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Operations at storage tanks
[bookmark: _GoBack]Sommer et al. (1993) conducted a pilot-scale study lasting over several months where untreated cattle and pig slurry was either agitated weekly in uncovered tanks or left undisturbed. Except for one experiment where no surface crust developed on the undisturbed slurry, losses of NH3 increased two- to threefold after stirring. Two to four days after agitation, the NH3 emissions decreased and reached the level determined before at the undisturbed store. The drop of the emission level was explained by depletion of TAN at the slurry surface due to the limited diffusive transport of TAN from deeper slurry layers, and the formation of a crust at the slurry surface. Perazzolo et al. (2017) conducted a pilot-scale study based on anaerobically digested cattle slurry amended with corn silage (ratio: 90% to 10%) with and without solid-liquid separation. During 90 days of storage, the slurry was agitated twice a month and the emissions were compared with undisturbed storage which resulted in four treatments. Agitation induced an increase in emissions by a factor of up to 2.4. Statistically significant increases were observed for three out of four treatments. For CH4, lower emissions were observed with agitation of slurry. The authors explained this emission drop by the alteration of the anaerobic conditions in the bulk and of the activity of methanogenic bacteria. No distinct influence on N2O and CO2 emissions could be observed.
VanderZaag et al. (2009) measured emissions from undisturbed cattle slurry storage at pilot-scale over 122 days. They found substantially higher releases of CO2 and NH3 over the subsequent five days period with intermittent agitation. Hourly data for CO2 and CH4 showed a strong increase in emissions at the agitation start and a rapid decline to levels before‐agitation, and even below the level of undisturbed tanks. The high fluxes of CO2 and CH4 were thus compensated due to low fluxes between agitation periods, and consequently, agitated tanks emitted only slightly more than undisturbed tanks. The study of VanderZaag et al. (2010) was in agreement with these findings for CH4: the flux of CH4 increased strongly with activating the agitation, peaking within minutes and declining afterwards. The observed maximum values were 100 to 350 times greater than any monthly average measured in the same study. VanderZaag et al. (2009) found no effect of agitation on N2O emissions. They expected this behavior since N2O is produced near the manure‐air interface. Therefore, the amount of dissolved N2O in the bulk slurry is likely to be very small. In contrast, CO2 and CH4 are produced in the bulk manure and therefore accumulate as dissolved gas bubbles which reach the slurry surface during agitation.
Van Der Stelt et al. (2007) observed an increase of NH3 emissions in a laboratory-scale experiment when slurry was mixed at temperatures below 20°C but not at 35°C. Blanes-Vidal et al. (2012) investigated emissions of NH3, CO2 and H2S 5 to 10 minutes, 24h and 48h after disturbances of the slurry surface due to slurry addition, water addition and agitation in a laboratory study. Emissions of NH3 determined immediately after disturbances were significantly reduced but distinctly above the level of the undisturbed slurry after 24h and after 48h. CO2 and H2S showed a different emission pattern with strong increases during disturbances and 24h or 48h thereafter, levels below or similar to the gas release occurring before disturbances. The authors explained the emission patterns by the formation of pH profiles. Hoff et al. (2006) found similar emission developments before, during and after agitation events as Blanes-Vidal et al. (2012) for NH3 and H2S at a 2.4 m-deep concrete pit in a pig house.
