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1. INTRODUCTION 

1.1. Particulate Matter 

The term Particulate Matter (PM) refers to the solid and liquid particles particles 

which are suspended in the atmosphere (EEA, 2021; US EPA, 2021; WHO, 2006). 

Atmospheric particulate is classified based on particles dimension, with the defi-

nition of so-called particle fractions. The size classification of particles, as of to-

day use, is based on what is called the aerodynamic diameter, which is the diam-

eter (in µm) of an ideal sphere having the same aerodynamic characteristics of 

particles in question; therefore, it describes, more than the actual dimension of 

particles, their behavior in the air and their capacity to follow tortuous air streams, 

which increases at lower diameter sizes. The main particle fractions which are 

normally distinguished are Total Solid Particles (TSP), PM10 and PM2.5, although 

there are several studies focusing on even smaller fraction ranges such as PM1 

(Polichetti et al., 2009; Vecchi et al., 2004). TSP refers to all particles which are 

indefinitely suspended in the air (the reference diameter is ranging from <30 to 

<50 µm). PM10, PM2.5 and PM1 particles, instead, are particles with aerodynamic 

diameter of <10, <2.5 and <1.0 µm respectively. The rationale behind this dis-

tinction is the fact that a particle size is inherently linked with its capacity to pen-

etrate the respiratory system and cause health issues. PM is, in fact, considered 

one of the main atmospheric pollutants, with negative effects on human health. 

In particular, small particles (<10 µm) are able to infiltrate human respiratory 

system and cause health effects (Pope et al., 1992, 1991); coarser particles, in-

stead, are considered less dangerous from a heath perspective especially in terms 

of long term effects (Brunekreef and Forsberg, 2005). Due to its relevance for 

health, in the last 20 years, the scholar interest for particulate matter has raised 

consistently and a raising number of papers has been published each year, with 

an increasing number of citations (Figure 1). Over the years, the literature has 

identified a clear relationship among the concentration of PM10 and PM2.5 in the 

air we breathe and the incidence of several diseases, such as cancer, respiratory 

issues and strokes. Periodical reports of the Word Health Organization (WHO) 

present average figures on the incidence of PM pollution on certain diseases, 

providing also an estimation of the loss in life expectancy due to PM exposure 

(WHO, 2006). 
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Figure 1. Number of publications on Google Scholar by year (Query: "particu-

late matter" AND/OR PM10 AND/OR PM AND/OR dust). The database was 

consulted on the 7th of August 2021. 

When considering the health effects of PM particles, it is crucial to acquire 

knowledge not only on their size (aerodynamic characteristics), but also on their 

intrinsic chemical and biological properties (Kelly and Fussell, 2012; Womiloju 

et al., 2003). These properties depend merely on the particle sources and for-

mation processes. In this sense a fundamental distinction must be made among 

primary and secondary PM. In fact, primary PM is composed by those particles 

that are generated from direct emission sources, such as chimneys, fires, fuel 

burning activities or wind erosion. Secondary PM particles are instead formed 

though chemical reactions happening in the atmosphere, arising from chemical 

reactions of primary pollutants (Erisman and Schaap, 2004; Feng et al., 2012).  

The nature of PM, its origin and chemical composition can vary geographically 

and also seasonally (Halek et al., 2010; Zhang et al., 2018; ZhiLing et al., 2009). 

Therefore, the study of PM characteristics and PM emission sources is particu-

larly complex and several questions remain unanswered regarding particulate 

matter, its formation and transport dynamics and its effects on human health and 

environment.  
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1.1.1. Particulate matter emissions and sources  

Particulate matter originates from a variety of natural and anthropogenic pro-

cesses. Natural processes are mostly related to wind erosion, which is particularly 

relevant in desert regions, volcanic events, sea salt formation, naturally occurring 

fires and combustions (Sharratt and Auvermann, 2014). Also, the natural dis-

aggregation of vegetal biomass and other phenomena such as pollen transport do 

contribute to the overall PM count. Moreover, some organic matter degradation 

processes or other chemical reactions commonly occurring in the atmosphere do 

contribute to the formation of PM precursors, leading to secondary PM formation. 

Anthropogenic processes contributing to PM are as many as the natural ones and, 

due to anthropogenic intervention, some of the natural pathways to PM formation 

may also be enhanced (Ortega-Rosas et al., 2021; Sousa et al., 2008). 

Some of the main types of PM usually find in the air are summarized in Figure 2, 

which also highlights how particle dimension is dependent from its source. In 

general, particle deriving from combustion processes, such as fires and exhaust 

gases, or from secondary formation, such as sulphates, are in PM1-PM2.5 range. 

Erosion particles and particles from paved and unpaved road dust are instead 

larger, being mostly in the PM2.5-PM10 range.  

 

Figure 2. Particle diameter of different types of PM (source: WHO, 2006).  

The European Environmental Agency (EEA) provides yearly estimations of total 

PM10 and PM2.5 emissions from EU-32 countries (Figure 3). In the years among 

1990 and 2010 PM10 emissions in the EU dropped significantly from around 2750 

kt to less than 2500 kt, with PM2.5 constituting the largest share of total emitted 

particles. The sources of these emissions, accounted for in the year 2010, are sev-

eral (Figure 4; EEA, 2012). The most emitting sector for both PM10 and PM2.5 has 
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been the “Commercial, institutional and households” sector, followed by “Road 

transport” and “Waste” sectors. Agriculture also played a relevant role, contrib-

uting for 10.3% to the overall PM10 emissions, which is a higher contribution than 

the “Energy production and distribution” one. Although this may seem counter-

intuitive, the small footprint of the energy sector, in terms of PM emissions, is 

due to the fact that this sector was the one showing the grater improvement and 

emission reduction in the 1990-2010 period both in terms of energy use from 

industry (-57.3 and -50.6% of PM10 and PM2.5 emissions respectively; Figure 5-

6) and of energy production and distribution (-65.2 and -67.8% of PM10 and PM2.5 

emissions respectively). Agricultural emissions, instead, remained almost unal-

tered, with a slight increase in PM10 emissions (+9.2 %) and a slight decrease of 

PM2.5 (-8.8%). According to the 2017 inventory by EEA (EEA, 2019), the current 

situation is still similar, if not worse in relative terms, with agriculture accounting 

for 15% of total PM10 emissions and 5% of total PM2.5. Although the relative 

increase of agricultural contribution is ascribable to the mitigation of emissions 

from other sectors, it appears evident that the agricultural sector has to limit its 

contribution to PM emissions. 

 

 

Figure 3. Total PM2.5 emissions from European countries in the 1990-2020 period 

(source: EEA, https://www.eea.europa.eu/data-and-maps).  
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Figure 4. Contribution of different sector to the anthropogenic emissions of PM10 

and PM2.5 during the 1990-2010 period (source: EEA, 

https://www.eea.europa.eu/data-and-maps).  

 

Figure 5. PM10 change by sector in the 1990-2010 period (source: EEA, 

https://www.eea.europa.eu/data-and-maps).  
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Figure 6. PM2.5 change by sector in the 1990-2010 period (source: EEA, 

https://www.eea.europa.eu/data-and-maps).  

 

1.1.2. Particulate matter related health effects  

Particulate matter exposure has been associated with numerous health issues. 

Health concerns are linked both to short term and long term PM exposure, alt-

hough clearly the concentration levels triggering short and long term effects are 

very different, leading to the establishment of different regulatory thresholds on 

daily and yearly basis (WHO, 2006; Giannadaki et al., 2016). It is also important 

to highlight that PM exposure does not necessarily lead to immediate or recog-

nizable health effect in the entire population exposed. In fact, most of the exposed 

people usually present only mild symptoms (Figure 7). The most severe health 

effects are normally observed in people who are particularly susceptible due to 

previous medical conditions (WHO, 2006). Moreover, when considering the ef-

fect of PM environmental concentration on human health, it is necessary to reason 

in terms of general exposure and, therefore, to account to lifestyle differences. In 

fact, in different areas of the world, people may be passing more time indoor or 

outdoors and, consequently, it will be the exposure to one of these two environ-

ments to be most detrimental for their health (Hoek et al., 2008; Williams et al., 

2000).  

 



 

7 

Jacopo Maffia                                                                                                   PhD 2021 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Pyramid representing the relation among severity of health effects from 

air pollution and the proportion of population affected (source: Aphekom 

Proceedings, 2011).  

There is a high number of studies relating both PM10 and PM2.5 concentrations to 

several health consequences, ranging from minor physiological alterations to 

strokes and even death (Barzeghar et al., 2020; Pope, 2007; Mar et al., 2006; Pope, 

1996; Pope et al., 1991; Tong et al., 2020). Increased levels of air pollution for 

short periods of time were, in fact, shown to cause an increase in morbidity and 

mortality (Orellano et al., 2020). The regional agency for environmental protec-

tion of the Italian region Emilia Romagna (ARPAE) provided a table (Table 1) 

summarizing air pollution related health issues from both short and long-term air 

pollution exposure. A more specific figure of mortality increases due to 10 µg m-

3 increments of PM10 concentration, provided by the Health Effects Institute (HEI; 

https://www.stateofglobalair.org/) is presented in Figure 8.  
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Table 1. Short and long-term health effects caused by 10 µg m-3 increments in 

PM10 concentration (source: ARPAE, https://arpae.it, consulted in August 2021) 

Health effects 

Increment of 

health effects 

frequency (%) 

per 10 µg m-3 

of PM10  

 

Confidence 

intervals 

Short-term 

symptoms 

Bronchodilators use 3  2 - 4 

Cough  3  3 - 5 

Low respiratory air-

ways symptoms  
3 

 
1.8 - 4.6 

Reduction of lung ca-

pacity in adults (expir-

atory peak) 

-13 

 

0.17 - 0.09 

Hospitalization for res-

piratory issues 
0.8 

 
0.5 - 1.1 

Long-term 

symptoms 

Daily mortality (acci-

dental deaths ex-

cluded) 

0.7 

 

0.6 - 0.9 

Mortality increase  10  3 - 18 

Bronchitis 29  - 

Reduction of lung ca-

pacity in children (ex-

piratory peak) 

-1.2 

 

-2.3 - 0.1 

Reduction of lung ca-

pacity in adults (expir-

atory peak) 

-1 

 

- 
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Figure 8. Number of deaths attributable to air pollution in 2019 worldwide 

(source: HEI, Health Effects Institute). 

1.1.3. Particulate matter guidelines: the current situation  

The WHO periodically publishes air quality guidelines providing objectives in 

terms of actual PM10 and PM2.5 concentration levels to be reached in order to 

reduce health risks. The guidelines contain three main concentration levels, de-

scribed as Interim Targets (IT) number 1 (IT-1, ≤35 µg/m3), 2 (IT-2, ≤25 µg/m3), 

3 (IT-3, ≤15 µg/m3), scaling down to the guideline level of 10 µg/m3. The world 

map presenting average PM2.5 concentration in 2017 and compliance with WHO 

standards is shown in Figure 9. In 2017, around 54% of the world population 

lived in places where the IT-3 target concentration was exceeded, especially in 

developing countries. 
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Figure 9. WHO interim targets for PM2.5 concentration worldwide (source: HEI, 

Health Effects Institute). 

1.2. Main particulate emission sources from the Agricultural sector 

Particulate matter emissions can be distinguished in primary and secondary 

particles. Primary particles are generated by physical phenomena such the 

disaggregation of soil by wind erosion or biomass combustion, Secondary 

particles are instead originated through chemical reaction occurring in the 

atmosphere among gaseous and solid compounds. The agricultural sector is 

responsible for the production of both primary and secondary PM. Primary PM 

emissions can be ascribed both to crop production activities and to livestock 

management, while secondary aerosol precursors (compounds that concur in the 

formation of secondary PM) are mainly derived from livestock management. 

1.2.1. Primary PM emission from the Agricultural sector 

Agricultural sources of PM are of many different types and can be classified ac-

cording to different criteria. A first distinction to be made is among primary and 

secondary PM sources. Primary PM sources can be furtherly distinguished among 

point sources and area sources. Point sources are characterized by having a spe-

cific point of emission, such as a chimney (e.g. in cereal drying facilities) or the 

outflow opening of a livestock barns. Emissions from this kind of sources are 

easier to measure and are normally more constant over time. Area source emis-

sions, instead, are characterized by being difficult to assess, due to the open field 

conditions that characterize these sources. Moreover, open field emissions nor-

mally occur in correspondence of specific events, happening once or twice per 

year and are, therefore, discontinuous and seasonal (Chen et al., 2017; Faulkner, 

2013).  
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PM emissions from cropping operations are mainly due to the resuspension of 

soil particles due to the passage of heavy machineries, but also to the 

pulverization of biomass (e.g. crop residues or animal wastes) and to crop residue 

burning. In particular, the main agricultural operations during which fine particles 

are released in the atmosphere are soil tillage, harvesting, burning of crop residues, 

sowing, manure and fertilizer distribution (Sharrat and Auvermann, 2014).  
The amount of fine particles produced varies consistently among the different 

operations. Moreover, there are many parameters, such as environmental 

conditions (Avecilla et al., 2017), soil and crop type (Madden et al., 2010), soil 

moisture (Funk et al., 2008; Madden et al., 2010) and mechanical implements 

(Clausnitzer and Singer, 1996), that can strongly influence the quantity and the 

physical and chemical characteristics of emitted PM. According to Pattey (2015), 

who has performed a survey on agricultural PM emissions in Canada, tillage is 

the operation that contributes the most to the total agricultural emissions. 

Similarly, Chen et al. (2017) have observed that in Northeastern China tillage and 

harvesting account for the three fourth of the total agricultural emissions, with 

tillage being the main pollution source. Also in California, although the 

environmental conditions are very different from the ones of the above-cited 

surveys, tillage and land preparation have been considered to be the main 

agricultural PM10 source, accounting for the 65% of total agricultural emissions 

(Clausnitzer and Singer, 1997). Differently, Amann et al. (2012) have estimated 

that the main agricultural source of PM emissions in Europe is the burning of 

residues, which, according to their estimations, contributes to the total PM10 and 

PM2.5 emissions for the 7.6% and 9.6% respectively, while ploughing tilling and 

harvesting altogether account only for the 4.7% (PM10) and 1.5% (PM2.5) of total 

emissions. In the African continent agricultural biomass burning emissions are 

recognized as the second most important source of PM, following natural mineral 

dust emissions by wind erosion, and being responsible for half of the premature 

deaths in Central Africa (Bauer et al., 2019). Similarly, studies carried out in India 

suggest that also in that continent the main agricultural contributor to PM 

emissions is biomass burning (Pandey et al., 2014; Guo et al., 2017).  

Emissions from agricultural soils caused by wind erosion are also accounted for 

as agricultural PM emissions. These emissions represent a higher contribution 

than tillage to the overall soil-derived emissions in most countries.  

A consistent amount of PM emissions also derives from animal rearing facilities. 

These emission sources can be described as point sources which generate an 

almost continuous emission flux throuthrough the year. A relevant amount of PM 

produced from livestock systems derives from feeds and bedding materials, but 

also dried manure and dead skin particles can be found in barn particulate 

(Cambra-López et al., 2010). The quantity of particles emitted from livestock 

systems strongly depends on the animal specie and on the rearing system (Winkel, 

2016).  

Depending on the emitting source, particles differ greatly both for their physical 

and chemical characteristics. Soil originated particles, for example, are generally 
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in the PM2.5-PM10 range and are characterized by being mostly inorganic. Parti-

cles deriving from livestock rearing facilities are generally smaller (mostly below 

2.5 µm Ø) and are composed by larger amounts of organic particles deriving from 

feed, dry manure and dead skin (Cambra-López et al., 2010). Another type of 

particles commonly generated in agriculture is represented by those produced 

through combustion of residues and straws. The composition of residue burning 

particles can vary greatly depending on the crop being burned, but general traits 

are the small particle size (PM1 range) and the presence of black-carbon, organic 

compounds or even pesticides (Fang et al., 2017; Hafidawati et al., 2018; Zhang 

et al., 2015), resulting in higher health risks. A more comprehensive overview on 

PM emissions from open field cropping activities is provided in the review article 

presented in paragraph 3.1 of this thesis.  

1.2.2. Mitigation measures for agricultural Particulate Matter emissions 

The literature on mitigation measures for PM emissions from open field cropping 

operations shows a lack of information. This is partly due to the fact that 

developing and evaluating PM mitigation measures for open field agricultural 

operations is particularly difficult. This difficulty is partially due to the fact that 

emissions factors obtained from open field assessments are related to specific and 

not repeatable environmental conditions, which makes it difficult to assess the 

efficiency of mitigation measures through comparative trials. Nonetheless, 

several studies have tested PM or dust emission mitigation strategies (a table with 

most of the available mitigation techniques is presented in paragraph 3.1, Table 

4).  

Most studies verted on mitigation techniques for tillage emissions, assessing the 

effect of conservation tillage (minimum tillage, MT, no tillage, NT and strip 

tillage, ST) techniques for reducing PM emissions. Those techniques are able to 

exert a substantial mitigation of dust (Coates, 1996; Backer, 2005) and PM10 

(Backer, 2005) emissions during land preparation. The emission reductions 

achieved with minimum and no tillage are attributed to the reduction of tilling 

events, while practically no difference has been highlighted for the choice of the 

tilling implement (Coates, 1996, Backer et al., 2005). Conservation tillage, which 

appears to be a good solution when it comes to reducing PM10 emissions from the 

operation itself, was originally developed to maintain coverage of the soil, 

increase fertility and, most of all, contrast wind erosion (Singh et al., 2012). It is 

important to outline, in fact, that wind erosion of bare soil is the primary soil 

related source of PM10 in countries with relevant winds and unstructured soils 

(Sharratt and Auvermann, 2014). Northern Italy, in this sense, represents a total 

exception, since the typical wind speed rarely exceeds 2 m s-1 at 2 m from ground 

level (Fratianni et al., 2007). Reduced tillage practices also have relevant effects 

from the agronomical point of view, since they may affect crop yields (Irmak et 

al., 2019) and soil organic matter content (Wulanningtyas et al., 2021).  

Some mitigation measures have been assessed also for harvesting operations, 

especially for certain crops, but most of the studies were performed in the United 
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States and involve machineries which are not used in Europe. Almond and 

hazelnut are two of the crops which have been addressed the most and for which 

harvesters and abatement technology prototypes have been developed (Faulkner, 

2013; Pagano et al., 2011). Moreover, the harvester operating parameters, such as 

airflow and harvester speed, were tested (Faulkner et al., 2009; Ponpesh et al., 

2010). The prototypes and abatement technologies tested by previous researches 

are presented in paragraph 3.1, Table 4.   

Post harvesting operations can strongly affect the overall harvest related PM10 

emissions. Nonetheless, few published articles proposed mitigation measure for 

post harvesting emissions, such as the one published by Billate et al. (2004), who 

tested the effect of hopper bins drop heights and grain unloading rate (kg s-1) on 

PM emissions from grain receiving facilities. In general, very few crops have 

currently been addressed in terms of mitigation measure proposals for harvesting 

and post harvesting operations.  

For crop burning emissions, the mitigation approach is slightly different as 

compared to other activities. The main solutions are in fact aiming not to mitigate 

the emissions but to rather substitute residue burning as a residue management 

practice, favouring other more sustainable techniques, such as soil incorporation 

of residues or energy production through biomass or biogas plants (Ravindra et 

al., 2018).  

For sowing operations, different mitigation measures and driller prototypes have 

been proposed (Biocca et al., 2015; Pochi et al. 2015 Pagano et al., 2011). Those 

solutions focused on reducing the emission of seed coating particles (abating 

them up to 100%; Table 4) and the deposition of coating particles to the ground, 

but did not take into consideration the total PM10 emissions from sowing, which 

also include soil emissions.  

For manure and fertilizer spreading, practically no technical solution has been 

evaluated for its capacity to reduce PM emissions. Future research should address 

this subject, possibly starting by testing direct injection techniques and comparing 

them with surface spreading. 

Several PM mitigation systems are available also for animal houses emissions. 

These systems are of two main types: integrated sytems, which reduce the PM 

concentration inside the building, and end-of-the-pipe systems, which abate the 

concentraton of PM in the air exiting the building. Integrated solution can be 

management solution, such as the choice of bedding material or feed type 

(Cambra-López et al., 2010), or technological solution such as the use of sprinkler 

syestems spraying water or oil to abate PM concentration and prevent particle 

resuspension (Winkel et al., 2016; Wood et al., 2014). Another solution is air 

ionization, which allows PM removal by constituting an electric field and 

soliciting electrically charged particles to deposit on discharge plate (by 

following the electric field lines), forming so-called “cakes” that can be washed 

out or removed in a second moment (Cambra-López et al., 2009). End-of–the-

pipe sytems constitute mainly of filters, tourtous barriers (which remove the 
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largest particle fractions) or even barriers placed atat the air outlet of the barn, 

such as manure belts or three rows (Winkel et al., 2017; Guo & Maghirang, 2012).  

1.2.3. Secondary particulate matter sources in agriculture: Ammonia 

As for secondary PM, agriculture contributes to the emission of several secondary 

PM precursors such as ammonia (NH3), nitrogen dioxide (NO2), sulfur dioxide 

(SO2) and Volatile Organic Compounds (VOC’s). The most relevant of those, in 

terms of agriculture contribution, is ammonia.  

Secondary particles can represent up to 50% of the total concentration of particles 

in the air (Erisman and Schaap, 2004; Gong et al., 2013; Hristov, 2011; Sharma 

et al., 2007). The three main components of secondary aerosol are sulfur com-

pounds, nitrogen compounds and secondary organic aerosol (SOA). Both nitro-

gen and sulfur, respectively emitted in form of sulfur and nitrogen dioxide are 

oxidized in the atmosphere to form nitric and sulfuric acids. In regions where 

ammonia emissions are relatively high, these acids react with NH3, forming am-

monium sulfate and ammonium nitrate, according to following process:  

HNO3 (nitric acid) + NH3 (ammonia) ↔ NH4NO3 (ammonium nitrate) 

This process is the core of the formation of secondary PM of agricultural origin, 

since anthropogenic NH3 emissions are almost entirely attributed to the 

agricultural sector ~92% (EEA, 2019). Agricultural emissions also contribute to 

SOA formation through the emission of volatile organic compounds (VOC), but 

SOA formation is a much slower process as compared to nitrate and sulfate 

formation.  

1.3.  Ammonia 

Ammonia (NH3) is the most important alkaline gas in the atmosphere and it plays 

an important role in determining the pH of precipitations and cloud water and in 

airborne particulate matter formation. Ammonia is also subjected to dry and wet 

deposition (Aneja et al., 1986). Therefore, it contributes to the abundance of 

nutrients in terrestrial and aquatic ecosystems, causing euthrophication of soils 

and water bodies (Behera et al., 2013, Jaworski, 1981). When deposited on soils, 

ammonia can be oxidized through nitrification/denitrification pathways that can 

lead to N2O formation, especially under anoxic conditions, indirectly contributing 

to climate change (Zhu et al., 2013). Ammonia can also have further impacts on 

climate change by forming sulfate (SO4
2−) and nitrate (NO3

−) aerosols, that may 

have important effects on global radiation exerting a scattering effect on the 

incoming solar radiation and acting as cloud condensation nuclei, indirectly 

increasing clouds lifespan (Behera et al., 2013). Moreover, high ammonia 

concentrations in livestock building cause negative health effects for both farmers 
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and animals, having negative effects on human respiratory systems, on animal 

wellfare and, over certain concentration, on animals productivity (Wathes et al., 

2003; Koerkamp et al., 1998).  

1.3.1. Ammonia emission sources 

Ammonia is emitted from different sources, including livestock production and 

manure, agricultural fertizers, human manure, wild animals, biomass burning and 

industrial emissions (EEA, 2019; Behera et al., 2013). Agricultural activities are 

the main source of ammonia (92% of anthropogenic emissions; EEA, 2019; 

Figure 10); most of the ammonia emitted from agriculture derives from the 

livestock sector and, particularly, from manure management operations, which 

accounts for ~75% of total ammonia emissions (Webb et al., 2005).  

 

Figure 10. Ammonia emission sources in Europe (source: EEA, 2019).  

Ammonia emissions from manure occur due to the degradation of proteins, 

according to the following equations (1-3; Behera et al., 2013):  

C5H4O3N4+1.5 O2+4 H2O→5 CO2+4 NH3                                                                           (1) 

CO (NH2)2+H2O→CO2+2 NH3                                                                                                  (2) 

Undigested proteins→NH3                                                                                                            (3) 

When formed, the ammonia present in manure is exchanged at the surface 

between manure and air, with a flux of emission (E, g m-2 s-1) that can be modeled 

as follows:  
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E = k (Cmanure − Cair)                                                                                             (4) 

Where Cmanure and Cair are the concentrations (g m-3) of ammonia in the air above 

the manure biomass and in the background air respectively and k is the diffusion 

coefficient (m s-1). Therefore, the ammonia flux is strongly affected by the 

environmental conditions, such as air temperature, which alters the diffusion 

coefficient, but also wind speed, since higher wind speeds push the polluted air 

away from the emitting surface, maintaining a high delta among Cmanure and Cair. 

Moreover, Cmanure is affected by the chemical equilibrium between aqueous NH4
+ 

and gaseous NH3 in the manure biomass. This equilibrium is regulated by the 

manure pH and NH3/NH4 content is maximum at pH levels higher than 10, while 

it drops to almost zero at pH levels lower than 5 (Behera et al., 2013; Arogo et al. 

2002).  

Ammonia emissions from livestock and manure management occur in three main 

phases: livestock rearing, manure storage and field spreading. These three 

processes, their emission potentials and feasible mitigation techniques have been 

studied over the years (Aarnink et al., 2006; Behera et al., 2013; Dinuccio et al., 

2012; Hayes et al., 2006). Nonetheless, although many technical solutions are 

available to reduce emissions from each main stage and good progress was made 

in actual emissions reduction (Carozzi et al., 2013; Misselbrook et al., 2016; 

Philippe et al., 2011), NH3 releases are still causing great concern for the overall 

air quality state at both European and global level. Partially, this is simply due to 

the amount of animal heads which are reared per capita, but it appears evident 

that there is still room for improvement in NH3 emission mitigation.  

1.3.2. The current situation of ammonia emission in the EU and worldwide 

At the European level, NH3 emissions are one of the major causes of concern, as 

highlighted by a recent communication (published on June 28th 2019) in the EEA 

(European Environmental Agency) news feed, which states: “Emissions of 

Ammonia (NH3) rose for the fourth year running, increasing by 0.4% across the 

EU, from 2016 to 2017, according to the annual EEA briefing National Emission 

Ceilings (NEC) Directive reporting status 2019. Over the 2014-2017 period, the 

overall increase was about 2.5%. These increases are because of the lack of 

emission reductions in the agricultural sector.” In fact, the data presented in the 

2019 EEA report (Figure 11 and 12) show that, although many efforts have been 

made by the scientific community to develop solutions and mitigation measures, 

the total emissions did not decrease as much as it was expected and even 

increased over the last few years. This lack of emission reduction is mainly 

attributed to the livestock sector. In fact, disaggregated data for manure 

application on soil and manure management (manure storage) show very shallow 

reductions of the overall emissions.  
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Figure 11. Ammonia emissions (Gg; by sector) in the EU, years 1990-2017 

(source: EEA, 2019). 

Worldwide the NH3 emission trend is even less promising. In fact, a linear 

increase (R2=0.97) of the total emission has been observed in the 1990-2015 

period, with an average yearly increase of 0.95% (Figure 13; JRC, 2020). 

 

 

 

 

 

 

 
 

 



18 

Jacopo Maffia                                                                                                   PhD 2021 
 

 

 

 

 

 

 

 

 

 

 

Figure 12. Amonia emissions (Gg) from manure managemet and manure 

spreading in Europe from 1990 to 2017 (source: EEA, 2019). 

 

 

Figure 13. Ammonia emissions (Gg) worldwide, years 1990-2015 (source: JRC, 

2020). 
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1.3.3. Manure management: main mitigation strategies and future perspectives 

Mitigation measures to reduce ammonia emissions from livestock rearing 

systems can be applied to the three different steps of the manure management 

chain (livestock houses, manure storage and land spreading).  

Techniques applied to reduce NH3 emissions from barns can be based on the 

improvement of the animal diets, aiming to improve nitrogen use efficiency and 

reduce the nitrogen content of urine and feaces, or on the improvement of 

structural components of the barns (e.g. flooring, manure removal systems etc.). 

Many studies have highlighted the importance of nitrogen intake on ammonia 

emission and the mitigation effect of reduced protein intake in diets. Examples of 

strategies based on this principle are diets with improved amino acid ratio and 

digestibility or phase and separate sex feeding systems (Andretta et al., 2016; 

Hernández et al., 2012). Moreover, several feed additives have been shown to 

positively affect the emissions by improving nitrogen use efficiency or enhancing 

gut health (Jackman et al., 2020; Liu et al., 2018; De Lange et al., 2020). Enzymes, 

acidifying salts, probiotics and Zeolites are among the many feed additives that 

have been shown to affect nitrogen use efficiency. Zeolites have been particularly 

studied for their effects on animal health, productivity, nitrogen use efficiency 

and ammonia adsorption properties (Mercurio et al., 2016; Papaioannou et al., 

2004).  

Mitigation of ammonia from livestock houses is also linked with the structural 

components of the barns and the rearing systems. Manure removal systems and 

floor types can play a fundamental role in reducing NH3 emissions, especially 

through frequent manure removal (e.g. flushing systems; Shepherd et al., 2017; 

Baldini et al., 2016), reduction of manure surface in contact with air (e.g partially 

slatted floors; Aarnink et al., 1997) and fouling reduction. Moreover, 

microclimatic conditions can affect NH3 emissions from manure. Addition of 

strong acids in underfloor slurry pits is a further technique that can be adopted; it 

reduces slurry pH and maintains NH3 in the NH4
+ form, providing good emission 

reduction results (Fangueiro et al., 2015; Kai et al., 2008).  

During manure storage, emission can be limited through different solutions, also 

depending on the manure type (solid or liquid) and on the storage facility (above-

ground or ground-level storage tanks, lagoons, windrows etc.). Solutions can be 

based on physical strategies, such as covering of the emitting surface, on 

management practices (aiming to reduce stored volumes during critical periods, 

e.g. summertime) or on chemical additives (e.g. acidifiers).  
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Covering systems used to reduce emissions from manure storage facilities can be 

of two main types: fix covers and floating covers. Fix covers can be both rigid 

and flexible and provide complete covering of the storage tank, obtaining 

emission reductions of >80% (Santonja et al., 2017); moreover fix covers are 

effective also for greenhouse gas mitigation. Floating covers are of different 

shapes and materials; usually these systems are relatively low-cost, as compared 

to fix covers, and often provide emission reduction for limited amounts of time 

(e.g. straws, oil or LECA®; Balsari et al., 2006; Pahl et al., 2002; Sommer et al., 

1993). Some are made of plastic materials, which are longer-lasting. The 

efficiency of floating sytems varies a lot in function of different technologies and 

applications, with figures ranging from 30 to 90 % (Santonja et al., 2017). Slurry 

acidification can be applied also in this phase (Fangueiro et al., 2015). Another 

important solution is anaerobic digestion (Massé et al, 2011) which can provide 

greenhouse gas emission reduction; moreover, covering of the produced digestate, 

with covers equipped with biogas retrieval systems, can allow for further biogas 

production, while containig ammonia emissions (Gioelli et al., 2011). 

During manure speading in field, N-NH4 emissions can reach up to 80% (with 

surface application in summertime) of applied nitrogen (Santonja et al., 2015). 

To reduce the emissions from this phase, the best solutions are based on direct or 

delayed incorporation of slurry into soil (Santonja et al., 2015). In case of delayed 

incorporation, a timelapse of less than 4 hour among manure spreading and soil 

incorporaration is recommended, since most of the NH3 emissions occur in the 

first hours after spreading (Carozzi et al., 2012). The best results in terms of NH3 

emission mitigation are obtained with direct incorporation techniques, although 

different results are achieved with shallow and deep incorporation (Santonja et 

al., 2015). Slurry incorporation in soil, although being the best solution for NH3 

emission reduction, may lead to an increase in N2O emissions from soil, 

increasing the contribution of agriculture to global warming (Thomsen et al., 

2010). A measure that has been proposed to prevent this effect is the use of 

nitrificatition inhibitors to reduce N2O emissions, while increasing nitrogen 

availability for crops (Tao et al., 2021). Moreover, similarly to barn and storage 

emissions, also for land spreading emissions, acidification techniques can be 

implemented. Acidification is usually performed using strong acids, which are 

transported on the tractor with a separate tank and mixed with the slurry at the 

moment of spreading (Fangueiro et al., 2015).  

Acidification techniques are one of the few solutions which are applicable to all 

steps of the manure management chain, with good mitigation results. Nontheless, 
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the manipulation of strong acids is prone to severe handling risks and regulatory 

restrictions (especially for on road transport in case of land spreading). Another 

minor issue is foam formation, that occurs when mixing slurry after acid addition 

and may cause handling difficulties. Therefore, alternatives to strong acids for 

slurry acidifications may be beneficial to solve these problems.  

Although many different mitigation options are available for NH3 emissions, 

many of these fail to meet economical sustainability criteria or are difficult to 

implement due to difficulties linked with current regulation or structural limits at 

the farm level. Therefore, it is important to evaluate solutions that can be easily 

implemented in real world applications, especially ones that imply a 

contemporary benefit for emission reduction and productivity or nutrient use and 

byproducts valorization. In this thesis some viable mitigation measures were 

tested, which aimed to overcome the limits to real world application.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  



22 

Jacopo Maffia                                                                                                   PhD 2021 
 

 

 

 

 

 

 

 

 

 

 

  



 

23 

Jacopo Maffia                                                                                                   PhD 2021 

 

 

 

 

 

 

 

 

 

 

2. RESEARCH ACTIVITIES: OBJECTIVES AND THESIS STRUC-

TURE 

The aim of the research works performed was to address the issue of particulate 

matter emissions from agriculture, focusing both on primary and, indirectly, on 

secondary particulate matter, by dealing with primary PM and NH3 emissions. 

The thesis has been thus arranged in two sections (section 3 and 4) focusing on 

PM and NH3 emissions respectively.  

Considering that the subject of PM emission is a less explored at international 

level when compared to the ammonia ones, the PhD research activity was initially 

focused on primary PM emission from outdoor agricultural activities, trying to 

cover , at least partially, the present following gaps in knowledge:  

1) Relatively few studies assessing the emissions from open field cropping 

have been carried out so far (very few in Europe and almost none in Italy);  

2) The environmental variability is crucial in determining the emissions and, 

therefore, local emission estimation studies need to be performed;  

3) The physical and chemical characteristics of soil and crop derived parti-

cles are poorly known;  

4) Very few studies focused on the effect of the management practices and 

mechanical implements used on PM emissions from fields;  

5) There is poor knowledge about the actual health risks associated with 

agricultural PM and its contribution to air pollution on the local scale; 

6) Very few mitigation measures have been developed and tested.  

For what concerns NH3 emissions, the current literature is way richer in terms of 

basic research, and both emission dynamics and entity in agricultural 

environments have been addressed in count-less studies (Aarnink et al., 2006; 

Carozzi et al., 2013; Misselbrook et al., 2005; Philippe et al., 2011). Nonetheless, 

there is still work to do to find, test and improve the mitigation measures/solutions 

aimed to reduce NH3 emissions. Moreover, even if the emissions have been 

quantified in many situations and under many climatic conditions, the scientific 

community agrees on the necessity of developing and employing low-cost tools 

to provide constant monitoring of the emissions, especially in open space en-

vironments, where emission quantification is more complex (Misselbrook et al., 

2005; Pacholski, 2016). Moreover, the is still room for improvement in the 

development of efficient mitigation measures to limit NH3 emissions (Carozzi et 

al., 2013; Philippe et al., 2011).  
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This thesis was organized as a collection of articles, divided in two main sections, 

one focusing on PM emissions and one on NH3 emissions. The research on PM 

was more focused on developing measurement methods for outdoor PM 

emissions quantification and on learning more about the emission dynamics, in 

order to be able, in a further step, to address mitigation tools. As for the second 

section, on NH3 emissions, the efforts were mainly focused on assessing the 

efficacy of different mitigation measures on reducing the emissions from barns, 

storage and fields.  

The research work on PM emissions from agriculture was focused on emissions 

from outdoor sources. The decision to focus all efforts on this niche was due to 

the large knowledge gap that was identified thanks to the literature review 

presented in paragraph 3.1. In fact, at the European level, very few emission 

factors (EFs) were developed for mechanical field operation (e.g. tillage, 

harvesting etc.) and for outdoor animal husbandry. At the Italian level the absence 

of information on the topic is even greater, with only a handful of published 

studies to note.  

The section focusing on PM emissions is composed by five articles, entitled as 

follows: 

I. PM emissions from open field crop management: emission factors, 

assessment methods and mitigation measures–a review; 

II. Evaluation of particulate matter (PM10) emissions and its chemical 

characteristics during rotary harrowing operations at different forward 

speeds and levelling bar heights; 

III. Soil PM10 emission potential under specific mechanical stress and 

particles characteristics; 

IV. Assessing particulate matter (PM10) emissions from outdoor runs in 

laying hen houses by integrating wind tunnel and lab-scale measurements; 

V. Particulate Matter Emissions from Soil Preparation Activities as 

Influenced by Minimum and Strip Tillage Practices. 

Article I is a review article addressing PM emissions from open field cropping 

activities, which served to acquire an in-depth knowledge of the research subject 

and to investigate the main knowledge gaps and measurement methodologies, 

allowing to strategically plan the following researches. Article II represented the 

first experience in assessing PM emissions from open field cropping operations, 

it focused on soil emissions and, particularly, on rotary harrowing. It aimed to test 

the measurement equipment and methods acquired for emission assessments and 

also to provide first insights on the emission potential of rotary harrowing and on 

the influence of tractor speed and implement settings on the emissions. Both the 

literature review (Article I) and the field experience acquired during the research 
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that led to Article II, pointed out the importance of soil characteristics and 

humidity in determining the magnitude of emissions from soil. To acquire a 

deeper understanding of these dynamics, a laboratory system (presented in Article 

III) was developed, aiming to investigate soil emission potential at varying 

humidity contents and also to serve as a tool to scale the emission factors 

measured during field trials in function of soil humidity. Article IV was realized 

as the result of research carried out during an abroad period at Wageningen 

University, and it focused on the emissions of PM from outdoor runs in laying 

hen houses. This work aims to develop a measurement system for this specific 

emission source, which had never been studied before, and to provide a first 

emission figure. Article V represents a first assessment of PM emission from land 

preparation activities, following the entire process from tilling to sowing. It also 

aimed to provide an evaluation of the effect of three different tilling systems on 

the emissions.  

The section focusing on NH3 emissions is also composed by five articles, entitled 

as follows: 

VI. Application of nitrification inhibitor on soil to reduce NH3 and N2O 

emission after slurry spreading; 

VII. Addition of powdery sulfur to pig slurry to reduce NH3 and GHG 

emissions after mechanical separation; 

VIII. Development and Testing of an Innovative System to Acidify Animal 

Slurry with Powdery Sulphur before Mechanical Separation; 

IX. Testing the Efficiency of a Passive Sampler for Ammonia Monitoring 

and Comparison with Alpha-Samplers;  

X. Clinoptilolite (E567), a natural zeolite, inclusion in heavy-pig diets: 

effect on the productive performance and gaseous emissions during 

fattening and manure storage.  
Article VI aimed to assess the mitigation effect of a commercial nitrification 

inhibitor on NH3 emissions occurring during slurry spreading. Article VII 

focused on the NH3 emission reduction during slurry spreading, achieved 

through implementing acidification with powdery sulfur. The assessment made 

in article VII led to the development of an automated slurry acidification 

system, presented in article VIII, allowing full scale implementation of powdery 

sulfur as an acidifier. Article IX is the only article which does not not focus on a 

mitigation measure; the research aimed to assess the efficiency of a passive 

sampler for ammonia monitoring and to develop laboratory testing system to 

investigate the sampler efficiency. Article X presents research aiming to assess 
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the effects of clinoptilolite implementation in pig diets on NH3 emissions form 

barn and slurry storage facilities.  
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3. RESEARCH WORKS ON PARTICULATE MATTER EMISSIONS 

The research works presented in this section are deeply interlinked. In fact, the 

work performed on particulate matter emissions during the PhD experience 

coincided with the start of a new research stream for the Waste Management 

Research Group of the University of Torino. Therefore, the following articles 

follow a path starting from a first investigation in the available knowledge on the 

subject (Article I; Paragraph 3.1), on to the first field trial experience (Article II; 

Paragraph 3.2), to the improvement of the overall methodology by implementing 

a laboratory scale assessment system for soil emission potential (Article III; 

Paragraph 3.3) and to the evaluation of mitigation measures (Article V; Paragraph 

3.5). Articles I, II, III and V are part of the work performed in a project, funded 

by the CRT foundation, which is called “Valutazione delle emissioni di materiale 

particolato dalle operazioni colturali e di trasformazione aziendale del mais" 

(Evaluation of PM emission from cropping operation and first transformation of 

Maize) and aims to address the issue of PM emission from Maize cropping system, 

which is the major cropping system in Piedmont region.  

Article IV (Paragraph 3.4), is a standalone work, which is the outcome of an 

abroad semester spent working at the Wageningen University and Research center. 
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3.1. ARTICLE I: “PM emissions from open field crop management: Emission 

factors, assessment methods and mitigation measures – A review” 

 

The field of Particulate Matter emissions was an almost completely new field of 

study for the Agricultural engineering research group of the University of Torino. 

Therefore, it was necessary to perform an in-depth review of the literature to 

understand what was the information provided by current literature and which 

were the possible niches to fill with new studies and research projects. Moreover, 

it was necessary to gain a perspective of the field methodologies for emission 

assessment, in order to identify the ones that better fit our working conditions and 

master them. Therefore, writing a review article on PM emissions from field 

cropping operations has been a way to capitalize on a necessary work of in depth 

studying and understanding of emission sources, emission dynamics, 

measurement methodologies and mitigation methods.  

The only review previously available on the topic was the one published by 

Sharratt and Auvermann (2014), which addressed agricultural PM emissions 

more generally and did not provide details on measurement methods and 

mitigation measures.  

  

Atmospheric Environment (2020), Volume 226, 117381, ISSN 1352-2310 

Authors: Jacopo Maffia, Elio Dinuccio, Barbara Amon, Paolo Balsari 
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Abstract 

Globally, particulate matter (PM) emissions are a growing cause of concern due 

to the potential impact on human health and environment. The agricultural sector 

is responsible of the 17% of the total anthropogenic emission of PM10 and the 

agricultural operations (tilling, harvesting, residue burning etc.) have been 

recognized as one of the main drivers of this contribution. This topic has been 

addressed in many articles, focusing on the impacts coming from different steps 

of the agricultural production system and using different assessment methods. 

The aim of this review is to identify the main agricultural operations producing 

particulate emission, providing a collection of the Emission Factors (EF) 

available in literature. The most used EFs determination methods have also been 

described, by focusing on pros and cons of each method. Issues and lacks of 

information to be addressed by future research have been highlighted. It has been 

observed that very few PM emission assessment have been done by taking into 

consideration whole cropping systems and the information available is 

fragmented onto single cropping activities. In addition, very few mitigation 

measures have been developed so far. 

