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Abstract
Livestock housing is one of the main sources of ammonia (NHs) emissions from agriculture.
Different management and environmental factors are known to affect NH; emissions from
housing systems. The aim of this study was to quantitatively define the effect of temperature,
wind speed, relative humidity, and ventilation rate in NH3 release rates from dairy cattle housing
by conducting a meta-analysis of published scientific results. A literature survey was performed
to review studies published before January 2018 that have identified statistical relationships
between NH3; emissions and environmental factors such as air temperature, wind speed, relative
humidity, or ventilation rate in dairy cattle housing. Experimental values were related using a
mixed model analysis in order to analyze the effect of environmental factors on NHs; emissions.
For this exercise, a total of 19 peer-reviewed papers were considered and 27 different relations
between air temperature and NH3 emissions were used for the analysis. A significant effect of
air temperature inside the barn and ventilation rate on NHs emissions was observed. Results
showed that NH3 emissions increased linearly with increasing air temperature inside the barn
(°C) at a rate of 1.5 g-cow™-d™* for every temperature °C rise. For ventilation rate, an increase of
100 m®-cow*-h lead to increase NH3 emissions by 2.4 g NHs-cow*-year™. The equations

obtained in this work might help to provide information on NH3 barn-related emissions behavior
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under these environmental conditions, bearing in mind that other major emission drivers such as

diet composition and animal performance might be also affected by climate changes.
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NHs; gaseous emissions; temperature; ventilation rate; dairy cows.

1. Introduction

Ammonia (NHs) gaseous emissions from livestock buildings are a major environmental concern
worldwide as their deposition contributes to the eutrophication of terrestrial and aquatic
ecosystems, as well as the acidification of soils, thus reducing plant biodiversity and contribute
to the formation of secondary particulate matter, which is associated to respiratory and
cardiovascular diseases (Behera, Sharma, Aneja, & Balasubramanian, 2013; IPCC, 2014).
About 94% of global anthropogenic emissions of NHs to the atmosphere are originated from the
agricultural sector and about 64% are associated with livestock production (Steinfeld et al.,

2006), being dairy farming a major source (Hristov et al., 2011; Kiilling et al., 2001).

In livestock buildings, NHs is released as a result of microbiological hydrolysis of urea and uric
acid by urease to form NH,4" and its subsequent volatilization to NHz (Bouwman et al., 1997).
The total amount of NH; being emitted to the atmosphere mainly depends on manure excretion
and its characteristics (e.g. total ammonia nitrogen, TAN). The percentage of this TAN emitted
as NHs depends on multiple factors such as manure management systems, livestock
management practices and animal behavior (Bjerg et al., 2013). Environmental conditions play
also a crucial role on the rate of the excreted nitrogen that will be released as NHs. Factors such
as manure temperature (Jungbluth, Hartung, & Brose, 2001), air temperature, relative humidity,
wind speed and ventilation rates (Hempel et al., 2016; Monteny, Schulte, Elzing, & Lamaker,
1998; Ngwabie, Vanderzaag, Jayasudara, & Wagner-Riddle, 2014; Rong, Liu, Pedersen, &

Zhang, 2014; Saha et al., 2014) have demonstrated to strongly affect NHz emissions.

When modelling mass and energy balances at farm or system scale, gaseous emissions should

be included as a major nutrient leak. The simplification inherent to models when assessing
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emissions limit their ability to refine results since they normally use equations that allow
generalizing the effect of major parameter on emissions. An approximation for environmental
parameter effects on gaseous release rates can be found already implemented in some specific
models such as Manure-DNDC (Li et al., 2012), which assesses the degradation of manure in
livestock systems. However, in those whole farm system models such as SIMSpairy (Del Prado
et al., 2011), which simulate housing emissions using empirical modelling approaches (Webb &
Misselbrook, 2004) and have TAN excretion as the main emission drivers, these environmental

effects have not yet been considered.

This study was undertaken to collate and analyze published data on NH3 emissions from dairy
cattle housing with the aim of quantifying the effect of environmental factors in NH3; emissions
from dairy cattle housing and potentially be useful for refinement of modelling approaches like
SIMSpairy. The aim of this study was to quantitatively define the effect of temperature, wind
speed, relative humidity, and ventilation rate in NH; release rates from dairy cattle housing by
conducting a meta-analysis of published scientific results. This study is limited to environmental
conditions affecting NH; release rates, other major emission drivers such as TAN excretion or

management are not considered in this work.

