

  sustainability-13-05363




sustainability-13-05363







Sustainability 2021, 13(10), 5363; doi:10.3390/su13105363




Article



Manure Flushing vs. Scraping in Dairy Freestall Lanes Reduces Gaseous Emissions



Elizabeth G. Ross 1, Carlyn B. Peterson 1, Yongjing Zhao 2, Yuee Pan 1 and Frank M. Mitloehner 1,*[image: Orcid]





1



Department of Animal Science, University of California, Davis, 1 Shields Ave, Davis, CA 95616-8521, USA






2



Air Quality Research Center, University of California, Davis, 1 Shields Ave, Davis, CA 95616-8521, USA









*



Correspondence: fmmitloehner@ucdavis.edu







Academic Editor: Rajeev Bhat



Received: 8 April 2021 / Accepted: 6 May 2021 / Published: 11 May 2021



Abstract

:

The objective of the present study was to mitigate ammonia (NH3), greenhouse gases (GHGs), and other air pollutants from lactating dairy cattle waste using different freestall management techniques. For the present study, cows were housed in an environmental chamber from which waste was removed by either flushing or scraping at two different frequencies. The four treatments used were (1) flushing three times a day (F3), (2) flushing six times a day (F6), (3) scraping three times a day (S3), and (4) scraping six times a day (S6). Flushing freestall lanes to remove manure while cows are out of the barn during milking is an industry standard in California. Gas emissions were measured with a mobile agricultural air quality lab connected to the environmental chamber. Ammonia and hydrogen sulfide (H2S) emissions were decreased (p < 0.001 and p < 0.05) in the flushing vs. scraping treatments, respectively. Scraping increased NH3 emissions by 175 and 152% for S3 and S6, respectively vs. F3. Ethanol (EtOH) emissions were increased (p < 0.001) when the frequency of either scraping or flushing was increased from 3 to 6 times but were similar between scraping and flushing treatments. Methane emissions for the F3 vs. other treatments, were decreased (p < 0.001). Removal of dairy manure by scraping has the potential to increase gaseous emissions such as NH3 and GHGs.
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1. Introduction


The United States has more than 14 million dairy animals that produce approximately 145,000,000 ton of manure per year and 1,663,735 ton of nitrogen per year [1]. California is the leading producer of fluid milk and produces 20% of all dairy products in the U.S., with the majority of production concentrated in the San Joaquin Valley. This large concentration of dairy cattle contributes to one of the worst air quality regions in the U.S. [2,3,4]. Dairies are a source of air pollutants such as NH3, a precursor to particulate matter formation and smog forming volatile organic compounds (VOC) [5].



In 2016, the California Air Resources Board (CARB) released the Proposed Short Lived Climate Pollutant (SLCP) Reduction Strategy to reduce CH4 emissions from dairy manure (i.e., urine and feces) management. In response to the SLCP reduction strategy, Senate Bill 1383 was passed in 2016, which requires a reduction of CH4 emissions by 40% below 2013 levels by 2030. The majority of these reduction strategies consist of dairies converting from current liquid manure storage systems such as lagoons to dry manure storage, which would utilize scraping rather than flushing of freestall barns where the cows are housed. This conversion of manure management would eliminate so-called manure storage lagoons, which are considered to be a large CH4 contributor, and encourages the use of anaerobic digesters to handle scraped manure [6].



The plan of action proposed by CARB to reduce CH4 emissions from manure may have unintended consequences affecting other criteria pollutants, such as NH3 emissions from dairies. Ammonia is a precursor to the formation of PM2.5, which is a small aerosol that can subsist in the atmosphere for as long as 15 days. When PM2.5 is inhaled it can carry pathogens that infiltrate the alveoli of the lungs and enter the blood stream, causing illness and respiratory disease [7,8]. This is problematic for the San Joaquin Valley as it exceeds the regulatory limits for PM2.5 and ozone (O3) and is classified as a serious nonattainment area by the California Air Resources Board [9].



Within livestock production, dairies were identified as the largest source of NH3 emissions in California [10]. Sheppard et al. (2011) produced a model simulation that suggests up to 53% of the excreted total ammonia nitrogen (TAN) from a lactating cow will be emitted to the atmosphere as NH3 during the housing, storage, and land spreading of manure [11]. Harper et al. (2009) reported estimates of excreted nitrogen (N) to be 7.6 ± 1.5% of input feed N based on data from three different dairies in Wisconsin from barns, manure treatment, and storage [12].



Further research is needed to better understand the full impacts of CH4 mitigation strategies to comply with public policy including a better understanding of the variables effecting NH3 emissions. It was hypothesized that scraping dairy freestall lanes would increase NH3 emissions compared to flushing. The objective of the present study was to quantify NH3 emissions, greenhouse gases, and other air pollutants as a result of scraping versus flushing manure removal strategies commonly utilized in dairy freestall barns.