 

1. Introduction 

Particulate matter (PM), is considered, both in urban and rural area, as one of the 

most concerning air pollutants due to its effect on human health and environment 

(Douglas et al., 2018; Giannadaki et al., 2018; Giannakis et al., 2019). The 

agricultural sector largely contributes to the emissions of PM10 and PM2.5, being 

responsible of the 17% and 5% of the total anthropogenic emissions respectively 

(EEA, 2016). The contribution of different sectors to the total PM10 emissions is 

summarized in Figure 1. Among the main agricultural activities contributing to 

the emissions are livestock rearing and open field crop management. The 

contribution of open field activities is particularly difficult to estimate, due to the 

wide variety of field operations and crops and to the importance of climatic 

factors as drivers of PM emissions.  

This literature review focuses on primary particulate matter (PM10 and PM2.5 

fractions) emissions from open field agricultural operations. The main objective 

is to identify the agricultural operations producing particulate emission and to 

highlight, for each of those practices, the main health concerns, as induced by 

emission magnitude, particle size and particle characteristics. To fulfill this goal, 

information for each agricultural operation was gathered from literature, focusing 

primarily on available Emission Factors (EFs). A further aim of this review work 

was to identify the most common EFs determination methods used in current 

literature and to highlight their pros and cons. Moreover, the main PM mitigation 

measures were reported along with their target operation and the expected 

mitigation effect.  

The gaps of information on the subject were highlighted on the base of the review 

made and some of the niches that could be filled by future research were outlined.  
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Figure 1. Contribution of the main sectors to total anthropogenic PM10 emissions 

(adapted from EEA, 2016). 

 

2. Main agricultural operations contributing to PM emissions  

Farmers enter the field several times per year for many different purposes and, 

each time, they potentially produce dust emissions. Those emissions are mainly 

due to the raising of soil particles due to the passage of heavy machineries, but 

also to the pulverization of biomass (e.g. crop residues or animal wastes). In 

particular, the main agricultural operations during which fine particles are 

released in the atmosphere are soil tillage, harvesting, burning of crop residues, 

sowing, manure and fertilizer distribution (Sharrat and Auvermann, 2014). Also 

spraying operations can contribute to PM emissions, both through primary drift 

of droplets (Carlsen et al., 2006a; Grella et al., 2019) and secondary drift of 

evaporating compounds (Carlsen et al., 2006b). It was decided not to include 

spraying operations in the current review because this subject constitutes a 

research field of his own. 

The amount of fine particles produced varies consistently among the different 

operations. Moreover, there are many parameters, such as environmental 

conditions (Avecilla et al., 2017), soil and crop type (Madden et al., 2010), soil 

moisture (Funk et al., 2008; Madden et al., 2010) and mechanical implements 

(Clausnitzer and Singer, 1996), that can strongly influence the entity and the 

physical and chemical characteristics of emitted PM. 

Despite the variability of those parameters and of estimation methods applied to 

calculate PM emission factors, most of the authors tend to agree on which 

operations are mostly contributing to total particulate matter emissions.  

According to Pattey (2015), who has performed a survey on agricultural PM 

emissions in Canada, tillage is the operation that contributes the most to the total 

agricultural emissions. Similarly, Chen et al. (2017) have observed that in 

Northeastern China tillage and harvesting account for the three fourth of the total 
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agricultural emissions, with tillage being the main pollution source. Also in 

California, although the environmental conditions are very different from the 

ones of the above-cited surveys, tillage and land preparation have been 

considered to be the main agricultural PM10 source, accounting for the 65% of 

total agricultural emissions (Clausnitzer and Singer, 1997). Differently, Amann et 

al. (2012) have estimated that the main agricultural source of PM emissions in 

Europe is the burning of residues, which, according to their estimations, 

contributes to the total PM10 and PM2.5 emissions for the 7.6% and 9.6% 

respectively, while ploughing tilling and harvesting altogether account only for 

the 4.7% (PM10) and 1.5% (PM2.5) of total emissions.  In the African continent 

agricultural biomass burning emissions are recognized as the second most 

important source of PM, following natural mineral dust emissions by wind 

erosion, and being responsible for half of the premature deaths in Central Africa 

(Bauer et al., 2019). Similarly, studies carried out in India suggest that also in that 

continent the main agricultural contributor to PM emissions is biomass burning 

(Pandey et al., 2014; Guo et al., 2017).  

In the following paragraphs, the main agricultural operations involved in PM 

emissions will be addressed, collecting information about the origin and the 

characteristics of emitted particles, available emission factors and parameters 

affecting emissions. 

2.1. Tillage and soil preparation 

Tillage and soil preparation techniques are responsible of producing a significant 

amount of primary PM emissions. The exact amount of PM10 emissions produced 

can vary a lot according to environmental conditions, especially soil moisture 

(Chen et al., 2017; Öttl and Funk, 2007; Flocchini et al., 2001) and to the specific 

tilling implement used (Moore et al., 2013). This implies a strong variability in 

the emission factors obtained during different measurement campaigns, even if 

done in the same area and applying the same cultivation practices (Table 1; Wang 

et al., 2010). The European guidelines, in fact, set a wide reference range of 

emission factor values for tilling operations, going from 25 to 225 mg m-2 (for 

PM10) and from 1.5 to 10 mg m-2 (for PM2.5), where the two values are obtained 

by measuring the emissions during tillage of wet and dry soil, respectively (Funk 

et al., 2008).  
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Table 1. PM10 and PM2.5 EFs for different land preparation techniques as 

determined by different authors. 
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515.6 - 
 

Land 

planing, 

floating 

1401.1 - 
 

Weeding 89.7 -   

Disking (1st 

passage) 

99.7±12.5 20.4±2.6 USA, 

Califor

nia  

  

Moore 

et al., 

2013 

LIDAR 

Disking 

(2nd 

passage) 

80.7±20.5 39.5±5.9 

Chiseling 79.5±13.1 35.8±5.9 

Land 

planning  

281.9±28 13.8±3.9  

Disking (1st 

passage) 

125.6 ± 

57.9 

- USA, 

Califor

nia  

 

Moore 

et al., 

2013 

Gaussian 

dispersion 

modeling Disking (2st 

passage) 

149.2 ± 

91.8 

23.3 ± 7.4 
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Chiseling 167.5 34.5 ± 

115.1 

Land 

planning  

41.3 ± 

10.6 

18.4 

Disking  78±6 – 

1375±91 

- USA, 

Califor

nia 

Cassel et 

al., 2003 

  

Vertical 

profile 

method 

 

Floating 119±8 – 

2322±145 

- 

Land 

planning 

1229±98 – 

1704±128 

- 

Ripping 507±292 - USA, 

Califor

nia  

Holmén 

et al., 

2001 

Vertical 

profile 

method 

Disking 91.2±104 - 

 

The particulate matter blown away from the fields, during and after soil 

preparation activities, is mainly composed of mineral particles with a lower 

amount of organic particles (Goossens and Riksen, 2004), thus being coarser as 

compared to those emitted during harvesting and straw burning (Chen et al., 2017, 

2015). Nonetheless, according to Bogmann et al. (2005), who did a total solid 

particles (TSP) emission assessment in a European environment, 50% of the 

particles emitted during tillage have a diameter of less than 20 µm.  

Concerning the emissions of particles in the smaller size fractions (PM2.5), Moore 

et al. (2013) found practically no PM2.5 emissions during soil tillage operations. 

On the contrary, (Chen et al., 2017) observed a PM2.5/PM10 ratio during tillage 

equal to 28%. This contradiction can be explained by the findings of Carvacho et 

al. (2004), who observed that the PM2.5 soil emission potentials are higher in soils 

containing more silt, while they tend to be lower in sandy soils.  

Table 1 summarizes EFs estimations for tillage operations, referring to different 

tilling implements. The implements used for soil preparation can induce different 

PM emissions as compared one to another (Table 1). Some authors observed that 

comparisons between emission factors related to the use of different tools could 
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be unreliable because of the impossibility of standardizing the environmental 

conditions among trials (Holmén 2001, Cassel et al., 2003; Wang et al., 2010). 

However, the emission factors reported in Table 1, which are related to different 

operations, can be used for gathering general indications. The emission factors 

reported are divided by tilling operation type, although some authors (Holmén et 

al., 2001, Cassel et al., 2003) stated that, as crop calendars may affect the period 

in which certain operations are performed, it should be better to further categorize 

EFs per crop type or per month. A further consideration to be done is that the 

methods used to estimate the emission factors vary considerably according to 

different authors, increasing the uncertainty of possible comparisons.  

Among the main primary tillage operations, the most polluting one, in terms of 

PM emissions, appears to be ripping, followed by conventional plowing and 

disking (Clausnitzer and Singer, 1997, 1996; Holmén et al., 2001). As for 

secondary operations, it was highlighted, from a study conducted by Moore et al. 

(2013), that during a second passage performed on a field with the same 

implement the generated emission rates of the finer (PM2.5) tend to be higher. 

Similarly, other studies have shown that the final operations, such as land 

planning and floating, tend to produce higher emission rates than the primary 

ones (Cassel et al., 2003; Clausnitzer and Singer, 1997, 1996). This effect is 

probably due to the progressive disaggregation of soil aggregates that have been 

proven to affect PM10 emissions (Madden et al., 2010). The effect of tillage on 

windblown dust and PM emissions was also shown to be affected by the 

implement choice (Lopez et al., 1998; Pi et al., 2018; Singh et al., 2012), being 

for example higher with disking that with under cutter tillage (Pi et al., 2018).  

Moreover, tillage does not only contribute directly to PM emissions, but it can 

also affect the dust dispersion events caused by wind events or other disturbances. 

This is due to the effect of tillage on soil physical properties (especially aggregate 

stability and overall soil structure) and to the removal of soil cover with the 

incorporation of crop residues into soil (Gao et al., 2014; Sharratt et al., 2010). 

Particularly, Sharratt et al. (2010) observed that intense tillage practices could 

affect wind erosion in the after copping period (especially in case of summer 

fallows), leading to higher sediment fluxes during strong wind events.  

Another aspect to be considered is that tillage practices can possibly lead to the 

emission of pesticide particles, previously deposited onto the soil trough pesticide 

spraying (Grella et al., 2017) or sowing or coated seeds (Forero et al., 2017). 

 

2.2. Harvest and post-harvest operations  

Harvesting operations are recognized to be among the major sources of PM in 

agriculture (Chen et al., 2017; Clausnitzer and Singer, 1996; Pattey, 2015). As 

compared to dust particles emitted during soil tillage, those produced by 

harvesters tend to be finer and to have a higher content of organic particles (Telloli 

et al., 2014). Chen et al. (2017b) conducted a study in which they observed a 

dramatic increase of PM2.5 concentrations in the air during harvesting periods 
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both in urban and rural areas (in the Changchun region in Northeastern China), 

confirming the potential importance of harvesting practices in determining the 

raising of PM2.5 environmental levels. Moreover, harvest generated dusts are also 

recognized for carrying bioactive components. For example, wheat dust can 

contain endotoxins and mycotoxins that induce negative health effects (de Rooij 

et al., 2017; Douglas et al., 2018; Halstensen et al., 2013; Traversi et al., 2011).  

Table 2 shows some of the EF estimations that were made for harvesting 

operations, classified per crop type. As can be seen in Table 2, harvesting related 

EFs are characterized by a great variability, mainly due to the variety of 

harvesting implements adopted for different crops and, in some cases, even for 

the same crop. In addition, for several crops, such as forage crops, the harvesting 

procedure consists of many different steps, each having its own emission 

potential. The EF assessments available in literature focus on few main crops, 

while the actual contribution of several others remains practically unknown. In 

fact, even the environmental agency guidelines (USEPA, 1995) propose emission 

factors only for few crops, such as wheat and cotton.  

Another important aspect to consider is that the crop originated dusts, and grain 

dust especially, are not only those released during the harvester’s passage. In fact, 

further emissions occur during post-harvest activities, such as yield transport, 

storage and drying. Those operations can be attributed to the agricultural sector 

because they are usually performed at farm level (even grain drying is often 

performed by farmers). In the USEPA gas emission inventory (USEPA, 2003) the 

EFs reported for truck loading and transport of grains, both for wheat and 

sorghum, are equal to 12 g m-2 (wheat loading), 22 g m-2 (sorghum loading), 110 

g m-2 (wheat transport) and 200 g m-2 (sorghum transport). Comparing those EFs 

with the ones proposed by EPA for the actual harvest of those two crops, it appears 

that the first post-harvest steps account for 41.8% (transport) and 16.7% (loading) 

of the total (harvest + loading + transport) emissions, which is more than half of 

the total emissions. Considering that, if also grain drying and cleaning operations 

were considered, the post-harvest contribution would be even greater, it is 

important to include those steps in emission inventory databases to obtain a 

reliable representation of total harvest related emissions.  
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Table 2. PM10 and PM2.5 EFs for harvesting of different crops as defined by 

various authors. 
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Spring wheat 74±12 - Canada Qiu and 

Pattey, 

2008 

Atmosp

heric 

tracer 

techniqu

e 

Cotton 

(picking) 

107±13 - USA, 

California 

Cassel 

et al., 

2003 

  

Vertical 

profile 

method 

Cotton (stalk 

cutting) 

42±7 - 
 

 

Wheat 665±40 - 
 

 

Tomato  785±48 -    

Wheat 270 - Europe van der 

Hoek 

and 

Hinz, 

2007 

  

Adaptati

on of 

EFs 

from 

literatur

e 
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rye  200 - 
 

 

barley 203 - 
 

 

oat 340 -    

halmond  275 - 381 18 - 26 USA, 

California 

Faulkne

r et al., 

2009 

Gaussia

n 

dispersi

on 

model 

wheat 170 - USA US-EPA 

AP 42 

Various 

methods 

sorghum 1110 -      

Corn 190.5     Wrap, 

2006 

Various 

methods 

cotton 381.1 
   

 

fruit trees 9.5 
   

 

onions 190.5 
   

 

potatoes 190.5 
   

 

sugar beets 190.5 
   

 

Tomatoes 19.5 
   

 

vine crops 190.5 
   

 

wheat 650.1        
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2.3. Crop residue burning 

The burning of agricultural residues is recognized to generate high emission of 

GHG (Arai et al., 2015; Murali et al., 2010) and particulate matter (Dennis et al., 

2002; Hays et al., 2005) and to strongly affect rainwater composition (Coelho et 

al., 2011). Furthermore, as pointed out by Kumar et al. (2019) straw burning 

affects the overall environment, causing a loss of ecosystem services. 

Nonetheless, agricultural residue crop burning is still a widespread management 

practice, partially due also to its effect on pest and weed control at very low costs.  

In Europe, the burning of crop residue is not allowed according to the directive 

2008/98/EC, due to its effects on human health. However, in many less developed 

regions and countries this management practice is still common in most of the 

main cropping systems, such as in rice, wheat and maize cropping (Gupta et al., 

2004), while in sugarcane cropping system it is often a step of the harvesting 

process (Franca et al., 2014). This makes it a very complex subject to address, 

being the crop type itself one of the parameters affecting both the chemical 

characteristics and the amount of the emitted particles. Table 3 summarizes some 

of the main EFs estimation for crop residue burning of different crops, measured 

both through laboratory, field and aircraft measurements. As can be seen in Table 

3, the reported EFs for different crops range between 21.5 and 1.8 g kg-1 for PM10, 

and the PM2.5/PM10 also ranges between 0.52 and 0.98. The EFs vary a lot also 

for the same crop. This could be partially due to the fact that many different 

methods are used to estimate EFs. Therefore, although many EFs have been 

published, it is difficult to select a reference EF, due to the wide range of proposed 

values. Moreover, many measurements were performed under laboratory 

conditions (Santiago-De la Rosa et al., 2018; Mugica-Álvarez et al., 2018; Li et 

al., 2017) and the results can not directly be transferred to EFs under field 

conditions. Laboratory determinations of EFs, although they do not examine 

actual fire, have the advantage of allowing more strict comparisons among 

different crop biomasses as compared to field measurements, due to the 

standardization of environmental conditions.  

The size and composition of particles generated from biomass burning are 

different from those from other agricultural operations. These particles are in fact 

finer and most of them are in the PM2.5 of even in the PM1 fraction range (Le 

Canut et al., 1996, Yokelson et al., 2009, Oanh et al, 2011). This is of particular 

importance since the concentration of finer particles (PM2.5 range) has been 

associated with an increase in mortality risk (Pope III, 2002). Moreover, Oanh et 

al. (2011) observed the presence of organochlorine pesticides in particles 

generated from rice straw burning. The presence of these and other organic 

compounds could lead to an increase toxicity of the emitted particles. The main 

parameters affecting the emissions, other than the crop type are the moisture 

content (Hayashi et al., 2014), the meteorological conditions and fire control 

activities (Oanh et al, 2011).  

Table 3. PM10 and PM2.5 EFs for residue burning of different crops as determined 

by various authors. 
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Alfalfa  

11.11 ± 

0.91 9.98±0.71 

Santiago

-De la 

Rosa et 

al. 

( 2018) 

Open 

combustion 

chamber 

Barley  

1.77 ± 0.19 1.19±0.10 

Santiago

-De la 

Rosa et 

al. 

( 2018) 

Open 

combustion 

chamber 

Bean  

2.75 ± 0.18 2.24±0.19 

Santiago

-De la 

Rosa et 

al. 

( 2018) 

Open 

combustion 

chamber 

Bluegrass 

7.48 - 

Boubel 

et al. 

(1969) 

Open 

combustion 

chamber 

Corn  

- 5.9 ± 0.7 

Li et al. 

(2017) 

Combustion 

stove 

Cotton  

13.37 ± 

1.90 8.22±0.54 

Santiago

-De la 

Rosa et 

al. 

( 2018) 

Open 

combustion 

chamber 

Cotton  

- 15.2 ± 2.1 

Li et al. 

(2017) 

Combustion 

stove 

Fescue 

5.90 - 

Boubel 

et al. 

(1969) 

Open 

combustion 

chamber 

Maize  

3.3 ± 0.42 2.7±0.28 

Santiago

-De la 

Rosa et 

al. 

( 2018) 

Open 

combustion 

chamber 
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Rapeseed 

- 16.9 ± 2.6 

Zhang 

(2015) 

Carbon mass 

balance 

method  

Rapeseed 

- 5.8 ± 1.3 

Zhang 

(2015) 

Carbon mass 

balance 

method  

Rice  

4.95 ± 0.52 3.04±0.24 

Santiago

-De la 

Rosa et 

al. 

( 2018) 

Open 

combustion 

chamber 

Rice  

- 14.7 ± 2.4 

Li et al. 

(2017) 

Combustion 

stove 

Rice  

- 20.3 ± 1.5 

Zhang 

(2015) 

Carbon mass 

balance 

method  

Rice  

- 9.6 ± 4.3 

Zhang 

(2015) 

Carbon mass 

balance 

method  

Rice  

9.4 ± 3.5 8.3±2.7 

Oanh et 

al. 

(2011) 

Carbon mass 

balance 

method  

Rice  

- 12±0.3 

Hays et 

al. 

(2005) 

Enclosure 

system 

Rye (annual) 

4.76 - 

Boubel 

et al. 

(1969) 

Open 

combustion 

chamber 

Rye (perennial) 

5.44 - 

Boubel 

et al. 

(1969) 

Open 

combustion 

chamber 

Sorghum  

21.56 ± 

2.26 11.30±1.05 

Santiago

-De la 

Rosa et 

al. 

( 2018) 

Open 

combustion 

chamber 

Soybean 

- 3.2 ± 0.3 

Li et al. 

(2017) 

Combustion 

stove 

Sugarcane 

1.81 ± 0.14 1.19 ± 0.08 

Mugica-

Alvarez 

(2018) 

Open 

combustion 

chamber 

Sugarcanea - 3.9 Andreae 

et al. 

(1998) 

Carbon mass 

balance 

method 

coupled with 
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aircraft 

measurement

s 

Sugarcane - 

2.6 ± 1.6  

França 

et al. 

(2012) 

Open 

combustion 

chamber 

Wheat - 

4.7±0.04 

Hays et 

al. 

(2005) 

Enclosure 

system 

Wheat  

4.07 ± 0.51 2.54±0.39 

Santiago

-De la 

Rosa et 

al. 

( 2018) 

Open 

combustion 

chamber 

Wheat  

- 5.8 ± 0.4 

Li et al. 

(2017) 

Combustion 

stove 

Wheat  

- 10.0 ± 1.2 

Zhang 

(2015) 

Carbon mass 

balance 

method  

Wheat  

- 6.1 ± 1.3 

Zhang 

(2015) 

Carbon mass 

balance 

method  

 

2.4. Sowing 

Seed drilling machines, operating on agricultural fields, also produce particulate 

matter emissions. The emitted particles generate mainly from soil, but a small 

portion comes from the seeds, which are abraded during sowing activity. There 

are few available experimental data on the entity of total PM10 emissions during 

sowing. Air aerosol concentrations measured during corn sowing were reported 

to be equal to 1.02 mg m-3 (Clausnitzer and Singer, 1996), being approximately 

equal to those induced by tooth harrowing and other soil preparation practices, as 

reported by the same authors. During seeding, which is usually performed after 

several land preparation activities, land particles may raise with more ease than 

during previous tillage passes, due to the progressive loss of soil structure, as 

described by Madden et al. (2010). 

A further aspect regarding dust emissions during sowing is the potential drift of 

dressed seed particles, containing pesticides that could be spread in the 

surrounding environment. This particular issue is a cause of concern due to its 

potential effects on wildlife, and especially on pollinators, and led the European 

Food Safety Authority to produce a specific risk assessment guidance book 

(EFSA, 2013). The amount of seed abraded dust emitted during sowing vary 

among different crop seeds, being higher for maize and lower for rapeseed and 

oilseed (Nuyttens et al., 2013). Seed coating particles do not only spread onto the 
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soil or in the surrounding environment, but can also contaminate the seed drilling 

machine, leading to further health risks (Manzone et al., 2016).  

Tapparo et al. (2012) conducted an essay with three different types of drilling 

machines while sowing seeds treated with Clothianidin (1.25 mg/seed), 

Thiamethoxam (0.6 mg/seed) and Fipronil (0.5 mg/seed) and calculated the 

emissions factors (on TSP) that were equal to 0.043 – 0.153 mg m-2, 0.074 mg m-

2 and 0.045 mg m-2 , respectively, of emitted insecticides. They also observed that 

only a small amount of those particles was associated with the PM10 fraction of 

the emitted dust. Though the PM10 associated compounds may travel further 

distances from the field as compared to the ones linked to coarser particles 

(Tapparo et al, 2012).  

As for soil particles emitted during sowing and planting, other than having a 

direct environmental impact, they can also affect the drift of seed coating 

pesticides by exerting an abrasive effect on seeds. This effect was confirmed by 

the findings of Schaafsma et al. (2018) who observed that, while sowing with a 

vacuum seeder machine, 15 mg m-2 of soil dust passed through the planter, 

inducing the loss of 0.24 mg m-2 of Clothianidin active ingredient.  

Moreover, the emission of seed coating compounds from agricultural fields does 

not occur only because of seed abrasion during seed drilling, but it can happen as 

a consequence of further disturbances such as soil tillage and high wind events 

which can induce the removal of soil bounded residues from fields. Forero et al. 

(2017) were able to detect neonicotinoids in fugitive dust during tillage (the 

concentration ranged from traces to 4.48 ng m-3) and high wind events. This kind 

of effect highlights how different operations (like sowing and tilling) can 

influence each other. Because of these interactions, it could be better to consider 

the emissions crop-wise, by evaluating the emission factors and the 

environmental risks of the sequence of activities needed for growing a specific 

crop as a whole.  

2.5. Manure and fertilizer spreading 

Manure spreading is recognized to be one of the contributors to primary PM 

emissions in the agricultural sector (Sharrat and Auvermann, 2014). Nonetheless, 

there are practically no measured emission factors available in literature 

regarding this operation.  

The importance of PM emission from land application of manure is strongly 

linked to the composition of the generated particles. Manure generated dust, in 

fact, includes bioaerosol emissions, which implies pathogen exposure risks both 

for agricultural operators and for inhabitants of near field residential areas. This 

effect has been described by Jahne et al. (2015b), who demonstrated that infection 

risks for certain pathogens are higher for people living near manure application 

sites. A further aspect to be considered is that bioaerosol from manure spreading 

could contaminate the nearby crops (especially in case of leafy vegetables), 

causing the contamination risk to rise above acceptable levels in the first 160 m 

from the application point (Jahne et al., 2016).  
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Manure is not the only biomass applied to agricultural soils nowadays, since 

many other organic materials are frequently used as soil fertilizer or amendments. 

Among those biomasses some of the most controversial ones, due to their 

potential load of pathogens and pollutants (Akbar-Khanzadeh et al., 2012), are 

sewage sludges. In their paper, Paez-Rubio et al. (2007) determined the quantity 

of dust particles emitted during the spreading of biosolids, being equal to 

7.6 ± 6.3 mg of PM10 per kg of dry biomass applied (the spreading was performed 

from a stationary position and thus all the measured emissions derived from the 

biomass, since the soil was not disturbed).   

Recent researches (Jahne et al., 2016; Jahne et al., 2015a; Jahne et al., 2015b; 

Kang et al., 2014) focused mainly on the aspect of bio-aerosol and bacteria 

emissions during manure spreading, while few of them report also the total PM10 

emissions. Furthermore, very few information is available on the effects of 

spreading implements and tractor speed on the emissions, although those aspects 

could affect the emissions. 

Similarly to manure spreading, also chemical fertilizer application can lead to PM 

emissions. In fact, abraded fertilizer particles can be released during land 

application. Pattey and Qiu (2012) reported an estimation of the PM emitted per 

ton of applied fertilizer, being equal to 1.09 kg t-1 for PM10 and 0.31 kg t-1. 

A further aspect to be considered is that, both manure and fertilizer spreading 

operations do not only contribute to primary PM emissions, but those are also 

considered as some of the main sources of ammonia (NH3) emissions in the 

atmosphere (Plautz, 2018). Thus, due to the reactions between of NH3 with sulfur 

and nitrogen oxides in the atmosphere, leading to secondary aerosol formation 

(particularly in the PM2.5 fraction), those operations can account for both a direct 

and indirect contribution to dust pollution (Backes et al., 2016; Plautz, 2018).  

3. Emission factors assessment methods  

The PM Emission Factors for agricultural operations currently available in 

literature were obtained by using several different methods, some being more 

common than others. The six main methods used in recently published papers are 

the following:  

- Vertical profiling method; 

- Dispersion modeling; 

- Atmospheric tracer technique; 

- Carbon mass balance method; 

- LiDAR technology; 

- Laboratory measurement methods. 

3.1. Vertical profiling method 

The vertical profile method is a micrometeorological method which relies on field 

measurements of wind speed and PM10 concentration to infer the wind speed and 
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PM concentration profiles. The method is well described by several authors 

(Holmén et al., 2008, 2001; Wang et al., 2010) and it is similar to the method used 

to estimate ammonia emission rates (IHF method, Ryden and McNeill, 1984). 

The wind speed profile can be obtained, using the logarithmic wind profile 

equation (Stull, 1988), by measuring the wind speed with a 3D sonic anemometer 

or by measuring the wind speed at two different heights.   

The concentration profile is obtained by measuring the PM concentration at four 

different heights, with optical PM monitors (particle counters) placed on a 

vertical array. The chosen heights depend on the distance of the array from the 

emission area.  

The EFs are then obtained by fitting the two profiles into the following equation 

(Holmén et al., 2001):  

 

Where EF is the emission factor (mg/m2), z is the height above ground (m), z0 is 

the surface roughness length (Stull, 2001), u(z) is the average wind speed at 

height z (meters per second) during the treatment (calculated from u * and ζ based 

on the Similarity theory in Stull, 2001), c(z) is the mean concentration at height 

z (meters), t is the length of time of the treatment, θ is the angle between the 

measured wind direction and the direction that is perpendicular to the tractor path, 

w is the upwind width of soil worked during the test period, and zmax is the height 

at which the concentration is esteemed equal to 0.00. 

This method allows calculating EFs relying exclusively on field measurements, 

but it has some drawbacks:  

- A high number of instruments is needed to perform concentration and 

wind speed measurements at different heights;  

- The estimation of the vertical concentration profile, the plume height and 

the wind speed profile implies a certain level of uncertainty as it is based on punc-

tual measurements;  

- The distance of the PM monitors from the operation path strongly affects 

both the magnitude of estimated EFs and the particle size distribution detected 

downwind.  

As for the distance in which to measure the PM concentration downwind, Holmén 

et al. (2008) noted a difference in the PM2.5/PM10 ratio between a near source 

emission measurement (PM2.5/PM10 of about 50%) and a far from source 

measurement (PM2.5/PM10 of about 10%). According to the authors, this 

difference could be due to the fact that the finer PM fraction (PM2.5) tends to be 

dispersed more vertically, which makes detection in long range concentration 

measurements more difficult. 

3.2. Definition of the EFs through dispersion modeling 
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Atmospheric dispersion models can be utilized to perform EF estimations for 

agricultural field operations. The most commonly used models are designed 

primarily to predict concentration of pollutants downwind of a source with a 

known emission rate, ER (µg s-1). Nonetheless, models are often used inversely 

to predict Emission Factor (EF) of a source of pollution starting from downwind 

concentration measurements (Faulkner et al., 2009). 

The ERs, and thus the EFs, calculated through this procedure correspond to those 

that would have generated the measured concentration in the exact measuring 

spot under simulated conditions. As a consequence, the reliability of the EF 

estimation does not only rely on the concentration measurement, but also on the 

characteristics of the chosen model and on its capability of taking into 

consideration as many influencing parameters as possible (e.g. meteorological 

variables).  

Several dispersion models have been used to estimate EFs from agricultural fields 

up to now, and they can be distinguished in three main categories:  

- Gaussian models (e.g. ISC3, AERMOD); 

- Eulerian models; 

- Lagrangian models.  

The intrinsic differences between these models has been discussed in several 

works dealing with dispersion modeling in general (Holmes and Morawska, 2006; 

Leelőssy et al., 2014). Some authors performed direct comparison between 

models, as done by Faulkner et al. (2009), who compared the actual reference 

EPA model (AERMOD) and the former one (ISC3-ST) for assessing harvesting 

PM10 EFs and found no statistical difference between them. Other authors (Wang 

et al., 2010, 2009), preferred to compare modeled EFs with data obtained by 

different methods, with techniques such as the use of LiDAR technology (treated 

in paragraph 3.3). 

Lagrangian models have been also developed as “backward models” (models 

which are properly designed calculate EFs starting from measured concentration 

values and meteorological data). A model featuring this kind of analytical 

procedure, known as BLS (Backward Lagrangian Stochastic) model (Flesch et 

al., 1995, 2004), has been specifically developed for agricultural open field 

applications and, until now, it has been mainly used to estimate emissions of 

ammonia and other gases. The BLS model has been used to estimate PM emission 

rates from cattle feedlots (Bonifacio et al., 2013; Mcginn et al., 2010) and has 

been reported to have several advantages, like the possibility to manage multi-

plot sources (Gericke et al., 2011) and to calculate emission for short time periods 

(e.g. a few hours; Mcginn et al., 2010). Those characteristics could allow the BLS 

model to be a useful tool for EF estimation from open field operations, which are 

usually occurring over short time periods. 

3.3. Atmospheric tracer technique 
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The atmospheric tracer technique has been included in this list although it has 

been sparely used for EF estimations in the agricultural environment. In fact, it 

has been proposed by (Qiu and Pattey 2008), who used it to estimate EFs for 

wheat harvesting. The method measures simultaneously the concentration of PM 

(using a tapered element oscillating microbalance, TEOM 1400a, Thermo 

Scientific,Waltham, MA, USA) and a tracer gas both upwind and downwind of 

the tractor path. By placing a tracer emitting device on the tractor, with a known 

ER, it is possible to infer the PM emission rate through a simple proportion, as 

follows:  

 

Where ER(PM10) and ER(tracer gas) are the emission rates of the pollutant and of the 

tracer respectively, while [PM10] and [tracer gas] are the two concentrations as 

measured downwind.  

The so obtained ER can then be transformed to an EF by multiplying it for the 

duration or the operation and dividing it for the treated surface. As for the choice 

of the tracer gas Qiu and Pattey (2008) chose the Dinitrogenoxide (N2O, 

measured with a closed-path tunable diode laser, TGA-100, Campbell Scientific, 

Logan, Utah, USA) because of its low background level variability and because, 

although it can be emitted from soils, the emission levels are low. Other tracer 

gases may be tested in the future.  

The main drawback of the atmospheric tracer technique is the assumption of 

equal transportation dynamic (through convective fluxes) of fine particulate and 

of the tracer gas. Nonetheless, considering that similar determination methods 

have been used to estimate gas emissions in agriculture and in other environments, 

especially in source apportionment studies (Jordan et al., 2006; Lamb et al., 1986; 

Viana et al., 2008), the tracer method can be considered as an established 

methodology.  

Qiu and Pattey (2008) also performed a comparison between the EFs obtained 

with the tracer technique and those calculated by using the AERMOD model (on 

the same experiment) and found no significant difference. It appeared though, 

that the EFs obtained with the tracer method had a lower variability as compared 

with the modeled ones.  

Thus, this technique seems to be a viable alternative to the other methods 

described, being potentially capable to give equally good results with a lower 

level of measurement efforts. Further evaluation of the method should be 

performed in the future to study its performances with different atmospheric 

stability and wind speed conditions.  

3.4. Carbon mass balance method  

The carbon mass balance method is one of the most diffuse methods for assessing 

emissions from crop residue burning events. The methods uses an approach wich 

is somehow similar to the atmospheric tracer technique. EFs for PM emissions 
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are estimated by referring the overall emission of organic carbon to the total ini-

tial carbon content of the burnt biomass. This is made possible by the fact that 

crop biomass is a carbonaceous fuel and the pollutant are substantially organic 

compound. It is therefore possible to relate the emission of PM to that of a refer-

ence specie (Rspecie), usually CO or CO2 (Andreae, 2019). This is done by first 

relating the measured mixing ratios of PM and Rspecie, to obtain the so called emis-

sion ratios, which are more correctly referred to as normalized excess mixing 

ratios (NEMRs; Akagi et al., 2011). NEMRs are obtained according to the fol-

lowing formula:  

 

Where ∆PM is the difference between the PM concentration in the plume and its 

background concentration and ∆Rspecie is the difference between the plume con-

centration of Rspecie and its background concentration.  

A further step is then required to assess EFs starting from NEMRs, by 

implementing the following formula (Andreae, 2019):  

 

where EFPM is the PM emission factor, MWPM and MWRspecie are the molecular 

weights of the species the investigated PM fraction and the reference specie 

respectively, and EFRspecie is the known or assumed emission factor of the 

reference species (often CO or CO2).  

Although the procedure to estimate the emission is quite simple and reliable, 

some complication can be encountered. Sometimes, for example, the estimation 

of Background concentrations can pose some issue, especially with reference 

gases such a CO2, which is characterized by having many sources and sinks in 

the surrounding environment, that can easily lead to under or overestimations. 

Moreover, to adopt this technique, it must be assumed that PM and Rspecie are 

equally dispersed from the source to the sampling point, which is not forcefully 

true. Phenomena such as PM dry deposition and aggregation could in fact lead to 

an underestimation of the emission.  

Another important aspect in determining the reliability of the method is the actual 

sampling strategy used. In fact, the mass balance technique can be coupled both 

with ground based (Akagi et al., 2014) and aircraft sampling data (Andreae et al., 

1998, Le Canut et al., 1996), while in certain occasions both sampling strategies 

can be used (Burling et al., 2011). The main advantages of aircraft measurements 

are the possibility of assessing emissions coming from large areas and the 

capability of measuring the concentration inside the plume, better estimating the 

concentration of the more volatile particles. In fact, as highlighted by Holmén et 

al. (2008), finer particles (PM2.5) tend to disperse more vertically than coarser 

ones. This is crucial in case of crop burning emissions, since most of the produced 

particle are in finest PM fractions (Yokelson et al., 2009). The main disadvantage 

of aircraft measurements, on the other hand, is the higher cost implied by the use 

of aircrafts. 
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3.5. Use of LiDAR technology for EFs and plume parameter estimation 

The LiDAR (Laser Imaging Detection and Ranging) technology has often been 

used, in recent years, to study particle emissions from agricultural operations and 

especially to derive plume dispersion parameters. The first applications, such as 

the one carried out by Holmén et al (2001, 1998), pointed out that LiDAR 

measurement could be used to estimate vertical and horizontal dispersion 

coefficients of field dust plumes and proposed an ER estimation method through 

LiDAR calibration with filter samplers. This applications also allow to evaluate 

the uncertainty of plume height estimations with the vertical profile method 

(Holmén et al., 2001). Similarly, LiDARs have also been used to evaluate the 

uncertainty of plume parameter estimation performed with models. Wang et al. 

(2010) compared EFs estimated with LiDAR and with the AERMOD model and 

found that, although similar, the results obtained with LiDAR had smaller 

uncertainty intervals.  

In a more recent study (Holmén et al., 2008), involving the use of a backscatter 

LiDAR, plume size and plume movement were studied through LiDAR images 

and this information allowed to observe that, under convective conditions, the 

plume tends to move more vertically than laterally. This kind of information could 

be useful to answer some methodological questions, like if the PM concentration 

measurements are better done near or far from the emitting source (Holmén et al., 

2008). A further advantage of the more recent LiDAR application is that it is 

possible to differentiate aerosols of different origins (Gregorio et al., 2018; 

Holmén et al., 2008), such as the engine exhaust plume and the soil dust plume 

coming from a single area source. Willis et al. (2017), by coupling LiDAR 

measurements with PSD quantification through stationary sampler and 

micrometeorological measurements, were further able to calculate ER, at a whole 

facility scale, from LiDAR measurements.  

In recent years, the LiDAR technology has become an important tool for EF 

estimation, especially during experimental trials, being often used as reference 

method to evaluate models (Moore et al., 2015; Wang et al., 2009). The main 

negative aspects of this evaluation technique are linked to its costs and to its 

complexity in terms of instrument use and calibration requirements. On the other 

hand, this technique is the most informative one in terms of plume shape and 

plume dynamics.  

3.6. Laboratory measurement methods 

Although the environmental conditions are of crucial importance in determining 

PM emissions from cropping operations and cannot be simulated under 

laboratory conditions, several laboratory assessment methods have been applied 

to this specific field. Particularly, laboratory methods are used to assess the PM 

Emission Potential (EP, mg kg-1), which is the potential capacity of a substrate to 

emit fine particles in a certain fraction range, of agricultural soils and crop 

biomass. Moreover, laboratory techniques have often been used to assess crop 

specific EFs for residue burning activities. The main methods are:  
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- Wind tunnels;  

- Soil resuspension chambers;  

- Open combustion chambers.  

Wind tunnels are tunnel shaped dynamic enclosure systems, in which an air flow 

is forced over or through a certain volume of soil, causing it to re-suspend. Wind 

tunnels are generally more suited to assess wind blown PM emissions from fields 

(in wind erosion studies) than tillage induced ones, since they do not allow to 

simulate the active soil disturbance as generated by tilling implements (Funk et 

al., 2008). Nonetheless, in studies such as those by Funk et al. (2008), a wind 

tunnel has been used to assess emissions from soil under different moisture 

conditions, retrieving information very relevant to estimate tilling EFs variation 

with different soil moisture contents.  

Soil resuspension chambers are built with the aim of actively re-suspending fine 

particles in a soil sample by mechanically agitating it. The most common soil 

resuspension mechanisms consist either of rotating drums, in which the soil 

sample is mechanically re-suspended (such as in Madden et al., 2009), or of 

abrader systems, in which the soil particles are propelled through a path allowing 

the abrasion action to cause the emission (such as in Chandler et al., 2002). After 

particle resuspension has been achieved, the polluted air stream is usually pulled 

or blown at a known rate (using pumps) toward a further sedimentation/sampling 

chamber, where PM10 is selected through an impactor and deposited on a filter 

(Chandler et al., 2002; Madden et al., 2009). The soil EP is then calculated 

dividing the mass of PM10 (mg) deposited on the filter after a certain sampling 

time, by the total volume of soil sample used (kg). A more comprehensive review 

of soil resuspension chamber designs and experimental methodologies has been 

provided by Gill et al. (2006).  

Soil resuspension chambers have been used to study the effects of moisture, soil 

texture and soil structure on PM emissions from tillage (Madden et al., 2010; 

Madden et al., 2009; Carvacho et al., 2004; Chandler et al., 2002).  

Open combustion chambers are the most common laboratory equipment used to 

simulate crop residue burning under laboratory conditions. Combustion chambers 

are normally constituted by a burning plate, on which the crop material is burned, 

and of a chimney, inside which the air is sampled to analy 

se PM concentration. To calculate crop specific EFs (g kg-1), the air concentration 

of PM (g m-3) inside the chimney is multiplied by total volume (m3) of 

combustion gases passed through it and divided by the mass (kg) of the crop 

material. Although most open combustion chambers have similar designs 

(schemes can be found in Mugica-Álvarez, 2018; França et al., 2012), some 

alternative designs have been proposed, such as that described by Jenkins et al. 

(1990), who adopted a chamber shaped similarly to a wind tunnel, which was 

developed to simulate agricultural biomass burning emissions from wide surfaces. 

Another design option is the one adopted by Li et al. (2017), who used a chamber 
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of small dimension (0.23 m3), which was characterized by having a HEPA filter 

placed at the air inlet and by being equipped with a second chamber in which 

polluted air is mixed before sampling. As in the case of soil resuspension devices, 

also combustion chambers have been used to assess the effect of substrate 

moisture on PM emission (Hayashi et al., 2014), other than assessing fuels of 

different types and origins (Christian et al., 2003).  

In conclusion, laboratory trials are of crucial importance to acquire information 

on the effects that specific factors (such as substrate characteristics and moisture) 

have on the out coming emissions and allow to better comprehend the dynamics 

that are at the base of open field emission events.  

4. Mitigation measures  

The development and evaluation of PM mitigation measures for open field 

agricultural operations is not an easy task. This difficulty is partially due to the 

fact that EFs obtained from open field assessments are related to specific and not 

repeatable environmental conditions, which makes it difficult to assess the 

efficiency of mitigation measures through comparative trials. Nonetheless, 

several studies have tested PM or dust emission mitigation strategies. Table 4 

shows some of the main mitigation measures proposed for reducing PM 

emissions during agricultural operations. 

 

Table 4. Brief description and emission abatement rates of the main dust emission 

mitigation measures for agricultural operations as reported by various authors. 

Reference Operation  Mitigation 

measure 

Emission 

abatement  

Coates et al. 

(1996) 

Conventional 

land preparation 

Minimum tillage 45% (of TSP) 

Backer et 

al. (2005) 

Conventional 

land preparation 

Conservation 

tillage system 

up to 100% (of 

PM10) 

Billate et 

al., (2004) 

Corn receiving 

facilitilty (hopper 

bin - pit 

conveyor) 

increasing grain 

flow rate + 

lowering drop 

height  

92% (of total PM10) 
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Biocca et 

al. (2015) 

Maize sowing filtering-recycling 

system 

95-71% (of 

insecticide particles 

at ground level) 

Pagano  

(2011) 

Hazelnut 

harvesting 

Harvester 

prototype 

18% (of total PM10) 

Pochi et al. 