2. Materials and methods
A literature survey was performed to review studies published before January 2018 that have
identified statistical relationships between NHs; emissions and environmental factors such as air

temperature, wind speed, relative humidity, or ventilation rate in dairy cattle housing.

The literature review was carried out searching information in the Web of Knowledge, Science
Direct, CAB direct (CAB International), and Scopus databases entering the following keywords:
ammonia or NHs emission, temperature, ventilation rate, wind speed, relative humidity, dairy

cattle, animal housing.

Articles were selected according to the following criteria: (1) publications were in peer-
reviewed journals; (2) dairy cattle were used as experimental animals; (3) it was reported the

effect of air temperature, ventilation rate, indoor wind speed, or relative humidity on NH3
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emissions inside the barn; and (4) quantitative information of the effect of these environmental
factors on NH3 emissions was reported. If these results were presented in only graphical form
without directly reporting the numeric values in the literature, we quantified the values using the
software Engauge Digitizer version 9.5. Measurement methods of emissions, housing system,
flooring type and manure management systems, were identified but were not included in the

analysis as an independent factor.

Data obtained from the articles were normalized to the same units: temperature in °C,
ventilation rate in m®-cow™-h™, wind speed in m-s, relative humidity in %, and NHz emissions
in g NHz-cow™-d™. To analyze the effect of environmental factors on NH3 emissions, the values
were related using a mixed model analysis (SAS, 2009) following the procedure described by
St-Pierre (2001). The mixed model analysis is useful when data are obtained from multiple
studies. Therefore, it was necessary to analyze not only fixed effects of the dependent variables,
but also the study and its interactions as random effects.
3. Results and discussion

3.1. Description of the dataset
A total of 19 articles were selected for this meta-analysis (Table 1). Regarding the effect of air
temperature inside the barn, a total of 14 peer-reviewed published research articles were
selected. Reviewed articles reported studies from 1998 to 2014, conducted in nine countries

(Sweden, Netherlands, USA, Denmark, UK, Poland, Germany, Canada and Lithuania).

Table 1 compiles reported NHs emission rates related to environmental factors and NH3
emissions obtained from the studies included in the meta-analysis, as well as the number of
animals in the barn, the ventilation system, flooring type, manure handling, and the method used
to measure NHs; emissions. When the barn was a closed-barn, ventilation type was identified
either as natural or mechanical ventilation. However, in some cases (Bjorneberg et al., 2009;
Leytem, Dungan, Bjorneberg, & Koehn, 2011) the farm studied was an open-lot system dairy

farm, without controlled ventilation system. Powell et al., (2008a,b) and Bagdoniené and
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Bleizgys (2014) carried out their studies in chambers. The flooring systems were identified as

solid or slatted floor and the manure management system as scrapped or flushed.

Information regarding measuring methods for NH3; emissions is also included in Table 1. NH;
concentration was mainly measured by photoacoustic methods (Adviento-Borbe et al., 2010;
Leytem et al., 2011; Leytem, Dungan, Bjorneberg, & Koehn, 2012; Ngwabie, Jeppsson,
Gustaffson, & Nimmermark, 2011; Ngwabie, Jeppsson, Nimmermark, Swensson, &
Gustafsson, 2009; Ngwabie et al., 2014; Snell, Seipelt, & Van Den Weghe, 2003; Zhang et al.,
2005) or by spectroscopy (Bagdoniené and Bleizgys, 2014; Bjorneberg et al., 2009; Gustafsson
et al., 2005; Powell et al., 2008a,b). Angrecka and Herbut (2014) and Kavolelis (2006)
measured NH3 concentrations using Dréager detectors whereas Flesch et al. (2009) and
Misselbrook et al. (1998) measured concentrations using laser or absorption flasks, respectively.
NH;3 emissions were determined in most of the studies by mass balances considering NH3
concentrations and ventilation rates (Adviento-Borbe et al., 2010; Angrecka and Herbut , 2014;
Bagdoniené and Bleizgys, 2014; Kavolelis, 2006; Misselbrook et al., 1998; Ngwabie et al.,
2014, 2011, 2009; Powell et al., 2008a,b; Snell et al., 2003; Zhang et al., 2005). Other authors
(Bjorneberg et al., 2009; Dore et al., 2004; Flesch et al., 2009; Leytem et al., 2011, 2012) used
the Lagrange inverse dispersion technique to quantify NHsz emissions. Only one study quantified
emissions using a static chamber (Adviento-Borbe et al., 2010). The number of animals in each

experiment varied from 16 to 10,000.

