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A B S T R A C T

Biogas can be produced from anaerobic digestion of animal slurry. In Denmark, recalcitrant biomasses are often 
added along with slurry, resulting in a high dry matter digestate with a high potential for ammonia emission 
following field application. A total of 12 field trials were conducted to quantify the effects of two digestate 
treatments and four application techniques on ammonia emissions after field application. Digestate was treated 
by low dose acidification and separation and applied by trailing hose, trailing shoe, a novel combination of 
trailing shoe and harrowing tine, and open slot injection. Emissions were determined with a system of dynamic 
flux chambers and cavity ring-down spectroscopy. Measured ammonia emissions varied substantially among 
trials and were clearly related to digestate source. Acidification with 1 kg concentrated sulfuric acid per ton 
slurry effectively reduced emissions in some cases, but the effect was inconsistent and most likely related to dry 
matter content of the digestate. There were lower cumulative emissions from the liquid fractions after separation 
compared to the unseparated digestate in all cases, but the reduction effect varied considerably (33–83 %). There 
was no clear difference between trailing hose and trailing shoe. But the modified trailing shoe with harrowing 
tine significantly reduced cumulative emissions compared to the trailing shoe only (34–39 %). Based on the data, 
it is not feasible to recommend one universal application approach or treatment strategy for consistently 
reducing emission under all conditions. Future work should investigate the sources of variation in emission 
mitigation, to understand when specific measures are effective.

1. Introduction

Livestock production causes emission of ammonia (NH3) and 
greenhouse gases throughout the management chain (Uwizeye et al., 
2020; Yan et al., 2024). These emissions are harmful to the environment, 
human health, and climate (Sutton et al., 2011; Wyer et al., 2022). One 
of the primary emission sources is animal manure (Uwizeye et al., 2020). 
Researchers have investigated low-emission manure management op
tions to reduce the environmental impact while conserving nitrogen (N) 
to meet the food requirements of a growing population worldwide 
(Ambrose et al., 2023; Beltran et al., 2021; Hassouna et al., 2023).

Liquid and solid animal manure have for decades been used for 
production of biogas, which can be a sustainable energy source 
(Khoshnevisan et al., 2021; Weiland, 2009). The residue from biogas 
production, digestate, can subsequently be applied in the field as organic 
fertilizer to utilize the nutrients originally present in the feedstock 

(Möller and Müller, 2012; Nkoa, 2013; Zilio et al., 2021). Digestate 
produced from animal slurry can be field applied using the same 
methods as raw slurry. With no co-substrates, digestion of manure re
duces dry matter (DM) content by biodegradation (Möller and Müller, 
2012; Möller, 2015) but increases pH through production of ammonia 
and consumption of organics acids (Georgacakis et al., 1982; Sommer 
and Husted, 1995a; 1995b). But in Denmark, the input into the biogas 
reactors has changed over recent decades. Addition of relatively recal
citrant biomass, such as straw and deep litter as co-substrates, is used to 
increase biogas production. The high dry matter (DM) (Romio et al., 
2024) and high pH of resulting digestate could lead to much higher 
ammonia emission after field application (Pedersen and Hafner, 2023).

To lower ammonia emissions and improve the utilization of slurry 
and digestate as a fertilizer, different treatments and application tech
niques have been developed. Deep injection or immediate incorporation 
are the most effective application techniques for reducing emission 
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(Webb et al., 2010), but they are not suitable for growing crops. Open 
slot injection in grass can be very effective at reducing emission (Hansen 
et al., 2003; Huijsmans et al., 2001), but yield reductions have been 
reported (Rodhe and Etana, 2005). For surface application in growing 
crops, band spreading by trailing hose or trailing shoe reduces emissions 
compared to broadcast application (Hafner et al., 2025; Misselbrook 
et al., 2002). Generally similar emission ranges have been reported for 
trailing hose and trailing shoe, but substantial differences have also been 
observed in some studies (Misselbrook et al., 2002). Variability in 
emissions measured after application is high for all application methods 
(Hafner et al., 2025; Huijsmans et al., 2001; Webb et al., 2010), which 
can be ascribed to interactions between soil and slurry properties 
(Huijsmans et al., 2001; Häni et al., 2016; Misselbrook et al., 2002), 
differences in the design and use of specific application technologies 
(Webb et al., 2010), and measurement error (Kamp et al., 2024).

Available slurry and digestate treatments include solid-liquid sepa
ration, which alters physical properties and chemical composition. 
Separation produces two or more fractions, where dry matter (and 
typically nutrients) is concentrated in one or more of the fractions: 
typically, a high dry matter ‘solid’ fraction and low dry matter ‘liquid’ 
fraction. A recent literature review found that after application of the 
liquid fraction of animal slurry or digestate ammonia emissions are on 
average lower than after application of the unseparated slurry or 
digestate (Pedersen et al., 2022). However, variation in reduction effi
ciency is large, related in part to differences in dry matter separation 
efficiency, which can vary greatly (Romio et al., 2024). The total 
ammonia emissions from application and storage of both the liquid and 
the solid fractions must be considered when assessing separation as an 
ammonia reducing technology (Amon et al., 2006; Pedersen et al., 
2022).

Slurry or digestate can be acidified before or during field application, 
and acidification has been found to be an efficient method to reduce 
ammonia emissions (Fangueiro et al., 2015). Lowering of pH ensures 
that more ammonia will be in the non-volatile ammonium form (NH4

+), 
decreasing the emission potential. The emission mitigation efficiency of 
acidification depends on the buffer capacity of the slurry, type and 
amount of acid used, as well of the timing of acidification (Fangueiro 
et al., 2015). Concentrated sulfuric acid (H2SO4) is commonly used due 
to its low cost and effectiveness in lowering pH. To effectively lower 
ammonia emissions from high pH slurry types, such as digestate, large 
amounts of acid are required. Nyord et al. (2021) found that more than 
10 kg 96 % sulfuric acid per ton digestate were needed to reach a pH of 
6. These large acid demands are expensive and can cause extensive 
foaming of the slurry or digestate, making pumping and field application 
challenging (personal observation). To obtain the benefits of acidifica
tion without increasing costs too much or causing management chal
lenges, it has been proposed to use small amounts (<2 kg 96 % sulfuric 
acid per ton digestate) of acid during field application and accept a 
lower emission reduction (Pedersen and Nyord, 2023).

