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CHAPTER 1

General Introduction

Dennis Snoek

In the eighties of the previous century it became clear that the deposition of ammonia

(NH3) is an important contributor to the acidification, eutrophication and nitrification

of the environment (van Breemen et al., 1982; van Breemen & van Dijk, 1988; Buijsman

et al., 1987). The acidification impact can be significant with damage to forests, crops

and other vegetation, and negative effects at aquatic ecosystems. The eutrophication

can lead to reduced water quality, and in this way to decreased biodiversity, changes in

species, and toxicity effects. Finally, NH3 is also an indirect source of the greenhouse

gas nitrous oxide (N2O) (IPCC, 1996). So, there are some serious challenges caused

by NH3.

The NH3 emission in western Europe in 1990 was estimated to be between 2.8

and 5.2 Mt yr−1 with the main contribution by livestock, specifically from livestock

houses and manure storages (ECETOC, 1994). It was a quite rough estimate with

an uncertainty range of at least 30 %, caused by a lack of data. It was also indicated

that NH3 emission increased for about 50 % from 1950 to 1980 and peaked in 1990.

In the late nineties, the Gothenburg Protocol of the UN Convention on Long-range

Transboundary Air Pollution (UNECE, 1999) and the EU National Emission Ceiling

Directive (NECD) (EU, 2001), among others, set NH3 emission ceilings EU wide

and for each member country, for the year 2010. The other pollutants addressed

in the NECD were nitrogen oxides (NOx), non-methane volatile organic compounds

(NMVOCs) and sulphur dioxide (SO2). From 1990 to 2010 the NH3 emission was

reduced EU wide with 28 % and the set targets were achieved by each member country

(EEA, 2012). The European Commission (EC) proposed a new European Clean Air

Programme with an updated NECD for the year 2020 and beyond (EEA, 2015). It
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Chapter 1

was also reported that six member states, including The Netherlands, exceeded their

ceilings in 2010 to 2013, which was primarily due to recalculations in the agriculture

sector (EEA, 2015). To summarise, the focus still has to be on the reduction of NH3

emission.

In addition, it was reported (EEA, 2015) that agriculture still dominates the NH3

emission, being about 95 % for the total emissions in the EU-27. Compared to the

other pollutants addressed in the NECD, the NH3 emissions did not decrease to

the same extent since 1990 (EEA, 2015). In The Netherlands, cattle was the main

agricultural category of NH3 emission in 2009, contributing for about 50 % to total

agriculture, followed by pigs (25 %) and poultry (15 %) (Velthof et al., 2012).

Concerning cattle emissions, major contributors are the housing and manure

application. Cattle housing contributed for about 20 % to total agriculture NH3

emissions (Velthof et al., 2012). In the Netherlands, cattle mainly consist of dairy

cows. Therefore, this research focuses on the NH3 emission from dairy cow houses.

A typical dairy cow house in The Netherlands consists of, among others, a housing

facility for the cows and a storage facility for the slurry. The storage facility, or

so-called slurry pit, is generally underneath the complete cow house. A concrete

slatted floor is used as walking and living area for the cows and there are cubicles for

them to rest.

Since the eighties a lot of research has been performed related to the NH3 emission

from livestock, and dairy cow houses in particular. This research is summarised in the

following five sections:

� Section 1.1 - NH3 emission measurement methods

� Section 1.2 - NH3 emission process

� Section 1.3 - NH3 emission modelling

� Section 1.4 - NH3 emission mitigation methods

� Section 1.5 - NH3 emission reduction approach - status quo in The Netherlands

Having read these five sections, it becomes clear that we already know a lot about

NH3, but that there are still challenges that need to be addressed. In Section 1.6 the

objectives and the outline of this thesis are summarised.

1.1 NH3 emission measurement methods

With measurements it is possible to estimate the NH3 emission of a complete dairy

cow house. To do this, both the total air exchange rate and the difference in NH3

concentrations of incoming and exhaust air have to be determined. Then the NH3

emission can be calculated according to Eq. (1.1).

ENH3 = Q ·∆xNH3 · ttot (1.1)
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with ENH3
the NH3 emission [kg]; Q the ventilation rate [m3 h−1]; ∆xNH3

the NH3

concentration difference between in- and exhaust air [kg m−3]; and ttot the total

measurement time [h];

To measure the NH3 concentration, various methods were developed (van Ouwerkerk,

1993; Phillips et al., 2000, 2001; Mosquera et al., 2005b). However, only a few methods

are currently applied in The Netherlands, as indicated by an asterisk (*) (Ogink et al.,

2013): NH3-converter in combination with a NH3-analyser*; non-dispersive infra-red

photometry; hyphenated laser photo acoustics*; filter pack system; denuder systems*;

gas wash bottle*; gas detection tube; electrochemical cell; differential optic absorption

spectroscopy (DOAS); fourier transform infra red (FTIR); open-pad tune-able diode

laser (TDL)(Mosquera et al., 2005a)*; passive measurement methods*.

Depending on the type of cow house, specific methods were applied. For example, in

naturally ventilated buildings an anemometer is not applicable to assess the ventilation

rate, in this case a tracer method should be used. However, the prerequisites to apply a

tracer method, which needs sufficient extent of difference in gas concentration between

inside and outside, may not be met in very open buildings, and its application may

lead to unreliable measurements (Ogink et al., 2013).

To measure the air exchange rate, various methods can be applied: (1) gas or

mass balances, with artificial tracers like SF6 or local produced tracers like CO2 or

water vapour; (2) heat or energy balance; or (3) flow measurements at outlet or inlet

openings with free impelled turbines or hot wire anemometers (Phillips et al., 2000,

2001). It is also possible to use modelling approaches, e. g. Computational Fluid

Dynamics (CFD) (see Section 1.3)(Mosquera et al., 2005b; van Buggenhout et al.,

2009). The general mass balance to determine the air exchange rate is described by

Eq. (1.2) (van Buggenhout et al., 2009):

V · dC
dt

+Q · C(t) = m (1.2)

with V the total volume of the ventilated space [m3]; dC/dt the concentration change

of the tracer over time t [kg m−3]; m the injection rate or the production rate of the

tracer [kg h−1]; and t the time [h]. The ventilation rate Q can be calculated in case V ,

C and m are known.

Another method to determine the NH3 emission of a dairy cow house is to use a

flux chamber to measure the emission from one or more selected areas in the house. A

flux chamber is based on conservation of mass to determine the measured gasses from

specific measurement areas. Flux chambers can vary in size, they usually cover a floor

area of approximately 0.25 m2 to 1.00 m2, but a principal difference is the application

as static or dynamic (Mosquera et al., 2005b). With static measurements a chamber is

installed, air is circulated within the closed system, and concentration measurements

are performed with certain time intervals. In a dynamic measurement air is soaked
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or blown over the emitting area in the flux chamber. Both methods are cheap and

simple, but they both yield only emission rates for the micro climatic conditions in

the chamber. Therefore, flux chambers are not necessarily representative for actual

cow house conditions (Mosquera et al., 2008). As such they are not able to estimate

the emission of a complete cow house, but may be useful for comparisons between

housing systems in relative terms (Mosquera et al., 2010).

To summarise, the NH3 emission can be determined, but there are some challenges.

NH3 emissions at farm level vary in space between different farms and within one farm,

and time between seasons, months, days and hours. The emission is also influenced

by many factors such as housing type and design, farm management, cow breed,

diet, climate, etc. Therefore, to determine a standardised emission from a certain

housing system in practice, a measurement protocol was developed (Ogink et al., 2013).

This Dutch protocol is highly in accordance with the VERA protocol for North-West

Europe. It prescribes the full-scale measurements of at least four identical cow houses

for 6 times spread over a period of a year for at least 48 h per measurement. Recently,

quite some NH3 mitigation methods became available and were applied in Dutch dairy

cow houses. For regulatory purposes emission factors have to be assigned to these new

methods, based on the protocol. To comply with this requirement, a lot of full-scale

dairy cow houses measurements have to be performed. These measurements takes a

substantial amount of time, and consequently they are expensive. In addition, full-scale

measurements can only be applied in a completely built and occupied cow house,

which makes the whole process slow to find up-to-date NH3 emission information. For

more details about the Dutch NH3 emission status quo, see Section 1.5.

Another challenge is the accuracy and precision. The problem is that current

low cost methods to assess the NH3 emission have a low accuracy and precision,

whereas intensive measurements with advanced equipment are quite good, but are

more expensive and not always practically feasible. The costs to measure a single

dairy cow house according to the protocol, with the current applied methods, is

about e 10 000 to e 20 000 , which is substantial. In addition, there is a large variation

in types, designs and management of dairy cow houses in The Netherlands. This

makes it more difficult to obtain reliable measurement results. Finally, the currently

used full-scale cow house measurement methods do not include the measurement of

variables related to the NH3 emission process (Section 1.2). Therefore, it is difficult

to correctly match the full-scale measurements with theory and consequently also to

identify opportunities to lower the NH3 emission. Hence, there is a need for a novel

assessment strategy to determine the NH3 emission from commercial dairy cow houses

at a yearly basis that is:

1. not too expensive (< e 10 000 );

2. fast i. e. low number of measurement days and low time to build or install the

measurement equipment;
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3. accurate and precise;

4. simple to apply;

5. supports the known NH3 emission process theory (Section 1.2).

1.2 NH3 emission process

The NH3 emission process and the related equations are described in detail in (Monteny

& Erisman, 1998) and many others, for example (Ni, 1999; Montes et al., 2009; Aarnink

& Elzing, 1998; Cortus et al., 2008; Elzing & Monteny, 1997; Muck & Steenhuis, 1981;

Hashimoto, 1972), and it is also concisely described in Chapter 2 of this thesis.

In short. The NH3 converts from urea present in urine, catalysed by the enzyme

urease, which is abundantly present in faeces (Ketelaars & Rap, 1994). In other words,

the urease activity controls the conversion speed, but in current practice this speed is

not limited at all. In a liquid environment, like a urine puddle on a floor, the volatile

NH3 equilibrates with the non-volatile NH+
4 . The amount of NH3 depends on the acid

dissociation constant for NH3 and the pH. The pH-effect is pronounced. Below a pH

value of about 6 to 7 there is mainly NH+
4 while above 7 the NH3 part increases, and

above about 11 there is mainly NH3 (Monteny & Erisman, 1998). The NH3 emission

process, and the related CO2 emission process, in itself influence the pH level in a

urine puddle (Blanes-Vidal et al., 2009; Chaoui et al., 2009; Hafner et al., 2013) and

these processes are dynamic. The amount of volatile NH3 depends on the Henry‘s

law constant, which describes the equilibrium between NH3 in liquid and gas form.

Finally, the volatilisation of NH3 into the air is based on the convective mass transfer

coefficient, and the concentration difference between the boundary layer of the source

and the air above this source. The whole process is temperature related, at higher

temperatures the process is faster. Besides temperature, the mass transfer coefficient is

also related to the local air velocity and the emitting surface area. The total potential

amount of NH3 of a certain source depends on the urea concentration and the volume

of that source.

Despite the fact that the physical and chemical processes in the NH3 emission

from dairy cow houses are well known, a couple of challenges exist. First the process

parameters, being the acid dissociation constant, Henry’s law constant and the mass

transfer coefficient, are empirically determined and consequently a large range of

“truth” equations were determined and they vary considerably (Ni, 1999; Montes

et al., 2009). See Chapter two for a complete list of empirical equations per process

parameter. Related to this variation, the relative and absolute importance of each

parameter and related input variables to estimate the NH3 emission are unknown. In

addition, it is not clear how to describe the emission process in the pit and determine

its contribution to total emission (Ye et al., 2009; Wu et al., 2012).
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1.3 NH3 emission modelling

Various mechanistic models that estimate the NH3 emission from livestock houses

have been built, developed and validated in the past 25 years (Ni, 1999; Montes et al.,

2009; Aarnink & Elzing, 1998; Cortus et al., 2008; Elzing & Monteny, 1997; Muck &

Steenhuis, 1981), based on the theory reported in the previous Section 1.2

In The Netherlands, an emission model was developed in the nineties of the last

century (Monteny et al., 1998). This model is currently in use to pre-assess NH3

emission reduction of new mitigation methods, and is here referred to as the Tac-Rav

model (see Section 1.5). The Tac-Rav model simulates a full dairy cow house by

randomly distributing urinations of dairy cows in time and space. For each urine

puddle the NH3 volatilisation process starts at “urination”, and the emission of the

whole house is the sum of the individual emitting puddles calculated per time step.

The Tac-Rav model is dynamic with respect to the urea conversion, but static with

respect to all the input variables and the other processes. The model is of course a

simplification of reality; the 9 most important assumptions in this respect are discussed

here:

1. During a simulation, all input variables are static, assumed to be constant in

time.

2. The pit is a continuous NH3 emission source, which emits a constant amount

of NH3 per m2 per time unit. This source is independent of the urine puddles

on the floor and only dependent of the model parameters and input variables

set at the start of a simulation. According to (Muck, 1982) a slurry storage

emits continuously, but with a variable rate, depending on pH, temperature and

loading rate. Moreover, measures to reduce the emission of NH3 from the pit by

(partly) closed floors cannot be simulated.

3. A urine puddle can only be replaced completely by a new one, partial replacement

is not assumed and not possible.

4. As a consequence, the number of locations where a urine puddle can be dropped

depends on the area covered by one puddle. The number of locations is calculated

by total available floor area divided by the floor area covered by one urine puddle.

5. The dimensions of a urine puddle do not change in time. There is no evaporation

of water from the urine puddle, only NH3 emission.

6. Incoming air, flowing over the puddles and slurry in the pit, does not contain

NH3.

7. Related to 6, the NH3 that emits from a puddle is directly removed in the next

time step. Especially in the pit, however, when partially closed, the air will

contain NH3 in a next time step (Wu et al., 2012).
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8. The total nitrogen balance of the cow house (N-balance) is not modelled, possibly

leading to unrealistic emission rates.

9. Currently, input variable values are not measured (Sections 1.1 and 1.5). There-

fore, it is difficult and arbitrary to define input variable values to simulate a cow

house with one or more NH3 emission mitigation methods.

(Wang et al., 2006) built a similar mechanistic model compared to the one of

(Monteny et al., 1998). Compared to practical measured data, the overall results

of the models of both Wang and Monteny fitted the data well with a 11 % and 7 %

higher model estimated NH3 emission respectively (Wang et al., 2006). However,

no verification or validation was performed with respect to the contribution of the

emitting sources, the physical and chemical processes, and the involved input variables

and model parameters. In addition, to simulate and predict the NH3 emission from

commercial dairy cow houses, the simplified mechanistic models need adequate values

for the model parameters and the input variables. However, these are not measured or

estimated from real-time data in current measurement practice (Sections 1.1 and 1.5).

Besides, the importance of them is unknown (Section 1.2).

An alternative type of modelling is Computational Fluid Dynamics (CFD). CFD is a

design and analysis tool to numerically solve fluid flow, heat and mass transfer (Ferziger

& Peric, 2002). With CFD it is possible to build a physical system in a computational

model to study different operational conditions and design constraints. CFD consist of

mainly three parts: pre-processing, solving and post-processing (Norton et al., 2007):

“The pre-processing environment includes problem consideration, geometry creation,

mesh development, physical property set-up, and implementation of solving techniques

and parameters.”. The solver puts the pre-processor information into numerical arrays

and solves them iteratively. Finally, the post-processing environment allows the user

to visualise and scrutinise the resulting field solution (Norton et al., 2007). In the

case of NH3 emission from dairy cow houses, CFD can be used to predict the air flow

direction and velocity, and air characteristics like gas concentrations or temperature in

all distinguished space compartments (e.g. 1 cm× 1 cm× 1 cm) of the complete house.

