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Abstract 13 

Emissions of greenhouse gas (GHG) and ammonia (NH3) from cattle and cow slurry storage 14 

can be minimised by acidification. A knowledge gap exists to find chemical amendments that 15 

are suitable and cost effective to mitigate both GHG and NH3 gases simultaneously. This 16 

study showed that ferric chloride, sulphuric acid, alum and acetic acid reduced NH3 by 96%, 17 

85%, 82% and 73%, respectively. In terms of methane (CH4), ferric chloride, alum, sulphuric 18 

acid and acetic acid reduced emissions by 98%, 96%, 95% and 94%, respectively. Previous 19 

studies have found that the reduction of pH to below 6 can inhibit the release of these gases; 20 

however, the effectiveness can vary depending on each amendment’s composition. 21 

Considering the cost per tonne of amendment, N savings (based on fertiliser replacement 22 

value) and the reduction in GHG, the best performing amendment was alum. Currently, the 23 

cost of implementing these amendments is, at best, cost neutral. Therefore, incentivising 24 

chemical amendments for the abatement of GHG and NH3 gases from slurry storage is 25 

needed. This incubation experiment is an effective means of pre-screening amendments 26 

before they are explored at pilot- or full-scale with subsequent field application. Future 27 



research should consider assessment of cheaper on- and off-farm alternative waste streams as 28 

slurry amendment.  29 

 30 

Keywords: ammonia, acidification, slurry, storage, chemical amendment, greenhouse gases. 31 

 32 

1. Introduction 33 

Anthropogenic greenhouse gases (GHGs) comprise carbon dioxide (CO2), methane (CH4) and 34 

nitrous oxide (N2O). Globally, total GHG emissions reached 49.3 Gt CO2-eq in 2016, with 35 

agriculture contributing 11.39 Gt (23%) of global emissions (Oliver et al., 2017). Agricultural 36 

activities dominate both global CH4 (52%) and N2O (75%) emissions (Oliver et al., 2017). 37 

Conversely, carbon dioxide (CO2) emissions from agriculture are small [0.15 Gt CO2-38 

equivalents (eq) yr-1]).  39 

 40 

Ammonia (NH3) volatilisation is a major loss pathway for nitrogen (N), with agriculture 41 

comprising over 90% of global NH3 emissions (Galloway et al., 2008). The majority of NH3 42 

emissions originate from livestock waste streams (housing storage and landspreading of 43 

manures; Misselbrook et al., 2005; Amon et al., 2006). Ammonia causes negative 44 

environmental impacts by contributing to eutrophication and acidification of water bodies 45 

and soils due to release of H+ during nitrification (Velthof, 2011; Fowler, 2013). Ammonia 46 

also forms secondary aerosols such as ammonium nitrate(NH4NO3) and ammonium sulphate  47 

((NH4)2SO4) (Warneck and Miller, 1999). Furthermore, re-deposition of volatilised NH3 is an 48 

important source of N for the production of N2O via biological nitrification of ammonium 49 

(NH4
+) (Martikainen, 1985) and subsequent denitrification of nitrate (NO3

-).  50 

 51 



Manure management comprises approximately 12% of global agricultural emissions (Birch et 52 

al, 2014). Methane is emitted during the anaerobic decomposition of organic matter (OM) 53 

during storage, especially in liquid waste (slurry), while N2O is emitted via the nitrification of 54 

NH4+ and partial (anoxic) denitrification of NO3- during storage of solid manure and soil 55 

application of both solid and liquid manures.  56 

 57 

This study focusses on one GHG and NH3 mitigation option – chemical amendment of slurry 58 

during storage. The majority of Ireland’s cattle and dairy cows are housed directly above the 59 

slurry storage tanks. This infrastructural reality rules out the majority of mitigation options 60 

practiced elsewhere in the world, such as separation of liquid and solids in manure (Dinuccio 61 

et al., 2012) or the use of covered storage facilities (Nicolai et al., 2004). A suitable option for 62 

Irish conditions may be to reduce the pH of slurry in storage through acidification, a method 63 

which has been shown to reduce NH3 emissions from slurry, while also inhibiting bacterial 64 

processes that release GHGs (Sommer and Husted, 1995). Reductions in NH3 and CH4 65 

emissions of up to 82% (Stevens et al., 1989) and 87% (Peterson et al., 2012), respectively, 66 

have been achieved when chemical amendments such as sulphuric acid (H2SO4) and ferric 67 

chloride (FeCl3) have been added to dairy and pig slurries to achieve an initial target pH of 68 

