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A B S T R A C T

The storage and spreading of cattle slurry are significant contributors to greenhouse gas (GHG) and ammonia 
(NH3) emissions in agriculture, driven by the decomposition of organic matter and volatilization of nitrogen 
compounds. This study evaluates the impact of hydrogen peroxide and potassium iodide (HK) and its combi
nation with calcium chloride (CaCl2) (HKC) on mitigating GHG and NH3 emissions during the manure man
agement chain. Storage trials were conducted at multiple scales (660 L and 20 kg), alongside field trials assessing 
the effect of treated slurries on emissions during land spreading. Emissions of methane (CH4), carbon dioxide 
(CO2), nitrous oxide (N2O), and NH3 were monitored over both the storage and land spreading trials.

Results demonstrated that HK and HKC treatments inhibited CH4 (HK - 651.41 g m− 2; HKC – 621.44 g m− 2; 
Control – 768.74 g m− 2) and N2O (HK – 2.88 g m− 2; HKC – 1.01 g m− 2; Control – 7.43 g m− 2) production 
compared to control during storage but increased CO2 (HK – 5140.83 g m− 2; HKC – 5609.22 g m− 2; Control – 
2474.27 g m− 2) emissions due to foaming and agitation effects. NH3 emissions were significantly influenced by 
the treatments, with HK (168.91 g m− 2) increasing emissions by 111 % and HKC (102.71 g m− 2) by 28 %, 
relative to the control (80.03 g m− 2). Application of a CaCl2 spray reduced NH3 emissions by 49 % in the first 48 
h of treatment through surface pH modulation, though this effect was transient. Temperature significantly 
influenced CH4 emissions; emissions under high-temperature (HT; 19 ◦C) (0.085 kg CH4 kg− 1 VS Day− 1) con
ditions were six times higher than under low-temperature (LT; 9 ◦C) (0.013 kg CH4 kg− 1 VS Day− 1) conditions. 
CH4 inhibition was more effective at LT (86 % reduction, p < 0.05), highlighting the temperature sensitivity of 
methanogenic communities. However, no significant differences in cumulative GHG or NH3 emissions were 
observed between treatments and controls during land spreading. When storage and spreading results were 
combined, treatments showed no significant cumulative reduction in GHG emissions compared to controls, 
highlighting the need for optimization of treatment protocols.

The results indicate that the oxidative treatments (HK & HKC) can suppress methane (CH4) and nitrous oxide 
(N2O) emissions during storage, offering a potential strategy for reducing emissions from livestock waste. 
Furthermore, the application of CaCl2 as a surface treatment reduced ammonia volatilization, improving nitrogen 
retention in slurry, which can enhance its fertilization potential. These findings suggest that oxidative treatments 
and CaCl2 spray have potential for reducing emissions during manure storage, particularly under cooler con
ditions typical of Irish winters. However, the efficacy of these treatments under warmer conditions may require 
adjustments in application frequency and concentration. Future research should focus on optimizing treatment 
protocols and assessing the agronomic benefits of treated slurries.

1. Introduction

The storage of animal manures on farms is almost ubiquitous and 
occurs in most countries with animal husbandry. Storage of manure, 

which is typically rich in many plant-available nutrients, is also a large 
point source of greenhouse gases (GHGs) including methane (CH4), 
carbon dioxide (CO2) and nitrous oxide (N2O), as well as environmental 
pollutants, such as ammonia (NH3) (Amon et al., 2006; Misselbrook 
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et al., 2016; Petersen et al., 2012). Subsequent spreading of manure post 
storage is also a large source of emissions, at this stage mostly in the form 
of N2O and NH3 (Rivera and Chará, 2021; Nyameasem et al., 2022).

Methane, which has a 100-year global warming potential (GWP) 28 
times that of CO2, is produced as an end-product of anaerobic biodeg
radation of the organic material within slurry by archaea, known as 
methanogens (IPCC et al., 2023; Habtewold et al., 2018a). Methanogens 
produce CH4 synergistically from the products of bacterial fermentation, 
such as volatile fatty acids, hydrogen and CO2 (Bajpai, 2017). Metha
nogens are obligate anaerobes and are therefore highly sensitive to ox
ygen (Kiener and Leisinger, 1983; Lyu and Lu, 2018). In addition to 
oxygen, methanogenesis is sensitive to pH, redox potential and tem
perature, all of which must be within appropriate ranges for CH4 to be 
produced (Visser et al., 1993; Kiener and Leisinger, 1983; Misselbrook 
et al., 2016). Significant amounts of CH4 are produced annually from 
manure management, primarily during storage. Opio et al. (2013) esti
mated that 109 million tonnes of this GHG are emitted each year from 
the ruminant manure management chain, exacerbating the effects of 
climate change. CH4 originating from manure management accounted 
for 11.8 % of the EU-27’s agricultural emissions in 2021 (European 
Environmental Agency, 2023).

Ammonia is a pollutant that is volatilized from slurry stores due to 
the high mineral nitrogen (N) content of cattle slurry (Petersen et al., 
2012). NH3 is not a GHG but can serve as an indirect source of N2O via N 
deposition to soils. This increased N input may alter plant speciation and 
have wider impacts on local sensitive ecosystems (Bobbink and Roelofs, 
n.d.). N deposition also causes soil acidification, increasing liming re
quirements for farmers, and thus increasing CO2 emissions. In the at
mosphere, NH3 can react with other pollutants such as sulphuric acid to 
produce particulate matter 2.5, which has been shown to cause respi
ratory issues in people who are frequently exposed to it (Sigurdarson 
et al., 2018). Air pollution has been credited with many deaths across 
the European Union and the United States of America (Khomenko et al., 
2021; Domingo et al. 2021).

Irish agriculture is responsible for 99 % and 38 % of the national NH3 
and GHG emissions, respectively (Buckley et al., 2020; Duffy et al., 
2022). Actions to reduce both will aid in meeting national and European 
targets such as Ireland’s Climate Action and Development (Amendment) 
Act 2021 and the National Emission Reduction Commitments Directive, 
as well as creating a more sustainable environment and agricultural 
industry.

Treatments, such as slurry acidification using concentrated sulphuric 
acid during storage, in which the pH of the slurry is brought to 5.5 or 
below, is considered a very effective technology to mitigate emissions 
and is becoming more popular in countries such as Denmark. Lowering 
slurry pH causes labile NH3 to be protonated to the more stable NH4

+. 
Since NH4

+ is less volatile than NH3, this reduces N loss from the slurry 
and offers a higher fertilization value (Sommer et al., 2013; Wagner 
et al., 2021). For example, Overmeyer et al. (2023) demonstrated a 39 % 
reduction in in-barn NH3 emissions, while Misselbrook et al. (2016)
achieved a 75 % reduction in NH3 emissions across three slurry storage 
periods. Slurry acidification also reduces the amount of CH4 produced, 
as methanogens are sensitive to pH (Visser et al., 1993; Staley et al., 
2011; Habtewold et al., 2018b). However, this method does have dis
advantages such as increased sulphur concentrations in the slurry once 
acidified. If the acidified slurry was intended for use in downstream 
anaerobic digestion (AD), it would require significant mixing with 
un-acidified slurry (Eriksen et al., 2012; Moset et al., 2012). The 
increased sulphur concentrations may lead to process instability and to 
increased wear and tear of the equipment due to the production of 
hydrogen sulphide during digestion. Therefore, slurry treatment alter
natives to acidification, that are compatible with the AD process, are 
required.