Because of the increase in field application of slurry digestate and its 
high ammonia emission potential, exacerbated by a shift toward higher 
dry matter, there is a pressing need to find application techniques or 
digestate treatments that can ensure low ammonia emissions when 
digestate is applied in growing crops where injection is not practical. 
Separation and acidification are treatments known to reduce ammonia 
emissions after field application, but only limited data are available for 
slurry digestate, especially digestate with high dry matter (Pedersen and 
Hafner, 2023). Furthermore, banded digestate application (trailing hose 
or trailing shoe) still poses a high ammonia emission potential compared 
to untreated slurry. Increased knowledge about whether a general lower 
emission from trailing shoe applied digestate can be expected compared 
to trailing hose applied digestate is needed for management decisions. 
Typical emission studies with a small number of application events or 
single source of digestate cannot capture true variability in emission 
reductions that probably exists due to differences in digestate properties 
and interactions with soil and weather. Although it complicates efforts 

to reduce emissions, understanding this variability is important for 
tailoring treatments to specific situations for maximizing emission re
ductions. Inclusion of multiple digestate sources and many field trials 
over two years made the present study unusually informative in this 
regard.

The objective of this study was to assess the relative ammonia 
emission mitigation effect of both different application techniques 
compared to trailing hose application and digestate treatments by sep
aration and low-dose acidification (1.84 kg 96 % sulfuric acid per ton 
digestate) using four digestate sources from within Denmark in a total of 
12 field trials over two years. Differences in emissions between treat
ments were quantified with a system of dynamic flux chambers (DFC) 
and high time resolution measurements of the ammonia concentration. 
It was hypothesized that a) trailing shoe application of digestates results 
in lower emissions compared to trailing hose application, b) emissions 
can be further reduced if the trailing shoe is modified to increase the 
digestate-soil interaction by shallow soil surface cutting, and c) sepa
ration and low-dose acidification lead to lower emissions compared to 
untreated digestate, but with varying results depending on digestate 
properties.

2. Materials and methods

A total of 12 field trials were conducted in 2023 and 2024 to quantify 
ammonia emissions after field application of digestate (Table 1). Four 
trials with band spreading simulated by manual application of digestate 
were conducted to assess the mitigating effect of mechanical treatments 
and low-dose acidification (trials 1–4; Table 1). Eight trials were con
ducted with digestate application by plot-scale machinery for assess
ment of different application methods (trials 5–12, Table 1). Trials 5–8 
tested the relative difference in emissions between four different 
application techniques: trailing hose, two different designs of trailing 
shoe, and trailing shoe with a harrowing tine (Table 1). Trials 9 and 10 
were used to test the difference between emissions after application with 
trailing hose and trailing shoe at two different driving speeds during 
application (4 and 12 km h− 1). The emission results from application at 
12 km h− 1 were analysed with results from trials 5–8 (Table 1), whereas 
the comparison between the emissions at two different application rates 
are presented and discussed in (Pedersen et al., 2026). Trials 11 and 12 
tested the effect of different application techniques: trailing hose, trail
ing shoe, and open slot injection.

Measured cumulative emissions should not be taken as an estimate of 
absolute emissions because the chambers modify the environment of the 
emitting surface compared to ambient conditions by changing air flow, 
precipitation, radiation, temperature, and soil conditions. But it was 
assumed that chamber measurements provided a reasonable estimate of 
relative effects, as substantiated by earlier comparisons with microme
teorological measurements (Hafner et al., 2024; Sommer and Mis
selbrook, 2015).

Digestate and soil properties and air temperature were measured in 
all trials (Table 2). All trials except 11 and 12 included slurry digestate 
from the biogas plant at Campus Viborg, Aarhus University (digestate A) 
applied by trailing hose, providing a reference to account for emission 
differences related to e.g., weather.

2.1. Field trial conditions

All trials except trials 11 and 12 were conducted on one field site at 
the experimental research station at Campus Viborg, Aarhus University, 
Denmark (56.49316 ◦N, 9.56128 ◦E). The field was a flat loamy sand (9 
% clay, 24 % silt, 65 % sand) field with winter wheat sown in the pre
ceding fall of both years. Prior to trial 4, the wheat was cut to a height of 
10 cm (Table 2), as it was too high to properly install the flux chambers.

Trials 11 and 12 were performed at a commercial farm. Both fields 
had a coarse sand texture (4.2 % clay, 1.8 % silt, 90.3 % sand), with 1st 
year grass, cut in the vegetation period the day before digestate 

J. Pedersen et al.                                                                                                                                                                                                                                Atmospheric Environment: X 29 (2026) 100415 

2 



application (Fåborg-1, 55.57461 ◦N, 8.78369 ◦E) and 2nd year grass, cut 
8 days before digestate application (Fåborg-2, 55.57949 ◦N, 8.78632 ◦E) 
for trials 11 and 12, respectively.

On the day of digestate application, one top-soil sample was taken for 
measurement of 1:1 water pH and three 100 cm3 undisturbed soil cores 
were taken from the top layer (0–5 cm) of the soil for determination of 
dry bulk density and gravimetric soil water content (measured after 
drying at 105 ◦C). Each trial required an area of approximately 20 m ×
20 m, and soil homogeneity was assumed within this area. For each trial 
a new section of the field was used to avoid placement of chambers onto 
a spot where slurry was applied during a previous trial. Soil properties 
and crop height can be found in Table 2. Ambient air temperature at 2 m 
height was logged continuously with a weather station at a nearby field 
(<0.7 km) in 1 h intervals (Table 2 and Fig. S9).

2.2. Digestate properties and application

Digestates from a total of 4 different biogas plants were used during 
the trials. The plants varied in feedstock as well as hydraulic retention 
time, temperature of reactor(s), and other management practices, but all 
were primarily based on pig and cattle slurry as feedstock. Digestates A 
and B originated from biogas plants treating some straw, with more in B, 
although the quantity is unknown, while C and H had none. These dif
ferences in feedstock resulted in different physical and chemical char
acteristics of the digestates (Table 3), which could affect emissions and 
the relative reductions obtained by treatments or application 
techniques.

The total ammoniacal nitrogen (TAN) application rate (kg ha− 1) was 

fixed at 60 kg TAN ha− 1 as this is a standard application rate for winter 
wheat in Denmark. Digestate application rate (m3 ha− 1) (Table 3) was 
determined based on the total ammoniacal nitrogen concentration. The 
total ammoniacal nitrogen concentration was determined photometri
cally 1–2 days prior to application in a well-mixed digestate sample, 
using a commercial kit (Spectroquant Test kit No. 1.00683.0001, Merck 
KgaA, Darmstadt, Germany).