5.5 (Table 1). Chemically amending slurry during the storage period may have the added 69 

bonus of not only reducing emissions during storage, but also at land application, and may 70 

also improve the retention of phosphorus (P) along surface and near surface pathways after 71 

land application (Brennan et al., 2011).  72 

 73 

To date, no study has assessed the impact of amending stored cattle slurry of differing dry 74 

matter (DM) content under temperate climate winter conditions on GHG and NH3 emissions. 75 

The identification of a single amendment capable of simultaneously reducing GHG and NH3 76 



emissions from slurry in storage has practical and economic implications for the farmer. Most 77 

studies have concentrated on a particular organic fertilizer and a single amendment focusing 78 

on the emissions of a single gas (Table 1). Furthermore, studies that have examined the 79 

impact of acidification of slurries using different amendments have been conducted at higher 80 

temperatures than those measured in Irish conditions (Fangueiro et al., 2008).  81 

 82 

Therefore, the objectives of this study were to (1) assess the efficacy of various chemical 83 

amendments to slurries of different DM content (4% and 7%) in the reduction of GHGs and 84 

NH3, and (2) evaluate the cost of using these amendments to achieve greatest reductions. 85 

Controlled laboratory experiments simulating winter slurry storage in a temperate climate 86 

were conducted over an 84-day period. 87 

 88 

2. Materials and methods 89 

 90 

2.1 Incubation study – experimental set up 91 

 92 

Slurry was collected from an underground storage tank, with a total capacity of 20 m3, on a 93 

commercial dairy farm in the south-east of Ireland. The dairy cow and cattle diet consisted 94 

predominantly of grass silage. Prior to collection from the storage tank, the slurry was 95 

thoroughly mixed using a mechanical agitator. Eighty litres of slurry was sampled and 96 

immediately sieved through a 9.5 mm-sized mesh to ensure homogeneity. Two DM slurries 97 

(4% and 7%) were used in the experiment to represent different types of slurry typically 98 

found on beef and dairy farms in Ireland (Lalimor et al., 2004). Slurry from beef farms 99 

typically has a higher DM due to the high protein content of the diet, whereas dairy cattle 100 

typically have a higher utilisation of feed as it is being processed for milk production, 101 



resulting in less of the available nutrients being expelled, and consequently has a lower DM 102 

slurry (Shalloo et al., 2011). In addition, waste water from yard washings further dilutes the 103 

slurry. To achieve a 4% DM slurry, a 7% DM slurry was diluted with water.  104 

A laboratory-scale incubation experiment was conducted in a temperature-controlled growth 105 

chamber (Temperature Applied Science Ltd., West Sussex, U.K.) over a period of 84 days. 106 

Temperature (8.6oC) and humidity (60%) were controlled to replicate conditions found on 107 

Irish farms during winter (Met Éireann, 2017). The experimental treatments (all at n=3 per 108 

treatment) used for each slurry DM were: 95 to 97% sulphuric acid (H2SO4, Sigma-Aldrich), 109 

95 to 98% acetic acid (CH3COOH, Sigma-Aldrich), alum 98% [AIK(SO4)2.12H2O; Sigma-110 

Aldrich], ferric chloride iron (III) hexahydrate (FeCl3; Alphy), and a slurry control. The 111 

amendments were laboratory-grade chemicals. Thirty containers in total were used in this 112 

experiment.  113 

 114 

Six kg of both DM slurries were poured into 15 L-capacity containers. The four chemical 115 

amendments were added incrementally to the containers over a period of 2 to 4 hours until a 116 

pH of 5.5 was attained. Details of all experimental treatments can be found in Table 2. The 117 

slurries were stirred continuously during chemical addition to limit foaming and to achieve a 118 

homogenous mix. Following this procedure, 1.6 kg of treated or control slurry was 119 

transferred to 2 L-capacity containers and placed in the temperature and humidity-controlled 120 

room in a randomised block design. Due to the relatively long experimental period, 1.6 L of 121 

slurry was chosen as the maximum amount that could be incubated in the container while still 122 

maintaining an adequate head space for accurate gas sampling.  123 

 124 

In order to replicate field conditions, each container was covered with a lid perforated with 125 

twelve 2 mm-diameter holes. These holes simulated air flow in large-scale slatted storage 126 



tanks used on commercial livestock farms. A preliminary test was carried out in the growth 127 

chambers prior to starting the experiment, which compared open containers (containing slurry 128 

of 4% and 7% DM) to containers instrumented with perforated caps. There was a 67% 129 

reduction in evaporation from the containers with the perforated caps compared to open 130 

containers over a 14-day period.  131 

 132 

2.2 Sample collection 133 

 134 

Daily measurements of NH3 and GHG emissions were conducted for the first eleven days of 135 

the experiment, followed by measurements every second or third day until the end of the 136 

experiment (Day 84). Measurements of pH were taken on days 0, 1, 2, 3, 4 and 5 using a 137 