2. Materials and Methods


2.1. Environmental Chamber Design


The study was conducted in an environmental chamber (4.4 m × 2.8 m × 10.5 m) under an IACUC approved protocol (#18818) at the University of California, Davis, Swine Teaching and Research Center. The environmental chamber, which is designed to work for various livestock species, was equipped to house 3 dairy cows under freestall conditions. The environmental chamber has a total volume of 142 m3, a chamber residence time of approximately 3 min at the continuous ventilation rate of 51,848 L/min, and an air exchange rate of 20 times per hour. The chamber was air conditioned and set to 20 °C to maintain cow comfort. Industry standard freestall stanchions were assembled on the west end of the chamber to allow for the animals to maintain normal resting behaviors. Feed bunks and water troughs were located on the east end of the chamber that allowed for ad libitum access. The environmental chamber was certified by the Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC). Cows were housed at the University of California, Davis’s Dairy Teaching and Research Facility when emissions measurements were not being collected in the environmental chamber. Emission measurements were collected on Monday, Wednesday, and Friday over 5 and a half weeks from the three cows assigned to the chamber on each testing day. Animals were milked at 04:00 h at the dairy facility and immediately transported to the environmental chamber for the 11 h data collection followed by transportation back to the dairy for the evening milking at 16:30 h. Cows were monitored in the chamber from approximately 05:00 to 16:00 h.




2.2. Animals and Diets


Twelve multiparous lactating Holstein cows were blocked by days in milk, milk production, parity, and pregnancy status before being randomly assigned to one of four groups (n = 4). Cows were fed the standard UC Davis dairy ration ad libitum during the testing period, upon arrival at the environmental chamber. While animals were housed at the UC Davis dairy, they were fed at: 04:00, 12:00, 16:00, and 22:00 h. The diet was analyzed by Cumberland Valley Analytical Services, Inc. (Hagerstown, MD, USA) for dry matter (DM), crude protein (CP), ash, acid detergent fiber (ADF), and neutral detergent fiber (aNDF). The chemical composition and ingredients of the total mixed ration (TMR) are shown in Table 1 and Table 2, respectively. During gas emissions monitoring days, feed refusals were removed at the end of the day to assess group daily feed intake while in the chamber. Cows were milked twice daily at 04:00 and 16:30 h. Milk yield records for all animals were maintained for the duration of the study. Average feed intake across treatments was 32.70 ± 7.94 kg.




2.3. Treatments


The present manure removal study was designed as a Latin square with four treatments including: (1) flushing 3 times a day (F3, Control), (2) flushing 6 times a day (F6), (3) scraping 3 times a day (S3), and (4) scraping 6 times a day (S6). Each of the treatments occurred on different data collection days for a total of 16 days. The treatments were applied three times a day, at 08:30, 12:00, and 15:30 h, or six times a day at 06:45, 08:30, 10:15, 12:00, 13:45, and 15:30 h. Flushing consisted of spraying water on the concrete floor until all of the visible manure was flushed down the drain. The scraping treatment used metal scrapers to manually clear the manure into the drain. Each manure removal treatment took approximately ten minutes to complete and clean the pen. The drain in the chamber was plugged to keep urine and feces in the chamber and sewage gases from entering the chamber during the testing period. The drain plug was removed for cleanings and replaced after.




2.4. Equipment


A mobile agricultural air quality laboratory (MAAQL) was used to measure all emissions from the environmental chamber. This MAAQL contained gas analyzers, an air sampling system, and a data acquiring system to collect real-time air emission data from the environmental chamber. The environmental chamber had one incoming and one outgoing air duct. Teflon tubing (12.7 mm ID) transported air from inside the chamber through the air duct immediately above the ceiling and into the MAAQL. The Thermo 17i NO/NOx/NH3 analyzer (Thermo Scientific, Waltham, MA, USA) was used to measure NH3, nitric oxide (NO), and oxides of nitrogen (NOx). Methane was measured using the Thermo 55C CH4 analyzer (Thermo Scientific, Waltham, MA, USA). Hydrogen sulfide (H2S) was measured using the Thermo 450i sulfur dioxide (SO2)/H2S analyzer (Thermo Scientific, Waltham, MA, USA). Nitrous oxide (N2O) was measured using the Thermo 46i N2O analyzer (Thermo Scientific, Waltham, MA, USA). Ethanol (EtOH), carbon dioxide (CO2), NH3, and methanol (MeOH) were measured with the INNOVA model 1412 Photoacoustic Gas Monitor (INNOVA AirTech Instrument, Ballerup, Denmark). Table 3 shows detection limits and upper monitoring ranges of all gas analyzers. Samples were analyzed for 15 min each, beginning with the inlet air duct, and then the outlet air duct, and were repeated for the 11 h testing period.



The concentrations of N2O, NO, NOx, SO2, and methanol (MeOH) were detectable, but the inlet and outlet values were too close to derive meaningful emission rates of these gases. Therefore, their results therefore were not reported.




2.5. Emissions Calculations


Concentration data of the air samples from the environmental chamber over each 15 min period were truncated to remove the first five minutes and last two minutes of the sample to prevent carry over. The following equation was used to calculate emission rate mg/h of gases from the environmental chamber:


Emission Rate (mg/h/head) = {[(MIX) × (FL) × (60)]/MV} × (MW) × (Conv)/Head



(1)




where MIX is the net concentration (inlet concentration—outlet concentration) in either ppm (parts per million) or ppb (parts per billion), FL is the continuous ventilation rate of 51,848 L/min, 60 is the conversion from minute to hour, MW is the molecular weight of the gas in grams per mole, Conv is a conversion factor of 10−3 for concentration in ppm and 10−6 for concentration in ppb, and V is the volume of one molar gas at temperature T in liter/mole and is calculated as:


V = [(Vs) × T)]/Ts



(2)




where Vs is the standard volume 22.4 L at 0 °C, Ts is the standard temperature 0 °C that equals to 273.15 K, T is the air temperature in K equaling to T in °C +273.15.