Subsamples of the digestates were also taken in the field for analysis. 
Digestate pH was measured in the field (Knick Portavo 902 pH meter) at 
the start of the application. pH was also measured in the laboratory in 
parallel with the other digestate analysis (Knick Portavo 902 pH meter) 
(Table 3). In the laboratory, digestate was gravimetrically analysed for 
dry matter and volatile solids by heating at 105 ◦C and calcination at 
550 ◦C, respectively (APHA, 2017). Total nitrogen was analysed by 
low-field nuclear magnetic resonance spectrometry (Jensen et al., 2021) 
and total ammoniacal nitrogen was measured as above. Apparent vis
cosity was measured in triplicate with a rotational viscometer (Brook
field DV2T, AMETEK Brookfield, Middleboro, USA). Viscosity indicates 
the resistance of a fluid to flow, i.e., the higher the viscosity, the lower 
the fluid flow rate for the same applied driving force. Viscosity is defined 
as the ratio between shear stress (force per unit area) and shear rate 
(velocity gradient) (Schneider and Gerber, 2020). A volume of approx
imately 600 mL of sample at 20 ± 3 ◦C was used. The cylindrical spin
dles 61 LV, 66 LV-C, 67 LV-C, and 64 LV were employed, according to 
the apparent viscosity ranges of the samples. Apparent viscosities were 
measured at different shear rates (proportional to the spindle rotational 
speed) for 1 min, with shear rates increasing from 1 to 44 s− 1. As rec
ommended by the viscometer manufacturer, viscosities values measured 

Table 1 
Overview of experiments performed.

Trial Application techniquea Digestate treatmentb Field Application start Measurement duration (h) Group for statistical test

1 TH manual Sep-D, Dis, Acid Viborg 12-04-2023 14:45 150 i
2 TH manual Sep-S, Acid Viborg 19-04-2023 14:20 150 i
3 TH manual Sep-D, Sep-S Viborg 10-05-2023 13:51 150 i
4 TH manual Sep-D, Sep-S, MF Viborg 03-06-2024 10:50 150 i
5 TH, TS1, TS2, TS3 None Viborg 13-03-2024 16:51 85 ii
6 TH, TS1, TS2, TS3 None Viborg 19-03-2024 14:51 150 ii
7 TH, TS1, TS2, TS3 None Viborg 08-05-2024 15:31 150 ii
8 TH, TS1, TS2, TS3 None Viborg 23-05-2024 13:38 150 ii
9 TH, TS1 None Viborg 06-03-2024 16:25 150 ii
10 TH, TS1 None Viborg 24-04-2024 15:30 150 ii
11 TH, TS1, OSI None Fåborg-1 25-06-2024 13:44 85 iii
12 TH, TS1, OSI None Fåborg-2 01-07-2024 15:16 85 iii

a TH manual: digestate was applied manually with a watering can fitted with a hose to mimic trailing hose application, TH: trailing hose, TSX: Trailing shoe, X =
model 1, 2, or 3, OSI: open slot injection.

b Sep: separated, D: separated with decanter centrifuge, S: separated with screw press, Dis: disrupted, Acid: acidified with 1.84 kg H2SO4 (concentrated sulfuric acid) 
t− 1 slurry, MF: microfiltration.

Table 2 
Trial conditions. Soil-water content (± standard deviation, n = 3), dry bulk density (± standard deviation, n = 3), soil pH (n = 1), ambient air temperature at 
application (based on hourly averages) and average ambient air temperature during the measuring period with range in parentheses. Plot of air temperature for the 
whole measuring period can be found in Fig. S9.

Trial Water content (g g− 1) Dry bulk density (g cm− 3) Soil pH Crop height (cm) Ambient air temperature (◦C)

At application Average over whole measuring period (min., max.)

1 0.20 ± 0.01 1.13 ± 0.04 5.3 12 8.66 8.3 (3.7, 13.7)
2 0.24 ± 0.01 1.07 ± 0.06 5.2 13 12.7 9.2 (2.9, 18.1)
3 0.14 ± 0.02 1.06 ± 0.09 5.6 8 17.6 13.0 (5.4, 21.2)
4 0.22 ± 0.01 1.33 ± 0.09 5.7 10 14.5 10.8 (5.6, 17.7)
5 0.24 ± 0.01 1.23 ± 0.04 5.6 7 8.39 5.4 (− 2.4, 10.7)
6 0.25 ± 0.01 1.15 ± 0.03 5.5 8 5.36 5.4 (0.6, 10.5)
7 0.23 ± 0.01 1.15 ± 0.04 4.9 28 13.9 12.8 (5.9, 20.7)
8 0.10 ± 0.02 1.20 ± 0.02 5.6 38 16.4 14.8 (8.9, 20.4)
9 0.26 ± 0.01 1.31 ± 0.05 5.6 7 3.56 1.7 (− 3.2, 5.8)
10 0.29 ± 0.05 1.17 ± 0.04 5.3 22 6.22 8.8 (2.1, 18.2)
11 0.17 ± 0.01 1.38 ± 0.06 5.8 8 22.6 17.9 (11.3, 26.8)
12 0.21 ± 0.01 1.31 ± 0.02 7.0 22 15.5 13.7 (11.8, 16.2)
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Table 3 
Digestate properties (mean ± standard deviation, n = 2). TAN: total ammoniacal nitrogen.

Trial Digestatea Treatmentb Dry matter (%) Volatile solids (% dry matter) TAN (g kg− 1) Total nitrogen (g kg− 1) pHc pHd Application rate (m3 ha− 1) Application rate (kg TAN ha− 1)