JENWAY 1510 pH meter (Straffordshire, U.K.) and then once-a-week until the end of the 138 

experiment. The weight of the containers and slurry volume were measured every seven days 139 

and DM was measured at the start and end of the experiment. The slurry was also 140 

characterised at the beginning and end of the experiment for total nitrogen (TN), total 141 

phosphorus (TP) and total ammonical nitrogen (TAN). Total ammonical nitrogen was 142 

analysed using CaCl2 extractions at a dilution rate of 1:25, centrifuged for 10 min, filtered 143 

through a 0.5 μm sieve, and tested using an Aquakem 600 discrete analyser (Aquachem, 144 

Sweden). Slurry was tested for TN on a Leco elemental analyser (Anzier2, Sweden). To 145 

obtain DM of the slurry, a sub-sample was dried in an oven at 105°C for 24 hours.  146 

 147 

2.3 Analytical methods and calculations 148 

 149 

Ammonia emissions for all treatments were monitored using a dynamic chamber system 150 

similar to that described by Dinuccio et al. (2008). Concentrations of NH3 in the air entering 151 



and leaving each container, over a period of 16 min per sampling, were monitored using a 152 

photoacoustic INNOVA 1412 field gas-monitor (LumaSense Technologies, Denmark) 153 

coupled to a Gasmux multiplexer GM3000 (IMT Vohenstrauss, Germany). Glass wool 154 

soaked with oxalic acid (0.05 M) was used to strip moisture from the background air entering 155 

the photoacoustic monitor. Gas Fluxes (Fj in mg m-2 h-1) for NH3 were calculated according to 156 

(Dinnuccio et al., 2008):  157 

 158 

𝐹𝑗 = 𝑄 (&'(.*+&,-.*)
/

                                                                                                             Eqn. 1 159 

 160 

where Cex.j is the NH3, N2O, CH4 or CO2 concentration of air outlet from the chamber (mg m-161 

3), Cin.j is the NH3, N2O, CH4 or CO2 concentration of air into the chamber (mg m-3), Q is the 162 

airflow rate through the chamber (m3 h-1), and A is the area of emitting surface covered by the 163 

chamber (m2). Carbon dioxide equivalents were determined after Birch (2014) to enable 164 

comparison of results.  165 

 166 

Methane emissions were measured using a retro-fitted static chamber technique, whereby the 167 

containers were sealed with a screw-cap lid modified with a rubber septum (Becton 168 

Dickinson, Oxford, U.K.). Gas samples (10 ml) were extracted at 0, 5 and 10 min after the 169 

container was closed using a polypropylene syringe (BD Plastipak, Oxford, U.K.) fitted with 170 

a hypodermic needle (BD microlance 3; Becton Dickinson). The samples were then injected 171 

into pre-evacuated (-1000 mbar) 7 mL screw cap septum glass vials (Labco, High Wycombe, 172 

U.K.). The resulting gas samples were analysed for CH4 concentrations using gas 173 

chromatography (GC) (Varian CP3800 GC; Varian, Walnut Creek, CA USA) and Bruker 174 

SCION 456 GC, with high-purity helium used as a carrier gas. Samples were introduced to 175 

the GC system by a Combi-PAL automatic sampler (CTC Analytics, Zwingen, Switzerland). 176 



The increase in CH4, CO2 and N2O concentrations in the containers over time was used to 177 

determine the gas flux. Daily fluxes were calculated for each gas and each treatment from the 178 

increase in headspace concentration over three sampling times (0, 5 and 10 min after 179 

enclosure) following Eqn. 2, adapted from Kelliher et al. (2013): 180 

 181 

F(daily) = 678
79
: × <×=

>×9
× 6?