From these articles, 27 different relations between air temperature and NH; emissions were used
for the analysis (see SUPP. Material SP1). The effect of ventilation rate on NH3; emissions was
studied through 11 different relations obtained from 6 published studies (SUPP. Material SP2).
The effect of wind speed and relative humidity was studied through the results of 5 and 6

published studies, respectively.

Table 1 shows the descriptive statistics of the environmental factors and NH3z emissions
included in the database. NH3 emission rates ranged from 0.3 to 245.7 g NHz-cow™-d. A wide

range was observed for temperature, relative humidity, ventilation rate and air speed at animal
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level. This suggests that results from a wide range of climatic conditions and barn designs were
analyzed. The statistical analysis showed a significant effect of temperature, which is described

in the following section.

In our study, no wind speed neither relative humidity presented statistically significant effects
on NH3 emissions. According to Snoek et al. (2014), the rate of NH; volatilization depends on
the mass transfer coefficient, which depends on air velocity at manure level, thus leading to a
positive correlation between both parameters. Nevertheless, data from air velocity
measurements used in this analysis were not performed at manure level but at barn level. It is
known that, at barn scale, air velocities might present a high variability. This might be also
happening with humidity data and should explain the low impact of these variables on NH;

emissions as also observed by Bougouin et al. (2016) and Simsek et al. (2012).
3.2. Effect of temperature on NH3 emissions

Figure 1 shows the relationship between temperature and NH3z emissions. NH; emissions
increased linearly with increasing air temperature inside the barn (°C). According to Meisinger
and Jokela (2000), higher temperatures promote NHs losses by decreasing the solubility of NH;
gas in the soil solution and by increasing the proportion of TAN as NHs gas. Urease activity is
also is affected by temperature, being reduced at temperatures lower than 10 °C and increased
between 10 and 40 °C (Sommer et al., 2006). The amount of volatile NH; release to the
atmosphere depends as well on the equilibrium between NHs in the liquid and in the gas phase.

This equilibrium is strictly temperature dependent (Monteny & Erisman, 1998).

Several of the selected studies for the meta-analysis have shown a significant positive
correlation between temperature in the barn and NHs emissions (Adviento-Borbe et al., 2010;
Doorn, Natschke, & Meeuwissen, 2002; Gustafsson et al., 2005; Kavolelis, 2006; Misselbrook
et al., 1998; Ngwabie et al., 2011; Zhang et al., 2005). These authors found that NH3 emissions
increased with increasing air temperature, but in some cases, this increase was highly dependent

on floor type and manure system (Zhang et al., 2005).
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The rest of the articles selected did not quantified the relationship between air temperature and
NH; emissions, however they found diurnal and seasonal patterns of NH3z emissions associated
with air temperature (Bjorneberg et al., 2009; Dore et al., 2004; Flesch et al., 2009; Leytem et

al., 2012, 2011; Ngwabie et al., 2009; Powell et al., 2008a,b).

Table 3 shows the statistical parameters obtained through the meta-analysis. According to our
results, when temperature increases one degree, NHz emissions increase by 1.5 g-cow™-d. Liu
et al. (2017) found linear regression equations between NH3 emissions, air temperature and
crude protein content of feed in open-lot, free-stall and tie-stall dairy barns. These authors found
a stronger effect of temperature on emissions, thus each 1°C increase in air temperature, NHs
emissions increased between 2.7 and 2.4 g-cow™-d™*. It must be considered that the equation
obtained in this work has been developed considering only those studies who studied the effect
of temperature on NH3; emissions, by obtaining emission factors at the same location and
conditions except for temperature. However, Liu et al. (2017) included also studies showing a
unique value of temperature and NHs emissions, which might lead to bias when multiple factors

affect emissions at a single point (e.g. higher milk yields for lower temperatures).