Hence, the air speed and temperature close to the NH3 sources, and the transport of

NH3 from the source to the outlets can be found. However, CFD cannot simulate at

individual puddle level. The processes related to urea conversion, NH3 equilibrium and

evaporation has to be modelled as in mechanistic models. An important limitation

of CFD is that its accuracy is limited by uncertainties in specifying the boundary

conditions. Boundary conditions were based on information of the surroundings of the

modelled physical system. There is a lack of understanding the surroundings of an

object and to quantify turbulent air motion. As a result of computational limitations

CFD models cannot contain microscopic details and simplification is needed. The

same holds for the time step of calculations. Optimal time stepping is a trade-off
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between computational efficiency, temporal accuracy, and stability of the numerical

scene (Norton et al., 2007). In addition, experimental validation with detailed data

is necessary (Norton et al., 2007), which is difficult to obtain in full-scale dairy cow

houses (Section 1.1).

The Dutch NEMA model (Nationaal Emissie Model Ammoniak; Velthof et al.,

2012) is a N-balance or flow based model that calculates the NH3 emission from

all livestock species for all involved sources like housing, storage, application, and

pasturing. NEMA uses mean or generic values for so-called emission factors, being

the relative amount of N emitted as NH3 for existing techniques and management

practices. This model is not meant to estimate emission rates from specific sources or

situations, nor from new reduction measures.

Research has been done to assess the effect of feeding strategies on the NH3

emission. The relation between the urea-nitrogen concentration in the milk (MUN)

and the emission of NH3 from dairy cow houses was measured and modelled by means

of black-box statistical models (Burgos et al., 2005, 2007, 2010; Monteny et al., 2002;

van Duinkerken et al., 2003, 2005, 2011). The results however, do not always agree,

and they are obtained from studies with adjusted diets that not necessarily represent

practice. The relation between diet, MUN and urea-nitrogen in the urine (UUN) was

also investigated, but this was only performed at dairy cow level (Spek et al., 2012a,b,

2013a,b).

Despite that various modelling approaches and models for the NH3 emission of

dairy cow houses exist, none of them can be used straight away for the purpose to assess

the actual emission from a commercial dairy cow house precisely, either conventional

or equipped with mitigation methods. Current mechanistic NH3 emission models

like the Tac-Rav model are too simplified and involved processes are not sufficiently

validated. CFD models, on the other hand, are complex and need a lot of detailed

information on configuration of the house layout, and emission rate of the sources

still has to be modelled as with mechanistic models. The situation of a commercial

dairy cow house is basically too complex to model with CFD and to validate it. To

summarise, we lack an adequate model that is sufficiently flexible to be able to cover a

wide range of practical dairy cow houses, and that also connects with measurements.

1.4 NH3 emission mitigation methods

Solutions have been developed to reduce the NH3 emission from dairy cow houses.

They can be summarized by policy instruments that are categorized according to their

pollution swapping potential (Oenema et al., 2007):

1. Mitigation or abatement of N species emissions;

2. Controlling N input (diet);

3. Extensification of agricultural production and environmental protection;
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4. Regulations on animal welfare;

5. Improving the competitiveness of agricultural sectors;

6. Spatial zoning.

To reduce the NH3 emission through the design of dairy cow houses (category 1)

different measures can be taken by the Best Available Technique (BAT) (Oenema

et al., 2007; Monteny & Erisman, 1998):

� Cow house adaptation by improved design and construction of the floor;

– Dilution or removal of urine from floors;

– Separation of urine and faeces on the floors;

� Cover slurry storage and reduce or eliminate the air exchange between slurry pit

and house;

� Bio-filtration of outgoing air (end of pipe technique);

� Reduce urea concentration in the urine of cows for example by means of feeding

measures;

� Slowing down the urea hydrolysis in urine puddles and the slurry pit;

� Control of pH in the urine puddles;

� Reduce the mass transfer of NH3.

Several methods have been developed to reduce the NH3 emission from dairy cow

houses (van Dooren & Smits, 2007). New floors have been investigated and compared

to the commonly used slatted floor. Floors can cover the pit partially or completely

and they transport or even separate urine and faeces. First, there are new concrete

floor, like solid floors with or without slope or gutter(s) (Swierstra et al., 1995; Braam

& van den Hoorn, 1996; Braam et al., 1997a,b) and grooved floors (Swierstra et al.,

1997, 2001). Recently, floors with all kind of profiles with or without sloped gutters

and pit closure methods became available (Tac-Rav, 2016) Reduction effects of these

concrete floors are expected and measurements are currently been carried out to assess

the effect under practical circumstances, according to the defined protocol (Section 1.1;

Ogink et al., 2013). In addition, new types of freestall cow house designs including new

types of floors are under development (van Dooren & Galama, 2009). E.g. complete

free floors, without cubicles or other obstructions, consisting of loose bedding material

that mixes with urine and faeces, like compost, sand, wood shavings, dry manure,

straw, or a top layer of rubber without loose material. The new designs have a positive

effect on the welfare of the cows, but emissions of NH3 and other gases like methane

and nitrous oxide tend to be higher than from conventional slatted floor systems with

a slurry pit underneath (Smits et al., 2009).

Manure scrapers have been installed frequently over the last years in The Nether-

lands. They clean the concrete floor by pushing faeces and urine to openings where
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it can fall down into the slurry pit. The cleaning affect may result in a lower NH3

emission, but scraping frequency, scraper design, and floor type are at least influencing

factors (Braam et al., 1997a). Two types of scrapers can be distinguished: 1) a

conventional scraper fixed to the cow house that is guided and pulled; 2) a robot with

a small scraper with either a fixed or random path (Blanken, 2007).

Other methods investigated are flushing and dilution with water, acidifying slurry

to lower pH, use of urease inhibitors to limit urea conversion, cooling of the floor and

slurry, and reduction of ventilation rate (Braam & Swierstra, 1999; Scholtens et al.,

1996; Ogink & Kroodsma, 1996; Varel et al., 2007; Parker et al., 2005; Leinker, 2007;

Hagenkamp-Korth et al., 2015a,b). Until now urease inhibitors are not recognised as

a BAT to reduce emissions in practise, but floor flushing with water is available in

combination with a manure scrape robot (Zevenbergen, 2009).

As described, many methods, techniques, and management or feeding strategies

have been developed to reduce the emission of NH3 from dairy cow houses and probably

the list will even not be complete. However, the exact extent of the emission reduction

under commercial conditions is not clear for all these measures. This may be caused

by the measurement costs and the lack of cheap methods to assess the emission on

the one hand (Section 1.1). On the other hand, however, it is difficult to distinguish

the reduction effect of a single measure within the setting of a commercial dairy

cow house. Measurements in the lab may be the solution, but in the lab there are

controlled conditions, which may not be realistic. In other words, positive emission

reduction results in the lab will not necessarily lead to reduction in practice. Therefore,

there is a need for a method that can determine the effect of various kinds of NH3

reduction measures effectively and with limited costs, and distinguish these measures

from random variation and other influencing factors.

1.5 NH3 emission reduction approach -

status quo in The Netherlands

To reduce the NH3 emission from dairy cow houses, farmers have to apply NH3

emission mitigation methods in new dairy cow houses. Available methods are on a list

in the ‘Regulation on NH3 from livestock production’, coded Rav (Tac-Rav, 2016).

New proposed methods for the Rav-list are pre-assessed by the governmental Technical

Advisory Committee (Tac-Rav). Experts in the Tac-Rav use the NH3 emission model

developed by (Monteny et al., 1998) (Section 1.3), to carry out pre-assessments of

new low-emission cow houses. They estimate the effects of the applied mitigation

method, the floor design and management characteristics, and consequently the model

is used to calculate the NH3 emission from the floor area and slurry pit. Based on

this pre-assessment, provisional emission factors are assigned to the applied mitigation

methods, that are later replaced by definite emission factors after NH3 emissions have
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been measured in practice according to the prescribed protocol (Ogink et al., 2013).

As described in Section 1.1, the protocol results in a large number of full-scale dairy

cow house measurements, which takes a lot of time and is expensive. Therefore, the

current procedure causes a long delay before an initial idea of a new NH3 emission

reduction method is tested, approved and available in practice. Subsequently, this

long delay causes uncertainty for all involved parties.

The so-called Tac-Rav model used in the pre-assessment phase was originally

developed for research purposes. The Tac-Rav model requires estimates of a large

number of variables that should be representative for practical conditions. However,

the currently available information is not sufficient to arrive at accurate estimates of

input values that reflect floor and management characteristics of new housing designs.

Besides, the model variables are not part of the currently applied protocol (Ogink et al.,

2013). The scarcity of information is mainly caused by the complexity to measure

required floor and manure storage variables under real cow house conditions. The

little that is known is mainly derived from research carried out before 2000, under cow

house and management conditions this may have changed since then. In the process of

pre-assessment there is a need for a simpler, more pragmatic emission model, i. e. with

less input variables, and a need for actual measurement data of these input variables

from dairy cow houses reflecting current practical conditions.

1.6 Objectives and Thesis outline

The focus of this PhD thesis is on the NH3 emission from fresh urine puddles in dairy

cow houses. The overall objective of the thesis is:

Refining a model-based assessment strategy

to estimate the ammonia emission

from floors in dairy cow houses

The overall objective was split up in four sub-objectives:

1. Identify the most important input variables and process parameters in current

available mechanistic NH3 emission models and theory.

2. Explore, identify, develop, and improve sensors and measurement methods for

these most important input variables to measure them in commercial dairy cow

houses.

3. Assess the values and interactions of the identified input variables for fresh urine

puddles in commercial dairy cow houses.

4. Study the effect of these input variable values of fresh urine puddles on the

estimated NH3 emission.
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These objectives are worked out in detail in seven chapters. In Chapter 2 all

current available mechanistic NH3 emission models were described and analysed in

a global sensitivity analysis. From this research the most important urine puddle

related input variables were identified and it was observed that there was hardly data

available. Data was scarce because of the lack of appropriate measurement methods,

and the difficulty to perform measurements among cows. Therefore, sensors were

explored and measurement methods were developed and tested in Chapters 3, 4, and

5.

In Chapter 3 both a pH sensor and a temperature sensor were selected that were

able to measure the pH and temperature of thin fluid layers, like urine puddles on

floors. In addition, in total 26 fresh dairy cow urine puddles in three commercial dairy

cow houses were measured in 15 000 s time series to investigate pH values and to study

their dynamic behaviour. Chapters 4 and 5 describe the measurement methods

that were developed and tested in the lab to ultimately obtain the puddle depth

(Chapter 4 ) and puddle area (Chapter 5 ) values from urine puddles in commercial

dairy cow houses. Furthermore, the sensor performance was monitored.

Then in Chapters 6 and 7 all developed measurement methods and sensors were

combined in one measurement series to obtain the puddle area & depth (Chapter 6 ), and

the puddle pH, urea concentration & temperature values (Chapter 7 ) simultaneously

of fresh urine puddles on floors in 16 commercial dairy cow houses. The 16 houses

were divided up into a factorial setup of four groups of four based on floor type and

farm management.

Finally, Chapter 8 comprises a general discussion including concluding remarks

and recommendations.
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Chapter 2

Abstract

Ammonia (NH3) emission can cause acidification and eutrophication of the environment,

is an indirect source of nitrous oxide, and is a precursor of fine dust. The current

mechanistic NH3 emission base model for explaining and predicting NH3 emissions

from dairy cow houses with cubicles, a floor and slurry pit is based on measured data

from a limited number of studies. It requires input values for numerous variables, but

the empirical equations for the model parameters in the literature vary. Furthermore,

many of the input variables cannot be assessed accurately, and their actual influence on

the prediction is unknown. We aimed to improve NH3 emission modelling, by assessing

the contribution to the variation in NH3 emission of each input variable and each

model parameter related to a single urine puddle. We did so for 27 candidate models,

created by each possible combination of three equations per model parameter: the acid

dissociation constant, Henry’s law constant, and the mass transfer coefficient. After

analysing each candidate model with a Global Sensitivity Analysis we found that at least

71 % of the model variation in NH3 emission for each candidate model was explained

by five puddle related input variables: pH, depth, area, initial urea concentration,

and temperature. NH3 emission was not sensitive for the other four variables: air

temperature, air velocity, maximum rate of urea conversion, and Michaelis-Menten

constant for urea conversion. Based on these results we recommend simplifying the

model structurally and reducing the number of input variables.
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2.1 Introduction

Ammonia (NH3) emission can cause acidification and eutrophication of the environment.

NH3 is also an indirect source of the greenhouse gas nitrous oxide (N2O) (IPCC, 1996)

and is a precursor of fine dust particles. To lower NH3 emissions in the EU, member

states are required to set a National Emission Ceiling (NEC) (UNECE, 1999; EU,

2001). Twenty-five of the 27 EU member states complied with the 2010 NEC set by

the European Commission. The total emission of NH3 in the Netherlands in that

year was 122 kt, which was 4.9 % below NEC 2010 (EEA, 2012). However, local and

regional emission and deposition still cause a high overload in the Dutch Natura2000

areas (PBL, 2012). If, as expected, the NECs set for 2020 are lower than those set for

NEC 2010, further mitigation of NH3 emission will be necessary in the EU.

In 2010, agriculture was responsible for 94 % of all NH3 emission from the 27 EU

member states (EEA, 2012). Of this, 80 % was emitted from livestock production

systems. NH3 Emission from cattle in the Netherlands fell from 184 kt in 1990 to 53

kt in 2009 (van Bruggen et al., 2011), of which 34 % originated from dairy cow houses

and manure storage facilities. Monteny et al. (1998) considered a typical dairy cow

house consisting of a living area with cubicles, plus walking and feeding-alleys, which

together provide a total area of 3.5 m2 per cow. There is a slurry pit underneath the

whole house, and a slatted, concrete floor in the cow walking area. They estimated

that one urine puddle occupies an area of 0.8 m2. In such a typical dairy cow house

about 70 % of NH3 emission is emitted from the slatted floor.

Monteny et al. (1998) developed a conceptual mechanistic computer model in order

to understand and predict NH3 emissions from dairy cow houses. Called the Monteny

model, it describes the physical and chemical processes involved and quantitatively

determines the NH3 emission according to model parameters, using input variables

related to characteristics of a urine puddle, air, floor and pit. Similar mechanistic

models have been developed and validated against measurements in a limited number

of studies for cows (Muck & Steenhuis, 1981; Elzing & Monteny, 1997; Montes et al.,

2009; Vaddella et al., 2011, 2013), and for pigs (Zhang et al., 1994; Aarnink & Elzing,

1998; Arogo et al., 1999; Liang et al., 2002; Cortus et al., 2008). In this study we focus

on the general mechanistic NH3 emission model theory.

The Monteny model is currently used by the Dutch Ministry of Infrastructure

and Environment to assess NH3 emission of dairy cow houses that are applying

new NH3 mitigation techniques, and also to obtain preliminary emission factors

that are used when granting permits. This assessment is later followed by full-scale

measurements in commercial houses in accordance with a prescribed protocol, with

the aim of establishing definite emission factors (Ogink et al., 2011). Determining

emission factors in commercial houses using full-scale measurements is costly and time

consuming. The accuracy of the results is also an issue, as emissions vary greatly
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between countries, animal houses and seasons (Groot Koerkamp et al., 1998). There

is a need for an NH3 emission model that would support, simplify and standardise

current measurement methods, and help elucidate and explain the emissions measured

and their variations. This would benefit research in NH3 mitigation technology and

the testing of new housing designs. The model should be as simple as possible, but

still fit for purpose. Current mechanistic NH3 emission models require input values

for numerous variables, but various empirical equations for model parameters have

been reported in the literature and many of the input variables cannot be measured or

assessed accurately in practice and their actual influence on the emission is unknown.