(2015) 

Maize sowing  Modified driller up to 100% (of 

active ingredient 

concentration in the 

air) 

Chapple et 

al. (2014) 

Maize sowing SweepAir® 

system 

>99% (of seed 

coating particles) 

Faulkner 

(2013) 

Almond 

harvesting 

3 different 

harvester 

prototypes 

76 - 41 - 9% (of total 

PM10) 

Faulkner 

(2013) 

Almond 

harvesting 

cyclone abatement 

technology 

79% (of total PM10) 

Ponpesh et 

al. (2010) 

Almond 

harvesting 

Decreasing 

airflow 

77% (of total PM10) 

Faulkner et 

al. (2009b) 

Almond 

harvesting 

reduction of 

harvester speed 

no significant 

abatement 

 

Conservation tillage techniques are widely proposed as valid alternatives to 

traditional tilling for reducing PM emissions. Those techniques are able to exert 

a substantial mitigation of dust (Coates, 1996; Backer, 2005) and PM10 (Backer, 

2005) emissions during land preparation. The emission reductions achieved with 
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minimum and no tillage are mainly attributed to the reduction of tilling events, 

while practically no difference has been highlighted for the choice of the tilling 

implement (Coates, 1996, Backer et al., 2005). Although conservation tillage is 

indubitably a good solution when it comes to reducing PM10 emissions, it can 

affect crop yields (Irmak et al., 2019) and cannot always be applied. Therefore, it 

would be valuable to explore the possibility of lowering the emission potential of 

implements used in conventional tillage for PM emission mitigation.  

Several mitigation measures are proposed for harvesting operations, especially 

for certain crops, which are known for producing high PM10 emissions during 

harvest. Almond and hazelnut are two of the crops which have been addressed 

the most and for which harvester and abatement technology prototypes have been 

developed (Faulkner, 2013; Pagano et al., 2011). Moreover, the harvester 

operating parameters, such as airflow and harvester speed, were tested (Faulkner 

et al., 2009; Ponpesh et al., 2010). The prototypes and abatement technologies 

were successful in reducing PM10 emissions, reaching up to 79% and 18% of 

emission reduction respectively for almond and hazelnut harvesting (Table 4). 

The regulation of the harvester airflow gave good results as well, while no effect 

was obtained by lowering the harvester speed (Table 4).  

As previously reported, post harvesting operations can strongly affect the overall 

harvest related PM10 emissions. Nonetheless, few published articles proposed 

mitigation measure for post harvesting emissions, such as the one published by 

Billate et al. (2004), who highlighted that in corn receiving operations reducing 

the drop height from the hopper bin and grain unloading rate (kg s-1) can result in 

lower PM10 emissions.  

From the literature review made, it appears that few crops have currently been 

addressed in terms of mitigation measure proposals for harvesting operations. 

Thus, more research is required, aiming to find solutions to reduce harvesting 

PM10 emissions from the main crops (e.g. maize, wheat etc.). Further mitigation 

measures should also be developed for immediate post harvesting operations. 

For crop burning emissions, the mitigation approach is slightly different as 

compared to other activities. The main solutions are in fact aiming not to mitigate 

the emissions but to rather substitute residue burning as a residue management 

practice, favoring other more sustainable techniques. Ravindra et al. (2018) 

summarized these sustainable alternatives, going from soil incorporation of 

residues to their use for energy production through biomass or biogas plants. 

Other alternatives are the implementation of cattle feed with crop residues or the 

production of compost and biochar.  

For sowing operations, different mitigation measures and driller prototypes have 

been proposed (Biocca et al., 2015; Pochi et al. 2015 Pagano et al., 2011). Those 

solutions focused on reducing the emission of seed coating particles (abating 

them up to 100%; Table 4) and the deposition of coating particles to the ground, 

but did not take into consideration the total PM10 emissions from sowing. Thus, 
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there could be room for further studies adopting a broader approach and 

considering the soil particles emitted during seed drilling passages.  

For manure and fertilizer spreading practically no technical solution has been 

evaluated for its capacity to reduce PM emissions. Future research should address 

this subject, possibly starting by testing the technology that has been developed 

to reduce the emission of ammonia emissions from field manure spreading.  

5. Results of the review  

In this section, collected data and information were summarized in order to: 

a) Identify operations/crops with most crucial environmental impacts /EFs;  

b) identify the main emission factor estimation methods and highlight their 

pros and cons;  

c) review mitigation measures proposed for PM10 emission reductions in 

field emissions;  

d) identify gaps in of knowledge on this specific topic and highlight future 

research opportunities.  

 

5.1 Main agricultural operations contributing to PM emission 

The EF determination is the first step to take in order to find feasible solutions to 

an environmental issue, such as PM emissions, and it also allows decision makers 

to produce regulations based on sound scientific data. 

By reviewing the literature on PM emissions from agricultural activities it was 

evident that some activities such as tillage, residue burning and harvesting have 

been addressed more often than others, such as manure and fertilizer spreading 

or sowing. Moreover, these last two operations have been mainly studied from a 

very specific perspective, focusing only on a fraction of the total PM produced 

(namely the bio-aerosol component for manure spreading and the seed coating 

for sowing). Moreover, it was observed that for many countries in the world, such 

as Africa, India and South America, few or any specific EFs are available in 

scientific literature.  

The EFs gathered in Tables 1 and 2 are summarized in Figures 2, 3 and 4, in order 

to have an overall impression of the PM10 both crop-wise (for wheat, cotton, and 

maize) and operation-wise (tillage, harvest, sowing and fertilizer spreading). The 

graphs were made by averaging the EFs summarized in Tables 1 and 2 for tillage 

(the tillage comprehends three passages: plowing/disking, harrowing and land 

planning/floating) and harvest. The contribution of sowing operations was set 

equal for the three crops, in the absence of specific investigations, and was 

assumed to be equal to a tooth harrowing passage (82 mg m-2), in agreement with 

the findings of Clausnitzer and Singer (1996). The contribution of fertilizer 

application was considered to be equal to 1.09 kg t-1 of applied fertilizer (as in 

Pattey and Qiu, 2012), with an application rate of 0.3 t ha-1 (the same application 
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rate was used for the three crops, although a better approximation should be made 

for more precise applications).  

 

Figure 2. Summary of the contribution of tillage practices, harvesting, sowing 

and fertilizer spreading to the total PM10 emitted from wheat cropping operations. 

 

 

Figure 3. Summary of the contribution of tillage practices, harvesting, sowing 

and fertilizer spreading to the total PM10 emitted from maize cropping operations. 

 

 

Figure 4. Summary of the contribution of tillage practices, harvesting, sowing 

and fertilizer spreading to the total PM10 emitted from cotton cropping 

operations. 
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Figures 2, 3 and 4 suggest that tillage practices are the most polluting operations 

in terms of PM10 emissions for all three crops represented here (among 75 and 

83% of the overall emissions), as they consist of three or more passages, each one 

with his own emission potential. Harvesting follows as the second most emitting 

practice, being the one that varies the most among crops (from 10 to 19% of total 

emissions). Sowing and mineral fertilizer application have a lower impact 

(among 2 and 5 % of total emissions). Also, the total emission potential varies 

between crops, being higher for wheat (1,904 mg m-2) and lower for cotton (1,718 

mg m-2) and maize (1,538 mg m-2). This brief summary of the total emission for 

each is not a precise estimation, since it is based on data acquired under varying 

conditions and it does not consider all the steps of the cropping system. Still, it 

can be useful to provide a rough estimation of the emission magnitude and of the 

contributions of various crops and operations on total PM emissions.  

 

5.2. Evolution of EF estimation methods 

The EFs available in the literature were obtained through a large variety of 

estimation methods. This variety of methods makes it difficult to carry out 

comparisons between EFs, especially considering that it is not clear which 

method can be considered as the reference one.  

One of the main objectives of this review was to list the main methods for open-

field EF estimation and to understand the current research trends, since some 

methods are becoming obsolete and less used while some others are getting used 

more often and could eventually be considered as reference methods in the future. 

In fact, the vertical profile method, which has long been considered as a reference 

technique for EF estimation, has been abandoned by most researchers, mainly 

due to its high instrumentation costs, but also because it entails a certain 

uncertainty of results. Thus, some other methods tend to be preferred.  

Particularly, the most common estimation methods appear to be those 

implementing dispersion models inversely to estimate emissions. Among 

dispersion models, Lagrangian models are considered more precise as compared 

to Gaussian models. Nonetheless, Gaussian models are still suggested as 

reference models by some regulatory agencies (such as the US-EPA with the 

AERMOD model) due to their simplicity of use. The use of models, in general, 

seems to be the preferred way to obtain EFs and emission inventories for 

regulatory purposes and the most common models have been used as reference 

to validate other EF estimation methods.  

The main advantage in the use of LiDAR technology for EF estimation reside in 

the fact that it allows to study the plume dynamics and dispersion, being so more 

informative as compared to other methods. This method has the advantage of not 

relying on modeled environmental conditions, leading to estimates that can be 

more legitimately used to evaluate the efficacy of dispersion models, which are 

based on wind modelling.  
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The atmospheric tracer method, which was used by Qiu and Pattey (2008), and is 

worth to be mentioned, because it shares with the LiDAR technique the advantage 

of being independent from wind modeling.  

In general, the current trend in EF estimation for agricultural field operation is 

moving toward the use of models as main estimation tools. Besides, for the 

evaluation of models reliability, it could be better to use field based methods, such 

as the LiDAR or the atmospheric tracer technique, that don’t rely on modeled 

environmental conditions, but on actual measurements.  

5.3. Mitigation measures and development trends 

The development of feasible mitigation measure for PM emissions is to be seen 

as the final aim of the process that starts with the evaluation of the emission 

factors. Although there are several articles dealing with PM mitigation measures, 

most of them focus on few operations. In fact, there are some operations, such as 

manure spreading, that were unaddressed in terms of solutions to reduce 

emissions. Also for tillage practices there were few articles focusing on mitigating 

the emission of PM, proposing mainly a reduction of tilling passages as main 

solution. Also for harvesting, the research focused on few crops. Differently, 

sowing operations have been widely discussed although the main focus has been 

on seed coating particle reduction more than on total PM10. In conclusion, there 

are many gaps of knowledge in the field of agricultural PM emissions, where 

proposals for mitigation measures are still required, leaving open opportunities 

for future research and technology development.  

Generally, a more intensive effort should be put into the development and testing 

of mitigation measures, especially for those operations that are majorly 

contributing to field derived PM10 emissions.  

Future perspectives and research needed  

The literature review highlighted that there is more information available on PM10 

emission factors (EFs) from certain agricultural operations, such as tillage, 

harvesting and residue burning than from others, such as sowing and manure and 

fertilizer spreading. Moreover, emission assessment studies were usually 

conducted with an operation-wise approach, while it appears from literature that 

a crop-wise approach would lead to more precise estimations (being less 

influenced by seasonal variation). The lack of an overall view of the emissions, 

as they take place in each step of a productive system, could potentially lead to 

substantial underestimation of the overall emissions. To avoid this, all the 

operations that have not be taken into consideration for their overall PM10 

emissions (such as sowing and manure spreading), but mainly for a particular 

kind of particle (namely seed coating or bio-aerosol) should be assessed.  

As for the emission factor estimation methods, the most utilized ones in current 

research are those applying inverse dispersion models to estimate emissions rates 

from field, also thanks to their cost-effectiveness and adaptability. Other 

techniques that provide good results are LIDAR measurements and the 

atmospheric tracer techniques. Those two techniques are particularly interesting, 
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because they do not rely on modeled atmospheric conditions, and could thus be 

used as basis for comparison for dispersion models.  

The mitigation measures developed for in field PM10 emissions from agricultural 

operations are quite few. For tilling practices the main proposed solutions to abate 

emissions are the implementation of minimum or no tillage systems, while few 

efforts have been put into the estimation of the emission potential of tilling 

implements. For harvesting, adequate measures have been developed for a few 

crops, while many other are still to be addressed. The emission abatement 

measures proposed for sowing operations are focused on seed coating particles, 

while few information is even available on the total PM10 particles emitted. As 

for manure and fertilizer spreading no PM10 mitigation measure has been 

proposed or assessed.  

Future research in the field of PM emissions from agricultural operations should 

aim to fill the current gaps of knowledge. Aspects for future work include:  

- the emissions deriving from whole cropping systems, through step by step 

measurement and evaluation;  

- the influence of implement choice and operation parameters on tillage in-

duced PM10 emission with possible development of implements with low 

emission potential;  

- the assessment of harvesting induced PM10 emissions for crops not yet as-

sessed and the development of mitigation measures (e.g. harvester prototypes 

development and operation parameters management);  

- the assessment of total PM10 emissions for solid and liquid manure applica-

tion and the evaluation of mitigation measures.  
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3.2. ARTICLE II: “Evaluation of particulate matter (PM10) emissions and its 

chemical characteristics during rotary harrowing operations at different 

forward speeds and levelling bar heights” 

 

The literature review article on PM emissions from land preparation activities 

(Paragraph 3.1) allowed to identify the Backward dispersion modelling technique 

as the best method for emission assessment. The coupling of this technique with 

Optical Particle Counters (OPC) and 3D sonic anemometers, which allow 

continuous PM concentration and wind measurements, appeared to allow for 

robust emission estimation. Moreover, the literature did provide information only 

on emissions from certain tilling implements, while others remained unstudied, 

and very few studies actually performed in field comparison among different 

implements or machinery setups. A further lack of knowledge lied in the chemical 

characteristics of soil emitted PM. This first field study aimed to cover some of 

these knowledge gaps, while allowing to test the possibility of using the chosen 

field test methodology for comparative studies. This step was also fundamental 

to ensure the validity of the utilized field setup for assessment of proper 

mitigation measures.  
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Abstract 

Particulate matter (PM) is an air pollutant which poses a considerable risk to 

human health. The agricultural sector is responsible of the 15% of the total 

anthropogenic emissions of PM10 (PM fraction with aerodynamic diameter below 

10 µm) and soil preparation activities have been recognized as one of the main 

drivers of this contribution. The emission factors (EF) proposed by European 

environmental agency (EEA) for tilling operations are based on very few studies, 

none of which has been made in Italy. Moreover, few studies have considered the 

influence of operative parameters on PM10 emissions during tilling. The aim of 

this work was to assess PM10 emission and dispersion during rotary harrowing 

and to understand how operative parameters, such as forward speed and 

implement choice may affect PM release. A further objective was to assess the 

near field dispersion of PM10 to address exposure risks. Emission factors (EFs) 

were determined during two different trials (T1 and T2). During T1, the effect of 

tractor speeds (0.6, 1.1 and 1.7 m s-1) on PM10 emissions was investigated, while 

in T2 a comparative essay was made to study the influence of levelling bar height 

on emissions. The average ground level downwind concentrations of PM10 during 

harrowing operation was estimated through dispersion modelling. The observed 

PM10 EFs for rotary harrowing were 8.9 ± 2.0 mg m-2 and 9.5 ± 2.5 mg m-2 on T1 

and T2, respectively. The heavy metal content of soil-generated PM10 was also 

assessed. In the generated PM, the elemental concentrations were higher than 

ones in soil. As, Cd and Ni concentration levels, determined in PM10 near to the 

tractor path, were also high, being several times higher than the annual average 

regulatory threshold levels in ambient air, as defined by the European regulation.   

1. Introduction 

The increase in atmospheric concentrations of particulate matter (PM) is a major 

cause of concern, having been associated with acute and chronic health effects 

and even with the rise in mortality and morbidity rates (WHO, 2006; Tonne et al., 

2016). Many emission sources contribute to PM10 (PM fraction with aerodynamic 

diameter below 10 µm), among which agriculture may play a significant role, 

being held responsible for the 15% of total anthropogenic PM10 emissions in 

Europe (EEA, 2019). Agricultural emissions of primary particulate mainly derive 

from wind erosion of agricultural soils, livestock farming activities and crop 

management (Maffia et al., 2020). Crop management activities have been 

recognized to be a substantial contributor to the overall emissions (Sharratt and 

Auvermann, 2014). Currently, the emission factors (EF) used by the European 

Environmental Agency (EEA) for crop management operations are based on a 

limited number of studies and did not take into account the different tilling 

implements used by farmers. Moreover, few studies have considered the 

influence of operative parameters on PM10 emissions during tilling (Maffia et al., 

2020).  

Issues related to PM emissions and atmospheric concentrations have recently 

been at the centre of public attention in Northern Italy due to the associated health 

risks. In fact, the latest report of the Italian institute for environment protection 



72 

Jacopo Maffia                                                                                                   PhD 2021 
 

 

 

 

 

 

 

 

 

 

and research has highlighted exceedances of the recommended daily PM10 

concentration threshold (50 µg m-3) for more than 35 days per year in most 

monitoring stations of the Po Valley (Cattani et al., 2019).  

The northwest part of this area, where the present trials took place, is 

characterized by a low average annual wind speeds, which fall often below 1 m s-

1 (Fratianni et al. 2007), and by being intensively exploited, both by industrial 

and farming activities, and densely populated. To face the high PM pollution of 

the area (Cattani et al., 2019) it is important to acknowledge its specific climatic 

conditions and to start assessing local emission factors for the main emission 

sources, to provide the policy makers with up to date information to address the 

air quality issue.  

Health risks linked to PM are not only due to the size of the particles or to the 

concentration, but also to its elemental composition (Kendall et al., 2004). 

Particularly, many studies have focused on the potentially toxic effects due to 

Trace Elements (TE) adsorbed on PM10 in urban and roadside environments 

(Padoan et al., 2016; Zhang et al., 2019; Wu et al., 2020).  

Agricultural soils are well known for being both sources of PM10 and, at least in 

certain areas, enriched in TE due to both anthropogenic and natural sources (Li 

et al., 2019). In fact, the application of pest control products and organic fertilizers, 

such as pig manure, has been shown to increase the soil reserves of TE such as 

Cu, Zn and Mn (Brun et al., 2001; Guo et al., 2018). Nevertheless, few 

information is available on the concentrations of these elements in the airborne 

PM10 emitted during tilling or wind erosion events. A recent investigation (Wang 

et al., 2016) has shown that the TE concentrations in PM10 of 4 different 

agricultural regions in China were higher than the expected, with carcinogenic 

risk above the acceptable limits due mostly to Pb, Co, Ni and Cd concentrations. 

It is therefore important to consider particle composition when assessing PM 

emissions from agricultural sources. 

The main aim of this study was to improve the knowledge on PM10 emissions 

during soil preparation operations and, in particular, on those due to rotary 

harrowing. Emissions from rotary harrowing (coupled with packer roller and with 

levelling bar) were assessed in low wind conditions, to provide a local EF for this 

operation, which has been poorly studied before. Further objectives were to 

assess the effect of operative parameters, such as tractor speed and levelling 

settings on the emission value. In addition, the characteristics of the emitted PM10 

and their near field dispersion were assessed to obtain a broader picture of the 

impact that harrowing operations can have on human health.  

The field experiments presented hereafter are the first assessments of PM 

emission from land preparation activities performed in Northern Italy. In this 

specific area, the environmental, topographic, and demographic conditions could 

heavily influence both the amount of emission related to soil cultivation and their 

potential contribution to the total PM exposure levels.  

2. Materials and methods 
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2.1.  Experimental layout and Field measurements 

Two different trials, T1 and T2, were performed in July and October 2019, 

respectively, in two different locations of the Piemonte region, Italy 

(44°50'27.9" N, 7°21'32.2" for T1; 44°54'52.9" N, 7° 23' 45.9" E for T2) in two 

fields with a sandy-loam soil for T1 trials and a loamy soil for T2 trials.  In both 

trials, measurements of PM10 were carried out at each tractor passage using an 

optical PM monitor (TSI, DustTrackTM II model 8530), with a sampling 

frequency of 1 Hz. The PM monitor was placed alongside the area tilled by the 

tractor at 4 m (Figure 1). The instrument was moved to the next passage line after 

each pass and placed either east or west of the line according to wind direction. 

The DustTrack monitor was placed in the field 1 hour before the start of the trial 

and continued sampling until 1 hour after the trial, to assess the background PM10 

concentration. 

The positioning of the instrument was arranged similarly to what done in previous 

studies (Faulkner, 2013; Kasumba et al., 2011), with the sampler inlet placed at 1 

m aboveground and with a fixed distance between the sampler and the tractor 

path of 4 m. According to the results of Holmén et al. (2008) and Kasumba et al. 

(2011), obtained in New Mexico, sampling at higher distances from the source 

could lead to underestimate the concentration of finer PM fractions due to vertical 

dispersion of the plume and to the increased distance between the sampler inlet 

and the plume center.  

Meteorological data were collected using a weather station mounted in a corner 

area of the field, with every side free from obstacles. The weather station has two 

3D anemometers (Campbell scientific, 3D Metek uSonic-Omni), mounted at 2 

and 4 m above ground respectively, and a temperature probe (HOBO, U12). The 

anemometers data were sampled at a rate of 5 Hz.  

Field trials were carried out with a 12 rotors, 3 m working width, rotary power 

harrow (Frandent Eternum R303-19, Frandent Group s.r.l., Italy). The harrow was 

equipped with a packer roller (0.55 m diameter) on T1, whereas a levelling bar 

was installed in T2 in order to evaluate EF in different implement configurations. 

In T2, the roller was replaced with a couple of wheels mounted on the same tillage 

depth adjustment system.  

The rotary harrow was hooked up to the three point hitch of a four-wheel-drive 

row crop tractor (Fendt 718 Vario, AGCO GmbH, Germany) having a 132 kW 

maximum engine power and an unladen mass of 7155 kg (OECD,  2010). A 

ballast of 1200 kg was also linked to the front three point hitch in order to reduce 

wheels slip.  

During harrowing PTO rotation speed was maintained at about 1000 rpm 

achieving a rotor angular speed of 285 rpm, while the tillage depth was set to 10 

cm. 

In T1, 36 passages were performed, although some of those had to be later 

excluded from the analyses due to sudden changes in wind direction that resulted 
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in imprecise EF estimations (the final number of calculated passages was 32). 

The length of each harrower passage has been, in both cases, of 40 m. The 

experimental layout was designed in order to test the effect of three different 

tractor speeds (S1 = 0.6 m s-1, S2 = 1.1 m s-1 and S3 = 1.7 m s-1), where S2 is the 

one normally implied by farmers, on PM10 emissions. S1, S2 and S3 passages 

were randomized inside large plots (3 m wide and 120 m long), that were 

considered as blocks for the statistical analysis and served to the purpose of 

limiting the variability linked with soil heterogeneity and wind speed. The 

scheme of a large plot layout and of PM sensor positioning is represented in 

Figure 1.  

 

Figure 1. Scheme of T1 experimental units (S1, S2 and S3 passages randomised 

in a large plot) and positioning of the concentration (DustTrack) sensor. 

 

In T2, 24 tractor passages were performed (two of those were lost due to sudden 

wind direction changes). The experimental layout was designed in order to test 

the effect of levelling bar height on PM10 emissions. The bar attachment height 

was alternatively adjusted to two different levels, a lower, L, and a higher one, H. 

The attachment height of the bar was tested both with the bar perpendicular to the 

ground (S) and inclined of a 45° angle (I). In addition, the distance of the bar from 

the harrower was varied during the trial among D1 (23 cm from the harrower) 

and D2 (28 cm from the harrower). The combinations of bar attachments heights 

and orientations resulted in different distances between the bar and the point of 

the harrower teeth, being of 14, 16.5, 17 and 20 cm for L-S, L-I, H-S and H-I 

respectively. The different configurations and the split plot experimental layout 

are graphically represented in Figure 2. The plot was organized so as to reduce 

the time-lapse among passages involved in direct comparison, limiting the 

variability linked with changing environmental conditions (such as wind speed). 

The levelling bar is commonly installed on rotary harrows to improve soil 
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fragmentation during harrowing by keeping the soil closer to the harrow rotors 

for a longer period. The variation of the vertical position and of the distance of 

the bar from rotors will change soil interaction with rotors tines, modifying 

aggregates size and affecting PM emissions (Madden et al., 2010). Bar inclination, 

instead, was an experimental solution aimed to reduce draught and, therefore, fuel 

consumption. 

Soil conditions in T1 and T2 were different. In T1 harrowing was performed on 

bare soil after tillage, while on T2 only a superficial incorporation of crop 

residues (maize stalks) had been performed, leaving a rougher surface with some 

residues still on the surface. In both cases soil samples were taken at 0-15 cm 

depth. At each sampling site, sub-samples were collected in the center of each 

parcel (36 sub-samples in T1 and 24 in T2), mixed into one sample and quartered 

in field. Soils were dried at room temperature and sieved with a 2-mm sieve prior 

to laboratory analyses. 

2.2.  Elaboration of meteorological data 

Start and end times of each tractor passage were recorded during field 

measurements. The passage time intervals were used to clip the output file of the 

anemometer, to obtain the average wind components (u, v, w) at the time of each 

peak. Wind components were then used to assess main wind speed (WS) and wind 

direction (WD) according to Stull (2012).  

The Pasquill Guifford class (PGclass) was estimated for each passage by first 

calculating the Monin Obhukov Length (Llenght) and then estimating the 

stability class according to the table in Smith et al. (1995). The Llenght was 

estimated using the Bigleaf R package (Knauer et al., 2018), according to the 

method described in Foken (2008). The input parameters required by Bigleaf 

were air temperature (Tair), atmospheric pressure (p), friction velocity (u*) and 

sensible heat flux (H). Tair was retrieved by field measurements; p was assessed 

from elevation using Bigleaf package (Knauer et al., 2018); u* was calculated 

from wind data according to the method in Stull (2012); H was assessed on the 

base of the estimation procedure proposed by Hanna and Chang (1992).  
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Figure 2. Experimental settings of the harrower and split plot design adopted in 

T2. 
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2.3.  Dispersion modelling to estimate EFs and downwind concentration 

increases 

EFs were estimated using a backward lagrangian model (WindTrax). The input 

parameters to the model were WS (at 2 and 4 m of height), WD (at 2 and 4 m of 

height), PGclass, Tair, average PM10 concentration (at four meters from the source) 

and average background PM10 concentration. The model was set to simulate the 

dispersion of 106 particles and the surface roughness (Z0) was set to the reference 

value (1 cm), parameterized for “bare soil” conditions. The emission source was 

modelled as an area source having the same dimension of the plot tilled at each 

harrower passage. Modelling tilling sources as areas rather than moving point 

sources is the most common solution for EFs estimation through backward 

modelling (Faulkner, 2013; Funk et al., 2008; Jahne et al., 2015).  

A simulation was ran per each tractor passage performed on the two field days. 

The output given by the model was an Emission Rate (ER, mg m-2 s-1) referred 

to the modelled area source. The ER was later converted in EF (mg m-2) 

according to the following formula:  

 

Where tpass is the elapsed time (s) between the start and the end of each passage. 

The above equation follows the principle presented by Faulkner et al. (2009).  

Near source concentration increases during harrowing have been estimated and 

plotted using the GRAL model (using its open source graphical user interface, 

GUI), which is a high resolution lagrangian model and has previously been used 

to assess PM dispersion from tilling (Funk et al., 2008). Moreover, the model has 

been proved to be particularly suited for modelling under low wind speed 

conditions (Öttl et al., 2005; Öttl et al., 2002). Two dispersion simulations (one 

for T1 and one for T2) were realised considering for both an equal area source, 

with a surface of 1 ha and a squared shape, so that the concentration increases can 

be related to a known area source of regular size and properly compared. The 

main inputs to the model were WS, WD, PGclass and the PM10 emission rate (kg 

h-1). The average WS and the prevalent WD observed during D1 and D2 passages 

were used to run two different simulations. The stability classes used were B and 

D for T1 and T2, respectively. The ER was obtain converting the estimated EFs 

on both days into kg ha-1 and considering that harrowing a surface of 1 ha at an 

average speed of 3 km h-1 requires 1 h of time. Downwind concentration was 

estimated at a height of 1 m (over the ground level) and the horizontal grid 

resolution was of 1 m.  

2.4.  Soil analysis  

All samples were analysed for pH (1:2.5 soil:water), total carbon and nitrogen 

(TC, TN) (UNICUBE, Elementar), carbonates (volumetric method), bulk density 

and field humidity according to the official Italian methods (Colombo & Miano, 

2015). The particle-size distribution (PSD) was measured via the sieve-pipette 

method (Gee and Bauder, 1986).   
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To determine the pseudo-total metal content in soil, aqua regia (HCl:HNO3 3:1 

v/v) microwave extraction was performed (Ethos D, Milestone). The elemental 

pseudo-total contents of 22 elements (listed in Table 3) were determined in all 

samples using ICP-MS (NexION 350D, Perkin Elmer). All analyses were 

performed in duplicate. Accuracy was verified using a Certified Reference 

Material for aqua regia soluble contents (CRM 141R, Community Bureau of 

Reference, Geel, Belgium). Recoveries were between 95 – 105 % for all elements. 

All reagents were of ultrapure or analytical grade. 

2.5.  Soil resuspension in laboratory and PM10 filter analyses 

The soils collected in the field, after being dried as for chemical analyses, were 

re-suspended under laboratory condition to simulate PM10 emission during tilling. 

Soil was re-suspended using a soil resuspension chamber, which was assembled 

using a rotating plastic (PET) drum (Madden et al., 2010), having a cylindrical 

form, a total volume of 25 L and a circular opening of 15 cm of diameter. The 

drum was moved by an electric engine (0.75 kW) at an average speed of 26 rpm. 

A filter based high volume sampler (TCR Tecora®, Echo Hi-Vol), working with 

a 220 L min-1 flow rate, was placed in front of the drum opening to sample the 

out coming PM10 particles. The scheme of the resuspension system is illustrated 

in Figure 3.  

 

Figure 3. Scheme of the soil resuspension and PM10 sampling system. 

 

A sample of 1 kg of soil was re-suspended for each trial (T1 and T2) and the re-

suspension activity lasted 1 h for each one.  

Before sampling, quartz fibre filters (Ahlstrom Munksjo, Micro-quartz fibre 

paper MK306, Ø102 mm) were dried at 205 °C for 5 h and conditioned for 48 h 

at 20 °C and 50% relative humidity. Blank filters were weighed three times every 

24 h and kept in PETRI holders. After sampling, filters were brought back to the 

laboratory and weighted after 24 and 48 h of conditioning at the same temperature 
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and humidity conditions. Filters were analysed for their pseudo-total elemental 

content as soils to ensure the comparability of the measures. Microwave acid 

digestion using 10 ml of aqua regia was performed using half filter in PTFE 

bombs (Ethos D, Milestone). Resulting solutions were filtered on cellulose filters 

(Whatman Grade 5) and diluted with ultrapure water to a final volume of 50 ml. 

Elemental contents were determined in all samples using ICP-MS (NexION 350D, 

Perkin Elmer). 

It was assumed that heavy metals content in PM10 emitted under field conditions 

derives entirely from soil and that the eventual contribution of the tractor 

combustion engine is negligible (Telloli et al., 2014). Therefore, it was possible 

to relate the chemical analyses on the re-suspended PM to the field measured 

PM10 concentrations. The elemental concentration of TE in PM10 (Cdust, µg g-1) 

was then converted to elemental concentration in the air at 4 m distance from the 

tractor (Cair, µg m-3), by referring it to the overall PM10 concentration measured 

in the field (CPM10, g m-3) according to the following formula:  

 

2.6.  Statistical analysis 

A statistical analysis was conducted using the R software (R Core Team, 2019) 

to highlight differences among EFs and ERs observed for rotary harrowing with 

different operational parameters. For T1, the effect of tractor speed on EFs and 

ERs was tested (significance level chosen was α < 0.05) implementing a mixed 

model (lme procedure from nlme R package; Pinheiro et al., 2018) to account for 

the nested experimental design. The model was set having tractor speed (S) as a 

fixed factor and the plot as random factor. The distribution of within-groups errors 

and random effects were graphically assessed to verify the model assumptions 

(Pinheiro et al., 2006). The mean EF values were calculated (using emmeans R 

package; Lenth, 2019) for each tractor speed level and post-hoc test comparison 

were performed according to the Bonferroni post-hoc method (using the 

multcomp R package; Hothorn et al., 2008).  

For T2, the data were analysed through a mixed model (lme procedure from nlme 

R package; Pinheiro et al., 2018) accounting for the nested effects included in the 

split plot layout of the experiment. The model included, as fixed effects, the three 

operation parameters (bar orientation, distance, and height) and their interaction. 

The random effects were distributed on the three levels of the split plot, which 

included the following nested effects: height in distance, distance in orientation 

and orientation in parcel.  

3. Results 

3.1.  Environmental conditions during the trials: soil characteristics and 

atmospheric conditions 

In T1, wind speed and direction varied consistently during the tractor passages. 

The average wind speeds were 0.81±0.07 and 0.91±0.07 m s-1 at 2 and 4 m above 

ground, respectively. Atmospheric stability condition was estimated to fall within 
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the B PGclass, meaning that the atmosphere was unstable during the essay. In T2, 

wind speed was slightly higher as compared to T1 (1.46±0.12 m s-1 at 2 m and 

1.7±0.15 m s-1 at 4 m). Atmospheric stability condition fell in the PGclass C 

(slightly unstable atmosphere) for most passages, exception made for 6 of them, 

for which the PGclass was B. The atmospheric stability condition of each passage 

was used for modelling the EF. Windrose graphs illustrating the frequencies of 

main wind directions and speeds during T1 and T2 are shown in Figure 4 and 5 

(the graphs were obtained applying the openair R package by Carslaw and 

Ropkins, 2012). 

The low wind speed conditions observed are consistent with the annual average 

wind speed reported for the Piedmont region by the regional ambient protection 

agency (ARPA Piemonte; Fratianni et al., 2007).  

Table 1 illustrates the main physico-chemical characteristics of the analysed soils. 

Both soils were sub-acid and their total carbon content was similar and in line 

with their agricultural use, as well as the other determined chemical 

characteristics. The moisture content of the soils during the trial was 8.64 ± 0.03 % 

and 9.02 ± 0.02 %, on mass, in T1 and T2, respectively. Although the finer texture 

of T2 soil as compared to T1 could lead to a higher emission potential, it is 

speculative to draw conclusion on the base of texture information only, since it is 

known that also soil aggregates stability can have a great impact on the final 

emissions (Madden et al., 2010).  

The overall environmental conditions observed during both T1 and T2, with 

coarse soil texture, relatively high soil moisture content and low wind speed 

conditions, may lead, according to previous studies, to relatively low emissions 

(Avecilla et al., 2017; Cassel et al., 2003; Madden et al., 2010).  
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Table 1. Physico-chemical characteristics of the analyzed soils. 

Soil characteristics T1 T2 

Coarse sand (%) 23 9 

Fine sand (%) 33 31 

Coarse silt (%) 12 14 

Fine silt (%) 26 28 

Clay (%) 6 18 

pH (H2O) 6.1 6.2 

TC (%) 1.34 1.10 

TN (%) 0.18 0.18 

Soil density (g cm-3) 1.5 1.4 

 

 

3.2.  EFs for rotary harrowing and effect of operational parameters on the 

emissions and plume concentrations 

The results of the statistical analyses for T1 and T2 tilling events are summarized 

in Table 2. In T1, the average EF for rotary harrowing with packer roller was 

8.9 ± 2.0 mg m-2, considering data gathered at all three speeds. The tractor speed 

was shown to alter significantly the EFs, with the lower speed (S1) causing higher 

emissions compared to S2 and S3 (Table 2). On the contrary, tractor speed had no 

significant effect on the ERs. In T2, the average EF for rotary harrowing with 

packer roller was of 9.5±2.5 mg m-2 (averaging all the trials). No significant effect 

on the emissions was highlighted for bar height, bar orientation and bar distance 

nor their interaction. From the obtained results, it appears that only bar distance 

could possibly affect the emission, since the average EFs are generally higher in 

D1 as compared to D2 (Table 2), although this effect is not statistically relevant. 

Some differences, although not significant (P>0.05), can be observed for different 

settings at distance D1, while practically no variation is shown among EFs at 

distance D2. 
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Table 2. Calculated EFs (mean and standard error, SE) for T1 and T2 at each 

adopted tractor speed and levelling bar position. 

 

Trial Operative parameters 

Mean 

EF 

(mg m-

2) 

SE Pvalue 

 

T1 

Forward speed    

S1 13.4a 2.1  

S2 3.6b 1.6 0.002 

S3 4.8b 2.0  

 Distance Height Orientation     

 

 

 

T2 

D1 

H S 33.7 9.0 

0.060 

L S 12.4 9.0 

H I 5.0 7.3 

L l 14.9 7.3 

D2 

H S 5.0 3.3 

L S 6.1 3.3 

H I 5.5 4.4 

L l 3.8 4.4 

 

Peak concentrations measured during tractor passes, at 4 m distance, were 

641±40 µg m-3 in T1 and 3461±329 µg m-3 in T2, averaging all the passages. The 

average downwind concentration increases near the source (at 1 m height) are 

plotted in Figure 4 and 5, as estimated for T1 and T2. Estimated PM10 

concentration increments averaged between 12 (at the field edge) and 0.1 µg m-3 

(at more than 300 m from the source). The plume in T2 appears to be less 

horizontally spread as compared to T1 (due to the different stability conditions). 

Downwind concentration in T2 also appears to be slightly higher. This was 

probably due both to the reduced plume dispersion and to the higher wind speed 

registered that day.  
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Figure 4. a) Windrose illustrating the frequencies of main wind directions and 

speeds during T1; b) Estimated downwind concentration increases near source 

(area of 1 ha) during T1. 

 

 

Figure 5. a) Windrose illustrating the frequencies of main wind directions and 

speeds during T1; b) Estimated downwind concentration increases near source 

(area of 1 ha) during T1. 

 

3.3.  Elemental characterization of soils and soil-emitted PM10 

The particle size distribution of the elements in soils has been demonstrated to be 

a key parameter when exploring the possible risks associated to soil 

contamination (Ajmone Marsan et al., 2008; Kong et al., 2012; Padoan et al., 

2017). Aqua regia extractable concentrations of elements in bulk soils are 

reported in Table 3. The TE contents in the resuspended PM10 fraction is 
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expressed in Table 3 as enrichment ratio, being the ratio between the content of 

each element in the resuspended PM10 and in the bulk soil it originated from.  

Table 3. Concentrations (± standard error) of each element determined in the bulk 

soils and enrichment ratio in soil-derived PM10.  

  T1 T2 

  Bulk soil 1 

Enrichment 

ratio in PM10 

fraction 

Bulk soil 2 

Enrichment 

ratio in PM10 

fraction 

Mg % 0.95 ± 0.02 1.5 1.08 ± 0.04 1.7 

Al  3.73 ± 0.02 1.0 3.05 ± 0.21 1.5 

K  0.99 ± 0.04 1.0 0.67 ± 0.09 1.5 

Ca  0.80 ± 0.07 3.1 0.47 ± 0.03 2.7 

Fe  1.24 ± 0.01 2.0 4.36 ± 0.11 0.5 

      

Li 
(µg g-

1) 
50 ± 4 0.8 42 ± 2 1.3 

Sc  13 ± 1 1.5 8.8 ± 1.3 1.6 

V  86 ± 18 1.8 66 ± 5 1.6 

Cr  189 ± 25 6.3 91 ± 24 5.0 

Mn  1758± 110 1.5 1225 ± 19 1.5 

Co  22 ± 1 2.2 20 ± 2 1.6 

Ni  135 ± 11 4.4 84 ± 20 3.1 

Cu  62 ± 5 7.3 66 ± 5 4.1 

Zn  104 ± 8 7.8 58 ± 5 9.3 

As  14 ± 1 0.9 13 ± 1 1.7 

Sr  75 ± 3 2.8 34 ± 10 2.4 

Mo  4.9 ± 3.7 21 < 0.05  

Cd  0.36 ± 0.05 39 0.13 ± 0.03 94.3 

Sn  2.8 ± 0.2 13 2.6 ± 0.2 4.6 

Sb  0.58 ± 0.25 20 0.58 ± 0.02 5.2 

Ba  246 ± 6 5.5 86 ± 10 7.3 
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Pb  37 ± 0.4 2.5 27 ± 1 1.7 

 

Both agricultural soils appeared as not contaminated (according to DLgs 152-

2006), in accordance with their long-term agricultural use. In soils, most of the 

elements appeared enriched in the finer fraction. Only the major elements and, to 

some extent, the elements typical of the parent material (such as Li, Sc, Co) had 

a similar concentration in both size fractions.  

The enrichment in the finer fraction was particularly evident for Cu, Zn, Mo, Cd, 

Sn and Ba, where the PM10 soil had concentrations one order of magnitude higher 

than the bulk soil.  

From the soil-related PM10 fraction concentrations, we calculated the resulting 

concentration in air according to the total concentration of atmospheric PM at 4m 

of distance from the source (Table 4). From the results appear that the plume is 

enriched in TE, with point concentrations of As, Cd and Ni higher than the 

legislation limits for PM10 atmospheric pollution, respectively 6, 5 and 20 ng m-3 

(MATTM, 2010). Although they refer to the annual average concentration, 

punctual concentrations in the plume during T2 were up to 50 times the limit. 

Table 4. Air elemental concentrations at 4 m distance from the tractor. 

  T1 T2 

Mg µg m-3 12 62 

Al  29 157 

K  6.4 34 

Ca  8.1 44 

Fe  14 76 

Mn  1.2 6.2 

    

Li ng m-3 34 183 

Sc  9 50 

V  67 363 

Cr  294 1585 

Co  21 111 

Ni  168 906 

Cu  176 949 

Zn  345 1865 
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As  14 75 

Sr  52 283 

Mo  64 347 

Cd  8 43 

Sn  8 41 

Sb  2 10 

Ba  401 2168 

Pb  29 154 

 

4. Discussion 

The PM10 emission factors calculated for rotary harrowing (8.9±2.0 in T1 and 

9.5±2.5 mg m-2 in T2; averaged over all tractor passages) were found to be 

substantially lower as compared to the one reported by Öttl and Funk (2007) for 

fixed-tooth harrow in Germany on a sandy soil (83.3% of total sand), which was 

of 82 mg m-2. The lower emissions observed are probably due to the overall soil 

and environmental conditions and to the different implement used. The soil, in 

both T1 and T2, had a high moisture content (8.64% in T1 and 9.02% in T2, on 

mass), being in the range of the threshold levels of soil moisture, of 2 and 10 % 

on mass, over which, according to Funk et al. (2008), very low PM emissions 

occur in sandy and silty soils respectively. The lower sand content in the two 

Italian soils could have favoured an improved soil structure and aggregation, 

which it is known to mitigate dust emissions (Madden et al., 2009). The shielding 

structure which is present in rotary harrows and absent in fixed-tooth ones could 

have important emission containment effect. Moreover, the wind speed registered 

during the trial was lower than the 1.9 m s-1 reported by Öttl and Funk (2007). 

Since the atmospheric conditions registered during the trials are quite common in 

the Northwest of Italy (Fratianni et al., 2007) and no previous assessments have 

been done for rotary harrows, the gathered EFs could be considered as a first 

reference for this type of soil tillage.  

A difference between EFs for low (S1), standard (S2) and high tractor speed (S3) 

was observed during first trial. The emissions observed with S1 were in fact 

higher as compared to the other treatments, which did not differ significantly 

among each other. This could be due to the longer period in which the harrower 

insists on the same volume of soil when operating at the lower speed. This 

explanation is further confirmed by the fact that no significant difference was 

observed among the ERs generated at different speeds, meaning that the harrower 

emits the same amount of PM10 per second of work in each thesis. This indirect 

effect of tractor forward speeds probably could apply only to the rotary harrower, 

which actively disturbs the soil, but not for traditional soil tilling techniques, 

which have a passive action on the soil. Usaborisut and Praserkan (2019), and 
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Kushwaha and Linke (1996) have shown that an increase in the tractor speed did 

not affect PM10 releases during harrowing, although  a reduction of soil 

fragmentation should be obtained by raising the working speed. An increase in 

forward speed, in fact, determines a stretching of the cycloid described by the 

harrow rotors tines with a consequent increment of clods diameter (Raparelli et 

al., 2019). 