Anaerobic digestion is increasing in popularity within the EU as a 
way to generate renewable energy and manage agricultural and/or 
other wastes (Grando et al., 2017). Therefore, management and 

treatment of the resultant digestate to minimise the potential negative 
impacts on the environment, such as gaseous emissions, is another 
important consideration. As AD technology is adopted, spreading of 
digestate onto farmland is becoming more common.

This work evaluated an alternative slurry additive that is compatible 
with downstream AD. This additive is a mix of hydrogen peroxide 
(H2O2) and potassium iodide (KI). The mode of action by which this 
method reduces CH4 emissions is the same to that is reported by Thorn 
et al. (2022). In their study, oxygen was introduced into the slurry using 
a stabilised peroxide (urea hydrogen peroxide), resulting in an approx
imately 94 % reduction in CH4 emissions over 65 days with multiple 
applications (Control - 1.7 L CH4; Treated Slurries – 0.095 L). The 
addition of H2O2 has the effect of inhibiting methanogens for several 
days, the effects of which are temporary, as once oxidative conditions 
subside, methanogenesis resumes, and the treatment can therefore 
reduce CH4 losses during slurry storage, without impacting CH4 yield 
during AD.

As with slurry acidification, addition of peroxides to slurry induces 
foaming, potentially acting as a source of increased NH3 emissions 
during storage. Thus the use of calcium chloride (CaCl2) was assessed 
during storage in order to reduce the hypothesised increase in NH3 
emissions. CaCl2 has previously been incorporated into soil and chicken 
slurry. Witter (1991) found that the addition of CaCl2 to poultry litter 
decreased peak NH3 volatilization rates by 71 %, while Husted et al. 
(1991) also described NH3 abatement by which CaCl2 acted as an 
acidifier in slurry. Recent studies have explored the effects of CaCl2 in 
soil, particularly its role in altering soil microbial structure of nitrifying 
and denitrifying communities and acting as a nitrification inhibitor. 
Abbasi et al. (2011) demonstrated that CaCl2 slows the conversion of 
NH4

+ to nitrate, ultimately reducing NH4
+concentrations by 30 %, 

enhancing plant N utilisation (Macêdo et al., 2019). CaCl2, unlike other 
acidifiers, is compatible with downstream AD and may even increase 
biogas potential due the ability of the Ca2+ ion to reduce the toxicity of 
long chain fatty acids (Kumar et al., 2015). The reduction in long chain 
fatty acid inhibition during AD is attributed to their precipitation as 
calcium salts, which lowers their concentration and minimises their 
inhibitory effects on methanogenic activity.

Therefore, despite progress in manure management research, key 
gaps remain. Slurry acidification effectively reduces NH3 and CH4 
emissions but is incompatible with anaerobic digestion due to increased 
sulphur levels. Alternative treatments that mitigate emissions while 
supporting AD are underexplored. Oxygen-based treatments can sup
press CH4 during storage, but their temporary effects and potential NH3 
increases require further study. While CaCl2 has shown NH3 reduction 
potential in other contexts, its role in cattle slurry management, 
particularly alongside oxidising treatments, remains unclear. Addition
ally, the influence of temperature on treatment efficacy is poorly un
derstood, despite its importance in emission dynamics. Addressing these 
gaps is crucial for developing sustainable manure management 
strategies.

The aim of this study was to: (i) evaluate the effects of this oxidising 
treatment (mixture of H2O2 and KI) with and without surface addition of 
CaCl2 on CH4, CO2, N2O and NH3 emissions during storage, (ii) to 
anaerobically digest treated and untreated slurry and assess the gaseous 
emissions of slurries and digestates following spreading to grassland, 
and (iii) assess the effect of temperature on the efficacy of the slurry 
amendment on CH4 inhibition.

2. Materials and methods

2.1. Slurry storage: experimental setup

Nine 1 m3 (0.8 m × 0.8 m x 1.5 m) slurry tanks were filled with 660 L 
of cattle slurry from a beef farm in county Wexford, Ireland. The storage 
tank from which the slurry was taken was approximately 115 m3. Cattle 
were fed a diet of silage and 16 % concentrate. The slurry tanks were 
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filled three weeks before the start of the experiment to allow for out- 
gassing following mixing and transport, which may inadvertently 
affect emissions. The tanks were covered with concrete slats similar to 
those used on commercial farms in order to simulate realistic airflow 
conditions over the surface of the slurry during the storage period. These 
slats were also in place during GHG and NH3 measurements.

2.2. Addition of treatment

The storage experiment was carried out for 90 days. Treatment was 
applied every two weeks (7 treatment periods), apart from treatment 
period 3 and 6, where tanks were treated after 8 and 11 days respec
tively (see Fig. 1: A which includes treatment periods as bars above 
graph). 1.32 L of 30 % H2O2 (w/w) (0.67 g H2O2 L− 1 slurry) and 1 L of 
1.06 M KI (0.27 g KI L− 1 slurry), were pumped into the bottom of the 
tanks separately, but simultaneously via two 2-m-long half-inch pipes 
(this treatment will now be known as HK). H2O2 was pumped into the 

tank at a rate of 0.5 L min− 1 while KI was pumped in at a rate of 0.363 L 
min− 1. The HK treatment was used again, except 1 L of 0.75 M CaCl2 
solution (520.22 g CaCl2 m− 2) was sprayed on top of the slurry after the 
addition of the oxidising treatment. This solution was sprayed using a 
backpack pressure sprayer to ensure appropriate coverage of the slurry 
surface (this treatment will now be known as HKC). The concentrations 
of H2O2 and KI were selected based on previous research by Connolly 
et al. (2023), which explored concentration gradients. A gradient was 
not applied in this study due to logistical constraints and concerns 
regarding comparability at this larger scale. Control slurry was left in the 
tanks undisturbed for 90 days apart from days in which multiparameter 
readings were taken. All treatments including HK, HKC and control were 
replicated n = 3.

2.3. Sample collection

Total solids (TS) and volatile solids (VS) samples were taken one day 

Fig. 1. A/B/C/D: A: Running cumulative CH4; B: N2O; C: CO2 emissions during 90-day slurry storage experiment with error bars representing standard deviation to 
the mean. HK (hydrogen peroxide and potassium iodide), HKC (hydrogen peroxide, potassium iodide and calcium chloride) and control displayed. Horizontal bars 
displayed above graphs indicate treatment periods. D: Total GHG profile of 90-day slurry storage including CH4, N2O, CO2 and N2O (AA) in CO2eq. Error bars 
representing standard deviation of cumulative emissions.
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before the start of the experiment, after the slurry was agitated. The 
samples were analysed gravimetrically, fresh samples were dried at 
105 ◦C for 24 h for TS, after which the samples were placed in a furnace 
at 550 ◦C for 2 h for VS determination, in accordance with standard 
methods (APHA, 2005). Samples were taken at the beginning and end of 
the experiment.

