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Abstract: The storage of livestock manure is responsible for ammonia emissions into the atmosphere.
Different natural covers could be used during animal manure storage, but the mitigation effect is
influenced by the manure characteristics due to the housing or treatment systems. Starting from cattle
and buffalo manure, the objectives of this study were (i) to assess the effect of anaerobic digestion
(AD) and solid–liquid separation (SLS) on ammonia emissions during storage as well as natural crust
development and (ii) to investigate the reduction in ammonia emissions by using a layer of straw to
cover the stored animal manure. Storage conditions were simulated in a small-scale application in a
climate-controlled room. Results showed that the higher organic matter content of cow raw slurry
facilitated the surface crust formation starting from the first days of storage. AD with SLS increased
ammonia emissions (48.5%) due to the increase of the ammoniacal nitrogen content. On the other
hand, animal manure covered with a layer of straw showed a 7.3% reduction of ammonia emissions.
This study suggests that treatments and covering strategies must be calibrated to different manure
types to enhance the mitigation effect.
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1. Introduction

Animal manure produced by livestock farming is recognized as responsible for airborne pollutant
emissions [1] when not properly managed [2]. Storage is a required step within the farm animal manure
management, necessary to safely store manure until climate or crop are in the right conditions for soil
application [3]. As well known, gaseous emissions generally occur during field spreading activities,
but also the storage phase is responsible for a large amount of nitrogen and carbon compound losses
since storage tanks are generally lacking in effective covers.

Ammonia (NH3) losses emitted from tanks are the consequence of the microbial decomposition of
nitrogen compounds contained in the excreta, principally in the urine [4]. Specifically, Kirchmann and
Losses [5] indicate that NH3 volatilization could amount up to 20–40% of the initial total nitrogen content.
Additionally, Finzi et al. [6] reported that animal manure storage is responsible for approximately 19%
of the loss of the total nitrogen excreted by animals under ammonia form.

To reduce significantly the negative impacts of airborne pollutants, the EU commission enacted
the new National Emissions Ceiling Directive (NECD), which sets strict targets for controlling some of
the gaseous emissions, included NH3 [7], and poses the need of solutions for emissions reduction [8].

Since ammonia emissions are related to animal manure characteristics, such as pH, dry matter
(DM), organic matter (OM), Total Ammoniacal Nitrogen (TAN), and Total Kjeldahl Nitrogen (TKN)
content [1]; one of the possible solutions to reduce emissions is to provide animal manure treatments.
Among the treatments largely applied, there are preliminary ones, like solid–liquid separation (SLS);
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secondary treatments, as anaerobic digestion (AD) or composting; and tertiary or finishing treatments
such as the constructed wetlands, which further reduces nitrogen concentration [9].

Despite their well-known benefits, their application is still limited to less than 8% of total livestock
manure produced in the EU [10]. Among others, AD and SLS are very frequently applied in series [11].
In recent decades, AD has been utilized in many farm applications due to a very strong incentive
mechanism for the production of renewable energy [12,13]. Concerning AD, positive effects are the
stabilization of animal manure, the production of methane and heat, and the reduction of odours and
methane emissions [14] thanks to bacterial degradations. Furthermore, SLS improves availability of
N fertilizers for field application and reduces the odours and the volumes to treat [2]. Both SLS and
AD can decrease the manure organic matter, which can lower CH4 emissions during the storage [15];
whereas AD may potentially raise NH3 emissions because of the higher TAN of the anaerobic digestate
due to the mineralization of organic nitrogen into ammonia [14].

Other studies are investigating the opportunity of decreasing NH3 emissions by covering
animal manure storage tanks [16], using some floating manure covers that could be temporary or
permanent [17], natural or not. One possible solution is the natural crust development on the surface
of the manure storage tanks [18]. Indeed, the effectiveness of the natural crust seems to be comparable
to the actual covering materials [19].

Another solution is described in Reference [3], in which floating covers on the manure surface
during the storage were investigated. Some of them, such as straw (an easily decomposable,
nitrogen-poor material), could provide the immobilization of NH3 [20].