Emission factors obtained using the equation developed in this work are within the range used
for inventories. As an example, the European Environmental Agency guidelines for national
emission inventories (EEA, 2016) suggest a Tier 1 emission factor between 16.9 and 19.2 kg
NHs/place and year. Using values provided in Table 3, and an average temperature of 15°C, it

results in an emission factor of 17.53 kg NHz-cow™-year™.

This equation can be generalized to a broader scale if expressing the results as the effect of
temperature on the percentage of excreted TAN emitted as NHs. Then, results from Table 3 can
also be expressed as a percentage of TAN, according to Equation 1 (where temperature values
ranged from —8 to 35 °C). For this purpose, values of nitrogen excretion (105 kg N-year™) and
proportion of TAN (0.6 g TAN-g N excreted™) in the dairy cattle manure excreted have been

obtained from the EMEP/EEA Guidelines (EEA, 2016).

NH;3 emissions (g N-NHs/g TAN excreted) = 0.007-Temp (°C) + 0.12  (Equation 1)
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3.3. Effect of ventilation rate on NH3z emissions
According to Blanes-Vidal (2008), higher ventilation rates cause in general, higher air velocities
inside the barn, and therefore higher gaseous emissions. Several authors have studied the
relationship between ventilation rate and NH3 emissions with a general positive correlation
between both terms (Kavolelis, 2003; Philippe, Cabaraux, & Nicks, 2011; Samer et al., 2012).
Figure 2 depicts the relationship found in this work for ammonia NH3 and ventilation rates. A

positive linear relationship was also observed in this case.

According to the statistical analysis (Table 4), an increase of 100 m*-cow-h™* lead to increase
NH; emissions by 2.4 g NHs-cow*-year™. The following equation (Equation 2) shows the NH3
emissions expressed as a percentage of TAN. For this purpose, values of nitrogen excretion and
proportion of TAN in the dairy cattle manure excreted have been obtained from the EEA (2016)

Guidelines. Ventilation rate values in Equation 2 ranged from 40 to 1814 m*-cow*-hour™.

NH; emissions (g N-NHa/g TAN excreted) = 0.00016-Vent Rate (m®-cow™-h™) + 0.11 (Equation

2)

It must be considered that there is an interaction between temperature and ventilation rate. It is
known that the difference of temperatures inside and outside of the barn affects ventilation rates.
Bearing this fact in mind, it must be considered that neither the wind velocity nor the ventilation
rates are necessarily the dominant factor of influence for the NH3 concentration in the air of
naturally ventilated dairy houses. Therefore, only one of the two equations presented in this

work should be used at once to avoid overestimating the effect of these effects on emissions.

An increase in gaseous emissions due to global warming might be expected in the future (IPCC,
2014), creating great challenges for animal production and the sustainability of livestock
systems, particularly in countries with warmer climates such as the Mediterranean (Pereira,
Misselbrook, Chadwick, Coutinho, & Trindade, 2012). The equations obtained in this work
might help to provide information on NH3 barn-related emissions behavior under these
environmental conditions, bearing in mind that other major emission drivers such as diet

composition and animal performance might be also affected by climate changes.
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4. Conclusion

This study was designed to quantify the effect of environmental factors in NH; emissions from
dairy cattle housing. The statistical analysis showed a significant effect of air temperature inside
the barn and ventilation rate on NH3; emissions. The following conclusions can be drawn from

this study:

Air temperature inside the barn is the most important environmental factor affecting NH3
emissions. NHs; emissions increased linearly with increasing air temperature inside the barn

(°C).

Ventilation rate also produce a linear increase in NH3 emissions. However, due to the close
correlation between both factors, a confounded effect of ventilation rate with temperature may

exist.

No effects between NH3 emissions and wind speed or relative humidity were found significant
through the statistical analysis probably due to the high variability of both parameters within the

barn environment.

Our equations to predict NHs; emissions would be very helpful to provide information on NH3
barn-related emissions behavior under these environmental conditions, bearing in mind that
other major emission drivers such as diet composition and animal performance might be also

affected by climate changes.