2.6. Data Analysis


Emission rates from the different manure removal methods were compared to evaluate their respective environmental impacts. All emissions data were analyzed using the lmerTest package in R [13]. The model used to evaluate emissions data is:


Yijkl = μ + Bi + Rj + Fk + Hl + eijkl



(3)




where Yijkl is the dependent variable, μ is the overall mean, Bi is the block, Rj is the method of removal (scraping versus flushing), Fk is frequency of removal (three times versus six times), Hl is the hour of measurement, and eijkl is the error term associated with the model. Block was a random effect, with all other variables as fixed effects. The interaction of the main effects of method of removal * frequency of removal, was originally evaluated but removed from the model as this interaction was not significant. The milk data was analyzed using the lmerTest package in R [13]. The model for the milk data is:


Yijkl = μ + Ci + Bj + Dk + Tl + eijkl



(4)




where Yijkl is the dependent variable, μ is the overall mean, Ci is the cow, Bj is the block, Dk is the date of milking, Tl is the time of milking, and eijkl is the error term associated with the model. Cow was a random effect, with all other variables as fixed effects. Bi, Rj, Fk, and Hl were categorical variables. Means are presented as least squares means (LSM) and were determined using the lsmeans package in R [14]. Pairwise comparisons of treatment LSM were determined by a Tukey test using the multcompView package in R [15]. Differences were declared significant at p ≤ 0.05 and showed a trend at 0.05 ≤ p ≤ 0.10.





3. Results and Discussion


3.1. Milk Production


Least squares means for milk yield were 42.4, 46.2, 42.7, and 39.9 kg (±6.14 kg; p = 0.91) for each of the four groups of cows (blocks) during the duration of the study. Dry matter intake (DMI) for the 11 h period animals were housed in the environmental chamber was similar across treatments with group DMIs of 30.7, 31.1, 34.5, and 34.5 kg (±4.31 kg; p = 0.25). A difference in milk yield could lead to differences in feed intake, affecting both manure output and gaseous emissions from manure and enteric sources [16,17].




3.2. Ammonia Emissions


Total NH3 emissions from scraping were greater than flushing treatments (p < 0.001; Table 4). Scraping increased NH3 emissions by 175 and 152% for S3 and S6, respectively, as compared to the control (F3; Table 4). The most common California industry practice of clearing freestall lanes is by flushing 2 to 3 times a day, which occurs while the cows are in the milking parlor. Scraping treatments left behind a film of manure that coated the concrete freestall lane in the environmental chamber. The urea being excreted in the animal’s urine comes in contact with this manure film and is rapidly converted by the urease naturally present in the manure to NH3 and volatized [18]. In contrast, flushing does not allow for the manure to create a film, which reduces the opportunity for urea to come into contact with urease. The presence of water with the flush treatment may also affect the amount of NH3 that is volatilized. In the presence of water, NH3 and ammonium (NH4+) exist at an equilibrium in solution that is dependent on pH and temperature [19]. An increase in the concentration of NH4+/NH3 in the manure, an increase of temperature, or a disturbance to the manure, such as wind speed, can increase the volatilization of NH3 [19,20,21]. The scraping treatments cause a physical disturbance to the manure and do not dilute the manure, which likely led to the greater NH3 emission seen in these treatments. Flushing results in a lowering of urea and TAN concentrations in slurry by diluting and removing urine from the floor surface which reduces NH3 emissions [22]. Kroodsma et al. (1993) found that scraping manure from a concrete stall did not reduce NH3 emissions while flushing reduced NH3 by 70% [23]. Urea is usually hydrolyzed within 2 h after urine is excreted on floors, but can continue to volatize for 15 h if left undisturbed [22,24]. Flushing more frequently dilutes the urine and removes it before the majority of the urea is hydrolyzed to NH3. However, since flushing on commercial dairies occurs primarily when the cows are in the milking parlor, increasing the frequency of flushing would be difficult to implement with current management practices.



Ammonia emissions also changed over the 11 h period the cows were in the environmental chamber (p < 0.001; Figure 1). Both frequencies of the scraping treatments showed increased NH3 emissions over the 11 h treatment period showing a compounding effect even after scraping occurred (Figure 1). Comparatively, the flushing treatments show a decrease in NH3 emissions directly after flushing treatments occurred (Figure 1). The increase in concentration of NH3 emissions over time for the scraping treatment is consistent with the literature [25,26].



Rotz et al. (2014) measured NH3 emissions from dairies using both scrape and flushing systems in New York, Wisconsin, and Indiana [27]. Both the model simulation and the measured annual average NH3 emissions were lower in flush barns compared with scrape barns. Vaddella et al. (2011) compared NH3 emissions from simulated flushed manure storage with scraped manure storage and controlled for surface-area to volume ratio and found greater NH3 emissions in the scraped versus flushed manure.