1 A None 5.56 ± 0.01 76.62 ± 0.14 1.6 ± 0.01 2.7 ± 0.26 7.9 ± 0.02 8.3 ± 0.01 35 55
1 A Sep-D 3.19 ± <0.01 66.59 ± 0.08 1.5 ± 0.12 2.9 ± 0.70 7.8 ± 0.01 7.9 ± NA 35 52
1 A Sep-D + acid 3.29 ± <0.01 64.93 ± <0.01 1.5 ± 0.01 2.6 ± 0.15 7.8 ± 0.21 6.5 ± 0.12 35 54
1 A Dis 5.33 ± <0.01 77.51 ± 0.14 1.5 ± 0.01 3.1 ± 0.04 7.8 ± 0.05 8.1 ± 0.11 35 51
1 A Dis + acid 5.46 ± 0.01 76.73 ± 0.06 1.6 ± 0.03 2.8 ± 0.74 7.4 ± 0.01 6.5 ± 0.03 35 56
2 A None 5.44 ± 0.05 76.14 ± 0.04 1.5 ± 0.26 3.0 ± 0.38 8.0 ± 0.01 8.4 ± 0.01 32 47
2 A Acid 5.60 ± 0.06 75.30 ± 0.13 1.8 ± 0.32 3.7 ± 0.24 7.6 ± 0.07 7.3 ± 0.04 32 57
2 B None 9.18 ± 0.04 74.48 ± 0.06 2.5 ± 0.09 4.9 ± 0.25 7.8 ± 0.02 8.1 ± 0.01 23 58
2 B Acid 9.30 ± 0.07 74.33 ± 0.19 2.3 ± 0.13 5.6 ± 0.18 7.5 ± 0.01 7.7 ± 0.01 23 53
2 B Sep-S + acid 7.33 ± <0.01 68.91 ± 0.09 2.6 ± 0.05 5.2 ± 0.03 7.7 ± 0.02 7.5 ± 0.01 20 51
3 A None 5.53 ± 0.01 75.73 ± 0.06 1.2 ± 0.29 3.4 ± 0.17 8.0 ± 0.42 7.9 ± 0.01 38 45
3 B None 9.24 ± 0.02 74.23 ± 0.02 2.1 ± 0.29 4.4 ± 0.08 7.8 ± 0.03 8.1 ± 0.01 23 48
3 B Sep-S 7.03 ± 0.01 68.52 ± 0.07 2.4 ± 0.17 4.7 ± 0.26 7.7 ± 0.06 7.9 ± 0.01 19 46
3 C None 4.34 ± 0.04 66.02 ± 0.06 2.6 ± 0.27 3.9 ± 0.14 8.0 ± 0.02 8.2 ± 0.01 21 55
3 C Sep-D 2.52 ± <0.01 58.57 ± 0.10 3.4 ± 0.48 5.0 ± 0.054 7.9 ± 0.04 8.0 ± 0.01 19 64
4 A None 4.16 ± 0.15 73.31 ± 0.40 2.0 ± 0.09 3.0 ± 0.01 7.7 ± 0.03 7.8 ± 0.01 30 60
4 A Sep-D 2.98 ± 0.01 67.48 ± 0.19 1.8 ± 0.09 3.0 ± 0.12 7.7 ± 0.02 7.8 ± 0.01 30 53
4 A Sep-S 3.3 ± <0.01 68.05 ± 0.07 2.1 ± 0.01 3.1 ± 0.01 7.7 ± 0.01 7.8 ± 0.01 30 63
4 A MF thin 3.42 ± <0.01 67.62 ± 0.04 2.0 ± 0.04 3.1 ± 0.19 7.8 ± 0.02 7.9 ± 0.01 30 59
4 A MF thick 7.82 ± 0.07 76.83 ± 0.23 2.1 ± 0.03 2.8 ± 0.38 7.4 ± 0.01 7.8 ± 0.01 37 78
5 A None 3.66 ± <0.01 73.63 ± 0.32 1.5 ± 0.03 1.9 ± 0.02 7.6 ± 0.03 8.1 ± 0.01 32 48
6 A None 3.71 ± 0.07 73.94 ± 0.24 1.5 ± 0.02 1.9 ± 0.28 7.8 ± 0.01 8.0 ± 0.01 32 49
7 A None 3.47 ± 0.09 74.16 ± 1.03 1.5 ± 0.16 2.2 ± 0.18 7.9 ± 0.02 8.1 ± 0.01 32 49
8 A None 2.95 ± 0.13 72.18 ± 0.47 1.5 ± 0.06 2.7 ± 0.34 7.9 ± 0.01 8.1 ± 0.01 32 48
9 A None 3.35 ± 0.005 71.87 ± 0.08 1.5 ± 0.07 2.0 ± 0.05 7.7 ± 0.05 8.2 ± 0.01 32 48
10 A None 3.74 ± <0.01 75.23 ± 0.34 1.4 ± 0.03 1.9 ± 0.04 7.9 ± 0.03 8.1 ± 0.01 32 45
11 H None 6.72 ± 0.11 68.33 ± 0.21 3.1 ± 0.01 4.7 ± 0.58 7.6 ± 0.01 7.3 ± 0.02 20 62
12 H None 6.66 ± 0.05 65.59 ± 0.57 3.0 ± 0.04 4.8 ± 0.04 7.6 ± 0.03 7.7 ± 0.06 20 59

a Digestate source/biogas plan ID.
b Sep: separated, D: separated with decanter centrifuge, S: separated with screw press, Dis: disrupted; acid: acidified with 1 kg H2SO4 t-1 slurry, MF: microfiltration.
c Measured in the laboratory.
d Measured in the field immediately prior to application.
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at shear rates resulting in torques lower than 10 % were discarded. 
Fluids presenting constant apparent viscosities at increasing shear rates 
are known as Newtonian fluids, while fluids presenting decreasing and 
increasing viscosities at increasing shear rates are called shear-thinning 
and shear-thickening fluids, respectively. The viscosity behaviour at 
varying shear rates is often described by the power law model (Equation 
(1)), which encompasses two constants, the consistency coefficient K (cP 
sn) and the flow behaviour index n (dimensionless). The higher the 
consistency coefficient, the higher the apparent viscosity for a same 
shear rate and flow behaviour index. A flow behaviour index of 1 in
dicates that a fluid behaves as a Newtonian fluid, while flow behaviour 
indexes smaller and larger than 1 indicate that a fluid is shear thining 
and shear thickening, respecitvely (Schneider and Gerber, 2020; 
Schneider and Gerber, 2020) 

η=K γn− 1. (Equation 1) 

Values of K and n were estimated by minimizing the sum of squares 
between measured η and the values calculated with Equation (1) using 
Excel's Solver tool.

Particle size distribution was measured in duplicate by a combina
tion of gravimetric and laser diffraction methods since laser diffraction 
required that particles were smaller than 2 mm. It is expected that 
samples with larger particles impair slurry infiltration rate more than 
samples with smaller particles for the same dry matter content due to a 
more extensive blockage of soil pores. Approximately 30 g of sample was 
filtered in a sieve with 2 mm openings and washed with approximately 
500 mL deionized water. The sieves were dried at 105 ◦C for 24 h to 
determine the fraction of dry matter larger than 2 mm. The filtrate 
particle size distribution was determined by laser diffraction (Malvern 
Mastersizer, 2000; Malvern Panalytical, Malvern, United Kingdom) after 
dispersion with water using the Fraunhofer scattering model.

2.2.1. Digestate treatment trials
For trials 1–4 (Table 1), digestate fractions were collected 2–4 weeks 

prior to application and stored outside under a roof in closed buckets 
until the time of application. The digestate was applied manually with a 
watering can fitted with a hose to mimic trailing hose application. 
Earlier comparisons have shown that variability is lower with manual 
application than machine application (Pedersen et al., 2024), so it was 
used in order to allow for fewer replicates and therefore more treatments 
in each trial. The predetermined volume of digestate was evenly 
distributed in two narrow bands at the soil surface in the area that the 
dynamic flux chamber would subsequently cover. The volumes were 
determined based on a total ammoniacal nitrogen analysis prior to the 
trials. The true application rate was later calculated based on the volume 
applied, and subsequent total ammoniacal nitrogen analysis of samples 
collected at the time of application (Table 3).