In T2, altering bar height and orientation had no significant effects on PM10 

emissions. The obtained results also showed a slight emission reduction while 

increasing the horizontal distance between the levelling bar and the harrower. 

However, this effect was not statistically relevant, and the bar distance could 

possibly affect the efficiency of the levelling bar itself. From field observations it 

appeared that, when the bar was positioned at distance D2, the soil failed to 

accumulate in correspondence of the harrower teeth. Therefore, to properly test 

this mitigation opportunity, further trials should be carried out to better 

investigate its effect on emissions but also on soil aggregates. It is important, 

when considering possible PM mitigation options, to maintain the efficacy of the 

agricultural operation unaltered.  

Peak concentration measured during trials near the tractor passes were 641±40 

µg m-3 in T1 and 3461±329 µg m-3 in T2. The higher concentration during T2 as 

compared to T1 was probably attributable to the higher wind speed, causing a 

more stable and focused plume, and to wind direction, diagonal to the tractor 

movement, which permitted the operator to put the sensor more in line with the 

plume centreline. The observed concentration levels were consistent with those 

reported in previous studies (Moore et al., 2015; Clausnitzer and Singer, 1997) 

during land preparation activities. The main concerns related to those 

concentrations are related to farmers’ professional health risks. In fact, exposure 

to high levels of PM10 in farming environment can lead to severe health effects 

and possibly to fatal consequences (Molocznik, 2002; Kirkhorn and Garry, 2000; 

Schenker, 2000). Although modern tractor cabins are provided with technologies, 

such as air filters, to protect the operators from these risks, still a lot of 

assessments are to be done to ensure a sufficient personal protection and to 

provide a safe work environment for farmers.  

Soil-related PM appeared to contain high concentrations of TE, especially those 

elements deriving predominantly from anthropic sources. Elements such as Cu, 

Zn, Ni, Cr, Cd, Sn and Ba had, in this fraction, concentrations higher than the 

legislation limits for soils, as observed in previous studies on different soils 

(Padoan et al., 2017). This, in turn, affected atmospheric concentrations of metals 

in the plume. These were calculated, for some of the regulated elements in Italy 

(Ni, As and Cd), up to 50 times the limit for the annual average threshold levels 

established by the legislation (MATTM, 2010). Although these were transient 

conditions, long term exposition to such high concentrations could affect 

worker’s health. 

Modelled plume concentrations showed that PM10 levels near the emission source 

can be substantially affected from harrowing operations (Figure 4). In fact, PM10 
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concentration increases due to one hour of field harrowing, calculated at 100 m 

downwind of the source, were estimated to be among 2 and 7 µg m-3 in both T1 

and T2. Even if those concentration increases may seem not too high at a first 

glance, it is important to take into account that land preparation activities (as well 

as other cropping activities) are performed over extended cropped regions (areas) 

and normally for several days or weeks. This concentration of agricultural 

emissions in space and time is one of the main aspects that lead to sudden air 

pollution increases in rural areas and nearby cities over specific year periods 

(Chen et al., 2017; Pavilonis et al., 2013). Moreover, PM coming for agricultural 

operations can affect air concentrations and cause relevant health effects even at 

medium and long-range distances (Hill et al., 2019).  

5. Conclusions 

The PM10 EFs for rotary harrowing with levelling bar and for rotary harrowing 

combined with packer roller were determined in low wind speed conditions. 

Since the atmospheric conditions in which the trials have been made are quite 

common in Northwest of Italy (Fratianni et al., 2007) and no previous assessment 

have been done for rotary harrowing in North Italy, the gathered EFs could be 

used as a first reference EFs for this type of soil tillage under moist soil conditions. 

A further assessment should be performed to investigate the PM flux caused by 

the same implement with drier soil conditions.  

It was observed that lowering the tractor forward speed at 0.6 m s-1 has a negative 

effect on PM emissions, causing them to increase significantly.  

Major and trace elements in soil-generated PM10 were analysed, founding a 

higher content of TE in the PM10 fraction than in the original soil sample, meaning 

that agricultural activities can play a role in the transient increase of metals 

content in the atmospheric PM10, even in regions with low soil pollution.  

Concentrations of PM10 at a distance of 4 m from the tractor passage where found 

to be up to 69 times higher than the daily limit fixed by WHO (2006), raising 

some concern for farmers health. Estimated concentration raises near-source were 

also substantial (plus 2 to 7 µg m-3 at 100 m of distance from the emission source). 

Moreover, elemental (Ni, As and Cd) concentration levels near the tractor path 

were also high, being several times higher than regulatory threshold levels.  

This first study highlighted the need of studies on the  assessment of the emissions 

from agricultural activities and to further investigate the effects of mechanic 

implements and operative parameters on emission fluxes. Moreover, the 

dispersion of agricultural PM should be assessed also including long-range 

transport, and focusing on the investigation of the potential health impact of the 

contaminants present in soil particulates.  
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3.3. ARTICLE III: “Soil PM10 emission potential under specific mechanical 

stress and particles characteristics” 

The article presented in Paragraph 3.2 provided some very interesting insight on 

the chemical composition, in term of toxic elements content, of soil emitted PM. 

Moreover, the two trials performed in Article II, highlighted the importance of 

environmental conditions and especially of soil humidity and soil texture, on the 

final emission. Therefore, it was decided to build a resuspension chamber that 

allows to test the emission potential of different soils and the chemical 

characteristics of the soil emitted PM. This, in fact, would allow, first, to study 

the effect of soil texture and moisture and, secondly, to investigate the chemical 

composition of different soils. Ultimately, the chamber allows to transpose 

emission factors measured in field into emission curves, which account for soil 

humidity conditions.  

Science of The Total Environment (2021), Volume 779, 146468, ISSN 0048-

9697 

Authors: Elio Padoan, Jacopo Maffia, Paolo Balsari, Franco Ajmone-Marsan, 

Elio Dinuccio 
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Abstract 

Soil can be resuspended in the atmosphere due to wind or mechanical 

disturbances, such as agricultural activities (sowing, tilling, etc.), producing fine 

particulate matter (PM). Agriculture is estimated to be the third PM10-emitting 

sector in Europe, emitting more than the transportation sector. However, very few 

emission figures are available for the different cropping operations. Moreover, 

soil Emission Potential (EP) is extremely variable, since is influenced by factors 

such as humidity, texture, chemical composition, and wind speed. Due to their 

similarity to tilling emission mechanisms, Soil Resuspension Chambers (SRC) 

are the most suitable method to estimate the impacts of these factors on soil 

susceptibility to emit PM10 during cropping operations (Emission Potential, EP). 

The main objective of this work is to assess the EP of different agricultural soils 

used for maize cropping in North-Western Italy, studying the influence of soil 

moisture and physico-chemical characteristics. Therefore, a SRC was developed, 

based on previous studies, with the goal of being relatively small, easy to operate 

and low-cost. Using the gathered data, a log-linear multiple regression model was 

developed to allow soil EP estimation from few physico-chemical parameters 

(moisture, sand/silt ratio and organic carbon content). The model allows to tailor 

field Emission Factors (EF) of specific cropping operations to different soil and 

moisture conditions and was applied to an EF for rotary harrowing, defined in a 

previous study. The concentration of Potentially Toxic Elements (PTE) in soil-

emitted PM10 was determined, founding an enrichment up to 16 times higher than 

in the original soil, evidencing a possible cause of concern for operator’s safety 

during agricultural activities.  

1. Introduction 

Soil is a natural source of fine Particulate Matter (PM), both in urban and in rural 

environments (Padoan and Amato, 2018; Soleimanian et al., 2019). Soil particles 

can be suspended in the atmosphere mainly due to wind erosion and to 

mechanical disturbances, such as agricultural activities (Maffia et al., 2020a; 

Sharratt and Auvermann, 2014). 

Along with the long-term adverse health effects of atmospheric PM10 pollution 

(Tonne et al., 2016), several studies highlighted the importance of crustal 

components of PM and of soil-derived PM10 (Wu et al., 2020; Galindo et al., 2018; 

Padoan et al., 2016; Kendall et al., 2004). These components are of crucial 

importance in terms of total emissions and chemical composition and are possibly 

enriched of inorganic and organic pollutants (Padoan et al., 2017; Brunekreef and 

Holgate, 2002). 

In Europe, agriculture is estimated to be the third PM10-emitting sector, emitting 

more than the transportation sector according to the European Environment 

Agency (EEA, 2020). Farm-level agricultural operations, such as land 

preparation activities (sowing, tillage, etc.) and outdoor animal rearing (herd 

movement and animal activity), are one of the most relevant contributors to 

anthropic PM emissions (EEA, 2020). However, very few emission figures are 



96 

Jacopo Maffia                                                                                                   PhD 2021 
 

 

 

 

 

 

 

 

 

 

available for the different cropping operations (Maffia et al., 2020b; Öttl et al., 

2007; Holmén et al., 2001). 

PM emissions from cropping activities are extremely variable, since they are 

influenced by many factors, such as soil humidity, texture and chemical 

composition (e.g. the mineral and organic matter content), and wind speed 

(Avecilla et al., 2017; Funk et al., 2008). These factors, together with the 

mechanical implements used for cropping operations, determine the field 

emissions. Addressing these factors one by one, and determining their specific 

effect on the emissions is, therefore, of crucial importance to standardize field 

emission data and to compare them successfully. 

Several laboratory methodologies have been proposed to investigate the impacts 

of these factors on soil Emission Potential (EP), the soil capacity to emit PM10 

per unit weight, over a certain period. Among these methodologies, the most 

common are soil resuspension chambers (SRC) and wind tunnels (WT) (Mendez 

et al., 2013; Pietrodangelo et al., 2013; Madden et al., 2010; Moreno et al., 2009; 

Gill et al., 2006). SRC rely on mechanical disturbance or abrasion to achieve soil 

resuspension, with the possibility to collect resuspended particles using a 

depression or forced-air ducts. Conversely, WT rely only on wind speed effect. 

Due to the similar resuspension mechanism applied, SRC are more suitable than 

WT to estimate soil susceptibility to emit PM10 during cropping operations, while 

WT are more appropriate to estimate wind erosion rates. 

The main objective of the work is to assess the EP of different agricultural soils 

used for maize cropping in North-Western Italy, studying the influence of soil 

moisture and physico-chemical characteristics on the EP of those soils. Therefore, 

a SRC was developed, based on previous studies (Maffia et al., 2020b; Madden 

et al., 2010), with the goal of being relatively small, easy to build and low-cost. 

Using the gathered data, we developed a model to allow soil EP estimation from 

some simple physico-chemical parameters, to tailor field emission factors (EF) 

of specific cropping operations to different soil and moisture conditions. 

Moreover, we analysed the Potentially Toxic Elements (PTE) concentration of 

soil-emitted PM10 to assess the health and environmental risk of the resuspended 

particles, potentially eroded and transported to different environmental 

compartments or affecting farmers.  

2. Materials and methods 

2.1. Soil Sampling and physico-chemical characterization 

Soils were sampled in different locations in Piemonte (North-West of Italy). The 

areas were chosen based on the regional soil map (Regione Piemonte, 2020), 

selecting seven soils with different physico-chemical properties in order to 

represent the range of soil texture in cultivated soils of Piemonte. The selected 

soils are typically invested with Maize, which is the most cultivated summer crop 

in northern Italy. Soil classification was defined according to WRB Soil 

Taxonomy (IUSS, 2015).  
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The map with the sampling points (Figure SM1) and the table with coordinates, 

soil classification and meteorological parameters (Table SM1) are reported in the 

Supplementary Material (SM). 

At each location, 15 subsamples were taken by applying a non-systematic X 

sampling scheme (Colombo and Miano, 2015). The topsoil subsamples were 

collected to a depth of 25 cm, which was considered the most used depth in tilling 

practices and quartered in the field to obtain 7 soil samples.  

The samples were air-dried and sieved to 2 mm before physico-chemical analyses. 

We determined soil texture, pH, total carbon and nitrogen content and carbonates. 

All analyses were performed according to official Italian methods for soils 

(Colombo and Miano, 2015). The fraction of particles <10 µm was estimated by 

repeated sedimentation and decanting, as in Ajmone-Marsan et al. (2008). Field 

capacity (FC) was then determined for each soil according to the official method 

proposed by MiPAF (1997).  

2.2.  Soil resuspension chamber 

A soil resuspension chamber (SRC) was developed starting from the rotating 

drum in Maffia et al. (2020a), using the best experiences from Gill et al. (2006) 

and Madden et al. (2009). The SRC system is represented in Figure 1. Soil 

samples were re-suspended in a rotating drum (1) with a 25 L capacity and a 

rotation frequency of 26 revolutions per minute, powered by an electric engine 

(2) with 0,75 kW of power and an electric potential of 220 V. During the trials, 

the drum was closed by a flange. Four flexible PVC tubes (0.4 m long with 8 mm 

diameter), provided with a series of small holes (diameter 0.3 mm), were nested 

on the flange and allow clean air to enter the drum. During soil re-suspension, the 

air was sucked from the drum (1) through an aspiration pipe (4), which allowed 

the emitted dust to reach a deposition chamber (5). The air stream was forced by 

a vane pump (5; VTE3, Rietschle), drawing the air from the deposition chamber 

and inducing an air flow of 30 L min-1, calibrated through a flux meter, through 

the system. The re-suspended particulate matter was sampled through a sampling 

port (6) using both an optical PM monitor (Grimm 11-D, Grimm Aerosol 

Technik), to assess particle quantity, or a filter-based low-volume impactor 

(MSSI Multistage Impactor, TCR Tecora®), to define particles elemental 

composition. 
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Figure 1. Scheme of the soil resuspension chamber. Soil is manually placed in the 

rotating drum (1) before the experiment, while PM instrumentation is connected 

to the sampling port (6). 

 

2.3.  Experimental protocol and Emission Potential estimation 

Resuspension trials of each sample were accomplished by placing a soil aliquot 

inside the SRC rotating drum and re-suspending it for 15 min. Different tests were 

conducted to define the most suitable soil quantity, to generate reproducible data 

without saturating the PM monitor. The final experiments were conducted using 

5g of each soil and were performed in triplicate to ensure the consistency of the 

method. 

The EP was defined at four different moisture contents (calculated as 0, 15, 30 

and 40%, by weight, of the soils FC) for each soil, for a total of 84 trials. The 

equation used to define soil EP (mg kg-1) was the following:  

 

Where C represents the particle concentration (µg m-3) measured by the Grimm 

PM monitor, P the system airflow (m3 min-1), calculated as the sum of the pump 

flow and the flow of the Grimm internal pump (1.2 L min-1), S the mass of the 

soil sample used (kg), and t the considered timespan (min). 

2.4. Filter-based Particulate Matter sampling and elemental analysis 

Soil-emitted PM10 was sampled on quartz fibre filters (Ahlstrom Munksjo, 

Microquartz fibre paper MK360, Ø47 mm). Before use, filters were dried at 

205 °C for 5 hours and conditioned for 48 hours at 20 °C and 50 % relative 

humidity; then weighed three times every 24 h and kept in Petri dishes. Used 

filters were conditioned for 48 h and weighed using the same procedure. 

Between consecutive samples, the SRC was thoroughly washed with deionized 

water and run for 15 min without soil to avoid cross-contamination.  
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Major and trace element pseudo-total contents were determined in the original 

soils and in PM10. One-gram soil samples were digested in aqua regia 

(HNO3:HCl, 1:3) using microwave extraction (Ethos D, Milestone). Similarly, 

half of each PM10 filter was microwave digested and blank filters were analysed 

to ensure a correction for their possible elemental release. Solutions were then 

filtered on cellulose filters (Whatman n° 41) and diluted with ultrapure water 

before analysis. Elemental concentrations were assessed in all samples using ICP-

MS (NexION 350D, PerkinElmer). All the analyses were performed in duplicate 

and using certified reference materials (CRM 141R and 142R, Community 

Bureau of Reference, Geel, Belgium) to ensure accuracy and correct recoveries. 

The enrichment ratios (ER), i.e. the ratios between elemental concentrations in 

soil-originated PM10 compared to bulk soil, were calculated as follows:  

 

Where CPM is the concentration (mg kg-1) in resuspended PM10 and Csoil is the 

concentration in the original soil (mg kg-1).  

2.5. Statistical analyses 

The effect of the physico-chemical characteristics on the EP of the investigated 

soils was analysed using multiple log linear regression. Predictors were chosen 

on the base of their level of correlation with the EP logarithm. The correlation 

matrix also allowed to check for collinearity. To account for the soil particle size 

distribution, we tried to use all the three parameters (sand, silt and clay) together, 

only two of them and using the different ratios. Clay, probably because of its 

scarce variation in the soil set, did not have a high correlation coefficient with EP 

and, when added to the model, the prediction (fitting) did not improve. We 

decided to use the sand-silt ratio as a proxy for the complete particle size 

distribution because was the one preforming better in the prediction model. This 

choice was made since, as highlighted by Madden et al. (2010), the ratio between 

two textural components can be a good descriptor of soil characteristics. 

Moreover, it allowed to achieve a more parsimonious model. Sand and silt 

performed better than clay as predictors, probably since these two components 

are the ones that vary the most in selected soils. The linearity and 

homoscedasticity assumptions were tested graphically and by means of a 

Shapiro-Wilk test. The analyses were performed using R statistical software (R 

core team, 2019). 

3. Results 

3.1. Soil physico-chemical characteristics 

The physico-chemical characteristics of the analysed soils are reported in Table 

1.  

The studied soils presented a relatively wide textural variability with sand 

contents ranging from 14 to 82 %, silt contents ranging from 9 to 40 % and clay 

contents ranging from 9 to 33 %. Soil texture, and especially fine fractions content, 
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is known to be a key factor in determining PM10 emissions (Madden et al., 2010; 

Funk et al., 2008), thus the content in <10 μm particles was analysed, ranging 

from 9.5 to 51 % in the observed soils.  

Carbonate concentrations were variable but low in all the soils. Organic carbon 

(OC) contents were in line with typical Italian agricultural soils (Jones et al., 

2020), varying in the range 0.8 – 2.2%.  

Table 1. Soil physico-chemical characterization, texture was calculated 

according to Soil Science Division Staff (2017).  
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S1 51 40 9 Loam 18.2 37.9 8.

2 

8.8 2.7 1.4 9 

S2 30 56 14 Silt 

Loam 

25.3 32.3 7.

5 

8.3 1.2 1.3 8 

S3 14 53 33 Silty 

Clay 

Loam 

51.4 33.0 6.

9 

11.6 1.0 1.8 7 

S4 82 9 9 Loam

y 

Sand 

9.5 23.6 6.

9 

9.5 8.5 1.1 16 

S5 30 54 16 Silt 

Loam 

37.9 45.7 6.

2 

22.0 1.9 3.2 8 

S6 40 46 14 Loam 31.6 24.9 7.

7 

10.0 1.0 1.8 6 

S7 59 31 10 Sand

y 

Loam 

19.8 35.6 6.

0 

11.8 1.7 1.8 8 

 

3.2. Emission Potential 

Air-dried soils were considered as with zero percent moisture. Water was then 

added to each soil to achieve the desired percentage levels of FC (0, 15, 30 and 

40%). Figure 2 shows the EP of the soils at the different soil moisture content. In 

Fig. 2 the mass percentage was used to normalize moisture values in the different 
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soils. An exponential decrease of the soil EP with the increase of moisture found 

for all soils. 

 

Figure 2. Emission Potential of selected soils as measured using the PM monitor. 

 

Between the analysed chemical parameters, carbonate and total nitrogen contents 

were not linearly correlated to the EP of the soils. The effect of soil moisture 

content, texture, and OC content on the EP of the investigated soils was analysed 

by means of regression models.  
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Regarding texture, giving that the three components are interrelated, we 

calculated the model results using all the three parameters together and/or with 

each single fraction, finding no correlations with EP. Then, we used different 

ratios between two of them, finding this as best option, as in Madden et al. (2010). 

Among the possible ratios, the sand to silt quotient was the one better performing 

in the model, giving consistent results for all soils.  

A multiple log linear regression best fitted the exponential response seen for the 

effect of moisture. All three tested variables had a highly significant (P<0.001) 

effect on the EP and the effect of each of those variables is summarized in the 

following formula:  

 

Where H is the soil moisture content (% on mass), Ss is the Sand/silt ratio in the 

soil and OC is the organic carbon content (g kg-1).  

The model fitted the observed EP data well at both high and low moisture contents, 

with an adjusted-R2 of 0.838. Figure 3 shows a comparison between observed 

and predicted log transformed EP data, according to the multiple regression 

model.  

 

Figure 3. Observed and predicted data, as obtained using the log-linear prediction 

model  

 

3.3.  Elemental contents in soil and soil-originated PM10 

The concentrations of major and trace elements in the analyzed bulk soils and in 

their resuspended fraction are summarized in Tables 2 and 3.  

Selected soils appeared as natural, uncontaminated areas, with elemental and PTE 

concentrations in line with the regional baseline values (ARPA Piemonte, 2014) 
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and lower than regional legislative limits for agricultural soils (Regione Piemonte, 

2000) and national limits for green areas (MATTM, 2006).  

Table 2. Elemental concentrations of major and trace elements in soils S1 to S7.  

 
S1 S2 S3 S4 S5 S6 S7 

 g kg-1 

Mg 

14.2 ± 

1.0 

7.8 ± 

0.1 

10.1 ± 

0.4 

9.8 ± 

0.7 

9.4 ± 

0.4 

6.2 ± 

0.3 

7.5 ± 

1.0 

Al 

22.8 ± 

2.2 

28.1 ± 

1.2 

36.6 ± 

0.4 

14.0 ± 

1.7 

25.9 ± 

3.2 

34.7 ± 

3.5 

23.7 ± 

4.1 

K 

4.7 ± 

0.3 

7.5 ± 

0.7 

13.7 ± 

0.7 

5.1 ± 

1.1 

14.3 ± 

3.6 

7.2 ± 

2.6 

4.3 ± 

2.0 

Mn 

0.9 ± 

0.1 

0.9 ± 

0.01 

1.1 ± 

0.1 

0.8 ± 

0.03 

1.4 ± 

0.01 

1.3 ± 

0.01 

1.3 ± 

0.2 

Fe 

16.2 ± 

5.4 

14.1 ± 

4.8 

18.6 ± 

2.3 

12.1 ± 

1.1 

14.8 ± 

2.2 

18.2 ± 

1.7 

16.5 ± 

2.5 

 mg kg-1 

Li 38 ± 1 

39 ± 

0.1 

52 ± 

1.1 33 ± 1 55 ± 1 46 ± 2 37 ± 2 

Co 

18 ± 

0.5 

17 ± 

0.2 

22 ± 

0.4 

10 ± 

0.4 

19 ± 

0.3 22 ± 2 

17 ± 

0.7 

V 51 ± 4 64 ± 5 84 ± 2 31 ± 2 52 ± 3 65 ± 4 57 ± 4 

Ni 

108 ± 

3.1 84 ± 2 

108 ± 

2 85 ± 3 63 ± 1 

85 ± 

10 94 ± 8 

Cr 

122 ± 

6 

104 ± 

3 

154 ± 

3 88 ± 6 64 ± 2 85 ± 9 

100 ± 

4 

Zn 78 ± 3 79 ± 5 

107 ± 

3 78 ± 5 

195 ± 

4 

136 ± 

28 

85 ± 

17 

Cu 36 ± 2 

28 ± 

0.6 

34 ± 

0.6 22 ± 1 69 ± 1 61 ± 3 35 ± 4 

As 9 ± 4.5 6 ± 3 9 ± 3 4 ± 1.4 19 ± 5 19 ± 3 10 ± 3 

Sr 

62 ± 

22 41 ± 2 71 ± 2 98 ± 3 45 ± 5 

32 ± 

10 26 ± 3 

Mo 

11 ± 

0.2 

12 ± 

0.2 

12 ± 

0.1 

12 ± 

0.3 

12 ± 

0.1 

12 ± 

0.1 13 ± 1 

Cd 7 ± 0.8 7 ± 0.8 7 ± 0.8 7 ± 0.8 7 ± 0.8 7 ± 0.8 7 ± 0.8 
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Sn 

11 ± 

0.5 

11 ± 

0.4 

11 ± 

0.2 

12 ± 

0.3 

11 ± 

0.1 

11 ± 

0.4 

11 ± 

0.4 

Sb 9 ± 1.0 9 ± 1.0 9 ± 0.9 9 ± 1.0 

10 ± 

1.0 

10 ± 

1.0 9 ± 0.9 

Ba 70 ± 3 

109 ± 

2 

120 ± 

3 59 ± 5 

139 ± 

10 

127 ± 

12 

101 ± 

17 

Pb 

21 ± 

0.2 

20 ± 

0.4 

25 ± 

0.6 25 ± 1 

31 ± 

0.7 

31 ± 

0.5 26 ± 3 

 

Resuspended PM10 fraction of soils present concentrations higher than bulk soils 

for most of the elements, both crustal and PTE, in accordance with previous 

studies demonstrating a higher PTE concentration in fine soil fractions (Maffia et 

al., 2020b; Padoan et al., 2018). Conversely to previous studies, also major 

elements, such as Mg, Sl, Fe and K, present higher values in soil-derived PM10 of 

some soils.  

Soil and soil-derived PM concentrations appear correlated both most of the soils, 

using Pearson values, apart for soils S3 and S5, soils with the highest 

concentrations of Cr, Zn and Mg, in particular. At the same time, these soils were 

the ones with the higher concentration of particles < 10 µm. 

Table 3. Elemental concentrations of major and trace elements in soil-derived 

PM10. 

 S1 S2 S3 S4 S5 S6 S7 

 g kg-1 PM10 

Mg 24 ±12 42 ± 29 32 ± 19 51 ± 34 
141 ± 

27 
22 ± 11 25 ± 13 

Al 75 ±31 73 ± 30 53 ± 24 85 ± 35 35 ± 21 41 ± 24 51 ± 12 

K 19 ±4 29 ± 8 
12.4 ± 

1.4 
32 ± 6 

9.8 ± 

1.5 
18 ± 6 22 ± 3 

Mn 
1.9 ± 

0.7 

2.1 ± 

0.6 

1.1 ± 

0.4 

2.2 ± 

0.5 

1.6 ± 

0.4 

0.7 ± 

0.4 

2.0 ± 

0.1 

Fe 71 ± 20 77 ± 19 54 ± 0.4 80 ± 11 60 ± 24 89 ± 55 62 ± 3 

 mg kg-1 

Li 84 ± 15 74 ± 22 59 ± 30 89 ± 14  47 ± 12 54 ± 9 50 ± 18 

Co 89 ± 22 
124 ± 

34 

123 ± 

49 

199 ± 

46 

111 ± 

41 
85 ± 16 93 ± 26 
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V 
123 ± 

15 

129 ± 

20 

152 ± 

42 
172 ± 9 

121 ± 

50 
84 ± 8 94 ± 7 

Ni 81 ± 29 
169 ± 

37 

395 ± 

24 

219 ± 

46 

341 ± 

16 
74 ± 16 

102 ± 

21 

Cr 
174 ± 

17 

383 ± 

154 

1298 ± 

148 

504 ± 

79 

652 ± 

216 
192 ± 7 

182 ± 

21 

Zn 
135 ± 

53 

160 ± 

70 

229 ± 

140 

213 ± 

98 

243 ± 

156 

151 ± 

99 

160 ± 

89 

Cu 
120 ± 

22 

126 ± 

10 

136 ± 

33 
104 ± 5 

166 ± 

10 

163 ± 

48 
121 ± 4 

As 17 ± 4 31 ± 9 22 ± 8 24 ±2 16 ± 11 10 ± 0.2 18 ± 3 

Sr 57 ± 7 78 ± 15 70 ± 11 84 ± 16 70 ±28 77 ± 17 57 ± 4 

Mo 11 ± 3 12 ± 3 39 ± 16 21 ± 7 54 ± 19 20 ± 3 14 ± 3 

Cd 
4.1 ± 

2.1 

5.2 ± 

2.5 
18 ± 8 

9.6 ± 

3.9 
26 ± 11 

7.4 ± 

3.1 

6.2 ± 

2.5 

Sn 31 ± 27 36 ± 42 45 ± 46 19 ± 17 61 ± 30 16 ± 11 18 ± 3 

Sb 
6.2 ± 

2.5 

7.6 ± 

2.9 
22 ± 11 13 ± 6 31 ± 16 10 ± 4 

8.5 ± 

3.5 

Ba 
443 ± 

134 

557 ± 

70 

591 ± 

135 

710 ± 

36 

586 ± 

112 

463 ± 

34 

395 ± 

11 

Pb 44 ± 17 49 ± 14 46 ± 0.4 62 ± 8 81 ± 2 32 ± 8 50 ± 2 

The ERs, thus the enrichment in soil-emitted PM10 compared to the bulk soils, 

varied largely between the samples. Values for selected elements are reported in 

Figure 4. Increases of elemental content, as compared to the original soil, up to 

19, 10, 5, 5, 4, 4, and 3 times were observed for PTE such as Co, Cr, Ni, Cu, Mo, 

Cd and Pb, respectively. The enrichment in elements was more pronounced for 

some soils, as S4, the sandier one, and S5, the soil containing more OC.  
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Figure 4. Enrichment ratios in resuspended PM10 

 

4. Discussion 

The soils presented a wide range of sand and silt quantities, well representing the 

variety of the agricultural soils used for cereal cultivation in the Po plain. The 

observation of the EP curves (Figure 2) revealed an exponential relation among 

the EP and soil moisture content. It was also observed that the slope of the curve, 

the maximum emission value (at dry soil conditions), and the threshold moisture 

content at which no further emission is produced, varied according to soil type. 

The implemented log-linear regression model allowed to better understand and 

describe the influence of moisture, texture, and soil organic carbon content on the 

emissions. Soil moisture was shown to be the main emission driver, being 

negatively correlated with the EP. The granulometry also significantly affected 

the EP, with the sand to silt ratio being the most useful for model calculations, 

probably because in our set of soils these two parameters had a higher variability 

than the clay fraction, thus better representing the soil set. Indeed, single 

parameters, such as the total PM10 content in the soil were not good predictors of 

soil EPs, having low correlation coefficients. 

Comparing these results with previous studies we can hypothesize that the choice 

among Clay/Silt ratio and Sand/Silt ratio for representing soil texture in 

regression models has to be made according to the textural characteristics of the 

analysed soil samples. 

Higher Sand/Silt ratios implied lower emissions, as most of the PM10 particles 

belong to the silt fraction of the soils. This finding is in slight contrast with that 

of Madden et al. (2010), who observed a better agreement of the emissions with 

the Silt/Clay ratio although also in that case, a higher silt fraction implied higher 

emission.  

The importance of ratios is evident also in the result of the soil S3, which had the 

highest fraction of <10µm particles (51.4%) and high clay but a relatively 
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balanced silt/clay ratio, being the second lowest between our soils. This low ratio 

resulted in low emissions.  

The findings of this study confirmed that utilizing two soil fractions to predict the 

emission is generally more effective and reliable than just using silt as a single 

predictor, as suggested by Carvacho et al. (2001) and also as suggested for PM10 

emissions due to traffic in the case of unpaved roads (EPA, 1998). The soil 

organic carbon content also has a significant effect on the EP, with high OC 

corresponding to high emissions. The combined effects observed for soil moisture, 

texture and OC are in accordance with previous findings by Funk et al. (2008), 

although the results they presented were obtained from a range of soils with more 

extreme characteristics.  

As for the effect detected for soil OC, the observed emission enhancement is 

probably due to different factors; the first one is possibly linked to the density of 

organic particles, lower than mineral particles especially in the case of dry soils, 

a second factor could have been connected to the fact that organic particles in 

soils are often in the <PM10 range and, therefore, when there is a higher OC 

content, more fine particles can be potentially emitted. This finding agrees with 

those of Funk et al. (2008), who found a similar relationship with soil humus 

content. Nonetheless, a higher OC content could also favor soil structure, which 

can reduce the emissions (Madden et al., 2009; Tatarko et al., 2020).  

In conclusion, our calculations based on soils used in cereal cultivation because 

it is the most common practice in floodplain fields in Europe, but the emission 

potential estimation is applicable to every soil with similar characteristics. The 

EPs are intended as maximum emission values for agronomical practices such as 

ploughing or harrowing, and they are applicable to every crop type and soil to 

study the emission factors dependence with soil moisture.  

To do so, an equation is proposed, to adapt the obtained EP curves to emissions 

from agricultural operations, allowing to estimate emission factors (EF; mg m-2) 

for different soils at different moisture levels:  

 

Where EF* and EP* are, respectively, the EF measured in field conditions on a 

specific soil and with a specific moisture content and the EP related for that soil 

and moisture, and EPM is the EP for all other moisture levels needed to define an 

EF curve. This procedure has been applied on the EF (8.9 mg m-2) experimentally 

found for rotary harrowing operations from Maffia et al. (2020b) and the 

graphical output is shown in Figure 5. Soil characteristics are reported in the 

original paper.  The EF*/EP* ratio could be proposed as a factor identifying the 

effect of the mechanical tilling implements used for agricultural operations. 

Further studies should be performed to calculate and compare EF*/EP* ratios for 

different agricultural operations. 
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Figure 5. EF curve estimated for rotary harrowing operations (calculated from 

Maffia et al., 2020b) 

 

The concentrations of trace elements in soils and soil-originated PM (Table 2 and 

3) resulted very different. Generally, an increase of the elemental contents in PM10 

as compared to the original soils was observed. The elements exhibiting the 

highest enrichment are the ones regarded as crustal-related, according to previous 

studies in the same area (Padoan et al., 2017; Biasioli et al., 2012). Chromium, 

Ba, Co, Mg, Ni and Fe were the elements mostly accumulated in the emitted 

particulate. Although not all of them are considered toxic, all of them were found 

at very high concentrations in all samples and, for PTE such as Cr, these values 

could be a cause of concern for operator’s safety during agricultural activities, as 

highlighted during a previous trial (Maffia et al., 2020).  

It has been observed that the soils in which the ER (Figure 4) raised to the highest 

levels (S4 and S5) had particular characteristics. Soil 4 was the sandiest one and 

S5 had a very high fraction of particles <10 µm. This behavior is in accordance 

with previous studies and could be due to the fact that these elements are mostly 

bound to the clay fraction of soils, which has a higher prevalence of adsorbing 

phase, such as iron oxides and organic material with high specific surface (Padoan 

et al., 2020; 2017; Ajmone-Marsan et al., 2008). Moreover, S5 was the one with 

the highest OC content, which had an emission enhancement effect. 

5. Conclusions 

An easy to build and low-cost soil resuspension chamber has been tested to assess 

PM10 EP from soil and study the chemical characteristics of the emitted PM10. 

The Emission Potential (EP) of 7 different soils, representing the variety of soil 

types for the cereal cropping area in the North-West of Italy, has been estimated 

at different moisture contents, obtaining soil-specific EP curves. A log-linear 
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regression model, based on soil moisture, Sand/silt ratio and organic carbon 

content, was developed to describe the effect that those variables had on the 

emissions. The model showed a good fit to the experimental data and it will be 

possible to implement it, in order to obtain specific EF curves for typical cropping 

operations (e.g. tillage, harrowing, sowing etc.) on North-West Italian soils but 

also on different soils with similar characteristics, allowing to estimate emission 

factors (EF; mg m-2) for different soils at different moisture levels with limited 

effort. This will allow to overcome the difficulty of perming field trials in several 

moisture conditions to retrieve reliable EFs.  

The elemental content of both major and trace elements in soil-originated PM10 

resulted higher than in the original soil itself. It has been observed that the soils 

in which the ERs were the highest were the ones with the higher clay and PM10. 

The increase ratios reached one order of magnitude for some elements such as 

Cr, Co and Ba, reaching values of concern with regard to the operator’s safety 

during agricultural activities.  

Acknowledgements 

This work has been partly funded from the project “Valutazione delle emissioni 

di materiale particolato dalle operazioni colturali e di trasformazione aziendale 

del mais” (Evaluation of PM emission from cropping operation and first 

transformation of Maize), by Fondazione Cassa di Risparmio di Torino, grant 

number 2018.2273. 

References 

Ajmone-Marsan, F., Biasioli, M., Kralj, T., Grčman, H., Davidson, C.M., 

Hursthouse, A.S., Madrid, L., Rodrigues, S., 2008. Metals in particlesize 

fractions of the soils of five European cities. Environmental Pollution 152, 

73–81. https://doi.org/10.1016/j.envpol.2007.05.020  

ARPA Piemonte, 2014. Analisi ambientale sulla contaminazione diffusa (suolo e 

acque sotterranee) del territorio regionale per la definizione di valori di 

fondo per diverse categorie di inquinanti (in Italian). 

https://www.arpa.piemonte.it/approfondimenti/temi-

ambientali/suolo/relazione-suolo (accessed 07 December 2020). 

Avecilla, F., Panebianco, J.E., Buschiazzo, D.E., 2017. Meteorological conditions 

during dust (PM 10) emission from a tilled loam soil: Identifying 

variables and thresholds. Agricultural and Forest Meteorology 244–245, 

21–32. https://doi.org/10.1016/j.agrformet.2017.05.016 

Biasioli, M., Fabietti, G., Barberis, R., Ajmone-Marsan, F., 2012. An appraisal of 

soil diffuse contamination in an industrial district in northern Italy. 

Chemosphere 88, 1241-1249. 

https://doi.org/10.1016/j.chemosphere.2012.03.081  

Brunekreef, B., Holgate, S.T., 2002. Air pollution and health. Lancet 360, 1233-

1242. http://dx.doi.org/10.1016/S0140-6736(02)11274-8  

Carvacho, O.F., Ashbaugh, L.L., Brown, M.S., & Flocchini, R.G., 2001. 

Relationship between san joaquin valley soil texture and pm10 emission 

https://doi.org/10.1016/j.envpol.2007.05.020


110 

Jacopo Maffia                                                                                                   PhD 2021 
 

 

 

 

 

 

 

 

 

 

potential using the UC Davis dust resuspension test chamber. 

Transactions of the ASAE, 44(6), 1603. 

Colombo, C., Miano, T. (eds) (2015) Metodi di Analisi chimica del suolo, 3rd edn. 

Società Italiana della Scienza del Suolo. Pubblicità & Stampa, Modugno 

(BA). (in Italian) 

EEA, 2020. European Union Emission Inventory Report 1990-2018 under the 

UNECE Convention on Long-Range Transboundary Air Pollution 

(LRTAP), EEA Report No 05/2020. European Environment Agency. 

https://www.eea.europa.eu/publications/european-union-emission-

inventory-report-1990-2018  

Funk, R., Reuter, H.I., Hoffmann, C., Engel, W., Öttl, D., 2008. Effect of moisture 

on fine dust emission from tillage operations on agricultural soils. Earth 

Surface Processes and Landforms 33, 1851–1863. 

https://doi.org/10.1002/esp.1737  

Galindo, N., Yubero, E., Nicolás, J.F., Varea, M., Crespo, J., 2018. 

Characterization of metals in PM1 and PM10 and health risk evaluation 

at an urban site in the western Mediterranean. Chemosphere, 201, 243-

250. https://doi.org/10.1016/j.chemosphere.2018.02.162  

Gill, T.E., Zobeck, T.M. Stout, J.E., 2006. Technologies for laboratory generation 

of dust from geological materials. Journal of hazardous materials, 132(1), 

1-13. 

Holmén, B.A., James, T.A., Ashbaugh, L.L., Flocchini, R.G., 2001. Lidar-

assisted measurement of PM10 emissions from agricultural tilling in 

California’s San Joaquin Valley – Part II: emission factors. Atmospheric 

Environment 35, 3265–3277. https://doi.org/10.1016/S1352-

2310(00)00519-7  

IUSS Working Group WRB, 2015. World Reference Base for Soil Resources 

2014, update 2015, International soil classification system for naming 

soils and creating legends for soil maps. World Soil Resources Reports 

No. 106. FAO, Rome 

Jones, A, Fernandez-Ugalde, O., Scarpa, S., 2020. LUCAS 2015 Topsoil Survey. 

Presentation of dataset and results, EUR 30332 EN, Publications Office 

of the European Union: Luxembourg. 2020, ISBN 978-92-76-21080-1, 

doi:10.2760/616084  

Kendall, M., Brown, L., Trought, K., 2004. Molecular adsorption at particle 

surfaces: a PM toxicity mediation mechanism. Inhalation Toxicology 

16(1), 99-105. https://doi.org/10.1080/08958370490443187  

Madden, N. M., Southard, R. J., Mitchell, J. P., 2009. Soil water content and soil 

disaggregation by disking affects PM 10 emissions. Journal of 

environmental quality, 38(1), 36-43. 

Madden, N.M., Southard, R.J., Mitchell, J.P., 2010. Soil water and particle size 

distribution influence laboratory-generated PM10. Atmospheric 

Environment 44, 745–752. 

https://doi.org/10.1016/j.atmosenv.2009.11.044  

Maffia, J., Dinuccio, E., Amon, B., Balsari, P., 2020a. PM emissions from open 

field crop management: emission factors, assessment methods and 

https://doi.org/10.1002/esp.1737


 

111 

Jacopo Maffia                                                                                                   PhD 2021 

 

 

 

 

 

 

 

 

 

 

mitigation measures – a review. Atmospheric Environment 226, 117381. 

https://doi.org/10.1016/j.atmosenv.2020.117381  

Maffia, J., Balsari, P., Padoan, E., Ajmone-Marsan, F., Aimonino, D. R., Dinuccio, 

E., 2020b. Evaluation of particulate matter (PM10) emissions and its 

chemical characteristics during rotary harrowing operations at different 

forward speeds and levelling bar heights. Environmental Pollution 265, 

115041. https://doi.org/10.1016/j.envpol.2020.115041  

MATTM, Italian Republic, 2006. Decree of the Ministry of the Environment 

“Decreto Legislativo 152/2006, norme in materia ambientale”, Gazzetta 

Ufficiale della Repubblica Italiana 88, Supplemento 96/L (in Italian) 

Mendez, M.J, Panebianco, J.E., Buschiazzo, D.E., 2013. A new dust generator 

for laboratory dust emission studies. Aeolian Research 8, 59-64. 

https://doi.org/10.1016/j.aeolia.2012.10.007  

MiPAF, Ministero per le Politiche Agricole e Forestali, 1997. Metodi di Analisi 

fisica del suolo. Società Italiana della Scienza del Suolo. Franco Angelo, 

Milano (in Italian) 

Moreno, T., Amato, F., Querol, X., Alastuey, A., Elvira, J., Gibbons, W., 2009. 

Bedrock controls on the mineralogy and chemistry of PM10 extracted 

from Australian desert sediments. Environmental Geology 57, 411. 

https://doi.org/10.1007/s00254-008-1312-2 

Öttl, D., Funk, R., 2007. PM emission factors for farming activities by means of 

dispersion modeling. Landbauforsch Völkenrode SH 308, 173-177. 

Padoan, E., Malandrino, M., Giacomino, A., Grosa, M., Lollobrigida, F., Martini, 

S., Abollino, O., 2016. Spatial distribution and potential sources of trace 

elements in PM10 monitored in urban and rural sites of Piedmont Region. 