Acknowledgements

This study is part of the project OPTIBARN and was financially supported by the Instituto
Nacional de Investigacion y Tecnologia Agraria y Alimentaria (INIA) through the research
grant 618105 FACCE Era Net Plus — Food Security, Agriculture, Climate Change ERA-NET

plus.

5. References
Adviento-Borbe, M. A. A., Wheeler, E. F., Brown, N. E., Topper, P. A., Graves, R. E., Ishler,

V. A., & Varga, G. A. (2010). Ammonia and greenhouse gas flux from manure in freestall



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

barn with dairy cows on precision fed rations. Transactions of the ASABE, 53(4), 1251—

1266.

Angrecka, S., & Herbut, P. (2014). The Impact of Natural Ventilation on Ammonia Emissions

from Free Stall Barns. Polish Journal of Environmental Studies, 23(6), 2303-2307.

Bagdonieng, 1., & Bleizgys, R. (2014). Ammonia emissions from dairy cattle manure under

variable ventilation rates. Annals of Animal Science, 14(1), 141-151.

Behera, S. N., Sharma, M., Aneja, V. P., & Balasubramanian, R. (2013). Ammonia in the
atmosphere: A review on emission sources, atmospheric chemistry and deposition on

terrestrial bodies. Environmental Science and Pollution Research, 20(11), 8092—-8131.

Bjerg, B., Norton, T., Banhazi, T., Zhang, G., Bartzanas, T., Liberati, P., ... Marucci, A. (2013).
Modelling of ammonia emissions from naturally ventilated livestock buildings. Part 1:

Ammonia release modelling. Biosystems Engineering, 116(3), 232-245.

Bjorneberg, D. L., Leytem, A. B., Westermann, D. T., Griffiths, P. R., Shao, L., & Pollard, M. J.
(2009). Measurement of atmospheric ammonia, methane, and nitrous oxide at a
concentrated dairy production facility in Southern Idaho housing using open-path FTIR

spectrometry. Transactions of the ASABE, 52(5), 1749-1756.

Blanes-Vidal, V., Hansen, M. N., Pedersen, S., & Rom, H. B. (2008). Emissions of ammonia,
methane and nitrous oxide from pig houses and slurry: Effects of rooting material, animal

activity and ventilation flow. Agriculture, Ecosystems and Environment, 124, 237-244.

Bougouin, A., Leytem, A., Dijkstra, J., Dungan, R. S., & Kebreab, E. (2016). Nutritional and
Environmental Effects on Ammonia Emissions from Dairy Cattle Housing: A Meta-

Analysis. Journal of Environmental Quality, 45, 1123-1132.

Bouwman, A. F., Lee, D. S., Asman, W. A. H., Dentener, F. J., Van der Hoek, K. W., & Olivier,
J. G. J. (1997). A global high-resolution emission inventory for ammonia. Global

Biogeochemical Cycles, 11(4), 561-587.

Del Prado, A., Misselbrook, T., Chadwick, D., Hopkins, A., Dewhurst, R. J., Davison, P., ...

10



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

Scholefield, D. (2011). SIMSDAIRY: A modelling framework to identify sustainable
dairy farms in the UK. Framework description and test for organic systems and N fertiliser

optimisation. Science of The Total Environment, 409(19), 3993-40009.

Doorn, M. R. J., Natschke, D. F., & Meeuwissen, P. C. (2002). Review of emission factors and
methodologies to estimate ammonia emissions from animal waste handling. United States

Environmental Protection Agency.

Dore, C. J., Jones, B. M. R., Scholtens, R., Huis in’t Veld, J. W. H., Burgess, L. R., & Phillips,
V. R. (2004). Measuring ammonia emission rates from livestock buildings and manure
stores - part 2: Comparative demonstrations of three methods on the farm. Atmospheric

Environment, 38, 3017-3024.

EEA. (2016). EMEP/EEA air pollutant emission inventory guidebook. Chapter 3B.

Luxembourg: European Environmental Agency.

Flesch, T. K., Harper, L. A., Powell, J. M., & Wilson, J. D. (2009). Inverse-dispersion
calculation of ammonia emissions from Wisconsin dairy farms. Transactions of the

ASABE, 52(1), 253-265.

Gustafsson, G., Jeppson, K.-H., Hultgren, J., & Sanng, J. O. (2005). Techniques to Reduce the
Ammonia Emission from a Cowshed with Tied Dairy Cattle. Agricultural Engineering

International: The CIGR Ejournal., 1-13.

