yard. The dairy
housing is located south-east of the storage tank (at approx.
120° N). Wind rarely comes from this direction, i.e. less than
10% of the time. Both the house and the yard have a solid floor,
which is regularly cleaned with a scraper. The cubicles are
littered with short straw. The slurry was collected in a pit and
periodically pumped to the tank via pipes mounted over the
rim of the tank. Between 17 May 2016 and 30 January 2017, an
immersion pipe was assembled at the outlet of the feed pipe
and the slurry entered the tank below the slurry surface.
However, due to freezing of the immersion pipe, it was
removed at the end of January 2017. A propeller agitator and
the extraction pipe were located opposite the feed pipe. There
were no other stationary sources, such as farms in the


https://doi.org/10.1016/j.biosystemseng.2021.01.001
https://doi.org/10.1016/j.biosystemseng.2021.01.001

38 BIOSYSTEMS ENGINEERING 204 (2021) 36—49

o 1§ 0m
Ahied {2 082018 18230
hibsis geoaiminchETe T

e

Fig. 1 — Configuration of the slurry tank and the farm (source: https://map.geo.admin.ch) with wind distribution during the
measurements. The red line shows the measuring path of the miniDOAS device. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

surrounding area of the tank at less than 700 m distance,
which could have affected the measurements. Temporary
NH; emissions due to agricultural activities (e.g. manure
spreading) could have occurred near the tank during the
measurements.

2.2. Measurements

2.2.1. NH; concentrations and meteorological parameters

A line-integrated measurement of NH; concentration was
performed at the rim of the tank using a miniDOAS
(Sintermann et al., 2016) (Fig. 2). The miniDOAS is an open
path device and thus avoids interactions of NH; with tubing,
inlets, and filters, which provides significant advantages for
high measurement accuracy. It operates broadband in the
UV range with a time resolution ranging from 20 to 500 ms for
individual spectra. In the present study, individual spectra
integration times ranged between 200 and 500 ms. These
were averaged to 10-min means, from which the corre-
sponding NH; concentration was derived by fitting reference
spectra to the measurement spectra. The random uncer-
tainty of the concentration measurement is about 1.4%
(Sintermann et al., 2016) and for the present experiment on
average 3.7 ug m—> in absolute terms, derived as standard
error of the spectral fit. This remained roughly constant over
the entire measurement campaign. In addition, in the middle
of the tank, a concentration profile 1 m below and 1 m, 2 m
and 3 m above the miniDOAS path was measured using
passive samplers (Radiello® diffusive samplers (Thimonier
et al., 2019)) with an exposure time of one week. At approx-
imately 750 m distance in a north-easterly direction and
away from agricultural sources, background concentrations
were measured with the same type of passive samplers over
periods of four weeks.

The measurements of the wind speed profile were con-
ducted adjacent to the tank (10-min averages) at the same
heights as the three passive samplers situated above the
miniDOAS path using cup anemometers (Campbell Scientific,
Fig. 2). A 3D sonic anemometer (WindMaster™Pro, Gill In-
struments Limited, Lymington, UK) was mounted at 10 m
height. Two additional cup anemometers were located at the
rim of the tank towards the main wind directions of west and
north-east by east. A temperature profile was measured (10-
min averages) at the rim of the tank and 1 m, 2 m and 3 m
above it. The precipitation intensity and the relative air hu-
midity were measured at 10-min intervals at 4.5 m above the
bottom of the tank.

The measurements of NH; concentrations and meteoro-
logical parameters lasted from 30 January 2015 until 18 April
2017 except for the passive sampler data, which covered the
time between 5 April 2016 and 18 April 2017. During the
measuring period, 88% of the measurement time produced
valid data, i.e. simultaneous records from measurements of
NH; concentration and wind speed.

2.2.2. Operations at the storage tank and sampling of slurry
On 14 August 2015 and 23 March 2017, slurry samples were
collected and analysed for dry matter (DM), volatile solids,
total nitrogen (N), ammonium-N (NHj-N), phosphorus, po-
tassium, calcium, magnesium and sulfur. From 30 January
2015 until 18 April 2017, operations at the slurry tank (agita-
tion, filling, discharging) were recorded by means of a web-
cam. In addition, the recorded pictures were used for a visual
assessment of the coverage of the tank surface by a natural
crust. The filling level of the tank was logged using an optical
distant measurement sensor (LIDAR-Lite v3, Garmin, Neu-
hausen, CH) at 10-min intervals. From August 2016 onwards,
the thickness of the natural crust was measured from the rim
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Fig. 2 — Configuration and positions of measurement devices. Concentration measurements of NH;: miniDOAS, PSP0-PSP3:
Radiello® passive samplers. Temperature at the levels of the NH; measurements: TP1, TP2, TP3; temperature sensors. Wind
speed and turbulence: WvP1, WvP2, WvP3, WvR1-WvR2: cup anemometers; Wv3D: 3D sonic anemometer. HO, H, H1, H2, H3,
H4: heights of the devices above the bottom of the tank; DiSSt: length of the miniDOAS path.

of the tank at one position opposite the agitator. The method
used is similar to that of Smith et al. (2007). Further informa-
tion is provided in Supplementary information 1.