CH4, CO2 and N2O gasses were measured using the static chamber 
technique in which a 250 L cover was placed over each tank creating an 
airtight seal (De Klein and Harvey, 2015). Gas samples were taken at 0, 
30 and 60 min after cover placement using a 100 ml polypropylene 
syringe and were placed into pre-evacuated 7 ml glass vials. These gas 
samples were then analysed on a Bruker gas chromatograph model 
456-GC which used helium as a carrier gas. Gas fluxes were taken 4 
times in the first week and 4 times in the second week of the experiment. 
From then onwards, fluxes were taken 3 times per week in weeks in 
which treatments were added and 2 times per week when treatments 
were not. Individual fluxes were calculated using Equation (1) which is 
modified from (Kelliher et al., 2012): 

F(daily) = (ΔC/Δt)*((M*P)/(R*T))*(V/A)                         (Equation 1)

where F(daily) is the daily flux (g m− 2 Day− 1), ΔC is the change in 
concentration of the target gas (ppm), Δt is the change in time (Day), M 
is the molar mass of the target gas, P is the atmospheric pressure (Pa), R 
is the ideal gas constant, T is the temperature (K), V is the volume (m3) 
and A is the area (m2).

Each individual flux was considered representative of the measure
ment day. Gap filling between measurement days was performed using 
trapezoidal integration between two points similar to Rahman and 
Forrestal (2021) to calculate cumulative emissions.

NH3 measurements were carried out using the dynamic chamber 
technique by placing a 250 L cover on top of the slurry tank while an in- 
system fan was used to induce airflow within the chamber (Burchill 
et al., 2016; Kang et al., 2020; Misselbrook et al., 2016). The airflow over 
the slurry was variable due to wind but was always above 10.5 m − 1. 
Airflow was measured and recorded using a TSI airflow rotating vane 
(LCA501). Average observed airflow speeds were 11.28 m s− 1. The 
estimated air exchange rate within the chamber was 48 exchanges per 
minute. Similar airflow speeds are unlikely to occur in real underground 
slatted tanks but was done in order to obtain accurate comparisons be
tween treatments. Samples were taken from air originating at the inlet of 
the chamber (unladen air) and air circulated through the chamber 
(laden air). Samples were taken at a rate of 2 L min− 1 ± 0.2 and were 
drawn through two 0.05 M orthophosphoric acid bubblers. The airlines 
carrying the samples were made of PTFE. NH3 sampling took place as 
often as GHG flux measurements and lasted for 1 h. Post measurement, 
the orthophosphoric acid was analysed using an Aquakem 600 discrete 
analyser. NH3 emissions were calculated using equation (2) which was 
used by Kavanagh et al., (2019); Dinuccio et al., (2008): 

Fj = Q*(Cex.j – Cin.j)/A                                                   (Equation 2)

where Fj is the gas flux (mg m− 2 hr− 1), Cex.j is concentration of the 
outlet NH3 (mg m− 3), Cin.j is the concentration of inlet NH3 (mg mg− 3), 
Q is the airflow rate through the chamber (m3 hr− 1) and A is the surface 
area of the emission source (m2).

Calculation of CO2 equivalencies was carried out using 100-year 
GWPs recommended by Working Group I to the IPCC 6th assessment 
report, 2022 (IPCC et al., 2023). The potentials used were; CO2 – 1, CH4 
– 28, N2O – 273. Emitted NH3 was presumed to have formed N2O at a 
rate of 1 % and is included in CO2 equivalency calculations as ammonia 
associated N2O (N2O (AA)) (IPCC2006- Intergovernmental Panel on 
Climate Change et al., 2006).

Temperature, dissolved oxygen (DO), oxidative redox potential 
(ORP) and pH were measured using a Hanna H91628 multiparameter 
probe, which was lowered into the slurry at four depths, 4 cm, 24 cm, 54 
cm and 83 cm below the slurry surface three times per week. pH, DO and 

temperature were calibrated according to manufacturer’s specifications. 
No measurements were taken during the night.

Total ammoniacal nitrogen (TAN) samples were taken 1 day before 
the start of the storage experiment and the end of the experiment (day 
90). Slurry samples were taken and diluted (1:20), then shaken with 0.1 
M hydrochloric acid and filtered through 100 μm Whatmann paper. 
Filtered samples were refrigerated and analysed using an Aquakem 600 
discrete analyser.

2.4. Storage temperature experiments

Two 20 kg slurry storage experiments were carried out at Teagasc, 
Johnstown Castle. The first experiment took place during the summer, 
from July 6, 2020 until the September 3, 2020, hereon referred to as 
high temperature (HT) conditions. The second experiment took place in 
early spring from the February 15, 2021 until the March 30, 2021, 
hereon referred to as low temperature (LT) conditions.

Slurry was sourced from the same farm previously described. Slurry 
was collected three days prior to the beginning of each experiment. The 
slurry was dispensed into 30 L containers (H - 41 cm, r- 15.25 cm), where 
each container received equal amounts of slurry. HT containers received 
20 kg of slurry while LT containers received 15 kg of slurry each. The 
differing weights during each experiment were due to restrictions in 
acquiring suitable slurry at that time. The containers were stored in a 
large polytunnel in which airflow was unrestricted. Neither experiment 
was temperature controlled but large differences in temperature 
occurred naturally, relating to the time of year (Fig. 4: A).

GHG emissions were sampled 4–5 times in the first week and 2–3 
times thereafter. Emissions were sampled in the same manner as pre
viously described using a modified container lid with a rubber septum to 
seal the chamber. GHG fluxes were inferred using the increase in 
emissions over the time periods using equations from Kavanagh et al. 
(2019) and Kelliher et al. (2012). Calculated emissions were first 
determined in g m− 2 day− 1and were then converted to kg CH4 kg− 1 

volatile solids (VS).

2.5. Treatment

The slurry received a mix of H2O2 and KI in the same concentrations 
and manner as previously described. This will be known as peroxide 
treatment (PT). Two controls were used in this experiment, the first 
(Control 1) consisted of untreated slurry that was stored for the entire 
experimental period with no mixing/agitation or water addition apart 
from some crust destruction in order to acquire pH measurements. The 
second control (Control 2) was stored under the same conditions but 
received the same amount of water and mixing as PT (water added to 
mimic the effect of dilution by PT). All treatments were replicated (n =
3).

2.6. Slurry characteristics

Slurry pH was measured using a JENWAY 1510 pH meter and a 
JENWAY 924-050 pH electrode. Measurements were taken 2–3 times 
per week using 200 ml slurry samples which were subsequently returned 
to the containers from which they were taken. Total ammoniacal ni
trogen (TAN) as well as TS and VS were measured at the start and end of 
both experimental periods. TAN was extracted using similar methods to 
Connolly et al. (2023). Slurry temperature was measured everyday 
during both experiments using a JENWAY temperature probe. Met Eir
eann data was used to tabulate the average temperature values for each 
day. Average slurry temperature over the HT time period was 19 ◦C, 
while during the LT time period it was 9 ◦C.