When Monteny et al. performed a limited one-factor-at-a-time sensitivity analysis

of their model (Monteny et al., 1998), they did not include all input variables. Because

the values of input variables can vary widely in practice, the empirical equations for

the model parameters vary (Ni, 1999) and variables can interact, it remains unclear to

which variables the model is most sensitive.

Our objective was to gain knowledge to improve NH3 emission models. To do so,

our first step was to review the literature on emission models in order to ascertain the

relevance of the input variables, model parameters, and model structure. In this study

we assessed the contribution to the variation in NH3 emission of each input variable

and each model parameter in the mechanistic NH3 emission model of a single urine

puddle on a floor.

2.2 Materials and Methods

In Section 2.2.1 - 2.2.5 we describe the general emission model. Each equation for

model parameters was converted to standardised units for comparison. From this

comparison three equations per model parameter were selected and used in each

possible combination, in order to create candidate models. This yielded 27 candidate

models. For each candidate model and for each input variable, we determined the

first- and second-order sensitivity coefficients, and the total effect index, as described

in Section 2.2.6. This was done for the absolute NH3 emission of a single urine puddle

on a floor, for three emission durations (ed), described in Section 2.2.7.

NH3 emission is here defined as the process whereby NH3 is emitted from urine,

faeces, or slurry into the air. We focus on a urine puddle on the floor, produced by

dairy cows. This process consist of four steps (Fig. 2.1):

1. Urea conversion to NH3,liq.

2. Equilibrium between NH3,liq and NH+
4 ,liq based on the dissociation constant.

3. Equilibrium between NH3,liq and NH3,gas,bound based on Henry’s law constant.

4. Volatilization into the air based on the convective mass transfer coefficient.
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Figure 2.1: Schematic representation of the ammonia emission process in a urine
puddle. For abbreviations see Nomenclature, and for numbers see Section 2.2.

2.2.1 Urea conversion

Urea in a urine puddle converts to NH3 and CO2, Eqs. (2.1) to (2.3) catalysed by the

enzyme urease (Muck, 1982; Elzing & Monteny, 1997) that is present in faeces on the

floor.

CO(NH2)2 +H2O
urease−−−−→ 2NH3 + CO2 (2.1)

d[U ]liq
dt

= − Sm · [U ]liq
Km+ [U ]liq

(2.2)

[U ]liq(0) = [U0] (2.3)

Equation (2.2) is the well-known Michaelis-Menten equation with Sm the maximum

rate of conversion, Km the Michaelis-Menten constant, [U ]liq the concentration of

nitrogen in urea (urea-N) in the urine, and t the time. Different researchers have used

different units to determine Sm, resulting in different values (Table 2.1). To compare

different values, we defined a standard unit for Sm as mol m−3 s−1. Each Sm value in

Table 2.1 was converted to this standardised unit. For Km only Elzing & Monteny

(1997) determined a value (of 2.0 mol m−3) and this was used by Monteny et al. (1998),

Aarnink & Elzing (1998), and Cortus et al. (2008).

2.2.2 Acid dissociation constant

In the puddle, the NH3 formed equilibrates with NH+
4 : Eq. (2.4). This equilibrium

depends on the urine pH, and its temperature (Tliq) (Monteny et al., 1998).

NH3 +H2O
pH,Tliq←−−−−→ NH+

4 +OH− (2.4)

To model the equilibrium process we used the acid dissociation constant (Ka):

Eq. (2.5) (Hashimoto, 1972), and pH. Using Ka, and pH, the fraction (f) NH3-N was
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determined: Eq. (2.6) (Zhang et al., 1994).

Ka =
[NH3][H+]

[NH+
4 ]

(2.5)

f =
Ka · 10pH

Ka · 10pH + 1
(2.6)

There are major variations between studies in the empirical equations for Ka, as

shown in Table 2.2. Figure 2.2 shows the dependence of Ka on the temperature of the

urine (Tliq). We observed that Ka increased with increasing Tliq for each equation.

At Tliq = 35 ◦C there was a ninefold difference between the equations.

2.2.3 Henry’s law constant

To determine NH3-Ngas,bound, Eq. (2.10), we used the Henry’s law constant (H), which

describes the solubility of a gas in a liquid on the basis of the pressure of the gas. H

acts at the interface between the liquid phase and the gas phase. According to Lewis

& Whitman (1924), and Sander (1999) the Henry’s law constant is:

H =
cliq
pgas

(2.7)

where cliq is the concentration of a solute in the liquid phase and pgas is the partial

pressure of that solute in the gas phase. The dimensionless form (Sander, 1999) is

the ratio of cliq to the concentration in the gas phase (cgas) and is denoted by Hcc in

Eq. (2.8):

Hcc = H ·R · Tliq =
cliq
cgas

(2.8)

where R is the gas constant, and Tliq is the liquid temperature. To represent

volatility the inverse definition can be used, Eq. (2.9) (Sander, 1999). To determine

NH3-Ngas,bound, Hcc
inv was used, Eq. (2.10) (Elzing & Monteny, 1997).

Hinv =
1

H
=
pgas
cliq

, and Hcc
inv =

1

Hcc
=
cgas
cliq

(2.9)

[NH3-N ]gas,bound = f · [TAN ]liq ·Hcc
inv (2.10)

There are major variations between studies in the empirical equations for H, Hinv,

Hcc, and Hcc
inv, as shown in Table 2.3. Figure 2.3 shows the dependence of Hcc

inv on

Tliq. We observed that Hcc
inv increased with increasing Tliq for each equation. At

Tliq = 35 ◦C there was a twofold difference between the equations.
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2.2.4 Mass transfer coefficient

As described by Ni (1999), two theories are used for the NH3 emission process, namely

the ”two-film theory” and the ”boundary layer theory”. The two-film theory assumes

that the rate of diffusion through the liquid and gas films controls the rate of mass

transfer, and that there is no resistance at the interface. The boundary layer theory

assumes an NH3 concentration boundary layer between the puddle surface and the

flow of air above. Characteristics of the boundary layer determine the mass transfer

coefficient. Because most of the NH3 emission models for puddles, waste lagoons and

slurry or manure storage facilities use the two-film theory (Montes et al., 2009; Ni,

1999), we opted for the two-film hypothesis.

The NH3 volatilisation rate (φNH3
) is described in Eq. (2.11). The rate depends

on the emitting area (ap), the convective mass transfer coefficient (hm), and the

difference between NH3-N concentration in the puddle and in the air above. The

NH3-N concentration in the air was fixed at 0 mol m−3 (Monteny et al., 1998). A

factor 17/14 was used to convert NH3-N to NH3 (Monteny et al., 1998).

φNH3
= ap · hm · 17/14 · ([NH3-N ]gas,bound − [NH3-N ]gas,air) (2.11)

Empirical equations for hm vary substantially between studies. We identified

the overall mass transfer coefficient in the gas phase (KGAS , Eq. (2.12)), and in the

liquid phase (KLIQ, Eq. (2.13)) as described by Haslam et al. (1924), and Lewis &

Whitman (1924). This KGAS can be converted to KLIQ and vice versa with the

Henry’s law constant. Some authors only use the individual gas film mass transfer

coefficient (kgas) (Haslam et al., 1924) as hm (Elzing & Monteny, 1997). Others

defined a different description and symbol (for example KOL) that can be either

KGAS , or KLIQ. We examined each equation in the literature and from its description

in the paper determined whether it was equal to the individual (kgas, kliq) or overall

(KGAS , KLIQ) mass transfer coefficient (Haslam et al., 1924). To compare equations,

a standard unit was defined as m s−1. The complete list of equations is summarised in

Table 2.4, in which each equation has been converted to this standardised unit.

We used KGAS to represent hm in each candidate model, according to Elzing

& Monteny (1997). Figure 2.4 shows the dependence of hm on the air velocity (v).

We observed that for each equation, hm increased with increasing v. At higher v,

differences of up to a factor 120 were observed between equations.

KGAS =
Hkliqkgas
Hkliq + kgas

=
1

1
kgas

+ 1
kliq

(2.12)

KLIQ =
KGAS

H
=

kliqkgas
Hkliq + kgas

=
1

H
kgas

+ 1
kliq

(2.13)
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2.2.5 The model

Substitution of Eq. (2.10) into Eq. (2.11), and combining Eqs. (2.2) and (2.11) gives

the complete mass balance for the NH3 emission process summarised in Eq. (2.14).

ap · dp ·
d[TAN ]liq

dt
= 2 · ap · dp ·

Sm · [U ]liq
Km+ [U ]liq

−

hm · ap · f · ([TAN ]liq − [NH3-N ]gas,air) ·Hcc
inv (2.14)

where TAN is Total Ammoniacal Nitrogen, the sum of ammonia-nitrogen (NH3-Nliq)

and ammonium-nitrogen (NH+
4 -Nliq) (Monteny et al., 1998) and the number 2 follows

from the urea conversion to NH3, Eq. (2.1).

At t = ∞ all urea converted to NH3, and emitted into the air. Equation (2.15)

shows the theoretical maximum NH3 emission of a urine puddle (φNH3,∞):

φNH3,∞ = [U0]liq · ap · dp · 17/14 (2.15)

The three input variables [U0]liq, ap, and dp determine the NH3 source in the model.

The other four input variables (Tair, Tliq, v, and pH), and the five model constants

(Sm, Km, Ka, Hcc
inv, and hm) influence the volatilisation speed.

2.2.6 Sensitivity analysis

For each model parameter Ka, Hcc
inv, and hm, we selected three empirical equations,

indicated in Tables 2.2 to 2.4. They were the highest, middle, or lowest equation in

Figs. 2.2 to 2.4. We assumed that we could select each of the equations for our analysis

because each was based on a liquid containing NH3. We used these three equations in

each possible combination, thereby creating a 3 · 3 · 3 = 27 candidate models of NH3

emission, as shown in Table 2.5.

For each candidate model we performed a variance-based Global Sensitivity Analysis

as described in detail by Arogo Ogejo et al. (2010). This analysis determines the

contribution of each input variable to the total variance of the output. For example

Sx of variable x, and similarly the interaction Sx,y of variables x and y are calculated

as follows:

Sx =
v(E(y|x))

Vy
(2.16)

Sx,y =
V (E(y|x, z))

Vy
− V (E(y|x))

Vy
− V (E(y|z))

Vy
(2.17)

According to Arogo Ogejo et al. (2010) ”Vy is the variance of the model output, y,

over N simulations. The numerator is the variance of the expected value of y given a
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constant x. For the analysis to be independent of the value of x, the above relationship

was taken over all values of x and averaged.”

Similar to Arogo Ogejo et al. (2010), we determined the first-order (Si) and second-

order (Sij) sensitivity coefficient and the total effect index (ST (i)) for each input

variable. The total effect index ST (i) was the summation of each first-, second-, and

higher-order sensitivity coefficient related to one input variable. We determined ST (i)

for the output φNH3 (mol s−1). To compare the candidate models, we introduced a

sum-coefficient that contained the sum of each Si and Sij of the five most sensitive

input variables.

Each input variable in Table 2.6 was a column in the matrices described by Arogo

Ogejo et al. (2010). The number of simulations performed per matrix (N) was set to

100 000. With nine input variables, this gave a resolution of 3.6
(
100 000(1/9)

)
. The

value for each input variable for each simulation was taken from a uniform distribution

within the upper- and lower-limits (Table 2.6).

2.2.7 Emission time interval

We ran each simulation for emission durations of 5 h, 10.5 h, and 20 h. The emission

duration (ed) of 10.5 h was based on the average duration of undisturbed emission

that elapsed before a urine puddle was flooded by a new one in the Monteny-model.

This duration was determined according to Eq. (2.18), as described by Monteny et al.

(1998).

ed =
day

nc · uf
· nc · afloor

ap
(2.18)

where day is the number of hours in a day (24 h), nc is the number of dairy cows

in a cow house (100 #), uf is the urination frequency (10 # d−1 cow−1), afloor is the

total floor area per dairy cow (3.5 m2 cow−1), and ap is the area covered by a urine

puddle (0.8 m2). These values were based on the reference cow house in the currently

used model (Monteny et al., 1998). The durations of 5 h, and 20 h allowed us to assess

the influence of emission duration in relation to the reference duration of 10.5 h.
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Table 2.5: Sensitivity analysis approach part one: define candidate models on basis of
selected equations for the model parameters Ka, Hcc

inv, and hm.

candidate model
constant

Ka Hcc
inv hm

1 1 1 1
2 1 1 2
3 1 1 3
4 1 2 1
5 1 2 2
...

...
...

...
27 3 3 3

Table 2.6: Sensitivity analysis approach part two: input variables (var) and their
extreme low and high values on basis of data from literature.

Var Low High References

[U0]liq 85.7 432.0 Monteny et al. (2002); van Duinkerken et al. (2003)
Tair 273.15 308.15 Scholtens & Huis in ’t Veld (1997)
Tliq 273.15 311.15 van Duinkerken (2012)
v 0.05 0.55 Schrade et al. (2012)
ap 0.4 1.8 Braam & van den Hoorn (1996)
dp 1.3× 10−4 1.6× 10−3 ”
pH 6.9 9.7 Monteny et al. (2002); DeGroot et al. (2010)
Sm 7.9× 10−4 5.8× 10−1 see Table 2.1
Km 1.8 2.2 ± 10 % of reference value
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2.3 Results

The first- and second-order sensitivity coefficients (Si and Sij) are listed in Table 2.7.

The sum of all Si was 0.63 for emission duration 1 (ed1), 0.66 for ed2, and 0.69 for ed3.

For ed1, and ed2 SpH was largest. The Sdp was largest for ed3, and this coefficient

increased when (ed) increased (Table 2.7). The same trend can be observed in the

sensitivity of variables [U0]liq, and ap. These three variables together describe the NH3

source (Section 2.2.5). The coefficients SpH , and STliq
decreased when ed increased.

The remaining four coefficients were ≤0.01.

The sum of all Sij was 0.32 for ed1, 0.30 for ed2, and 0.28 for ed3 (Table 2.7).

The coefficient Sdp·pH was largest for each ed, but was never greater than 0.05. Each

coefficient for only NH3 source-related variables showed an increased Si when ed

increased. Combinations with pH, or Tliq showed a decreased Si when ed increased.

Figure 2.5 shows the sum of each Si and Sij for pH, dp, [U0]liq, ap, and Tliq,

called the sum-coefficients. The sum-coefficient for each candidate model and also for

each ed was between 0.71 and 0.97. The lowest sum-coefficients were for candidate

models 3, 6, 9, 12, 15, 18, 21, 24 and 27. All these candidate models contained hm
nr 3 (Table 2.5), which was the bottom line in Fig. 2.4: see Table 2.4 (Arogo et al.,

1999). The Global Sensitivity Analysis results revealed a trend. The coefficient Si for

each NH3 source-related input variable (i = dp, [U0]liq, ap) was smaller for candidate

models with hm nr 3 than for each other model. Variables Tliq, and Tair showed the

opposite trend: the coefficient STliq
was larger for candidate models with hm nr 3 than

for each other model. The coefficient STair had a value for candidate models with hm
nr 3, but was zero for each other model. The sensitivity coefficient for variable pH

did not show this trend.

The total effect index (ST (i)) showed that ST (pH) was largest for runs ed1, and

ed2, followed by ST (dp) (Table 2.8). For run ed3 the models were also most sensitive

to these two variables, but in the reverse order. For run ed2 and ed3, the sensitivity of

models to variable [U0]liq came third, followed by variable ap and variable Tliq. For

run ed1 the variable to which the model was third most sensitive was Tliq, followed by

[U0]liq, and ap. For each ed the lowest sensitivity was to input variables Tair, v, Sm,

and Km, for which the coefficients were ≤0.05.
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Table 2.7: First- (upper part) and second-order (lower part) model sensitivity coeffi-
cients for input variables (var), given as mean (with SD) of all 27 candidate models
for emission durations (ed) 5 h, 10.5 h, and 20 h.