Chemosphere 145, 495-507. 

https://doi.org/10.1016/j.chemosphere.2015.11.094  

Padoan, E., Rome, C., Ajmone Marsan, F., 2017. Bioaccessibility and size 

distribution of metals in road dust and roadside soils along a peri-urban 

transect. Sci. Total Environ. 601-602, 89-98. 

https://doi.org/10.1016/j.scitotenv.2017.05.180  

Padoan E., Amato F., 2018. Vehicle Non-Exhaust Emissions: Impact on Air 

Quality, In: Non-Exhaust Emissions, An Urban Air Quality Problem for 

Public Health; Impact and Mitigation Measures (Eds. Amato F), pp 21-

65. https://doi.org/10.1016/B978-0-12-811770-5.00002-9  

Padoan, E., Romè, C., Mehta, N., Dino, G.A., De Luca, D.A., Ajmone‑Marsan, 

F., 2020. Bioaccessibility of metals in soils surrounding two dismissed 

mining sites in Northern Italy. International Journal of Environmental 

Science and Technology https://doi.org/10.1007/s13762-020-02938-z  

Pietrodangelo, A., Salzano, R., Rantica, E., Perrino, C. (2013). Characterisation 

of the local topsoil contribution to airborne particulate matter in the area 

of Rome (Italy). Source profiles. Atmospheric Environment 69, 1-14. 

https://doi.org/10.1016/j.atmosenv.2012.11.059  

R Core Team, 2019. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. URL. 



112 

Jacopo Maffia                                                                                                   PhD 2021 
 

 

 

 

 

 

 

 

 

 

Regione Piemonte, 2000. L.R. n. 42 del 7 aprile 2000 - Bonifica e ripristino 

ambientale dei siti inquinati, Bollettino Ufficiale della Regione Piemonte 

(in Italian). 

Regione Piemonte, 2020. Geoportale Piemonte. 

http://www.geoportale.piemonte.it/geocatalogorp/?sezione=mappa 

(accessed 21 December 2020) 

Sharratt, B., Auvermann, B., 2014. Dust pollution from agriculture. In: Van Alfen, 

N.K., editor. Encyclopedia of Agriculture and Food Systems. Volume 2. 

Cambridge, MA, Elsevier Academic Press. p. 487-504. 

Soil Science Division Staff (2017) Soil survey manual. In: Ditzler C, Scheffe K, 

Monger HC (eds) USDA handbook 18. Government Printing Office, 

Washington, DC 

Soleimanian E., Taghvaee, S., Mousavi A., Sowlat M.H., Hassanvand M.S., 

Yunesian M., Naddafi K., Sioutas C., 2019. Sources and Temporal 

Variations of Coarse Particulate Matter (PM) in Central Tehran, Iran. 

Atmosphere 2019, 10, 291. https://doi.org/10.3390/atmos10050291  

Tatarko, J., Mucharski, M., Li, Ho., Li, Hu., 2020. PM2.5 and PM10 emissions 

by abrasion of agricultural soils, Soil and Tillage Research 200, 104601. 

https://doi.org/10.1016/j.still.2020.104601  

Tonne, C., Halonen, J.I., Beevers, S.D., Dajnak, D., Gulliver, J., Kelly, F.J., et al., 

2016. Long-term traffic air and noise pollution in relation to mortality 

and hospital readmission among myocardial infarction survivors. 

International Journal of Hygiene and Environmental Health 219, 72-78 

https://doi.org/10.1016/j.ijheh.2015.09.003 

U. S. Environmental Protection Agency, 1998. Emission Factor Documentation 

for AP-42, Unpaved Roads, Final Report. Online resource: 

https://www.epa.gov/sites/production/files/2020-10/documents/ap-

42_13.2.2_background_report_unpaved_roads.pdf (accessed 10-01-

2021) 

Wu, F., Kong, S., Yan, Q., Wang, W., Liu, H., Wu, J., 2020. Sub-type source 

profiles of fine particles for fugitive dust and accumulative health risks 

of heavy metals: a case study in a fast-developing city of China. Environ. 

Sci. Pollut. Control Ser. 1-20. DOI: 10.1007/s11356-020-08136-1 

  



 

113 

Jacopo Maffia                                                                                                   PhD 2021 

 

 

 

 

 

 

 

 

 

 

3.4. ARTICLE IV: “Assessing particulate matter (PM10) emissions from 

outdoor runs in laying hen houses by integrating wind tunnel and 

lab-scale measurements” 
 

This article was the outcome of an abroad semester spent in Wageningen, working 

on PM emission assessment from outdoor runs in laying hen houses. The 

emissions deriving from poultry barns are well-known, but recently free range 

rearing systems with large outdoor runs are becoming increasingly popular 

throughout Europe. Therefore, this work aimed at making a first step towards 

gaining an understanding of the PM emission decrease achieved with free range 

rearing systems as opposed to conventional ones. The difficulty lied in the 

absence of a recognized methodology for assessing emissions from outdoor runs 

and linking it with hen activity. The scope of this work was to develop and test a 

new methodology developed for this purpose. 

 

Biosystems Engineering, Volume 210, 2021, Pages 1-12, ISSN 1537-5110 

Authors: Jacopo Maffia, André J.A. Aarnink, Johan P.M. Ploegaert, Elio 

Dinuccio, Paolo Balsari, Hilko H. Ellen 
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Abstract 

Laying hen houses are a known source of fine particulate matter (PM10), but no 

information is available on the contribution of outdoor runs to the overall 

emissions. This study aims to investigate some of the main factors driving PM 

emissions from outdoor runs. A wind tunnel device was built to assess the effect 

of hen density (HD, hens m-2) on PM emissions from outdoor runs. Moreover, a 

laboratory trial, using a soil resuspension chamber, was conducted to describe the 

influence of soil moisture on the emissions. The gathered information was then 

used to estimate PM10 emissions over a 1-year period. PM emissions increased 

exponentially with increasing HD and decreased exponentially with increasing 

soil water content. The average PM10 emissions from hen activities at the study 

farm, estimated using meteorological data from year 2019, were of 8.9 mg hen-1 

d-1. This emission is much lower than those reported by previous studies for 

indoor hens rearing.  

 

Nomenclature    

Symbol Description Unit 

A Area enclosed by the tunnel  m2 

C Particle concentration in the soil resuspension 

chamber 

µg m-3 

cf Correction factor for pressure deficit during 

ammonia flow testing 

- 

Cin  Pollutant concentration in air incoming to the 

tunnel 

mg m-3 

CN-NH4 Ammonium nitrogen content retrieved captured by 

impingers 

mg L-1 

Cout Pollutant concentration in tunnel output air mg m-3 

Ed Daily particulate matter emissions mg m-2 

d-1 

EP Soil particulate matter emission potential mg kg-1 

EPd Daily emission potential based on soil moisture 

conditions  

mg kg-1 

EPWT Emission potential based wind tunnel trials soil 

moisture 

mg kg-1 

ER Emission rate mg m-2 

hr-1 

ERHD Emission rate calculated on the base of expected 

daily hen density 

mg m-2 

hr-1 
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ET Evapotranspiration - 

ET0 Daily potential evapotranspiration mm 

ETc Daily actual evapotranspiration mm 

ExpWS(0.2 

m) 

Expected average yearly wind speed at 0.2 m from 

ground level 

m s-1 

F1, F2, F3 Ammonia flow levels used to test the wind tunnel 

capture efficiency 

- 

FC Field capacity  mm 

H Number of hours in which the hens are free to visit 

outdoor runs  

- 

HD Hen density hens m-2 

HNO3 Nitric acid - 

HS Hargreaves–Samani evapotranspiration estimation 

method 

- 

INH3 Amount of ammonia captured with the impinger 

method 

mg 

Kc Correction coefficient to account for bare soil 

conditions 

- 

KHS, KT Dimensionless coefficient in Hargreaves–Samani 

equation 

- 

ks  Stress coefficient - 

L Amount of acid solution inside the impinger bottle L 

LW  Leaching water mm 

NH3 Ammonia - 

NH3Mmass Molar mass of ammonia g mol-1 

Nhens  Number of hens present inside the tunnel - 

NMmass  Molar mass of nitrogen g mol-2 

PM Particulate matter - 

PM10 Particles with aerodynamic diameter of less than 

10 µm 

- 

PM2.5 Particles with aerodynamic diameter of less than 

2.5 µm 

- 

PM4  Particles with aerodynamic diameter of less than 4 

µm 

 



116 

Jacopo Maffia                                                                                                   PhD 2021 
 

 

 

 

 

 

 

 

 

 

Q Airflow of soil resuspension chamber system m3 min-

1 

Ra  Extraterrestrial radiation (as equivalent evaporated 

water depth) 

mm d-1 

Rain  Daily rainfall mm 

S1, S2, S3 Sampling positions evaluated during the wind 

tunnel validation test 

- 

SRC  Soil resuspension chamber - 

T Time of the experiment s 

t Soil resuspension experiment time-span min 

Ta Average daily temperature °C 

Tmax Maximum daily temperature °C 

Tmin Minimum daily temperature °C 

WC Estimated daily average water content of the first 

15 cm of soil 

mm 

WCi Soil water content at the start of each day mm 

WS(10 m) Average yearly wind speed at 10 m from ground 

level 

m s-2 

WStunnel Wind speed inside the wind tunnel m s-1 

WT Wind tunnel - 

WTflow Flow of air passing through the tunnel m3 hr-1 

WTNH3 Amount of ammonia captured by the wind tunnel 

system 

mg 

z0 Roughness length of the outdoor run - 

 

1. Introduction 

High environmental concentrations of particulate matter (PM) are regarded as a 

cause of concern for human health (Pope, 2007). Livestock activities are long 

known to play an important role in PM concentration raises both in indoor and 

outdoor environments (Cambra-López, Aarnink, Zhao, Calvet, & Torres, 2010; 

EEA, 2016). In fact, both the coarser (PM10; particles with an aerodynamic 

diameter <10 µm) and finer (PM2.5; particles with an aerodynamic diameter 

<2.5 µm) fractions of PM are held responsible for negative health effects in 

farmers and local residents surrounding livestock houses. Furthermore, high dust 

concentrations affect indoor air quality and health and welfare of animals (Borlée 

et al., 2017; Cambra-López et al., 2010). Several studies have addressed the issue 
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of PM emissions from poultry houses, quantifying the emission fluxes (Hayes et 

al., 2006; Roumeliotis and Van Heyst, 2008; Yao et al., 2018) and proposing 

mitigation measures (Cambra-López et al., 2009; R. W. Melse et al., 2012; Winkel 

et al., 2016). Most of these studies focused on emissions coming from poultry 

houses, while very little information is available on the contribution of the 

outdoor runs on the overall emissions. Nonetheless, in Europe, free range rearing 

systems, which give poultry access to large outdoor runs, are becoming more 

common due to their positive effects on poultry and hens welfare and wellbeing 

(Coton et al., 2019; Moyle et al., 2014). In particular, according to EU regulation 

requirements (Commission Delegated Regulation (EU) 2017/2168), free range 

laying hens rearing is characterized by continuous daytime access to outdoor runs, 

with 4 m2 hen-1 of open space. Due to the increasing development of these 

production systems, it is necessary to investigate the magnitude of emissions 

deriving from outdoor areas. Assessing emissions from area sources in open space 

environments presents some difficulties, especially in case the sources are not 

homogeneous (Dumortier et al., 2019). The main methodologies that have been 

used to address this kind of sources in similar applications, such as cattle feedlots, 

are micrometeorological techniques and wind tunnel methods (Misselbrook et al., 

2005). Micrometeorological techniques such as the integrated flux method 

(Denmead, 1983) and dispersion models (Bonifacio et al., 2012; Flesch et al., 

2004) have proven to be very effective in back calculating emission fluxes from 

open field emission sources. These systems, however, despite their large range of 

application, have the common disadvantage of being unsuited to estimate 

emissions from sources, such as the outdoor runs, which are in proximity of 

multiple other sources of the same pollutant (e.g. barn, manure storage facilities 

etc.), due to cross interference. Wind tunnels are enclosure systems which have 

been widely used to assess PM and gaseous emissions from soil or other ground 

level area sources (Dinuccio et al., 2012; Gao et al., 2020; Kabelitz et al., 2020) 

and allow to monitor the emissions, gathering data under standardized wind speed 

conditions. Aarnink, Hol, & Beurskens (2006) used a ventilated chamber 

technique to assess ammonia (NH3) emissions from outdoor runs in laying hen 

houses, but did not address PM emissions. The main constraint regarding the use 

of a classical wind tunnel method to assess emissions from outdoor runs is linked 

with the hens behavior. In fact, hens often engage in dust bathing behavior, which 

was recognized as a form of personal hygiene and also as a social behavior which 

has beneficial effects on animal welfare (Abrahamsson et al., 1996; van Liere et 

al., 1990; Vestergaard et al., 1997). When hens dustbathe in outdoor runs soil, 

they can cause soil (re)suspension in the air leading to PM emissions. Therefore, 

in order for a wind tunnel to effectively assess outdoor runs PM emissions, it 

should allow to assess the emission deriving from dustbathing and other hen 

activities.  

The main aim of this work is to develop a multi-step methodology to assess 

outdoor runs emissions of PM and identify the role of hens behavior and soil 

moisture as main drivers of the emission. A wind tunnel prototype was designed 

to allow the hens to enter it willingly and dustbathe inside of it, in order to assess 
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the effect of hen density (HD, hens m-2) on the emissions. Moreover, the emission 

potential of the outdoor run soil was assessed, using a Soil Resuspension 

Chamber (SRC) method to assess the effect of soil humidity on PM release. The 

gathered information, combined with daily meteorological data and 

evapotranspiration (ET) modelling, was utilized to assess PM emissions over a 

1-year period.  

The gathered results will allow to acquire a better understanding of poultry 

generated PM emissions by addressing some of the main factors driving PM 

formation from free range areas in poultry houses. Moreover, it will provide a 

new perspective on hens behavior, addressing its influence on PM emissions.  

 

2. Materials and methods 

 

2.1. Wind tunnel design 

Wind tunnels used for PM and gaseous emission assessments have a wide variety 

of shapes, but they usually share some common elements. They are built in sturdy 

material, such as plastic or stainless steel, they have a main chamber, which has 

the purpose of enclosing the studied area source, and they are provided with input 

and output pipes. The wind speed inside the tunnel (WStunnel, m s-1) is generated 

using a ventilator and normally set to a value that matches the average outdoor 

wind speed (Dinuccio et al., 2012). The pollutant concentrations (mg m-3) are 

normally monitored through sampling ports placed on the inlet and outlet pipe. 

The emission rate (ER, mg m-2 hr-1) is then calculated as in equation (1). 

 (1) 

Where Cout (mg m-3) is the outlet concentration, Cin is the pollutant concentration 

in the incoming air (mg m-3), WTflow is the total airflow passing through the tunnel 

(m3 hr-1), and A is the area enclosed inside the wind tunnel (m2). 

The wind tunnel design proposed for assessing emissions from outdoor runs in 

poultry follows the same concept as described above, but it was modified to allow 

the assessment of emissions caused by dustbathing hens. To do so the inlet pipe 

was removed and the front of the tunnel was left open in order to allow the hens 

to walk in. The main chamber of the tunnel was built using a solid metal 

framework and wrapping a transparent plastic foil around it. This solution was 

adopted to allow sunlight to enter the tunnel, since the hen’s behavior is affected 

by light. The funnel structure connecting the main chamber to the pipe was 

constituted by an iron wire framework covered by the same plastic foil covering 

the tunnel. Moreover, a metal grid was placed in between the main chamber and 

the funnel structure to prevent the hens from entering the funnel structure or the 

pipe. A ventilator with a 35 cm diameter was used (VOSTERMANS, Multifan 

IP 55 KLF). The overall design of the wind tunnel is illustrated in Figure 1.  
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Figure 1. Wind tunnel design (lateral and frontal view) and experimental layout 

for the wind tunnel validation test; S1, S2 and S3 are the concentration measuring 

positions tested during the experiment. 

 

The final design choices were forced by the necessity of allowing hens to 

dustbathe inside the wind tunnel. Similar designs were previously adopted by 

Balsari et al. (2006), for assessing ammonia emissions after manure spreading 

and by Roney et al. (2006) for fugitive dust emissions from soil. While similar in 

the overall design, the wind tunnel adopted by those two authors relied on 

different solutions for measuring the outlet concentration. To validate the wind 

tunnel design for emission assessment and to define a suitable concentration 

sampling strategy, a laboratory test was carried out using a tracer gas to test the 

tunnel capture efficiency. The wind tunnel flow and internal wind speed were also 

characterized under laboratory conditions. 

 

2.2. Wind tunnel flow, internal wind speed and expected environmental wind 

speed 

The flow of the tunnel was assessed by measuring, using a hotwire anemometer 

(Testo, 435), the wind speed (m s-1) at the inlet of the ventilator pipe in 5 different 

positions and multiplying it by the section area of the pipe (116.2 cm2).  

The tunnel wind speed was set in order to match the external wind speed in the 

poultry farm area. The average external wind speed at 0.2 m meters from ground 

level was estimated using equation (2), using the mean wind speed data retrieved 

from KNMI Deelen weather station (KNMI, 2020). 

 (2) 

Where ExpWS(0.2 m) is the external mean wind speed (m s-1) at 0.2 m height from 

ground level, WS(10 m) is the mean wind speed (average of hourly wind speed data 

for year 2020; 4.1 m s-1) at 10 m  from ground level (measured at Deelen station), 

and z0 is the roughness length (set to 0.01). The equation used is explained in 

detail by Stull (2012). 

The wind speed inside the tunnel was assessed by using the same hotwire 

anemometer, attached on a tripod (at 0.2m from the ground) and placed in 12 

different positions inside the tunnel. The fan rotational speed was regulated using 

an external regulator (Stienen, SPM-6). 
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2.3. Assessment of Wind Tunnel capture efficiency 

The capture efficiency of the WT was tested through a tracer gas experiment, 

using pure ammonia as tracer (the setup is shown in Figure 1). Ammonia was 

released from a cylinder and emitted inside the tunnel from a 30 cm long line 

source, constituted by a dead-end Teflon tube (4 mm ø), which had holes 

(performed with a 3 mm ø drill) every 10 cm. The line source was placed 

perpendicularly to the WT flow at 20 cm from the WT entrance. The NH3 flow 

was regulated using a mass flow controller (Bronkhorst, EL-FLOW®), which was 

set at three flow levels F1, F2 and F3. The mass flow regulator was calibrated for 

the regulation of atmospheric airflow, therefore the amount of NH3 emitted with 

the three flow settings (F1, F2 and F3) utilized had to be assessed in a further 

laboratory experiment. A scheme of the experimental layout is shown in Figure 2. 

The assessment consisted in fluxing the ammonia into an acid bottle, capped with 

an impinger, which contained 0.5 molar HNO3 acid. A flow meter was connected 

to the outlet of the impinger to check whether all ammonia was captured by the 

acid solution. A safety outlet tubing was placed at 2 m height to prevent exposure 

for the operator. The experiment was repeated twice for each flow level and the 

fluxing time was 4 minutes per sample. The collected acid samples were then 

analysed for the NH4-N content (CN-NH4, mg L-1). During the experiment the 

formation of a negative pressure inside the acid bottle was observed, especially 

at low pressure from the ammonia tank. This caused a pressure deficit, affecting 

the flow passing through the system. This issue was due to the height difference 

among the system outlet (2 m height) and the impinger (at ground level). To solve 

this imbalance, a correction factor (cf) was calculated by measuring, using a flow 

meter, the incoming and the outcoming flow to the impinger. This later 

assessment was performed using water in place of the acid and pressured air 

instead of ammonia, for safety reasons.  

The amount of ammonia captured with the impinger method (INH3, mg) at the 

three flow levels was then assessed according to equation (3). 

  (3) 

Where L is the amount of acid solution in the impinger bottle (L), NH3Mmass and 

NMmass are the molar masses of NH3 and N (g/mol) respectively and cf was found 

to be 1.3 (± 0.21), 1.09 (± 0.18) and 1.04 (± 0.17) for F1, F2 and F3 respectively.  

During the capture efficiency test, the ammonia concentration at the outlet and 

inlet of the tunnel (mg m-3 was measured using electrochemical sensors 

(Polytron® 8100 EC, Dräger). The outlet concentration was measured in three 

different sampling points (S1, S2 and S3, as shown in Figure 1). The 

concentration measurements lasted 15 minutes for each of the NH3 flows and 

sampling point combinations, for a total of 135 minutes. The observed 

concentrations were then averaged over three minutes time intervals and used to 

calculate the total amount of ammonia captured by the WT system (WTNH3, mg), 

according to equation (4). 
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 (4) 

Where Cout (mg m-3) is the outlet concentration measured in S1, S2 and S3, Cin is 

the background ammonia concentration (mg m-3), WTflow is the wind tunnel flow 

(m-3 s-1) and T is the time (s) of the experiment. It was assumed that the PM 

particles are transported by the air flow in a similar way as NH3, as previously 

done by other authors (Maffia et al., 2020; Pattey and Qiu, 2012), and that the 

capture efficiency remains the same.  

 

 

Figure 1. Ammonia flow assessment with impingers. 
 

2.4. Field measurement protocol for wind tunnel trials 

Field measurements were performed in a free range laying hen house sited in the 

Netherlands (52°05'58.6"N 5°34'38.2"E), in an area characterized by sandy soils. 

The farm is provided with a large outdoor area and the hens are allowed out from 

10 am till sunset. The wind tunnel equipment was placed at 6 m from the barn, 

inside of the area where, according to Niekerk et al. (2016), most of the hens 

stand when outside. The measurements where performed, on sunny days, twice a 

week for 1 month and a short period was needed for the hens to adapt to the tunnel 

and start entering inside. Each measurement event lasted 3-4 hours and the hens 

where left free to enter the tunnel at will. Concentration measurements were 

performed using optical particle counters (DustTrak II, TSI) for PM10 measuring 

both at the inlet and the outlet (position S3) of the tunnel. The measuring 

frequency was of one measurement every 10 seconds. The two instruments were 

compared before the experiment, by measuring for 6 h in the same spot, and gave 

consistent results.  

The first measurement was made with a 0.95 m3 s-1 WTflow, which generates a 

wind speed inside the tunnel more similar to the actual wind conditions in the 
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region. Then, since it was observed that the hens preferred to enter the tunnel 

under slightly lower wind speed conditions, WTflow was set at 0.73 m3 s-1. Being 

that this work aims mainly to assess PM emissions deriving from hens activity 

and that those emissions are predominantly caused by mechanical resuspension 

of soil, it was assumed that having a slightly lower wind speed as compared to 

the natural one is acceptable. The ERs were calculated with the same method used 

for the wind tunnel efficiency assessment, described in section 2.3, expressing 

the emissions as mg m-2 hr-1.  

A video camera (HERO 7 Silver, GoPro) was placed inside the tunnel to observe 

hens activity and count the number of hens inside the tunnel. This was necessary 

to relate the obtained ERs to the hen density (HD, hens m-2hr-1), which was 

calculated using equation (5). 

 (5) 

Where Nhens is the number of hens present inside the tunnel and A is the enclosed 

area (m2).  

When the hen density was over 3.2 hens m-2 (5 hens inside the tunnel at the same 

time), the density was considered simply as >3.2 hens m-2, since, due to fouling 

of the tunnel, it was impossible to distinguish the exact number of hens.  

The ERs were then averaged over the HD, in order to obtain a dataset with an 

average ER for each HD category (0.6, 1.3, 1.9, 2.6, 3.2, >3.2 hens m-2) for each 

measurement event. Each HD category correspond to an exact number of hens 

inside the tunnel (1, 2, 3, 4, 5 and >5 hens). 

The soil moisture content on each measuring day was assessed by collecting a 

soil sample inside the tunnel, before and after the measurement, and assessing 

soil humidity with a gravimetric method by drying in a hoven at 105°C for 24 h.  

 

2.5. Soil resuspension chamber experiment to determine soil moisture effect 

A soil resuspension chamber (SRC), which has been fully described in a previous 

paper (Padoan et al., 2021), was used to resuspend the outdoor run soil. The 

chamber was composed of a rotating drum, with a 25 L capacity, and a rotation 

frequency of 26 revolutions per minute, powered by an electric engine with 0.75 

kW of power and an electric potential of 220 V. During the trials, the drum was 

closed by a flange, on which were nested four flexible PVC tubes (0.4 m long 

with 8 mm diameter), provided with a series of small holes (diameter 0.3 mm), 

allowing clean air inside the rotating drum. The air was sucked from the drum 

through an aspiration pipe, which pulled the emitted dust towards a deposition 

chamber. A vane pump (PICCOLINO series VTE3, Thomas) was used to draw 

the air from the deposition chamber and induced an air flow of 30 L min-1 through 

the system. The re-suspended particulate matter was sampled, through a sampling 

port, using both an optical PM monitor (Grimm 11-D, Grimm Aerosol Technik), 

to assess particle quantity. A scheme of the system is provided in Figure 3.  
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Figure 3. Scheme of Soil Resuspension Chamber (SRC) system. 

 

Soil samples (three replicas per each soil humidity level) were resuspended by 

placing a soil aliquot inside the SRC rotating drum for 15 min. The experiments 

were conducted using soil samples of 5 g. The emission potential (EP, mg kg-1) 

was defined at four different moisture contents (calculated as 0, 15, 30 and 40%, 

by weight, of the soil field capacity). Soil EP (mg kg-1) was calculated according 

to equation (6). 

 (6) 

Where C is the particle concentration (µg m-3) measured with the Grimm PM 

monitor, Q is the SRC airflow (m3 min-1), calculated as the sum of the pump and 

the flow of the Grimm internal pump (1.2 L min-1), S is the soil sample mass (kg), 

and t the considered time-span (min).  

The soil samples used were sampled from the outdoor run, following the scheme 

described in chapter 2.6. 

A detailed description of the sampling systems and intervals is provided in 

Padoan et al. (2021) Soil emission potentials were calculated in terms of PM10, 

PM4 and PM2.5. 

 

2.6. Soil humidity estimation and PM10 emission estimation over one year pe-

riod  

Soil humidity was assessed on the base of weather data, applying a water balance 

approach. The soil water balance was calculated by applying the Hargreaves–

Samani equation (HS, Hargreaves & Samani, 1985) to calculate the potential 

evapotranspiration (ET0). The HS method, equation (6), was chosen since it is, 

among the simplified ET estimation methods, the one that finds better agreement 

with the Penman-Monteith recommended method from FAO 56 (Allen et al., 

2005).  
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 (6) 

Where KHS and KT are dimensionless coefficients, Ta is the average daily 

temperature (°C), Tmax is the maximum daily temperature (°C), Tmin is the 

minimum daily temperature and Ra is the extra-terrestrial radiation, expressed in 

terms of equivalent evaporated water depth (mm d-1).  

Ta, Tmax, Tmin and Ra where derived from nearby KNMI weather stations located 

in Deelen (2019 dastaset).  

The actual evapotranspiration ETc was then derived by multiplying ET0 by the 

coefficient Kc (which was set to 1.1 for bare soil conditions). The soil water 

content (WC, mm) was then calculated as in equation (7), considering a soil depth 

of 15 cm. 

 (7) 

Where Rain is the daily rainfall (mm), ks is the stress coefficient (derived as in 

Allen et al., 2005), LW is the leaching water (mm) and WCi is the soil water 

content at the start of the day (WC the first day of the series was set to FC, since 

it was after a heavy rain event). LW was calculated as the difference among WCi, 

net of the ET flux, and soil Field capacity.  

The 15 cm depth of soil considered was selected observing the average depth of 

ridges caused by hens activity in the outdoor run area. Soil physical 

characteristics and field capacity were experimentally assessed. Fifteen 

subsamples of soil were taken by applying a X sampling scheme (Colombo & 

Miano, 2015). The topsoil subsamples were collected to a depth of 15 cm, which 

was considered the depth interested by hens dustbathing activities. Field capacity 

was determined for each soil according to the official method proposed by MiPAF 

(1997) and soil texture was defined according to the Soil Science Division Staff 

(2017) guidelines. 

Finally, the daily emissions (Ed, mg m-2 d-1) were calculated by integrating soil 

emission potential (as affected by humidity) and outdoor run emission level, 

according to equation (8).  

 (8) 

Where, EPd (mg kg-1) is the emission potential related to the soil moisture 

conditions of the day, ERHD is the emission rate (mg m-2 hr-1) calculated on the 

base of the HD expected on the specific day, EPWT (mg kg-1) is the emission 

potential related to the moisture conditions occurred during the wind tunnel trials 

and H is the number of hours in which hens are allowed outside.  

The HD expected on each specific day was estimated on basis of literature 

information. The few studies available on this topic reported very different data 

regarding the number of hens (% on total flock consistence), ranging from around 

10 to 40% (Gebhardt-Henrich et al., 2014; Hegelund et al., 2005; Hirt and Zeltner, 

2000). This large variability is due to several aspects that influence hens behavior 
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and their usage of outdoor spaces. The main influencing parameters are the flock 

size (Gebhardt-Henrich et al., 2014), the environmental conditions (Pettersson et 

al., 2016) and the presence of sheltering structures in the outdoor run (Zeltner and 

Hirt, 2008, 2003). Moreover, most of free ranging hens (60-95%) tend to graze 

in the first 20 m from the outdoor run, causing complete destruction of the canopy 

in that area (Fürmetz et al., 2005). The farm in which this study was performed 

had a large flock size (24,000 hens) and an outdoor area of 9.6 ha. On basis of 

this information, it was considered that only 20% of laying hens are found outside 

at one moment and 80% of those are found in the over grazed area at short 

distance from the house. This area, presented in Figure 4, was measure to be equal 

to 6,263 m2. Therefore, the emission from the overgrazed area of the outdoor run 

was assessed considering an average HD of 0.6 hens m-2. The number of hours in 

which the hens were let outside (7 h in winter and 11 h in summer) was also 

considered when assessing the daily emission.  

 

Figure 4. Photo of the barn and of the outdoor run area where the experiments 

were performed. The area contoured in yellow is the overgrazed area (6,263 m2), 

where most hens gather when outside, which differs from the areas around it for 

the absence of grass cover. 

2.7. Statistical analysis 

Statistical analyses were performed to test the fluxes of NH3 observed during the 

wind tunnel efficiency estimation trial, with the 3 concentration sampling 

position (S1, S2, S3), as compared to the actual amount of ammonia released 

from the ammonia vessel determined with the impinger method (INH3). A two-

way ANOVA procedure, performed using the R statistical software (R core team, 

2019), followed by a Bonferroni post-hoc test, was used. Observed differences 

were considered significant for P<0.05. A linear regression was applied to 
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investigate the relation between the natural logarithm of PM10 ER and HD and 

that between EP and soil water content.  

 

3. Results 

3.1. Wind tunnel flow and wind speed charts 

The first flow rate tested was of 0.95 ± 0.01 m-3 s-1, leading to a wind speed of 

1.8 ± 0.03 m s-1, which matches the expected wind speed of the area 

(ExpWS(0.2 m) = 1.8 m s-1). Since the hens were reluctant to enter the tunnel at this 

high wind speed, a lower flow rate of 0.73 ± 0.01 m-3 s-1 was used, leading to an 

average wind speed inside the tunnel of 1.5 ± 0.11 m s-1. The average wind speed 

inside the tunnel was measured at 12 positions, at 0.20 m height, and resulted in 

higher values in the central row and slightly lower values in the side rows (Figure 

5). At the tunnel inlet the wind speed was less evenly distributed than in the 

central and back portion of the tunnel. 

 

Figure 5. Average wind speed (m s-1) inside the tunnel as measured at 12 positions 

(at the center of each square area highlighted with black lines in the graph) at 0.2 

m height inside the wind tunnel chamber. 

3.2. Assessment of WT capture efficiency 

The ammonia concentration observed during the wind tunnel validation test, as 

measured in S1, S2 and S3, with F1, F2 and F3 NH3 flows are summarized in 

Figure 6. The observed concentration varied slightly among the three sampling 

points. It was also highlighted that the standard deviation of the results obtained 

from measurements in S3 is lower than those of S1 and S2, allowing for a steadier 

signal.  
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Table 1 shows the results of the ANOVA comparing the amount of ammonia 

emitted from the cylinder (INH3), assessed with the impinger method, and the 

amount detected with the wind tunnel, WTNH3, in the three sampling positions. 

The WTNH3 observed in S2 and S3 does not differ significantly from INH3 with all 

the flux levels tested. The S1 assessment is instead significantly lower than 

expected at maximum NH3 flow level.  

 

3.3. Results of wind tunnel assessments 

The average PM10 ER calculated as a result of the field trials was equal to 100.2 ± 

26.4 mg m-2 hr-1. 

The linear regression analysis showed that HD had a significant (P<0.05) effect 

on the logarithm of PM10 emissions, showing a linear correlation (Figure 7). This 

means that the increase of HD causes an exponential increase of the ERs, defined 

by equation (9).  

 (9) 

Where the intercept value (2.14) accounts for the effect of wind erosion and the 

slope value (0.94) accounts for the effect of HD. The linear model shows a good 

fit (R2 = 0.76). In general, PM10 emissions ranged from 10.5 ± 2.1 mg m-2 hr-1 

(with HD = 0 hens m-2) to 170.7 ± 47.1 mg m-2 hr-1 (with HD = 3.2 hens m-2). 

Soil humidity was found to be equal to 0.84 ± 0.14 % (on mass) and remained 

almost constant throughout the experiment, due to the presence of the tunnel, 

which prevented the precipitations to reach the enclosed soil. 

 

Figure 7. Linear regression showing the relation between the logarithmic function 

of PM10 ER (mg m-2 hr-1) and HD. The equation and R2 are shown in the graph. 
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3.4. Effect of soil moisture on PM emission potential 

The emission potentials curves for outdoor run soil, as well as the soil textural 

components, are presented in Figure 8. It can be observed that the EP decreases 

exponentially with the increase of soil water content. The regression curves were 

able to describe the EP trend with good fit and the overall results are similar to 

those presented by previous authors who adopted similar methods to study the 

effect of soil moisture on soils’ EP (Carvacho et al., 2004; Funk et al., 2008; 

Madden et al., 2010, 2009). It was also observed that of the soil emitted as PM10 

56% and 17% is in the PM4 and PM2.5 ranges respectively. The soil texture in the 

study farm was Sandy (92% sand, 5% silt and 2% clay). 

 

Figure 8. Soil EP curves as influenced by moisture content (% on mass) 

3.5. Estimated PM emissions from overgrazed area of outdoor runs 

The information gathered on the effect of HD and soil moisture on PM10 

emissions, coupled with meteorological data, allowed to provide a first estimation 

of daily PM10 emissions from the overgrazed areas of outdoor runs. The estimated 

Ed were averaged on a monthly basis and are presented, together with monthly 

rainfall (mm) and ET fluxes (mm), in Figure 9. The average gravimetric soil water 

content was maximum in January (14%) and rapidly decreased in April, reaching 

its minimum value in July (7%), then it rose again from September. PM emissions 

were highly seasonal, with higher emissions occurring in the central months of 

the year. The total PM10 emissions over 2019, as estimated with the simplified 

procedure described in paragraph 2.6, were of 12.5 g m-2 yr-1 (this estimation is 

referred only to the overgrazed area of the outdoor run, 6,263 m2).  

Figure 9. Estimated PM10 emission flux, rainfall and evapotranspiration (ET) 

fluxes, on a monthly basis. 
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Figure 9. Estimated PM10 emission flux, rainfall and evapotranspiration (ET) 

fluxes, on a monthly basis. 

 

4. Discussion 

4.1. Wind tunnel validation: internal wind speed and capture efficiency 

The results showed a slightly uneven distribution of the wind speed inside the 

tunnel. This is due to the friction effect of the tunnel walls and to the turbulence 

created by the funnel structure leading to the outlet pipe. The variations observed 

are consistent with those observed by Balsari et al. (2006, 2007), who adopted a 

similar wind tunnel design. The average wind speed inside the tunnel, of approx. 

1.5 m s-1
, is only slightly lower than the expected WS at that height (1.8 m s-1), 

calculated on basis of the 10 m average annual wind speed of the location where 

the measurements were done (approx. 4.1 m s-1; KNMI, 2020). It was preferred 

to set a slightly lower wind speed since it was observed that the hens were more 

comfortable with this lower flow rate than with higher ones. Moreover, the hens 

normally gather around obstacles and trees, which act as repairs against the wind. 

In fact, the surface roughness effect, as well as the presence of natural obstacles, 

drastically reduce the wind speed at ground level (Stull, 2012).  

Observing the results of the wind tunnel validation test (Table 1) it appears that 

both S2 and S3 sampling solutions are suitable for measurement and show a good 

agreement with the impinger method assessment. The WTNH3 observed in S2 and 

S3, in fact, did not differ significantly from INH3 with all the flux levels tested. At 

S1, however, NH3 concentrations were significantly lower than expected from 

INH3 at maximum NH3 flow level.  

Table 1. Mean values and the 95% confidence intervals (CL) of ammonia 

emissions detected with the Impinger (INH3) and wind tunnel (S1, S2, S3) 

methodologies, at three different NH3 flow regulation levels (F1, F2 and F3). N 

= number of observations. 
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S3 

F3 

 

30 

 

1672 a 1499 1844 

INH3 1559 a 1386 1731 

S2 
1492 

a

b 
1319 1664 

S1 1271 b 1099 1444 

S3 

F2 

 

 1106 a 933 1279 

INH3 30 993 a 820 1165 

S2  
926 

a

b 
753 1098 

S1  706 b 533 878 

S3 

F1 

 

 645 a 472 817 

INH3 30 532 a 359 704 

S2  
465 

a

b 
292 637 

S1  244 b 72 417 

 

Nonetheless, the S3 sampling point appears to perform more consistently and 

provide data with lower standard variation (as highlighted in Figure 6). Moreover, 

the S2 sampling solution is not suitable for PM measurements, since the DustTrak 

instrument is not designed for isokinetic sampling and, therefore, is not suited for 

measurement inside a pipe with a strong airflow. It was noticed that the average 

values derived from the measurements in S3 were slightly higher than the 

expected ones (INH3, as shown in Table 1), but the difference was not statistically 

significant. In conclusion, the S3 sampling point performed better than S1 and S2 

and was identified as the best option to determine the emissions.  

 

Figure 6. Boxplot graphs representing the distribution of the measured ammonia 

concentrations (mg kg-1) in sampling positions S1, S2 and S3 and in combination 

with the three ammonia flow levels tested (F1, F2 and F3). 
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4.2. Influence of hen density and soil moisture on particulate matter emissions 

The first field assessments allowed to estimate PM10 emissions from hens outdoor 

activities, which were found to be equal to 100.2 ± 26.4 mg m-2 hr-1. It has been 

also shown that dust emissions were affected by the density of hens in the outdoor 

runs. In fact, when HD increased PM10 emissions increased exponentially. The 

obtained ELs must be referred to the particular soil humidity conditions 

monitored during the experiment, which were extremely dry. Since, as 

highlighted by Funk et al. (2008), dry soil conditions lead to high PM emissions, 

the ERs calculated in these first field assessments should be considered as 

emission potentials, indicating the maximum amount of PM10 that can be derived 

from the outdoor runs in critical environmental conditions.  

4.3. Influence of soil moisture on particulate matter emission potential 

The exponential decrease of soil emission potential with increasing soil water 

content, observed during SRC experiment is in agreement with previous findings 

(Carvacho et al., 2004; Madden et al., 2010, 2009; Padoan et al., 2021). Moreover, 

previous researches showed that soil texture is a crucial factor in influencing EP 

and hydrological properties of soil. According to these findings, the very high 

sand % of the soil analyzed in this study, could have led to a lower maximum EP 

level in dry soil condition. Nonetheless, a more compact soil usually has more 

capacity to retain water and a higher field capacity, being less prone to the dryer 

conditions that are necessary for PM10 to be emitted.  

4.4. Estimation of PM emissions over a 1-year period 

The estimated PM10 emission fluxes were highly seasonal, with most of PM 

losses occurring during the central months of the year. This is attributable to the 

higher temperatures and lower precipitation, which promote dry soil condition 

and favor PM formation. The estimated emissions for overgrazed outdoor run 

areas were of 12.5 g m-2 yr-1. These emissions, if divided for the total number of 

hens reared in the farm, are equal to 8.9 mg hen-1 d-1. Shepherd et al. (2015) 

reported, in their assessment of PM10 emissions from indoor hen houses (aviary 

type rearing), emissions up to 100.3 mg hen-1 d-1. Therefore, PM10 emitted from 

outdoor spaces appears to be lower than that deriving from the indoor areas of the 

farm. Nonetheless, since the hens are using only a small portion of the outdoor 

area, their activity causes significant degradation of soil, with formation of 

furrows where hens gather to dustbathe. The degradation on soil in these areas, 

and its bare conditions may also increase PM emissions due to wind erosion. 

Moreover, the concentration of many hens on little space can lead to other 

environmental issues linked with the concentration of nutrients on small areas 

(Menzi et al., 1998). Therefore, measures to favor the usage of a bigger portion 

of outdoor runs by hens should be implemented.  

More studies should be performed to provide precise assessments of the usage of 

outdoor spaces by hens and identify the main factors influencing it, since current 
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information is insufficient. The parametrization of average HD through the year 

is, in fact, the main drawback of the estimation technique used for assessing 

emissions. Moreover, since PM emissions from soil are also strongly affected by 

wind speed conditions (Avecilla et al., 2017), improvements should be made also 

in the parametrization of this factor, through further wind tunnel experiments.  

5. Conclusions 

A wind tunnel method to assess the effect of hen density on PM emission from 

outdoor runs in free range laying hens houses was successfully developed. The 

methodology allowed to measure PM emissions levels from hens activity and to 

study the influence of hens behavior on the emissions. HD influences PM10 

emissions, causing them to increase exponentially when a higher number of 

animals are present per surface area unit (ER = e (0.94 HD+2.14)). The emission fluxes 

deriving from the outdoor runs under dry soil conditions, ranged from 10.5 ± 2.1 

mg m-2 hr-1 (with HD = 0.0 hens m-2) to 170.7 ± 47.1 mg m-2 hr-1 (with 

HD = 3.2 hens m-2).  

A laboratory experiment allowed to assess the effect of soil moisture on the 

emissions, deriving emission potential (EP, mg kg-1) curves, showing an 

exponential decrease of EP with increasing soil moisture. This information 

allowed to scale the emission levels assessed with the wind tunnel, according to 

soil water content, estimated with a soil water balance procedure and averaged 

on a daily basis. An estimation of PM10 emission occurring from the overgrazed 

areas of outdoor runs was provided and resulted equal to 12.5 g m-2 yr-1. These 

emissions, if divided for the total number of hens reared in the farm, are equal to 

8.9 mg hen-1 d-1, while EF for indoor hens farms in literature are up to 100.3 mg 

hen-1 d-1. Therefore, PM10 emitted from outdoor spaces is less of a concern than 

in-house emissions. Nonetheless, by using only a small portion of the outdoor 

area, hens activity can cause significant degradation of soil, with formation of 

furrows where hens gather to dustbathe. Therefore, new solutions should be 

implemented to face this issue and to favor the spreading of hens on larger 

surfaces.  
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3.5. ARTICLE V: “Particulate Matter Emissions from Soil Preparation Activities 

as Influenced by Minimum and Strip Tillage Practices” 

 

The review of the literature performed with Article I (Paragraph 3.1) highlighted 

the lack of a complete overview of PM emission from land preparation activities, 

tilling to sowing. Moreover, all available articles were performed in Central Eu-

rope, North America or China, while the environmental conditions or Northern 

Italy are very different, especially in terms of wind speed (Fratianni et al., 2007). 