2.6.1. Anaerobic digestion
Seventeen litres of slurry was sampled from each HK and control tank 

during the storage experiment on days 29 and 67. The slurry was 
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immediately transported to the University of Galway, where the slurry 
was anaerobically digested. This process was a mono-digestion that took 
place over two 5-week periods at 37 ◦C, in which anaerobic granules 
(inoculum), previously used to treat dairy waste, were mixed with the 
slurry to facilitate efficient breakdown of organic matter. The inoculum 
was held at 37 ◦C for 72 h prior to mixing with the feedstock. The 
inoculum was mixed with the feedstock at a fixed chemical oxygen de
mand ratio of 1:2 (Trego et al., 2020; Lim and Fox, 2013). The digestate 
originating from the control (untreated digestate) and HK (HK digestate) 
treatments were land spread.

2.6.2. Slurry and digestate land spreading experiment
Two land spreading experiments were carried out on grassland plots 

on September 6, 2021 and October 12, 2021 using material from the 
660 L storage experiment and subsequent anaerobic digestion. Samples 
were taken 2 days prior to spreading and stored at 4 ◦C up to the day in 
which it was spread. The trial followed a fully randomised block design 
with 7 treatments (n = 3). Each plot measured 6 m*1.5 m, a treatment 
area of 9 m2. 17 L of cattle slurry from each tank HK, HKC and control in 
the storage experiment were sampled and spread on the experimental 
plots along with 17 L of HK digestate and untreated digestate. Average N 
application rates of the slurries and digestates during the first spreading 
event was 9.37 kg N ha− 1 while in the second spreading it was 24.55 kg 
N ha− 1. Calcium ammonium nitrate (CAN) was spread at a rate of 40 kg 
N ha− 1 as a fertilizer control, no nitrogen was added to land control 
plots.

CH4, CO2 and N2O were sampled using the static chamber method 
similar to Gebremichael et al. (2021). Gas samples were taken at 0, 20 
and 40 min. GHG samples were taken directly after spreading and 6 h 
after spreading. Sampling was then carried out on a 5/4/3/2/1 basis in 
which sampling took place 5 times per week in the first week, 4 times in 
the second week, 3 times in the third week etc. GHG sampling periods 
were as follows: All GHG fluxes returned to background concentrations 
prior to the end of sampling. Analysis of fluxes was carried out in the 
same manner as described before and cumulative GHGs from storage 
and spreading were summed. Control emissions were subtracted and 
then statistically analysed so as to separate background soil emissions 
from the effect of slurry application.

NH3 emissions from land spreading were estimated using the 
ALFAM2 model, in which average rainfall, wind speed and air temper
ature over the modeling period was used (Hafner et al., 2018). Weather 
data was provided by Met Eireann weather station located 700 m away. 
Slurry application at 18.89 t ha− 1 and duration of emission at 168 h were 
consistent variables, other input variables such as TAN concentration, 
slurry dry matter and pH were variable.

The grass was cut to a height of 5 cm before the start of each land 
spreading trial. Soil cores were taken 1 week prior to the first spreading 
trial to assess bulk density and allow calculation of water filled pore 
space (WFPS). Calculations were carried out as described by Žurovec 
et al. (2021). Soil bulk density was on average 0.9 g cm− 3. Soil moisture 
readings were taken at least once per week and up to 3 times per week 
using a Thetaprobe (Delta T, Cambridge, UK).

2.6.3. Statistical analysis
All data analysis was carried out using GraphPad Prism (v8.01). All 

data was tested for normality (p < 0.05) using the Shapiro Wilks test. If 
normality failed, data was rendered normal via log transformation prior 
to further analysis. Cumulative GHG (CH4, N2O, N2O (AA) and CO2) and 
NH3 during both storage and land spreading were assessed using one- 
way ANOVA. A Tukey post-hoc test was performed to determine sig
nificant differences between treatments. A two-way ANOVA was also 
carried out on the CH4 treatment periods in which a Tukey-post hoc test 
was performed to examine statistical differences. All tests were per
formed assuming a statistical probability of p ≤ 0.05 was significant.

3. Results and discussion

3.1. Storage experiment: methane

Cumulative CH4 emissions over the 90-day storage period from 
control slurry equalled 768.74 g m− 2 (Fig. 1: A & D). Both HK (651.41 g 
m− 2) and HKC (621.44 g m− 2) reduced CH4 emissions from cattle slurry 
by 15 and 19 % respectively (p < 0.05). P1 was the only treatment 
period in which either HK or HKC produced significant inhibition of 
CH4, reducing emissions by 51 and 45 % respectively (p < 0.05). 
Maximum inhibition during periods 2, 3 and 4 varied from 26, 35 and 
24 % respectively, which were not significant. During periods 5 and 6, 
CH4 inhibition was negative (i.e. the treatment did not inhibit CH4), 
increasing emissions by 153 and 17 % respectively (The rate of increase 
in emissions in Fig. 1: A for HK is larger than for Control). In treatment 
period 7, maximum CH4 inhibition was 33 %, which was not significant. 
The lack of consistent CH4 inhibition throughout the storage trial makes 
interpretation difficult. During P1, similar inhibition to Connolly et al. 
(2023) was observed before becoming weaker in the next 3 treatment 
phases. An increase in CH4 emissions during periods 5 and 6 from 
treated slurry may be as a result of increased volatile fatty acid (VFA) 
concentrations during storage and their subsequent utilisation by 
methanogenic communities. Increased CO2 emissions during periods 5 
and 6 also confirm that a higher rate of microbial activity was present 
(Fig. 1: C). Emissions from HK and HKC were not significantly different, 
indicating that the addition of the CaCl2 spray did not affect CH4 pro
duction during the storage period. This aligns with previous research, 
which suggests that CH4 is primarily produced near the bottom of the 
slurry pit where most of the VS settle (Ndegwa et al., 2002). Since the 
spray was applied as a top dressing, it is unlikely that it could have any 
meaningful impact on CH4 emissions. The reduced level of CH4 inhibi
tion in this experiment, compared to Thorn et al. (2022) and Connolly 
et al. (2023), may be due to a high average slurry storage temperature 
which was 17.2 ◦C (Max-19.1 ◦C, Min-16.0 ◦C) (Fig. 2: D). Amon et al. 
(2006) also stored slurry at average temperatures of 17 ◦C and observed 
untreated methane emissions that were 94.9 % higher from untreated 
slurry than this study (1498.15 g CH4 m− 2). This difference in emissions 
was most likely due to the high dry matter slurry used (9.24 %) versus 
the low dry matter slurry tested in this trial (3.0 %). Kavanagh et al. 
(2019) reported a similar trend, finding that CH4 emissions were 88.24 
% higher in slurry with 7 % dry matter compared to 4 % dry matter. 
The high temperature was as a result of the time of year in which the 
experiment took place. It is well known that, with increasing tempera
ture, the rate of methanogenesis also increases, which the oxidising 
treatment was unable to inhibit (Husted, 1994; Cárdenas et al., 2021). If 
slurry temperatures were similar to those more representative of Irish or 
northern/central European slurry during winter, CH4 inhibition would 
likely have been much higher (Petersen et al., 2016).