Var
Sensitivity coefficient,a mean (SD)

ed1 = 5 h ed2 = 10.5 h ed3 = 20 h

First-order coefficients (Si)

pH 0.21 (0.064) 0.17 (0.068) 0.13 (0.071)
dp 0.12 (0.076) 0.15 (0.091) 0.19 (0.101)
[U0]liq 0.10 (0.050) 0.13 (0.057) 0.15 (0.059)
ap 0.09 (0.046) 0.12 (0.052) 0.13 (0.054)
Tliq 0.09 (0.067) 0.08 (0.072) 0.07 (0.073)
Tair 0.01 (0.020) 0.01 (0.016) 0.01 (0.013)
v 0.00 (0.004) 0.00 (0.003) 0.00 (0.002)
Sm 0.00 (0.001) 0.00 (0.000) 0.00 (0.000)
Km 0.00 (0.000) 0.00 (0.000) 0.00 (0.000)

Total 0.63 (0.072) 0.66 (0.072) 0.69 (0.072)

Second-order coefficients (Sij)
b

dp · pH 0.05 (0.021) 0.05 (0.017) 0.04 (0.015)
Tliq · pH 0.05 (0.034) 0.04 (0.023) 0.03 (0.016)
ap · dp 0.02 (0.012) 0.03 (0.013) 0.03 (0.014)
[U0]liq · pH 0.03 (0.009) 0.03 (0.009) 0.02 (0.010)
ap · pH 0.03 (0.009) 0.02 (0.009) 0.02 (0.010)
[U0]liq · dp 0.02 (0.011) 0.02 (0.013) 0.03 (0.014)
[U0]liq · ap 0.02 (0.007) 0.02 (0.007) 0.02 (0.007)
Tliq · dp 0.02 (0.008) 0.02 (0.012) 0.02 (0.014)
[U0]liq · Tliq 0.02 (0.012) 0.02 (0.012) 0.02 (0.012)
Tliq · ap 0.01 (0.009) 0.01 (0.010) 0.01 (0.010)
Tair · pH 0.01 (0.009) - -
Tair · Tliq 0.01 (0.007) - -
Tair · dp 0.01 (0.005) - -

Total 0.32 (0.035) 0.30 (0.040) 0.28 (0.044)
a Decreasing order in column ed2 (10.5 h).
b A total of 36 second order effects were
calculated. Only those with an effect
≥0.01 are reported.
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Table 2.8: Total effect index of each input variable, given as mean (with SD) of all 27
candidate models for emission durations (ed) 5 h, 10.5 h, and 20 h.

var
Total effect index, mean (SD)

ed1 = 5 h ed2 = 10.5 h ed3 = 20 h

pH 0.43 (0.106) 0.36 (0.123) 0.29 (0.132)
dp 0.27 (0.089) 0.32 (0.093) 0.35 (0.094)
[U0]liq 0.22 (0.045) 0.25 (0.049) 0.26 (0.051)
ap 0.21 (0.039) 0.23 (0.044) 0.24 (0.047)
Tliq 0.24 (0.165) 0.22 (0.159) 0.19 (0.151)
Tair 0.05 (0.070) 0.04 (0.052) 0.03 (0.041)
v 0.01 (0.014) 0.01 (0.011) 0.01 (0.009)
Sm 0.01 (0.000) 0.00 (0.000) 0.00 (0.000)
Km 0.00 (0.000) 0.00 (0.000) 0.00 (0.000)
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Figure 2.5: Summed first- and second-order sensitivity coefficients of pH, dp, [U0]liq,
ap, and Tliq, for 27 candidate models with varying model constants Ka, Hcc

inv, and hm
(Table 2.5), for ed1 , ed2 , and ed3 .
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2.4 Discussion

The emission duration of one urine puddle (ed), and the selected empirical equations

for the model parameters influenced the ranking of sensitivity to input variables in the

Global Sensitivity Analysis method applied. But in each run (5 h, 10.5 h and 20 h),

the top five greatest sensitivity coefficients were for input variables pH, dp, [U0]liq, ap
and Tliq. For each of these variables the total effect index was at least 0.19 compared

to ≤0.05 for Tliq, v, Sm, and Km. In each candidate model, the sum of all first-order

(Si) and second-order sensitivity coefficient (Sij) (sum-coefficient) of these top five

sensitivity coefficients was between 0.71 and 0.97.

The lowest sum-coefficient values, 0.71 to 0.88, occurred when a candidate model

contained hm nr 3. This hm represented a slow mass transfer of ammonia (NH3) from

puddle into air (Figure 2.4), resulting in a low NH3 emission. Results showed that in

these candidate models the Si for the variables related to speed of emission (i = pH,

Tliq, Tliq) were high, whereas the variables related to NH3 source (i = dp, [U0]liq, ap)

were low. The Si varied for each input variable within each other candidate model,

but overall the sum-coefficient was at least 0.92. This means that at least 92 % of the

variation can be explained.

The empirical equations used for the model parameters (i. e.the dissociation con-

stant, Henry‘s law constant and the mass transfer coefficient) were based on ammonium

solutions and some on manure from various types of livestock. We assumed that each

equation could be used in the NH3 emission model for urine puddles because basically

each equation described a liquid containing NH3, which is the case for a urine puddle.

The models were most sensitive to input variable pH in runs 5 h and 10.5 h, and

the second most sensitive in run 20 h. This high sensitivity can be explained. The pH

determined the equilibrium between NH3, and NH+
4 , together with the dissociation

constant. This equilibrium is an S-shaped curve. For pH values below approximately

8 there is only NH+
4 present in a puddle, and above approximately 11.5 there is only

NH3. In between, the NH3 concentration increases linearly. The selected pH values in

this study cover almost the complete S-curve, resulting in low and high NH3 emission

rates.

The second, third and fourth greatest sensitivities were to input variables dp,

[U0]liq, ap respectively. They determined the source size and thus the potential total

amount of NH3 available for emission. Higher values resulted in more NH3 and higher

emission rates. Additionally, when ed increased these source-related variables became

more important, whereas the other, speed-related, variables became less important.

Thus, if duration is less restrictive, source size will become the limiting factor and

thus more important.

In this study the models were least sensitive to input variables Tair and v. Aarnink

& Elzing (1998) also showed minor effects for T and v on floor level. In their study
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the T and v effects related to the slurry pit were much greater. In agreement with

Monteny et al. (1998), Tair and vair were among the variables to have a marked

effect but, similar to Aarnink & Elzing (1998), the effects related to the slurry pit

were greater. Both Aarnink & Elzing (1998) and Monteny et al. (1998) analysed the

sensitivity of NH3 emission in an animal house, considering the total NH3 emission

from urine puddles plus the slurry pit. Therefore the effects for an individual urine

puddle cannot be derived from their studies.

Similar to Monteny et al. (1998), we assumed that NH3 concentration in the

air above the urine puddle was 0 mol m−3. We performed an additional run with a

concentration of 4.3× 10−4 mol m−3 (10 ppm) for ed2. The results of this run were

similar to those for ed2 in Tables 2.7, and 2.8. A concentration of 10 ppm represented

the approximate average upper range of NH3 concentration in a Dutch dairy cow

house, and was assumed to apply to the air throughout the house. In each simulation

there was no concentration gradient in the air just above a puddle, and dynamic

modelling was not included.

The results showed that input variable Sm did not affect NH3 emission. However,

this Sm did not show a linear relation with NH3 emission (Monteny et al., 1998)

and thus may increase the estimated sensitivity coefficient. Monteny showed that for

extremely low Sm values the NH3 emission was low, but that this emission increased

rapidly when Sm increased slightly. Low Sm values do not occur in commercial

dairy cow houses in the Netherlands that have a concrete floor. However, this could

change with the introduction of new types of floor, the use of urease inhibitors, or

other methods in future. This example demonstrates that the specific response of a

parameter may lead to a low sensitivity coefficient and underestimation of its relevance

in specific input variable settings. Nevertheless we expect that in our study such

behaviour is restricted to the parameter Sm.

The NH3 emission model uses pH as input variable. However, pH is the result not

only of the NH3 in the urine but also of other components of urine, chemical processes

in urine and the emission of other gases. We did not find a model that used urine

composition data as input to predict the pH of a liquid.

Note that random combinations of variables within the set bandwidths (Table 2.6)

may in some cases lead to unrealistic values that will never apply in practice. To avoid

this we would have to include distributions, relationships and expected correlations

between input variables. However, no reliable information was available on such

distributions and relationships. Besides, our research focussed on the NH3 emission

from only one urine puddle per simulation. In practice, individual puddles may be

extreme for one or more variables that lead to extreme emissions. Therefore we have

no reason to expect that the observed ranking in sensitivity coefficients in Tables 2.7

and 2.8 will be affected.
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2.5 Conclusions

Our objective was to improve the NH3 emission model by gaining insight into the

sensitivity to model parameters and input variables involved in the emission from

urine puddles as a first step.

We found that the NH3 emission of one urine puddle on a floor was sensitive for

input variables pH, dp, [U0]liq, ap, and Tliq. The sum of each first- and second-order

sensitivity coefficient of these variables (sum-coefficient) ranged from 0.71 to 0.97.

This means that 71 % to 97 % of the variation in NH3 emission can be explained by

five input variables. These values hold for each candidate model; each such model

contained varying model parameters and both had low and high input values. The

four remaining variables Tair, v, Sm, and Km did not contribute substantially to the

variation in the output.

The sum-coefficient of these five sensitive variables to which the candidate models

were most sensitive ranged from 0.71 to 0.88 when the model contained the version of

the mass transfer coefficient that represents the lowest values. In each other candidate

model the value for this sum-coefficient was at least 0.92.

Based on our conclusions we recommend simplifying the model structurally and

reducing the number of input variables. The variation in NH3 emission of individual

urine puddles can be explained by five input variables. These variables need to be

measured in practice to validate the model.
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Abstract

Modern livestock farming is an important contributor to ammonia (NH3) emission. In

the Netherlands, 94 % of NH3 emissions originate from agriculture, of which 34 % is

emitted from commercial dairy cow houses. From current mechanistic modelling it is

known that the pH of urine puddles from cows is one of the most important variables

to estimate NH3 emission. However, little pH data are available from commercial cow

houses. Therefore, the objective of this study was to investigate pH values and to

study their dynamic behaviour in fresh, on-floor urine puddles in these houses. To

do this, the pH of urine puddles was measured for 4 h per puddle, and a model was

developed to describe the pH behaviour. In total, 26 fresh puddles were measured

from cows at three commercial dairy farms in summer and winter. At farm level, we

found initial pH values of 8.1 through 8.4, which increased to 8.9 through 9.4 after

4 h. The pH difference between summer and winter was 0.3 (p<0.05), but this was

not confirmed by comparisons at farm level. The pH curves of individual puddles

varied substantially and could be fitted by a nonlinear regression model. This model

contained correlated coefficients that were able to describe the main, known chemical

processes of a urine puddle. However, no linear relation was found between initial and

final pH and thus between coefficients. On average, pH quickly increased initially,

declined after 1 h and became stable around a pH of 9.15. We conclude that a pH

curve will better describe the input variable in NH3 emission modelling than the

current situation of using a static pH value. Based on this study, we recommend

to use the mean measured pH curve as input for the puddle simulation during NH3

emission modelling of dairy cow houses.
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3.1 Introduction

The deposition of NH3 contributes to the acidification and eutrophication of the

environment. In the Netherlands, 94 % of the NH3 emissions originate from agriculture

(EEA, 2012), of which 34 % is emitted from dairy cow houses and their manure storage

facilities. In a typical Dutch dairy cow house, approximately 70 % of the emitted NH3

comes from urine on a slatted floor (Monteny et al., 1998), while the remaining NH3 is

emitted from the manure stored below the floor. Even though in 2010 the Dutch NH3

emission was just below the National Emission Ceilings (NEC) for the EU member

states (EU, 2001; UNECE, 1999; EEA, 2012), the Dutch National Institute for Public

Health and the Environment (RIVM) expects that NH3 emissions in the Netherlands

may soon exceed the NEC threshold. Indeed, local and regional NH3 emissions have

already caused overloads in nature reserves like the Natura2000 areas (PBL, 2012).

This growing threat along with an expected lower NEC in the future and stricter EU

emission regulations call for the development of dairy cow houses with a lower NH3

emission than that of current houses. However, before these houses can be designed,

the dynamic behaviour of NH3 from the current houses needs to be understood. With

a better understanding, point of improvement can be identified and implemented.

Several mechanistic models have been developed to study NH3 emission-related

processes and to estimate NH3 emission of dairy cow houses (Elzing & Monteny, 1997;

Monteny et al., 1998; Montes et al., 2009; Vaddella et al., 2013; Hafner et al., 2013).

However, according to Snoek et al. (2014b) the empirical equations for the model

parameters vary among these models. In practise many of the input variables cannot

be measured or assessed accurately and their actual influence on the NH3 emission is

thus unknown. In their study Snoek et al. (2014b) performed a sensitivity analysis of

these models and demonstrated that the variation in NH3 emission can be explained

for at least 71 % by five puddle-related input variables: 1. pH, 2. depth, 3. urea

concentration, 4. area, and 5. temperature. Furthermore, this study found that these

models seldom used input from commercial dairy houses. This is most likely due to

both a lack of proper measurement methods and the difficulty of measuring this data.

In the current mechanistic models, the input variable pH is assumed to be a

constant value with a pronounced effect on estimated NH3 emission (Aarnink & Elzing,

1998; Chaoui et al., 2009; Elzing & Monteny, 1997; Monteny et al., 1998). This

assumption is questionable, because NH3 emission is a dynamic process in which the

pH is an indicator and not an input variable (Blanes-Vidal et al., 2009; Chaoui et al.,

2009; Monteny, 2000; Sommer & Sherlock, 1996). According to Blanes-Vidal et al.

(2009), Chaoui et al. (2009) and Hafner et al. (2013), the pH initially increases because

acid gas CO2 is emitted. This emission is initially faster than the emission of the base

gas NH3. After this increase, the rate of pH change slows since the pH increase favours

the emission of basic components and hinders the emission of acidic components. In
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Table 3.1: Experimental design with the farms, season (S=summer, W=winter), the
related code, and the number of measured fresh dairy cow urine puddles.

Farm Season Code Puddles

1 S S1 7
2 S S2 5
3 - - -
1 W W1 7
2 - - -
3 W W3 7

their study, Blanes-Vidal et al. (2009) used the pH curve of the surface layer of a pig

waste lagoon (Blunden & Aneja, 2008). This pH curve is similar to the measured

pH curves for cow urine and slurry (Monteny, 2000). Monteny (2000) showed that

the dynamic pH curve was explained by a non-linear regression model consisting of

an exponential curve with a linear asymptote. He performed lab measurements on

tiles and slurry, and performed an indicative cow house measurement. The slurry and

house measurements showed higher pH values than the tile measurements. Therefore,

he hypothesised that pH values measured inside cow houses may be higher compared

to lab experiments. Finally, the mentioned studies (Blunden & Aneja, 2008; Chaoui

et al., 2009; Monteny, 2000) were performed with closed jars in a lab. Thus, they did

not represent the actual situation in a cow house.

To the best of our knowledge, pH values or time series of fresh urine puddles

from commercial dairy cow houses have not yet been reported. The objective of this

study was to investigate pH values and to study their dynamic behaviour in fresh

on-floor urine puddles in commercial dairy cow houses. To this end, we performed

pH measurements for 4 h per puddle, and a mechanistic model was introduced to

describe these measured pH values. For future modelling purposes, we also measured

and reported puddle temperature, local air temperature, and local air humidity.

3.2 Materials and Methods

Sections 3.2.1 to 3.2.3 describe the experimental design, the equipment used and the

calibrations. Section 3.2.4 describes the analyses, which were performed Matlab®

R2015b (Mathworks, USA).