Digestates were separated with different separation techniques. 
Digestate A was separated with a decanter centrifuge (GEA Westfalia 
Separator, GEA Industry GmbH, LA, USA) for trials 1 and 4 and with a 
screw press separator (SEPCOW260-3, Saveco, IL, USA) for trial 4. Only 
the liquid fractions from these separations were used for field applica
tion trials. The liquid fraction of screw press separated digestate A was 
further separated with a micro filter (MFT260, Saveco, IL, USA) for trial 
4, yielding a thick and a thin liquid fraction, both used in the application 
trials (Table 3). For trial 1, digestate A was also treated with a me
chanical disintegrator (DisRuptor, Vogelsang GmbH & Co. KG, Essen 
(Oldenburg), Germany) intended to reduce particle size and viscosity. 
Digestate C was also separated with a decanter centrifuge (GEA West
falia Separator, GEA Industry GmbH, LA, USA), whereas digestate B was 
separated with a screw press separator (Boerger, LLC, Chanhassen, MN, 
USA). From both separations, only the liquid fraction was used for 
application trials (Table 3).

For slurry acidification, a fixed amount of 1.84 kg concentrated 
sulfuric acid (H2SO4, 96 %) per m3 digestate was used (corresponding to 

1 L acid per m3 digestate). To mimic field acidification, the corre
sponding amount of acid was added to the watering can and mixed with 
the digestate by stirring immediately prior to application.

2.2.2. Digestate application technique trials
For trials 5–10 (Table 1), digestate was collected 4 weeks prior to the 

first application in a concrete storage tank with cover. Before each 
application the digestate was stirred in the tank for proper mixing. The 
slurry was applied with a 9-m experimental boom allowing application 
with three different techniques simultaneously (see details in supporting 
materials section S1). Four different application techniques were tested: 
trailing hose (TH); two trailing shoe products abbreviate as TS1 (Samson 
Agro A/S, Viborg, DK) and TS2 (Bomech, Albergen, NL); and TS3, a 
novel technique combining trailing shoe with a harrowing tine, which is 
a further development of the prototype tested in McCollough et al. 
(2022). TS3 was produced by adding a harrowing tine to the TS1 design 
(for pictures, see supporting materials section S1). The design of TS3 was 
made with the purpose of enabling it to interact with the soil to create a 
mix of soil and slurry after application, even during conditions where 
the soil has a surface crust, which is common in Denmark on non-sandy 
soils with winter cereal crops (personal observation) due to the mudding 
impact of rain on soil aggregates (Lado et al., 2007; Morin et al., 1981).

The distance between the hoses or shoes on the booms was 250 mm. 
The tractor and slurry tanker had a driving speed of 12 km h− 1 during 
the applications, and the hoses or shoes were always in contact with the 
soil surface during the application.

Digestate for trials 11 and 12 was stored in a covered concrete tank 
for one month prior to application. The application during trials 11 and 
12 was done with a 3-m boom designed for 3-m trial plots. The driving 
speed was 5.5 km h− 1, and the distance between the hoses and shoes was 
240 mm, whereas the distance of the open slot injection discs was 180 
mm.

Pictures of the digestate application for trials 5–12 can be found in 
supporting materials S2.

2.2.3. Trials assessing the experimental setup
Some trials included measurements with a dynamic flux chamber on 

bare soil without any fertilizer application, and these results can be used 
to assess the background emission of the soil and crops. See the sup
porting materials section S3 for results and discussion of these 
measurements.

Temperature loggers were placed at the soil surface inside and 
outside the chambers to check how the chambers affected the soil sur
face temperature. See the supporting materials section S5 for details.

2.3. Ammonia emissions

2.3.1. Measuring system
Ammonia emissions were measured with a system of 16 dynamic flux 

chambers connected to a cavity ring-down spectrometer (CRDS) (model 
G2103, Picarro Inc., Santa Clara, CA, USA) for concentration measure
ments. A detailed description of the system and its validation can be 
found in Pedersen et al. (2024).

Each flux chamber consisted of an open-bottom polyethylene cylin
der, with a diameter at the bottom of 700 mm, giving a chamber base 
area of 0.38 m2. The total height of the chamber was 392 mm, and a 
plywood deflector plate was located 92 mm from the top, with 30 mm 
between the edge of the plate and the sides of the chambers (Fig. S5 and 
S6). The deflector plate ensures even distribution of the inflow air above 
the emitting surface. The air intake into the chamber consists of three 
galvanized-steel pipes that are evenly distributed on top of the chamber 
(1 m height, 80 mm diameter). In the middle of the chamber, air is 
drawn in with a fan, and an iris diaphragm is located between the 
chamber and the fan to control and measure the volumetric air exchange 
rate (m3 of air flow per m3 chamber volume per time, AER (min− 1)). 
During all the trials the AER was kept constant throughout the trials at 
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15 min− 1.
From each chamber and from three background ports positioned at 

the air inlet of three of the chambers, air was drawn through a heated 
and insulated polyvinylidene fluoride (PVDF) tube (OD: 6.35 mm, ID: 
4.76 mm) at 1.5 L min− 1 to a rotary valve controlled by the CRDS in
strument. Air from the valve was analysed by the CRDS instrument for 8 
min at each valve position in order to ensure a representative recovery of 
ammonia concentration with the instrument (Pedersen et al., 2024). The 
CRDS measured the ammonia concentration every 2 s. The instrument 
has been evaluated for potential interferences in an agricultural envi
ronment (García et al., 2024; Kamp et al., 2019). The mean of the last 30 
s of measurements per measurement cycle (8 min) was used for further 
calculations, as this period has been found to yield stable readings 
(Pedersen et al., 2024).

The flux (F, mg N m− 2 min− 1) was calculated from the background 
corrected concentration of ammonia (C, mg N m− 3), the airflow in the 
emission chamber (q, m3 min− 1), and the area of soil surface covered by 
the tunnel (A, m2) (Equation (2)). 

F=
C ⋅ q

A
(Equation 2) 

Cumulative emission was calculated from the flux using the trape
zoidal rule (Simmons, 1996).

For trials with manual digestate application (trials 1–4), three rep
licates were used per treatment, whereas four replicates were used per 
treatment for trials with machine application (trials 5–12) in order to 
account for the higher expected variability with machine application 
(Pedersen et al., 2024).