Generally, covers could affect three aspects of the gaseous emissions from storage, that is to say,
(i) the production, by modifying the pH of the slurry and thus the chemical equilibrium; (ii) gas
consumption by aerobic bacteria, by allowing the oxygen transfer through a permeable cover; and (iii)
gaseous transportation, by reducing the gaseous transfer into the atmosphere [17].

Unfortunately, covers, and particularly the biologically based ones, are not widespread due to
the difficulties in creating a cover layer and in maintaining it (the effectiveness of covers is reduced
if the covering material surface cracks [19] or sinks [17]) as well as the expensive cost [3]. Moreover,
even though several studies have investigated mitigation techniques for the emissions occurring
during the manure storage, their effect could vary depending on characteristics of the animal manure
investigated [6].

This paper aims to investigate the effect on ammonia emissions from the storage phase of two
manure management strategies. The emissions’ mitigation of solutions investigated are evaluated
under two experimental trials, in which are compared (i) the natural crust development on raw cow
slurry (CS) and liquid fraction of manure digestate (LFD) and (ii) a straw layer cover and the natural
crust development on buffalo raw slurry. The storage was performed in a small-scale simulation within
a climate-controlled room to compare the results under the same conditions.

2. Materials and Methods

Two experiments were carried out in two different periods. Both simulations were performed
by using cylindrical glass vessels (16 cm diameter) filled with 1 litre of diverse types of manure;
each sample has three replicates. During the monitoring period, the vessels were left open in a
climate-controlled room. Climate conditions were set at constant temperature and relative humidity.
The humidity and temperature of the climate room were recorded during the whole storage period.
Water evaporation from vessels was not considered in this preliminary study to avoid animal manure
dilution and to investigate ammonia emissions from various kinds of manure characteristics and covers.

The experimental setup is summarized in Table 1.
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Table 1. Experimental plan design.

Experiment Monitoring
Period Manure Applied Treatment Storage

Cover Emissions Temperature
(◦C)

1 26 days
Cow raw slurry

Cow liquid fraction of
manure digestate

-
AD + SLS

Natural
crust NH3 18

2 20 days Buffalo raw slurry - Straw NH3 19.5

AD = Anaerobic Digestion; SLS = Solid Liquid Separation.

Manure samples were analysed for total solids (TS), volatile solids (VS), total Kjeldahl nitrogen
(TKN), and total ammonia nitrogen (TAN) according to the standard methods [21].

2.1. Experiment 1: Natural Crust Formation, Bovine Raw Slurry, and Liquid Fraction of Manure Digestate

During experiment 1, ammonia emissions from cow raw slurry (CS) and liquid fraction of manure
digestate (LFD) were monitored simultaneously under storage conditions for 26 days. Natural crust
formation was observed. Six cylindrical vessels were filled with CS and LFD, respectively. Samples’
characteristics are reported in Table 2. Ammonia emissions were detected once a day.

Table 2. Slurry composition at the beginning of experiment 1 (expressed on kg of fresh matter) [22].

Raw Slurry Liquid Fraction of Digestate

Mean SEM Mean SEM

DM (g × kg−1) 83.17 1.97 54.36 2.04
OM (g × kg−1) 67.72 0.26 37.53 0.23
TKN (g × kg−1) 3.82 0.13 4.15 0.01
TAN (g × kg−1) 1.85 0.16 2.46 0.04

DM = Dry Matter; OM = Organic Matter; TKN = Total Kjeldahl Nitrogen; TAN = Total Ammoniacal Nitrogen.

2.2. Experiment 2: Cover with Straw, Buffalo Manure

In experiment 2, the effect of a straw layer used as a cover for storage tanks was investigated.
During the monitoring period, three vessels simulated the storage without any cover (BS), whereas the
other three vessels simulated the storage tanks covered with straw (BSWS). Two straw applications of
5 g each (corresponding to a layer of 1 cm) were provided: the day of manure application and one
week later, respectively. Ammonia emissions were measured once a day.

2.3. Manure Sampling

The manure used for the experiments was collected in two livestock farms located within Caserta
province (Campania region, Italy). For experiment 1, cow slurry (CS) and liquid fraction of manure
digestate (LFD) were collected in a dairy cow farm from the tanks placed upstream and downstream
the anaerobic digester plant, respectively. For experiment 2, the slurry used was collected in a buffalo
farm. Different animal manures were considered in order to observe the natural crust formation
affected by the various manure characteristics.