3.2.1 Experimental design

To investigate pH and its behaviour, we measured 26 fresh urine puddles from dairy

cows. Puddles were sampled at three farms and measured in two seasons. Two farms
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(1 and 2) were measured in summer (July 2014), and two farms (1 and 3) in winter

(March 2015) (Table 3.1). We measured the pH and temperature (Tliq) of each puddle,

and air temperature (Tair) and relative humidity (RH) just above the puddle. Each

measurement was started as soon as the cow had finished urinating and was taken for

15 000 s (>4 h) per puddle with a 15 s interval.

Each farm was located near Wageningen, The Netherlands, and each dairy cow

house had a slatted concrete floor. In the summer, cows grazed during the day and

received grass silage and maize at night. In the winter, cows were fed twice a day

with grass silage (1/3) and maize (2/3). The cows also received basic concentrates

and unlimited access to water in both summer and winter.

Farms 1 and 2 did not use a manure scraper, whereas farm 3 had a manure scraper

robot. Farm 3 used an automatic milking system (AMS), whereas farms 1 and 2 used

a conventional milking parlour and milked twice a day. Because farm 1 and 2 pastured

the cows in summer, the measurements in summer were performed just after the

milking in the morning. Farm 1 started milking early in the morning, whereas farm

2 started late in the morning or even in the beginning of the afternoon. Therefore,

farm 1 was always measured first, followed by farm 2. In the winter, we alternated

the order of a morning and an afternoon measurement among farms 1 and 3. During

each measurement, we fenced off the measurement area to protect the equipment and

the urine puddle.

3.2.2 Equipment

Figure 3.1 shows the measurement equipment attached to a tripod and Table 3.2 gives

the equipment’s details. Each puddle was measured with a pH sensor connected to

a portable pH/ORP meter (Horiba Ltd, JPN). The measurement equipment also

measured Tliq to give correct pH values. However, from preliminary tests we concluded

that this temperature measurement was too slow for our purpose and therefore not

accurate enough. Because of this, Tliq was also measured with a fast-responding

temperature sensor connected to a multifunction meter (Testo AG, GER). The Tliq
sensor was encased in a protective tube and then attached to the pH sensor. Another

sensor was connected to measure RH and Tair of the air. This sensor was located

about 1 m above the puddle.

The pH sensor automatically switched off after about one hour to save battery

power. Because of this the sensor had to be switched on again each hour manually.

Occasionally it happened that the sensor was switched off during the collection of

some individual data points by the pH logger. This resulted in some missing values.

In addition, not each curve was exactly 15 000 s, but some were slightly shorter.
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Table 3.2: Sensors used for each variable (Var), their accuracy and related range.

Var Sensor Accuracy (range)

pH Horiba ISFET 0040-10D electrode, sensor model 0141 ± 0.01 pH (0 to 14 pH)
Tliq Horiba ISFET 0040-10D electrode, sensor model 0141 ± 1 ◦C (0 to 100 ◦C)
Tliq Testo WP fast-action immersion probe: 0602 0493 ± 0.09 ◦C (0 to 30 ◦C)
RH Testo RH/Tair probe: 0636 9735 ± 2 % (0 to 100 %)
Tair Testo RH/Tair probe: 0636 9735 ± 0.3 ◦C (−20 to 70 ◦C)

Figure 3.1: A fresh dairy cow urine puddle (1), and the tripod with the pH sensor
(2), pH logger (3), Tliq sensor (4), Tair/RH sensor (5), and Tliq/Tair/RH logger (6).
Details of the sensors used are given in Table 3.2.

3.2.3 Calibration

Before each puddle was measured, a two-point calibration of the pH sensor was

performed on-site. This was done with two calibration buffer solutions: HI70007P

with a pH of 7.01± 0.01 and HI70010P with a pH of 10.01± 0.01 and both at 25 ◦C

(Hanna Instruments®, USA). The Testo sensors were calibrated in the lab using a

F250 Precision Thermometer (± 0.005 ◦C, ASL, USA).

The pH sensor automatically corrected the measured pH for temperature according

to the Nernst equation. The pH was re-corrected afterwards based on the Tliq measured

by the fast-responding temperature sensor (Section 3.2.2).

In a preliminary experiment we did trials with measurements in thin fluid layers of
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buffer solutions with known pH value. From these tests was concluded that the used

pH sensor was able to measure these thin layers with an accuracy of <0.1 pH.

3.2.4 Statistical analyses

pH values

For each measured puddle, the initial pH value and the value at each hour were

selected from the data, i.e., at t = 0 s (pHt0), t = 3600 s (pHt1), t = 7200 s (pHt2), t =

10 800 s (pHt3), and t = 14 400 s (pHt4). The highest pH value in a curve was defined

as pHmax. For each of the selected pHt values, the mean and standard deviation

were determined per farm, per season and overall. The assumption of normality

was confirmed with the Shapiro-Wilk test, and the assumption of homogeneity of

variances was confirmed with the Levene’s test. A one-way ANOVA with the Tukey

HSD post-hoc test was performed to compare the means of each farm. In addition, a

two-sided independent samples Student’s t-test was performed to compare seasons.

For each test a statistical significance level of 0.05 was used.

pH model

A nonlinear regression analysis was performed to quantify and compare pH curves.

Two models were tested: type 1 contained a single exponential function (Eq. (3.1)),

and type 2 contained a double exponential function (Eq. (3.2)).

pH = A− d · e−B·t (3.1)

pH = A− d1 · e−B·t − d2 · e−C·t (3.2)

In Eqs. (3.1) and (3.2), the A represents the asymptote, which is the pH at t = ∞
h. The d, d1, and d2 represent the difference between A and the initial pH, so that

the initial pH = A − d, or initial pH = A − d1 − d2. The exponential terms B and

C represent the pH increase. In Eq. (3.1), the single exponential term describes the

whole pH curve. In Eq. (3.2), one of the exponential terms describes a fast pH increase

at the beginning of each pH curve. This increase can be associated with the emission

of CO2. The other exponential term describes a declining pH increase till t =∞ h

that can be associated with the emission of NH3. Finally t was the time in h.

A nonlinear regression was performed with the data of each urine puddle. For each

fit, the coefficient A was initially set at 9.2, B at 1, C at 0.1, and d, d1, and d2 at 0.1.

The distribution of each estimated coefficient per puddle was tested for normality with

the Shapiro-Wilk test at a statistical significance level of 0.05. The fit was checked

using R2 and the Final Prediction Error (FPE) (Keesman, 2011).
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Table 3.3: Measured pH values for each hour (pHt0 − pHt4), with mean pH and
standard deviation (SD) per farm, per season, and overall.

pHt0 pHt1 pHt2 pHt3 pHt4
Code* N Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)

S1 7 8.35 (0.52) 8.81 (0.42)a 8.93 (0.33)a 8.94 (0.28) 8.91 (0.28)a

S2 5 8.36 (0.14) 8.97 (0.08)a,b 9.06 (0.12)a,b 9.10 (0.15) 9.09 (0.13)a,b

W1 7 8.14 (0.24) 9.07 (0.34)a,b 9.22 (0.32)a,b 9.30 (0.28) 9.36 (0.26)b

W3 7 8.41 (0.22) 9.33 (0.22)b 9.35 (0.24)b 9.27 (0.28) 9.18 (0.31)a,b

S 12 8.36 (0.39) 8.88 (0.33)c 8.98 (0.26)c 9.01 (0.24)c 8.99 (0.24)c

W 14 8.27 (0.26) 9.20 (0.31)d 9.28 (0.28)d 9.28 (0.27)d 9.27 (0.29)d

All 26 8.31 (0.33)- 9.05 (0.35)- 9.14 (0.31)- 9.15 (0.29)- 9.14 (0.30)-

* for symbols see Table 3.1.
a,b statistically significant subgroups between individual farms at a level of 0.05.
c,d statistically significant subgroups between seasons at a level of 0.05.

3.3 Results

3.3.1 pH values

Table 3.3 shows the mean pH and SD for each hour (pHt0−pHt4) per farm, per season

and overall. Figure 3.2 illustrates the mean curves per farm and season. At farm level,

pHt0 ranged between 8.14 for farm 1 in winter (W1) to 8.41 for farm 3 in winter (W3).

The pHt0 values at the farms in summer were about equal to a pH of 8.35 (S1) and

8.36 (S2). The pHt4 was higher and ranged from 8.91 for farm S1 to 9.36 for farm W1.

Among the individual farms, there were only three cases with a statistically significant

difference between two farms. These differences were all related to farm S1, which

had the lowest pH values. There were no statistically significant differences between

the pHt0 values. At season level, the difference of pHt0 was only 0.09. This was not

statistically significant. From pHt1 till pHt4 the pH differences were about 0.3. These

differences were statistically significant.

Figure 3.3 shows the mean pH curve of all measured data along with a bandwidth

that was the mean pH ± 1.96·SD, and a fit by model type 2. The mean pH quickly

increased in the measurement’s first half hour and then slowed. Ninety percent of the

difference between pHt0 and pHt4 was realised within the measurement’s first hour,

and the pH stabilized afterwards. Figure 3.2 shows that for individual farms, the

pH increased, stabilized, or even decreased in 4 h time. However, some pH values

were missing for individual puddles (see Section 3.2.2). The missing data caused some

fluctuation in the mean and SD curves, especially in the measurement’s last 10 min.

Figure 3.4 shows two scatter plots: pHt4 against pHt0 and pHmax against pHt0 .
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Figure 3.2: The measured pH as mean per farm and season. With farms S1 ( ), S2 ( ),
W1 ( ), W3 ( ), and seasons S ( ), W ( ).
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Figure 3.3: The measured overall mean pH curve ( ) with bandwidths of mean
pH ± 1.96·SD ( ) and fit by type 2 ( ) (pH = 9.16− 0.38 · e−6.63·t − 0.47 · e−1.49·t).

In both cases one puddle showed an extremely high leverage of 0.95 and an extremely

high Cook‘s distance in the linear regression analysis and was therefore excluded from

the analyses. In both cases there was no linear relation between pHt0 , and pHt4 or

pHmax.

3.3.2 pH model

Figure 3.5 shows the boxplots of the estimated coefficients of the regression analysis

per puddle according to models type 1 (Eq. (3.1)) and 2 (Eq. (3.2)). For type 1, the

R2 values per puddle ranged from 0.26 to 0.99 with a mean of 0.87 (SD = 0.20). The

Final Prediction Error (FPE) ranged from 0.01 to 1.54 with a mean of 0.15 (SD =

0.31). The single exponential curve (Eq. (3.1)) was not able to fit a pH decrease.

So for 23 of 26 puddles, the R2 was >0.80 and the FPE was <0.28. Low R2 values
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Figure 3.4: Scatter plots of pHt4 against pHt0 with a linear regression slope of 0.15
and R2 of 0.02 (left) and pHmax against pHt0 with a slope of 0.25 and R2 of 0.07
(right). The ‘ ’ indicates an outlier with high leverage. This outlier was excluded from
the regression analysis.

(<0.80) occurred when a pH curve clearly decreased in 4 h time; Puddles that only

slightly decreased had an R2 >0.80 and were represented by a horizontal fit at the end

of the 4 h period. The single exponential curve (Eq. (3.1)) was not able to fit a pH

decrease. For the individual coefficients, the median values were A = 9.19, B = 1.83,

and d = 0.82. Normality was confirmed for the distribution of coefficient A but not

for B or d.

For type 2, the R2 values per puddle ranged from 0.84 to >0.99 with a mean of 0.97

(SD = 0.04). The FPE ranged from <0.01 to 0.15 with a mean of 0.04 (SD = 0.04).

Each puddle could be fitted accurately. For the individual coefficients, the median

values were A = 9.42, B = 4.67, C = 0.47, d1 = 0.76, and d2 = 0.47. Normality was

not confirmed. There were 8 outliers for coefficient A that ranged from −4.68 to 33.18.

Coefficient d2 had 7 outliers that ranged from −14.50 to 24.21. The most extreme

outlier was for coefficient C, which was 5651.

Figure 3.3 shows the fit of the measured overall mean pH curve by type 2, with

R2 = 0.995 and FPE = 0.007. The coefficient estimates (with SE) were: A = 9.16

(<0.001), B = 6.63 (0.257), C = 1.49 (0.029), d1 = 0.38 (0.011), d2 = 0.47 (0.011)

that resulted in Eq. (3.3).

pH = 9.16− 0.38 · e−6.63·t − 0.47 · e−1.49·t (3.3)

3.3.3 Temperature and humidity values

Table 3.4 shows the mean and SD values for the puddle temperature (Tliq), air

temperature (Tair), and relative humidity (RH) per farm and season. During summer,
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Figure 3.5: Boxplots of the estimated coefficients per puddle, according to model
Eq. (3.1) (left), and Eq. (3.2) (right). The ‘ ’ indicates outliers.

both Tliq and Tair were higher than they were in the winter. However, relative humidity

was higher in the winter than in the summer. Figure 3.6 shows the temperature curve

for Tliq − Tair. For each farm and season, the measurement’s initial Tliq was high, but

it quickly decreased to a temperature below Tair with a mean difference of −1.8 ◦C at

4 h. Figures 3.7 to 3.8 show the mean RH, Tliq, and Tair curves per farm and season,

respectively. The temperature measured at farm S2 was higher for the whole series

compared to farm S1, while the humidity was lower at S2 than at S1. During the

winter, temperature and humidity were similar at both farms W1 and W3.

Table 3.4: The mean and Standard Deviation (SD) for Tliq, Tair, and RH, per farm,
per season, and overall.

Code* Tliq [◦C] Tair [◦C] RH [%]

S1 15.6 (1.3) 16.8 (1.9) 71 (8)
S2 18.9 (1.5) 21.6 (1.9) 56 (11)
W1 8.7 (2.0) 9.2 (1.9) 80 (8)
W3 9.1 (2.6) 9.6 (3.2) 75 (14)

S 16.9 (2.1) 18.7 (3.0) 65 (12)
W 8.9 (2.3) 9.4 (2.7) 77 (11)
All 12.5 (4.6) 13.5 (5.4) 72 (13)

* for symbols see Table 3.1
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Figure 3.6: Mean Tliq minus mean Tair per farm and season. With farms S1 ( ), S2
( ), W1 ( ), W3 ( ), and seasons S ( ), W ( ).
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Figure 3.7: The measured RH as mean per farm and season. With farms S1 ( ), S2
( ), W1 ( ), W3 ( ), and seasons S ( ), W ( ).
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Figure 3.8: The measured Tliq as mean per farm and season. With farms S1 ( ), S2 ( ),
W1 ( ), W3 ( ), and seasons S ( ), W ( ).
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Figure 3.9: The measured Tair as mean per farm and season. With farms S1 ( ), S2
( ), W1 ( ), W3 ( ), and seasons S ( ), W ( ).

3.4 Discussion

3.4.1 Measurements

Until now, pH values of animal waste have been explored only under controlled lab

conditions with collected cow or pig urine, faeces or slurry (Chaoui et al., 2009; Cortus

et al., 2008; Monteny, 2000; Sommer & Sherlock, 1996). Even though real urine or

faeces was used in these experiments, measurement of a collected urine or faeces sample

in a lab may be different from a fresh urine puddle on the floor of a commercial dairy

cow house for two reasons. First, lab experiments do not immediately start to measure

the pH and temperature of urine just excreted by a cow at t = 0 s. To measure in a

fresh urine puddle at t = 0 s, however, is possible inside a cow house. Second, the lab

experiments do not take into account the possible effect on urine pH of fresh faeces,

walking cows, the deterioration of the floor and other factors related to a commercial

cow house. By measuring inside commercial houses, we accounted for all these effects.