Tests have been performed to assess the effect of different parameters 
of the application with the 9 m boom on emission to ensure conditions as 
close to real practice on farms as possible. This includes tests of the 
digestate distribution in the slurry boom, effect of driving speed on 
emission, effect of distance between slurry bands and effect of daily 
changing the position of the dynamic flux chambers to a new location. 
The results and discussion of these tests can be found in the accompa
nying technical note (Pedersen et al., 2026).

2.3.2. Statistics
For all statistical analysis, a single flux chamber was used as the unit 

of analysis, and cumulative ammonia emission after 150 h (trials 1–4 
and 6–10) or 85 h (trials 5 and 11–12) as a fraction of applied total 
ammoniacal nitrogen was the response variable. The grouping of the 
statistical analysis can be found in Table 1. Trials were grouped based on 
whether they assessed digestate source and treatment (trials 1–4, group i 
in Table 1) or application technique (trials 5–12), where winter wheat 
(trials 5–10, group ii in Table 1) and grass (trials 11 and 12, group iii in 
Table 1) were further separated. There may be an interaction between 
crop and application technique, especially between a grass and cereal 
crop, because cereal crops allow for trailing shoes to get in contact with 
the soil whereas a grass sward can hinder this, but it would be difficult to 
separate crop effects from other factors associated with trials with the 
experimental design used in this work. Even though trial 5 was carried 
out for a shorter period (85 h) compared to trials 6–10 (150 h) they were 
included in the same analysis. From Fig. S10 it is evident that there are 
only very low emissions after 85 h in any of the trials, and there is no 
effect of application technique. Because soil, weather, and other factors 
that were not controlled varied among trials and undoubtedly affected 
emission, trial ID was included as a random component in mixed-effects 
models. For trials 1–4 (group i in Table 1), the treatment digestate origin 
(e.g. A or B) and physical treatment (e.g. none or Sep-D) were fixed 
factors. For trials 5–12 (group ii and iii in Table 1), application method 

was a fixed factor. The lmer () function from the lme4 package v1.1–35.5 
was used for mixed-effects models (Bates et al., 2015). Because of the 
lack of balance in all three subsets used in the analyses (trials 1–4, 5–10, 
and 11–12), marginal means were calculated using the emmeans () 
function from the emmeans package in R (Lenth, 2024). Tukey's test 
(confidence level of 95 %) was used to compare treatments using the 
pairs () function from the emmeans package, with the Kenward-Roger 
method for estimating degrees of freedom (Lenth, 2024).

3. Results and discussion

3.1. Ammonia emissions

The highest ammonia emissions generally occurred right after 
application, with a large range in fluxes (Fig. 1), which was expected due 
to the differences in soil and digestate properties as well as application 
technique and digestate treatment. Generally, clear diurnal patterns 
were observed, but patterns were less pronounced for the liquid fraction 
of separated digestates than for the unseparated digestates (Fig. 1, trials 
1–4), which is most likely due to the lower dry matter of the liquid 
fractions (Table 3), leaving less digestate at the soil surface where 
emission can occur in the days following application. In most of the 
trials, clear differences between the flux of the various treatments were 
observed in the first 50 h after application (Fig. 1), but after approxi
mately 50 h only minor differences were measured (Fig. S10).

Emission varied substantially among trials (Fig. 1 and Table 4) and 
standard deviation related to the random trial variable was estimated as 
6.0 % of applied total ammoniacal nitrogen for the trials 1–4 subset and 
6.5 % for trials 5–10. All the trials except 11 and 12 were performed on 
the same field with the same crop, therefore, this variation does not 
include contributions from effects of soil type and crop, which could be 
substantial. Results from the present study may only be applicable to 
sandy soils. The variation within one treatment was relatively low in all 
the trials. Some treatments showed a high variation, which was always 
in connection to a very low mean cumulative emission (coefficient of 
variance >60 %, cumulative emission <5 % of TAN). This is in line with 
previous work (Pedersen et al., 2024) evaluating the measuring system. 
Based on the variation and the mean emissions across trials for a certain 
treatment, it is hypothesized that an increased number of replicates 
(chambers) per treatment would not have given more significant results. 
The cumulative emissions from the manually applied digestate A (trials 
1–4) were generally higher than the machine applied digestate A (trials 
5–10) (Table 4), likely due to the higher dry matter of digestate A in 
trials 1–4 (average of 4.99 %, Table 3) compared to digestate A in trials 
5–10 (average of 3.48 %, Table 3).

Emission was clearly related to digestate source (p-value <10− 9 from 
a likelihood ratio test comparing mixed-effects models with and without 
digestate source) with an estimated standard deviation of about 12 % of 
applied total ammoniacal nitrogen. Clearly, not all digestates behave the 
same (Table 4). At least some of this variability appeared to be related to 
digestate dry matter; emission was positively correlated with dry matter, 
with a slope of 4 % of applied total ammoniacal nitrogen per % change 
in dry matter (p-value = 0.014 from a linear model t-test). Consideration 
of more than 3 digestate sources could strengthen this conclusion. A 
negative correlation with digestate pH (p-value = 0.045 from a linear 
model t-test) is unexpected and likely spurious, casting some doubt on 
the dry matter correlation results.

The coefficient of variation among replicate dynamic flux chambers 
(CV, standard deviation divided by the mean) varied both between and 
within trials. For machine application of digestate (trials 5–12), the 
average coefficient of variation was 20 % (n = 4, range 6–45 %), which 
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is between the coefficient of variations of 14 % (n = 6) and 55 % (n = 7) 
observed with the same dynamic flux chamber system in a previous 
study for application with trailing hose and injection, respectively 
(Pedersen et al., 2024). For the experiments with manual application 
(trials 1–4), the average coefficient of variation was 19 % (n = 3, range 

2.0–65 %), which is much higher than the 5 % (n = 9) observed in the 
previous study (Pedersen et al., 2024). The treatments with the highest 
coefficient of variation in trials 1–4 were the liquid fraction separated 
digestates where the cumulative emission generally was very low 
(Table 4). When the separated digestates are removed from the data set, 