The abatement of CH4 emissions throughout the majority of the 
experiment can be explained by the presence of dissolved oxygen 
through the addition and catalytic decomposition of H2O2 (Fig. 2: C), 
and the subsequent rise in ORP (Fig. 2: A). This change in the environ
mental conditions of the slurry from an anaerobic (− 400 mv) to aerobic 
(+100 mv) one, are conditions in which methanogens cannot produce 
CH4 (Hungate, 1960). This approach of controlling redox potential to 
modify gaseous emissions from slurry was previously investigated by 
Hjorth et al. (2010), who found that ozone application reduced 
hydrogen sulphide emissions by 99.5 % and lincreased redox potential 
to at least -80 mV. Similarly, Connolly et al. (2025) observed an 81 % 
reduction in hydrogen sulphide emissions using the same treatment 
applied in this study, further demonstrating the effectiveness of redox 
manipulation in mitigating emissions. Methanogenesis is widely known 
to be highly sensitive to oxygen (Deppenmeier, 2002) and a similar H2O2 
based amendment has also been shown to operate well by Thorn et al. 
(2022) in cattle slurry, albeit at a greater frequency of addition. There 
was on average 14 days in between each treatment in this study and it is 

S. Connolly et al.                                                                                                                                                                                                                                Journal of Cleaner Production 504 (2025) 145450 

5 



probable that a more frequent treatment regime, similar to Thorn et al. 
(2022) is required to reduce the CH4 production further. The total and 
volatile solids content of the slurry (Table 1) were also very low which 
may have affected the treatment efficacy. Note that the TS and VS of all 
the slurries increased after 90 days of storage period, this is most likely 
due to the large amount of evaporation that took place during the 
experiment. However, it is unclear why HKC evaporated significantly 
more than HK.

Aeration is the process of pumping air into slurry storage units and is 
typically carried out multiple times per day in order to maintain high DO 
and ORP levels. It has been shown previously to reduce CH4 emissions 
from slurry storage by approx. 43 % compared to control (Amon et al., 
2006). Calvet et al. (2017) also studied low frequency aeration in pig 
slurry and found CH4 emissions were reduced by 40 % compared to 
control. The treatment in this study uses a very similar process to 
aeration, i.e. the introduction of oxygen to an anaerobic slurry store, but 
is applied much less frequently than the studies outlined above. Intro
ducing oxygen to the slurry store in a concentrated form such as H2O2 
may prove a more effective method of raising the ORP as ambient air is 
composed of approx. 21 % oxygen. This difference in additives may 
influence the microbial environment in a way not previously observed 
via a release of more reactive oxygen species. The constant maintenance 
of aerobicity during aeration, although effective in reducing CH4 emis
sions, will negatively impact the concentration of VFAs within the 
slurry. Paul and Beauchamp (1989) found total VFA concentrations 
were reduced by 22 % and 84 % when slurry was aerated for 1 and 4 
days respectively. Although VFA concentrations were not measured 
during this study, it is speculated that since ORP levels were held in 

Fig. 2. A/B/C/D: A; average ORP (mv) B; pH C; dissolved oxygen of slurry during 90-day storage period, with error bars representing standard deviation displayed. 
D; Average temperature of slurry during experimental trial (does not include diurnal variations). HK (H2O2 + KI), HKC (H2O2 + KI + CaCl2) and control shown in the 
figure. Depth of measurements were averaged between depths of 83, 54, 24 cm and 4 cm below slurry surface.

Table 1 
Total solids (g k− 11 slurry), volatile solids (g kg− 1 slurry) and total ammoniacal 
nitrogen (mg kg− 1 slurry) pre and post storage. HK (H2O2 + KI), HKC (H2O2 + KI 
+ CaCl2) and control displayed. Pre-storage was measured 24 h before the 
beginning of the storage experiment. Letters indicate significance of given 
measurements within columns.

Treatment TS (g kg− 1 slurry) VS (g kg− 1 slurry) TAN (mg kg− 1 slurry)

Pre-Storage 29.9 ± 1.2a 21.3 ± 1.4 a 871.35 ± 16.42a

Control 32.2 ± 1.1b 22.5 ± 1.1 b 784.42 ± 7.99b

HK 33.4 ± 1.0 c 22.5 ± 1.2 b 716.88 ± 14.08b

HKC 36.2 ± 2.3 d 24.0 ± 1.1 c 763.03 ± 5.79b
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aerobic conditions for approx. 48 h (Fig. 2: A), that VFA concentrations 
may be negatively affected but not to the same extent as the more 
frequent aeration process. This may be similar to Ahn et al. (2014) who, 
although observed that aeration prior to anaerobic digestion increased 
the biogas yield of sewage sludge, the trend only held for 24 h of 
pre-aeration. After longer periods of pre-aeration (48 & 96 h), Ahn et al. 
(2014) observed reduced VS concentrations and biogas yields, giving 
more credence to the notion that intermittent, as opposed to continuous, 
aerobicity may enhance biogas potential.

3.2. Storage experiment: carbon dioxide & nitrous oxide

Total CO2 emissions (Fig. 1: C & D) were increased as a result of both 
treatments HK (5140.83 g m− 2) and HKC (5609.22 g m− 2) compared to 
control (2474.27 g m− 2), a 108 and 139 % increase, respectively, (p <
0.05). These increases are a direct result of the additive foam formation, 
as after each treatment CO2 emissions increased rapidly before returning 
to average baseline daily emissions of approx. 42 g m− 2 day− 1 within 24 
h. The addition of CaCl2 appeared to have some effect on the release of 
CO2 from cattle slurry, increasing its emission by 15 % compared to HK, 
however this effect was not significant (p > 0.05).

Both HK (2.88 g m− 2) and HKC (1.01 g m− 2) reduced total N2O 
emissions by 61 and 86 %, respectively, compared to control (7.43 g 
m− 2) over the 90-day storage period (Fig. 1: B & D) (p < 0.05). The N2O 
emissions from untreated slurry are similar to those reported by Amon 
et al. (2006), who observed 0.05 g N2O m− 2 day− 1 while control slurry 
reported in this study produced 0.083 g N2O m− 2 day− 1. Differences in 
emissions between studies are most likely due to differences in DM, TAN 
content and/or measurement techniques employed. Amon et al. (2006)
also found that aerating slurry increases the emission of N2O during 
storage by approx. 126 % as aerobic communities can develop (43 % of 
total GHG emissions abated during aeration due to a reduction in CH4 
emissions). The opposite effect was seen in this study, most likely as a 
result of the difference in oxygen supplies tested. In this study, oxygen 
was introduced into the slurry on average every 2 weeks, however, in 
Amon et al. (2006), slurry was aerated everyday with between 1 & 3 m3 

air m− 3 slurry day− 1. The infrequency with which slurry was treated in 
this study most likely did not allow for aerobic communities to develop 
in the same way.