@
:                                            Eqn. 2	182 

 183 

where ∂C is the change in gas concentration in the chamber headspace during the enclosure 184 

period in ppbv or µll-1, ∂T is the enclosure period expressed in days, M the molar mass of the 185 

gas element, P is the atmospheric pressure in Pa, and T is the temperature in Kelvins. 186 

 187 

2.3 Cost-benefit analysis of amendments 188 

 189 

In order to determine the NH3 cost savings for both DM slurries, the amount of N per kg 190 

saved was compared to the current price of €300 per tonne of synthetic fertiliser in the form 191 

of calcium ammonium nitrate (CAN). This was then compared to the cost of amending the 192 

slurry with the amendments. To determine the GHG savings, CH4 was converted to CO2-eq. 193 

Nitrous oxide and CO2 were not included in the cost benefit analysis, as there was no 194 

statistical difference in emissions compared to the control. The price of CO2-eq was set at 195 

€20 per tonne (World Bank Group, 2018). Once this was achieved, the cost of each 196 

amendment was subtracted from the savings achieved.   197 

 198 

2.4 Statistical analysis 199 

 200 



Statistical analyses were carried out using SAS 9.4 (2002–2010) (SAS Institute Inc., USA). 201 

Statistical differences in cumulative N2O, CH4, CO2 and NH3 emissions between the slurry 202 

treatments were tested by a two-way analysis of variance (ANOVA) (treatment and slurry 203 

DM% were independent variables and replicate was a random term). Slurry NH4-N, TON and 204 

pH were analysed by ANOVA with measurement day included as a repeated measure in the 205 

model. Replicates were identified in the repeated measures statement in the model to account 206 

for correlations among observations from the same replicate. Post-hoc Turkey tests were 207 

carried out to determine differences between treatment means following each ANOVA. A 208 

statistical probability of p > 0.05 was considered significant for all statistical tests. 209 

 210 

3. Results and Discussion 211 

 212 

3.1 Effect of chemical amendments on slurry characterisation over time  213 

 214 

The results of the amended and non-amended slurry (4% and 7% DM) characterisation in 215 

terms of TN, TAN, TP concentrations at the beginning and at the end of the experiment are 216 

presented in Table 3. There was no difference between the TN and TP for both DM slurries at 217 

the beginning and end of the experiment, which was consistent with the findings of other 218 

studies (Brennan et al., 2015). 219 

 220 

3.2 Effect of chemical amendments on slurry pH over time  221 

 222 

The pH in the slurries receiving chemical amendments was set to a target of 5.5 on Day 0 of 223 

the experiment, while the control slurries had a pH of approximately 7.2 (Fig 1). Similar to 224 

other studies (Brennan et al., 2011; Petersen et al., 2012; Regueiro et al., 2016), the pH of the 225 



chemically modified slurries increased over the duration of the experiment (Fig 1). The pH in 226 

the 7% DM slurry increased at a quicker rate than in the 4% DM slurry, which was indicative 227 

of the treatments’ efficacy reducing at a quicker rate in the higher DM slurry. This was likely 228 

caused by the much higher buffering capacity and available nutrients in the 7% DM slurry. 229 

The control treatment for both DM slurries remained at a pH of 7.2, with small but not 230 

statistically significant (p>0.05) changes over the study duration. The interaction between 231 

storage duration and treatments of each DM slurry had a significant (p<0.05) effect on slurry 232 

pH.  233 

 234 

The ability of an additive to decrease the slurry pH depends on the anions that contribute to 235 

the pH buffering capacity of the slurry. In slurry, this buffering system is very complex and is 236 

mainly composed of NH4
+, carbonates, phosphates, and volatile fatty acids (VFA) (Sommer 237 

and Husted, 1995). This complexity can be seen when comparing the treatment inoculation 238 

rates for both DM slurries used in this experiment (Table 2). The 7% DM slurry required 239 

between 7% (sulphuric acid) and 70% (ferric chloride) higher inoculation rates than the 4% 240 

DM slurry (Kia et al., 2008). The relationship between VFA and an ability to retain a stable 241 

pH indicates that higher DM slurries, with an associated high VFA, results in extra inoculum 242 

required for a reduction in pH.  243 

 244 

Another consideration when comparing inoculation rates of slurry additives is the 245 

composition of the acidifier used. In the current study, acidifiers such as acetic acid and 246 

sulphuric acid were in aqueous form, which allowed for immediate and controlled 247 

incorporation into the slurry, while alum and ferric chloride were in powder form. When the 248 

latter amendments were added to the slurries in the current study, greater homogenisation and 249 

mixing were required to ensure the amendments were completely dissolved and a uniform pH 250 



was achieved. This should be considered when up-scaling the use of these amendments for 251 

farm operations, as greater agitation may be required.  252 

 253 

In the current study, a target pH of 5.5 was chosen in order to enable NH3 abatement to 254 

commence immediately. This led to different rates of amendments compared to other studies. 255 