3.3. Methane Emissions


In the present study, all treatments compared with the Control (F3) had negative reduction potentials (increased emissions) for CH4 emissions (p < 0.001; Table 4). Both F6 and S3 treatments were similar. Surprisingly, the S6 treatment had larger (p < 0.001) CH4 emissions as compared to other treatments. The primary source of CH4 emissions during the testing period would be from enteric sources, which cannot be differentiated from manure CH4 emissions inside the environmental chamber.



Sun et al. (2008) conducted a similar study in the same facility as the present study and found that minimal CH4 emissions were attributed to fresh manure sources [28]. Sun et al. (2008) measured emissions in two phases: first with a cow plus manure, followed by manure only. Methane emissions substantially increased with the addition of the cows to the chamber and subsequently returned to near empty chamber concentrations when the cows were removed [28].



Methane emissions from livestock waste are produced by the decomposition of volatile solids in manure primarily from systems that promote an anaerobic environment, such as lagoons [29]. The production of CH4 is dependent on methanogens, which thrive in anaerobic environments. Under aerobic conditions such as in an environmental chamber, there is little to no CH4 production [29].



In the present study, cows were blocked in order to decrease variability in enteric CH4 emissions. Blocking for milk yield groups cows with a similar dry matter intake, which has a linear relationship with CH4 emissions [30]. Future research should remove the interference of enteric CH4 emissions to determine if scraping fresh manure increases CH4 emissions.




3.4. Hydrogen Sulfide Emissions


In the present study, individual treatments and frequency of treatments showed similar H2S emissions; however, scraping resulted in higher H2S emissions (p < 0.05) than flushing. Hydrogen sulfide emissions can be particularly dangerous in enclosed animal facilities. Without proper ventilation, a buildup of H2S can cause mild eye irritation, and in large enough concentrations cause respiratory failure and death [31]. The majority of California dairy freestall barns are open air so health concerns from H2S exposure are minimal. However, H2S emissions should be carefully monitored in enclosed animal facilities particularly when the manure is disturbed for cleaning. Mixing or disturbing the surface of manure will lead to an increase in H2S emissions because H2S is contained in gas bubbles suspended in the manure, which burst when mixed [25,32,33]. Maasikmets et al. (2015) measured a farm with solid manure storage compared to a farm with liquid manure storage and found the solid manure storage to have a higher concentration of H2S [34]. The concentration of H2S was highest in the morning when there was little air movement inside the barns. With less air flow there is less dilution of the air pollutants, allowing for measurements at higher levels. Animal diets also play a key role in the production of H2S in the manure. Cattle fed a higher concentrate diet, or a diet containing more sulfur substrate, will have manure that produces greater H2S emissions than cattle fed a high forage diet or low sulfur substrate diet [32].




3.5. Ethanol Emissions


Ethanol emissions were similar for flushing vs scraping; however, flushing and scraping six times versus three times increased EtOH emissions (p < 0.001; Table 4). Ethanol emissions changed over the 11 h period in the environmental chamber (p < 0.001; Figure 2).



Ethanol is the primary VOC produced on dairies and is a precursor for O3 formation [35]. Previous studies showed some enteric emissions of ethanol [28]; however, the majority of ethanol emissions comes from the manure. Another possible source of EtOH emission is the total mixed ration (TMR). Chung et al. (2004) quantified non-enteric VOC emissions sources from dairies and showed the highest emissions sources for EtOH to be from silage and silage-based TMR piles [36]. The TMR fed in the present study did not contain silage or other fermented feedstuffs; therefore, VOC emissions from the TMR is expected to be negligible as compared to a silage based TMR. The most common VOCs associated specifically with flush lanes are 2-butanone and toluene, with EtOH being a lesser source [36]. The highest emissions rates from feed occur during the feed out phase, due to greater oxygen exposure [37]. Ethanol is the major contributor of VOCs from animal feed at >70% of the total VOCs [35]. It is likely that the EtOH measured in the chamber during the current study was a combination of enteric processes, TMR, and manure. Further research should determine the effect of agitation on manure EtOH emissions to confirm the findings of the present study, that an increase in frequency of manure removal (i.e., agitation by either flush or scraping) increases EtOH emissions.




3.6. Carbon Dioxide Emissions


In the present study, CO2 increased with scraping and increased frequency of treatments (p < 0.001; Table 4). Carbon dioxide emissions can be from animal manure as products of microbial degradation, and from respiratory and enteric emissions [38]. Carbon dioxide from animal manure is a release of carbon sequestered by photosynthesis and is part of the cycling of carbon from the atmosphere to plants to animals and back to the atmosphere over a short period of time. For this reason, the USEPA does not consider CO2 from animal feeding operations a contributor to the buildup of GHG in the atmosphere [38].




3.7. Relation to Manure Management


The present study has shown that converting from a flush to a scrape manure removal system can result in the unintended consequences of increasing NH3 emissions. However, manure removal in the housing portion of the dairy is just one portion of the whole manure management system and a lifecycle assessment of the entire manure management train should be conducted.



Covered lagoon anaerobic digesters fit the current manure management system for California dairies better than a higher solids content digester, as this allows farmers to continue using a flush system. However, in either anaerobic digester system, the total ammoniacal nitrogen (TAN) is increased as well as the pH in the digested manure, which results in potentially higher NH3 volatilization from digested manure [39]. Anaerobic digesters reduce the amount of easily degradable carbon in the manure through fermentation, which reduces CH4 production from the effluent as well as the potential of N2O emissions during soil application [40,41,42]. Montes et al. (2013) determined that N2O emissions could be reduced by up to 70% from soil applied digested manure compared to fresh manure [43]. Given the changes in composition and gaseous emissions from digested manure, it is imperative to do a whole gaseous emissions balance for the varying manure management strategies to determine the most sustainable option for dairy farmers.