Fig. 1. Ammonia emission rate (as a fraction of applied total ammoniacal nitrogen per hour) after application of digestate. Plot titles show trial ID. Standard de
viation are displayed in bands (n = 3 for trials 1–4 and n = 4 for trials 5–12). See Fig. S10 for ammonia flux during the whole trial (150 or 85 h). TAN: total 
ammoniacal nitrogen; A, B, C: digestate source/biogas plan ID, Sep: separated, D: separated with decanter centrifuge, S: separated with screw press, Dis: disrupted, 
acid: acidified with 1 kg H2SO4 t− 1 digestate, MF: microfiltration; TH: trailing hose, TSX: Trailing shoe boom (X = model 1, 2 or 3), OSI: open slot injection.
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the average coefficient of variation in trials 1–4 was 11 %, whereas the 
average coefficient of variation of the separated digestates in trials 1–4 
was 31 %. As a fraction of applied total ammoniacal nitrogen, average 
standard deviation among replicates for separated digestates was 3.5 %, 
similar to the overall average of 4.1 %, despite much lower emission. 
With nearly constant total ammoniacal nitrogen application, this result 
implies that random error in dynamic flux chamber emission measure
ments is mostly independent of the magnitude of emission, at least 
partially explaining the high coefficient of variation values. Also, a 
larger variability in the exposed surface area after digestate application 
probably contributed, as slurry and digestate with a low dry matter have 
been found in previous studies to potentially spread out more on the soil 
surface compared to higher dry matter slurry (Pedersen et al., 2021).

3.2. Separation and acidification

Acidification with 1 kg H2SO4 t− 1 digestate was only effective at 
reducing emission in some cases. Acidification effectively lowered the 
cumulative ammonia emissions from digestate A (by 33 % relative to 
untreated, p-value = 0.012 from Tukey's test), but there was no clear 
effect of acidification for disrupted digestate A (mean emission 18 % 
lower relative to disrupted A, p-value = 0.68) (Tables 4 and 5). The pH 

reductions measured in the field due to the acidification of these two 
treatments were 0.9 for digestate A and 1.6 for disrupted digestate A 
(Table 3). There was no reduction detected in cumulative ammonia 
emissions from the acidified separated digestate A, even though pH 
dropped by 1.4 units (mean emission 12 % lower relative to separated 
digestate A, p-value = 1.0). Emissions from the liquid fraction of sepa
rated digestate A was already low, presumably due to low dry matter 
content (Table 3), so any additional reduction from acidification was 
difficult to detect given the number of replicates and sensitivity of the 
chamber measurements. Acidification of digestate B or the liquid frac
tion of digestate B did not lower emissions at the given sulfuric acid 
application rate (mean emission 10 % higher emissions from acidified 
digestate B relative to untreated digestate B, p-value = 0.91) (Tables 4 
and 5), likely due to a high buffer capacity of the digestate. Acidification 
of digestate B only lowered pH by 0.4 units, leaving the pH of the 
acidified digestate B at 7.7 (Table 3). Results do not support the low-dose 
acidification hypothesis c), as there were cases with both high and low 
dry matter where the low dose of acid did not result in any emission 
reduction. The lack of reductions due to acidification in low dry matter 
digestates are consistent with the findings by Wagner et al. (2021) who 
did not find any significant effect of acidification for low dry matter 
digestates, even when using higher amounts of concentrated sulfuric 

Table 4 
Mean cumulative ammonia loss (% of applied total ammoniacal nitrogen, TAN) (mean ± standard deviation) 
after application of different untreated and treated digestates with different application techniques. Repli
cation was 3 chambers in group i and 4 in groups ii and iii.
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acid than used in the present study.
Reductions in pH and emission due to acidification were within re

ported values (Fangueiro et al., 2015; Pedersen and Hafner, 2023). 
Within literature, there is a large variation in reduction efficiencies of 
acidification, which is attributed to differences in acid type, amount 
used, timing of acidification compared to application, and digestate or 
slurry properties. Nyord et al. (2021) observed a larger reduction in 
digestate pH by a fixed acid amount compared to raw slurry, presumably 
due to the initial pH being farther from the pKa value of the 
H2CO3/HCO−

3 equilibrium (pKa = 6.4) where the buffer capacity is ex
pected to be highest.

The dry matter reduction in the liquid fractions compared with the 
unseparated digestates was lower (38 % for decanter centrifuge and 22 
% for screw press, Table 3) than average literature values for digestate 
(50 % for decanter centrifuge and 29 % for screw press (Pedersen et al., 
2022)). The reason for this is unknown, but it is assumed that it is due to 
the generally large variation in separation efficiency (Pedersen et al., 
2022), and low number of digestates that were separated in the present 
study as well as the high average dry matter of these digestates. All 
separations resulted in a lower viscosity consistency coefficient and 
higher flow behaviour index, closer to the behaviour of a Newtonian 
fluid (Table S1). This trend is explained by the reduction in dry matter, 
since less interactions among particles occur when less particles are 
present, resulting in a lower flow resistance for the fluid (Schneider and 
Gerber, 2020). Separated digestate also had lower amount of large (>2 

mm) particles in the liquid fraction compared to the unseparated 
digestate (Table S1).

There were significantly lower cumulative ammonia emissions from 
the liquid fraction after separation compared to the unseparated diges
tate in all cases (p-value =<0.0001–0.0041), but the emission reduction 
efficiency varied greatly. Separation by screw press yielded the lowest 
reductions (33 % and 38 %), whereas decanter centrifuge yielded the 
highest cumulative ammonia emission reductions (83 % and 86 %) 
(Table 5), which is in line with data from literature (Pedersen et al., 
2022). A second separation step of the liquid fraction from screw press in 
a micro filter (trial 4) further reduced the emission significantly, both 
compared to the unseparated digestate A (p-value <0.0001) and the 
liquid fraction from the screw press (p-value <0.0001). However, the 
overall reduction from unseparated digestate A to the thin fraction after 
micro filtration (84 %) is equal to the reduction obtained by separation 
of digestate A by decanter centrifuge alone (83 %) (Table 5). The sep
aration hypothesis c) is supported by these results; a reduction was 
observed on average, but with varying efficiencies.

A recent literature review with a model calculation showed that the 
total ammonia emissions (sum of emissions from liquid and solid frac
tion both stored and applied) were reduced for high dry matter digestate 
after separation compared to the unseparated digestate if the liquid 
fraction was surface applied and the solid fraction was incorporated 
within 4 h after application (Pedersen et al., 2022). However, it needs to 
be emphasized that more experimental data is required for an overall 

Table 5 
Marginal means of ammonia emissions by digestate source × digestate treatment or application method as 
percentage of applied total ammoniacal nitrogen. Treatments not sharing a letter within a column differ 
according to Tukey's HSD test (p-value <0.05). Standard error estimates were 3.3–4.2 % for 1–4, 2.9–3.0 % 
for 5–10, and 2.4 % of applied total ammoniacal nitrogen for trials 11–12. Replication was 3 chambers in 
group i and 4 in groups ii and iii.
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assessment of the total ammonia reduction potential after separation of 
digestate. There is a lack of measurements of ammonia emissions from 
storage and application of the solid fraction.