2.3. Emission calculation

NH; emissions (Eyps) were calculated from the linearly scaled
product of the 10-min average of the wind speed uio,
measured at 10 m height, and the 10-min average of the NH;
concentration cpoas provided by the miniDOAS, Engs = s1+
S2*U10Cpoas. This scaling approach assumes that the average
horizontal flux uiocpoas over the path of the miniDOAS scales
linearly with the effective emission. The scaling coefficients s,
and s; were derived from parallel measurements of the NH;
flux using the integrated horizontal flux (IHF) method, e.g.
Harper, Denmead, and Flesch (2011) during a period of 371
days. The IHF flux was calculated as weekly averages from
profile measurements of the horizontal wind speed at the
ridge of the tank and the concentration increase relative to the
background at four and five heights in the centre of the tank,
respectively. The concentration profile was measured with
passive samplers on a weekly basis, whereas the 10-min
average values of the wind speed was aggregated to corre-
sponding weekly averages. More information on how the IHF
method was employed is provided in Supplementary
information 2. The product of u;p and cpoas was calibrated
against the measured IHF fluxes (Fiyr), whereby both values
(u10) and (cpoas) were averaged over the sampling time of the
passive samplers (one week) beforehand (Fig. 3). The scaling
coefficients were derived from a robust, linear regression that
is symmetric in both Fjr and uioCpoas (pbreg from the R
package deming; Therneau, 2018).

Fir [9 NH3 m? h_ll
0.00 0.05 0.10 0.15 0.20 0.25

| I I [ I I |

0 100 200 300 400 500 600
U1oCpoas

Fig. 3 — Scatterplot with regression line of the robust, linear
regression between the IHF emission flux (Fiyr) based on
weekly average values from the passive samplers and
U10Cpoas Weekly average values of the product between u;o
the wind speed (m s™) at 10 m height and cpoas, which is
the NH; concentration in pg m~—> measured with the
miniDOAS. The regression line corresponds to the final
calibration of the NH; emission (Exns) in Eq. (1).

The 10-min estimates of Eyys derived from the miniDOAS
measurements are calculated as:

ENH3 = 199*1076 + 4.78*1074*1/[10(:]30;\5 (1)
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1

where Eyys is given in g NH; m™2 h™?, uy, is given in m s~* and

; -3
Cpoas IN pgm ~.
2.4. Linear regression analysis for influencing factors

We conducted a regression analysis based on the following
factors that were hypothesised to substantially influence the
level of NH; emission from the tank:

i) Time span after agitation: crusting, which acts as a
barrier to gas release, occurs at a slurry DM content
of >40 g ! (Misselbrook et al., 2005). In the present
study, the average DM content was 56 g L7’
(Supplementary information 3). In addition to DM,
agitation is the most relevant factor for crusting
since it destroys the natural crust. Considering that a
natural crust builds up with time after an agitation
event, we used the time span after slurry agitation as
a surrogate for the occurrence of a natural crust. We
defined the occurrence of a completely crusted sur-
face as having at least 10 cm of thickness, and thus
inducing a relevant reduction of NHj3 emissions
(Misselbrook et al.,, 2005), at least 14 days after
agitation. For a time span between one and 14 days
after agitation, we assumed a presence of a partly
crusted surface or a surface crust of less than 10 cm
thickness and a limited decline of NH; emissions. Up
to one day after agitation was defined as a period
without a natural crust where the transport of TAN
towards the slurry surface, and thus NHj; release, is
enhanced. In the following text, we use the term
“TAA” for the time span after agitation.

Filling level of the tank: with an increasing tank
filling level, more fibrous material per m? surface is
available in the bulk slurry and can move up to the
surface, thus enhancing crusting (VanderZaag et al.,
2015).

Precipitation intensity, temperature and wind speed:
NH; emissions are influenced by precipitation
(Petersen et al. (2013), temperature and wind speed
(Ni, 1999).

ii

=

iii

=

For the analysis, ordinary least squares regression was
performed. The response variable (NH; emission in g m~2
h™) was the (10-min) emission estimates from the mini-
DOAS measurements (Eyps), transformed by a log 10 trans-
formation. The independent variables were the TAA
provided as categories <1d, 1-14 d and >14 d after agitation,
the filling level of the tank (two categories: <1 m and >1 m),
precipitation intensity (three categories: 0 mm h™!, 0.1-
<2 mm h™! and 2-10 mm h™?%), air temperature at the upper
rim of the tank T4 s, (in °C) and the logl0 of wind speed at
10 m height Ujo, (in m s7%). Interaction between the TAA
categories and the other predictor variables (filling level,
precipitation intensity, air temperature and wind speed) was
included to reflect different effect sizes of these variables for
different TAA categories. The defined categories for TAA,
filling level and precipitation intensity were determined
based on expert judgment.