For example, Reguerio et al. (2016) used acetic acid at a significantly higher dosage than 256 

used in current study for slurry acidification, and achieved an overall 3% reduction in 257 

cumulative NH3 emissions compared to 54% in the current study. However, the cattle slurry 258 

used by Regueiro et al. (2016) had a higher starting pH and ambient temperature, both of 259 

which had a dramatic effect on the longevity of the pH decrease.  260 

 261 

3.3 NH3 emissions during slurry storage 262 

 263 

In both slurry treatments, daily NH3 fluxes were similar to those found in other experiments 264 

e.g. Regueiro et al. (2016). In the current study, the control treatments emitted 313.69 g NH3 265 

m-2 and 524 g NH3 m-2 over the incubation period (84 days) from 4% and 7% DM slurry, 266 

respectively (Fig 2). These results were similar to those found by Amon (2006) with a 267 

cumulative of 226.7 g NH3 m-2. In the current study, all treatments were effective in reducing 268 

the cumulative NH3 emissions (p<0.05) (Fig 2 a, b). Over the study period, the largest 269 

reduction in both slurry treatments was achieved with FeCl3, with cumulative emissions of 270 

8.03 g m-2 and 16.47 g m-2 in the 4% and 7% DM slurries, respectively. These results 271 

represented a reduction in cumulative NH3 emissions of approximately 97% compared with 272 

the study controls. Ammonia emissions in the 4% DM slurry treatment were reduced by 89%, 273 

83% and 57% when treated with alum, H2SO4 and acetic acid, respectively. In the case of 7% 274 



DM slurries, NH3 emissions were reduced by 83%, 84% and 74% by additions of alum, 275 

H2SO4 and acetic acid, respectively.  276 

 277 

The effect of slurry DM in terms of amendment interaction was significant (<0.05), with 278 

amendments performing differently at each DM. The highest cumulative NH3 emissions were 279 

observed from the 7% DM and 4% DM slurry controls. Acetic acid delivered the smallest 280 

cumulative reduction in NH3 emissions; however, it performed better in the higher DM 281 

treatments. Daily NH3 fluxes of control slurry at both DMs declined over the experimental 282 

period reflecting a reduction in the concentration of NH4-N over time, while NH3 from treated 283 

slurries gradually increased over the 84-day period (Fig 2 c, d). The majority of NH3 loss 284 

from amended slurries occurred towards the end of the experimental period. Regardless of 285 

time or pH, FeCl3 was the only treatment to remain effective throughout the experimental 286 

period (Fig 2 c, d).  287 

 288 

When the slurry TAN content was accounted for, there was a correlation with cumulative 289 

NH3 loss (Table 4). In both slurry DM treatments, FeCl3 was associated with the lowest loss 290 

of TAN over time in storage. Overall, the statistical analysis showed that slurry DM by 291 

treatment interaction was significant and was the main driver of NH3 emissions. However, in 292 

both slurry DMs the effectiveness of the amendments at reducing NH3 emissions followed a 293 

common trend from best to worst i.e. ferric chloride, alum, sulphuric acid and acetic acid.   294 

 295 

The percentage of TAN lost as NH3 was highest in the controls, with losses of between 68% 296 

and 63% (Table 4), which are similar to those found by Kai et al. (2001) (53%) and 297 

Misselbrook et al. (2016) (50%).  Ferric chloride had similar losses of 10% and 9% for both 298 

DMs, while alum lost between 8.7% and 11.6%.  Brennan et al. (2015) measured losses of 299 



15% for FeCl3 and 4% for alum with a slurry DM of 10.5%. Sulphuric acid had similar losses 300 

for both DM slurries with 10% and 8.9%, which were lower than those found by Misselbrook 301 

et al. (2016) (13%) and Kai et al (2001) (16%). However, these differences may be accounted 302 

for by slightly different inoculation rates.  303 

 304 

This gradual increase in NH3 emissions and subsequent decrease in TAN from the other 305 

chemical treatments may be attributed to an increase in slurry pH over time. As the chemical 306 

potency of the amendment is neutralized by the OM and bacteria in the slurry, the pH 307 

increases leading to more NH4-N conversion to NH3 (Kia et al., 2008; Sommer et al., 2017). 308 

Based on the temporal trace of pH, which increased periodically (Fig 1), the increase in pH 309 

correlated with the daily increase in NH3 fluxes (data not shown).  310 

 311 

Stevens et al. (1989) and Regueiro et al. (2013) compared acidification pH values of slurry 312 

ranging from 3.5 to 8 and found that the effectiveness of acidification is negated once the 313 

slurry is above a pH of 6. In the current study, the efficacy of the FeCl3 treatment was 314 

unaffected by changes in pH, which, despite a relatively quick rise in pH (>6), did not 315 

contribute to any significant increase in daily fluxes. This suggests that FeCl3 created an 316 

unfavorable environment for slurry microbes and therefore limited the release of available 317 

