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Abstract: Processed manure products have the potential to substitute chemical fertilizers and the
use of these products may increase resource efficiency in the food system and decrease emissions of
ammonia (NH3) and greenhouse gasses (GHG). The yields of maize and grass, as well as emissions,
have been determined from a processed manure product: liquid ammonium sulfate from nitrogen
stripping animal manure (AS), in comparison to a regular mineral fertilizer, calcium ammonium
nitrate (CAN), in a greenhouse experiment and a field demonstration using a sandy and a clay soil.
NH3 emissions were determined by comparing AS with a dairy manure as a reference. The yield of
both crops, their nitrogen nutrient use efficiency (NUE), and nitrous oxide (N2O) emissions were not
significantly different, while NH3 emission was lower from AS compared to the dairy manure. As a
side-effect, the sulfur (S) contents of the grass in the fields fertilized with AS were much higher than
in the non-fertilized control. We conclude that AS, produced here with a pH < 5.5, can be used as an
alternative for CAN in Dutch dairy systems, or similar other system, if S leaching losses do not pose
a problem for the environment. Meanwhile, care should be taken not to exceed S in feed above toxic
levels for ruminants.
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1. Introduction

Processed nitrogen products from livestock manure, so-called RENURE products
(REcovered Nitrogen from manURE), have the potential to substitute chemical fertilizers,
and, in combination with good agricultural management practices, these products might
increase resource efficiency in food systems and decrease ammonia (NH3) and greenhouse
gas (GHG) emissions [1]. One of these products is liquid ammonium sulfate (AS), which
is produced by separating digested dairy slurry into a liquid and a solid fraction, and
applying stripper/scrubber technology to the liquid fraction [2]. In the stripper, some
of the ammonium in the solution is transferred to the air as ammonia by heating the
digestate and/or by increasing the pH. In the scrubber, the ammonia is washed out of the
air into a sulfuric acid solution, creating AS. Other fertilizers from this production process
include the N-stripped liquid fraction, which is a potential K fertilizer but still contains
organic nitrogen. Furthermore, the digestate is separated into a solid and liquid fraction
by a screw press. The resulting solid fraction, rich in organic matter, can be processed
further by extracting the P, resulting in a P-rich sludge fertilizer and a low-P organic
fertilizer [3].

We assume that the use of processed manure products can balance N, P, and K
fertilisation of the crop more than the original livestock manure [4]. However, it is
not clear whether, and in what conditions, the processed manure products result in
efficient fertilizers with low emissions. The efficiency of a nitrogen-delivering fertilizer
is often tested by determining the nitrogen fertilizer replacement value (NFRV): an index
that compares the effect of a fertilizer of interest on a crop to a well-known mineral
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N fertilizer [5,6]. The gaseous emissions of new fertilizers are often determined at
multiple points in time. Subsequently cumulative N emissions per kg of N fertilized
can be determined by the integration of the gaseous emissions over time and thus can
be compared to fertilizers with well-known emission factors [7,8]. Another method to
determine emission factors is to measure emissions continuously over time during a
relevant period [9]. Our aim is to assess whether AS from processed manure has the same
agronomic value as mineral nitrogen, for different soils and crops. Additionally, the
effect of these fertilizers on GHG and NH3 emissions will be determined, since the carbon
in AS can influence the GHG emissions [10], and the NH4 content of AS can influence
NH3 emission [11]. The number of experiments conducted on these novel fertilizers is
still limited [2,12]; although, AS and other nitrogen products from processed livestock
manure are likely to be included in the Commission Directive (draft) amending Council
Directive 91/676/EEC (European Nitrate Directive) as a specific nitrogen fertilizer that
may be applied as substitute for mineral fertilizers up to 100 kg N ha−1 [13]. Our
hypotheses are:

1. Ammonium sulfate from the manure stripping process (AS) has the same nitrogen use
efficiency as mineral nitrogen fertilizer in a clay soil with a relative high pH (pH > 7)
(20), and a sandy soil with a normal pH (pH < 7) (20), for maize and grass. Maize and
grass are the relevant crops for livestock farming in The Netherlands.

2. NH3 and GHG emissions, in this research: methane (CH4) and nitrous oxide (N2O)
are influenced by soil type, soil pH, and the fertilizers.

3. NH3 emissions of liquid ammonium sulfate obtained from processed manure are
lower than for the original livestock manure, while the NH3 emissions from the
remaining treated products (the solid fraction of the digestate and the stripped liquid
digestate) are similar or slightly higher than the original livestock manure, resulting
in the lower net emission of the processed products compared to the original manure.

2. Materials and Methods
2.1. Introduction

The AS was produced at the Arjan Prinsen Farm (APF), a dairy farm in Haarlo, The
Netherlands, with about 60–80 cows and an anaerobic mono-digester for the dairy manure.
The digested manure was separated by a screw press and the liquid fraction was further
treated. Residual heat from the combined heat-and-power unit (CHP) was used to increase
the temperature of the liquid digestate in the N stripper (45 ◦C) in order to promote NH3
transfer to the air. Concentrated sulfuric acid was used to recover the NH3 emitted from
the liquid fraction of the digestate, according to methods described earlier [2]. The target
pH for the AS product was <5.5, in line with the criteria developed for processed animal
manure products (RENURE) [1,13].

Three experiments were performed: (1) a full factorial greenhouse experiment using
two crops, maize and grass, and two soils, a sandy soil and a clay soil (Table A1, in
Appendix A). Both the yield and gaseous emissions of the GHGs and the NH3 were
measured, (2) a field demonstration with both crops (maize and grass) and both soils (clay
and sand) focused on maize yields in 2021, and grass yields in 2022 on both soil types. GHG
and NH3 emissions as well as the leaching of S were also measured, and (3) a sheltered flux
chamber experiment was conducted to test the NH3 emission from AS.