The regression equation is given by

log 10(Enns) = dbase + Ataa + ArL + Apr + Br,o, *Tasm

+ Buyg,, *10814(Uom)
where
0,if TAA="<1d
ATAA = o1-144 , If TAA:/]. - 14 d/
Q>14 4 , If TAA:/ Z 14 d/
0,if FL=" <1m’
A — OFL>1m<1d » l.fFL:,>1m, and TAA='<1d
7Y aps1ma1aa, if FL=">1m and TAA="1 - 14 d'
QrLs1m>14d, if FL=">1m and TAA='> 14 d’
0, if PI='Ommh™"
apl,,<1d, If PI='0.1— <2mmh™ and TAA=' < 1d'
QpL, 41-14 d 5 lf PI='0.1 - <2mm hil/ and TAA='1 - 14 d’
Ap =< ap 5144, If PI='0.1— <2mmh™" and TAA=' > 14 d'

apr,<1d, if PI='2—10mmh™" and TAA=' < 1d’
app,1-1ad, if PI='2—10mmh™" and TAA="1 - 14 d’
app,>1ad ; if PI='2 =10 mmh™ and TAA=' > 14 d

Br,<14d, if TAA=' <1d
BT“"‘ = 6T45m-1*14 d s lf TAA="1-14d
67'45"..214(1 5 lf TAA='>14d

and

Bum<14d, If TAA=" <1d'
Buyon = { Bugma-1aa, f TAA=1-14d'
Buigm 144 If TAA="> 14 d'

are the corresponding coefficients.

The log—linear relationship between the emission and the
influencing parameters implies that the effect of a parameter
is larger for higher emission values, i.e. relative to the emis-
sion value.

3. Results and discussion
3.1. Operations at the storage tank

To evaluate the TAA as a surrogate for crusting, we
measured the crust thickness at different time spans after
agitation (Supplementary information 1). Thirteen mea-
surements revealed a crust with >10 cm thickness after >14
days after the last previous agitation, which corresponds to
42% of the total of 31 measurements. In ten cases (32% of
measurements), no crust or a crust with less than 10 cm
thickness occurred at less than 14 days after the last pre-
vious agitation. But, in four cases (13% of measurements), a
crust with >10 cm thickness was present after less than 14
days, i.e. after 10 days on average. In four cases again, a
natural crust of less than 10 cm of thickness existed after
more than 14 days. This was in late autumn 2016 when the
filling level was below 0.5 m and thus little fibrous material
was available to form a stable crust (Supplementary
information 1, Fig. 1). Overall, 74% of the measurements
were able to correctly allocate the state of crusting to the
definition of TAA 1—-14 d (weak or partial crusting) and >14 d
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(completely crusted surface). Additionally, periodic on-site
inspections and the visual assessment of the webcam pic-
tures confirmed that two weeks after agitation, the whole
tank surface was covered by a natural crust. Wood, Gordon,
Wagner-Riddle, Dunfield, and Madani (2012) showed in a
pilot-scale study that the emission-reducing effect can be
partly offset if cracks occur in the crust. It was not possible
to include crack occurrence in the crust and to assess its
impact on emissions.

VanderZaag et al. (2015) suggested that crusting is
enhanced by an increasing tank filling level. Specific numbers
regarding this influencing factor are not available. In our
study, the filling level was on average 1.4 m ranging from 0.2 m
to 4.1 m with higher levels in winter and spring (Fig. 4).

Both agitation and filling of the tank destroy the natural
crust. Over the entire measuring period, one or two agitation
events occurred per month on average (Table 1,
Supplementary information 1, Table 1). The operation time of
the agitator was 178 h in total and on average ca. 3.5 h per
event. The operation duration per year reached ca. 70 h. Filling
of the tank occurred approximately twice per month. The
average duration of one filling event was ca. 2.5 h. Emptying of

slurry might also impair the crust but mostly coincides with
agitation and is thus not separately addressed here.

Data on tank operations from the literature is scarce.
Approximately 20 agitation events occur per year at ca. 30% of
Swiss farms, while the remaining 70% agitate the slurry tank
once per month or less (Kupper, Bonjour, & Menzi, 2015).
Kariyapperuma et al. (2018) reported two agitation events and
two periods with slurry addition over one year. The same was
found for a farm in Canada, where Baldé et al. (2018) reported
agitation only before removal of slurry, which occurred in
autumn. This suggests that slurry agitation and tank filling
occurred much more frequently at the investigated farm than
has been found in other production systems.

3.2. Emissions from the storage tank

Figure 4 shows the NH; emissions over the two-year
measuring period, the operations at the tank and the course
of meteorological parameters. The yearly average emission,
based on mean values from winter, spring, summer and
autumn included in the entire measurement period (30
January 2015 to 18 April 2017), was 0.065 g NH; m™
h™'+0.110 gNH; m 2 h ' with a range between a minimum of

gNH; m? h'

MH3 emission

Air temperature

Wind speed

_ 2.0 Precipitation intensity
= 1.5
E 1.0+
E 0'5 -
00 -I T [ T T
01/01/15 01/07/15 01/01/16 01/07/16 01/01/17