NH4-N even after the pH recovered, potentially due to the ability of the chloride in the slurry 318 

to bind to the available H+ ions (Demirel and Scherer, 2008). 319 

 320 

3.4 CH4 emissions during slurry storage  321 

 322 

There was a strong correlation between chemical treatment and slurry DM (p< 0.05). 323 

Emissions are low at slurry DM of 4% due to the dilution effects of the methanogens and the 324 



carbon source. Wood et al. (2012) found lower DM slurries displayed a “lag” period before 325 

emissions increase due to the lack of community size and also for the OM to be cycled into 326 

useable substrate to grow these communities; therefore, the efficacy of chemical amendment 327 

in the 4% DM slurry was not as pronounced as in the 7% equivalent.  328 

 329 

The control slurry had the highest cumulative and daily CH4 fluxes for both DM slurries 330 

throughout the incubation period (Fig 3 a-d). The daily fluxes in the current study were, on 331 

average, 6.6 g m2 for DM 7%, which were lower than other studies e.g. Brennan et al. (2015), 332 

who measured 8.29 g m2. This could simply be due to a discrepancy in sampling frequency or 333 

a lower inoculation rate. Again, FeCl3 was the most effective in reducing CH4 emissions from 334 

both DM slurries, which were reduced by between 74% (4% DM) and 98% (7% DM). 335 

However, similar to NH3, the proportion of CH4 released from the 7% DM was almost 14 336 

times higher than that measured from the 4% DM. This is predominately due to the 337 

proportion of carbon that was available in the 7% DM slurry (Wood et al., 2012). This is 338 

directly affected by DM content, which in turn would mean a higher volatile solid content –  339 

the main variable driving CH4 production. This was correlated in the statistical analysis 340 

which showed that the DM interaction played a significant role (p<0.05). The pH of both 341 

slurries at the beginning of the experiment was similar and therefore had no direct impact on 342 

the proportion of CH4 emitted from the control slurries.  343 

 344 

The daily CH4 fluxes increased throughout the experimental period for the amended slurries. 345 

However, elevated CH4 fluxes occurred earlier in the 4% DM treated slurry compared to the 346 

7% slurry (Fig 3 c, d). This asynchrony in daily CH4 emissions correlates well with temporal 347 

changes in slurry pH. This trend has been consistent across all treatments except FeCl3. It is 348 

hypothesized that the reaction between the chloride and the OM of the slurry made the micro-349 



environment of the slurry unfavorable for the production of methanogens, primarily 350 

acetotrophic methanogens. Demirel and Scherer (2008) showed that these are the primarily 351 

groups affected by pH variances, which in turn limit the production and release of CH4. In 352 

terms of the other GHGs, there were no significant differences between emissions of N2O and 353 

CO2 and the study controls (data not shown).  354 

 355 

3.5 Crust observations  356 

 357 

Observations in relation to crust formation were noted once destructive pH sampling 358 

frequencies decreased to once a week (after day 5). Although the 4% slurry remained crust 359 

free, a light crust was formed on the surface of the 7% DM slurry between sampling periods. 360 

These observations were similar to those of Misselbrook et al. (2005), who found a direct link 361 

between crust formation time and thickness versus DM content. Therefore, this implies that 362 

the ability of the slurry to form a natural crust is not directly impacted by the amendments. 363 

Crust formation, which is a natural barrier to emissions, is not negatively impacted by the 364 

chemical amendments used in the current study. Therefore, amendment of full-scale slurry 365 

storage systems, such as open air lagoons or slurry storage tanks, is viable. 366 

 367 

3.6 Cost-benefit analysis of amendments 368 

 369 

The cumulative saving for all DM 4% treatments was approximately €0.20, which was due 370 

to the low proportion of CO2e emitted. This was due to factors such as dilution and a lower 371 

microbial population. The 7% DM slurry achieved greater savings, with FeCl3 ranking 372 

highest at €0.40 per tonne of CO2e reduced, followed by alum, H2SO4 and acetic acid. 373 

Quantifying NH3 emissions in terms of € savings, the TAN of each amended treatment was 374 



compared to the control slurry for both DMs and the amount of TAN retained given a value 375 

comparable to the fertilizer replacement value i.e. CAN. Slurries (4 and 7% DM) amended 376 

with FeCl3 achieved highest savings in terms of N replacement of €0.09 and €0.15, 377 

respectively (Table 5). In terms of fertilizer replacement value, the next ranked amendments 378 

from best to worst were alum, H2SO4 and acetic acid.  379 

 380 

However, once the cost benefit of each saving is summarized and the initial cost of 381 

inoculation deduced, all amendments were cost neutral. Sulphuric acid is the closest 382 

amendment to being cost neutral for both DM slurries with a cost of €0.12 for DM 7% and 383 