Moreover, although minimum tillage had been proposed as a mitigation measure 

for reducing land preparation emissions, the available information was limited, 

since there was no study that provide emission flux estimations for each single 

implement from the same trial, and no information was available on strip tillage. 

This conference paper presents a first trial, performed adopting the same meas-

urement system used in Article II (Paragraph 3.2), aiming to provide emission 

factors for land preparation in Northern Italy and to assess the potential of strip 

tillage and minimum tillage as mitigation measures.  

 

Proceedings of the AGENG 2021 Conference (Submitted) 

Authors: Jacopo Maffia, Massimo Blandino, Luca Capo, Elio Padoan, Luca 

Rollé, Paolo Balsari, Elio Dinuccio 
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Abstract 

Land preparation activities are one of the main contributors to particulate matter 

(PM) emissions from agriculture. Nonetheless, particulate matter emissions from 

tillage operations are poorly studied, especially in southern Europe, where few 

assessments have been made. Moreover, it is important to describe the influence 

of tilling implements and soil preparation practices on the emissions of fine PM 

(PM10) from fields. A research project, titled “Evaluation of particulate matter 

emissions from cropping and farm transformation activities in Maize production 

systems”, has been funded by CRT foundation (grant numbers: 2018.2273) to 

tackle the issue of PM emissions from Maize cropping systems, including land 

preparation. This study, in particular, presents the results of field trials with 

assessment of three land preparation scenarios for maize: traditional tillage with 

ploughing at 30 cm followed by rotary harrow (TT), minimum tillage with disk 

harrowing (MT) and strip tillage, with soil tilled in strips of 25 cm wide at a 

working depth of 15 cm (ST). Emissions of PM10 resulted being of 149, 30 and 

114 mg m-2 respectively for TT, MT and ST. These results give a first insight into 

reduced soil disturbance practices as mitigation measures for tillage induced 

direct PM10 emissions and highlight MT as the less emitting tillage practice.  

1. Introduction 

Particulate matter (PM) emissions are a growing cause of concern due to their 

impact on human health and environment. The agricultural sector is responsible 

of the 17% of the total anthropogenic emission of sub 10 µm PM particles (PM10; 

EEA, 2016). The main sources of fine PM in agriculture are livestock rearing 

facilities and field operations, such as tillage, harvesting, manure spreading 

(Kabelitz et al., 2020; Maffia et al., 2020b). Agricultural PM has been long seen 

as a risk for field operators and farmers, but it is now also considered for its long 

range effect on regional air quality (Chen et al., 2017). Many studies have 

addressed PM emissions from livestock houses (Cambra-Lopez et al., 2010; 

Winkel et al., 2016), while fewer information is available on open field activities. 

Moreover, most studies assessing emissions from tillage or harvesting just focus 

on few of the operations commonly performed by farmers, while others are 

neglected (Maffia et al., 2020b). Since the amount of PM10 emitted, as well as the 

particles characteristics, varies greatly according to the kind of operation, the 

environmental conditions (soil humidity and wind speed) and the mechanical 

implement used (Avecilla et al., 2017; Cassel et al., 2003), it is important to define 

emission factors (EF) for all different environments and specific activities. After 

having assessed valid and up to date EF, it is necessary to consider the availability 

of mitigation measures to reduce the emissions and improve farmer health and 

general air quality. Minimum and strip tillage are tillage practices that allow 

seedbed preparation with reduced soil disturbance. These practices have been 

developed to reduce soil erosion by wind and runoff events and are especially 

diffused in areas where erosion events are frequent and severe, such as North and 

South America. Strip tilling, in particular, acts only on the rows of soil where 

sowing will take place, leaving the inter-rows untouched. This approach allows 
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to grant higher soil coverage (by stalks and leftovers) even during the first 

growing period of crops, increasing soil protection and reducing seedbed 

preparation costs and time (Laufer et al., 2016). Few studies addressed of this 

practices on direct PM emissions during tillage (Baker et al., 2005; Coates, 1996), 

and none have investigated the emission deriving from sowing itself. 

The aim of this study is to assess PM10 emissions from land preparation activities 

in Northern Italy, including sowing, providing new EF figures and evaluating the 

effect of three different land preparation approaches, Conventional (TT), 

Minimum (MT) and Strip Tillage (ST), on the emissions.  

2. Materials and Methods  

2.1. Experimental layout  

The trial was performed in an experimental farm situated in Carmagnola, North-

west of Italy (44° 53' 10" N 7° 40' 59" E). The experimental field (Figure 1) was 

divided in three main plots that were subjected to the three different land 

preparation strategies (TT, MT and ST). The same tillage strategy was applied in 

each main plot in the previous 5 growing seasons, in which the field was 

cultivated continuously with maize for grain. The maize residues from the 

previous growing season have been totally maintained on the soil surface before 

the tillage operation. Each plot was divided in six subplots, each one 

corresponding to one sowing passage (4.5x40 m). The seedbed preparation 

passages performed for TT, MT and ST thesis are summarized in Table 1. TT 

consisted of a traditional ploughing (30 cm depth), followed by two rotary 

harrowing passages before maize sowing. MT consisted of a single two rows disk 

harrower passage followed by sowing. ST consisted of a strip tillage passage 

followed by sowing. In all three scenarios, two fertilizer passages were made with 

potassium chloride, KCl (60%, Pastorelli SPA) and triple superphosphate, 

Ca(H2PO4) (46% of P2O5; RaFertil Group). Four different tractors were used 

during the trial, depending on the implement (Table 1). All field operations were 

performed in one day, in order to reduce environmental variability as much as 

possible.  

Measurements of PM10 were carried out at each tractor passage using an optical 

PM monitor (TSI, DustTrack™ II model 8530), with a sampling frequency of 1 

Hz. The PM monitor was placed alongside the tilled area at 5 m distance (Figure 

1). The instrument was moved near to the next passage line after each pass. The 

instrument was always kept downwind (skewed at most by a 30° angle) of the 

passage line. Background PM10 concentration was assessed before and after trials. 

A weather station was mounted at the corner of the field, far from obstacles, and 

provided wind measurements by means of two 2D sonic anemometers (GILL, 

UltraSonic), placed at 2 and 4 m height. 
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Figure 1. Experimental layout (full lines identify main plots; dashed lines identify 

sub-plots). 
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Table 1. Seedbed preparation activities in traditional tillage (TT), minimum 

tillage (MT) and strip tillage (ST), implements used, working widths and 

advancement speeds. 

  Operation Implement  Tractor 

Work

-ing 

width 

(m) 

Speed 

(km h-1) 

T
T

 

Ploughing Vittone (two 

ploughshares) 

FIAT 90-90 DT 1.1 2.5 

Rotary 

harrowing 

(1st pass) 

Breviglieri, 

MEKFARMER 100 

FIAT 70-66 2.5 4.5 

Rotary 

harrowing 

(2nd pass) 

Breviglieri, 

MEKFARMER 100 

FIAT 70-66 2.5 4.5 

KCl 

spreading 

KUHN, AERO 1120 FIAT 55-66 12 2.5 

P2O5 

spreading 

KUHN, AERO 1120 FIAT 55-66 12 2.5 

Sowing ALPEGO, Fertidrill ASF CLAAS 550 

ARION 

4.5 7.5 

M
T

 

Disk 

harrowing 

Harrower (two disk rows) FIAT 90-90 DT 2.5 2.5 

KCl 

spreading 

KUHN, AERO 1120 FIAT 55-66 12 2.5 

P2O5 

spreading 

KUHN, AERO 1120 FIAT 55-66 12 2.5 

Sowing ALPEGO, Fertidrill ASF CLAAS 550 

ARION 

4.5 7.5 

S
T

 

Strip 

tillage 

MOM, Strip Hawk Easy CLAAS 550 

ARION 

3 7.5 

KCl 

spreading 

KUHN, AERO 1120 FIAT 55-66 12 2.5 

P2O5 

spreading 

KUHN, AERO 1120 FIAT 55-66 12 2.5 

Sowing ALPEGO, Fertidrill ASF CLAAS 550 

ARION 

4.5 7.5 

 

2.2. Elaboration of wind data  

Start and end times of each tractor passage were recorded during field 

measurements. The passage time intervals were used to clip the output file of the 

anemometer, to obtain the average wind speed and direction at the time of each 

PM concentration peaks. The atmospheric stability class was estimated for each 

passage, according to the Pasquill-Gifford class method (Pasquill, 1961).   
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2.3. Soil physico-chemical analysis  

Three soil samples were collected in each plot (TT, MT and ST), adopting an “X” 

sampling strategy and quartering subsamples in field. Soil samples were collected 

at 0–15 cm depth both before the start of the trial and before sowing, to assess the 

effect of the tillage treatment on soil humidity.  

The samples were air-dried and sieved to 2 mm before physico-chemical analyses. 

We determined soil texture, pH, total carbon and nitrogen content and carbonates. 

The fraction of particles <10 µm was estimated by repeated sedimentation and 

decanting. Field capacity was also determined. The methods used for the analysis 

are described in Padoan et al. (2021). 

2.4. Emission factor estimation 

EF were assessed using a backward lagrangian model (WindTrax). The input 

parameters to the model were: wind speed, wind direction, atmospheric stability 

class, air temperature, average PM10 concentration (at 5 m from the operation line) 

and background PM10 concentration. The model was set to simulate the dispersion 

of 1 million particles and the surface roughness was set to the reference value (1 

cm), parameterized for “bare soil” conditions. The emission source was modelled 

as an area source having the same dimension of the plot tilled at each passage (as 

in Maffia et al., 2020a). 

A simulation was performed per each tractor passage. The output of the model is 

an Emission Rate (ER, mg m−2 s−1) referred to the modelled area source. The ER 

can be later converted in EF (mg m−2) according to the following formula: 

EF = ER×tpass                                                                       (1) 

where tpass is the elapsed time (s) between the start and the end of each passage.  

 

2.5. Statistical analysis 

An analysis of variance (ANOVA), followed by a Tukey post hoc test was 

performed to assess differences in EF among operations and in total emissions 

among thesis (TT, MT, ST). Wind speed population in the three thesis was also 

tested. A log transformation was applied to EF data, in order to meet the normality 

assumption of ANOVA. Normality and homoscedasticity were then confirmed 

through a Shapiro Wilk test and a Levene test, respectively. All analysis were 

performed using R (R Core Team, 2019). 

 

3. Results and Discussion 

3.1. Wind conditions during field trial  

The overall wind conditions observed during the trial are presented in Figure 2. 

Wind speed averaged at around 1 m s-1 and remained among 0.5 and 2.5 m s-1 

for the length of the trial. These relatively low wind speeds are representative of 
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the area where the experiment took place. Moreover, the post hoc test performed 

to assess wind speed differences among treatment confirmed no evident 

significant difference, although during ST tests there was a slight numerical 

increase in wind speed. Wind direction was constant (WSW, WS) for most of the 

trial. Nonetheless, it was necessary to move the DustTrakTM monitor to the 

opposite side of the passage line during few TT and MT passages, since wind was 

blowing from ESE.  

Figure 2. a) WindRose graph highlighting wind speed and direction frequencies 

during the trial (obtained with OpenAir R package; Carslaw et al., 2012); b) 

Boxplot graph with post hoc test results (means with the same letter are not 

statistically different for P<0.05; means are represented by rhombuses). 

 

3.2. Soil characteristics and humidity  

Soil characteristics are presented in Table 2. The soil where the trial took place is 

a silt loam textured soil, with a low organic carbon content. No relevant difference, 

in terms of soil characteristic was highlighted among plots. Soil humidity at the 

beginning of the trial was of 18.8±0.6 % on mass in all plots, while humidity 

before sowing changed slightly, due to the operations performed, and reached 

13.9±0.4, 17.6±0.5 and 14.8±0.4 % in TT, MT and ST, respectively. The 

difference between TT and ST and the MT plot, which was more wet, is probably 

due, for TT, to the aeration caused by ploughing, which could have caused the 

soil to dry up faster, while for ST, the type of implement used could have induce 

less mixing of the upper soil layer (dryer) with the lower one (more wet). 
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Table 2. Soil characteristics in the three different land preparation approaches, 

Conventional (TT), Minimum (MT) and Strip Tillage (ST). 

    TT MT ST 

Sand  % 34.1 34.7 34.0 

Silt % 59.8 58.8 60.0 

Clay % 6.1 6.5 6.0 

pH  8.2 8.1 8.2 

Total limestone % 2.8 2.4 2.8 

organic C % 0.9 1.6 0.9 

CEC meq/100g 7.9 8.5 8.0 

 

3.3. Particulate matter emissions as affected by tilling practice 

Table 3 shows the results of a post hoc test comparing the PM10 EF derived for 

all operations performed. It was observed that the main tilling operations, 

ploughing and strip tilling caused the highest emissions, while no significant 

difference was observed among the other operations. A slight trend of emission 

increase, although not significant, was observed among the first and second rotary 

harrowing passage. This result is consistent with the observations of Madden et 

al. (2009), who highlighted that progressive disaggregation of soil aggregates 

leads to higher emissions. In general, the observed EF are consistent to those 

found in literature (summarized in Maffia et al., 2020). An interesting result is the 

assessment of the EF for fertilizers spreading passages, which have been almost 

completely neglected in previous literature. PM derived from fertilizer spreading 

operations could, in fact, have different composition than the one from tillage 

(composed mainly of soil particles) and should therefore be investigated in 

further studies for its chemical composition and size fraction range.  

Emissions from sowing are reported in Table 4. No significant differences among 

the three theses were observed. Due to the slightly dryer soil conditions in TT and 

ST we may expect higher emissions than in MT. However, this effect was not 

observed. The slightly higher EF value for ST could be due to the passage of 

tractor wheels on untilled inter rows, which have a particularly dry upper layer 

(first 2 cm). In general, sowing is, after ploughing, the most emitting operation in 

terms of PM10. It is therefore important to consider it when assessing seedbed 

preparation impact, and to propose sowing implements with reduced emission 

potential. Moreover, previous studies have observed that sowing produces not 

only resuspension of soil particles, but also of seed and seed coating fragments, 

with presence of pesticides, which have a potentially higher impact on farmers’ 

and animal (bees) health and environment.  

The overall emissions occurred with TT, MT and ST, and the post hoc comparison 

among them, are presented in Figure 3. A significant difference was highlighted 

between MT and the other two thesis, with MT emitting 79 and 73 % less PM10 

than TT and ST, respectively. These results are consistent with a previous study 
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(Coates, 1996), assessing the effect of minimum tillage on total solid particles 

emitted, observing a 45% reduction as compared to traditional tillage. Baker et 

al. (2005), instead, observed a reduction of up to two thirds of respirable dust 

concentration during land preparation with conservation tillage practices as 

opposed to conventional ones. In this study, the reduction of PM10 emissions 

observed with ST was slighter and did not induce a significant difference in 

statistical terms. Moreover, it was highlighted that most of PM10 emissions are 

caused by principal heavy-duty operations, such as ploughing and strip tillage, 

while secondary passages, such as disk or rotary harrowing, are less important. 

Therefore, as a general rule, to reduce PM10 emissions from seedbed preparation, 

it would be preferable to avoid principal operation which involve a deeper tilling 

and profound soil turning and to rely on superficial interventions. In fact, even if, 

as Coates et al. (1996) suggested, reducing the number of passages is the one of 

the most effective ways of reducing PM emissions, it is also true that the choice 

of the implement and the operation type play a vital role in determining dust 

production. Providing more detailed emission figures is therefore important to 

inform adequate soil management choices, without forgetting that PM emissions 

from soils are affected by soil and weather conditions and that the implement 

choices should be tuned to accommodate for the specific characteristics of the 

area. Moreover, while addressing PM emissions is should never be forgotten that 

soil management should first aim to soil preservation and overall agronomic 

performance and that these should remain the main drivers of management 

choices made. 

 

Table 3. Post hoc test results highlighting differences among emission factor (EF) 

of soil tilling operations performed (means followed by same letter are not 

statistically different for α<0.05). 

Operation 

EF  

(mg m-2)   

Lower 

CL* 

Upper 

CL* 

N** 

P  

Ploughing 76.1 b 23.7 244.2 12 

<0.001 

Strip tilling 68.0 b 33.3 138.9 5 

Disk harrowing  2.2 a 1.2 4.1 5 

P2O5 spreading 2.2 a 0.9 5.3 5 

2nd rotary 

harrowing 1.3 a 0.6 2.9 

5 

1st rotary 

harrowing 0.7 a 0.3 1.7 

5 

KCl spreading 0.5 a 0.2 1.2 5 

*LowerCL and UpperCL are the lower and upper 95% confidence limits. 

**N is the number of tractor passages. 
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Table 4. Post hoc test results highlighting differences among emission factor (EF) 

of soil tilling operations performed (means followed by same letter are not 

statistically different for α<0.05). 

 

Sowing EF 

(mg m-2)   

Lower 

CL* 

Upper 

CL* N P 

TT 21.5 a 10.8 42.9 

3 0.6 MT 23.3 a 12.9 42.5 

ST 28.2 a 14.1 56.2 

*LowerCL and UpperCL are the lower and upper 95% confidence limits. 

**N is the number of tractor passages. 

 

Figure 2. Post hoc test results highlighting differences among total PM10 

emissions derived from each tillage practice (means with the same letter are not 

statistically different for α<0.05). 

 

 

4. Conclusions 

This preliminary study allowed to provide new EF for tillage in Northern Italy, 

for which no EF were available. Moreover, the effect of different soil tillage 

approaches on PM10 emissions was observed, highlighting a substantial emission 

reduction, of 79% when applying MT as compared to TT. ST, instead, did not 

provide a significant emission reduction benefit. It was observed that the 

operations which are the main drivers of PM10 emissions, are principal tillage 

operations, such as ploughing, strip tillage, and sowing. To improve the 

knowledge of the processes leading to PM emission from agricultural operations, 

future studies may address also finer size fractions of PM (PM2.5 and PM1) and 

the influence of soil moisture on the EF, and may characterize the profile of 

emitted particulate in order to provide more accurate emission figures.  
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4. RESEARCH WORKS ON AMMONIA EMISSIONS 

The field of ammonia emissions is a more developed field as compared to PM 

emissions and it is a field in which the Waste Management research Group in 

Torino is working from several years, providing insights on emissions deriving 

from several steps of the manure management chain and developing and testing 

mitigation measures. The research works presented in this section were 

performed as part of the broader activities of the Waste Management Group and 

in line with the objectives of different research Projects.  

Articles VII and VIII were written in the framework of the European Life Project 

Agriclose, which is entitled “Improvement and disclosure of efficient techniques 

for manure management towards a circular and sustainable agriculture” 

(AGRICLOSE - LIFE17 ENV/ES/000439). The Project aims at closing the gap 

between livestock rearing and agriculture, promoting cross-fertilization strategies 

that can help improve manure use efficiency, reduce nutrient surplus and 

ammonia losses, increase organic matter in depauperated soils and improve 

nutrient use efficiency on the regional scale. This is achieved through the 

implementation of solutions such as mechanical separation of solid and liquid 

fraction of slurry and composting of the solid fraction. The two articles VII and 

VIII present an alternative slurry acidification solution, to be implemented before 

mechanical separation of slurry. The technique, which aims to reduce ammonia 

and greenhouse gas emission, was addressed in terms of its acidification effect 

and emission reduction potential (Articles VII and VIII) and then applied in full 

scale through the implementation of a prototype, tested in a commercial farm 

(Article VIII).  

Article VI, IX and X are standalone articles. Article VI focuses on a strategy to 

reduce gaseous emissions from manure spreading with the use of a nitrification 

inhibitor (NLockTM), applied to the soil. Article IX presents an innovative 

laboratory approach to test a passive ammonia sampler. Article X was written in 

the framework of a research project, founded by the CRT foundation, entitled 

“Strategie innovative per la riduzione dell'impatto ambientale e l'incremento delle 

performance produttive negli allevamenti suinicoli” (Innovative strategies for 

reducing environmental impact and increasing production performance on pig 

farms). It focuses on emissions from pig houses and pig slurry storage and aims 

at evaluating the use of natural zeolites, in addition to pig diets, to reduce 

emissions of NH3 and greenhouse gases while positively affecting pih health and 

performances.  

The following articles, although not being all interconnected, allowed to address 

several different technologies and to expand the knowledge of mitigation 

measures to be used at different stages of the manure management process 

(Articles VI, VII, VIII and X) and also the measurement strategies to be used in 

field experiments (Article IX).  
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4.1. ARTICLE VI: “Application of nitrification inhibitor on soil to reduce NH3 

and N2O emission after slurry spreading” 

This article aims at testing the use of a nitrification inhibitor to reduce gaseous 

emissions from manure (NLockTM). The interest in testing this methodology lies 

in the fact that the most prominent and effective techniques for reducing NH3 

emissions from land spreading are injection or immediate slurry incorporation 

techniques (Santonja et al., 2017). Those techniques, although extremely effec-

tive in containing fugitive ammonia, may induce an increase of N2O emissions. 

Therefore, coupling of slurry injection and slurry incorporation may help to solve 

the main downside of slurry incorporation, while also favoring nitrogen availa-

bility for plants and reducing nitrate leaching. This conference paper presents the 

first results of a multiple years trial and gives a first insight on NH3 and N2O 

emission dynamics.  
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(MetroAgriFor, 2020), pp. 58-62, doi: 10.1109/MetroAgri-
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Abstract 

Manure spreading is one of the main sources of ammonia (NH3) emissions in the 

livestock sector, which is responsible of the 75 % of anthropogenic NH3 losses. 

For liquid manure, the most effective distribution technique to abate NH3 

emissions is direct injection, which allows for a NH3 emission abatement up to 

90 %. Nonetheless, direct injection has been shown to potentially increase, under 

certain environmental conditions, nitrous oxide (N2O) emissions from soil after 

slurry spreading. The aim of this study is to assess the effect of the commercial 

nitrification inhibitor N-LockTM (CORTEVATM agriscience) on NH3 and N2O 

emissions after spreading of two different slurry types. The product was tested in 

a field trial on two different soils (loam and sandy-loam) and in combination with 

two different types of manure (cattle slurry and digestate). The N-LockTM product 

appears to have a good potential for N2O emission reduction from fields after 

slurry spreading with direct injection techniques. Nonetheless, proper emission 

abatements (up to 79 %) were obtained only in one of the two soils included in 

the study and N-LockTM efficiency differed depending also on slurry type.  

1. Introduction  

Nutrient surplus is an important environmental issue in livestock dense areas 

across the world (Leip et al., 2015; Sutton et al., 2011). The amount of nutrients 

contained in livestock manure often exceeds crops uptake capacity and leads to 

environmental impacts on the atmosphere, through ammonia (NH3) and green 

house gases (GHG) emissions, and on water resources, through leaching of 

nitrates from fields into the watersheds. The livestock sector, in facts, contributes 

for the 75% and 14.5% to the NH3 and GHG anthropogenic emissions and is held 

accountable for water eutrophication (Gerber et al., 2013; Sommer & Hutchings, 

2001; Webb et al. 2005). Several solutions have been proposed to reduce NH3 

emissions by improving manure distribution. For liquid manure, the best 

distribution technique is direct injection, which allows for a NH3 emission 

abatement up to 90% (Santonja et al., 2017). Nonetheless, direct injection has 

been shown to potentially increase, under certain environmental conditions, 

nitrous oxide (N2O) emissions from soil after slurry spreading. N2O is an 

important greenhouse gas (with a global warming potential of 265 CO2 

equivalents) and it is an end product of the soil nitrification and denitrification 

processes (Firestone et al., 1980). Nitrification inhibitors, acting on the nitrifying 

bacteria present in soils, have been proposed as a tool to reduce N2O emissions 

(Firestone et al., 1980; Ruser et al., 2015). Nitrification inhibitors effects can also 

lead to a reduction of nitrate leaching from soils, as highlighted by Di & Cameron 
(2007). According to Randall et al., 1999, nitrification inhibitors can have a 

positive effect on grain yield, through an increase of N availability that allows for 

greater production. The aim of this study is to assess the effect of the commercial 

nitrification inhibitor N-LockTM (CORTEVATM agriscience) on NH3 and N2O 

emissions from Maize cropping system, after spreading of two different slurry 

types. The product was tested in a field trial on two different soils (loam and 
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sandy-loam) and in combination with two different types of manure (cattle slurry 

and digestate).  
 

2. Material and methods 

2.1. Experimental layout 

The trial was conducted in two experimental plots of about 700 m2 each. The two 

big plots, S1 and S2, are characterized by two different soil textures, being 

classified respectively as loam and sandy-loam. The two soils are in the same area 

(Candiolo, TO) of the province of Turin (Italy). The area is characterized by an 

intenze Maize production and by the presence of a high number of livestock units 

per ha. The experimental layout was designed in order to test the product N-

LockTM (containing nitrapyrine at 25.97 % on weight), with two different 

dosages (D1 and D2), on two different soil type and in combination with two 

different slurry types. The D1 dose (2.5 L ha-1) is the one suggested by the 

producer of N-LockTM, while the D2 dose (5 L ha-1) is the double of it. The two 

slurry types used for the experiment were cattle slurry and digestate (derived from 

anaerobic digestion of cattle slurry and maize silage).  

It was chosen not to adopt a classical split plot design, since it was preferred to 

work in real operational conditions and it is not possible to obtain a good 

homogeneity of distribution with a manure spreader in plots of small dimensions. 

In terms of atmospheric emissions the homogeneity of distribution, meaning the 

amount of slurry per unit of surface, is of crucial importance in order to perform 

a successful comparison among different thesis. The two dosages of N-LockTM 

were applied in bands of 30 m of width and a 100 m of length, while one band 

was left untreated (NT). Successively, the slurries were distributed, using an 

injection system, perpendicularly to the N-LockTM treatment, in order to create 6 

square plots of 30 x 30 m in both S1 and S2. The distribution rate of the two 

slurries was set in order to apply 170 kg of N per ha in each plot. After the 

distribution, instrumentations for NH3 and GHG monitoring were mounted in 

each plot. The distribution of the N-LockTM product and the slurries, as well as 

the final experimental layout, are shown in Fig. 1.  
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Figure 1. Field preparation and experimental layout scheme. 

 

Both S1 and S2 were managed with a furrow irrigation system, which has been 

shown, among the most common watering systems, to be the one producing 

higher N2O emissions (Ye et al., 2018). This system is the most commonly used 

one in the study area. 

 
2.2. Emissions measurement 

N2O emissions were measured using a closed static chamber method (Maffia, 

2020; Bertora et al., 2018). The measurement protocol was fully described by 

(Bertora et al., 2018). Maize plants were let growing inside the chamber till they 

reached 15 cm of height and then they were cut to permit field operations. NH3 

emissions were assessed applying a micrometeorological method, by coupling 

passive NH3 samplers (alpha-samplers, Tang et al., 2001) and the WindTrax 

dispersion model (Flesch et al., 2004). The method used is similar to the one 

described by Carozzi et al. (2012). NH3 sampling lasted for the first 4 days after 

manure spreading, since NH3 emissions occur mostly in the first days after 

spreading events. N2O emissions were measured for the duration of Maize 

cropping season (from slurry spreading and sowing to harvesting).  
 
2.3. Meteorological data and manure and soil characterization 
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Wind speed and wind direction were measured for the first 4 days of trial, using 

a 3D (GILL, Windmaster 3D) and a 2D (GILL, UltraSonic) sonic anemometers, 

placed at the corners of both fields at a height of 2 m. Wind data were elaborated 

as described in (Maffia et al., 2020). The two slurry types were analyzed in 

laboratory to determine dry matter content (OM; % on weight), pH, soil organic 

matter (SO; % on dry matter), total nitrogen (Total N, mg kg-1), ammonium 

nitrogen (NH4-N, mg kg-1) and organic nitrogen (Organic N, mg kg-1). S1 and S2 

were also characterized to define their texture (sand, silt and clay content; %), 

their total N content (mg kg-1), their pH and their cation exchange capacity (CEC, 

meq hg-1). The official AOAC method was apllied for slurry analyses (AOAC, 

2006). 

 
2.4. Statistical analysis  

The effect of the N-LockTM treatment on total NH3 and N2O emissions was 

assessed through an ANOVA procedure. The ANOVA was followed by a Tuckey 

post-hoc test (P<0.05). The results of the post-hoc tests are presented in Fig. 3. A 

separate ANOVA was performed per each soil:slurry combination. Therefore, it 

is not possible to evaluate directly slurry and soil type effects on the emissions. 

3. Results and Discussion 

3.1. Manure and soil characteristics 

The chemical characteristics of the two slurry types used during the field 

experiments are shown in Tab. 1. The slurries have similar total N contents, but 

the cattle slurry has a lower NH4-N content as compared to digestate. Tab. 2 

shows phisical and chemical characteristics of soils S1 and S2. S2 has a lighter 

texture as compared to S1. Having S2 a higher macroporosity and a lower overall 

field capacity, it is probably more susceptible to the fload defload events that 

trigger N2O emissions. Moreover, S2 also has a higher Ntot content and a lower 

C:N ratio, as compared to S1, while maintaining a higher soil OM. Therefore, S2 

characteristics let presume a generally higher microbial activity. Both S1 and S2 

have slightly acidic pH and an average CEC.  
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Table 1. Slurry chemical characteristics 
 

Cattle 

slurry 

  Digestate 

Dry matter (%) 4.66   4.48 

pH 7.14   7.6 

OM (% on dry 

matter) 

84.53   81.27 

Organic N 

(mg kg-1) 

1.88   1.43 

NH4-N (mg kg-1) 1.49   2.31 

Total N (mg kg-1) 3.37   3.74 

 

Table 2. soils chemical and physical characteristics 

  S1 S2 

Sand (%) 37.3 59.5 

Silt (%) 44.5 30.6 

Clay (%) 18.2 9.9 

pH (H2O) 6.4 6.1 

OM (%) 2.41 3.36 

Total N (mg kg-1) 1.53 2.45 

CEC (meq hg-1) 16.7 14.5 

 

3.2. Ammonia and Nitrous oxide emissions 

NH3 emissions, shown Fig.2, were quite low in all the observed plots. This can 

be explained by the fact that the distribution method used (direct injection) has 

been proved to be very efficient for NH3 emission abatement (Santonja et al., 

2017). The N-LockTM treatment had no significant effect on the emissions, 

although a general trend of reduction with the increase of the dose can be 

observed. This is probably due to the fact that the product exerts its effects on the 

soil and needs some time to start affecting the bacterial communities in it, while 

the NH3 emissions happen, for the most part, in the first 6-12 hours after 

spreading (Santonja et al., 2017). 
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Figure 2. Total N losses through ammonia emissions observed during the trial. 

 

The observed N2O emissions were very different in the two soils, with digestate 

being the most emitting one in both S1 and S2 (Fig. 3). Moreover, the N-LockTM 

product appears to have affected the emissions very differently in the two 

experimental plots. In S1, the N-LockTM treatment had no significant effect on 

N2O emissions. In S2 instead, significant emission reductions were observed for 

both cattle slurry and digestate. For cattle slurry, the emissions were abated by 

60 %, with the D2 dose, while D1 dose did not produce any significant effect. For 

digestate, both D1 and D2 doses were effective, with reductions of N2O emissions 

of about 30 and 79 % as compare to the control. In general, N2O emissions 

observed in S1 were low as compared to those in S2. The overall magnitude of 

the emissions in the two soils could have affected the significancy of the N-

LockTM treatment. Where very low emissions occurred, the variability of soil 

conditions on a microscale could have generated a higher variability in fanal 

emissions than the treatment itself. 
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Figure 3. Total N losses through nitrous oxide emissions observed during the trial. 

 

The fact that the N-LockTM product performed so differently on the two plots (S1 

and S2) is probably linked to the soil characteristics, since the two plots are in the 

same area and the precipitations were the same. The soil in S2, where the 

treatment was shown to be more effective, is a lighter soil with a higher sand 

content. Possibly, this could have facilitated the spreading of the product into soil 
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pores, allowing for an improved action. Moreover, having S2 a higher 

macroporosity and being generally more moist could have led to higher 

nitrification and made the effect of NLockTM more evident. In fact, emissions in 

S1 were lower than in S2. In any case, further studies should be performed to 

better evaluate the effect of soil characteristic on the efficiency of this abatement 

strategy. 

4. Conclusions 

The N-LockTM product appears to have a good potential for N2O emission 

reduction from fields after slurry spreading with direct injection technique. 

Nonetheless, the emission abatements obtained with N-LockTM were different in 

the two soils in which the product was tested and for different types of slurry. In 

fact, better results were obtained on a more sandy-loam soil, while on a loam soil 

the effects of the treatments were not significant and overall emissions were very 

low. Moreover, the best results were obtained in combination with digestate, 

where both the D1 and the D2 doses caused significant N2O emission reductions 

of 30 and 79 % respectively. The soil S2, on which the N-LockTM treatment had 

the better effect, was also the one in which the overall highest emissions occurred. 

Emissions in S1 were, in fact, below 1 kg ha-1 of N-N2O in all thesis.  

Further studies should be conducted to better investigate how soil and slurry type 

can affect N-LockTM efficiency for emission reduction. A special attention should 

be put into testing other N-LockTM distribution methods that can maybe help to 

overcome the disparity of results obtained on different soils. 

The presented results are preliminary. The trial included also an assessment of 

CO2 and CH4 emissions, as well as an evaluation of the ammonium and nitrate 

content in soil during the entire cropping season. Moreover, field experiments 

will continue in wintertime, with an emission assessment of a winter-wheat 

succession. These further activities and results will be presented in future studies.  
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4.2. ARTICLE VII: “Addition of powdery sulfur to pig slurry to 

reduce NH3 and GHG emissions after mechanical separation” 

 

This article addresses the use of powdery sulfur as an additive to reduce ammonia 

and greenhouse gases emissions from slurry and slurry separated fractions. The 

main interest of using powdery sulfur as an alternative to strong acids arises from 

the difficulties of handling strong acids in a farm environment, especially with 

regards to safety issues. Moreover, the use of strong acids can cause foam 

formation, which can pose issues in slurry storage and handling.  

The article presents the results of a laboratory trial, which aimed at uncovering 

the acidification dynamics of slurry after sulfur addition and the potential for 

emission reduction in a controlled environment.  

 

IEEE International Workshop on Metrology for Agriculture and Forestry 
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Authors: Jacopo Maffia, Fabrizio Gioelli, Luca Rollé, Gianfranco Airoldi, Paolo 

Balsari, Elio Dinuccio 
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Abstract 

Agriculture is the cause of almost the 95% of total ammonia (NH3) emissions in 

Europe, where livestock manure and fertilizers are the main emitters. In Italy, 

manure management represents about the 46% of the total NH3 losses from the 

agricultural activities. The environmental impacts are greater in areas with high 

livestock density, where nutrient application rates on fields often exceed the crop 

uptakes. Mechanical separation of slurry into its solid and liquid components is 

widely used to ease the transport of nutrients surplus outside livestock dense areas 

towards livestock-free plantations. However, mechanical separation may increase 

greenhouse gases (GHG) and NH3 emission mainly due to high emissions during 

the solid fraction storage. The main objective of this research has been evaluating 

the effect of acidification by adding elementary sulfur (S) before slurry 

mechanical separation. Ammonia and GHG emissions were monitored during 

storage of raw slurry, solid and liquid fraction.  

KEYWORDS - Ammonia, manure, acidification, sulfur, emissions 

1. Introduction 

Agriculture is the cause of almost the 95% of total ammonia (NH3) emissions in 

Europe (EEA, 2015), where livestock manure and fertilizers are the main emitters. 

In Italy manure management represents about the 46% of the total NH3 losses 

from the agricultural activities (ISPRA, 2015). Moreover, manure management 

contributes to 13% of N2O emission and to 8% of CH4 emission, 46% of which 

from pig breeding (ISPRA, 2014). The environmental impact is greater in areas 

with high livestock density. In Valle Po are bred the 36%, 64% and 30% of cattle, 

pigs and poultry nationwide (ISTAT, 2011). Therefore, the nutrient application 

rates on fields often exceed the crop uptakes. Mechanical separation of slurry into 

its solid and liquid components is widely used to easily transport the nutrients 

surplus outside livestock dense areas towards livestock-free crop production 

areas, where manure spreading can be beneficially increase soil organic matter 

content (Hjorth et al., 2010 and Møller et al., 2007). However, mechanical 

separation may increase greenhouse gases (GHG) and NH3 emission (Amon et 

al., 2006; Dinuccio et al., 2008; Fangueiro et al., 2008) mainly due to high 

emissions during the solid fraction storage. The main strategy used in North 

Europe to reduce NH3 volatilization consists in slurry acidification (Schils et al., 

1999; Eriksen et al., 2008). Ammonia losses from acidified slurry, that reaches a 

pH of 5.5, can be reduced up to 27 to 98% (Kai et al., 2008; Kaiying et al., 2014, 

Fangueiro et al., 2015). Moreover, slurry acidification can reduce CH4 emissions 

by 17% to 87% (Ottosen et al., 2009; Petersen et al., 2012; Kaiying et al., 2014, 

Fangueiro et al., 2015). Nevertheless, the use of strong acids, such as 

concentrated sulfuric acid, poses some concerns. In fact, strong acids are 

considered hazardous materials, due to the potential health risk, and handling 

these kind of materials undergoes some regulation restrictions. The main 

objective of this research has been evaluating the effect of acidification by adding 

elementary sulfur (S), which does not pose health concerns, before slurry 
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mechanical separation. Ammonia and GHG emissions were monitored during 

storage of raw slurry, solid and liquid fraction. 

 

2. Materials and methods 

The effect of addition of sulfur to different pig slurry fractions on NH3 and GHG 

emission was assessed in laboratory condition. Raw slurry was collected from a 

pig-breeding farm, where 2500 sows and 2300 fattening pigs were raised on a 

slatted floor without litter. The pigs’ diet was mainly comprised of corn mash, 

and, in lower quantities, of barley, soybean, wheat and bran. 

2.1. Slurry treatment and separation test 

Elementary S was added to fresh raw slurry 24 h before separation test in 2 doses: 

0.1% (w/w) and 0.5% (w/w). The rationale behind acidification with elemental 

sulfur relies on the chemical reaction described as follows:  

S0 + ½ O2 + 2H2O  CH2O + 2H+
 SO4

2- (1) 

 

Raw slurry was mechanical separated using a lab-scale screw press device, 

described by Popovic et al. (2014). In order to determine the separation efficiency 

(Et) were weighed the amount of raw slurry (input) and the amounts of the solid 

and liquid fractions produced at the end of each trial. The mass was determined 

by a precision balance with 0.1 g sensibility and a carrying capacity of 6 kg (Kern 

PCB). The separation efficiency was then defined as the ratio (%) between the 

total mass of nutrients recovered in the solid fraction and the total nutrient input 

with the raw slurry (as described in Møller et al., 2002).  

Table 1. Average characteristics of the raw slurry, soli and liquid fractions before 

the storage. Values of standard deviation are between brackets.  

 

2.2. Gas emissions measurements during storage 

Acidified and untreated slurries and their corresponding fractions were stored, in 

5-liter jars, in the lab at room temperature for 60 days (temperature monitoring 

Treatment TS (%) VS (%) pH Ntot  

(g kg-1) 

N-NH3 

(%Ntot ) 

S  

(mg kg-1) 

RS 4.62 

(0.05) 

3.51 

(0.03) 

7.18 1.12 

(0.10) 

17.33 64.86 

(46.41) 

LF 2.15 

(0.03) 

1.40 

(0.01) 

7.29 0.70 

(0.01) 

9.33 84.13 

(31.41) 

SF 16.68 

(0.23) 

13.78 

(0.13) 

8.28 3.26 

(0.09) 

21.66 1,217.66 

(194.25) 
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was performed as described by Regueiro et al., 2016). Each jar was filled with 

1.500 g of liquid sample (raw slurry and liquid fraction) or with 800 g of solid 

fraction to maintain constant the head space in the jar. The gaseous emissions 

were detected through a dynamic chamber system, using an infrared 

photoacoustic monitor (IPD; 1412 Multi-gas Monitor, Innova® Air Tech 

Instruments) described by Berg et al. (2006). The emissions were monitored from 

the beginning of the storage every 24h for the first 2 weeks of storage and 

afterwards the measurement frequency was changed to three times per week. The 

measurement protocol is as described by Iria et al. (2016). Data were analyzed by 

analysis of variance procedure (ANOVA) followed by Tukey’s post hoc test (with 

the significance level set at P < 0.05). The gaseous losses obtained are estimated 

as CO2eq using the global warming potentials of 28 for CH4 and 265 for N2O, 

and considering the indirect NH3 contribution to the N2O emissions, estimated at 

1% (IPPC, 2013).  

2.3. Analytical methods 

Dry matter (DM) content, presented as a percentage of wet weight, was measured, 

using a scale (Kern®, model ABS 220-4) after drying the fresh samples to a 

constant weight (24h at 105 °C). The volatile solids content (VS) was calculated 

as loss upon ignition at 550 °C for 5h (VDI 4630, 2006) and stated as percentage 

of dry matter. The pH of the slurry and liquids samples were measured directly 

using a glass electrode (Hanna instruments® electrode HI 1023). The pH of the 

solid samples was measured directly using a glass electrode for semi solid (Hanna 

instruments® electrode HI 1053B). Total nitrogen (N) and ammonium nitrogen 

(NH4-N) were measured according to the Kjeldahl method. Method used to 

measure total sulfur were UNI EN 13804 2013 + UNI EN 13805 2002 + EPA 

6010C 2007. 

3. Results and Discussion 

3.1. Separation Test 

Chemical characteristics of raw, solid and liquid fractions samples at the 

beginning of the experiments are shown in Table 1. Sulfur addition didn’t affect 

the chemical properties of the raw slurry. From Separating a raw slurry with a 

DM content of 4.6% a solid fraction with a DM of approx. 17% was obtained. As 

previously highlighted by Hjorth et al. (2010) the total nitrogen and ammonia 

nitrogen content were are higher in the solid fraction than in the liquid fraction. 

The sulfur content in the raw slurry samples was about 10 times lower than that 

observed in the literature (Sørensen and Eriksen, 2009; Peu et al., 2012). 

Separation efficiency obtained for DM and VS was equal to 64% and 19%, 

respectively. These values are in accordance to those provided by Popovic et al. 

(2014). 

3.2. Storage conditions 

During the 60 days storage trial, the average temperature resulted 15.3 °C with a 

maximum value of 23.9°C and a minimum value of 13.9°C (Fig. 1). The 



 

165 

Jacopo Maffia                                                                                                   PhD 2021 

 

 

 

 

 

 

 

 

 

 

temperature values recorded during the experiment can be considered 

representative of the outside spring condition in North Italy. Environmental 

temperature is well known to strongly affect NH3 and CH4 emissions (Kai et al., 

2008, Dinuccio et al., 2008, Kaiying et al., 2014). Furthermore, Jaggi et al. (1999) 

found a strong influence of temperature on the rate of S oxidations.  