4. Conclusions


Flushing versus scraping manure from dairy freestall lanes was found to be advantageous for reducing both NH3 and H2S emissions. The control (F3) treatment showed the lowest CH4 emissions compared with other treatments, which should be researched further to determine if increased agitation of manure or flushing of manure increases CH4 emissions. Mitigation of CH4 from dairy manure sources is vitally important, particularly in California where legislation requires it. For future research, we suggest conducting lifecycle assessments to predict emissions from the entire manure management train, from removal in the barn to storage/treatment, and finally land application. Mitigation strategies such as switching from flush to scrape to reduce CH4 emissions in dairy housing have the potential to increase other important pollutants such as NH3. The present study shows that NH3 emissions are lower in flush vs. scrape systems. To align manure removal with storage, a flush system followed by anaerobic digestion should be considered. This combination would optimize mitigation of two of the most important gases emitted from dairies, CH4 and NH3. Potentially, the use of covered lagoon anaerobic digesters would best fit this combination. This is particularly important for areas like the San Joaquin Valley where NH3 and PM2.5 emissions are consistently above the regulatory limits. This research is directly related to the development of a sustainable dairy system, as manure management directly contributes to the environment and economic pillars of sustainability through mitigation of gaseous emission and economic feasibility for dairy producers.







Author Contributions


Conceptualization, E.G.R. and F.M.M.; methodology, execution, data collection, and curation, E.G.R., Y.Z., and Y.P.; data analysis, E.G.R. and C.B.P.; writing—original draft preparation, E.G.R.; results, discussion, and editing, E.G.R., C.B.P., Y.Z., Y.P., and F.M.M.; supervision and project administration, E.G.R., Y.Z., and F.M.M.; funding acquisition, F.M.M.; All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Animal Care and Use Committee of the University of California Davis (protocol number 18818).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study is openly available in FigShare at doi:10.6084/m9.figshare.14569020.




Acknowledgments


We kindly thank: Doug Gisi the manager of the UC Davis Dairy and his staff for their help and support with this trial and the undergraduate students that were instrumental in the day to day.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pagliari, P.; Wilson, M.; He, Z. Animal manure production and utilization: Impact of modern concentrated animal feeding operations. Anim. Manure: Prod. Charact. Environ. Concerns Manag. 2020, 67, 1–14. [Google Scholar]

	



Hatamiya, L. The Economic Importance of the California Dairy Quota Program. Available online: https://www.ams.usda.gov/sites/default/files/media/Exhibit%2054%20-%20Testimony%20of%20Lon%20Hatamiya.pdf (accessed on 26 February 2017).

	



USDA. Dairy Situation at a Glance. 2021. Available online: https://www.ers.usda.gov/topics/animal-products/dairy/ (accessed on 1 January 2021).

	



USDA. California Dairy Statistics and Trends Mid-Year Review January-June 2016 Data. Available online: https://www.cdfa.ca.gov/dairy/pdf/Annual/2016/MidYear2016.pdf (accessed on 27 April 2017).

	



CARB. Ambient Air Qualtiy Standards (AAQS) for Particulate Matter. Available online: https://www.arb.ca.gov/research/aaqs/pm/pm.htm (accessed on 16 February 2017).

	



CARB. Revised Proposed Short-Lived Climate Pollutant Reduction Strategy. 2017. Available online: https://ww2.arb.ca.gov/sites/default/files/2020-07/final_SLCP_strategy.pdf (accessed on 1 January 2021).

	



Samet, J.M.; Dominici, F.; Curriero, F.C.; Coursac, I.; Zeger, S.L. Fine particulate air pollution and mortality in 20 US cities, 1987–1994. N. Engl. J. Med. 2000, 343, 1742–1749. [Google Scholar] [CrossRef] [PubMed]

	



Aneja, V.P.; Blunden, J.; James, K.; Schlesinger, W.H.; Knighton, R.; Gilliam, W.; Jennings, G.; Niyogi, D.; Cole, S. Ammonia assessment from agriculture: US status and needs. J. Environ. Qual. 2008, 37, 515–520. [Google Scholar] [CrossRef] [PubMed]

	



USEPA. Air Actions in the San Joaquin Valley-PM2.5. 2015. Available online: https://19january2017snapshot.epa.gov/www3/region9/air/sjv-pm25/index.html (accessed on 1 January 2019).

	



SJVDMTFAP. San Joaquin Valley Dairy Manure Technology Feasibility Assessment Panel. An Assessment of Technologies for Management and Treatment of Dairy Manure in California’s San Joaquin Valley. CARB. 2005. Available online: https://www.arb.ca.gov/ag/caf/dairypnl/dmtfaprprt.pdf (accessed on 1 January 2021).