In the greenhouse experiment and the field demonstration, AS was compared to
calcium ammonium nitrate (CAN) (Table A2) at equal rates of N and S fertilization by
correcting for the S content of CAN by supplementing it with gypsum. This resulted in S
fertilization rates of 296–588 kg SO3 ha−1, depending on soil and crop (see Section 2.3, or
Table A3), that are in exceedance of crop needs, but are excellent to test the applicability
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and safety of the AS. The greenhouse experiment was designed to test the nitrogen fertilizer
replacement value (NFRV) [5]. The field demonstration was used to test the application
of AS at a field scale and at a fertilization rate of 100% of the N fertilization advice, and
therefore control plots were assumed to be less relevant. The method of application of the
AS was liquid injection to approximately 5 cm soil depth, while the application method for
CAN, a granular fertilizer, was broadcast spreading. We use CAN as a reference fertilizer
as this is the most used N fertilizer in NW Europe.

2.2. Greenhouse Experiment

The greenhouse experiment was set up to determine the NFRV of AS (6% N, 7% S)
for maize (Zea mays L.) and grass (Lollium perenne L.) on two soil types (sand and clay,
both from Wageningen, The Netherlands): the soil types, coordinates and analysis are
given in Table A4. Furthermore, 5 rates of fertilizer were used based on recommendations
determined by routine soil analysis [14], including fertilization advice to farmers [15].
The routine laboratory (Eurofins Agro, Wageningen, The Netherlands) recommended a
N fertilization rate of 120 kg of N ha−1 for grass (first grass cut) and 165 kg of N ha−1 for
maize. Five fertilization rates were used in the greenhouse experiment: 0%, 50%, 75%,
100%, and 125% of Eurofins advice. CAN (26% N) was tested at all rates of fertilizer, AS
was tested at 50% and 75% to focus on the fertilizer levels at which a fertilizer response is
expected. Gypsum (24% S) was added to the CAN treatments to make the S dosage equal to
that of the AS treatments (Table A5). The trial was performed in triplicate, which resulted
in 84 pots. Both fertilizers were applied via low-emission methods respective to their type:
CAN pellets via broadcast application and AS via injection. The soils were established and
maintained gravimetrically at 60% water holding capacity by daily watering.

The samples of AS used for all the experiments were freshly obtained from APF and
stored at 4 ◦C before use. The samples were analyzed by LUFA Nord West in Hameln,
Germany, using methods given below in Table A2.

The grass was cut at 5 cm above the soil surface 23, 63 and 113 days after the fertiliza-
tion. The maize was cut at 3 cm above the soil 41 days after fertilization. The fresh weight
of the maize and each grass cut was determined, and the dry matter was determined after
drying for 48 h at 70 ◦C. After the cuts, the plant samples were dried at 70 ◦C, and the N
content of the dry matter was determined after digestion with H2SO4/H2O2/Se via SFA
analysis [16], and the soil mineral N content (for methods see the footnote of Table A1) was
determined after removing the plant roots.

The CH4 and N2O measurements during the greenhouse experiments were executed
using a photo-acoustic infrared gas analyzer (Innova 1512, (LumaSense Technologies
A/S, Ballerup, Denmark). CH4 and N2O were measured 10 times during the first 31 and
38 days after fertilization (for grass and maize, respectively). The pots were covered with a
polyvinyl chloride (PVC) flux chamber, to create a closed headspace, 30 min before the mea-
surement [17]: a flux chamber of 8 L and a height of 20 cm was used to completely enclose
the grass and small maize plants. Cumulative emissions (over 31 (grass) or 38 (maize) days;
in µg m−2) of N2O and CH4 were calculated according to the method [17], assuming linear
emissions during the closure time and a soil surface area of 0.0314 m2 in the pot.

For the NH3 emission measurements, we used acid traps during the greenhouse
experiment. To do so, extra pots were added to completely replicate all treatments. After a
closure time of 10 days, these pots were discarded because of the potential damage to the
plants resulting from the long closure period. Closed-chamber acid traps [18] were used
to measure emissions of NH3 in the first 10 days after fertilization. The acid traps were
changed twice, resulting in two measurements per pot over 10 days, and the total emissions
across the two measurements were further analyzed for the results. For the measurement,
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a 100 mL vessel with 50 mL of 0.5 M H2SO4 was placed on the soil, and a PVC chamber
(8 L) was placed over each pot. Each acid solution was analyzed after 1:10 dilution using
automated segmented flow spectroscopy (SFA) [19]. The total NH3 emissions (g pot−1)
were calculated by adding up the emissions from each of the measurements.

2.3. Field Demonstration 2021 and 2022

Three field demonstrations were performed: maize 2021, grass 2021, and grass 2022.
Each was prepared in the spring of the corresponding year on a clay soil (Table A1), and
on a sandy soil in Wageningen, The Netherlands. Fertilization advice was determined
by Eurofins Agro and mineral N was measured prior to the experiment. Each field had
6 plots: 3 blocks and 2 randomized fertilizer treatments per block. Fertilizer treatment 1, AS,
consisted of the N-stripped product (6% N, 7% S), while treatment 2, CAN + S, consisted
of a combination of a S containing CAN (Triferto, Doetinchem, The Netherlands; Novasul
23% N, 7% S), and gypsum (Triferto, The Netherlands (gypsum, 24% S)); a combination
designed to make the total S dosage equal to the AS treatment. The AS used in 2022 was
slightly more concentrated, with 7% N and 8% S (Table A2). The AS was applied using
a low-emission technique from Slootsmid (Borculo, The Netherlands): application of the
liquid AS was carried out by its placement in shallow vertical slots about 5 cm deep, cut into
soil by a disc, and each application unit consisted of two discs and injectors. The distance
between the maize seeds (Zea mays L., cv Ronaldinio) was 75 cm (100,000 seeds per ha),
and the AS was injected at 7 cm from both sides of the maize seeds. The distance between
the application units in grass was 25 cm and it was 75 cm in maize (Figure A2). In the 2022
grass demonstration, one additional control plot was added to both fields. Each plot was 10
m × 9 m. Weed control was applied to all maize plots by standard methods. No irrigation
was used as there was sufficient precipitation during the experiment. The soil used for the
maize was tilled in the spring and was seeded with the guidance of GPS. The grasslands
were existing grasslands used by farmers with swards dominated by Lolium perenne L.