Before starting the experimental activities, representative samples were taken to analyse dry
matter (DM), organic matter (OM), Total Ammoniacal Nitrogen (TAN), and Total Kjeldahl Nitrogen
(TKN) content.

2.4. Measurement Method

The dynamic chamber technique [22] was used to measure the gaseous fluxes from each vessel
once a day for five days per week. During the monitoring period, the vessels filled with manure were
placed open in the climate room. When measurement started, they were closed with a lid with two
holes: one for the inlet of the air and the other connected by means of a Teflon tube to the expansion
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chamber. This was then connected to a sensor. Air exchange was provided through a vacuum pump
and a flow meter which regulated the air exchange to 1.5 l min−1 (Figure 1).
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Figure 1. Experimental setup used to measure gaseous emissions.

After being closed, each vessel was ventilated for 20 min in order to achieve steady conditions inside
the chamber; then, the air was sampled for 16 min and analysed using a gas-sensitive semiconductor
and electrochemical sensor (Aeroqual, series 500) to detect the real-time NH3 concentration.

The gaseous emission fluxes were evaluated as follows:

F = Q
(Cout −Cin)

A
, (1)

where Cin is the gas concentration of air inlet into the chamber in mg m−3; Cout is the gas concentration
of air outlet from the chamber in mg m−3; Q is the airflow rate through the chamber in m3 h−1; and A
is the circular area of the emitting surface in m2.

Cumulative emissions from each manure type over the storage period were evaluated by averaging
net flux rates between two sampling points and by multiplying by the time interval between sampling
points [23].

2.5. Statistical Analysis

Mean cumulative NH3 emissions within 24 h and over the whole measurement period were
compared using a t-test at a significance value α = 0.05.

3. Results

3.1. Experiment 1

Some differences in terms of DM and OM contents for both types of manure at the beginning of
storage are due to the treatments received. In particular, the DM content of CS differs about −35%
from LFD, whereas the OM content in LFD (37.53 g kg−1) is lower than 45% of CS. As regards LFD,
TKN (4.15 g kg−1) and TAN (2.46 g kg−1) contents are 8% and 25% higher compared to CS.
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The higher DM content of CS, caused by the presence of the straw used for the litter, facilitates the
formation of an air-dried crust. Visual observation indicated that the crust started to develop during
the first week for the CS.

As reported in a recent paper [22], it is possible to observe both CS and LFD composition changed
during the storage period. Specifically, the increase in DM content (216.9 and 181.9 g kg−1 for CS
and LFD, respectively) can result from the water evaporation, whereas OM, TAN, and TKN content
reductions were 1.6% and 5.2%, 46.4% and 88.9%, 39% and 74% for CS and LFD, respectively.

Figure 2 shows the cumulative ammonia emissions measured for the two types of manure investigated.
Most of the NH3 emissions occurred during the first days, specifically LFD emitted more than

CS till the 15th day. Mean cumulative NH3 emissions within 24 h was significantly higher from LFD
than CS (p < 0.05), but it was not significantly different over the 26th day of the measurement period
(Figure 2a).

Nevertheless, for both materials, it was observed a decreasing trend of NH3 emissions. Mainly,
this phenomenon was recorded during the last week of the storage. Concerning the cumulative
NH3 emission, CS demonstrates to emit 33% less than LFD. In particular, the cumulative emissions
accounted for 17.9 g NH3 m−2 (15% as TAN and 7% as TKN) and 26.5 g NH3 m−2 (17% as TAN and
10% as TKN) for CS and LFD, respectively.
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Figure 2. Cumulative ammonia emissions measured during storage (a), as TAN% (b), and as TKN%
(c). Error bars indicate SEM (n = 3). CS = Cow slurry; LFD = Liquid fraction of manure digestate.

3.2. Experiment 2

The composition of the buffalo raw slurry was evaluated before and after the storage period.
The measured pH resulted to be 7.13. The other characteristics are summarized in Table 3.

Table 3. Buffalo raw slurry composition before and after the storage period: Dry Matter (DM), organic
matter (OM), Total Ammoniacal Nitrogen (TAN), and Total Kjeldahl Nitrogen (TKN) content expressed
on kg of fresh matter.