Fig. 4 — NH; emissions (g NH; m~2 h™") from the storage tank between 30 January 2015 and 18 April 2017: the daily (grey
line) and monthly (bold black line) average values are provided. Monthly averages based on less than 75% of the time of the
months are presented by a dotted line. Below, the daily averages of the influencing factors are shown: filling level of the
tank (m), with lines at the top of the graph indicating the agitation events, air temperature (°C), wind speed (m s~*) and

precipitation intensity (mm h~?).
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Table 1 — NH; Emissions from the storage tank. The measuring periods are aggregated to the seasons (S) winter (Wi), spring (Sp), summer (Su) and autumn (Au) and the
average over all seasons (All). Three winter and spring seasons and two summer and autumn seasons are included. The temporal coverage (TC) is given as the number of
hours and the percentage coverage of the measuring period duration. The emissions are given in g NH; m~2 h~* as average, standard deviation (SD) and range between
the minimum and maximum of 10-min measuring intervals. Parameters related to 10-min measuring intervals: average air temperature (Temp) in °C measured at 4.5 m

height; wind speed (WS) in m s~! measured at 10 m height; precipitation: proportion of measurement intervals with precipitation measured at 1.0 m height in %;
precipitation sum (3) in mm, measured at 4.5 m height; average frequency of agitation and filling of the tank and average duration per event in h, average filling level (FL)
of the tank in m and time span after agitation: percentage distribution of <1 day, 1-14 days and >14 days and average number of days after the last previous agitation
event. The TAN flow into storage tank is given in kg TAN.

s? TGP NH;-emission Temp® WS¢ Precipitation® Agitation Filling FLf Time span after TAN-flow

agitation into tank
Number h/% Average  SD Range Average Average number m <1d 1-14d >14d Days
gNH,m *h ! °C mst % 3 (mm) of events/duration in h % % % kg TAN

Wi 4673 h/72% 0.025 0.043  <0.001—0.958 3.5 14 13 124 1.3/6.5h 6.7/3.0h 1.8 2 16 82 38.9 1320

Sp 5096 h/77% 0.110 0.154  <0.001-1.403 12.3 1.5 15 231 7.0/3.5h 6.3/25h 1.6 10 46 44 15.6 1193

Su 3319 h/75% 0.064 0.104  <0.001-1.669 20.3 1.0 11 219 4.5/3.1h 7.0/1.6h 14 6 38 56 19.2 1241

Au 3934 h/90% 0.063 0.085  <0.001—-0.800 10.3 1.3 11 157 5.0/2.6 h 6.0/3.2h 0.8 5 37 58 19.6 1218

All 17,022 h/78% 0.065 0.110  <0.001-1.669 11.6 1.3 12 730 17.8/3.4h 26/2.6 h 14 6 34 60 233 4972

a

b

S: season: Wi: winter, Sp: spring, Su: summer, Au: autumn.

TC: temporal coverage in h; %: percentage temporal coverage of the measuring period duration.

Temp: air temperature.

WS: wind speed.

€ Precipitation %: proportion of measurement intervals with precipitation; precipitation  : precipitation sum in mm; the percentage denote the proportion of precipitation captured during 10-min
measuring intervals with valid emission data relative to the total precipitation sum.

£ FL: filling level.

c

d

(44
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<0.01 g NH; m2 h™! and a maximum of 1.67 g NH; m—2 h~?
(Table 1). For 2015 and 2016, the average emissions were 0.077
NH; m2 h™' + 0128 NH; m 2 h™! and 0.048 NH; m?
h™' + 0.077 g NH; m™2 h™', respectively (Supplementary
information 5). Due to the simplified emission calculation by
the scaling approach described in section 2.3, the uncertainty
in emission values could be higher than the variation indi-
cated by the standard deviation.

The emission trends within a day and during the four
seasons correspond to the expected pattern, with highest
emissions between sunrise and sunset, particularly in the
early afternoon, and in warm seasons (Fig. 5), as previously
observed in other studies (Baldé et al., 2018; Grant, Boehm,
Lawrence, & Heber, 2013). The diurnal emission patterns
were most pronounced for warmer seasons, while diurnal
emission variability was small during wintertime.

The emission values are in line with the range reported in
the literature. A recent literature review by Kupper et al. (2020)
determined baseline emissions for untreated cattle slurry
stored uncovered in tanks of 0.08 g NH; m 2 h™* (range be-
tween lower and upper 95% confidence interval:
0.07—0.09 g NH; m 2 h~%). These values are based on emission
measurements at pilot-scale and farm-scale. For the subset of
data from farm-scale studies, the review determined emis-
sions of 0.09 g NH; m~2 h~? (range between lower and upper
95% confidence interval: 0.05—0.13 g NH; m 2 h™%).

Annual emissions per unit of TAN or more precisely, scaled
to the TAN flow into the store, is commonly used for inventory
calculations (EEA, 2019). For this, the annual flow of TAN into
the store and the annual NH; loss therefrom are required. We

calculated the TAN flow by using the slurry production of
3583 m® y~!, which is based on the sum of the measured
changes in the filling level and the tank surface. The volume of
produced slurry compares well with the average production of
3680 m® y ' derived from Richner et al. (2017), given a 1:0.6
dilution of the slurry with water, the slurry dry matter content
of 56 g L™ of the present study and a standard dry matter
value of 90 g L' for undiluted cattle slurry, according to
Richner et al. (2017). Combined with the TAN content of the
slurry of 1.39 g L™? (Supplementary information 3), a flow of
4972 kg TAN y~! into storage was calculated. Based on the
average emission of 0.065 g NH; m 2 h ' and the tank surface
area of 346 m?, the cumulative annual NH; loss from the tank
is 163 kg NH;—N y~*, which corresponds to an annual emis-
sion of 3.3% scaled to the TAN flow into the store. This is
substantially lower than the value from EEA (2019), which
provides an emission factor of 25% of TAN as Tier 2 default
value for cattle slurry. Kupper et al. (2020) reported in their
review emissions of 16% of TAN based on almost exclusively
pilot-scale studies.