Maize was harvested in September of 2021 using a forage harvester (New Holland,
Torino, Italy, 1770). The fresh yield was determined per two rows of maize, a random
sample was taken for dry matter content and chemical analysis. After cutting the maize, all
plots were sampled in November 2021 for soil mineral N, and soil density on the basis of
soil organic matter, to calculate mineral N of the 0–90 cm soil layer per hectare.

In 2021, the first grass cut was in early June using a Haldrup forage harvester (Notec
Engineering GmbH, Ilsenhofen, Germany), no second cut was harvested due to a mistake
in the second fertilization (incorrect fertilization treatments). In 2022, there were two cuts
(May and June), after which the experiment was stopped because sulfur was only added in
the first two fertilizations to mimic agricultural practice. In NW Europe, ammonium- and
sulfate-rich fertilizers are specifically used in spring when soil mineralization is relatively
low. For each of these grass cuts, fresh grass matter was determined directly; a random
subsample was taken to determine dry matter content.

Chemical analysis of the grass and maize was performed on samples dried at 70 ◦C, in-
cluding a determination of the water content (70 ◦C–105 ◦C). Total N and P were determined
using SFA, after digestion with H2SO4/H2O2-Se, and total Ca, K, Mg, N, and S were deter-
mined using ICP-OES analysis after microwave digestion with HNO3-HCl-H2O2 [16]. Soil
mineral N was only measured following the conclusion of the field demonstrations, includ-
ing plant available S (0.01 M CaCl2 according to [20]) after the 2022 field demonstration.

The N2O measurements during field demonstrations were only performed in 2022,
and were similar to the measurements in the greenhouse. N2O emissions were measured
repeatedly following the first fertilization using the Innova gas analyzer in the same manner
as described for the greenhouse experiment, except that the PVC tube was pressed into the
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grass sod. There was also a zero measurement a few weeks prior to the first fertilization.
On the AS field, N2O measurements were measured at two locations within the plot: (1) on
top of the injection strokes, and (2) in between the injection strokes. On the CAN plots, two
random locations were chosen, since this fertilizer is spread and not injected. The N2O
emissions were measured 5 times over 36 days after fertilization.

In order to determine whether the excess nitrogen and sulfate is lost by leaching, the
soils were sampled on 21 June 2022, after the second grass cut, for 0–30, 30–60 and 60–90 cm
below surface level to determine extractable nitrate, ammonium and sulfate [20] and soil
organic matter (loss of ignition) to calculate the volume weight of the soil layers.

Statistics

As in the yield experiments, maize and grass were tested separately. Linear models
and ANOVA tests were used for all measures.

For the field demonstration, maize and grass were tested separately for each trial, and
treatments that were not fully balanced or replicated were left out of the statistical tests.
This means that there was no control treatment in the field trials, so the results of the field
trial should mainly be considered as supportive of the greenhouse trial. Linear models
were followed by an ANOVA test and least squares differences (LSDs) tests were used to
determine statistically significant treatments.

2.4. Sheltered Flux Chamber Experiment

Ammonia emissions from fertilized grassland were studied using transparent cylin-
drical chambers (inside
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The tested products from the APF were: untreated cattle slurry (CS) and AS result-
ing from stripping the liquid fraction of CS, sampled on 27 October 2023 (composition,
Table A6). The compositions of the AS and CS were determined at LUFA Nord West in
Hameln, Germany (for methods, see the footer of Table A2). An amount of 8 mL of CS or
7 mL of AS, both equal to 100 kg of N ha−1 (453 mg of N per chamber of 0.032 m2) were
added to three chambers on day 0 (23 November 2023). Two reference chambers were
used without a fertilizer. The emissions from all chambers were determined before the
fertilization after 4 days, resulting in limit of quantification (LOQ) for this method when
assuming ten times the standard deviation of these blank measurements: 0.05 mg of N. The
acid trap solutions of 0.05 M H2SO4 were sampled, weighed, and replaced by fresh solu-
tions after 1, 4, 8 and 15 days. Each acid solution was analyzed for NH4 using automated
segmented flow spectroscopy (SFA) (ISO/TS-14256-1, 2003) [19] without dilution. The
amount of NH4 in the acid solution was multiplied with the weighted volume of around
100 mL, this gave the emissions for the amount of time that it was exposed to the acid. The
sum of the sampled solutions gives the cumulative NH3 emissions per product per 15 days
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(total time measured). The cumulative emissions were calculated per total ammoniacal
nitrogen (TAN): the NH4 content of cattle slurry (CS) and AS, as given in Table A6. The 1st
experiment was discontinued after 5 days when the temperature fell below freezing during
the night, for which the glassware had to be emptied. The 2nd experiment started a week
later (7 December 2023). Due to time limitations, the flux chamber experiment does not
exactly match the greenhouse and field experiments since the experiment solely included
a grass crop on sandy soil. Moreover, NH3 emissions were tested with CS as a reference
and not CAN because NH3 emissions from CAN are often very low [22] while the NH3
emissions from cattle manure are high and often used as a benchmark [23,24].