Before Storage After Storage

BS BS BSWS

Mean SEM Mean SEM Mean SEM

DM (g × kg−1) 19.62 0.51 58.31 0.51 24.17 0.69
OM (g × kg−1) 11.66 0.48 36.19 0.61 14.22 0.60
TKN (g × kg−1) 1.10 0.01 1.72 0.03 0.95 0.03
TAN (g × kg−1) 0.57 0.00 0.31 0.02 0.18 0.01

BS = buffalo raw slurry; BSWS = buffalo raw slurry with straw; DM = Dry Matter; OM = Organic Matter; TKN =
Total Kjeldahl Nitrogen; TAN = Total Ammoniacal Nitrogen.

As expected, the period of storage affected buffalo raw slurry characteristics. As it is possible to
observe, DM content increased mostly for BS; specifically, it accounts for 3 times the value recorded at
the beginning of the storage. A similar trend was found also for the OM content. After the storage
period, TKN and TAN content of BS and BSWS decreased. Specifically, TAN contents were 46% and
68% less than the values at the beginning of the storage for BS and BSWS, respectively. The TKN
content of BS increased by 56% in comparison with the initial value. On the other hand, the TKN
content of BSWS decreased by 14% during the storage period. To clarify the decreasing rate of TAN
and TKN content, the values were referred to the DM content. TKN values referred to DM content
proved to be 29.5 and 39.3 g × kg−1 DM for BS and BSWS, respectively, decreasing by 47.3% and 29.8%.
Additionally, TAN referred to DM content as well and is 5.4 and 7.5 g × kg−1 DM for BS and BSWS,
respectively. Thus, TAN values referred to DM content and showed a reduction of 74% and 81.4% for
BSWS and BS, respectively.

From Figure 3, differences in ammonia emission fluxes can be observed. Specifically, on the first
day after the straw application, an emission of 8 mg NH3 m−2 h−1 was recorded for BSWS, whereas the
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emission related to BS was 17.3 mg NH3 m−2 h−1. Mean cumulative NH3 emissions within 24 h was
significantly higher from BS than BSWS (p < 0.05) (Figure 3a). The following days, an increasing trend
occurred; for this reason, a new application of straw was planned at the beginning of the second week
of monitoring. In this context, the reduction in ammonia emissions for the BSWS accounted for 77%.
After 400 h, both emission curves followed a decreasing trend, with values of emissions next to zero.

The overall reduction in terms of NH3 emissions associated with the straw application was 7.3%;
specifically, the cumulative emissions accounted for 2.632 g NH3 m−2 (8% as TAN and 4% as TKN) and
2.839 g NH3 m−2 (7% as TAN and 3.7% as TKN) for BSWS and BS, respectively.

Mean cumulative NH3 emissions were not significantly different after 6 days with the second
application of straw and over the 18th day of the measurement period (Figure 3a).
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Figure 3. Cumulative NH3 emissions from buffalo raw slurry with straw (BSWS) in comparison with
buffalo raw slurry (BS) emissions without any cover expressed as g NH3 m−2 h−1(a), as TAN% (b), and
as TKN% (c). Error bars indicate SEM (n = 3).

4. Discussion

The reported emissions could be used to assess the differences in terms of emissions between
different manure treatments or covers application during the storage period. This aspect is fundamental
for planning future researches and field studies.

4.1. Experiment 1

During the first experiment, the cover effects of the crust formation were observed. As found by
previous studies [24], results suggested that the formation of a natural air-dried crust, which occurred
mainly for the presence of straw bedding in the raw slurry not treated with solid–liquid separation,
reduced the NH3 emissions. Particularly, Smith et al. [25] reported a reduction up to 60% on NH3

emission for crusted dairy slurry during the storage.
As found also by Misselbrook et al. [18], the slurry DM content affects the surface crust formation;

in particular, there is no crust formation under 1% of DM. This is the explanation for crust formation:
firstly occurring for the CS and afterwards for the LFD. To this purpose, another aspect should be
considered, according to Smith et al. [25], slurry surface crust formation is promoted by the gaseous
losses (CO2 and CH4) with the anaerobic process that occurred during storage. Indeed, in this case, the
particles are raised up to the surface by the bubbles.