€0.07 for DM 4%, followed by acetic acid, FeCl3 and alum. Despite the significant 384 

reductions in gaseous emissions, the current cost of inoculation outweighs any environmental 385 

abatement achieved. This could prohibit the future use of these amendments on a larger scale, 386 

unless the use of such amendments was incentivized. However, this analysis has shown that 387 

amendments such as H2SO4 and alum were more cost effective in higher DM slurries.   388 

 389 

This analysis considers only the cost of the amendments and shipping. Other costs and 390 

implications would have to be taken in to account for a full cost analysis. These 391 

considerations may include specialized amendment storage facilities, manpower and transport 392 

costs, or the cost of agitation. In order to fully realize the value of chemically amending 393 

slurry in storage, the full manure management chain must be taken into consideration with 394 

subsequent effects on land spreading. For example, higher N retention could lead to higher 395 

NH3 emissions if low emission techniques are not utilized (e.g. trailing shoe).  Other cost 396 

returns could be gained in terms of lower water quality losses due to amendments in runoff, 397 

which in turn have been shown not to negatively affect plant available P for crop growth 398 



(Brennan et al., 2015). Alternative waste streams should be evaluated to bring cost ratios 399 

between abatement and implementation downwards.  400 

 401 

 402 

4. Conclusions 403 

Emissions of GHG and NH3 from cattle and cow slurry storage can be minimised by 404 

acidification with chemical amendments. Additives ranked from best to worst performing 405 

were ferric chloride, sulphuric acid, alum and acetic acid. However, when a holistic cost 406 

benefit analysis was considered, chemical amendment of dairy cattle slurry was cost neutral 407 

and therefore would require subsidies to enable implementation. In keeping with the 408 

principles of a circular economy, future research should focus on alternatives to chemical 409 

amendments such as lower cost alternatives e.g. on-farm or off-farm waste products.  410 
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Fig 1. Changes in slurry pH over time across all chemical amendment treatments for a) 4% 
DM and b) 7% DM slurry. Error bars indicate pooled standard error of the mean. 

 578 
 579 
 580 
 581 
 582 
 583 
 584 
 585 
 586 
 587 
 588 
 589 
 590 
 591 
 592 
 593 
 594 
 595 
 596 
 597 
 598 
 599 
 600 
 601 
 602 
 603 
 604 
 605 
 606 
 607 
 608 
 609 
 610 
 611 
 612 



 613 
a 

 

b 

 

 

c 

 

d 

 

  

 Fig 2. NH3 cumulative and daily fluxes for 4% (a, c) and 7% (b, d) DM slurries. For a, b 

error bars indicate standard error of the mean whereas for c, d error bars indicate pooled 

standard error of the mean. 
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Fig 3. Cumulative and daily emissions of CH4 for 4% (a, c) and 7% (b, d) DM slurries, 628 

respectively. For a, b error bars indicate standard error of the mean whereas for c, d error bars 629 

indicate pooled standard error of the mean. 630 

 631 
 632 
 633 
 634 
 635 
 636 
 637 
 638 
 639 
 640 
 641 
 642 
 643 
 644 



 645 
Table 1. Summary of previous studies investigating the potential to reduce ammonia (NH3) 646 

and methane (CH4) emissions from stored slurries through addition of chemical amendments.  647 

 648 

 649 
 650 
 651 
 652 
 653 
 654 
 655 
 656 
 657 
 658 
 659 
 660 
 661 
 662 
 663 
 664 
 665 
 666 