3. Results
3.1. Greenhouse Experiment, Yield and N Uptake

The results of the greenhouse experiment showed no significant effect of replacing
CAN with AS on the dry matter yield of grass, except for in the 75% N dosage, where yield
losses of 11.5% on sand and 13.7% on clay were observed compared to the 100% treatment
(Figure 1 top). For the crop N uptake of the grass, the fertilizers showed a significant
interaction effect with the soil, which can be seen in the 50% treatment on clay from the
LSD groupings (Figure 2 top), though fertilizer alone was not significant. These results
imply there may be a small effect on the dry matter yield of grass, but there is no evidence
for reduced quality at the higher N dose.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 20 
 

3. Results 
3.1. Greenhouse Experiment, Yield and N Uptake 

The results of the greenhouse experiment showed no significant effect of replacing 
CAN with AS on the dry matter yield of grass, except for in the 75% N dosage, where yield 
losses of 11.5% on sand and 13.7% on clay were observed compared to the 100% treatment 
(Figure 1 top). For the crop N uptake of the grass, the fertilizers showed a significant 
interaction effect with the soil, which can be seen in the 50% treatment on clay from the 
LSD groupings (Figure 2 top), though fertilizer alone was not significant. These results 
imply there may be a small effect on the dry matter yield of grass, but there is no evidence 
for reduced quality at the higher N dose. 

The dry matter yield of maize showed no significant effect of fertilizer (Figure 1 
bottom), but crop N uptake had a significant effect from fertilizer and the interaction of 
soil and fertilizer (Figure 2 bottom). This particularly affected the 75% dosage of maize on 
clay soil (Figure 2 left). This implies that the quality of maize might be slightly reduced by 
the use of AS, but there is no evidence for this affecting the dry yield. 

 
Figure 1. Total dry weight of the crop harvest of the ammonium sulfate (AS) (green) and calcium 
ammonium nitrate (CAN) treatments (orange) for two soils (clay and sand), two crops (grass and 
maize) and different levels of N dosages. The letters indicate groupings of the treatments 
determined by the least squares difference (LSD): two treatments with the same letter are not 
significantly different from each other. Grass and maize were analyzed separately and only 50% and 
75% of the treatments were included in the statistical tests. LSD is 10.61 g pot−1 for grass and 4.71 g 
pot−1 for maize. 

Figure 1. Total dry weight of the crop harvest of the ammonium sulfate (AS) (green) and calcium
ammonium nitrate (CAN) treatments (orange) for two soils (clay and sand), two crops (grass and
maize) and different levels of N dosages. The letters indicate groupings of the treatments determined
by the least squares difference (LSD): two treatments with the same letter are not significantly different
from each other. Grass and maize were analyzed separately and only 50% and 75% of the treatments
were included in the statistical tests. LSD is 10.61 g pot−1 for grass and 4.71 g pot−1 for maize.
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The dry matter yield of maize showed no significant effect of fertilizer (Figure 1
bottom), but crop N uptake had a significant effect from fertilizer and the interaction of soil
and fertilizer (Figure 2 bottom). This particularly affected the 75% dosage of maize on clay
soil (Figure 2 left). This implies that the quality of maize might be slightly reduced by the
use of AS, but there is no evidence for this affecting the dry yield.

Figure 3 shows the NFRV results and significance test (a sign test of values combining
the 75% and 50% treatments, but the crop–soil combinations were tested separately). The
NFRV of AS was only significantly different from CAN for maize on clay, where it was
0.75 for the 50% dose and 0.84 for the 75% dose (standard deviations of 0.17 and 0.92,
respectively). This is supported by similar results from the linear models, where the
fertilizer showed an effect on maize N uptake, especially on clay soil.
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maize) and different levels of N dosages. The letters indicate groupings of the treatments determined
by the LSD test: two treatments with the same letter are not significantly different from each other.
Grass and maize were analyzed separately and only 50% and 75% of treatments were included in
statistical tests. LSD is 0.02 g pot−1 for grass and 0.31 g pot−1 for maize.

The remaining amounts of mineral N in the soil at the end of both the grass and
maize greenhouse experiments were very low, near or below the detection limit of
0.9 mg of N kg−1). This leads to the conclusion that all available N was fully utilized for
plant growth or lost via gaseous emissions after fertilization. The possibility of gaseous
losses is further examined in Sections 3.2–3.4 on environmental monitoring campaigns.
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3.2. Greenhouse Experiment, Gaseous Emissions

Ammonia emissions, measured using acid traps, showed no differences between AS
and CAN. Emissions of NH3 remained low in the first 10 days after fertilization: 0.02–0.3%
of added N (Figure A1). There was a significant effect of soil type (under maize), sandy
soil had higher emissions than clay soil. Emissions were much lower than what would
have been estimated using the corresponding emission factor from the Dutch National
Emission Model Agriculture (NEMA), which is 2.5% of applied N for CAN and 1.8% of
applied N for air scrubber effluent [25]. While there are questions about the applicability
and accuracy of these emission factors based on small scale experiments, they give an
indication of the range that might be expected and relative differences between fertilizing
products. The measured ammonia was a factor of seven or more lower compared to the
NEMA values. Since the experiment was conducted with closed chambers, the effect
of wind was missing from the experiment. Several examples in the literature show that
ammonia emissions are consistently underestimated when no wind is allowed to blow
over the measuring area [26,27]. To make more reliable ammonia emissions, an additional
sheltered flux chamber experiment was conducted (Section 3.4).

The N2O emissions measured in the greenhouse experiment were very low (<0.04%
of the applied N) (Table A8) and contained many values below the detection limit:
50 µg of N-N2O m−2 h−1. Therefore, they could not be tested with a linear model approach
and were tested with a Kruskal–Wallis non-parametric test. This showed no significant
effects of soil, dosage, or fertilizer type. CH4 emissions in the greenhouse experiment were
also very low (values were below the detection limit: 100 µg of CH4 m−2 h−1), and showed
no significant effects for maize or grass (Kruskal–Wallis test).