Hempel, S., Saha, C. K., Fiedler, M., Berg, W., Hansen, C., Amon, B., & Amon, T. (2016).
Non-linear temperature dependency of ammonia and methane emissions from a naturally

ventilated dairy barn. Biosystems Engineering, 145, 10-21.

Hristov, A. N., Hanigan, M., Cole, A,, Todd, R., McAllister, T. A., Ndegwa, P. M., & Rotz, A.
(2011). Review: Ammonia emissions from dairy farms and beef feedlots. CANADIAN

JOURNAL OF ANIMAL SCIENCE, 91(1), 1-35.

IPCC. (2014). Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 11

and 111 to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.

11



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

(M. L. A. Core Writing Team, Pachauri R.K., Ed.). Geneva, Switzerland: IPCC.

Jungbluth, T., Hartung, E., & Brose, G. (2001). Greenhouse gas emissions from animal houses

and manure stores. Nutrient Cycling in Agroecosystems, 60, 133-145.

Kavolelis, B. (2003). Influence ventilation rate on ammonia concentration and emission in

animal house. Polish Journal of Environmental Studies, 12(6), 709-712.

Kavolelis, B. (2006). Impact of animal housing systems on ammonia emission rates. Polish

Journal of Environmental Studies, 15(5), 739-745.

Killing, D. R., Menzi, H., Krober, T. F., Neftel, a., Sutter, F., Lischer, P., & Kreuzer, M.
(2001). Emissions of ammonia, nitrous oxide and methane from different types of dairy
manure during storage as affected by dietary protein content. The Journal of Agricultural

Science, 137(2), 235-250.

Leytem, A. B., Dungan, R. S., Bjorneberg, D. L., & Koehn, A. C. (2011). Emissions of
ammonia, methane, carbon dioxide, and nitrous oxide from dairy cattle housing and

manure management systems. Journal of Environment Quality, 40(5), 1383-1394.

Leytem, A. B., Dungan, R. S., Bjorneberg, D. L., & Koehn, A. C. (2012). Greenhouse Gas and
Ammonia Emissions from an Open-Freestall Dairy in Southern Idaho. Journal of

Environmental Quality, 42(1), 10-20.

Li, C., Salas, W., Zhang, R., Krauter, C., Rotz, A., & Mitloehner, F. (2012). Manure-DNDC: A
biogeochemical process model for quantifying greenhouse gas and ammonia emissions

from livestock manure systems. Nutrient Cycling in Agroecosystems, 93(2), 163-200.

Liu, Z., Liu, Y., Shi, X., Murphy, J. P., & Maghirang, R. (2017). Variations of ammonia
emissions from cattle operations: effects of air temperature and dietary crude protein

content. Transactions of the ASABE, 60(1), 215-227.

Meisinger, J. J., & Jokela, W. E. (2000). Ammonia volatilization from dairy and poultry
manure. In Managing Nutrients and Pathogens from Animal Agriculture (NRAES-130)

(pp. 334-354). Ithaca, New York: Natural Resource, Agriculture, and Engineering
12



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

Service.

Misselbrook, T. H., Pain, B. F., & Headon, D. M. (1998). Estimates of ammonia emission from

dairy cow collecting yards. Journal of Agriculture Engineering Research, 71, 127-135.

Monteny, G. J., & Erisman, J. W. (1998). Ammonia emission from dairy cow buildings: A
review of measurement techniques, influencing factors and possibilities for reduction.

Netherlands Journal of Agricultural Science, 46(3-4), 225-247.

Monteny, G. J., Schulte, D. D., Elzing, A., & Lamaker, E. J. J. (1998). A conceptual
mechanistic model for the ammonia emissions from free stall cubicle dairy cow houses.

Transactions of ASABE, 41(1), 193-201.

Ngwabie, N. M., Jeppsson, K. H., Gustaffson, G., & Nimmermark, S. (2011). Effects of animal
activity and air temperature on methane and ammonia emissions from a naturally

ventilated building for dairy cows. Atmospheric Environment.