For the calculation of emissions from storage per unit of
TAN, the residence time of slurry in the store is crucial for
pilot-scale studies which start with the filling of an experi-
mental tank with slurry and end with the termination of the
emission measurements. The initial amount of slurry with a
given TAN content in the experimental tank constitutes the
initial amount of TAN. The relative TAN loss increases pro-
portional to the residence time since the measured emission
rates are accounted for over a longer time period on an
amount of TAN present in the store. The residence time
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Fig. 5 — Diurnal pattern of NH; emissions (g NH; m~2 h™") from the storage tank over the seasons captured between 30
January 2015 and 18 April 2017. The 25% percentile (lower dashed grey line), the median (grey solid line), the average (black
line) and the 75% percentile (upper dashed grey line) are shown. The time of day is UTC+1. The timespan of sunrise and
sunset is highlighted in orange (Agafonkin & Thieurmel, 2018). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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assumed by Kupper et al. (2020) is equivalent to the duration of
the experiments, which was on average approximately 150
days. For our study, a tank surface area of 346 m? and an
average slurry volume in the tank of 485 m? occur given the
1.4 m average filling level (Table 1). Our calculation yields a
residence time of slurry in the tank of 51 days. This and the
higher emissions of pilot-scale studies (approximately
0.10 g NH; m~2 h™%) explain the difference in emissions from
storage per unit of TAN between this study and the review by
Kupper et al. (2020).

The emission factor provided by EEA (2019) is based on
annual average emissions on an area basis related to a store
with a 3 m filling level and an average TAN concentration of
the slurry obtained from underlying studies. This approach
does not imply a turnover of slurry across the store. The
procedure given by EEA (2019), which was employed for the
slurry store of the present study (i.e. emission: 0.065 g NH; m 2
h~%; filling level: 1.4 m; TAN content of slurry: 1390 g m™)
would produce an emission of 29% of TAN (calculation pro-
vided in Supplementary information 4). This is similar to the
EEA (2019) emission factor which is 25% of TAN. Here, the
difference between the EEA (2019) approach and this study is
mainly due to the lower emissions on an area basis and slurry
filling level of this study compared to the corresponding un-
derlying data of EEA (2019) provided by Sommer, Webb, and
Hutchings (2019). The low filling level and the short resi-
dence time of slurry found in the present study are due to
frequent emptying of the tank. This can be considered as
typical for production systems where slurry is commonly
applied to grassland after fodder harvest, and such systems
are likely to be used in conditions with favourable herbage
production and thus high cutting frequency.

At farm-scale, a store is never completely empty or is
evacuated only a few times during the year. For farm-scale
studies, the TAN load in the store is based on the slurry vol-
ume entering the store which can be determined from the
sum of changes in filling level over the year and the TAN
content of the slurry. The store surface area and the annual
average emission on an area basis yield the total NH; loss. In a
study conducted at farm-scale, Baldé et al. (2018) calculated a
loss of 16% of TAN for untreated cattle slurry stored uncovered
with storage emptying in spring and autumn. They reported a
higher emission level (0.11 g NH; m~2 h™%) but a comparable
chemical composition of the slurry to that found in the pre-
sent study. Under the assumption that the emission on an
area basis is independent of the TAN load in the store and the
store surface area, we can extrapolate the emission of Baldé
et al. (2018) (0.11 g NH; m 2 h™?) to our store with the flow
into store of 4972 kg TAN y ! and the surface area of 346 m”.
This results in an emission of 5.5% of TAN. The remaining
difference between the 5.5% and the 3.3% of TAN of our study
is due to the emission on an area basis which is higher by a
factor of 1.7 in Baldé et al. (2018). These authors stated that the
employed micrometeorological techniques are biased towards
windier conditions due to the removal of measurement data
at low wind-speeds which would likely result in an over-
estimation of the true annual NH; emission. The store which
they investigated was an earthen basin with an area size of
6665 m?. The turbulence at the slurry surface and thus the
emissions are likely to be substantially higher under these

conditions than at our store, where the slurry surface was on
average 3.1 m below the upper rim of the tank walls. Conse-
quently, the reported 16% of TAN loss is substantially higher
than that of the present study. Apart from the emission level,
differences in TAN loads and surface area could explain the
discrepancies in emissions per unit of TAN between the two
studies.

These considerations illustrate that a large range in emis-
sions from slurry storage per unit of TAN occurs in the liter-
ature, in the EEA (2019) air pollutant emission inventory
guidebook and in farm-scale studies. In principle, emissions
per unit of TAN depend on the annual TAN flow into the store,
the store surface area and the annual average emission on an
area basis, assuming that these three parameters are mostly
independent of each other. The annual TAN flow into the store
is also related to the slurry residence time in the store or the
slurry turnover rate per year. The latter is given by the TAN
flow into the store due to the frequency of slurry filling and
emptying. These parameters vary largely among the different
approaches and also fluctuate between farm production sys-
tems and store types. This variability should be further
explored and included in the approaches for emission calcu-
lation to achieve adequate emission factors based on the TAN
flow for inventory calculations.