3.3. Field Demonstration in 2021 and 2022

In 2021 and 2022, there were no significant effects of fertilizer type on any of the factors
tested in the maize or grass field demonstration experiment: dry matter (DM) and nutrient
uptake. Soil type did have a significant effect in most cases (Table A9). These results do not
indicate a significant difference in yield or N uptake between CAN and AS treatments at
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a dosage of 100% in field conditions. It should be noted that when sufficient fertilizer is
applied to provide 100% of the recommended available N, no differences in crop yield are
expected; in other words, the yield increase as a function of fertilization becoming low [5].
In addition to yield and N uptake by crops, the amount of mineral nitrogen in the soil
remaining after harvest also showed no difference between both treatments: AS and CAN
(Table A7).

However, the sulfur content in grass was affected by the high sulfur dosage using
AS or CAN + S as the sole N fertilizers: 2.1 g of S kg−1 DM average in the unfertilized
blank and 3.6–5.2 g of S kg−1 DM in the treatments (note: Table A9 gives the DM yield
and S uptake). The soil was sampled for 0–30, 30–60 and 60–90 cm below the surface level
for mineral nitrogen (Nmin) and plant available S [20]. The amount of extractable S in
the sandy soil after the second grass cut was 290 to 524 kg of S ha−1 in the soil (0–90 cm),
while the unfertilized blank had 61 to 71 kg of S ha−1 (Table A7), and at least a part of
this S (97 to 167 kg of S ha−1) could be found in the 30–60 cm soil layer, demonstrating the
potential loss of S by leaching into groundwater.

The N2O emissions from the field demonstration were much higher than the green-
house experiment, which may be due to the wet weather in early April (cumulative
precipitation and temperature in the month of April were 61 mm and 9.3 ◦C, respectively)
that occurred at the time of fertilization and measurement, as wet weather facilitates N2O
emission [28]. In this trial, a linear model was used to calculated the emissions. The fertilizer
was found to have a significant effect on the emissions, namely that AS had significantly
lower N2O emissions than CAN + S in both soil types (Figure 4).
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Figure 4. Cumulative N2O emissions from grass field trial of 2022 at 17 days after fertilization.
Emissions were measured from plots fertilized with calcium ammonium nitrate supplemented
with sulfate (CAN + S) and AS (AS) at multiple intervals over 17 days after fertilization (linear
interpolations of emissions between measured dates). LSD is 2.94 kg of N-N2O/ha. The letters
indicate differences based on the least squares difference (LSD): two treatments with different letters
are significantly different from each other.
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3.4. Sheltered Flux Chamber Experiment

The cumulative NH3 emissions were measured in two experiments, as described in
Section 2.4: 1st and 2nd, see Figure 5. The NH3 emissions from the cattle slurry (CS) in
the 1st experiment were lower than in the 2nd experiment, while the temperature in the
1st experiment was also lower [11]. More relevant for these experiments are the very low
emissions from the AS (<0.01% of TAN).
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Figure 5. Cumulative ammonia emissions (% TAN) from cattle slurry (CS) and ammonium sulfate
from animal manure stripping (AS) from 1st (started on 23 November 2023) and 2nd experiment
(started on 7 December 2023) (means are given, with the standard deviation of three repetitions). The
average temperature in the 1st period was 5.1 ◦C and in the 2nd period it was 8.5 ◦C.

4. Discussion

The NFRV of the AS from stripped manure was similar to the CAN in this study
on sandy and clay soil, for maize and grass. Only in one of the six combinations of the
greenhouse experiment (clay and maize) was the NFRV significantly lower than 1. The
NFRV of the AS from the processed animal manure, reported by others, was significantly
lower (30–94%) [12] compared to our results, which might be explained by NH3 losses due
to higher temperatures, the application technique (spoke wheel and injection) or the higher
pH values of the stripped AS or soil. Usually, solid ammonium sulfates have relevant NH3
emissions (84 g of NH3/kg of N) [22], 11.3% (%N of applied N) [29], while lower emissions
from are assumed the liquid effluent from air scrubbers (1.8% N of applied N) [29]. In the
current study, the emissions from AS were near to zero, probably because the target pH for
the AS at the production site was <5.5. The NH3 emissions from the cattle slurry (CS), the
reference for the NH3 measurements, was 14% (% of TAN) (Figure 5) after 15 days at 8.5 ◦C,
which corresponds well to the standard emission factor for ammonia in The Netherlands
from dairy slurry applied with low-emission techniques as used in this study (applying
manure in vertical slots in soil): 17% of TAN [29].
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S levels in animal feed of 3 to 4 g kg−1 DM can cause toxic effects in cattle and sheep but
can also have indirect effects such as copper deficiencies [30–33]. S in crops is related to S
fertilization at deficient nutrient levels [34–36], while it is unknown if S levels have a plateau
or increase at surplus S levels (luxury consumption) [37]. With 2.1 g of S kg−1 DM in the
unfertilized grass in the sandy and clay soil, the fertilized grass had 3.6–5.2 g of S kg−1 DM,
showing the risk of AS fertilization at 298 and 326 kg of SO3 ha−1 for the first grass cut
and 247 and 262 kg of SO3 ha−1 for the second grass cut (Table A3). This was far above
the S fertilization advice, namely 0 and 35 kg of SO3 ha−1, respectively, for the clay and
the sandy soil. A fertilization recommendation of <35 kg of SO3 ha−1, in combination
with fertilization advice of 200 kg of N ha−1, can only be met by using small amounts
of AS in comparison to other nitrogen fertilizers. Note that the S contents in grass may
already be close to the optimum. In The Netherlands, the average S levels in silage grass
increased from 3 g of S kg−1 DM in the period 1996–2009 [38] to 3.3 g of S kg−1 in the
period 2015–2019, according to routine analysis by Eurofins Agro, probably due to targeted
S fertilization due to increased awareness by farmers of a decrease in S deposition [38].