Ngwabie, N. M., Jeppsson, K. H., Nimmermark, S., Swensson, C., & Gustafsson, G. (2009).
Multi-location measurements of greenhouse gases and emission rates of methane and
ammonia from a naturally-ventilated barn for dairy cows. Biosystems Engineering, 103(1),

68-77.

Ngwabie, N. M., Vanderzaag, A., Jayasudara, S., & Wagner-Riddle, C. (2014). Measurements
of emission factors from a naturally ventilated commercial barn for dairy cows in a cold

climate. Biosystems Engineering.

Pereira, J., Misselbrook, T. H., Chadwick, D. R., Coutinho, J., & Trindade, H. (2012). Effects of
temperature and dairy cattle excreta characteristics on potential ammonia and greenhouse
gas emissions from housing: A laboratory study. Biosystems Engineering, 112(2), 138-

150.

Philippe, F. X., Cabaraux, J. F., & Nicks, B. (2011). Ammonia emissions from pig houses:
Influencing factors and mitigation techniques. Agriculture, Ecosystems and Environment,

141(3-4), 245-260.

13



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

Powell, J. M., Broderick, G. A., & Misselbrook, T. H. (2008a). Seasonal Diet Affects Ammonia

Emissions from Tie-Stall Dairy Barns. Journal of Dairy Science, 91(2), 857-869.

Powell, J. M., Misselbrook, T. H., & Casler, M. D. (2008b). Season and bedding impacts on
ammonia emissions from tie-stall dairy barns. Journal of Environmental Quality, 37(1), 7—

15.

Rong, L., Liu, D., Pedersen, E. F., & Zhang, G. (2014). Effect of climate parameters on air
exchange rate and ammonia and methane emissions from a hybrid ventilated dairy cow

building. ENERGY AND BUILDINGS.

Saha, C. K., Ammon, C., Berg, W., Fiedler, M., Loebsin, C., Sanftleben, P., ... Amon, T.
(2014). Seasonal and diel variations of ammonia and methane emissions from a naturally
ventilated dairy building and the associated factors influencing emissions. Science of the

Total Environment, 468-469, 53-62.

Samer, M., Ammon, C., Loebsin, C., Fiedler, M., Berg, W., Sanftleben, P., & Brunsch, R.
(2012). Moisture balance and tracer gas technique for ventilation rates measurement and
greenhouse gases and ammonia emissions quantification in naturally ventilated buildings.

Building and Environment, 50, 10-20.

SAS. (2009). SAS User’s Guide: Statistics (Release 9.1). Cary, NC.: SAS Institute Inc.

Simsek, E., Kilic, 1., Yaslioglu, E., & Arici, I. (2012). Ammonia emissions from dairy cattle

barns in summer season. Journal of Animal and Veterinary Advances, 11(12), 2116-2120.

Snell, H. G. J., Seipelt, F., & Van Den Weghe, H. F. A. (2003). Ventilation rates and gaseous

emissions from naturally ventilated dairy houses. Biosystems Engineering, 86(1), 67-73.

Snoek, D. J. W., Stigter, J. D., Ogink, N. W., & Groot Koerkamp, P.-W. G. (2014). Sensitivity
analysis of mechanistic models for estimating ammonia emission from dairy cow urine

puddles. Biosystems Engineering.

Sommer, S. G., Zhang, G. Q., Bannink, A., Chadwick, D., Misselbrook, T., Harrison, R., ...

Webb, J. (2006). Algorithms determining ammonia emission from buildings housing cattle

14



369

370

371

372

373

374

375

376

377

378

and pigs and from manure stores. Advances in Agronomy, 89, 261-335.

St-Pierre, N. R. (2001). Invited review: Integrating quantitative findings from multiple studies

using mixed model methodology. Journal of Dairy Science, 84(4), 741-755.

Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M., & de Haan, C. (2006).

Livestock’s long shadow - environmental issues and options. FAO.

Webb, J., & Misselbrook, T. H. (2004). A mass-flow model of ammonia emissions from UK

livestock production. Atmospheric Environment, 38(14), 2163-2176.

Zhang, G., Strgm, J. S., Li, B., Rom, H. B., Morsing, S., Dahl, P., & Wang, C. (2005). Emission

of ammonia and other contaminant gases from naturally ventilated dairy cattle buildings.

Biosystems Engineering, 92(3), 355-364.

15