Reference Scale Duration  Temp Dry 
matter 

pH Amendment Addition 
rate 

% 
reduction 

  days °C %    NH3 CH4 

Meisinger et al. (2001)  Lab 14  14 9-11 4.7 Alum  2.5% 60  

Smith et al. (2001) Lab 2  20 - - Alum 6% 52  

Shi et al. (2001) Field 12  20 9 5.9 Sulphuric acid 8.5% 92  

Penatta et al. (2005) Pot 3 18 - 5.3 Sulphuric acid - 89  

Regueiro et al. (2015) Pot 60 15 24 5.5 Sulphuric acid 165 meq/kg 81 64 

Kia et al. ( 2007) Lab 14  N/A 4.3 5.8 Sulphuric acid 5% 70  

Brennan et al. (2015) Lab 3 18-20 - 6.7 Ferric 
chloride 

1.3% 56  

Brennan et al. (2012) Lab 54 20 10.5 5.4-
12.2 

Ferric 
chloride 

3% 99  

Petersen et al. (2012) Feld 95  12 9 4.5 Acetic acid 16%  87 

Regueiro et al. (2015)  Lab 60  20 8 5.5 Acetic acid  ~122 
meq/kg 

50  



 667 
Table 2. Treatments and amendment rate added to 6 kg of slurry (4% and 7% DM) to achieve 668 

a target pH of 5.5. 669 

Treatment 4% DM  7% DM 

 Stoichiometric 
addition 

Amendment 
added 

 Stoichiometric 
addition 

Amendment 
added 

 g/g g  g/g g 
Alum 4.42 53.1  8.85 88.5 
Ferric chloride 4.12 41.3  8.25 70.1 
Acetic acid 1.04 35.7  4.35 43.5 
Sulphuric acid 2.17 20.8  2.01 19.2 
Control    0.0     0.0 
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 702 
Table 3. Chemical characteristics of 4% and 7% DM slurry at Day 0 and 83. 703 

Treatment Time 4% DM slurry 

 

 

7% DM slurry 
  TN TP TAN TN TP TAN 
Acetic acid  

 

Start 2.85 0.74 70.5 3.01 0.76 125.8 
 End 2.90 0.76 42.6 2.94 0.80   76.5 
Alum Start 3.04 0.69 67.7 3.10 0.71 121.0 
 End 3.23 0.69 73.6 3.02 0.68 118.0 
Ferric chloride 

 

Start 3.59 0.71 68.3 3.63 0.72 121.2 
 End 3.76 0.71 83.8 3.53 0.67 151.5 
Sulphuric acid  

 

Start 3.40 0.72 57.2 3.31 0.74 105.1 
 End 3.69 0.61 57.3 3.38 0.77 111.7 
Control Start 2.71 0.76 49.9 2.83 0.83   98.8 
 End 2.81 0.79 34.2 2.71 0.83   58.0 
TN: total nitrogen, TP: total phosphorus   
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 735 
Table 4. % of TAN lost as NH3 .  736 

 4% DM slurry 

 

 

7% DM slurry 

Treatment Cumulative 

NH3 g/m2 

Average NH3 

g/m3/hr 

% NH3 loss 

/TAN* 

 Cumulative 

NH3 g/m2 

Average NH3 

g/m3/hr 

 

% NH3 Loss 

/TAN* 

 

Acetic acid  

 

133.78 44.79 22 B 139.1 46.18 12.9 C 

Alum 34.69 11.6 6 CD 91.4 30.49 8.7 ED 

Ferric chloride 
 

8.03 5.19 1.4 E 16.4 5.49 1.6 E 

Sulphuric acid  
 

52.19 17.39 10 CD 76.8 25.6 8.9 CD 

Control 313.68 104.56 68 A 528.0 176.1 63.1 A 

*TAN: total ammonical nitrogen, %loss: amount of N lost post day 83 
Means followed by the same letter are not significantly different at P < 0.05. Lettering refers to comparisons within rows 
and columns simultaneously. 
 737 
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 762 
Table 5. Cost-benefit analysis of treatment of dairy cattle slurry with chemical amendments 763 

in storage 764 

DM  
 
% 

Amendment  Stoichiometric 
addition rate 

% 

€/tonne of 
amendment * 

€/m3slurry €/tonne CO2e. 
reduced** 

€/tonne of N 
savings 

*** 

Total € to 
achieve savings 

**** 
4 Alum 0.4 300 2.64 0.2 0.08 2.54 

 Ferric 
chloride 

0.36 229 1.50 0.2 0.09 1.44 

 Acetic acid 0.18 140 0.82 0.2 0.05 0.76 

 Sulphuric 
acid 

0.09 200 0.38 0.2 0.07 0.28 

7 Alum 1.14 300 4.40 0.39 0.13 3.91 

 Ferric 
chloride 

1.16 229 2.60 0.40 0.15 2.12 

 Acetic acid 0.65 140 0.90 0.35 0.11 0.45 

 Sulphuric 
acid 

0.31 200 0.60 0.38 0.13 0.12 

*Costs only account for the direct price and transport of listed amendments.                      
**CO2e represents methane only. There were no significant differences between the treatments and control for carbon dioxide and nitrous oxide.  
It was assumed that 1 tonne of slurry =1 m3 with a m2 surface area. 
***N savings based on a replacement value of €300 per tonne, using CAN. 
****Total costs are based on the savings achieved, minus the cost to treat 1 m3 of slurry. 
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