	



Sheppard, S.; Bittman, S.; Swift, M.; Tait, J. Modelling monthly NH3 emissions from dairy in 12 Ecoregions of Canada. Can. J. Anim. Sci. 2011, 91, 649–661. [Google Scholar] [CrossRef]

	



Harper, L.A.; Flesch, T.K.; Powell, J.M.; Coblentz, W.K.; Jokela, W.E.; Martin, N.P. Ammonia emissions from dairy production in Wisconsin. J. Dairy Sci. 2009, 92, 2326–2337. [Google Scholar] [CrossRef]

	



Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. lemerTest: Tests in Linear Mixed Effects Models; R package version 2.0-30. J. Stat. Softw. 2017, 82, 1–26. [Google Scholar] [CrossRef]

	



Lenth, R. Least-squares means: The R package lsmeans. J. Stat. Sofw. 2016, 69, 1–33. [Google Scholar]

	



Graves, S.; Piepho, H.-P.; Selzer, L.; Dorai-Raj, S. Multcompview: Visualizations of Paired Comparisons; R Package version 0.1-7. 2017. Available online: https//github.com/rvlenth/emmeans/issues (accessed on 18 June 2018).

	



Hassanat, F.; Gervais, R.; Benchaar, C. Methane production, ruminal fermentation characteristics, nutrient digestibility, nitrogen excretion, and milk production of dairy cows fed conventional or brown midrib corn silage. J. Dairy Sci. 2017, 100, 2625–2636. [Google Scholar] [CrossRef]

	



Sutter, F.; Schwarm, A.; Kreuzer, M. Development of nitrogen and methane losses in the first eight weeks of lactation in Holstein cows subjected to deficiency of utilisable crude protein under restrictive feeding conditions. Arch. Anim. Nutr. 2017, 71, 1–20. [Google Scholar] [CrossRef]

	



Bouwman, A.; Lee, D.; Asman, W.; Dentener, F.; Van Der Hoek, K.; Olivier, J. A global high-resolution emission inventory for ammonia. Glob. Biogeochem. Cycles 1997, 11, 561–587. [Google Scholar]

	



Hristov, A.; Hanigan, M.; Cole, A.; Todd, R.; McAllister, T.; Ndegwa, P.; Rotz, A. Review: Ammonia emissions from dairy farms and beef feedlots 1. Can. J. Anim. Sci. 2011, 91, 1–35. [Google Scholar] [CrossRef]

	



Sommer, S.G.; Petersen, S.O.; Søgaard, H.T. Greenhouse gas emission from stored livestock slurry. J. Environ. Qual. 2000, 29, 744–751. [Google Scholar] [CrossRef]

	



Teye, F.K.; Hautala, M. A comparative assessment of four methods for estimating ammonia emissions at microclimatic locations in a dairy building. Int. J. Biometeorol. 2010, 54, 63–74. [Google Scholar] [CrossRef]

	



Monteny, G.; Erisman, J. Ammonia emission from dairy cow buildings: A review of measurement techniques, influencing factors and possibilities for reduction. Njas Wagening. J. Life Sci. 1998, 46, 225–247. [Google Scholar] [CrossRef]

	



Kroodsma, W.; in’t Veld, J.H.; Scholtens, R. Ammonia emission and its reduction from cubicle houses by flushing. Livest. Prod. Sci. 1993, 35, 293–302. [Google Scholar] [CrossRef]

	



Elzing, A.; Monteny, G. Modeling and experimental determination of ammonia emissions rates from a scale model dairy-cow house. Trans. ASAE 1997, 40, 721–726. [Google Scholar] [CrossRef]

	



Grant, R.H.; Boehm, M.T. Manure Ammonia and Hydrogen Sulfide Emissions from a Western Dairy Storage Basin. J. Environ. Qual. 2015, 44, 127–136. [Google Scholar] [CrossRef] [PubMed]

	



McGinn, S.; Janzen, H.; Coates, T.; Beauchemin, K.; Flesch, T. Ammonia emission from a beef cattle feedlot and its local dry deposition and re-emission. J. Environ. Qual. 2016, 45, 1178–1185. [Google Scholar] [CrossRef]

	



Rotz, C.A.; Montes, F.; Hafner, S.D.; Heber, A.J.; Grant, R.H. Ammonia Emission Model for Whole Farm Evaluation of Dairy Production Systems. J. Environ. Qual. 2014, 43, 1143–1158. [Google Scholar] [CrossRef]

	



Sun, H.; Trabue, S.L.; Scoggin, K.; Jackson, W.A.; Pan, Y.; Zhao, Y.; Malkina, I.L.; Koziel, J.A.; Mitioehner, F.M. Alcohol, volatile fatty acid, phenol, and methane emissions from dairy cows and fresh manure. J. Environ. Qual. 2008, 37, 615–622. [Google Scholar] [CrossRef]

	



USEPA. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990–2003; EPA-430-R-05-003; USEPA: Washington, DC, USA, 2005.