5. Conclusions

Liquid ammonium sulfate from processed animal manure (AS) was produced ac-
cording to the proposed technologies [1] in the European Nitrate Directive [13]. The field
demonstrations showed that AS can be applied with a low-NH3-emission technique on
sandy and clay soils under two crops (grass and maize), and result in similar yields without
damaging the crops. In both the field and greenhouse experiments, full N fertilization was
carried out using ammonium sulfate, which produced much more S than the fertilization
recommendation for S. The greenhouse experiment showed that for most soil–crop combi-
nations tested, there was no evidence that AS is less effective as a nitrogen fertilizer than
CAN. There were only two exceptions in the greenhouse experiments: dry matter yield of
grass on both clay and sandy soil, and crop N uptake for maize on clay soil. Since N loss
through NH3 or N2O was very low in the greenhouse experiment we have no explanation
for the lower efficiency of AS for maize on clay soil. The sheltered flux chamber experiment
showed no NH3 emission from AS in sandy soil.

AS can be applied to supplement the use of commonly used livestock manure and
mineral N fertilizer to meet the crop’s S requirement. However, the goal of using processed
manure products, to make nutrient fertilization more balanced with crop needs than the
original animal manure, is only achieved if AS is applied in line with the recommendation
of both N and S, and not by applying more. Applying S at higher doses than the recom-
mendation for S does not fit into any strategy because increased S content in grass can
be toxic to cattle and sheep [30] and excess S can leach into (1) surface waters leading to
eutrophication in P-rich systems [39] and (2) groundwater leading to elevated sulfate con-
centrations in drinking water. The field demonstration in grass showed that sulfur uptake
can be increased when extreme amounts of AS are used. To avoid toxicity to livestock when
used as feed material, these elevated levels should be accounted for in their complete diet.

The greenhouse experiment provided no evidence for significant differences in NH3,
N2O, or CH4 emissions caused by fertilizer type, because the achievable measuring accuracy
was not sufficient to distinguish between the overall low emissions. The low amount of N
emissions is consistent with the N balance, which shows that the amount of uptake by the
plant was higher than the amount taken up by the control, implying that the crop was able
to utilize all or most of the applied N in addition to some N available in the soil, and that
there was very little loss via emissions. The greenhouse experiment was conducted under
controlled conditions; in contrast, the field demonstrations provide insight into emissions
in a less controlled environment. Here, the N2O emissions showed higher levels from the
CAN fields compared to the AS fields after rainfall.
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Appendix A

Table A1. Soil characteristics of the four experimental fields. Organic matter (OM) content in %,
mineral nitrogen (Nmin: sum of NO3 + NH4 expressed as kg of N ha−1 0–90 cm using 1 M KCl),
clay (<2 µm) %, silt (<50 µm) (%), CaCO3 (%), K-CaCl2 (mg of K kg−1), P-CaCl2 (mg of P kg−1).
For methods (accredited laboratory: Eurofins Agro, Wageningen, and soil chemistry laboratory
WUR-CBLB) see footer of this table.

Crop Soil XY
Coordinates

Soil
Type

Layer
(cm) Nmin pH OM <2 µm <50 µm CaCO3 K P

Grass 2021

Sand 51.99175,
5.64489

Umbric
Gleysol 0–10 39 5.7 4.4 4 15 <0.2 102 2.8

Clay 51.96380,
5.62833

eutric
cambisol 0–10 47 6.3 8.8 43 31 1.1 61 0.6

Grass 2022

Sand 51.99241,
5.64582

Umbric
Gleysol 0–10 56 6.0 1.8 8 17 <0.2 17 0.9

Clay 51.96422,
5.62797

eutric
cambisol 0–10 112 6.6 8.1 39 30 1.2 26 0.4

Maize 2021

Sandy 51.99262,
5.65325

Umbric
Gleysol 0–25 - 5.8 2.9 3 13 0.2 122 2.3

Clay 51.95542,
5.63467

Calcaric
cambisol 0–25 - 7.3 1.7 33 46 2.1 70 1.7

Soil chemistry laboratory (WUR-CBLB, Wageningen). Mineral nitrogen (Nmin: sum of nitrate and ammonium)
extractable from fresh soil using 0.01 M CaCl2 1:10 m/v, NO3 and NH4 analysis using SFA [20]. Eurofins Agro,
Wageningen; pH, after drying and sieving using near-infrared spectroscopy (NIRS). OM, soil organic matter
after drying and sieving using near-infrared spectroscopy (NIRS). Q; <2 µm, lutum, after drying and sieving
using near-infrared spectroscopy (NIRS). <50 µm; silt, after drying and sieving using near-infrared spectroscopy
(NIRS). CaCO3; carbon analysis [40]; K, potassium extractable using 0.01 M CaCl2 1:10 m/v [20], K analyses using
ICP-OES [41]); P, phosphorous extractable using 0.01 M CaCl2 1:10 m/v [20], P analyses using ICP-MS [42]. Q; Q:
the methods that are accredited according to the Dutch Accreditation Council (RvA) for Eurofins Agro: laboratory
nr. L 122 https://www.rva.nl/wp-content/uploads/scopes_files/home/rva-ftp/L122-sce.pdf (accessed on 30
May 2024).

www.fertimanure.eu
https://www.rva.nl/wp-content/uploads/scopes_files/home/rva-ftp/L122-sce.pdf
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Table A2. Chemical composition of two batches of ammonium sulfate (AS), calcium ammonium
nitrate supplemented with sulfate (CAN + S) and gypsum on the basis of product instructions.
Batch 1 (AS1) was used in 2021 for grassland and batch 2 (AS2) was used in 2021 for maize, and
batch 3 (AS3) was used in 2022 for grassland. For methods (accredited laboratory: LUFA Nord West,
Hameln) see footer of this table.