Control tanks produced a crust which started to form after approx. 1 
week of storage and appeared dry on the surface. Dry crusts which form 
on slurry surfaces can produce N2O emissions due to a combination of 
anaerobic and aerobic micro-sites (Philippe and Nicks, 2013). Approx
imately 47 % of control N2O emissions occurred within the first 23 days 
of storage, even though the average temperature of the slurry during this 
time was lower than the rest of the experiment. This indicates that in 
dry, naturally occurring slurry crusts, the initial period of formation is 
the period in which most of the N2O emissions are produced. This is in 
contrast to Wood et al. (2012) in which the highest N2O fluxes occurred 
around day 40 and 120. This difference in observations may be due to 
the temperature differences between the studies.

HKC inhibited a large amount of N2O, abating an extra 2.13 g m− 2 

over the 90-day storage compared to HK, p < 0.05. This is most likely 
due to nitrification inhibition caused by CaCl2, although this effect has 
mostly been reported in soils (Abbasi et al., 2011; Macêdo et al., 2019). 
However, Witter (1991) did observe increased NH4

+ (Control – 1.7 mg N 
g− 1 slurry; Control – 2.2 mg N g− 1 slurry) and reduced nitrate (Control – 
3.0 mg N g− 1 slurry; Control – 1.7 mg N g− 1 slurry) concentrations 9 
days post spreading in soil spread with chicken manure when it was 
amended with CaCl2, also indicating possible nitrification inhibition. 
The combination of increased oxygen and CaCl2 concentrations used by 
HKC appeared to operate in tandem to inhibit the denitrification and 
nitrification processes taking place at the slurry surface and crust.

Taking into consideration total CH4, N2O and CO2 emissions, 
although HK (24,628 g m− 2) and HKC (23,877 g m− 2) reduced total GHG 
emissions by 7 and 9 %, respectively, compared to control (26,247 g 

m− 2), this was not statistically significant (Fig. 1: D) (p > 0.05). This 
simple gas balance is not taking into consideration the energy required 
in order to produce, transport and mix the chemicals required for the 
treatment. In this study Control CH4 represented 82 % of the total GHG 
emissions (CO2eq) during storage, while in the HK and HKC treatments, 
this contribution was reduced to 74 and 73 %, respectively. If the CH4 
inhibition exhibited higher efficacy and for a more consistent period of 
time, such as in Thorn et al. (2022) or Connolly et al. (2023), then GHG 
abatement may have been achieved.

3.3. Storage experiment: ammonia

Total NH3 emissions emitted by control slurry was 80.03 g m− 2, 
while HK (168.91 g m− 2) and HKC (102.71 g m− 2) increased emissions 
by 111 % (p < 0.05) and 28 % (p > 0.05), respectively (Fig. 3). CaCl2 
treatment affected both cumulative and temporal NH3 emissions 
compared to HK, p < 0.05. The CaCl2 spray was most effective in the first 
48 h of each treatment phase, in which it abated on average 49 % of NH3 
emissions compared to control. This is in contrast with HK, which in the 
same 48 h increased NH3 emissions by 78 % compared to the control. 
The mechanism behind the fleeting nature of the CaCl2 efficacy is 
explained by Husted et al. (1991) and Vandré and Clemens (1996) as a 
possible reduction in pH at the slurry surface caused by precipitation of 
CaCO3 which is an incomplete removal of alkalinity. This reduced the 
pH of the slurry surface and thus reduced NH3 volatilization. As CO2 
volatilized from the slurry surface, the CaCO3 provided carbonates and 
therefore alkalinity, which restored the pH of the slurry surface to its 
original value, at which point the TAN-rich material and increased 
surface area of the foam increased NH3 volatilization to above control 
levels.

The loss of NH3 is confirmed by the loss of TAN from the slurry over 
the 90-day storage period, in which HK (716.88 mg TAN L− 1) and HKC 
(763.03 mg TAN L− 1) lost 9 % and 2 % of their TAN, respectively, 
compared to control (784.42 mg TAN L− 1), although this decrease was 
not statistically significant (p > 0.05). Control slurry which lost approx. 
10 % of its original TAN content had elevated NH3 emissions compared 
to both HK and HKC in the first 7 days, however, once a natural crust 
formed, the rate of NH3 volatilization decreased. The CaCl2 spray 
retained 46.15 mg TAN L− 1 slurry when compared to the HK, which is 

Fig. 3. NH3 emissions over the 90-day storage period. The effect of CaCl2 
addition can be seen in the first 60 days of storage. Pooled standard error of the 
mean displayed in graph. HK (H2O2 + KI), HKC (H2O2 + KI + CaCl2) and 
control displayed. Horizontal bars displayed above the graph indicate treat
ment periods.
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approx. 5 % of the original TAN content. More frequent treatment with 
CaCl2 may have increased the amount of TAN retained and reduced the 
NH3 emissions associated with cattle slurry storage.

There was a slight downward trend in pH in all slurries, decreasing 
by approximately 0.2 units over the course of the experiment (Fig. 2: B). 
Upon addition of the treatments, there was an increase of approx. 0.2 
units before returning to original levels over the next 7 days. This is most 
likely as a result of mixing and release of dissolved CO2. This increase in 
pH may have increased the likelihood of NH3 volatilization on the day of 
treatment. Calvet et al. (2017) also reported a pH increase when aera
tion was applied to pig slurry, observing a 0.7 unit rise following 
aeration.

3.4. Effect of foaming on gaseous emissions

Rapid decomposition of H2O2 and the subsequent release of oxygen 
caused a significant amount of foaming upon addition of the treatment. 
This foaming is similar to what is experienced when slurry is acidified 
and likely caused dissolved CH4 release that mimicked what occurs 
during agitation (Kaharabata et al., 1998). This same mechanism also 
likely caused dissolved CO2 to come out of solution, causing peaks in 
emissions on treatment days (Fig. 1: C) (Ni et al., 2001). Foaming also 
affected N2O emissions, as it caused residue to settle on top of the slurry 
surface, destroying the dry crust that had formed. This likely reduced 
N2O emissions compared to control tanks as nitrifying bacteria were no 
longer present along with denitrifying bacteria. Finally, NH3 was likely 
the gas most affected by foaming as the exposed TAN-rich slurry that 
rose to the surface was liable to increased rates of emission. This foam 
also had an increased surface area due to the large air pockets that dried 
post treatment, which was in stark contrast to the flat dry mat that 
formed on top of the control tanks.

3.4.1. Temperature experiment
Due to the differences in CH4 inhibition observed during the 660 L 

storage trial and Connolly et al., 2023, it was imperative to understand 
the role of temperature on the efficacy of the treatment. Temperature 
over the HT (High Temperature) and LT (Low Temperature) storage 
periods varied by a large amount (Fig. 4: A). The average temperature 
during the HT period was 19 ◦C (max – 26 ◦C, min – 15 ◦C), while during 
the LT period the average temperature was 9 ◦C (max – 11 ◦C, min – 
6 ◦C). This large range between storage seasons should therefore be a 

good indicator of how the oxidative treatment operates in different 
climatic conditions.