Also, the variation of chemical properties of the manures occurring during the storage was in
good agreement with other studies [26], which have shown that these reductions are due to biological
and chemical processes, responsible for gaseous emissions.

The higher NH3 emission fluxes observed for the LFD, as suggested by References [6,27], could
be explained with the higher ammoniacal nitrogen in LFD at the beginning of the experiment (2.46
against 1.85 g kg−1 of CS) and the higher pH (7.9 instead of 7 of RS). On the other hand, it was observed
a decreasing trend of ammonia emission fluxes for both materials. This could be explained with
the occurrence at the same time as the natural crust development and the reduction of TAN content,
considering that no other manure adding was provided during the study.

These findings suggest that naturally air-dried crust could be used as NH3 emission-reducing
cover during the storage.
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Nevertheless, initial manure characteristics could affect crust formation; specifically, dry matter
(DM) content and livestock diet (grass silage) could facilitate the crusting [25]. For this reason, crust
formation does not occur with the same timing and compactness for all the manure types.

4.2. Experiment 2

Straw promoted the differences in DM content at the end of the storage (Table 3), probably due to
the different water evaporation of the samples. NH3 volatilization was confirmed by the reduction in
terms of TKN and TAN found in both BSWS and BS, referring to the values in terms of DM content.
An important implication of these findings is that the observed ammonia emission reductions are likely
due to the absorption by straw covers floating on buffalo raw slurry. In this work [20] and in related
references [28], it was observed that straw could reduce the NH3 volatilization since nitrogen can be
immobilized by microorganisms.

Unfortunately, straw mitigation performances could be also affected by the DM content of the
slurry; specifically, it was found by Finzi et al. [6] that straw has a lower mitigation effect on the
emissions for pig slurry characterized by a low DM content. Indeed, in this context, the straw
precipitation would be facilitated, as it happened during the trial after the first week of monitoring.
Smith et al. [25] suggested using several straw applications to maintain the durability of the cover.
Because of this, another layer of 1 cm of straw was applied after 142 h.

Furthermore, another possible explanation is provided by Dougherty et al. [3], which indicated
that, generally, straw covers have short time-duration effectiveness due to their decomposition. Guarino
et al. [29] showed in a study on pig and cattle slurry various levels of ammonia emission reduction. In
the first case, the reduction was significant only when a thicker layer was applied to the slurry. In the
second case, the reduction effectiveness ranged between 58.6% to 100% for two different thicknesses
of wheat straw applied. Not only does wheat straw prove to be an efficient natural cover but maize
stalks do as well. Moreover, in the case of pig slurry, the authors assumed that a thinner cover
did not contribute to a reduction in emission because of the characteristics of the materials that get
easily soaked.

Another study [30] showed the effect of straw and zeolite on the reduction of gas emissions from
stored duck manure, applying a single layer of each material or a combination of them. Specifically, it
was observed a reduction of 12% and 36% in terms of cumulative NH3 losses with straw covering and
straw and zeolite combination, respectively.

These findings suggest the possibility to increase the straw reducing emissions effect by combining
it with other materials.

5. Conclusions

From the two experiments carried out, it is possible to confirm that manure treatments such as
SLS and AD modify the original manure characteristics and consequently affect the gaseous emissions
during the manure storage. AD seems to enhance the NH3 emissions during storage (48.5% more
than RS), in reason of the higher TAN content of LFD at the beginning of the storage. Additionally,
the higher OM content in RS, mainly associated with the straw bedding in the manure, facilitated the
surface crust formation starting from the first days of storage.

Regarding the straw application, it is evident that these experimental trials have shown an
interesting implication not only for the reduction of the emissions during storage phase but also for the
possibility of absorbing nitrogen fraction from the slurry. Certainly, this aspect could affect also the
slurry application to the field. Because of this, the next stage of this research could be the validation of
these results in full scale. Further study on other cover materials singularly or in combination with
straw could improve the performances and the practical utilization of the bio-covers as well as the
economic aspect.

In conclusion, different natural covers could be used during manure storage but the emissions
mitigation effect is affected by the characteristics of the manure, including the same type of slurries.
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