Raw slurry (RS) pH (Fig. 2) remained higher than 7 during the experiment, while 

the liquid fraction (LF) was slightly more alkaline, with a pH level over 8. The 

solid fraction (SF) pH was lower for all the treatments and SF 0.5 reached a pH 

of 5.7. Samples RS 0.1 and LF 0.1 reached pH 7 after 30th day; samples SF 0.1, 

RS 0.5 and LF 0.5 reached pH 6.5. The effect of sulfur addition started from the 

7th day as observed in a precedent study (Balsari et al., 2015). Several studies 

indicated pH 5.5 as an optimal level to achieve NH3 emission reduction 

(Fangueiro et al., 2015), although the target pH should be defined considering 

also the economic costs of the treatment and the acidification efficiency. The 

efficiency of acidification with the objective of reducing NH3 emissions depends 

on parameters such as the type of additive, target pH, manure type and step in the 

slurry management chain (Ndegwa et al., 2008). Reaching pH between 6 and 6.5 

may allow to obtain abatements of NH3 and CH4 losses up to 40% (Kai et al., 

2008; Berg et al., 2006, Kaiying et al., 2014; Lefcourt and Meisinger, 2001; 

Nyord et al., 2013; Balsari et al., 2015; Ottosen et al., 2009).  

  

 

 Figure 1.  Air temperature trend measured during the test. 
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Figure 2.  pH trend measured during the test. 

 

3.3. Emissions of NH3 and GHG 

In the control samples the combined emissions (Fig. 3) measured from the storage 

of the liquid and solid fractions resulted in increased NH3 losses compared with 

the storage of RS. This result is consistent with other studies (Amon et al., 2006; 

Dinuccio et al., 2008; Fangueiro et al., 2008). In contrast, in the acidified samples 

with lower S dose, the mechanical separation decreased significantly (P < 0.05) 

NH3 losses (Fraction sum 0.1, Fig. 3a). For the slurry with the higher S 

application rate, instead, the separation did not significantly (P > 0.05) change the 

emissions amount (Fraction sum 0.5, Fig. 3a). The acidification S effect was more 

efficient for the liquid fraction. Specifically, LF 0.1 and LF 0.5 lost on average 

the 3.70 % of total initial nitrogen as ammonia compared to the 10% of LF. These 

percentages of N losses are lower than those recorded by Dinuccio et al. (2008) 

but consistent with Balsari et al. (2015).  

Mechanical separation increased N2O emissions from the separated fractions (Fig. 

3b), similarly to what was reported in previous studies (Petersen S. O. and 

Sommer S.G., 2011; Amon et al., 2006). In general, N2O emissions have been 

reduced by sulphur additions, with a reduction of the raw slurry emissions of 89% 

and 96% for RS 0.1 and for RS 0.5 respectively. For solid fractions, only the dose 

0.5 has had a significant (P < 0.05) effect, with a N2O emission reduction of 82% 

compared to the emission level of the control. The cumulative emission of N2O 

was in the range of 0.02% (RS 0.5) to 0.08% (SF) of the initial total N content. 

All the 0.5 S samples emitted less than 0.1% N-N2O/N content.  

As expected, acidification altered methanogenic activity; CH4 emissions were 

significantly reduced by sulphur acidification both in raw slurry and in separated 

fractions (Fig. 3c). The observed CH4 emissions are in accordance with several 

researches (Martinez et al., 2003; Jiajun et al., 2010; Dong et al., 2011). C-CH4 

emissions in raw slurry were reduced from 52% (S 0.1) to 91% (S 0.5). The 

emissions deriving from both separated fractions were also reduced by the sulfur 

treatment, although the effect of the two doses did not differ significantly (P > 

0.05).  
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Fig. 3.  Cumulative gaseous emissions of NH3 (3a), N2O (3b) and 

CH4 (3c) during manure storage.  

 

4. Conclusions 

The addition of elementary S to slurry showed to be a reliable and effective slurry 

acidification method. Therefore, it can be considered as a valid alternative to the 

common sulfuric acid. Sulfur addition led to significant reduction of gaseous 

emissions (NH3 and GHG) during storage. Ammonia emission rates from raw 

slurry and separate fractions were reduced on average by up to 28% and 49% 

respectively. GHG emissions were reduced by 79% and 53%, respectively for 

raw slurry and the sum of separate fractions.  

According to these results, 0.1% S might be considered the best application rate, 

allowing an emission reduction in line with the current acidification technology 

performances. 
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4.3. ARTICLE VIII: “Development and Testing of an Innovative System to 

Acidify Animal Slurry with Powdery Sulphur before Mechanical Separation” 

 

The results presented in Article VII had shown that slurry acidification wih 

powdery sulfur has good potential for reducing both NH3 and greenhouse gases 

emissions. This second conference paper aims at presenting a full scale solution 

for implementing acidification with powdery sulfur and to test its operation 

parameters.  
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Abstract 

Slurry acidification is one of the most efficient mitigation strategies to reduce 

atmospheric emissions of ammonia (NH3) and greenhouse gases (GHG) from 

animal slurry. Powdery sulphur (S) has been proposed as an alternative to strong 

acids to achieve slurry acidification, avoiding safety risks and foam formation. In 

the context of the Agriclose LIFE Project, a set of lab-scale trials has been carried 

out to test the effect of S addition to raw pig slurry before mechanical separation 

on NH3 and GHG emission during storage of separated (liquid, solid) fractions. 

Powdery sulphur was added to fresh raw slurry in 2 doses: 0.1% (w/w) and 0.5% 

(w/w). Ammonia emission rates from raw slurry and separate fractions were 

reduced on average by up to 28% and 49% respectively. GHG emissions were 

reduced by 79% and 53%, respectively for raw slurry and the sum of separate 

fractions. On the basis of the results obtained from lab-scale tests, a full-scale 

prototype for acidification of pig slurry before mechanical separation has been 

designed, developed and tested. The prototype adopts a semi-continuous process 

and is composed of four main parts: a stainless-steel mixing tank provided with 

a rigid cover and filling sensors, an automatic system for mixing and dosing 

powdery S to slurry, a volumetric pump to transfer the acidified slurry to a screw 

press separator, and a control panel. The system automatically adds 0.2 to 1.5 kg 

S m-3 of slurry, allowing the separator to work at its full capacity (12-15 m3 h-

1). The development of this prototype is a step forward to allow sulphur to be 

implemented at the farm level, achieving emission reduction and preserving 

nutrients. 

Keywords: slurry treatment, acidification, ammonia emission, mitigation 

 

1. Introduction 

Acidification of animal slurry is one of the most promising mitigation strategies 

available to reduce emission of ammonia (NH3), which is one of the main 

anthropogenic pollutant and it is almost entirely ascribable to the agricultural 

sector (up to 95%). In fact, NH3 emissions are involved in the formation of 

particulate matter, water and soil acidification and water eutrophication (Bittman 

et al., 2014; Erisman & Schaap, 2004). Moreover, high ammonia concentration 

in barns represent a hazard for farmers and are detrimental for animal health 

(Baker et al., 2020). Many studies investigated the effects of acidification systems 

on slurry emissions, in all steps of the manure management chain: housing (Kai 

et al., 2008), storage (Misselbrook et al., 2016) and field spreading (Seidel et al., 

2017). Most acidification systems rely on the use of strong acids, such as 

sulphuric acid and nitric acid, which are added and mixed into slurry tanks. that 

the addition of sulphuric acid to stored slurry allows to reduce NH3 emission by 

42-95 % (Seidel et al., 2017; Stevens et al., 1992). Alternative solutions to strong 

acids and milder acids were tested too (Eriksen et al., 2012; Lefcourt & Meisinger, 

2001). In general, acidification of slurry should aim to lower the pH to a level of 
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about 5-6, in order to achieve good emission mitigation results (Fangueiro et al., 

2015).  

The main issues encountered when applying manure acidification are related to 

safety concerns, since strong acids are hazardous substances and handling 

procedure are strictly regulated by national laws, which is one of the reasons why 

acidification is widely adopted only in certain European countries. Moreover, 

acid addition to animal slurry induces foam formation, causing handling 

difficulties.  

This study aims to propose alternative acidification technique, relying on the use 

of powdery sulphur, a refinery industry by-product, to achieve acidification of 

slurry before its mechanical separation. A farm scale prototype for sulphur 

acidification was developed and its separation efficiency and working capacity 

were tested.  

 

2. Materials and Methods  

The experiments were carried out in two phases. In the first phase preliminary 

laboratory experiments were performed to test sulphur acidification mitigation 

potential, while in the second phase the farm scale prototype was developed and 

tested.  

 

2.1. Preliminary tests and laboratory emission assessment 

Pig slurry, collected from a commercial pig farm, was enriched with powdery 

sulphur 24 h before performing liquid solid separation in laboratory conditions. 

Two doses of sulphur were used: 0.1% (S 0.1) and 0.5% (S 0.5) on weight. 

Mechanical separation of slurry was performed using a lab-scale device, 

described in Popovic et al. (2017).  

The raw slurry (RS), liquid (LF) and solid (SF) fractions were stored for 60 days, 

in 5 liters glass jars, at room temperature (15.3±2.1°C). The temperature value is 

comparable with usual outside spring condition in North Italy (temperature 

monitoring was performed with thermocouples; HOBO, OnSet).  

Gaseous emissions during storage were monitored using a dynamic chamber 

system. Gas concentration measurement were performed using an infrared 

photoacoustic monitor (IPD; 1412 Multi-gas Monitor, Innova® Air Tech 

Instruments). The overall dynamic chamber system was described by (Berg et al., 

2006). Emissions were monitored from the beginning of the storage period, every 

24h for the first 2 weeks of storage and three times per week in the remaining 

period. The measurement protocol is as described by (Regueiro et al., 2016). Data 

were analyzed by analysis of variance procedure (ANOVA) followed by Tukey’s 

post hoc test (with the significance level set at P < 0.05). The gaseous losses 

obtained are estimated as CO2eq using the global warming potentials of 28 for 
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CH4 and 265 for N2O, and considering the indirect NH3 contribution to the N2O 

emissions, estimated at 1% (Edenhofer et al., 2015).  

 

2.2. Slurry characterisation  

Chemical characteristics of RS, LF and SF at the start of the preliminary 

experiment and in all stages of the acidification prototype testing were analysed. 

Dry matter (DM) content, as a percentage of wet weight, was assessed with a 

precision scale (Kern®, model ABS 220-4) after drying the fresh samples (24h at 

105 °C). The volatile solids content (VS) were calculated as loss upon ignition at 

550 °C for 5h (VDI 4630, 2006). The pH of the slurry and liquids samples were 

measured directly using a glass electrode (Hanna instruments® electrode HI 

1023). The pH of the solid samples was measured directly using a glass electrode 

for semi solid (Hanna instruments® electrode HI 1053B). Total nitrogen (N) and 

ammonium nitrogen (NH4-N) were measured according to the Kjeldahl method.  

 

2.3. Farm scale prototype development and testing  

The farm scale acidification prototype (Figure 1) developed for the Agriclose 

LIFE project is composed of three main stages: a raw slurry tank a batch 

acidification system and a screw-press separator. From the raw slurry tank with 

mixers (1), the slurry is conveyed to a smaller (7 m3) acidification tank (2), that 

works as a batch system and is provided with a sulphur dispenser (3) and mixers, 

finally a volumetric pump makes the acidified slurry flow to a screw-press 

separator (4), which divides SF and LF. The entire system is controlled from an 

electric panel.  

Working as a batch system, the acidification tank requires a certain amount of 

time to fill up and perform the acidification before separation can start. The time 

required to acidify and separate 7 m3 of slurry was measured and compare with 

the normal screw-press separator work capacity. Moreover, the Sulphur dosing 

system (3) was calibrated and tested to evaluate the effect of cochlea rotation 

speed on sulphur flow rate and the influence of the discharge system opening 

(which was set to two difference levels: OL1 and OL2).  
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Figure 1. Acidification system prototype with (1) RS tank, (2) acidification tank, 

(3) sulphur dosing system, (4) screw-press separator. 

 

2.4. Statistical analyses 

Statistical analyses were performed using the R software (R core team, 2019). An 

ANOVA, followed by a Tuckey post hoc test was performed to evaluate 

differences among non-treated (NT) slurry and acidified ones (S 0.1 and S 0.5) in 

terms of atmospheric emissions and pH.  

 

3. Results and Discussion 

3.1. Slurry characteristics and pH 

RS, LF and SF characteristics at the start of preliminary emission tests are 

presented in Table 1. It was observed that, apart from the difference in DM and 

VS among fractions, total nitrogen (Ntot) and ammonia nitrogen (N-NH3) were 

more concentrated in SF, after separation. SF also had a higher starting pH. Figure 

2 illustrates the pH variations during the experiment in all three thesis (NT, S 0.1 

and S 0.5) and in combination with the three manure types. The S 0.5 dose 

effectively reduced pH for all manures until the end of the experiment, S 0.1, 

instead, had fewer effects on raw slurry, which was affected only in the first 20 

days, and on SF, for which the effect of the S 0.5 dose was almost double the S 

0.1 dose one. On LF, the S 0.1 and S 0.5 doses had similar effects. In general, the 

most promising pH reduction effects were observed on SF.  

Slurry characteristics during prototype testing are presented in Table 2. SF DM 

content is higher than that observed in the preliminary trial, probably due to very 
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low DM content of the slurry, which was three times less than the preliminary 

trial one. 

 

Table 1. Initial slurry characteristics in the preliminary experiment. 

 

 

Figure 2. pH trend during simulated storage trial in all three manure types (grey 

areas indicate 75% confidence levels). 

 

Table 2. Dry matter and Volatile solid content of slurries from prototype testing 

trial. 

 

DM (%on wet 

mass) SV (% on DM) 

RS 1.73 ± 0.01 59.65 ± 0.11 

AS* 1.74 ± 0.02 58.24 ± 0.44 

LF  1.47 ± 0.00 55.38 ± 0.67 

SF 30.84 ± 0.15 83.25 ± 0.09 

*Acidified slurry (sampled in the acidification tank). 

 

3.2. Preliminary trial results 

Ammonia and CO2eq emissions observed during the preliminary experiments are 

presented in Figure 3 and 4, while table 3 reports the results of the post hoc test 

on total emissions. For all slurry types NH3 emission reduction were evident and 

were ascribable to lower emissions in the first 20-40 days of storage. Good 

mitigation effects were obtained with both S 0.1 and S 0.5 for LF, while in the RS 

thesis the S 0.1 dose caused a delay in the NH3 emission but ended up recovering 

 DM (% on 

wet mass) 

VS (% on 

DM) 

pH Ntot (g kg-1) N-NH3 

(%Ntot ) 

RS 4.62 ± 0.05 3.51 ± 0.03 7.18 1.12 ± 0.10 17.33 

LF 2.15 ± 0.03 1.40 ± 0.01 7.29 0.70 ± 0.01 9.33 

SF 16.68 ± 0.23 13.78 ± 0.13 8.28 3.26 ± 0.09 21.66 
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most of the emission potential in the last 20 days of storage. A good emission 

reduction trend was observed also for SF, but the final emission difference 

resulted being not significant. Similarly, good mitigation effects were observed 

for greenhouse gases (GHG) emissions (Figure 4), with both S 0.1 and S0.5 

showing good results in RS (S 0.5 had better mitigation effects than S 0.1) and 

LF (S 0.5 and S 0.1 mitigation effects were statistically similar). For SF only the 

S 0.5 dose allowed a significant emission reduction. In general, sulphur 

acidification appears to be an effective mean for emission mitigation of both NH3 

and GHG during slurry storage. 

 

Figure 3. Daily emission trend and cumulative emissions of NH3 during simulated 

storage experiment. 
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Figure 4. Daily emission trend and cumulative emissions of GHG (in CO2eq) 

during simulated storage experiment. 

 

Table 3. Total NH3 and GHG emissions occurred during simulated storage 

experiment (with Tukey’s post hoc test results). 

   Emissions 

(g m-2) 
 SEM N P 

NH3 

Liquid 

fraction  

S 0.5 5.6 a 

0.56 3 <0.001 

S 0.1 5.7 a 

NT 13.3 b 

Solid 

fraction 

S 0.5 0.7 a 

S 0.1 1.1 a 

NT 1.9 a 

Raw slurry 

S 0.5 6.3 a 

S 0.1 8 ab 

NT 8.9 b 

CO2eq 

Liquid 

fraction  

S 0.5 673 a 

81.6 3 <0.001 

S 0.1 675 a 

NT 1438 b 

Solid 

fraction 

S 0.5 1311 a 

S 0.1 3677 b 

NT 3573 b 

Raw slurry 

S 0.5 368 a 

S 0.1 979 b 

NT 2001 c 
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3.3. Prototype performance and testing 

The sulphur dosing mechanism was calibrated and tested to evaluate the rotation 

speed of cochlea needed to obtain the right S dosages (S 0.1 = 1 kg min-1; S 0.1 

= 5 kg min-1), as well as evaluating the best opening level (OL) of the valve at 

the release point. Figure 5 presents the results of the calibration experiment. The 

sulphur flow rate increases linearly with incremental rotation speed. The OL2 

allowed to reach the S 0.5 dosage in 1 min and, therefore, was chosen as more 

suited for operation. 

 

Figure 5. Linear regression lines for sulphur dosing calibration.  

 

The DM content of SF was very high (~30 %), highlighting good separation 

performances. The time required by the prototype to fill the acidification tank 

with RS and perform the acidification was of 3 min and 50 ± 10 s, while the time 

required to separate the acidified slurry into SF and LF and was of 25 min and 8 

± 15 s. The work capacity of the system was calculated to be of 14.5 m3 h-1, which 

is only slightly lower than the capacity of the solid-liquid separator itself (15.0 

m3 h-1). The unit cost of sulphur is of about 0.6 € kg-1 and, consequently, the cost 

of the acidification procedure would be of 0.6 and 2.9 € m-3 of treated slurry with 

the S 0.1 and S 0.5 doses respectively. In conclusion, the prototype performed 

well and allowed to treat the slurry without increasing in a relevant way the 

separation times.  
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4. Conclusions 

An acidification approach based on the use of powdery sulphur as a mean for 

slurry acidification was tested in laboratory, obtaining good mitigation results, 

both on NH3 and GHG emissions. Moreover, a farm-scale prototype for sulphur 

acidification was developed and tested with good operational results. Sulphur 

acidification represents an intriguing novelty for manure emission mitigation and 

treatment, although more studies are needed to assess the possible effects of 

sulphur on soil and evaluate the economic and energetic feasibility of the system.  
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4.4. ARTICLE IX: “Testing the Efficiency of a Passive Sampler 

for Ammonia Monitoring and Comparison with Alpha-Samplers” 

 

This article presents a methodological contribution to ammonia passive sampling 

practices, by testing the applicability of the diffusion passive sampler equation, 

as applied by Tang et al. (2014) to a very simple open sampler design. Moreover, 

a laboratory system has been built to test the sampler efficiency. Passive samplers, 

in fact, although being among the most convenient techniques for ammonia 

monitoring, present the substantial drawback of having less than optimal 

efficiency. Therefore, building a system able to identify the sampler’s efficiency 

in different conditions could pose a solution to an unsolved problem. The results 

presented in the conference paper provide a first insight on this issue, while also 

comparing the tested sampler with a more commonly used one.  

 

IEEE International Workshop on Metrology for Agriculture and Forestry, 

MetroAgriFor 2021 (Submitted) 

Authors: Jacopo Maffia, Simone Pelissetti, Paolo Balsari, Elio Dinuccio, Dario 
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Abstract 

Ammonia (NH3) emissions from fertilizer and manure spreading pose several 

environmental issues, such as soil and water acidification, water eutrophication 

and fine particulate matter formation. Constant and diffuse monitoring of NH3 

concentrations is crucial to provide accurate emission estimation and understating 

of seasonal and spatial variation of NH3 concentration. Passive sampling 

technique represent a good solution for long term and low-cost NH3 monitoring 

campaigns, especially when covering large areas is necessary. Nonetheless, few 

studies evaluated the efficiency of passive samplers. This study aims to develop 

a laboratory system to assess the efficiency of a passive sampler with very simple 

design and to perform a field comparison with one of the most utilized passive 

samplers (alpha-samplers) for ammonia monitoring. The tested samplers showed 

capture efficiencies ranging from 49 to 89% and performed similarly to alpha-

samplers in field conditions. 

 

Keywords—ammonia, environmental monitoring, passive samplers,  

 

1. Introduction 

Ammonia (NH3) emission after manure spreading in fields is one of the main 

issues related to nutrient management and environmental pollution in integrated 

crop-livestock systems. Ammonia volatilization, other than reducing the nitrogen 

efficiency of fertilizers (Jantalia et al., 2012), also contributes to several 

environmental impacts, such as soil and water acidification, water eutrophication 

and formation of fine particulate matter in the atmosphere (Anderson et al., 2003). 

Accurate estimation methods for ammonia losses from fields are of fundamental 

importance to gather information about current impacts and test proper mitigation 

measures. Several methods have been developed so far to estimate emissions 

from fields and can be distinguished in two main categories: enclosure methods 

and micrometeorological methods. The most diffuse enclosure methods are based 

on the use of open dynamic chambers, such as wind tunnels (Ryden and Lockyer, 

1985). These systems are relatively expensive and are suited for evaluation of 

emission from small plots and the obtained Emission Factor (EF) are more suited 

to be used as comparative values than as absolute ones, also because they tend to 

underestimate or overestimate the emissions (Misselbrook et al., 2005; 

Sintermann et al., 2012). To overcome these limitations, the use of 

micrometeorological methods has become more common in recent years. 

Micrometeorological techniques are, in fact, suited for open field assessment of 

absolute emission values. Among the most common micrometeorological 

techniques is the Integrated Horizontal Flux (IHF) technique (Denmead, 1983; 

Misselbrook et al., 2005), which has long been considered the reference technique 

for open field ammonia emission assessment. The main drawbacks of this 

technique are the need to sample ammonia at many different heights and the fact 

that it is only suited for emission estimation from circular plots. To overcome the 

issue of concentration measurement at multiple heights, Wilson et al. (Wilson et 

al., 1982) proposed an alternative method (the Theoretical Profile Shape method, 

TSP), later verified (Wilson et al., 1983), which allows to calculate the emission 
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flux from a circular plot by measuring concentration at just one height (the so 

called ZINST height). The same model used in the TSP method was later 

developed into a more advanced one (Flesch et al., 1995), which is Backward 

Lagrangian Stochastic model WindTrax. The use of the WindTrax model to 

estimate emissions allows to perform cost-effective (Vilms Pedersen, 2018) 

estimation of NH3 emissions from sources of different shapes (Crenna et al., 2008) 

and also to manage multi-plot source experiments (Gericke et al., 2011; Lavrsen 

Kure et al., 2018). Moreover, the model can be ran using time-averaged 

concentration data (Flesch et al., 2004), derived using low-cost passive samplers 

(Lavrsen Kure et al., 2018). The most widely used low-cost samplers for NH3 are 

Alpha samplers and Leuning samplers (Leuning et al., 1985; Tang et al., 2014). 

These two samplers are based on two very different principles. The alpha 

samplers, in fact, rely on the Fick‘s law of gas diffusion, while the Leuning 

samplers have a tube shape that pivots with the wind and aims to capture the 

horizontal NH3 flux over a catchment (Leuning samplers are often used with the 

IHF method). The aim of this study is to assess an alternative passive sampler 

(open acid samplers, OS), designed on the base of the calibrated samplers 

proposed by Pacholski et al. (Pacholski et al., 2006), which rely on a 

concentration estimation system similar to the one used by alpha samplers. The 

samplers were first tested in a laboratory trial and then compared with alpha 

samplers in a field experiment.  

 

2. Materials and methods 

 

2.1. Sampler design  

The open acid samplers (OS) used for this study were designed after Pacholski et 

al. (Pacholski et al., 2006) and are shown in Fig. 1. OS are constituted by a 

rectangular plastic bottle, with circular holes, protected by a plastic mesh, at the 

4 sides. The screw down lid on top is secured to a plastic roof with a metal stand, 

providing coverage for rain and securing the sampler at 30-50 cm from ground 

level, depending on the experimental needs. Inside the sampler, 20 ml of 0.05 N 

H2SO4 is placed at the start of the measurement trial and is collected at the end 

using a syringe or by pouring it carefully. The N-NH3 content of the liquid is then 

determined by spectrophotometry (Crooke and Simpson, 1971). The air volume 

(V, m3) passed through the sampler was measured as follows:  

V=DAt/L  

Where D is the diffusion coefficient (set to 2.09 x 10-5 m2 s-1), A is the area (m2) 

of the circular opening on the OS, t is the exposure time (s) and L is the distance 

(m) between the bottom of the circular opening and the free surface of the acid 

solution. The final concentration (C, µg m-3) was then retrieved dividing the 

amount (µg) of NH3 in the solution by V. The formula used were the same 

described for use in alpha-samplers (Tang et al., 2014). 
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Figure 1. Photo of an Open Sampler (with main dimensions). 

 

2.2. Laboratory testing system and experimental layout 

A laboratory system was developed to test the capture efficiency of OS. The 

system (Fig. 2) relied on the use of a tracer gas, with known NH4 concentration, 

and a vacuum pump to ensure a correct mixing (in a mixing chamber) of ambient 

air and NH3, in order to convey to the sampler a flux of air containing 3.5±0.3 or 

9.5±0.2 mg m-3 of NH3 (the concentrations were determined by placing the 

photoacoustic monitor in the same spot as the OS sampler. A further sampling 

chamber was added to the system to enable a control of the actual concentration 

of incoming air at the time of measurement, which was done using a 

photoacoustic sampler (INNOVA, 1412). OS were tested with two ammonia 

concentrations (3.5 mg m-3, 9.5 mg m-3) and with three different flow levels (low 

= 5 l min-1, medium =10 l min-1 and high = 15 l min-1). The concentrations are 

higher than those normally found in field conditions; this is due to the fact that 

the sampler exposure time in the laboratory test was way lower than field 

exposure time. Sampling testing period was of 15 min for each of configuration 

(air flow | concentration) and three experimental replicas were made. The capture 

efficiency was determined as the ratio among the observed concentration (with 

OS and photoacoustic) and the expected one. It was chosen to use the expected 

concentration as reference, since the concentrations contemporarily measured by 

the photoacoustic instrument could have been influenced by the different 

sampling position. 
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Figure 2. Scheme of the laboratory sampling system for OS efficiency testing. 

 

2.3. Field comparison with alpha-samplers 

A field comparison trial was performed to compare OS samplers with the alpha 

samplers, which are considered one of the state of the art devices for passive 

monitoring of NH3. The field experiment set up was composed by a circular 

emitting surface (pig slurry was spread evenly on a circular grass catchment with 

4 m ray; Fig. 3). Three OS and three alpha-samplers were placed at the center of 

the plot and wind conditions were continuously monitored with a sonic 3D 

anemometer (GILL, WindMaster). The samplers were left in the field for 24 h in 

total, divided in three sampling period (t1, t2 and t3). Fig. 4 shows the duration 

of the three sampling intervals, after which the solution (for OS) and acid filters 

(for alpha-samplers) were replaced. Sampling period t2 is longer and occurred 

during night time. The samplers were placed at ~0.5 m from ground level. 
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Figure 3. Field trial scheme 

 

 
Figure 4. Field trial sampling intervals duration (in hours).  

 

2.4. Statistical analysis 

An ANOVA analysis, followed by a Tukeys post-hoc test, was performed to 

assess significant differences among OS and alpha-samplers concentrations 

during the field trial. Similarly, an ANOVA test was performed to identify 

differences in OS capture efficiencies with low and high concentration levels 

during the laboratory experiment. The analysis were performed using R statistical 

software (R core team, 2019). 

 

3. Results and discussion 

 

3.1. Laboratory test results 

The laboratory trial allowed to evaluate the OS capture efficiency at low (3.5 mg 

m-3) and high (9.5 mg m-3) concentrations and at all three flow levels (low = 5 l 

min-1, medium = 10 l min-1 and high = 15 l min-1). The test results are summarized 

in Fig. 5, presenting the concentrations retrieved by OS and photoacoustic 

analyzer, and Table 1, presenting OS capture efficiency results.  
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Concentrations observed with the photoacoustic instrument were in good 

agreement with the expected concentration levels, meaning that the sampling 

chamber control system was effective in allowing to check the system 

performance during the test. The concentrations observed with the OS sampler, 

instead, were always lower than the expected ones, especially when tested at the 

higher concentration level. Flux intensity effect on concentration was less evident. 

Results in Table 1 further highlight the difference among OS efficiency with low 

and high NH3 concentration streams, with the efficiency being higher with low 

concentration (~85%) than high one (~40%).  This difference was significant for 

both the high and medium flow rate tests, while no efficiency difference among 

low and high concentration was observed in the low flow rate test.  

The higher efficiency generally observed at low concentration levels is probably 

due to the fact that, when NH3 levels are too high, the acid solution is not capable 

to adsorb it at a sufficient rate and, therefore, the air exiting the OS still contains 

a relatively high amount of NH3. As for the lower efficiency observed in the low 

flow rate test, this could be attributed to the less turbulent flow and poor mixing 

conditions that derive from the lower air flow.  

 

 
Figure 5. Boxplot graph of NH3 concentration retrieved by OS and photoacoustic 

instrument at varius concentration and flow levels. 
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Table 1. Capture efficiency of OS for the different flows and ammonia 

concentrations (means followed by the same letter do not differ statistically; 

P>0.05). 

Flow Concentration 
Capture 

efficiency (%) 
  Na LCLb UCLb 

High 
low 83.9 b 3 64.1 103.7 

high 35.0 a 3 15.2 54.8 

Medium 
low 88.6 b 3 68.8 108.4 

high 49.3 a 3 29.5 69.1 

Low 
low 53.5 a 3 33.7 73.3 

high 49.4 a 3 29.6 69.2 

 

3.2. Field comparison with alpha-samplers 

The field experiment allowed a comparison among OS and alpha samplers over 

three sampling intervals. The concentrations observed during the trial and the 

post-hoc test results highlighting significant difference among samplers are 

summarized in Fig. 6. The concentrations retrieved by the two samplers were 

similar in all three intervals. In particular, concentrations from OS and alpha-

samplers in t1 and t3 did not differ statistically, while in t2 there was a significant 

difference, with higher concentration of NH3 from OS than from the alpha-

sampler. This difference occurred during the night time sampling interval, when 

atmospheric conditions are generally different (stable atmosphere; Hoolohan et 

al., 2018). In fact, during t2 wind speed (WS) was lower than in t1 and t3.  

In general, results derived with OS and alpha-samplers were consistent. 

Nonetheless, considering the results of the laboratory trial and the fact that OS 

data presented in Fig. 6 were not corrected by the sampler efficiency (Table 1), 

some doubts arise on the validity of the passive sampling methodology for 

absolute value emission determination. In fact, if the efficiency of OS during the 

field trial was around 80-85 %, as the lab scale trial suggests, an underestimation 

of the actual NH3 concentration is expected. Nonetheless, the widely utilized 

alpha samplers performed no better than OS, giving even lower values in t2 

(although the numerical difference was small). Moreover, it must be noted that 

the concentrations observed here are way lower than those observed during the 

lab trial, although the total amounts of NH3 accumulated over the sampling time 

is similar. This difference could have caused samplers efficiency to increase 

slightly; future trials should address this issue. 

A further observation can be made on the confidence intervals of retrieved data. 

In fact, OS data varied less than alpha samplers ones. Thus, it can be said that, in 

this trial OS precision (the closeness of measures to each other) in determining 

NH3 concentration was higher than the alpha-samplers. As for the samplers 

accuracy, instead, some doubts arise due to lab trial efficiency testing. 

The overall field trial results seem to suggest that the alpha-samplers 

methodology to estimate NH3 concentration can be applied to samplers with very 

different designs, if all parameter are accurately set.  
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Figure 6. Boxplot graph of NH3 concentration retrieved by OS and alpha 

samplers during the field trial (rhobuses indicate mean values; means associated 

with the same letter do not show significant difference for P<0.05). 

 

4. Conclusions 

The results of the field and laboratory trials suggested that passive samplers of 

different designs can be used as an alternative to alpha-samplers by adopting the 

same diffusion principle, with almost no significant difference in results. 

Nonetheless, the laboratory trial highlighted that sampler efficiency strongly 

decreases when NH3 concentrations are high (~9.5 mg m-3). This result does not 

hinder the possibility of applying the samplers for environmental monitoring, 

since concentrations retrieved in fields are substantially lower. Nonetheless, the 

observed capture efficiencies confirm the hypothesis that passive samplers are 

more suited for studying variations in emission concentrations over long periods 

of time and to address seasonality. In general, although micrometeorological 

methods are the best option to determine absolute value EFs, when those are 

coupled with passive samplers, a thorough calibration with more accurate 
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measurement systems (e.g. optical sensors) should be performed to avoid 

underestimating EFs. 
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4.5. ARTICLE X: “Clinoptilolite (E567), a natural zeolite, 

inclusion in heavy-pig diets: effect on the productive performance and gaseous 

emissions during fattening and manure storage” 

 

This article addresses emissions from pig houses and aims to avaluate the use of 

zeolite as a feed additive to reduce ammonia and greenhouse gases emissions. 

The interest for natural zeolite was determined by its many application for animal 

well-being and digestive health and by the interesting effects on meat productions 

shown by previous studies (Cevolani et al., 2010; Mumpton and Fishman, 1977). 

In fact, although there are many solutions to reduce emissions from animal houses, 

very few of those solutions provide improvements other than the emission 

reduction itself. Finding solutions that provide compelling advantages from the 

productive point of view, as well as from the environmental one, is one way of 

ensuring their future use in commercial farms. Many mitigation options, in fact, 

may be seen as nuisance from farmers, since they require additional costs or work, 

but do not supply any economical advantage. Moreover, the simplicity of use of 

feed additives as mitigation solutions, makes them particularly interesting for real 

world applications.  

 

Journal of Agricultural Engineering (JAE), eISSN 2239-6268 (Submitted) 

Authors: Elio Dinuccio, Jacopo Maffia, Carla Lazzaroni, Gianfranco Airoldi, 
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Abstract 

Intensive pig rearing systems produce several air pollutant emissions, mainly 

associated with housing and slurry storage. Dietary strategies based on the use of 

feed additives can be effective in mitigating such impacts. This work has been 

aimed at evaluating the effectiveness of dietary zeolites in mitigating ammonia 

(NH3), carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) emissions 

from piggery and slurry storage on finishing pig farms. An experimental trial, in 

which three groups of approximately 500 pigs each were reared, has been carried 

out on a commercial pig farm. The three groups were fed the same diet, with the 

addition of 0 g/kg (Z0, control), 10 g/kg (Z1) and 20 g/kg (Z2) of micronized 

clinoptilolite (E567), respectively. The emissions from housing facilities, as well 

as the live and slaughtering animal performances were assessed. In addition, 

manure samples were collected during the rearing period to evaluate, at a 

laboratory-scale, the NH3, CO2, CH4 and N2O emission potential during the 

subsequent slurry storage phase prior to land application. The results have shown 

that the addition of dietary zeolite can be considered a valid strategy to reduce 

gaseous emissions from pig houses, without affecting animal performances or the 

overall productivity of the system. Treatment Z2 gave the best results, and 

resulted in a 25% and 36% reduction of NH3 and CO2 equivalent emission fluxes, 

respectively, compared to those recorded for the control. The laboratory-scale 

experiment has revealed no significant effect of dietary clinoptilolite inclusion on 

NH3 or on the greenhouse gas (GHG) emission potential during slurry storage. 

 

Keywords: Pig; Ammonia; Greenhouse gases; Zeolite; Slurry storage. 

 

Abbreviations 

ADF, acid detergent fibre; ADG, average daily gain; Al2O3, aluminium oxide; 

aNDF, neutral detergent fibre; BW, body weight; CaO, calcium oxide; CH4, 

methane; CO2, carbon dioxide; CO2eq, CO2 equivalent; CP, crude protein; DM, 

dry matter; EE, ether extract; F, net emission flux; FCR, feed conversion rate; 

Fe2O3, ferric oxide; GHG, greenhouse gases; H2O, water; K2O, potassium oxide; 

MgO, magnesium oxide; Na2O, sodium oxide; N2O, nitrous oxide; NE, net 

energy; NH+, ammonium cation; NH3, ammonia; NH3-N, ammonia nitrogen; NO3, 

nitrates; PDO, protected designation of origin; SD, standard deviation; SEM, 

standard error of the mean; SiO2, silicon dioxide; Sp, gas sampling points; TiO2, 

titanium dioxide; TN, total nitrogen; VS, volatile solid; WB, wet basis; ZeoS, 

commercial clinoptilolite supplement used in the experiment; Z0, diet with the 

addition of 0 g/kg of ZeoS; Z1, diet with the addition of 10 g/kg of ZeoS; Z2, diet 

with the addition of 20 g/kg of ZeoS. 

 

1. Introduction 

The management of pig wastes, such as slurry and manure, produces ammonia 

(NH3) emissions and greenhouse gases (carbon dioxide, CO2; methane, CH4; 

nitrous oxide, N2O) (IPCC, 2014; Steinfeld et al., 2006). Ammonia is one of the 

environmental pollutants of greatest concern, as it is responsible for the formation 

of airborne particulate matter, the acidification of soils and water eutrophication 
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(Davidson et al., 2005; Philippe et al., 2011; Philippe and Nicks, 2015). 

Furthermore, a high concentration of NH3 inside pig production buildings has 

negative effects on animal and human health (Michiels et al., 2015). Greenhouse 

gas (GHG) emissions are also of great concern, not only because of their effect 

on global warming, but also because the rise in the average temperatures, as a 

result of high GHG concentrations, could lead to an increase in NH3 emissions 

from pig houses, thereby neutralising some of the efforts made to mitigate them 

(Schauberger et al., 2018). The proposed solutions for the abatement of polluting 

gas emissions from pig farms include a combination of nutrition strategies, 

techniques for treating the air against pollutants within buildings (e.g., an air 

scrubbing technology, bio-filters) and improved manure management practices.  

The aim of this work has been to evaluate the efficacy of the addition of a zeolite 

(clinoptilolite type) to pig growing and fattening diets as a technique to mitigate 

gaseous emissions from pig houses and slurry storage. Zeolites are crystalline 

aluminosilicate minerals, which are characterised by a high porosity and the 

ability to exchange cations (Mumpton and Fishman, 1977; Reháková et al., 2004). 

Among the many different types of zeolites, clinoptilolite has been widely used 

in animal husbandry as a feed additive (Mumpton and Fishman, 1977) because 

of its strong exchange capacity with ammonium and its deodorising effect. 

Interest in this technique is due to the better efficiency in feed utilisation and the 

lower incidence of intestinal disease (Cevolani, 2010) that has been observed. 

The adsorption capacity of zeolites leads to a reduction in the intestinal 

concentration of ammonia, which is then slowly released during digestion, 

thereby promoting a better utilisation of feed nitrogen, a lower nitrogen excretion 

and, in turn, lower NH3 emissions (Mercurio et al., 2016; Mumpton and Fishman, 

1977). The capacity of zeolites of binding ammonia and, therefore, of reducing 

NH3 emissions has been confirmed by many authors (Fokas et al., 2004; Milić et 

al., 2006; Poulsen and Oksbjerg, 1995). However, the information about the 

effects of zeolite integration on animal performances is contrasting, since some 

authors have observed practically no effects or even slightly worse performances 

(Fokas et al., 2004; Poulsen and Oksbjerg, 1995), while others have reported 

substantial improvements (Leung et al., 2007; Yannakopoulos et al., 2000). 

Furthermore, there is still a lack of information on the influence of such a dietary 

strategy on GHG emissions from pig houses and manure management. 

 

2. Materials and methods 

All the procedures involving animals were conducted according to the Italian 

Law that regulates animal welfare in scientific experiments (Legislative Decree 

DLgs 146/2001). 

 

2.1. Clinoptilolite characteristics 

Clinoptilolite is a natural form of zeolite (empirical formula: 

(Ca, K2, Na2, Mg)4 Al8 Si40 O96·24H2O). The zeolitic material used in the 

experiment (ZeoS: feed additive E567, produced by Zeocem, Bystré, Prešov 

region, the Slovak Republic) had a particle size of 50 µm, an average specific 

weight of 2320 kg/m3 and contained clinoptilolite (875 g/kg), plagioclasi (95 g/kg) 
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and illite (40 g/kg). The chemical composition was 684 g/kg silicon dioxide 

(SiO2), 124 g/kg aluminium oxide (Al2O3), 39 g/kg calcium oxide (CaO), 28 g/kg 

potassium oxide (K2O), 12 g/kg ferric oxide (Fe2O3), 8 g/kg magnesium oxide 

(MgO), 7 g/kg sodium oxide (Na2O), 2 g/kg titanium dioxide (TiO2) and 96 g/kg 

water (H2O). The maximum total cation exchange capacity of the material was 

1.5 mol/kg and the ammonium cation (NH+) substitution capacity was 8500 

mg/kg. 

 

2.2. Animals: housing and diets 

The experimental trial was conducted on a commercial fattening pig farm on the 

Po plain in North West Italy (Genola, Cuneo, Italy; 44°34′53′′N, 7°39′08.4′′E, at 

340 m a.s.l.) which produces “Prosciutto di Parma” cured pork ham for the 

protected designation of origin (PDO) supply chain. 

During a fattening period that lasted about 5 months (from 31 May to 27 October), 

an initial group of 1550 pigs (commercial hybrid L 1050, by PIC Italy, Perugia, 

both females and castrated males in an average 1:1 ratio) was reared inside a 

north-south oriented building with a total area of 1928.0 m2 (120.5 m length x 

16.0 m width), a height of 3.5 m at the eaves, and 6.5 m at the roof ridge. The 

building was made up of three consecutives rooms, which were separate from 

each other. Each room, used for one different treatment, was provided with 

mechanical ventilation and had 28 pens (2.80 x 6.50 m), while the floor was 

totally slatted. The ventilation system consisted of two series of 2 fans 

(EOLOSTAR ES-120, GigolA®, Brescia, Italy) installed on the two opposite 

sides of each room. Fresh air entered each room through openable windows 

located along the eaves. The ventilation system was equipped with automatic 

controls to provide an appropriate level of air exchange through the rooms and to 

limit rises in temperature in the facility during the summer. The opening of the 

windows was adjusted automatically to maintain a negative pressure of approx. 

20 Pa between the inside of each room and the outside. The pits in the three rooms 

were also independent of each other and were equipped with a vacuum system to 

remove the slurry.  

The animals were randomly assigned to each room and treatment, maintaining 

the 1:1 sex ratio, on arrival at the farm. The animal density inside the pens (18.4 

pig/pen, at least 1 m2 per pig at the end of the fattening period taking into account 

pig mortality) complies with the specific European Law requirements (European 

Council Directive 2008/120/EC) for the protection of pigs. The three animal 

groups were fed a wet diet based on whey and two commercial feedstuffs (M-90 

and M-120, Martini SpA, Longiano, FC, Italy) containing corn, triticale, wheat 

bran, dehulled soybean, peas, calcium carbonate and sodium chloride, according 

to a two-phase diet programme (the first phase lasted 76 days, from 50 till 120 kg 

of average bodyweight, BW, and the second one lasted 73 days till slaughtering, 

at about 170 kg of average BW). The whey addition ranged between 2:1 to 3:1 

on weight basis of feedstuff given according to the animal weight. After a 30-day 

adaptation period, the feedstuff was integrated with the addition of 0 g/kg (control 

diet, Z0), 10 g/kg (Z1) and 20 g/kg (Z2), of ZeoS, on a wet basis before whey 

addition, with a total cost (purchase plus delivery to the farm) of 0.305 €/kg. The 
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feed characteristics given by the feedstuff company are reported in Table 1. The 

feed was sampled monthly after whey addition to verify the diet composition, 

determined according to the following AOAC (2006) methods: preparation of an 

analytical sample (950.02 method), dry matter (DM) content (934.01); total ash 

(942.05 method); crude protein (CP) content (984.13 method); ether extract (EE) 

content (2003.05 method); neutral detergent fibre (aNDF) content (2002.04 

method); acid detergent fibre (ADF) content (973.18 method). The net energy 

(NE) of feed was calculated on the basis of the caloric content of the nutritional 

components detected with the chemical analysis. 