3.3. Application techniques

There were no significant differences between the cumulative 
emission after application with trailing hose or the two conventional 
designs of trailing shoe (TS1 and TS2) (p-value = 0.44–0.98) (Table 5), 
so hypothesis a) is not supported. Generally, application by trailing shoe 
is reported to provide a lower cumulative emission than trailing hose on 
average, but the results from individual trials vary greatly, and in some 
individual trials higher emission from trailing shoe were measured 
compared to trailing hose (Andersson et al., 2023; Häni et al., 2016; 
Pedersen et al., 2020; Smith et al., 2000; Webb et al., 2010). The vari
ation in the relative difference between trailing hose and trailing shoe 
are attributed to soil conditions (Andersson et al., 2023; Pedersen et al., 
2020; Smith et al., 2000), as trailing shoe performs best if soil conditions 
allow for the creation of a furrow to contain the slurry or digestate. In 
two individual trials (9 and 10), the cumulative emissions were 55 and 
25 % lower from one design of trailing shoe (TS1) compared to trailing 
hose, whereas the differences were negligible and in both directions in 
the other trials (Table 4). The reason for this is unknown, as both the 
digestate properties and soil conditions for trials 9 and 10 were within 
the conditions of the other trials with the same two application tech
niques (trials 5–8 and 11–12) (Tables 2 and 3). It is speculated that it was 
caused by a deeper furrow being created by the trailing shoe in these 
trials, perhaps due to slight differences in soil hardness, as the initial 
fluxes are lower than trailing hose (Fig. 1, trials 9 and 10) compared to 
the other trials with both techniques (Fig. 1, trials 5–8).

In contrast to the two conventional models of trailing shoe (TS1 and 
TS2), application with the modified trailing shoe (TS3) clearly reduced 
cumulative emission compared to trailing hose but also compared to the 
two other trailing shoe designs (TS1 and TS2) (34–41 %, p-value 
<0.0001–0.0023) (Table 5), supporting hypothesis b). The harrowing 
tine of the trailing shoe (TS3) mixed the soil and digestate (supporting 
materials section S2) and left a lower amount of liquid digestate exposed 
to the air after application, which is most likely the cause of the lower 
emissions, as evidenced by lower flux immediately after application 
(Fig. 1). The overall ammonia reduction by application with the modi
fied trailing shoe (TS3) compared to the other three band application 
methods (TH, TS1, and TS2) is a large improvement compared to the 
former prototype tested in McCollough et al. (2022) where no average 
reduction was observed. It is important to note that the soils in McCol
lough et al. (2022) were heavly crusted, which was not the case in the 
present study. For trials 5–7, the cumulative emissions from digestate 
applied by the modified trailing shoe (TS3) were reduced by a minimum 
of 46 % compared to the three other band application techniques, 
whereas the reductions were lower in trial 8 (6–29 %) (Table 4). The 
high crop height in trial 8 (Table 2) may have reduced the effect of the 
harrowing tine by decreased contact with the soil (Table 2 and sup
porting materials S2). Furthermore, the soil-water content during trial 8 
was lower (0.10 g g− 1) compared to trials 5–7 (0.23–0.25 g g− 1) 
(Table 2), which might have reduced the effect of the harrowing tine. To 
assess whether the new design should be used, the extra draft force (and 
thereby energy consumption) as well as any crop damage should be 
assessed.

In trials 11 and 12, open slot injection reduced emissions by 31 % 
compared to trailing hose (p-value = 0.0037, Table 5). There was no 
significant difference between trailing shoe (TS1) and trailing hose (p- 
value = 0.27) or trailing shoe (TS1) and open slot injection (p-value =
0.11) in these trials (Table 5). The reported differences between trailing 
hose and open slot injection varied greatly in literature; some studies 
found higher reductions (Huijsmans et al., 2001; Misselbrook et al., 
2002; Nyord et al., 2008), whereas others reported similar results as the 
present work (Hansen et al., 2003; Pedersen and Nyord, 2023). It has 

been shown that the emissions after application by open slot injection 
are highly dependent on the depth and width of the furrow created in the 
soil (Hansen et al., 2003; Nyord et al., 2008). Pictures taken after 
application show that the slits did not contain all the applied digestate in 
the present study (supporting materials section S2). Interestingly, the 
two studies with similar differences between trailing hose and open slot 
injection (Hansen et al., 2003; Pedersen and Nyord, 2023) as the present 
study are both Danish studies, hence it can be speculated if the perfor
mance of the open slot injection also depends on region where the trials 
are performed due to e.g., soil type effects, management practices, and 
difference in models of machinery. In trial 12, the open slot injection has 
a standard deviation higher than any other treatments in the present 
study (Table 4), probably related to inconsistent and non-ideal open slot 
injection, i.e., the slit created could not contain all the digestate, leaving 
more at the soil surface in at least some locations, giving a higher 
emission potential (Fig. S11). Open slot injection can efficiently reduce 
ammonia emissions compared to surface applied digestate or slurry, but 
other studies have in some trials found higher nitrous oxide emissions 
from open slot injection compared to trailing hose (e.g., Maris et al., 
2021; Nyameasem et al., 2023). If ammonia mitigation leads to a 
reduced input of mineral nitrogen to the field this can to some extend 
compensate for an increased nitrous oxide emission potential from open 
slot injection. Both the potential risks and benefits should be considered 
when selecting the best application method.

4. Conclusions

Field trials assessing different low ammonia emission treatments and 
application techniques for digestate showed a lack of consistency in 
mitigation effects even within a limited range of soil texture and crop 
canopy types. Both separation and acidification reduced emissions in 
some cases, whereas in other cases no effects were observed. On average, 
application by trailing shoe yielded similar results as application by 
trailing hose, although in individual trials lower emissions were 
observed from trailing shoe application. In contrast, digestate applica
tion by a new design of trailing shoes combined with a harrowing tine 
consistently lowered ammonia emissions in four trials. It is important to 
further investigate the sources of variation in reduction efficiency to 
understand when a reduction can be expected and when using a certain 
treatment or application technique will not yield any benefits. The 
optimal application technique and possible digestate treatment must be 
assessed based on the digestate properties and soil conditions at the time 
of application; it is not possible to recommend one universal approach 
that can be applied for all application scenarios. The present work 
focused only on ammonia emissions, but other factors need to be 
considered when deciding on the optimal management for a specific 
situation, such as possible trade-offs with other emitting gases (e.g., 
nitrous oxide and volatile organic compounds), cost of treatment or 
application technique as well as width of machinery and power 
consumption.
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