In this study time t = 0 s indicated when the pH sensor was inserted into a fresh

urine puddle and a measurement was started. Ideally, this was when a cow had just

finished urinating. In practise, however, the start of the measurement depended on the

behaviour of the cows around the puddle, specifically if the cow immediately moved

away from the puddle after urinating or if the area around the puddle was free of

neighbouring cows. In the latter case, we sometimes had to force cows out of the area

to take measurements. This occasionally took some time and delayed the measurement

process. However, we tried to put the sensor in the puddle as soon as the cow had

finished urinating. This was generally within 15 s. In some extreme cases, this time

was estimated to be a minute maximum. Because, on average, we quickly placed the

pH sensor in the puddle, we believe these few extreme cases had a negligible effect on
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the results.

It is difficult to measure the surface pH of a thin layer of fluid (Chaoui et al.,

2009). We did not find other research that measured the pH of a thin layer like a

urine puddle at a concrete floor. In this study the puddle depth was roughly estimated

to be about 2 mm on average. Therefore, we expected that it would be impossible to

distinguish between different depths. In addition, we assumed that the measured pH

of a puddle represents the ‘top layer’ of a puddle. According to the manufacturer, the

sensor used was able to measure thin fluid layers. This was confirmed by a preliminary

test where thin puddles of calibration buffer solutions were measured correctly.

The concrete floor may affect the urine pH, the pH measurement, or both. We did

not measure the floor pH, so we could not distinguish between floor pH and puddle

pH. In The Netherlands, concrete is the most widely used floor material. All floors

in this study were already in use for several years, meaning that among others the

pH was settled down and that they were a good representation of concrete floors in

practice. Therefore, the possible floor effect on pH is considered to be no problem, as

it is part of the commercial dairy cow houses setting, which was the purpose of our

research. The same holds for faeces. Most likely faeces affects the urine pH, but here

as well our measurements represented the situation in practice.

In conclusion, we measured the puddle pH with an accuracy of at least 0.1 inside

commercial dairy cow houses. This was accurate enough for our objectives given the

observed amount of pH variation.

3.4.2 pH values

At farm level, the current study showed end pH values of 8.9 to 9.4 at t = 4 h. These

values were slightly lower than the end values of 9.4 to 9.6 found by Monteny (2000),

even though Monteny hypothesized that pH measured in commercial dairy cow houses

may be higher than that measured in a lab. Furthermore, the pH curves of our study

showed some similarities to those of Monteny’s (2000) lab experiments. However, the

lab results reached end pH values later in time, after approximately 6 h to 10 h or

even later in some cases. We measured pH of fresh urine on the floor in an open

area of a cow house, whereas Monteny (2000) measured pH and gas concentrations

of collected urine in controlled and closed containers inside a lab. Monteny (2000)

extracted air, and thus NH3 and CO2, from the container at a controlled flow rate

of 0.93 l min−1. Considering this, NH3 and CO2 concentrations in the container’s

head-space may have developed faster than the flow rate could remove them, resulting

in a lower concentration difference between NH3 and CO2 in the head-space compared

to the sample’s top layer. A lower concentration difference will result in a slower or

even a halted emission process, and thus a slower change of pH. This concentration

difference was confirmed by Chaoui et al. (2009) in similar lab experiments with slurry
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in closed jars. They found a six-fold increase of NH3 concentration in the head-space

when they opened the jars. A repeated comparison experiment with a closed jar and

a jar with a CO2-absorbing trap showed that the NH3 emission almost doubled in

the jar with the trap. The CO2 emission increased both the surface pH and the NH3

emission (Chaoui et al., 2009; Hafner et al., 2013). In conclusion, we argue that a

closed measurement method strongly influences the CO2 and NH3 concentration both

in the head-space and in the sample. As such, the pH is also affected. Therefore, lab

measurements do help to better understand specific processes, but the pH behaviour

in closed lab measurements are not representative for a farm. The pH increase is

faster in open air than in lab experiments with pre-collected urine or faeces in jars.

3.4.3 Dynamic behaviour pH

The pH values in this study showed large variation in behaviour and the mean

pH±1.96·SD showed a wide range. For some individual puddles the pH increased over

the full 4 h period, some decreased, and some were already stable after 1 h. In addition,

the results in Fig. 3.4 show no linear relation between pHt0 and pHt4 or pHmax. The

exact causes for these varying pH curves remain unclear. A possible cause may be the

floor condition or cleanliness, but based on this study we cannot draw a conclusion. The

large variation was confirmed by the estimated exponential coefficients B and C that

showed considerable variation between puddles (Fig. 3.5). Furthermore, each coefficient

had outliers, and normality was confirmed in only one case. The pairwise seasonal

comparisons showed that there was a statistically significant difference between the

summer and winter measurements, although for farm 1, which was measured both

in summer and in winter, the difference was only significant at t = 4 h (p < 0.05).

Additionally, the SD varied from 0.08 to 0.52 between farms (Table 3.3). These limited

statistical differences and large variation in SD suggest that pH values may vary within

a farm among cows as much as between farms and between seasons.

There were no statistically significant differences between farms for the initial

pH. This suggests that the effect of cow management related factors, like feed, was

negligible. The pH differences in consecutive parts of the curve may therefore be

related to the local floor conditions like the presence of faeces. Based on this study we

cannot draw a conclusion at this point.

Two pH models were evaluated on their explanatory value for the pH data observed.

Both models were able to fit the data. Model type 2 (Eq. (3.2)) was more accurate

for each individually measured pH curve and its coefficients could be related to the

chemical processes. However, the estimated coefficients showed quite some variance

and extreme, unreliable values compared to type 1 (Fig. 3.5). In contrast, model type

1 (Eq. (3.1)) was more simple with only one exponential term and it was more stable

than type 2 as can be concluded from the smaller variance in the estimated coefficient
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values (Fig. 3.5). However, type 1 was not able to fit the behaviour of each pH curve.

For three individual, decreasing curves type 1 had a low R2. For the remaining 23

puddles, type 1 showed fit-results similar to type 2, but type 1 was not always able to

correctly fit the fast pH increase in the first hour.

From the literature only one other empirical pH model was found that contains an

exponential part and a linear part (Monteny, 2000). However, we argue that the use

of a linear part in Monteny’s model may not be correct because the processes of urea

conversion, CO2 and NH3 emission, and thus pH change, do not become linear in

time (Blanes-Vidal et al., 2009; Chaoui et al., 2009). Nevertheless, the pH change is

not infinite because the source, being the urine puddle, depletes. When all the water

evaporates from a puddle, all CO2 and NH3 are also most likely emitted because the

mass transfer coefficient of NH3 is slightly larger than that for water (Cortus et al.,

2008), and CO2 emits even faster than NH3 (Chaoui et al., 2009). The substances

remaining on the floor will be small amounts of condensed salts, enzymes, minerals,

vitamins or hormones. The absence of a puddle containing urea, CO2 or NH3, will

end the pH change. During the measurements, some of the puddles evaporated within

4 h. Therefore, we expect that the end pH of a urine puddle will be similar to the end

values measured within this study.

The currently used NH3 emission model for dairy cow houses in The Netherlands

makes use of a static pH value as input for the urine puddle simulation. In the reference

situation the model simulates 1000 puddles a day that are randomly spread in time

and location (Monteny et al., 1998). This is based on 100 cows · 10 urinations day−1.

The effect of pH on NH3 emission is substantial as shown in the sensitivity study of

Snoek et al. (2014b), a small pH difference in the model input will directly result in a

significant change in estimated NH3 emission of a cow house. The current cow house

study confirms that pH in a puddle varies over time, on average from 8.31 to 9.14,

with a fast increase in the first hour. Therefore we conclude that a pH curve will

better describe the input variable in NH3 emission of dairy cow houses, compared to

the current situation with a static pH value. To confirm this a new sensitivity analysis

needs to be performed followed by a validation study.

Altogether, to conclude this section “Dynamic Behaviour pH”, we recommend

to use the mean pH curve based on the measurements (Figure 3.3) in future NH3

emission modelling. The related fit with model type 2 (Eq. (3.3)) can be used for this

purpose.

3.4.4 pH in summer vs. winter

The pH differences between summer and winter may be caused by the temperature

of both the puddle and air. In general, when it is warmer, chemical and biological

processes accelerate. Because of this, the urea conversion and the CO2 and NH3
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emission processes were expected to be faster in the warm summer than in the cold

winter. As a result, the higher temperatures might increase the pH change. However,

the results in Fig. 3.2 do not confirm this. In the summer the pH increased slower

than in the winter. We also observed that the pH curves in winter seem to be more

dynamic than in the summer. In the winter pH curves seem to decrease or increase

towards the 4 h period, while in summer the pH curves seem to stabilise. Another

cause for the pH differences between summer and winter may be the feed of the cows.

However, detailed nutritional information was not collected in this study. In studies

related to feed in dairy cow houses (Monteny et al., 2002; van Duinkerken et al., 2011),

the pooled urine pH values were similar to the initial pH measured in this study

(pHt0 ; Table 3.3), but these studies did not measure pH time series. In both studies a

variety of diets were given to the same group of cows. These diets generated a variety

of low and high U0, which converts to CO2 and NH3 (Elzing & Monteny, 1997). In

general, a higher U0 compared to a lower U0 results in higher concentrations of CO2

and NH3. Therefore, the absolute CO2 and NH3 emission [g puddle−1] and its peaks

[g s−1] will be higher. The process of urea conversion to CO2, NH3 and its emission, in

turn, will affect puddle pH (Blanes-Vidal et al., 2009). Despite the absence of detailed

feed information, we expect that the feed was the main cause for differences in U0

and thus the pH behaviour in time. Therefore, the initial urea concentration (U0) is

probably the main cause for the pH difference between summer and winter, and not

the puddle or air temperature.

3.4.5 Temperature values

The puddle temperature (Tliq) dropped quickly to a temperature just below the air

temperature (Tair), with a mean difference of −1.8 ◦C at t = 4 h (Tliq − Tair). We

assume that the measured Tliq represented the floor temperature (Tfloor) and based

on the observed Tliq drop within the first couple of minutes (Fig. 3.8) this Tfloor was

reached quickly. We did not measure the Tfloor, so we cannot conclude when exactly

Tliq reached the Tfloor. Based on Tliq, we observed that Tfloor was higher in the

summer compared to the winter, and it even increased during the day in the summer.

The differences in temperature and humidity between farms S1 and S2 in the

summer was most likely caused by the time of day. Farm S1 was always measured in

the early morning, whereas farm S2 was always measured after farm S1 in the early

afternoon. This was caused by the milking scheme of both farms.
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3.5 Conclusions

Our objective was to investigate pH values and to study their dynamic behaviour

in fresh on-floor urine puddles in commercial dairy cow houses. At farm level we

found initial pH values of 8.1 through 8.4, which increased to 8.9 through 9.4 after 4 h.

The pH difference between the summer and winter measurements was statistically

significant, but this difference was not confirmed by comparisons at farm level. The

pH curves of individual puddles varied substantially and could be fitted by a nonlinear

regression model. This model contained correlated coefficients that were able to

describe the main, known chemical processes of a urine puddle. However, no linear

relation was found between initial and final pH and thus between coefficients. On

average, pH quickly increased initially, declined after about 1 h and became stable

around a pH of 9.15.

In the currently used NH3 emission model for dairy cow houses the pH input

variable for the puddle simulation is based on a static pH value. We conclude that

a pH curve will better describe this pH input variable. To confirm this a validation

study has to be performed. Based on this study, we recommend to use the mean

measured pH curve, represented by Eq. (3.3), as input for the puddle simulation during

NH3 emission modelling of dairy cow houses.
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Abstract

Dairy cow houses are a major contributor to ammonia (NH3) emission in Europe. To

understand and predict NH3 emissions from cubicle dairy cow houses a mechanistic

model was developed. Furthermore, a sensitivity analysis was performed on this

model to assess the contribution to NH3 emission of each input variable related to

a single urine puddle. Results showed that NH3 emission was most sensitive for

five puddle-related input variables: pH, depth, initial urea concentration, area and

temperature. Unfortunately, cow house data of these variables are scarce due to a

lack of proper measurement methods. In this study we focused on a method to assess

the urine puddle depth, which can vary between 0.10 mm and 2.00 mm. Our objective

was to develop a measurement method for the urine puddle depth. This method must

be capable of assessing puddle depth on the floor in commercial dairy cow houses

with a measurement uncertainty of at least 0.1 mm. In this study we compared the

balance method as golden standard with the ultrasonic method, which was attached

to an XY-table. We measured water puddles in an experimental setup under various

conditions. We concluded that the ultrasonic sensor can measure puddle depth and

can determine depth differences between puddles both with a measurement uncertainty

of 0.1 mm. The comparison between the balance and the ultrasonic method gave a

mean difference of <0.01 mm (se = 0.006) in puddle depth; a Tukey mean-difference

plot showed that the two methods were proportional and that there was no systematic

bias.
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4.1 Introduction

Ammonia (NH3) emission can cause environmental pollution, is a precursor of fine

dust particles and is an indirect source of nitrous oxide. To lower NH3 emission, a

National Emission Ceiling (NEC) is set for each EU member states. The 2010 NEC set

by the European Commission was met by 25 of the 27 EU member states, including

the Netherlands. Nevertheless, further mitigation of NH3 emission is necessary in the

EU, since the expected NECs set for 2020 will be lower than the NEC 2010. In 2010,

94 % of all NH3 emission from the 27 EU member states originated from agriculture.

From agriculture, livestock production systems were responsible for 80 %. In the

Netherlands, in a typical dairy cow house consisting of a living area with cubicles,

slatted floor plus walking and feeding-alleys and a slurry pit underneath the whole

house, about 70 % of its NH3 emission is derived from the floor.

To understand and predict NH3 emissions from a dairy cow house a mechanistic

model was developed (Monteny et al., 1998). Previously we performed a sensitivity

analysis to assess the contribution to NH3 emission of each input variable related to a

single urine puddle (Snoek et al., 2012, 2014b). It was concluded that NH3 emission

was most sensitive for five puddle-related input variables: pH, depth, initial urea

concentration, area and temperature. However, cow house data of these variables

are scarce due to a lack of proper measurement methods. In this study we focussed

on a method to assess the urine puddle depth, which can vary between 0.10 mm and

2.00 mm.

Two methods for quantification of puddle depth have been used in earlier research

(Aarnink & Elzing, 1998). First, in an experimental setup a measured 0.5 kg of urine

was poured over an area of 10 cm× 10 cm clean and fouled slatted floors and the

surplus was collected and weighted. Second, the same amount of urine was poured

over a clean solid floor area and the wetted area was determined. In both cases the

mean depth was the volume divided by the area. Depth values were reported with a

resolution of 0.01 mm. It was noted that the depth on the solid floor might have been

too shallow since they only used clean floors and that depth has a significant effect

on NH3 emission. Another option is to use a laser relief meter to measure distance

(Zhixiong et al., 2005). We tested this meter in a preliminary experiment and we

concluded that it cannot be used to measure urine puddles, since the laser was not

able to measure distance to a liquid.

Our objective was to develop a measurement method for the urine puddle depth

variable. The method should be able to assess this variable on the floor in commercial

dairy cow houses with a measurement uncertainty of at least 0.1 mm. To do reach

this goal, we explored two measurement principles and we performed a series of

experiments.
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Figure 4.1: Schematic representation of the top and side view of the XY-table with
the ultrasonic device and sound waves.

Table 4.1: Conducted experiments (Exp) with a brief description and the used
measurement methods.

Exp Brief description Methods

1 Fixed position in centre of collection tray (Fig. 4.2) Balance and ultrasonic
2 4 locations in collection tray (Fig. 4.3) Balance and ultrasonic
3 9 locations at floor element (Fig. 4.4) Only ultrasonic
4 9 locations at floor element (Fig. 4.4) Only ultrasonic

Figure 4.2: Schematic representation of experiment 1, the ultrasonic in the centre of
the collection tray
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4.2 Materials and Methods

Experiments were conducted to compare two measurement methods to determine

puddle depth, being the balance method (Section 4.2.1) as golden standard and the

ultrasonic method (Section 4.2.2) to use in commercial dairy cow houses.