Methane emissions increased substantially with temperature (Fig. 5: 
A & B), as demonstrated by the 6-fold difference in CH4 emissions from 
the untreated Control 1 (0.085 kg CH4 kg− 1 VS Day− 1) at HT versus 
Control 1 at LT (0.013 kg CH4 kg− 1 VS Day− 1). Emissions from PT over 
these storage periods also differed significantly, with HT emissions of 
0.152 kg CH4 kg− 1 VS and LT emissions of 0.005 kg CH4 kg− 1 VS. This 
represents a 35-fold difference between the seasons, demonstrating the 
difference in efficacy of the tested dose of the slurry treatment between 
the seasons.

Under LT conditions, PT emissions were reduced significantly (p <
0.05) by 86 % compared to control 2, but not relative to unmixed control 
1. Meanwhile, during the HT period, PT produced more cumulative CH4 
than both control 1 and 2, however this was not statistically significant 
(p > 0.05). The emissions observed in this study are similar to values 
given by Cárdenas et al. (2021), who obtained values of 0.148 kg CH4 
kg− 1 VS during the summer and 0.0011 kg CH4 kg− 1 VS during winter. 
Emissions also resemble Husted (1994) who stored slurry at 11.1 ◦C and 
observed emissions of 0.008 kg CH4 kg− 1 VS.

Elsgaard et al. (2016) found that a temperature increase of 20 ◦C 
increased CH4 production by as much as 81 %, while Im et al. (2020) 
also recorded similar findings where a 20 ◦C difference in temperature 
(15–35 ◦C) increased CH4 emissions by 94 %. As methanogens are highly 
temperature sensitive, methanogenic communities may also shift 
depending on temperature. This temperature driven community adap
tation leads to increased abundances of psychrophilic methanogens 
when the temperature is low and mesophilic methanogens when the 
temperature increases to 35 ◦C respectively (Im et al., 2020). Dalby et al. 
(2021) has shown through simulated models that sub 10 ◦C is associated 
with low growth archaea such as Methanolobus psychrophilus, while 
above 10 ◦C, methanogen biomass increases consistently. PT, therefore, 
may operate more effectively at lower temperatures due to the reported 
low methanogenic efficiency of psychrophilic methanogens.

There were no differences in TAN, TS or VS contents of LT slurry 
between treatments or post storage (Table 2), this was most likely due to 
the low temperature of the slurry, slowing microbial degradation. Dif
ferences between treatments were exacerbated during the HT period in 
which concentrations of TAN, VS and TS in PT slurry increased signifi
cantly compared to pre-storage (p < 0.05).

Fig. 4. A/B: A; Summer and early spring maximum air and average slurry temperatures per experimental day. B; CH4 (kg CH4 kg− 1 VS) reduction (%) using the 
treatment PT during HT and LT time periods in which control 1 was used for comparison.
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3.5. Temperature experiment – effect of temperature on CH4 inhibition

CH4 inhibition during HT and LT periods are shown in Fig. 4: B. The 
data exhibits less variation during the LT period than the HT period, 
which displayed periods of inhibition, but was nevertheless over
shadowed by longer periods of increased CH4 evolution. There was a 
significant difference between the inhibitory effects of the treatment 
during the LT and HT period, p < 0.05. Therefore, the concentration and 
frequency of the treatment, which was designed and optimized to 
operate in winter conditions, was less effective in the unforeseen tem
perature conditions experienced during the 660 L storage experiment. 
From the extrapolation of data collected, a 53 % inhibition of CH4 is 
expected at 10 ◦C while a 14 % CH4 inhibition is expected at 17 ◦C. These 
estimates are broadly in line with inhibitions observed by Connolly 
et al., 2023) and the 660 L storage trial and demonstrate the need for 
precise amendment concentrations and frequencies of addition 
depending on the specific conditions of the slurry. In order to increase 
inhibition at higher temperatures, a higher concentration or more 
frequent rate of addition would be needed to more effectively inhibit 
methanogenesis. This difference in the efficacy of slurry amendments 
due to temperature was also observed by Misselbrook et al. (2016), who 
treated cattle slurry with sulphuric acid and observed an 82 % reduction 
in CH4 emissions (g CH4 kg− 1 VS) during cool conditions (8 ◦C) and a 60 
% reduction in warm conditions (17 ◦C).

If winter temperatures were present during the 660 L storage period 
and a subsequent 53 % CH4 inhibition was observed, then significant 
differences would likely have been observed between control (26430 g 
m− 2) and all other treatments, except untreated digestate post storage 
and spreading (HK; 15116 g m− 2, HKC; 14742 g m− 2, HK Digestate; 
15317 g m− 2).

Countries such as Ireland have an agricultural system in which slurry 

tanks are filled over the winter, when average temperatures are below 
10 ◦C (Met Eireann: Historical Data, 2023) and are emptied prior to and 
during summer months. In agricultural systems such as these, the 
treatment described can be effective in reducing CH4 emissions from 
cattle slurry storage. However, if higher temperatures are encountered, 
a higher frequency of treatment may be needed to counteract the 
increased efficiency of methanogenesis.

3.5.1. Slurry and digestate land spreading: GHG and NH3 emissions
During both the first and second land spreading trials WFPS 

increased with time (Fig. 6) in congruence with increased precipitation. 
Soil temperature also declined in these periods. The increased precipi
tation along with the decreased soil temperature and sunlight (owing to 
time of year) meant that the second harvesting period was less optimal 
for grass growth as compared to the first.

The primary GHG observed during spreading was CO2, contributing 
92 % of total emissions measured. Emissions presented and discussed 
have background emissions removed i.e. land control (0 N) (758.58 g 
CO2eq m− 2), of which 99 % of emissions were CO2-based. This was 
carried out for a more precise examination of treatment emission pro
files of slurry and digestate applications.

All spreading associated with organic manures increased total GHG 
emissions (Fig. 7) compared to CAN fertilizer (37.88 g m− 2), however no 
significant differences were found between treatments. Some variance 
was observed in the WFPS between treatment blocks (data not shown), 
which may explain why significant results were not observed, especially 
considering N2O emissions. Emissions from CAN fertilizer mostly con
sisted of N2O emissions which aligns well with previous literature (Harty 
et al., 2016; Gebremichael et al., 2021).

Predicted NH3 emitted over the 168-h period modelled by ALFAM2 
are shown in Table 3. Average emission rates for digestates were slightly 

Fig. 5. A/B: Cumulative CH4 emissions (kg CH4 kg− 1 VS) from high (A) and low (B) temperature slurry storage experiments. Horizontal bars displayed above each 
graph indicate the 2-week treatment period. PT = Peroxide treatment (PT); Control 1 = untreated (no agitation) Control 2 = untreated (with agitation and water). 
Points represent the mean of biological replicates and error bars show standard deviation (n = 3).

Table 2 
Total ammoniacal nitrogen (TAN) (g), total solids (TS) and volatile solids (VS) pre and post storage during high and low temperature experiments. Peroxide treatment 
(PT) shown alongside control 1 and 2. Letters indicate significance of given measurements within columns.