3.3. Influence of operations and meteorological
conditions on emissions from storage tank

3.3.1. Overview

We analysed the impact of crusting, which is affected by op-
erations at the tank, and meteorological conditions on emis-
sions based on the classification given in Fig. 6. Emissions in
dry weather conditions are progressively reduced with TAA
1-14 d and >14 d compared to TAA <1 d atidentical categories
for filling level, wind speed and temperature (Fig. 6A). This is
related to the enhanced formation of a natural crust. When
precipitation occurs, sorption of NH; onto wet areas and
dilution of the TAN concentration at the emitting surface
seem to dominate over the emission-reducing effect of
crusting. This is reflected by unstructured emission levels
independent of the TAA when precipitation occurs (Fig. 6B and
C). For TAA >14 d, emissions at a filling level <1 m exceed
those associated with a filling level >1 m for all comparisons.
This suggests that lower emissions at a higher tank filling level
are related to the occurrence of a natural crust. A similar
systematic emission pattern does not occur for filling levels
<1 m and >1 m for TAA <1 d and 1-14 d, respectively. Here,
crusting had probably not yet occurred or was incomplete.

In the present study, a TAA >14 d, representing the
occurrence of a natural crust, prevailed for over 60% of the
experimental period. During this time, the average emission
reached 0.044 g NH; m~2 h~?, which resulted in 39% of the total
emissions. Although the tank exhibited a non-crusted or
partly crusted surface for only 40% of the time, these condi-
tions were associated with 61% of the total emissions, with an
average emission level of 0.103 g NH; m~2h~ L. This illustrates
the effect of a surface crust on the emission level from slurry
storage.

The emissions are higher at wind speed >1 m s~* than at
wind speed <1 m s™* for almost all comparisons, as shown in
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Fig. 6 — Average ammonia emissions in g NH; m~2 h~* for the given combinations of influencing factors based on
measurements between 30 January 2015 and 18 April 2017. The vertical bars show the standard error determined by
bootstrapping (Efron, 1987). The plots are outlined according to the influencing factors: the three bars indicate the time span
after the previous agitation event <1 d, 1-14 d and >14 d (TAA), which are surrogates for no natural crust present, weak or
partial crusting and well-developed natural crust, respectively. The horizontal classification includes the filling level, FL
(<1 m; >1 m), and the wind speed, WS (<1 m s~%; >1 m s~ ). The vertical classification comprises precipitation intensity, PI:
A:0mmh~%B:0.1-<2 mm h~%; C: 2-10 mm h~?) and the air temperature, Temp (<10 °C, >10 °C). The numbers at the top of
the subplots indicate the number of 10-min measuring intervals.

Fig. 6. Similarly, at temperatures >10 °C, emissions are mostly
higher than at <10 °C, although this is less pronounced when
precipitation occurs. Both effects are due to physical-chemical
mechanisms described by Ni (1999) and Sommer et al. (2006).

Meteorological conditions and crusting of the tank surface
can also explain the occurrence of the highest emissions in
spring 2015 and 2017 with 0.126 NH; m 2h™* + 0.176 NH; m 2
h ' and 0.187 NH; m2 h™' + 0.163 g NH; m2 h*’
(Supplementary information 5). This contrasts with the anal-
ysis of Kupper et al. (2020), who reported an emission increase

in the order of cold < temperate < warm season. In the present
study, the greater average wind speed (spring: 1.5 m s}
summer: 1.0 m s ') and the lower average TAA for spring
(spring: 15.6 days; summer: 19.2 days; Table 1) were factors
enhancing emissions in spring but less so in summer. A TAA
>14 d, which occurs in both spring and summer, suggests a
well-developed crust that mitigates emissions. Figure 7 shows
that the mitigation effect of the crust further increased
beyond 14 days after agitation, which predominately applies
to summer when emissions are lower than in spring. The
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Fig. 7 — NH; emissions (g NH; m~2 h~") from the storage
tank after agitation in days. The blue dots show the
individual emission values and the solid line indicates the
locally smoothed trend. The vertical dotted line shows 14
days after agitation. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)

temperature was higher in summer, which would have led to
greater emissions. But Fig. 6 and the linear regression analysis
show that the effect of wind speed was stronger than that of
temperature.

3.3.2. Linear regression analysis

The analysis in the previous paragraph illustrates the emis-
sion response to both operations at the tank and meteoro-
logical conditions. In addition, the employed regression model
provides a quantitative analysis of the observed effects,
including interactions between them. The selected indepen-
dent variables are key parameters derived from the physical-
chemical mechanisms driving emissions (Misselbrook et al.,
2005; Ni, 1999).

The results of the regression analysis are summarised in
Table 2, which shows the coefficients associated to a covariate
with the corresponding standard error. The base case is
defined as follows: TAA: <1 d, filling level (FL): <1 m, precipi-
tation intensity (PI): 0 mm h~?, air temperature at 4.5 m: 0 °C,
wind speed u10 (at 10 m height): 1 m s~*. The NH; emission for
the base case is then according to Eq. (2). and Table 2:

Enps =108, g0these 2. 107%%° =01 gNH; m 2 h™"

The “Relative effects” column shows the percentage by
which an emission changes relative to the base within the
three TAA categories for the filling level >1 m, the two classes
of precipitation intensity 0.1-<2 mm h™* and 2-10 mm h™?, air
temperature per increase by 1 °C and when doubling the wind
speed. All investigated effects are statistically significant
(p < 0.05; Table 2).