4.2.1 Balance method

The urine puddle depth was measured in an experimental setup to use as reference.

A collection tray (internal dimensions: 500 mm× 500 mm× 25 mm) was put on the

floor. This tray was filled and emptied with water with a cup. The cup was weighted

with a balance (Mettler balance, max. 60 kg type KB60, error = 0.01 kg) before and

after each time that water was poured in or taken out the tray.

The amount of water varied each time. The depth was the volume (calculated

from weight / specific weight of the water) divided by the area. A depth of 0.1 mm

was equal to 0.015 kg of water and 0.001 kg water was less than 0.01 mm depth.

4.2.2 Ultrasonic method

The urine puddle depth was measured with an ultrasonic device that can measure

distance with an accuracy and display resolution of 0.1 mm and an internal resolution

of 0.01 mm. Puddle depth was determined by subtracting the distance to the puddle

from the distance to the floor without puddle. To measure puddle depth at various

locations of a urine puddle, we first measured the distance to the puddle at various

locations and then at exactly the same locations after puddle removal. To return to

the exact same location, we operated an XY-table Fig. 4.1. The ultrasonic device was

attached to the XY-table and we could move it 35 cm in X and 60 cm in Y direction.

The distance between the ultrasonic and the floor was 5 cm. To remove a puddle

we used a water-vacuum-cleaner to vacuum up the puddle from the floor (Kärcher®

Window Vac WV 50).

4.2.3 Validate accuracy ultrasonic method

Table 4.1 shows an overview of the conducted experiments. Puddle depth values were

measured both with the balance (reference) and ultrasonic method at the same time

in the experimental setup with collection tray (experiment 1 and 2). In experiment 3

and 4 only the ultrasonic device was used at an experimental setup with the welfare

floor 2 (Snoek et al., 2010). In experiments 2, 3 and 4 distance measured with the

ultrasonic device was done before, during, and after removal of the puddle. Puddle

depth (pd) was determined by subtracting ‘distance before’ from ‘distance to puddle’

(pd1) and by subtracting ‘distance after removal’ from ‘distance to puddle’ (pd2).
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Figure 4.3: Schematic representation of experiment 2, the ultrasonic and the four
locations in the collection tray

Figure 4.4: Schematic representation (right) of the nine locations at the floor element
(left)

Experiment 1

The ultrasonic was positioned above the centre of the empty collection tray. We gently

poured water in and took water out, spread over two measurement series and in varying

order. The distance measured with the ultrasonic was saved each time the water level

reached a stable level again. For each consecutive step we calculated the increase in

depth of the water level determined by both the balance and the ultrasonic method.

To assess agreement between the two methods we made a Tukey mean-difference plot,

also called Bland-Altman plot (Bland & Altman, 2010). Except for five steps we tried

to keep the added or removed amount of water small to generate depth changes around

0.1 mm. The five steps with a larger amount elevated the water level in the tray to

cover a wider measurement range.
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Experiment 2

The collection tray was filled with about 1 kg of water to be sure to have a levelled base.

Four locations were defined (Fig. 4.3). The ultrasonic was positioned at location 1 of

4. Then the ultrasonic was moved in a sequence consisting of three times a fixed order,

being location 1-2-3-4, and three times in a random order. We measured each location

according to the sequence before, during, and after puddle removal. The pd1tray and

pd2tray were determined (Section 4.2.3). We executed a one sample t-test to check

the difference between mean depth by the ultrasonic with the single depth measure by

the balance method, and we executed an independent samples t-test for equality of

means between fixed and random order movement within pd1tray and pd2tray. We

did not test for equality of means between pd1tray and pd2tray since the amount of

water poured in differed from the amount of water taken out.

Experiment 3

The XY-table with the ultrasonic was put on the welfare floor 2 in our experimental

setup (Snoek et al., 2010). Nine locations were defined (Fig. 4.4), excluding gutter

area. The ultrasonic was positioned at location 1 of 9. Then the ultrasonic was moved

in a sequence consisting of a fixed order, being location 1-2-3-4-5-6-7-8-9, a random

order, and again in fixed and random order for another four times. In total each

location was measured 10 times of which five in fixed movement order and five in

random order. In this experiment at the experimental setup it was not possible to

use the balance method, because the surface area was not fixed and therefore the

depth could not be determined in case a known amount of water was applied. We

measured each location according to the sequence before, during, and after puddle

removal. The pd1floor and pd2floor were determined (Section 4.2.3). We executed

an independent samples t-test for equality of means between fixed and random order

movement within pd1floor and pd2floor, and a paired samples t-test for equality of

means between pd1floor and pd2floor.

Experiment 4

Copy of Section 4.2.3, but this time locations 1 to 9 were measured only twice to

determine pd1floor and pd2floor, first by fixed and second by random movement order.

Location 1 was measured a second time as number 10 in each series. We performed the

2 times 10 series for 3 puddles. We executed an anova to test for differences between

the three puddles within pd1floor and pd2floor, and a paired samples t-test for equality

of means between pd1floor and pd2floor.
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Table 4.2: N, mean depth (mm) and SE for pd1tray and pd2tray, for fixed and random
movement by the ultrasonic, and the depth by the balance method. Followed by the
independent samples t-test for equality of means of fixed vs. random movement.

pd1tray pd2tray
Movement order Fixed Random Fixed Random

N 12 12 12 12
Mean depth in mm (SE) 0.10 (0.02) 0.10 (0.01) 0.18 (0.03) 0.18 (0.02)
Depth in mm (balance method)a 0.10 0.15
Mean difference in mm (p-value) <0.01 (1.000) −0.01 (0.784)
a Mean depth of ultrasonic and depth by balance method did not differ significantly (>0.05).

Table 4.3: N, mean depth (mm) and SE for pd1floor and pd2floor, for fixed and random
movement by the ultrasonic. Followed by the independent samples t-test for equality
of means of fixed vs. random and the paired samples t-test for equality of means of
pd1floor vs. pd2floor.

pd1floor pd2floor
Movement order Fixed Random Fixed Random

Descriptives N 45 45 45 45
” Mean depth in mm (SE) 0.72 (0.05) 0.71 (0.04) 0.64 (0.04) 0.63 (0.05)
Indep t-test Mean difference in mm 0.01 (0.888) 0.01 (0.890)
Paired t-test Mean depth in mm (SE) 0.71 (0.03) 0.64 (0.03)
” Mean difference in mm 0.08 (<0.001)

Table 4.4: N, mean depth (mm) and SE for pd1floor and pd2floor, for puddles 1 to 3
by the ultrasonic. Followed by the one-way ANOVA for equality of means between the
puddles (homogeneous subsets), and the paired samples t-test for equality of means of
pd1floor vs. pd2floor.

pd1floor pd2floor
Puddle 1 2 3 1 2 3

N 20 10a 20 20 20 20
Mean depth [mm] (SE) 0.68 (0.05) 0.65 (0.11) 0.71 (0.04) 0.68 (0.05) 0.66 (0.08) 0.70 (0.04)

Homogeneous subsetsb 1 1 1 1 1 1
Mean depth [mm] (SE) 0.68 (0.03) 0.68 (0.03)
Difference [mm] (p-val) <0.01 (1.000)c

a Missed one series of 10 measurements.
b Subset 1 of pd1floor was not the same as subset 1 of pd2floor.
c Same series of 10 measurements excluded from pd2floor, to be equal to pd1floor, so N = 50
for both.
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4.3 Results

4.3.1 Experiment 1

Figure 4.5 shows the Tukey mean-difference plot. Mean difference was <0.01 mm (SD

= 0.05) and 95 % limits of agreements of mean difference was −0.09 mm to 0.10 mm.

Besides, the 95 % confidence interval for the bias was −0.01 mm to 0.01 mm. Regression

analysis resulted in R2 = 0.0012 (p = 0.78), slope = 0.0024 (p = 0.78) and intercept

= 0.0013 (p = 0.83). In other words, the two methods were proportional to each other

with no systematic bias.
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Figure 4.5: Tukey mean-difference plot with 95 % limits of agreement. Difference in
depth [mm] between the balance and ultrasonic method plotted against mean depth
increase [mm] of both methods. R2 = 0.0012 (p = 0.78), slope = 0.0024 (p = 0.78),
intercept = 0.0013 (p = 0.83). Mean ±1.96 ( ).

4.3.2 Experiment 2

Table 4.2 shows mean depth for pd1tray and pd2tray with ultrasonic movement in

fixed and random order, and the differences. For pd1tray the mean difference between

fixed and random order was <0.01 mm and for pd2tray −0.01 mm. In both cases this

difference was not significant (>0.10). The Difference between the mean depth by the

ultrasonic and the depth by the balance method did not differ significantly (>0.05).

4.3.3 Experiment 3

Table 4.3 shows mean depth for pd1floor and pd2floor with ultrasonic movement in

fixed and random order, and the differences. First, for both pd1floor and pd2floor
the mean difference between fixed and random order was 0.01 mm. In both cases this
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difference was not significant (>0.10). Second, the mean difference between pd1floor
and pd2floor was 0.08 mm and this time it was significant (<0.05). The mean time it

took to measure one location was 12 s (SE = 0.3).

4.3.4 Experiment 4

Table 4.4 shows mean depth for pd1floor and pd2floor for 3 puddles, and the differences.

First, for both pd1floor and pd2floor the mean differences between the puddles did

not differ significantly (each comparison >0.10). Second, the mean difference between

pd1floor and pd2floor was <0.01 mm and this difference was also not significant (>0.10).

The mean time it took to measure one location was 11 s (SE = 0.4).

4.4 Discussion

The Tukey mean-difference plot shows that both the balance and the ultrasonic method

were proportional with no systematic bias and with low SD and SE. We assumed the

balance method to be the golden standard. Therefore, the ultrasonic sensor attached

to the XY-table can measure puddle depth with a measurement uncertainty of 0.1 mm.

The readability of the ultrasonic was 0.1 mm. Therefore, a small depth of 0.15 mm

by the balance method as in Table 4.2, may be difficult to measure with the ultrasonic.

In this example, the difference between the mean depth measured by the ultrasonic

and the depth by the balance method was not significant. In other words, there was

no systematic deviation. Additionally, in each conducted experiment in the current

study the SE was small that means that there was a good estimate of the mean. To

summarise, we conclude that the ultrasonic sensor, attached to the XY-table, can

determine depth differences among puddles with an accuracy of 0.1 mm.

The distance between the ultrasonic attached to the XY-table and the floor, was

set at about 5 cm. This distance can slightly be adjusted by changing the length of

the legs of the table. In general the distance has to be as small as possible, since the

distance measurement is based on sound waves and is thus sensitive for temperature

changes and air movement. To correct for temperature changes the ultrasonic contains

a temperature sensor. We conducted a preliminary experiment by changing the

height of the ultrasonic to a fixed, solid, plate from 25.0 mm to 80.0 mm with steps of

1.0 mm, with a calliper as reference. It turned out that the measured distance with the

ultrasonic was correct for the whole range, but at larger distances the sensor became

more sensitive for changing air temperature and air movement compared to smaller

distances. Based on the preliminary experiment, and the results in the current paper,

we conclude that a 5 cm distance between floor and ultrasonic is feasible. A shorter

distance is better, but then practical problems will arise for measuring puddle depth

in dairy cow houses with manure and dirt on the floor.
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Measuring puddle depth with the balance underneath the collection tray may be

more accurate than by using the balance on the side and weight a cup with water.

But in preliminary test experiments it turned out that the balance was pressed by the

weight of the water, resulting in unknown changing distances towards the ultrasonic

device. To overcome this changing distance, the tray was put on the concrete floor.

By adding or removing water, the added water or the cup ruffled the surface of

the water in the collection tray. We waited until the water was visually stable and the

ultrasonic distance measurement gave a stable result.

4.5 Conclusions

First, we concluded that the ultrasonic sensor, attached to the XY-table, can measure

puddle depth and can determine depth differences between puddles both with a

measurement uncertainty of 0.1 mm. The comparison between the balance and the

ultrasonic method gave a mean difference of <0.01 mm (SE = 0.006) in puddle depth;

the Tukey mean-difference plot shows that the two methods were proportional and

that there was no systematic bias; and the difference between the ultrasonic and

balance method in the movement test above the collection tray was not significant.

Secondly, we concluded that there is no significant difference (>0.10) in the depth

measurement by moving the ultrasonic in a fixed or random movement order along

the axis of the XY-table.

Thirdly we concluded that evaporation did not influence the measurement. Measure-

ments at the welfare floor 2 (Section 4.3.3) show low SE values, while the measurement

period was long (20 min). The time it took to move to and measure one location was

12 s, so a series of 10 locations takes about 2 min. We expect no significant puddle

depth change by water or urine evaporation in this short period of time.

Finally we concluded that the method to remove a puddle worked well in the

experimental setup.

4.6 Recommendations and follow up

The measurement uncertainty of 0.1 mm is necessary and sufficient to enable compar-

ison of floor systems and to generate urine puddle depth values for NH3 modelling

purposes. Based on the results of this study, the ultrasonic method can be used to

measure urine puddle depths in commercial dairy cow houses. Therefore, we will test

the puddle removal method in a commercial dairy cow house and we will determine

the exact measurement procedure. Then we select floor types, find dairy farmers and

design the experiment. Finally we will measure puddle depth values in commercial

dairy cow houses.
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Abstract

In Europe, National Emission Ceilings (NEC) have been set to regulate the emissions

of harmful gases, like ammonia (NH3). From NH3 emission models and a sensitivity

analysis, it is known that one of the major variables that determines NH3 emission from

dairy cow houses is the urine puddle area on the floor. However, puddle area data from

cow houses is scarce. This is caused by the lack of appropriate measurement methods

and the challenging measurement circumstances in the houses. In a preliminary study

inside commercial dairy cow houses, an IR camera was successfully tested to distinguish

a fresh urine puddle from its background to determine a puddle’s area. The objective

of this study was to further develop, improve and validate the IR camera method to

determine the area of a warm fluid layer with a measurement uncertainty of <0.1 m2.

In a laboratory set-up, 90 artificial, warm, blue puddles were created, and both an

IR and a colour image of each puddle was taken within 5 s after puddle application.

For the colour images, three annotators determined the ground truth puddle areas

(Ap,GT ). For the IR images, an adaptive IR threshold algorithm was developed, based

on the mean background temperature and the standard deviation of all temperature

values in an image. This IR algorithm was able to automatically determine the IR

puddle area (Ap,IR) in each IR image. The agreement between the two methods was

assessed. The Ap,IR underestimated the Ap,GT by 2.53 % for which is compensated

by the model Ap,GT = 1.0253 · Ap,IR. This regression model intercepted with zero

and the noise was only 0.0651 m2, so the measurement uncertainty was <0.1 m2. In

addition, the Ap,IR was not affected by the mean background temperature.
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5.1 Introduction

In Europe, National Emission Ceilings (NEC) have been set to regulate the emissions

of environmentally harmful gases, including ammonia (NH3) (EU, 2001; UNECE,

1999), as NH3 deposition leads to eutrophication and acidification of the environment.

Although the Netherlands has recently complied with the NEC 2010 (EEA, 2012),

NH3 emissions at local and regional levels still lead to overloads in, for example nature

reserves (PBL, 2012). In the Netherlands, 94 % of NH3 emissions are produced by

the agricultural sector, of which 34 % originates from dairy cow houses and manure

storage facilities (EEA, 2012). The typical Dutch cow house consists of a living

area with cubicles as well as feeding, drinking and walking areas. The walking areas

have a slatted floor, and a slurry pit lies beneath the whole house. The slatted floor

contributes about 70 % of a cow house’s NH3 emissions and the slurry pit about 30 %

(Monteny et al., 1998). With increasing regulatory restrictions on NH3 emissions,

there is an urgent need to reduce NH3 emissions from dairy cow houses.