	



Hindrichsen, I.K.; Wettstein, H.R.; Machmüller, A.; Kreuzer, M. Methane emission, nutrient degradation and nitrogen turnover in dairy cows and their slurry at different milk production scenarios with and without concentrate supplementation. Agric. Ecosyst. Environ. 2006, 113, 150–161. [Google Scholar] [CrossRef]

	



He, Z.; Pagliari, P.; Waldrip, H.M. Advances and outlook of manure production and management. Anim. Manure: Prod. Charact. Environ. Concerns Manag. 2020, 67, 373–383. [Google Scholar]

	



Andriamanohiarisoamanana, F.J.; Sakamoto, Y.; Yamashiro, T.; Yasui, S.; Iwasaki, M.; Ihara, I.; Tsuji, O.; Umetsu, K. Effects of handling parameters on hydrogen sulfide emission from stored dairy manure. J. Environ. Manag. 2015, 154, 110–116. [Google Scholar] [CrossRef]

	



Ni, J.-Q.; Heber, A.; Sutton, A.; Kelly, D. Mechanisms of gas releases from swine wastes. Trans. ASABE 2009, 52, 2013–2025. [Google Scholar]

	



Maasikmets, M.; Teinemaa, E.; Kaasik, A.; Kimmel, V. Measurement and analysis of ammonia, hydrogen sulphide and odour emissions from the cattle farming in Estonia. Biosyst. Eng. 2015, 139, 48–59. [Google Scholar] [CrossRef]

	



El-Mashad, H.M.; Zhang, R.; Rumsey, T.; Hafner, S.; Montes, F.; Rotz, C.A.; Arteaga, V.; Zhao, Y.; Mitloehner, F.M. A mass transfer model of ethanol emission from thin layers of corn silage. Trans. ASABE 2010, 53, 1903–1909. [Google Scholar] [CrossRef]

	



Chung, M.Y.; Beene, M.; Ashkan, S.; Krauter, C.; Hasson, A.S. Evaluation of non-enteric sources of non-methane volatile organic compound (NMVOC) emissions from dairies. Atmos. Environ. 2010, 44, 786–794. [Google Scholar] [CrossRef]

	



Bonifacio, H.; Rotz, C.; Hafner, S.; Montes, F.; Cohen, M.; Mitloehner, F. A process-based emission model of volatile organic compounds from silage sources on farms. Atmos. Environ. 2017, 152, 85–97. [Google Scholar] [CrossRef]

	



USEPA. Emissions from Animal Feeding Operations. Contract No. 68-D6-0011. 2001. Available online: https://www.epa.gov/sites/production/files/2020-10/documents/draftanimalfeed.pdf (accessed on 4 January 2018).

	



Petersen, S.O.; Sommer, S.G. Ammonia and nitrous oxide interactions: Roles of manure organic matter management. Anim. Feed Sci. Technol. 2011, 166, 503–513. [Google Scholar] [CrossRef]

	



Bertora, C.; Alluvione, F.; Zavattaro, L.; van Groenigen, J.W.; Velthof, G.; Grignani, C. Pig slurry treatment modifies slurry composition, N2O, and CO2 emissions after soil incorporation. Soil Biol. Biochem. 2008, 40, 1999–2006. [Google Scholar] [CrossRef]

	



Harrison, J.; Ndegwa, P. Anaerobic digestion of dairy and swine waste. Anim. Manure: Prod. Charact. Environ. Concerns Manag. 2020, 67, 115–127. [Google Scholar]

	



Petersen, S.O. Nitrous Oxide Emissions from Manure and Inorganic Fertilizers Applied to Spring Barley. J. Environ. Qual. 1999, 28, 1610–1618. [Google Scholar] [CrossRef]

	



Montes, F.; Meinen, R.; Dell, C.; Rotz, A.; Hristov, A.N.; Oh, J.; Waghorn, G.; Gerber, P.J.; Henderson, B.; Makkar, H. SPECIAL TOPICS—Mitigation of methane and nitrous oxide emissions from animal operations: II. A review of manure management mitigation options. J. Anim. Sci. 2013, 91, 5070–5094. [Google Scholar] [CrossRef] [PubMed]








[image: Sustainability 13 05363 g001 550] 





Figure 1. Average ammonia (NH3) emissions for the four treatments F3 = flush 3 times; S3 = scrape 3 times; F6 = flush 6 times; S6 = scrape 6 times; over time in hours (n = 4). Emission measurements reported are on a per cow basis mg/h. Error bars represent the standard error for each point. The arrows correspond to the frequency of the four treatments applications (number of flushing or scraping events) that occurred in the environmental chamber. Solid arrows correspond to times the F6 and S6 treatments were applied, and dashed arrows correspond to times F3 and S3 treatments were applied. 
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Figure 2. Ethanol (EtOH) emissions for the four treatments F3 = flush 3 times; S3 = scrape 3 times; F6 = flush 6 times; S6 = scrape 6 times; over time in hours (n = 4). Emission measurements reported are on a per cow basis g/h. Error bars represent the standard error for each point. The arrows correspond to the frequency of the four treatments applications (number of flushing or scraping events) that occurred in the environmental chamber. Solid arrows correspond to times the F6 and S6 treatments were applied, and dashed arrows correspond to times F3 and S3 treatments were applied. 
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Table 1. Chemical composition of the total mixed ration.
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	Measures
	Total Mixed Ration (% DM) 1





	Crude Protein
	20.4



	Ash
	6.85



	Neutral Detergent Fiber
	31.8



	Acid Detergent Fiber
	23.7







1 DM = dry matter.













[image: Table] 





Table 2. Ingredients of basal total mixed ration.






Table 2. Ingredients of basal total mixed ration.