To illustrate the regression analysis, emission estimates
for some conditions are provided: example “a” TAA = ‘<1d’,
FL=>1m’,PI=‘0mmh 7, air temperature = 15 °C and wind
speed = 1 m s~ ' is calculated as 107%-9° ~ 01271570008 'which is
equal to 0.102 g NH; m 2 h . Given the conditions of example
“a”, but after 14 days after agitation (TAA = ‘>14 d’), the
emission is calculated as 107092 — 0-61 = 058+1570.025 hich is

equal to 0.016 g NH; m 2 h~%, corresponding to —85% (Table 2:
combining the relative effects of TAA = ‘>14 d’ (-75%),
FL = ‘>1 m’ given TAA = ‘>14 d’ (—74%) and air temperature
equal to 15 °C when TAA = ‘>14 d’ and not TAA =‘<1d’ (15 *
(6%—1.9%) = +61.5%)). Another example, given again condi-
tions for “a” but with a wind speed =2 m s~ (+100% compared
to conditions “a”), the emission increases by +100% (Table 2
relative effect of wind speed given TAA = ‘<1 d’) to
0.205 g NH; m~2h~? (107°%° — O.12+15*OAOO8+log10(2)*1.OO).

The effect related to time after agitation clearly emerges.
Emissions for the TAA 1-14 d were lower by 65% and >14 d by
75% than those for TAA <1 d (Table 2), which supports the
approach of TAA as a surrogate for crusting and the related
emission decrease. VanderZaag et al. (2015) state that a nat-
ural crust can lead to an emission reduction of 40%.
Misselbrook et al. (2005) found emissions lower by 50% due to
crusting in an experiment conducted at pilot scale. Grant and
Boehm (2015) reported a reduction in emissions from two la-
goons at a farm by 49% and 5%, respectively. These numbers
suggest that the influence of crusting might vary substan-
tially, probably due to differing coverage of the slurry surface
by and a varying structure (such as thickness or presence of
cracks) of the crust (Wood et al., 2012).

A filling level >1 m induced an emission reduction which
was highest for TAA>14 d (74% reduction). An increasing
filling level decreases the surface area to volume ratio. Slurry
stores with a low surface area to volume ratio are recom-
mended for NH3 emission mitigation as they minimise the
emitting surface and enlarge the distance that NHj(aq)/
NHi (aq) must diffuse before reaching the slurry surface. With
a filling level >1 m, more fibrous material is available to form a
crust (Smith et al., 2007; VanderZaag et al., 2015). The lower
emission level at a higher filling level is thus in agreement
with the literature.

Precipitation reduced emissions by 64%—86% with a
greater decrease at a higher intensity (2-10 mm h~?). The
reduction was lower for TAA >14 d. These outcomes are in line
with the results of Petersen et al. (2013), who found lower NH;4
emissions from pig slurry exposed to ambient weather con-
ditions than from the treatment where rainfall had been
excluded. Although rain exerts a strong influence on the
emission level, its effect is assumed to be rather episodic and,
therefore, the influence on total yearly emissions will be
limited due to the low proportion of time over the year with
precipitation — in this study, only 12% of the measuring in-
tervals exhibited occurrence of precipitation (Table 1,
Supplementary information 5).

The emissions became greater with increasing air tem-
peratures. This is due to the enhanced transport of dissolved
ammonia in the bulk slurry towards the emitting surface with
higher temperatures (Ni, 1999; Sommer et al., 2013). The
relative effect was lowest directly after agitation, i.e. TAA <1d,
with 1.9% rise in emission per air temperature increase by
1°C. At TAA 1-14 d and >14 d, the effect sizes were 4.7% and
6.0% emission rise per increase of air temperature by 1 °C,
respectively.

Increasing wind speed leads to enhanced advective trans-
port at the emitting surface and thus promotes emissions (Ni,
1999). Moreover, it can increase the transport of TAN from the
bulk slurry to the store's surface because of the effect of wind
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Table 2 — Effect size of regression coefficients (Coeff.), standard error of the effect size (SE (Coeff)), % change in emission per
unit change in covariate (Relative effect), relative to the reference based on the linear regression analysis. The coefficients

are allocated according to Eq. (2). t, p: test statistics and p-value of the two-sided t-tests. Sig.: significant results of the t-tests
(significance level o = 0.05) are labelled with an asterisk *.