AS1 2021 AS2 2021 CAN + S Gypsum AS3 2022

Unit Grass Maize Grass and
Maize

Grass and
Maize Grass

Dry matter % 27.9 29.07 98.82 99.51 37

N tot % 5.81 6.09 22.8 0.025 7.75

NH4-N% % 5.5 5.17 10.82 <0.01 7.25

S tot % 6.78 6.92 7.1 24.2 8.17

S water soluble % 6.77 6.81 3.3 2.36 n.d

Bulk density g L−1 1137 1176 1174 1435 n.d.

pH - 4.3 4.2 - - 3.4

TOC % 0.12 0.07 0.9 1.61 <0.18
Dry matter, weight loss due to drying at 105 ◦C for 24 h ([43] chapter 5.1); N tot, total nitrogen by dry combustion
in an element analyzer for liquid samples diluted with acid to prevent volatilization of NH3, and Kjeldahl method
for solid samples ([43] chapters 1, 3.5.2.7.); NH4-N, distilling of NH3 after addition of a phosphate buffer, and
collection of NH3 in sulfuric acid, and use of titration to determine excess acid [44]; S tot, total S after digestion
for 2 h with aqua regia followed by filtration over filter paper, and subsequent analysis with inductive coupled
plasma optical emissions spectroscopy (ICP-OES) [41]; S water soluble [41]; bulk density ([43] chapter 5.1); pH
was determined by mixing 50 mL of a sample with 100 mL of 0.01 M CaCl2 for a few hours ([45] chapter A 5.1.1.;
TOC, total organic carbon, dry combustion in a CN analyzer ([45] chapter A 4.1.3.2.).

Table A3. Product dosage (kg ha−1) in the field demonstration (CAN* is a commercial product: CAN
supplemented with S) for the 1st and 2nd fertilization (given as: 1st/2nd), respectively, on 4 April
2022 and 16 May 2022.

Treatment Product Applied Total Applied

Crop Soil AS CAN* CaSO4 N SO3 P2O5 K2O MgO Na2O Cu Zn

Grass
2021

Sand
CAN-S - 500 450 114 361

15 85 50 30 2 0
AS 1910 - - 111 325

Clay
CAN-S - 450 410 103 328

75 80 55 0 0 0
AS 1740 - - 101 296

Grass
2022

Sand

blank 0 0 0 0 0

15/25 180/100 25/25 10 2 0CAN-S - 483/387 419/336 116/93 326/262

AS 1600/1282 - - 116/93 326/262

Clay

blank 0 0 0 0 0

95/25 110/50 75/75 0 0 0CAN-S - 441/366 383/318 106/88 298/247

AS 1462/1213 - - 106/88 298/247

Maize
2021

Sand
CAN-S - 600 530 137 427

0 50 0 0 0.5 1
AS 2250 - 50 137 420

Clay
CAN-S - 690 600 157 486

10 55 0 0 0 0.5
AS 2570 - 55 157 478
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Table A4. Two soil samples used in the greenhouse experiment. Characteristics of the four exper-
imental fields and their soil layers (cm). Organic matter (OM) content in %, clay (<2 µm) %, silt
(<50 µm) (%), CaCO3 (%), K-CaCl2 (mg K kg−1), P-CaCl2 (mg P kg−1), and water holding capacity
(WHC) (ml water/kg ds), and extractable NO3 and NH4 (mg N kg−1) using 1 M KCl. For methods,
see Table A1.

Soil Layer pH OM <2 µm <50 µm CaCO3 K P WHC NO3 NH4

clay 0–25 7.3 1.7 33 46 2.1 70 1.7 425 5.6 3.5

sandy 0–25 5.4 3.1 2 12 <0.2 70 2 245 17.7 0.6

Methods for fertilizers: see field demonstration.

Table A5. Product dosage (g pot−1) in the greenhouse experiment. A dosage of CAN 100 (100% of
advice) corresponds to 120 N ha−1 for grass (clay and sand) and 130 and 165 kg N ha−1 for maize on
sand and clay, respectively. All other dosages are based on 0, 50%, 75% or 125% of the advice.

Treatment Product Applied Total Applied

Crop Soil Code AS CAN CaSO4 N SO3

maize

clay

0 0 0 0 0 0

CAN 50 0 1 1 0.26 0.47

CAN 75 0 1.5 1.5 0.39 0.70

CAN 100 0 2 2 0.52 0.93

CAN 125 0 2.5 2.5 0.65 1.16

AS 50 4.43 0 4.43 0.25 2.06

AS 75 6.64 0 6.64 0.37 3.09

sand

0 0 0 0 0 0

CAN 50 0 0.78 0.78 0.20 0.36

CAN 75 0 1.18 1.18 0.31 0.55

CAN 100 0 1.57 1.57 0.41 0.73

CAN 125 0 1.966 1.966 0.51 0.91

AS 50 3.49 0 3.49 0.19 1.62

AS 75 5.23 0 5.23 0.29 2.43

grass

clay

0 0 0 1.77 0 0.82

CAN 50 0 0.726 1.77 0.19 0.82

CAN 75 0 1.09 1.77 0.28 0.82

CAN 100 0 1.45 1.77 0.38 0.82

CAN 125 0 1.81 1.77 0.47 0.82

AS 50 3.22 0 0.6 0.18 0.28

AS 75 4.83 0 0 0.27 0

sand

0 0 0 1.77 0.00 0.82

CAN 50 0 0.726 1.77 0.19 0.82

CAN 75 0 1.09 1.77 0.28 0.82

CAN 100 0 1.45 1.77 0.38 0.82

CAN 125 0 1.81 1.77 0.47 0.82

AS 50 3.22 0 0.6 0.18 0.28

AS 75 4.83 0 0 0.27 0
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Table A6. Chemical composition of fertilizers from APF used for ammonia emission experiments in
November and December 2023, and which were sampled at APF at 27 October 2023. For methods see
Table A2.