Similar results could be found in studies conducted at farm-scale conditions. Park et al. (2006) measured CH4 emissions from three tanks containing pig slurry (slurry volume 600 to 2000 m3 and depth of approximately 2 to 3 m) during all four seasons. They observed emission peaks for CH4 when slurry was agitated exceeding the emissions from the undisturbed slurry by a factor being between 2 and ca. 6. Emission increases occurred at all seasons with temperatures ranging from ca. 5 to 20°C. Balde et al. (2016b) observed high CH4 emissions during agitation from anaerobically digestated slurry of 23 g CH4 m−2 h−1 while the average emission of the undisturbed store was 1.8 g CH4 m−2 h−1. The emissions remained high during and within a few hours after agitation. Subsequently, the emissions declined to a level lower than before agitation. For cattle slurry treated by solid-liquid separation, the emission pattern determined by Balde et al. (2016a) was similar. They observed an increase to 111 g CH4 m−2 h−1 and a drop to levels being lower than average emissions of 2.4 to 3.1 g CH4 m−2 h−1 found before agitation. VanderZaag et al. (2014) determined peak emissions from an agitated earthen storage basin containing cattle slurry of 37 g CH4 m−2 h−1. When the agitator was stopped, CH4 emissions decreased to approximately 2.4 g CH4 m−2 h−1, which was below the emission measured from the undisturbed storage. Emission peaks of CH4 as a result of slurry agitation was confirmed by VanderZaag et al. (2011) from measurements conducted at a tank of a dairy cow farm.
Filling and discharging of slurry stores can also promote emissions. Grant and Boehm (2015) investigated the emissions of NH3 and H2S from two lagoons containing dairy cow slurry. NH3 emissions were highest during initial filling and when the slurry was removed. Similarly, greatest H2S flows occurred during lagoon filling. The cessation of slurry addition reduced H2S but not NH3 emissions. Park et al. (2006) found increases in CH4 emissions when slurry was transferred from a barn into a tank in summer but much less in winter. Emission increases for CH4 following discharge activities were observed by Kaharabata et al. (1998). But since discharge of slurry is mostly connected to mechanical agitation, it is not always possible to clearly discriminate between emission changes due to the operations discharging and slurry agitation of stores.
Overall, the studies which investigated operations at slurry stores showed consistent results and provided evidence that disturbance of the manure surface due to slurry agitation, filling and discharging of the stores induces large episodic emission flows for NH3, CH4, CO2 but not for N2O. While emissions of CH4 and CO2 rapidly decline after cessation of the operations and can even drop to levels below the previously undisturbed stores, increased emission levels persist for NH3. Due to the relatively short time duration of agitation over the year and the drop even below average levels this operation does not substantially contribute to annual emissions of CH4 from slurry. This is supported by Balde et al. (2016b) for anaerobically digestated slurry. Similarly, Kaharabata et al. (1998) considered the increase of CH4 fluxes due to agitation and pumping operations as negligible in comparison with the overall annual emissions from pig slurry. The study of VanderZaag et al. (2009) confirmed these findings. They found only slight differences between CH4, N2O and CO2 emissions aggregated to CO2-equivalents during the five days with intermittent agitation period and the undisturbed control. This applied for uncovered tanks and for tanks with a straw cover. For NH3, a period with intermittent agitation lasting over five days emitted 6% of the total emission produced at the uncovered tank during 122 days of undisturbed storage plus the five days period with agitation. Thus, agitation still exhibited a moderate effect on total NH3 emissions. For the treatments with a straw cover however, up to 59% of the total emission was released during the five days with intermittent agitation.
Slurry remaining in stores due to incomplete removal provides microbial inoculum which may promote gaseous emissions. But for NH3, Wood et al. (2014) found significantly higher emissions from completely emptied and thus not inoculated tanks due to slower crust formation. N2O emission were unaffected when tanks were partially or completely emptied. The study of Ngwabie et al. (2016) did not show a clear relationship between both NH3 and N2O emissions and the extent of slurry removal from storage. A strong reduction of CH4 emissions was observed by Wood et al. (2014) with absence of an inoculum. Similarly, Ngwabie et al. (2016) found increasing CH4 emissions for storage with greater proportions of aged slurry. Also, Sommer et al. (2007) observed enhanced CH4 emissions with addition of inoculum. Overall, it can be concluded that manure removal has little influence on the emissions of NH3 and N2O while the release of CH4 is enhanced by incomplete manure storage emptying.
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