TAA Covariates Variable Coeff SE (Coeff) Relative effect t p Sig.
Base® Base a Opase —-0.99 0.01 = —71.53 0.000 .
1-14d = Q1144 ~0.45 0.01 —65% —30.54 0.000 *
>14d = @514 —0.61 0.01 —75% —41.65 0.000 *
<1d FL>1m OFL>1met d -0.12 0.01 —-23% -9.19 0.000 *
1-144d FL>1m OFL>1mi-14d —0.06 0.02 ~12% -3.08 0.002 *
>14d FL>1m QFL>1 m>14d ~0.58 0.02 —74% —31.78 0.000 *
<1d PI0.1-<2 mm h~? pr <1 d —0.66 0.03 —78% —26.41 0.000 *
1-14d PI0.1-<2 mm h? Sy —0.57 0.04 ~73% ~15.62 0.000 *
>14d PI0.1-<2 mm h ! L,y 214 d —0.44 0.04 —64% -12.38 0.000 *
<1d PI=2-10 mm h? Pl <1 d ~0.85 0.04 —86% ~19.74 0.000 *
1-144d PI=2-10mmh? Pl 114 d -0.81 0.06 —85% ~12.64 0.000 *
>14d PI=2-10mm h Sy, s —0.44 0.06 —64% ~6.86 0.000 *
<1d Air temperature BTy <1d 0.008 0.001 +1.9%" 9.46 0.000 S
1-14 d Air temperature BTy m1-14 d 0.020 0.001 AT 15.82 0.000 *
>14d Air temperature [ 0.025 0.001 +6.0%" 20.77 0.000 *
<1d log1o(Wind speed) B i 1.00 0.01 +100%° 69.15 0.000 *
1-14d logio(Wind speed) BUson1-14 d 0.97 0.02 +96%° 45.71 0.000 *
>14d log:o(Wind speed) Bz 0.92 0.01 +89%° 43.96 0.000 *

2 The Base covariates are defined as time after agitation (TAA): <1 d, filling level (FL): <1 m, precipitation intensity (PI): 0 mm h~?, air tem-

perature at 4.5 m: 0 °C, wind speed at 10 m height: 1 m s™.

> Change per air temperature increase of 1 °C.

¢ The relative effect of covariate wind speed is proportional to the relative change in wind speed. The values provided represent a relative

increase in wind speed of +100% (i.e. doubling of wind speed).

shear and subsequent mixing of the slurry, which might also
prevent crusting. The relative effect of wind speed was
approximately equal to the relative change in wind speed and,
therefore, decreased with increasing wind speed: it was +89%
to +100%, +45% to +50% and +30% to +33% at a rise in wind
speed of +100% (e.g. from 0.5 m s™* to 1.0 m s7%), +50% (e.g.
from 1.0 ms ' to 1.5 m s7%) and +33% (e.g. from 1.5 m s~ ' to
2.0 m s7Y), respectively. The effect size of wind speed was
slightly higher at TAA <1 d and 1-14 d compared to TAA
>14 d.

Alower effect in relative terms does not necessarily imply
a smaller emission change in absolute figures. For example,
the rise in emission for TAA <1 d per increase of air temper-
ature by 1 °C is larger in absolute figures since the emission
level is higher for TAA <1 d than for TAA >14 d, ceteris paribus.
The same applies for wind speed. Overall, this means that the
emission increase in absolute figures is more pronounced
with an uncrusted surface for a rise in wind speed but less
strong for a rise in air temperature. This corresponds to the
results of Baldé et al. (2018), who found the weakest rela-
tionship between air temperature and emission compared to
that between wind speed and emission for slurry with a
crusted surface over short periods in a summer season. They
explained this by the effect of the crust, which acts as a barrier
to gas release. Their findings are mostly in line with the out-
comes of the present study.

Additionally, we further evaluated the high emission level
in spring using the regression model with 0.063 gNH; m 2 h~?
resulting for spring and 0.059 g NH; m~2 h~* for summer. The
calculated difference is smaller than that of the measured
values shown in Table 1. This suggests that a part of the

variation in the emission is not captured by the regression
model, which is indicated by the model's R? value equal to
0.60. Hence, other factors not included in the regression
analysis could play a role. This is shown in more detail in
Supplementary information 6 and 7.

4, Conclusions

The average emission over the two-year measurement period
was 0.065 +0.110 gNH; m 2 h~* with a maximum of 1.67 g NH;
m~2h~?, which is comparable to values given in the literature.
The highest emissions occurred in spring due to frequent
slurry agitation, which destroyed the natural crust. Annual
emissions per unit of TAN were 3.3% of the TAN flow into the
store. This is substantially lower than emission factors re-
ported in the literature or used for emission inventories but
can be explained by the low residence time of slurry in the
store, the TAN flow into the store, the store surface area and
emissions on an area basis. These parameters may vary sub-
stantially between farm production systems and, therefore,
should be considered for emission factors scaled to the TAN
flow into the store.

An increasing period of time after agitation leads to
decreasing emissions in dry weather conditions. When com-
bined with a filling level of >1 m, crusting was enhanced due
to the higher availability of fibrous material for crust forma-
tion, thus inducing a decrease in emissions. Based on the
regression analysis, we found a reduction in emissions of
64%—86% due to precipitation, with a greater decrease at a
higher intensity. However, the precipitation effect on yearly
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emissions is assumed to be limited due to its rather episodic
character. Increasing wind speed and temperature enhanced
emissions, with the former having a stronger effect. Although
the proportion of time without a well-developed natural crust
was only 40% of the experimental period, 61% of the total
emissions were produced during this time with an average
emission of 0.103 g NH; m =2 h~’. The mean emission from the
crusted surface was 0.044 g NH; m~2 h~%. Thus, to mitigate
NH; emissions, a natural crust should be preserved by
reducing disturbance of the slurry surface.

This study illustrates the complex interactions of influ-
encing factors (storage operations and meteorological condi-
tions) which occur at farm-scale and which require adequate
consideration. For future investigations such as the building
of models, emission data resolved to measurement intervals
together with parameters which reflect the influencing factors
are published in Supplementary information 8.
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