Unit AS 2023 CS

Dry matter % 37.4 9.4

N tot % 4.598 0.347

NH4-N% % 4.49 0.16

S tot % 5.25 0.054

Bulk density g L−1 1100 989

pH 5.0 7.5

Table A7. Average soil extractable nitrogen (kg N ha−1) and sulfate (kg S ha−1) in the field demon-
stration, per layer and sum. Only the treatments were performed in triplicate and were tested for
significant differences. * Soil was not sampled in grass in 2021 because the experiment was terminated
after a mistake was made using the fertilizers after the first grass cut.

Soil Extractable N (kg of N ha−1)

Soil Treatment 0–30 30–60 60–90 Sum

Maize 2021

Sand CAN + S 17 26 23 66

AS 17 25 21 63

Clay CAN + S 18 15 9 42

AS 19 16 10 45

Grass 2021 *

Grass 2022

Sand CAN + S 26 28 8 62

AS 34 32 10 76

Control 8 14 4 26

Clay CAN + S 30 32 11 73

AS 35 39 12 86

Control 26 24 8 58

n.s.

Soil Extractable S (kg of S ha−1)

0–30 30–60 60–90 Sum

Sand CAN + S 340 167 17 524

AS 129 110 23 262

Control 29 28 14 71

Clay CAN + S 247 102 27 377

AS 160 97 33 290

Control 22 22 17 61

n.s.
Amount of extractable N and S per ha has been calculated assuming that the weight of soil is related to soil
organic matter.
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Table A8. Average N2O emissions (% N of applied N) determined in the greenhouse experiment (see
Table A5 for applied N) on the basis of 10 measurements in a period of 31 days.

Sand Clay

Grass Maize Grass Maize

CAN 50 0.01% 0.00% 0.00% 0.03%

CAN 75 0.02% 0.00% 0.00% 0.00%

CAN 100 0.03% 0.00% 0.01% 0.01%

CAN 125 0.00% 0.00% 0.02% 0.02%

AS 50 0.04% 0.00% 0.03% 0.00%

AS 75 0.00% 0.00% 0.00% 0.02%

Table A9. Average yield (103 kg dry matter ha−1) (DM) and nutrient uptake (kg ha−1) of crops in
field demonstrations. The grass yield in 2021 consisted of one grass cut, and in 2022 of two grass cuts
(see main text for explanation). No significant differences between the treatments (CAN-S and AS)
were found per year and crop. The standard deviation is given on the basis of three replications. The
blank in 2022 consisted of a single plot.

Dm N P K Ca Mg Na S

Maize 2021

clay
CAN + S 19.2 ± 0.3 157 ± 23 27 ± 3 161 ± 14 40 ± 1 23 ± 2 1.0 ± 0.1 15 ± 1

AS 18.3 ± 0.8 178 ± 9 28 ± 3 154 ± 12 38 ± 2 22 ± 1 0.9 ± 0.1 15 ± 0.5

sand
CAN + S 22.1 ± 1 235 ± 14 33 ± 2 288 ± 12 38 ± 2 23 ± 1 1.0 ± 0.1 18 ± 1

AS 23 ± 1.1 252 ± 13 38 ± 2 256 ± 12 37 ± 2 24 ± 1 1.0 ± 0.1 19 ± 1

Grass 2021

clay
CAN + S 6.6 ± 0.3 118 ± 5 21 ± 0.3 178 ± 14 26 ± 1 8 ± 0.3 9 ± 2 19 ± 1

AS 6.7 ± 0.6 131 ± 5 21 ± 1 178 ± 10 28 ± 3 9 ± 1 10 ± 3 21 ± 2

sand
CAN + S 7.7 ± 0.8 142 ± 15 24 ± 2 145 ± 27 29 ± 5 13 ± 2 17 ± 1 22 ± 2

AS 6.8 ± 0.6 132 ± 13 22 ± 2 141 ± 16 23 ± 4 11 ± 1 18 ± 1 21 ± 2

Grass 2022

clay

Blank 2.9 46.1 8.3 55.3 12.5 3.8 1.7 5.1

CAN + S 6.3 ± 0.4 181 ± 11 19 ± 1 156 ± 11 33 ± 3 11 ± 1 13 ± 1 23 ± 2

AS 5.9 ± 0.6 171 ± 16 18 ± 2 146 ± 13 30 ± 3 10 ± 1 11 ± 3 28 ± 3

sand

Blank 3.2 41 7.3 48 15.7 4.8 4 6.2

CAN + S 7.0 ± 0.1 182 ± 12 23 ± 1 96 ± 9 44 ± 2 16 ± 1 31 ± 7 27 ± 2

AS 6.9 ± 0.2 191 ± 18 24.2 ± 0.3 96 ± 14 37 ± 1 15 ± 1 31 ± 6 30 ± 2
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Figure A1. Cumulative ammonia emissions (expressed as mg of N pot−1 day−1) between day of 
fertilization (day 0) and day 10 (cumulative) for ammonium sulfate (AS) and calcium ammonium 
nitrate (CAN) in a greenhouse experiment for (a) maize, and (b) grass (mean values are shown and 
their standard deviation of six repetitions and both soil types, clay and sand). 
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Figure A2. Injection of ammonium sulfate in (a) grassland, using a pair of injection units at 25 cm 
(b) maize, and a pair of injection units at 75 cm in maize, with maize seed between the slots. 
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