High Temperature Low Temperature

TAN (mg kg− 1 Slurry) TS (g kg− 1 Slurry) VS (g kg− 1 Slurry) TAN (mg kg− 1 Slurry) TS (g kg− 1 Slurry) VS (g kg− 1 Slurry)

Pre-Storage 588.46 ± 6.64a 106.82 ± 8.43a 70.27 ± 2.50a 622.82 ± 19.70a 83.69 ± 6.15a 62.96 ± 2.00a

Control 1 689.62 ± 79.20ab 98.45 ± 7.11a 65.37 ± 4.27a 619.65 ± 38.81a 94.67 ± 3.28a 66.02 ± 2.89a

Control 2 724.52 ± 103.51ab 101.98 ± 4.11a 65.21 ± 2.02a 562.78 ± 35.17a 89.66 ± 4.54a 66.40 ± 3.33a

PT 813.22 ± 49.82cb 126.59 ± 3.85b 78.00 ± 0.04b 533.33 ± 36.37a 91.74 ± 7.19a 68.75 ± 6.85a
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higher at 16.8 % (of applied TAN) compared to the average emission for 
slurries at 16.4 % (of applied TAN). This result is expected as digestate 
typically contains higher TAN concentrations as a result of the AD 
process and subsequently a higher pH. This comparison aligns with 
findings from Sun et al. (2014), Koirala et., (2013) and Zilio et al. (2020)

who reported that digestate tended to volatilize NH3 at significantly 
higher rates, 81 %, 61 % and 230 % respectively compared to undigested 
slurries.

3.5.2. Greenhouse gas emissions - combined storage and spreading
Storage and spreading of slurries are the two manure management 

practices in which GHGs are released, however, combining the results 
and analysing the efficacy of treatments in both areas is rarely under
taken. Cumulatively, there were no significant differences between the 
various treatments and untreated control (Fig. 8). During storage, HK 
and HKC inhibited CH4 production compared to control, but high tem
peratures as well as agitation and foaming released more CH4 and CO2 
than expected (Fig. 1: A, C & D). The quantity of GHG emissions released 
during the spreading trials was very small in comparison to the storage 
experiment with no significant differences between treatments.

3.5.3. Implications and limitations of this study
This study demonstrates that oxidative treatments (HK and HKC) can 

effectively reduce CH4 and N2O emissions during slurry storage, 
particularly under cooler conditions. The temperature-dependent nature 
of CH4 suppression suggests that treatment protocols should be tailored 
to seasonal and regional climates. In cooler conditions, these treatments 

Fig. 6. Precipitation (left y-axis) and soil water-filled pore space and temperature (right y-axis) during the first (starting September 06, 2021) and second (starting 
October 12, 2021) spreading periods.

Fig. 7. Total greenhouse gas emissions from two spreading experiments. Error 
bars displayed represent standard deviation. HK (H2O2 + KI), HKC (H2O2 + KI 
+ CaCl2), control slurry, HK digestate (digestate originating from HK slurry 
tanks) and untreated digestate (digestate originating from control slurry tanks) 
shown in graph.

Table 3 
Estimated cumulative (sum of first and second spreading events) NH3 emissions 
from field applied slurry and digestate counterparts using the ALFAM2 model.

Treatment Applied TAN (g 
m− 2)

Cumulative NH3 Emissions (g m− 2) 
(168 h)

HK 2.82 0.46
HKC 3.02 0.51
Control 3.09 0.49
HK Digestate 4.96 0.85
Untreated 

Digestate
4.98 0.82
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could contribute significantly to national and international climate 
targets, such as Ireland’s Climate Action Plan and the EU’s Green Deal 
(Climate Action Plan, 2023; A European Green Deal, 2021).

The addition of CaCl2 as a surface amendment successfully reduced 
NH3 volatilization during storage, improving nitrogen retention in 
slurry. This has direct implications for agricultural productivity, as 
reducing NH3 losses may enhance the fertilizer value of slurry. However, 
the NH3 reduction effect was transient, lasting primarily within the first 
48 h. Future research should explore whether more frequent applica
tions or alternative CaCl2 formulations could extend this effect over a 
longer duration.

Unlike acidification treatments, which can negatively impact 
anaerobic digestion (AD) due to low pH and high sulphate concentra
tions, the oxidative treatment tested in this study is compatible with AD. 
This means treated slurry could still be used for biogas production, 
making it a viable strategy for farms integrating AD into their waste 
management systems. This is directly in the line with Ireland’s Bio
methane Strategy (Biomethane Strategy, 2024).

A key limitation of this study is that it was conducted as a batch 
experiment, with no fresh slurry added throughout the storage period. 
In real on-farm slurry tanks, emissions may fluctuate due to continuous 
slurry additions, potentially altering emission patterns in terms of fre
quency and concentration. Future studies should consider dynamic 
systems that better reflect real-world slurry management.

Finally, despite significant reductions in CH4 and N2O during stor
age, no statistically significant differences were observed in cumulative 
GHG emissions after land spreading. This suggests that while storage- 
phase treatments are beneficial, additional measures may be needed to 
mitigate emissions at the spreading stage. Complementary strategies, 
such as calcium-based sprays or slurry incorporation should be explored 
to maximize overall emissions reductions.

4. Conclusion

The treatments HK (H2O2 + KI) and HKC (H2O2 + KI + CaCl2) used 
during the storage of cattle slurry significantly inhibited both CH4 (HK - 

651.41 g m− 2; HKC – 621.44 g m− 2; Control – 768.74 g m− 2) and N2O 
(HK – 2.88 g m− 2; HKC – 1.01 g m− 2; Control – 7.43 g m− 2) production 
but increased CO2 (HK – 5140.83 g m− 2; HKC – 5609.22 g m− 2; Control – 
2474.27 g m− 2) emissions as a result of the method of addition. As such, 
total GHG emissions during storage were not significantly reduced. GHG 
emissions from two spreading trials were not significantly different from 
control regardless of treatment. In this study, when combined, the 
treatments during storage and spreading showed no significant effect in 
mitigating cumulative GHG emissions. However, CH4 emissions were 
significantly affected by temperature during the storage phase of the 
trial. Slurry stored at 9 ◦C as opposed to 19 ◦C was more susceptible to 
CH4 inhibition. This was primarily due to the increased CH4 production 
that occurs at higher temperatures. As temperature increases therefore, 
more frequent treatment may be needed in order to inhibit a more 
productive methanogenic community. This however, will require real- 
time CH4 analysis and subsequent amending of slurry to fully elucidate.

The use of CaCl2 as a method of reducing NH3 and N2O emissions and 
subsequently retaining available TAN during slurry storage is a viable 
method of slurry treatment especially in its current form of targeting the 
slurry surface in a spray. HKC reduced NH3 and N2O emissions by 66 g 
m− 2 and 1.87 g m− 2 compared to HK and was most effective in reducing 
NH3 emissions the first 48 h post application.

Future research should focus on the optimization of the oxidising 
treatment, the frequency with which to treat the slurry and impact of the 
total solids content on the treatment formulation. The optimization of 
the CaCl2 spray is also recommended considering its low cost and ease of 
implementation. Subsequent spreading trials should be carried out with 
treated slurry that aims to obtain a fertilizer replacement value for the 
slurries treated with this oxidising amendment.
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