	Feed Ingredients
	As Fed (kg/d/cow)





	Grain 1
	11.91



	Alfalfa Hay
	11.34



	Whole Cotton Seed
	2.27



	Almond Hulls
	2.27



	Strata 2
	0.1



	Milk Mineral
	0.34



	EnerGII 3
	0.29



	Salt
	0.07



	Wheat Hay
	0.91







1 Grain mix contained: 20.50% rolled barley, 20.50% rolled corn, 21.03% dried distillers grains, 21.96% wheat mill run, 14.48% beet pulp, and 1.53% canola meal. 2 A calcium salt of fatty acids containing a blend of palmitic, stearic, and oleic fatty acids with a 16% eicosapentaenoic acid (EPA)/docosahexaenoic acid (DHA) omega-3 fatty acids (Virtus Nutrition, Corcoran, CA, USA). 3 A calcium salt of fatty acids containing 50% palmitic and 35% oleic fatty acids (Virtus Nutrition, Corcoran, CA, USA).













[image: Table] 





Table 3. Gas analyzers, gases monitored, detection limits, and detection ranges of the Mobile Agricultural Air Quality Laboratory (MAAQL) used to measure emissions from the environmental chamber.
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Gas Analyzer

	
Gases 3

	
Detection Limits

	
Upper Range






	
Thermo 17i NO/NOx/NH3 analyzer 1

	
NO

	
1.25 ng/L

	
24.96 µg/L




	
NOx

	
1.54 ng/L

	
30.78 µg/L




	
NH3

	
0.71 ng/L

	
14.14 µg/L




	
Thermo 55C CH4 analyzer 1

	
CH4

	
13.31 ng/L

	
665.56 µg/L




	
Thermo 450i SO2/H2S analyzer 1

	
SO2

	
3.99 ng/L

	
26.62 µg/L




	
H2S

	
2.12 ng/L

	
14.14 µg/L




	
Thermo 46i N2O analyzer 1

	
N2O

	
0.04 µg/L

	
36.61 µg/L




	
Innova 1412 photo-acoustic multi-gas analyzer 2

	
CO2

	
2.75 µg/L

	
1.83 g/L




	
EtOH

	
0.15 µg/L

	
1.91 g/L




	
NH3

	
0.71 µg/L

	
0.71 g/L




	
MeOH

	
0.11 µg/L

	
1.33 g/L




	
N2O

	
0.05 µg/L

	
1.83 g/L








1 Analyzers by Thermo Scientific, Waltham, MA, USA. 2 Analyzer by INNOVA AirTech Instrument, Ballerup, Denmark. 3 NO = nitric oxide; NOx = oxides of nitrogen; NH3 = ammonia; CH4 = methane; SO2 = sulfur dioxide; H2S = hydrogen sulfide; CO2 = carbon dioxide, EtOH = ethanol; MeOH = methanol; N2O = nitrous oxide.
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Table 4. Least squares means, pooled standard errors (SEM), and p-values for the 3 versus 6 times flushing or scraping treatments, respectively, for ammonia, methane, hydrogen sulfide, ethanol, and carbon dioxide emissions (n = 4). Emission measurements reported are on a per cow basis in either mg or g/h. A negative reduction potential equates to an increase in emissions.
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Treatment LSM 1

	
SEM

	
p-Value




	

	
F3 2

	
F6

	
S3

	
S6

	
S vs. F 3

	
3 vs. 6 4

	
Time






	
Ammonia

	

	

	

	

	

	

	

	




	
Emission Rate (mg/h)

	
622.42 a

	
479.33 a

	
1712.90 b

	
1569.80 b

	
154.70

	
<0.001

	
0.12

	
<0.001




	
Reduction Potential (%)

	

	
23%

	
−175%

	
−152%

	

	

	

	




	
Methane

	

	

	

	

	

	

	

	




	
Emission Rate (g/h)

	
23.32 a

	
26.29 b

	
26.60 b

	
29.56 c

	
1.69

	
<0.001

	
<0.001

	
0.97




	
Reduction Potential (%)

	

	
−13%

	
−14%

	
−27%

	

	

	

	




	
Hydrogen Sulfide

	

	

	

	

	

	

	

	




	
Emission Rate (mg/h)

	
2.26

	
6.16

	
6.94

	
7.84

	
1.56

	
0.0496

	
0.29

	
0.13




	
Reduction Potential (%)

	

	
−173%

	
−207%

	
−247%

	

	

	

	




	
Ethanol

	

	

	

	

	

	

	

	




	
Emission Rate (g/h)

	
1.65 ab

	
2.17c

	
1.55 a

	
2.07 bc

	
0.13

	
0.426

	
<0.001

	
<0.001




	
Reduction Potential (%)

	

	
−31%

	
6%

	
−25%

	

	

	

	




	
Carbon Dioxide

	

	

	

	

	

	

	

	




	
Emission Rate (g/h)

	
920.94 a

	
1056.81 b

	
1072.79 b

	
1208.79 c

	
58.42

	
<0.001

	
<0.001

	
0.98




	
Reduction Potential (%)

	

	
−15%

	
−16%

	
−31%

	

	

	

	








1 F3 = flush 3 times; F6 = flush 6 times; S3 = scrape 3 times; S6 = scrape 6 times. 2 F3 treatment is industry standard and considered the Control. 3 S = scrape; F = flush. 4 The difference between increasing the frequency of flush or scrape from 3 to 6 times. Means with the same letter (abc) are not significantly different (p > 0.05).
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