 

Table 1. Composition and mineral-vitamin-enzymatic supplementation per kg as 

fed of feedstuff 

 first phase (until 

120 kg BW) 

second phase 

(until 

slaughter) 

Crude protein (g) 133 110 

Ether extract (g) 42 43 

Crude cellulose (g) 40 29 

Ash (g) 42 34 

Lysine (g) 8 5.9 

Methionine (g) 2.1 1.8 

Ca (g) 0.54 0.47 

P (g) 0.39 0.33 

Na (g) 0.20 0.20 

Vitamin A (U.I.) 6500 5200 

Vitamin D3 (U.I.) 1500 1200 

Vitamin E (mg) 55 44 

Biotin (mg) 0.10 0.08 

Vitamin K3 (mg) 4.0 3.2 

Niacin (mg) 30 24 
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Folic acid (mg) 0.80 0.64 

Vitamin B1 (mg) 2.5 2.0 

Vitamin B2 (mg) 5.0 4.0 

Vitamin B6 (mg) 3.8 3.0 

Vitamin B12 (mg) 0.030 0.024 

6-phyitase (FYT) 1000 1000 

 

2.3. Live and slaughtering performances 

The initial and final BW (kg) of the pigs, as well as the feed intake, were recorded 

by trained operators during the experimental period. The pigs were weighed 

individually, using platform scales (Model EC2000, Tru-Test Limited, Auckland, 

New Zealand) to determine the initial and final BW. The feed intake was recorded 

per pen, the distributed feed was weighed and its total consumption verified. The 

average daily gain (ADG, kg/d) and feed conversion rate (FCR, kg WB/kg BW) 

were calculated on the basis of these data. 

At the end of the fattening period, the pigs were slaughtered in an authorised 

slaughterhouse. The carcass weight, the dressing percentage, the rib muscle 

thickness, the back fat depth and the EUROP carcass grade were determined at 

slaughtering, using an online weight scales and a Fat-O-Meat’er IITM instrument 

(Frontmatec, Kolding, Denmark), according to the European Commission 

Implementing Decision 2014/38/EU. 

Since slaughtering was performed without detachment of some anatomical parts 

(e.g. flare fat, kidneys and diaphragm), the carcass weight was corrected 

according to the European legislation (attachment V part B Council Regulation 

(EC) 1234/2007) to obtain the standard carcass weight. 

 

2.4. Evaluation of the emissions derived from the housing facilities 

In order to evaluate the gaseous emissions from the pig house rooms, weekly 

measurements of the environmental concentrations of CO2, CH4, N2O and NH3 

were carried out using an infrared photoacoustic multi-gas analyser (INNOVA 

1412, AirTech Instruments, Ballerup, Denmark). Seven gas measuring points 

were identified in each room in order to obtain a representative dataset of the 

gaseous emission rates: four (Sp1-4) for the inlet gas concentrations and three (Sp5-

7) for the outlet ones. The Sp1-4 sampling points were located outside, close to the 

air inlets, and were arranged symmetrically (two on each side of the room). The 

Sp5-7 sampling points were inside the room, and were spaced equally along the 

longitudinal symmetry line at the same height as the rotation axis of the 

ventilation fans. 

Before starting each measurement, the flow rate of the fans was measured using 

a vane type anemometer (Model 416, Testo Ltd, Alton, Hampshire, UK) 
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connected to a Testo 400 data logger. The multi-gas analyzer simultaneously 

measured the concentration of the target gases (CO2, CH4, N2O and NH3) plus 

relative humidity (RH) in air samples. The air temperature inside each room was 

also detected during each measurement, using temperature data loggers (Model 

U12-014, HOBO, Onset Computer Corporation, Bourne, MA, USA). 

The detected NH3 and GHG concentrations (mg/m3) were related to the air 

ventilation rate and expressed on a per pig basis. The net emission flux of each 

gas (F, mg/h/head) was calculated as follows: 

 

where Cout is the outlet gas concentration (mg/m3), Cin is the air inlet gas 

concentration (mg/m3), Q is the air flow rate (mg/h) and n is the number of 

animals housed in the room at the time of each measurement. 

The total NH3, CO2, CH4, and N2O (Ec, kg/head) emitted during the fattening 

period were estimated as follows: 

 

where Fm is the average net emission flux value (mg/h/head) of two consecutive 

measurements; n is the number of measurements carried out during the trial; t is 

the duration of the time-lapse between two measurements (h). The CO2 

equivalent (CO2eq) emissions were calculated by multiplying the CO2, CH4 and 

N2O emissions by their 100 year global warming powers (1, 28 and 265, 

respectively), as suggested by IPCC (2014). 

 

2.5. Evaluation of the emission potential during slurry storage 

In order to evaluate whether the dietary addition of ZeoS could influence NH3 

and GHG emissions during storage, a laboratory experiment was carried out on 

slurry samples collected during pig rearing. Slurry sub-samples were taken 

monthly; this involved inserting a specific slurry sampler into an inspection well 

when the pit was being emptied. The inspection well was placed on the pipeline 

connecting the under-floor slurry pit of each room to the storage tank outside the 

building. The collected slurry sub-samples were stored at +4 °C in sealed plastic 

barrels and were used to produce three composite slurry samples (one per 

treatment) for the storage trial.  

Before starting the trial, the composite slurry samples were analysed to determine 

the dry matter content (DM; g/kg on a wet basis, WB), volatile solid content (VS; 

g/kg on DM), the total nitrogen content (TN; g/kg on WB, the 984.13 method in 

AOAC, 2006), the ammonia nitrogen content (NH3-N; g/kg on WB, the 941.04 

method in AOAC, 2006) and pH. The DM of the slurries was determined by 

drying weighed slurry samples in an oven (Model ABS 220-4, Kern & Sohn 

gmbH, Balingen, Germany) at 105 °C for 24 h. The volatile solid content was 

determined by igniting the weighed slurry samples in a muffle furnace (Model 

TCN115, Argo Lab, Carpi, MO, Italy) at 450 °C for 4 hours. The pH was 

determined using a pH-meter (Model HI 9026, Hanna Instruments Italia srl, 

Ronchi di Villafranca Padovana, PD, Italy). 

During the laboratory test, three 4 L homogeneous slurry aliquots of each 

treatment were stored, for a thirty-day period, in nine experimental 5 L capacity 
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glass jars. The storage was performed at room temperature (17.012.2 °C). 

Gaseous emissions were measured by means of a ventilated chamber system and 

using an infrared photoacoustic multi-gas analyser (INNOVA 1412, AirTech 

Instruments, Ballerup, Denmark), as described by Dinuccio et al. (2008, 2011, 

2019). 

The emission fluxes (F, mg/h/m2) of NH3 and GHG from each jar were calculated 

according to the following formula: 

 

where i is the gas concentration detected by the photoacoustic analyser in mg/m3; 

Q is the air exchange rate inside the jars (0.06 m3/h); S is the free slurry surface 

area (m2). 

The average daily emission rates (Er, mg/m2/d1) were then calculated as follows: 

 

where Fv is the average emission flux value (mg/h/m2) between two consecutive 

measurements; n is the number of measurements carried out during the trial; t is 

the number of hours that elapsed between two measurements; d is the overall 

duration of the storage period (days). 

The CO2eq emissions were estimated as described in the section above (2.4). 

 

2.6. Statistical analysis 

The collected data were analysed by statistical means, using the GLM (IBM SPSS, 

2017) procedure. The data related to the initial BW (kg) of the animals, to 

environmental condition of the fattening rooms (temperature and relative 

humidity) and to the gas emissions, from both housing (kg/pig) and storage 

(g/m2/d), were assessed, after testing their normal distribution and their 

heteroscedasticity (Shapiro-Wilk test and Levene test), using the GLM ANOVA 

procedure (IBM SPSS, 2017), according to the following model: 

y = μ + αi + εij 

where μ is the general mean value; αi is the ZeoS integration effect; εij is the 

random error effect. 

Moreover, given that the three groups of animals had a different average initial 

and final BW, the data related to the live and slaughtering performances were 

tested using the GLM ANCOVA procedure (IBM SPSS, 2017), according to the 

following model: 

y = μ + αi + β(xij-x) + εij 

where μ is the general mean value; αi is the ZeoS integration effect; β(xij-x) is the 

effect linearly associated with the initial BW (for live performances) and with the 

final BW (for slaughtering performances); εij is the random error effect. 

Differences in the mean values were tested, by means of the Duncan test, using a 

first class error α = 0.05 to accept the differences as significant. 

 

3. Results  

3.1. Effects on animal performances 

During the experimental period diets composition used for the different animal 

groups (Table 2) showed no differences between the three groups for both the two 

feeding phases. The live and slaughtering performances of the three tested animal 
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groups are shown in Table 3. After the weaning phase, the animals were divided 

into the experimental groups on arrival at the fattening farm. At the beginning of 

the experimental period, the Z0 group showed a slightly higher initial BW than 

the other groups (P<0.05). Although the three experimental groups did not result 

balanced in terms of weight, in order to avoid increasing the stress conditions 

among the piglets, which could have affected the live performance of some 

subjects (feed consumption, weight gain, etc.), it was decided not to move the 

animals at this stage. This decision allowed any uncontrollable variables to be 

eliminated. The GLM ANCOVA analysis revealed that the final BW, the weight 

gain and ADG had higher estimated means in the Z0 and Z2 groups than in Z1 

(P<0.05), whereas the Z2 group showed the most favourable FCR (P<0.05).  

As far as the slaughtering performance is concerned, the Z0 group showed higher 

dressing percentages and carcass weights than the Z1 and Z2 groups (P<0.01). 

The treatment did not affect the rib muscle thickness, but the back fat depth was 

greater in the Z0 and Z2 groups than in the Z1 group (P<0.01). Consequently, the 

carcass grade was also affected, and the Z0 and Z2 groups had more carcasses 

classified as E and U than the Z1 group, and therefore a higher lean meat yield.  

 

Table 2. Diet composition in the two feeding phases for the three groups of pigs. 

 first phase (until 120 kg BW) second phase (until slaughter) 

 Z0 Z1 Z2 

S
E

M
 

P Z0 Z1 Z2 

S
E

M
 

P 

D
M

 (g
/k

g
) 

192.

15 

193.8

3 

199.2

6 

3.14

3 

.63

6 

172.

17 

171.

41 

175.

83 

1.12

2 

.27

9 

A
sh

 (g
/k

g
 

D
M

) 

63.7

6 

64.76 66.05 .349 

.05

3 

72.8

0 

74.4

4 

76.4

8 

.911 

.30

4 

C
P

 (g
/k

g
 

D
M

) 

152.

66 

153.5

0 

152.1

5 

1.09

6 

.88

1 

133.

13 

132.

18 

131.

37 

1.22

6 

.84

4 

E
E

 (g
/k

g
 

D
M

) 

43.2

8 

39.20 41.31 .951 

.24

6 

43.2

3 

47.4

9 

44.2

3 

.652 

.06

1 
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a
N

D
F

 

(g
/k

g
 D

M
) 

136.

25 

136.4

3 

137.6

6 

1.51

0 

.91

7 

112.

89 

118.

56 

119.

09 

2.16

3 

.46

3 

A
D

F
 (g

/k
g

 

D
M

) 

49.1

2 

51.83 51.86 .688 

.20

9 

44.1

7 

47.0

1 

48.0

7 

2.01

7 

.72

5 

N
E

 (M
J

/ 

k
g

D
M

) 

8.84 8.78 8.78 .020 

.38

2 

8.90 8.90 8.81 .031 

.37

2 

BW, body weight; DM, dry matter; CP, crude protein; EE, ether extract; aNDF, neutral 

detergent fibre; ADF, acid detergent fibre; NE, net energy; Z0, control diet with 0 g/kg of 

ZeoS; Z1, diet with the addition of 10 g/kg of ZeoS; Z2, diet with the addition of 20 g/kg 

of ZeoS; SEM, standard error of the mean (calculated on 6 replicates). 

 

 

Table 3. Live performances (adjusted for an initial BW = 51.69) and slaughtering 

performances (adjusted for a final BW = 175.65) for the three groups of pigs.  
Z0 

 
Z1 

 
Z2 

 
SEM P 

Live performances         

Initial BW (kg) 54.43 a 50.38 b 50.46 b 0.567 0.013 

Final BW (kg) 177.1

6 

a 173.5

3 

b 176.2

5 

a 0.455 0.024 

Weight gain (kg) 125.4

6 

a 121.8

3 

b 124.5

5 

a 0.455 0.024 

ADG (kg/d) 0.80 a 0.78 b 0.80 a 0.003 0.024 

FCR (kg WB/kg BW) 3.33 a 3.35 a 3.25 b 0.013 0.011 

Slaughtering performances        

Carcass yield (kg/100 kg 

BW) 

84.81 A 83.94 B 83.36 C 0.067 <0.00

1 
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Hot standard carcass weight 

(kg) 

144.3

0 

A 142.8

5 

B 141.8

5 

C 0.112 <0.00

1 

Cold standard carcass weight 

(kg) 

141.4

2 

A 139.9

9 

B 139.0

2 

C 0.110 <0.00

1 

Back fat depth (mm) 36.08 A 37.46 B 35.86 A 0.229 0.009 

Rib muscle thickness (mm) 68.81  69.29  70.41  0.290 0.066 

Carcass classification (1E-

5P) 

2.62 B 2.79 A 2.60 B 0.024 0.002 

BW, body weight; ADG, average daily gain; FCR, feed conversion rate; WB, wet basis; 

Z0, control diet with 0 g/kg of ZeoS; Z1, diet with the addition of 10 g/kg of ZeoS; Z2, 

diet with the addition of 20 g/kg of ZeoS; SEM, standard error of the mean (calculated on 

28 and 252 replicates for live performances and slaughtering performances respectively). 

Treatment means with the same letter are not significantly different (P>0.05). 

 

3.2. Effects of housing on the emissions 

Temperature and relative humidity trends during fattening are presented in Fig. 1. 

The average air temperatures measured inside the rearing facility during the trial 

were 26.41 ± SD 3.18, 26.55 ± SD 3.00 and 26.25 ± SD 2.65 °C for Z0, Z1 and 

Z2, respectively, with no significant difference (P>0.05) between the three rooms. 

Average relative humidity was equal to 74.8 ± SD 6.36, 76.4 ± SD 6.78 and 74.9 

± SD 5.76 % in Z0, Z1 and Z2, respectively, with no significant difference 

(P>0.05) between the three rooms. Similarly, no statistically different average air 

flow rates (P>0.05) were recorded during the gas emission measurements, which 

ranged from 157 to 173 m3/head/h, between the control room (Z0) and the 

treatment pig-rearing rooms (Z1, Z2). Therefore, it was possible to make a 

meaningful comparison between the emission rates in the three rooms.  

As can be seen in Table 4, the addition of ZeoS to the diets led to significantly 

(P<0.05) lower cumulated NH3 emissions in the Z1 and Z2 groups than in the 

control group (Z0). The greenhouse gas emissions were also significantly reduced, 

and in particular the CO2 and CH4 emission levels, which were lowered by 18% 

and 12% (in the Z1 group) and by 51% and 31% (in the Z2 group), respectively. 

The cumulated N2O emissions were found to only be affected slightly, with a 

significant (P<0.05) 5.13% reduction in the Z2 group. The total GHG emission 

reductions in the Z1 and Z2 groups, in terms of CO2 equivalents, were equal to 

13% and 36%, respectively. 
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Fig. 1. Temperature and relative humidity (RH) trends during fattening (each 

point represents the T and RH value averaged over three sampling points, with 

10 measures per point, in each chamber; n = 30); graphs are obtained using 

‘geom_smooth’ function of R package ggplot2 and adopting a “loess” smoothing 

method (Wickham, 2016; R core team, 2019) 
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Table 4. Total gaseous emissions from pig houses for the three groups of pigs.  
Z0 

 
Z1 

 
Z2 

 
SEM P 

NH3 (kg/pig) 1.79  a 1.62  b 1.34  c 0.019 <0.001 

CO2 (kg/pig) 1358.00  a 1194.90  b 934.80  c 30.670 <0.001 

CH4 (kg/pig) 25.39  a 20.79  b 12.43  c 0.848 <0.001 

N2O (kg/pig) 0.39  a 0.38  a 0.37  b 0.004 0.006 

CO2eq (kg/pig) 2172.76  a 1878.41  b 1379.86  c 53.801 <0.001 

NH3, ammonia; CO2, carbon dioxide; CH4, methane; N2O, nitrous oxide; CO2eq, carbon 

dioxide equivalent; Z0, control diet with 0 g/kg of ZeoS; Z1, diet with the addition of 10 

g/kg of ZeoS; Z2, diet with the addition of 20 g/kg of ZeoS; SEM: standard error of the 

mean (calculated on 3 replicates). 

Treatment means with the same letter are not significantly different (P>0.05). 

 

3.3. Effects on the slurry composition and emission potential during storage 

The composition of the control slurry (Z0) and the slurries from the treated groups 

(Z1, Z2) are shown in Table 5. Comparisons of the mean values of the measured 

slurry parameters exhibited significant (P<0.05) variations with respect to DM, 

VS and pH. The DM content varied from 50.70 g/kg in Z2 to 50.30 g/kg in Z0 

and 42.70 g/kg in Z1. At the same time, the VS/DM ratio was equal to 0.65 in Z0, 

0.64 in Z2 and 0.64 in Z1. The pH, on average, was equal to 7.47, and was higher 

for Z0 than for Z1 and Z2. Nevertheless, there was no significant difference 

(P>0.05) between treatments, in terms of TN and NH3-N content, with overall 

means of 4.40 and 2.30 g/kg, respectively, for all the slurries. Similarly, the GHG 

and NH3 emissions that occurred during slurry storage did not vary significantly 

(P>0.05) for the three treatments (Table 5).  

 

Table 5. Main slurry characteristics for the three groups of pigs.  
Z0 

 
Z1 

 
Z2 

 
SEM P 

DM (g/kg) 50.27  b 42.74  c 50.70  a 0.642 <0.001 

VS (g/kg WB) 32.87  a 27.14 c 32.59  b 0.548 0.010 

TN (g/kg WB) 4.55   4.19   4.52   0.009 0.063 

NH3-N (g/kg WB) 2.32   2.24   2.30   0.006 0.597 

pH 7.55  a 7.47  b 7.39  c 0.007 0.021 

DM, dry matter; VS, volatile solids; TN, total nitrogen; WB, wet basis; NH3-N, ammonia 

nitrogen; Z0, control diet with 0 g/kg of ZeoS; Z1, diet with the addition of 10 g/kg of 
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ZeoS; Z2, diet with the addition of 20 g/kg of ZeoS; SEM, standard error of the mean 

(calculated on 3 replicates). 

Treatment means with the same letter are not significantly different (P>0.05). 

 

4. Discussion 
In spite of the addition of ZeoS, that according to the experimental plan is 10-20 

g/kg of feedstuff before the whey addition (and therefore corresponding only to 

2-4 g/kg of DM increment to the final diet), the ash content of the different diets 

did not change significantly between groups and phases (Table 2). Moreover, the 

regulation of the PDO (which pigs are intended) recommended a diet ash content 

in the second phase feed between 4 and 8% on DM. The commercial feedstuff of 

the first and second phases had an ash content of 4.2 and 3.5% as fed respectively, 

but the whey (varying composition according to the lot supplied) had higher ash 

concentration (about +2%) in the last period than in the first one and this affected 

the total ash content of the diet determined by analysis. The addition of 

clinoptilolite to the diet slightly affected the live performance of the pigs, albeit 

only slightly (Table 2). The Z2 group showed the same live performances as the 

Z0 one, except for the FCR. Although zeolite, and clinoptilolite in particular, is 

usually added to animal feeds at a level of 20–25 g/kg (Fokas et al., 2004), the 20 

g/kg of zeolite supplementation used in our trial may have been too low to trigger 

an improvement in animal performances. Fokas et al. (2004), conducted a study 

on the effects of the addition of 20 g/kg zeolite to the diet of pigs and did not find 

any significant effect on the live performances of the animals. On the other hand, 

a study in which a higher concentration of zeolites (50 g/kg) had been used 

(Mumpton and Fishman, 1977), showed some improvements in terms of weight 

gain. Similarly, Yannakopoulos et al. (2000) observed improvements in weight 

gain and FCR after adding 60 g/kg of clinoptilolite-rich tuff to finishing pig diets. 

Moreover, it should be noted that in our study the ZeoS inclusion only pertained 

to the growing and finishing phases. This could have affected the obtained results. 

In fact, Alexopoulos et al. (2007) found that the long-term dietary use of 

clinoptilolite, at an inclusion of 20 g/kg, appeared to enhance the performance of 

growing and fattening pigs without adversely affecting their health status. They 

already recorded a higher weight gain during the weaning stage (70 days), which 

also affected the performance of the whole growing period. Prvulovic et al. (2007) 

found that, during the first 90 days of an experiment with a diet inclusion of 5 g 

of clinoptilolite per kilogram of feed in growing pigs, the treated group showed a 

higher body weight gain than with the control one, and the growth parameters 

were significantly lower in the finishing phase (-4.8%), results that would seem 

to confirm our results. The observed variations in slaughtering performance 

(Table 3) did not affect the quantity or quality of the obtained productions to any 

great extent. To the best of our knowledge, this is the first study to have reported 

the effect of zeolite addition to the diet on the slaughtering performance of heavy-

pigs. Further studies should include this aspect, particularly as regard the carcass 

grade, a key parameter for the production of PDO ham in Italy.  

The cumulated NH3 and GHG emissions from the housing facilities resulted to 

be influenced to a great extent by the addition of ZeoS to the diets (Table 4).  
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As expected, the ammonia emissions were reduced (P<0.05) in the Z1 and Z2 

groups, by 9% and 25%, respectively, compared to the control group (Z0). This 

result is similar to the one obtained by Milić et al. (2006), who observed a 33% 

NH3 emission reduction in piglets, after implementing an integration of 20 g/kg 

of zeolite integration in their diet. Similarly, the CO2 and CH4 emission levels 

(Table 4) resulted significantly (P<0.05) higher for Z0 than for Z1 and Z2 groups. 

Although little information is currently available in literature on dietary 

clinoptilolite supplementation as a GHG emission mitigation technique on pig 

farms, the adsorption properties of clinoptilolite, with respect to CO2 and CH4, 

has been well documented (Arefi Pour et al., 2015; Hao et al., 2018; Kennedy et 

al., 2019), thus making it a potential tool for gas purification. The adsorption 

effect of clinoptilolite on CH4 could have been exerted both during the digestion 

phase, by reducing the enteric CH4 production, and on the CH4 produced by 

anaerobic microbial degradation of the slurry organic matter in the slurry pit 

(Philippe and Nicks, 2015). Moreover, the capacity of clinoptilolite to adsorb CH4 

is related to its surface area and pore volume (Arefi Pour et al., 2015) and to the 

specific ions that clinoptilolite is cation-exchanged with (Kennedy et al., 2019); 

it therefore depends on the particular type of clinoptilolite that is used.  

The net NH3 emission fluxes recorded during the rearing period (Table 4) for the 

Z0 group were 0.53 mg/h/head-1 on average, which is equivalent to an annual 

amount of 3.81 kg/head/year. The latter figure falls within the range of those 

given for typical heavy-pig rearing systems in Italy, that is, ranging from 1.7 

(Guarino et al., 2003) to 6.29 (Costa, 2017) kg/pig/year. However, the average 

annual N2O (0.832 kg/pig) and CH4 (54.2 kg/pig) EFs estimated in this study 

were 2.9 and 3.2 times higher than those reported by Costa and Guarino (2009) 

for fattening pigs with more than 110 kg of live weight. The higher N2O and CH4 

emissions found in our study could be attributed to several factors, including 

differences in diet composition and housing conditions (Philippe and Nicks, 

2015). Moreover, the measurements in our study were performed under summer-

autumn conditions, with an average internal temperature ranging from 20.6 to 

30.7 °C, while the EFs reported by Costa and Guarino (2009) were based on 

measurements performed in three different periods of the year, including winter 

conditions (room temperature ranging from 15.0 to 21.0 °C). The presence of a 

forced ventilation system (instead of a natural one) could also have determined 

higher gaseous emissions, as pointed out in previous studies (Gallmann et al., 

2003; Philippe et al., 2007; Blanes-Vidal et al., 2008).  

The GHG and NH3 emissions that occurred during slurry storage did not vary 

significantly for the three treatments (Table 6). This absence of variation, 

especially in terms of NH3 emissions, could be attributed to the low concentration 

of ZeoS in the slurry biomass. Considering that the ZeoS in the diets did not 

accumulate in the animal bodies and the total mass of slurry produced during the 

rearing cycle (about 1.5 m3/head), which was estimated using the reference 

guideline values reported in the Piedmont region regulations (DPGR 10/R, 2007), 

the concentration of ZeoS in the stored slurry was calculated to be approximately 

0.17% (on WB). This concentration is lower than the one adopted by Lefcourt 

and Meisinger (2001), who observed an NH3 emission reduction in dairy slurry 
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of about 50% as a result of adding 6.25% of zeolites. Moreover, the capacity of 

ZeoS to mitigate NH3 and GHG emissions could have been depleted during 

housing, thereby having no further effect in the subsequent phases. On the other 

hand, there seems to have been an increasing CH4 emission trend (even though 

no significant variation was detected) as the zeolite concentration was increased. 

Therefore, it could be hypothesised that the adsorption of CH4 during housing can 

lead to an increase in storage CH4 emissions due to a delayed release of the 

pollutant. 

 

5. Conclusions 

The dietary addition of ZeoS, at both 10 and 20 g/kg, was able to reduce NH3, 

and GHG emissions from pig houses. Of the two ZeoS concentrations that were 

tested, the 20 g/kg one resulted in a higher mitigation effect, reducing NH3 and 

GHG emissions by about 25% and 36%, respectively. The increase in the feeding 

cost per head, as a result of a 20 g/kg supplementation in the diet, can be 

calculated as approximately € 0.02 per day, that is, about 1.5% of the current 

selling price of heavy-pigs in Italy. This cost could be acceptable at a farm level, 

but this depends on the general production costs and on the sale price of the pigs, 

which vary over time according to market dynamics. Nevertheless, the manure 

storage trial showed an increasing trend in CH4 emissions as ZeoS concentration 

in the diet was increased, thus suggesting that the adsorption of CH4 during 

housing could lead to an increase in storage CH4 emissions due to a delayed 

release of the pollutant. Therefore, ZeoS could be a valid tool to mitigate CH4 

emissions during housing, but only if coupled with other mitigation strategies 

(such as covering the storage tank) to prevent the loss of saved CH4 in the 

subsequent phases of the manure management cycle. 
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5. CONCLUSIONS 

5.1. Particulate matter emissions from agricultural activities  

The research experiences presented in this thesis allow to cover only partially the 

existing gap of knowledge on the topic of PM emissions from agriculture, 

providing insights on land preparation operation in northern Italy, specific PM 

emission properties of North Italian soils and on outdoor hens rearing operation 

(in the Netherlands). For all topics the works performed met the double goal of 

providing new information (EFs development and evaluation of mitigation 

measures) and of developing and validating (when necessary) the measurement 

methods and equipment used.  

Emissions from land operation activities were addressed in the works presented 

in paragraphs 3.2 and 3.5. The two works allowed to identify preliminary EFs for 

tilling operations in Northern Italy, where the atmospheric conditions are very 

different from those of Northern European or US environment were of the 

currently available EFs were derived. The Alpine and Sub-Alpine weather typical 

of the areas of the Piedmont region where the experiments were performed, is in 

fact, characterized by low wind speeds and unstable atmospheric stability 

conditions, which influences the emissions of PM from sources such as tillage.  

The developed EFs are still insufficient, since there are no sufficient data to 

account for the weather and soil variability of the region. Nonetheless, the results 

are consistent with those of previous studies and provide a first reference. Further 

developing of EFs and accounting for other operations will be crucial for 

assessing the contribution of outdoor agricultural operations to the overall 

emissions from agriculture. A first approximation can be made to address the 

contribution of tillage practices to the total PM emissions in Italy (using the EFs 

developed in this thesis). In fact, a gross estimation can be made by assuming that 

the entire surface invested with annual crops in Italy in 2010 (1,201,366 ha; 

ISTAT, 2010) is tilled once per year; considering that the total anthropogenic 

PM10 emissions in that same year, accounted for by ISPRA (2021), were of 234 

Gg (9.6 % of which from agricultural origin), the contribution of land preparation 

activities represents 0.8 % of the total and around 8% of the agricultural sector 

contribution to it. This figure may seem quite low, but it refers to a small part of 

the total emission deriving from crop production systems, which entail several 

other operations, including cultivation, harvesting and post-harvesting activity. 

Moreover, these operations are performed on large areas in relatively short time 

periods, corresponding to the sowing of crops, resulting in potential haze for 

residents in sub-urban areas (Chen et al., 2017). Another important perspective is 

the operator safety during soil tillage.  

As for the specific characteristics of dust produced during tillage, the article 

presented in paragraph 3.3 provides a better understanding of contaminants 

present in soil derived PM, particularly of trace elements and heavy metals. In 

this regard, it was observed that trace elements are most concentrated in the finest 

soil fractions and, therefore, the PM10 emitted from soil has higher trace elements 

concentrations (concentrations are exceeding the ones in soil by up to 20 times) 
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than the soil itself. This entails a possible increase of health risks related to PM 

emissions from tillage operation, due to the exposure to toxic elements.  

The research presented in chapter 3.3 provides a valuable method to address the 

effect of soil moisture and characteristics on the emissions, with the introduction 

of a mixed (field and laboratory) approach for EF determination, that could 

strongly simplify the future EF estimation studies, increasing their cost 

effectiveness.  

Moreover, the research work in chapter 3.5 allowed to provide a first evaluation 

of reduced tillage practices (minimum and strip tillage) as mitigation measures 

for PM emissions from land preparation. The outcome of the study presented in 

paragraph 3.5 highlighted the potential of minimum tillage as a mitigation tool 

for soil PM. 

 

5.1.1. General considerations and future perspectives 

This thesis allowed to cover some aspects linked with particulate matter 

emissions from agriculture, especially from open field cropping operations. Very 

few studies were previously available on this topic, especially in the European 

area, and the contribution of these emissions is roughly estimated in national 

inventories. Since the cropping activities, working conditions, crop types and 

mechanical implements are many and are combined differently in real world 

scenarios, a great deal of work and research must still be performed to provide a 

comprehensive figure of the emissions. Moreover, the information available on 

characteristics and size of particles produced from tilling and harvesting 

operations is also insufficient and future work should be performed on the subject.  

Tilling emissions contribute for a good share to total PM emissions from 

agriculture (Sharratt and Auvermann, 2014). Globally, there is an open discussion 

on traditional tillage practices, which have been recognized as possible causes of 

land degradation, loss of soil organic matter and structure and disturbance for soil 

microbial activities, especially with certain soil types and climates (Schneider et 

al., 2017; Derpsch, 2003). As a consenquence, conservantion tillage techniques, 

that were originally developed to contrast erosion under very specific 

environmental conditions, are gaining traction and starting to be applied on an 

increasing share of land worldwide. This tendendency could positively impact 

PM emissions from soil, not only for the lower direct emission of minimum 

tillage as compared to traditional one, but also for the lower exposure of soil to 

wind, which as been shown to reduce fugitive PM emissions during intercropping 

periods and fallows (Singh et al., 2012; Sharratt et al., 2006; Derpsch, 2003). 

Moreover, different implements can be used for implementing minimum, strip 

tillage or sod seeding techniques with potentially different effects on PM 

emissions. Globally, few reseaches addressed and compared emissions observed 

with different tilling setups and future research should address this topic, due to 

the increasing importance of minimum and no tillage, in order to properly 

quantify the mitigation potential of different practices. Moreover, the issue of 

toxic elements in soil derived dust, such as heavy metals, is almost unstudied. 

Since there are many studies which pointed out the widespread presence of 
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contaminated soils in certain regions of the world and in Europe (Panagos et al., 

2013), addressing the issue of fugitive emissions from these soils represents an 

interesting research topic that should be developed further by future studies.  
Harvesting emissions were not included in this thesis, since field experiments are 

still in progress. Nonetheless, the future activities planned by the research group 

in Turin will address emissions from Maize harvesting to complete the 

assessment of emissions from the Maize production system. Globally, emissions 

from harvesting operations were addressed by few studies (Faulkner et al., 2009; 

Wanjura et al., 2007; Cassel et al., 2003). Moreover, a more thorough 

investigation is due to characterize the particles emitted from a biological point 

of view. In fact, particles from harvesting are very different from those generated 

by tillage, being finer and potentially linked with inflammatory responses, as 

shown from studies performed on working hazard for cereal receiving facilities. 

Moreover, some studies have highlighted the presence of mycotoxins (durin plant 

harvesting period) in particulate matter in indoor and outdoor environments (Tang 

et al., 2020; Buiarelli et al., 2015). The actual emission of mycotoxyns should, 

therefore, be measured at the source and, to do so, a methology should be 

developed, since the amounts of PM that can be collected during harvesting are 

very low and, therefore, hardly meeting LOD quantities for mycotoxin 

determination (Buiarelli et al., 2015). A further step would be that of 

implementing mitigation strategies and low emission combines for the most 

important crops such as Maize. In fact, similar equipments have been developed 

and tested for hazelnut and almonds, since harvesting these crops produces very 

high number of fine particles (Baticados et al., 2019; Pagano et al., 2011). To 

achieve reduction of overall PM emission from agriculture, crops such as Maize 

and Wheat should be addressed as well.  

Globally, cropping activities and residue burning emissions have been shown to 

cause PM concentration levels all over specific countries or regions for limited 

periods of time. In fact, the peculiarity of tilling, harvesting and residue burning 

emissions as compared to other PM sources, is to be diffuse area sources that emit 

only in coincidence with seasonal sowing or harvesting periods. Nonetheless, in 

Europe the effect of harvesting and tilling periods on PM concentration on the 

regional scale has not been studied. Future research should implement new 

methodologies, adopting remote sensing and dispersion models to identify 

sources and emission periods to estimate concentrantion increases in urban and 

rural areas, and compare them with monitoring observations. This step should 

lead to results similar to those obtained by Hill et al. (2019), who modelled 

agricultural PM all over the United States and derived information on the risk for 

residents in different areas.  

In general, a great deal of research activities is still needed to fill information gaps 

on angricultural PM, its sources, effects and possibilities of mitigation. 
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5.2. Ammonia emissions from agricultural activities  

The issue of ammonia emissions from agricultural activities was addressed in the 

works performed during these years, by focusing mainly on specific mitigation 

measures and on their potential for emission reduction.  

Article VII and VIII focused on the use of powdery sulphur as and acidifying 

agent during manure storage. The purpose of using powdery sulphur was to 

provide a valid alternative to strong acids for slurry acidification, since strong 

acids cause safety concerns and are bound by regulation restrictions, while also 

leading to foam formation when mixed with slurry. Powdery sulphur showed 

good results in terms of emission reduction (NH3 emissions from solid fraction 

of pig slurry were abated to 49%). Moreover, a full-scale system for sulphur 

acidification system was built and tested on a farm, resulting in good operational 

capacity (Article VIII). Nonetheless, aspects linked with the economical 

sustainability of this solution are still to be addressed. Moreover, some concerns 

may arise with the amount of powdery sulphur that must be added to obtain 

satisfactory results, which may lead to high raw material, transportation and 

handling costs. A further aspect to be addressed in future works is the potential 

impact of sulphur on soil after spreading, as well as the emission of hydrogen 

sulfide (H2S) during storage, that may be increased by sulphur addition (Clanton 

& Schmidt, 2000).  

Article VI addressed the issue of NH3 and N2O emissions after slurry injection. 

There appears to be, in fact, a trade off among reduced NH3 emissions and 

increased N2O ones, when incorporating slurry into soil. This article proposed the 

first results of a trial aiming to assess the use of a nitrification inhibitor (nitapyrin) 

to solve this issue while improving nitrogen availability. The first trial highlighted 

good results on the N2O emissions with reductions of up to 79%. Future studies 

should better investigate the economic viability of the technique by evaluating its 

positive effect on nitrogen availability, which was suggested by a previous study 

(Burzaco et al., 2014). Moreover, future studies should also address the potential 

effects of nitrapyrin on aquatic animals and its accumulation in soil (Woodward 

et al., 2021). Recent studies conducted by Woodward et al. (2019, 2021) in 

Midwerstern US, where nitrapyrin based inhibitors are widely used, reported 

notable concentrations of nitrapyrin in surface streams, but concentrations were, 

in almost all reported cases, lower than the toxicity tresholds for acquatic animals. 

Therefore, more comprehensive studies should be performed to address the 

effects of nitrapyrin on different environmental compartments and, eventually, 

the environmental opportunity of implementing this technique on a larger scale 

could be addressed with a LCA study.  

Article IX is a standalone article, which diverged from the topic of mitigation 

measures. It mainly aimed to test the implementation of an easy to build passive 

sampler with open design. The most interesting contribution of this paper to the 

subject is probably the proposition of a laboratory system to test samplers 

efficiency. Passive samplers are, in fact, widely used for ammonia emission 

monitoring, but they have less than optimal efficiencies and need calibration to 

reduce errors (Noordijk et al., 2020; Pacholski et al., 2006). Nonetheless, 
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performing calibration in field is costly and time consuming. Future studies 

should push forward the idea of building a more sophisticated laboratory systems 

to address samplers efficiency in different conditions, in order to build efficiency 

curves to adjust for concentration ranges and environmental parameters.  

Article X addressed clinoptilolite use as feed additive to reduce NH3 and GHG 

emissions from pig houses. The study resulted in encouraging NH3 and GHG 

emission reductions from barns. Nonetheless, the zeolite addiction did not 

influence pigs fattening and slaughtering performances, hindering its economic 

viability. This was probably due to the dosages, that were not high enough to 

induce improvements in pig performances. Future studies may address other type 

of zeolites or study the implications of zeolite addition to pig diets before 

finishing phase.  

The experience acquired from the research performed led to highlight that the 

main issue, when it comes to mitigate NH3 emissions, is not the absence of 

technically viable solutions but the economical and logistic aspects. It is, in fact, 

important to focus on solutions that are economically viable and that do not imply 

an over-complication of farming activities, since those two aspects are crucial to 

achieve real world implementation of mitigation measures.  

 

5.2.1. General considerations and future perspectives 

Ammonia emissions have been assessed from a wide range of sources (EEA, 

2019; Santonja et al., 2017) and using a variety of different methodologies 

(Sommer & Misselbrook, 2016). Recently, new technologies for ammonia 

monitoring and sensing have been developed, which allow for lower detection 

limits and finer temporal definition. This improved technologies, such as mid-

infrared fiber laser (Woodward et al., 2019), quartz enhanced photoacoustic 

spectroscopy (Ma et al., 2017), cavity enhanced and cavity ring-down 

spectroscopy (Bielecki et al., 2020), represent a novelty for ammonia monitoring 

in the agricultural field and will help provide a better understanding of emission 

sources. Nonetheless, a recent review from Insausti et al. (2020) has highlighted 

the importance of having access to sensors for ammonia monitoring that should 

be low cost and user friendly. Achieving such a goal would in fact allow for more 

diffuse monitoring of the emissions and possibly to detect the most detrimental 

emission source at the single farm level, allowing intervention. Another important 

trend that may revolutionize the current understanding of ammonia emissions and 

its interactions in the atmosphere is the use of Unmanned Aerial Vehicles, which 

opens up new frontiers for air quality studies in general (Lambey & Prasad, 2021). 

These advances may also help in better defining the actual contribution of NH3 

emissions to PM2.5 formation. It would, in fact, be very useful to deepen the 

knowledge about NH3-PM2.5 convertion, especially for inventory purposes. 

Currently, in fact, evaluations on this topic are made through modeling of 

atmospheric dispersion and chemical interaction, using models such a GEOS-

CHEM (Tian et al., 2021), but there is a lack of conversion factors or figures 

allowing for a quick, even if approximated, understanding of the total conversion 

figure and the timeframe in which these chemical reactions occur. The most easy-

to-use conversion factor was developed by de Leeuw (2002), who proposed the 
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a PM10 equivalent factor for NH3 emissions (similar, in concept, to CO2eq for 

GHG, made available through IPCC guidelines); new studies updating this 

information and, possibly, relating to different geographical and seasonal scales 

(e.g. winter-summer time), would be a useful contribution to provide reference 

figures to researchers working in emission assessment or inventorying and to 

policy-makers.Researches published in the last decade provided and consolidated 

several ammonia mitigation techniques, which represent a valid solution for 

containing NH3 losses in the three main stages (houses, manure storage and land 

spreading). A recent review paper from Sajeev et al. (2018) highlighted the 

importance of adopting whole management chain approaches to mitigation, 

considering the different steps and mitigation strategies in terms of priorities. This 

aspect is crucially important, partially because mitigation of ammonia emissions 

should always follow a "bottom up” approach, securing first the containement of 

emissions from manure spreading and then in previous stages, since most of the 

emission reduction achieved during rearing or storage can be lost by increased 

emissions from fields. Morever, it is necessary to consider mitigation measures 

also in terms of their advantages towards other gas species (e.g. acidification also 

reduces GHG; ARTICLE VII), and with respect to possible trade offs. In fact, 

certain mitigation strategies may cause increases in N2O emissions or N losses 

through leaching, as it can occur after slurry injection (Sajeev et al., 2018). To 

account for this issue, it is necessary to look at NH3 losses as one aspect of the 

Nitrogen cycle and focus on the overall nutrient imbalances at farm and regional 

scale. In fact, NH3 emission mitigation is not only achieved through direct 

emission reduction but also, for example, from strategies allowing to relocate 

excess nitrogen on larger territories and to reduce inputs of nitrogen fertilizers or 

other external nutrient sources. In this sense, treatment techniques such as solid-

liquid separation and composting are key to enable manure transport off-site and 

should be subject to further studies and implementantions (Flotats et al., 2009) 

When proposing solutions for integrated manure management, it is important to 

take into consideration the broad environmental and economical aspects that 

define the opportunity of implementing them, considering their economical and 

environmental sustainability both at regional and farm levels.  

5.3. Closing remarks 

This thesis allowed to cover some aspects linked with particulate matter 

emissions from agriculture, especially from open field cropping operations. Very 

few studies were previously available on this topic, especially in the European 

area, and the contribution of these emissions is roughly estimated in national 

inventories. Since the cropping activities, working conditions, crop types and 

mechanical implements are many and are combined differently in real world 

scenarios, a great deal of work and research must still be performed to provide a 

comprehensive figure of the emissions. Moreover, the information available on 

characteristics and size of particles produced from tilling and harvesting 

operations is also insufficient and future work should be performed on the subject. 
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Particularly, the issue of toxic elements in agricultural dust, such as heavy metals 

(from soil) and mycotoxins (from plant harvesting) should be explored.  

Future studies should also address mitigation measures, to reduce the emission 

from cropping activities and limit farmers exposure.  

For what concerns ammonia emissions, some interesting solutions for mitigating 

emissions from barns, manure storage and land spreading were tested and proved 

to be viable options. Future studies should address not only the technical but also 

the economic viability and the ease of implementation of the suggested mitigation 

measures, since these aspects are fundamental for solutions to be adopted by 

farmers.  
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