NH3 emissions have long been a concern of the dairy industry, particularly emissions

from dairy cow houses, and several mechanistic models have been developed to

understand and estimate the NH3 emission process from these houses (Elzing &

Monteny, 1997; Monteny et al., 1998; Montes et al., 2009). However, each of these

models uses different model parameters. Moreover, the values for the model input

variables vary in commercial dairy cow houses. These two factors cause variations

in the estimated NH3 emission. To better understand these variations, the models

were recently used in a sensitivity analysis to explore how their parameters and input

variables affect the estimated NH3 emission in dairy cow houses (Snoek et al., 2014b).

The analysis showed that the five puddle-related input variables: pH, puddle depth,

urea concentration, puddle area, and puddle temperature, explained at least 71 % of

the variation in the estimated NH3 emissions. The remaining variables were the air

temperature and air velocity just above a puddle, the maximum rate of urea conversion

or urease activity, and the Michaelis-Menten constant. In addition, the authors

observed that the studies that developed or used these models did not have sufficient

data on the input variables of commercial dairy cow houses to accurately model

NH3 emissions. This was most likely caused by the lack of appropriate measurement

methods and by the challenging measurement circumstances in dairy cow houses. If

these NH3 emission models are to be improved, accurate data is needed from cow

houses at least for the mentioned five variables, which play a major role in accurately

determining NH3 emissions in dairy cow houses. In this study we focus on developing

an accurate measurement method to quantify the puddle area (Ap) of fresh dairy cow

urine puddles on floors inside commercial cow houses.

In the literature, we found three methods to quantify Ap in livestock houses.

Aarnink et al. (1996) used trained observers to record fouling of the floor in pens of
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rearing and fattening pigs by drawing on paper. They discussed that their method

was not very accurate but that the time of day at which the wet area was determined

caused the largest variation between measurements. Braam et al. (1997b) used a 1.0 m

· 1.0 m frame with equally spaced bars at 0.1 m that they “placed over a urine pool”.

They reported Ap values of 0.89 m2 to 1.23 m2 at a double-sloped floor in a dairy cow

house, but they neither used a reference method nor evaluated the method. Finally,

Aarnink et al. (1997) drew a rectangle around the wetted top surface on a slatted

floor in a pig house. They then estimated the wet area within this rectangle. Again,

the researchers neither used a reference method nor evaluated the method. All three

methods used human observation of wetted areas even though it is difficult to observe

the area of a fresh urine puddle visually (Aarnink et al., 1996). This is especially

difficult in a cow house because a cow urinates on a floor that is often wet and full

of other puddles and faeces, both of which are dark coloured. For this reason, we

concluded that these methods were not accurate enough to quantify Ap values inside

commercial dairy cow houses or to use as reference method.

While no method has yet been developed to accurately measure Ap values, thermal

IR imaging shows potential. Thermal IR cameras have successfully been applied in

agriculture in recent years. They have been used to detect and quantify apple scab

(Belin et al., 2013), to assess body condition scores of cows (Halachmi et al., 2013),

to develop a teat sensing system for robotic milking (Ben Azouz et al., 2015), and to

screen seeds (Dumont et al., 2015). A thermal IR camera has also successfully been

tested in a preliminary study inside commercial dairy cow houses to distinguish a fresh

urine puddle from the background to determine a puddle’s Ap (Snoek et al., 2014a). A

fresh puddle temperature amounts approximately 25 ◦C to 35 ◦C on the floor. As the

puddle ages, it cools to floor temperature, which is ambient temperature (Snoek et al.,

2014a). This temperature difference between puddle and background is visible in a

thermal IR image. In Snoek et al. (2014a), the IR images were used in a developed

image processing model to obtain Ap values. However, to obtain correct Ap values

and to compare puddles, a procedure is needed to set the threshold for background

distinction, to calibrate the method, to validate it, and to define its accuracy.

The objective of the current study was to further develop the IR camera method to

determine the area of a warm fluid layer with a measurement uncertainty of <0.1 m2.

To do this we analysed IR and colour images of artificial, warm and blue fluid layers.

The ground truth of the colour images was used as reference method for the developed

IR method.
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5.2 Materials and Methods

5.2.1 Experimental design

To determine the urine puddle area (Ap), both an IR and a colour image were taken

of 90 artificial puddles. Puddle creation was performed by means of a jug and pouring

artificial urine (Section 5.2.4) from varying heights. By doing so, the puddles were

created in a variety of shapes similar to real urine puddles on floors in commercial

dairy cow houses. The experiment was performed in a lab by using three different

commercially-available, floor types (Table 5.1). Lab measurements were taken similar

to the procedure described by Snoek et al. (2014a); IR and colour images were manually

taken 1 s to 5 s immediately after an artificial puddle (Section 5.2.4) was created.

Table 5.1: Experimental design with floor type, number of puddles, applied puddle
volume, and the floor conditions.

Floor type Puddles [#] Volume [L] Floor condition

1 solid, levelled, closed floor 30 0.2 to 0.8 clean and dry
2 commercial slatted floor 30 0.2 to 0.4 clean and wet
3 commercial grooved floor 30 0.2 to 0.4 clean and wet

5.2.2 Equipment

Puddles images were taken with a thermal infrared (IR) camera (FLIR® SC660; FLIR

Systems, Inc. USA), with a FLIR P/N T197 089, 24°x18°, f = 35 mm lens. This

camera took IR images in ◦C of 640 · 480 pixels with an accuracy of ±1 ◦C. The

camera simultaneously took colour images of 2048 · 1536 pixels with an additional

lens, positioned right above the IR lens. The camera was mounted on a trolley at a

fixed height of 1.90 m and at a 35° angle (Fig. 5.1, Snoek et al., 2014a). Both the IR

and colour images were saved as JPEG images. The IR images were converted to .csv

files of 640 · 480 cells containing the temperature values in ◦C with 1 decimal. This

was done with the ThermaCAM� Researcher Pro 2.10 (FLIR Systems, Inc. USA).

5.2.3 Image calibration

A calibration method was applied to know the real-world area size in an image, and to

correct for camera angle and height. First, both an IR and a colour image were taken

of a 1.0 m · 0.6 m aluminium plate that was located in the centre of the IR camera’s

field of view (Fig. 5.1). A point coordinates calibration was then performed with Vision

Assistant 2013 (National Instruments Corporation, USA). To do this, we manually
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Figure 5.1: Schematic representation of the IR camera (1) on a trolley (2), with dead
weight (3) and an aluminium rectangle plate (4) for calibration at the indicated view
(5) (Snoek et al., 2014a).

selected the plate’s four corners in an image, entered the real-world distances, and

saved the information in a calibration file. This technique, known as orthorectification,

is often used to remove the effects of image perspective (tilt) and relief (terrain). It is

applied to create a planimetrically correct image from images collected by an airplane

(Meo et al., 2012) or satellite (Leprince et al., 2007). Each time the trolley was built

up, this calibration method was executed.

Two other calibration methods were tested to automatically calibrate each image.

One method used the information from the image itself, for example the size of a floor

design element. The other method used the information of a known object that was

inserted into each image. From preliminary tests we concluded that these methods

did not work for our purpose.

5.2.4 Artificial puddle

The artificial puddles consisted of warm water of approximately 30 ◦C, a temperature

similar to fresh dairy cow urine (Snoek et al., 2014a), to which a blue dye had been

added (Americolor Royal Blue 102). Immediately after the artificial puddle was formed,

an IR and a colour image were taken.

80



Puddle area method

5.2.5 Ground truth

The colour images of the blue puddles were used to determine the ground truth puddle

area (Ap,GT ). Each colour image was aligned with the corresponding IR image. The

blue puddle pixels in the colour images were then selected and labelled ‘puddle’ by

a manually set threshold based on the Hue-Saturation-Intensity (HSI) colour space.

The number of puddle-pixels was counted, and the Ap,GT was determined by using

the real-world area per pixel from the calibration file (Section 5.2.3) . The threshold

was set by three persons individually, so-called annotators, and the outcomes were

averaged to calculate the final Ap,GT . The annotators were able to recognise the

complex floor designs and patterns in the images to correctly select the puddle pixels.

In other words, each annotator determined for each pixel in each image whether it

represented the puddle or not. Three annotators were used instead of one to obtain

accurate Ap,GT values.

5.2.6 IR-model

The IR images of the warm puddles were used to determine the IR puddle area

(Ap,IR). For each pixel in each IR image, the developed IR algorithm (Eqs. (5.1)

to (5.3)) determined whether it represented the puddle or not. The working principle

of the algorithm was based on temperature differences. With a threshold, the pixels

with high temperatures were selected and appointed to be puddle, while pixels with

low temperatures were not taken into account. The number of puddle pixels was

counted, and the Ap,IR was determined by using the real-world area per pixel from

the calibration file (Section 5.2.3). The algorithm was developed in LabVIEW�

2013, version 13.0f2 (National Instruments Corporation, USA); Matlab® R2015b

(Mathworks, USA) was used for the analyses.

The IR algorithm selected the pixels of a warm puddle in an IR image by a

temperature based threshold. An adaptive threshold was used that was similar to

the method described by Gonzalez & Woods (2008) and Bac et al. (2014) to manage

temperature differences between IR images. The maximum temperature (Tmax)

in the IR image was considered to be the maximum threshold (thldmax), whereas

the minimum threshold (thldmin) was based on the mean background temperature

(Tbackground) and the threshold shift term a. This Tbackground represented the floor

and was derived from the corner temperatures of the IR image where no puddle was

present, according to Eq. (5.1).

Tbackground =

∑400
i=1 Tcor,i
N

(5.1)
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with:

� Tbackground [◦C] mean background temperature of IR image

� Tcor,i [◦C] corner temperatures of 10 · 10 pixels in corner i (i = 1 · · · 4)

� N [#] total number of corner pixels (N = 4 · 10 · 10 = 400)

Subsequently, the thldmin was estimated according to Eq. (5.2). thldmin was

shifted from Tbackground by coefficient a and the SD of all temperature values in the

IR image. The pixels with a temperature between thldmin and thldmax were classified

as puddle (Eq. (5.3)).

thldmin = Tbackground + a · σimg (5.2)

thldmin < Tx,y < thldmax (5.3)

with:

� thldmin [◦C] minimum threshold

� a [-] the coefficient to control threshold shift from Tbackground

� σimg [◦C] SD of all IR image temperature values

� Tx,y [◦C] temperature of a pixel with coordinates x and y

� thldmax [◦C] maximum threshold, which is Tmax

5.2.7 IR model - determination of a

To determine coefficient a, we created a table of 90 by 200 cells containing Ap,IR
values of each puddle with values for a that ranged from 0.00 to 2.00 (step size = 0.01).

With these Ap,IR values and the corresponding Ap,GT , we determined the relative

difference (RD) for each a and each puddle (Eq. (5.4)). The RD was averaged per

value for a, resulting in 200 mean RD values. The a with the lowest mean RD was

selected.

RD = |Ap,GT −Ap,IR
Ap,GT

| (5.4)

5.2.8 IR-method validation

Ap,GT and Ap,IR were assumed to be equal. This was checked with a scatter plot,

including the identity line y = x. Multiple linear regression analysis was performed
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according to Eq. (5.5). The individual model coefficients were tested with the hypo-

theses h0 : bk = 0 with k = 0, 1 and 2. Deviation of the identity line y = x was tested

with the hypothesis h0 : b1 = 1, by using an F-test.

y = b0 + b1 · x1 + b2 · x2 + e (5.5)

with:

� y [m2] independent variable Ap,GT

� x1 [m2] independent variable Ap,IR

� x2 [◦C] independent variable Tbackground

� b0, b1 & b2 [-] model coefficients

� e [-] error

5.3 Results

5.3.1 Ground truth

Figure 5.2 shows the ground truth puddle area (Ap,GT ) for all 90 puddles and its

Coefficient of Variation (CV) resulting from the three annotators. The Ap,GT ranged

from 0.11 through 0.95 m2, with the main body of values between 0.1 and 0.5 m2. For

almost all puddles, the CV was smaller than 0.10, and there was one high value of

0.24. The mean CV was 0.04 [-] with an SD of 0.04.
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Figure 5.2: Coefficient of Variation (CV) of Ap,GT [-], plotted against the mean Ap,GT
[m2].
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5.3.2 IR model

Figure 5.3 shows the IR images, histograms and the puddle selection by the IR model,

for puddles 3, 27 (solid floor), 39 (slatted floor) and 64 (grooved floor).

First, in Figs. 5.3a and 5.3d the majority of pixels, the blue colour, represented the

lower background temperature (Tbackground). This lower temperature was represented

by the high peaks on the left side of the related histograms (Figs. 5.3b and 5.3e; y-axis

in log-scale). The peaks on the right side in these histograms and the red colour in

the IR images represented the puddles that were warmer than Tbackground. For puddle

3, Tbackground was 15.8 ◦C (Eq. (5.1)) and the SD of the image (σimg) was 3.9 ◦C. For

puddle 27, Tbackground was 21.1 ◦C and σimg was 1.1 ◦C. The minimum threshold

(thldmin) will be between the left and right peaks, based on the value for coefficient

a (Section 5.3.3). Figures 5.3c and 5.3f show the outcome of the IR model, with the

selected pixels in white, which represent the puddle.

Second, the used slatted floor and grooved floor elements were rather small. There-

fore we moved the IR camera closer to zoom and consequently the puddles in the IR

images covered a larger amount of pixels (Figs. 5.3g and 5.3j). The design characterist-

ics, i. e. the slats (puddle 39) or grooves (puddle 64), of the floors were clearly visible.

The related histograms (Figs. 5.3h and 5.3k) show a temperature range comparable to

puddle 3 on the solid floor (Fig. 5.3b). The peaks on the left and right side, however,

were less extreme, and temperature values were more widely spread. On the other

hand, the peaks were still clearly visible. For puddle 39, Tbackground was 13.1 ◦C

and σimg was 7.9 ◦C. For puddle 64, Tbackground was 12.4 ◦C and σimg was 6.7 ◦C.

Figures 5.3i and 5.3l show the outcome of the IR model.

A temperature gradient was observed around the edges of a puddle, which is visible

in the IR images and the related histograms Fig. 5.3. The centre of a puddle is the

warmest location, and the temperature gradually decreases towards the puddle’s edges.

In our study the edges, terms of puddle depth, were the thinnest part of a puddle.

5.3.3 IR model - determination of a

The relative difference (RD, Eq. (5.4)) was lowest at a = 0.76, with mean RD =

<0.01 (SD = 0.15). This value for a was used in the regression analysis.

Table 5.2 shows the multiple linear regression analysis results (Eq. (5.5)). The

R2
adj was 0.95. The coefficients b0 and b2 were not statistically significantly different

from zero. The coefficient b1 was statistically significantly different from zero, which

represented the linear relation between Ap,IR and Ap,GT . By executing the linear

regression again, without the terms b0 and b2, the remaining linear term b1 was 1.0253

(with SE 0.011), which is close to 1. The R2
adj was 0.95 and the Root-Mean-Square-

Error (RMSE) was 0.0332 resulting in a 95 % confidence interval of 0.0332 · 1.96 =

0.0651 m2. With the succeeding model y = 1.0253 ∗ x, the F-test resulted in a F-value
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Table 5.2: Multiple linear regression results (Eq. (5.5)), with the coefficients, the
estimates (SE) and the p-value.

coefficient estimate (SE) p-value

b0 −0.029 (0.025) 0.251
b1 1.028 (0.026) <0.001
b2 0.002 (0.002) 0.282

of 8000.9 with p-value <0.001. So, b1 was statistically significant different from 1

and Ag,IR (x) was therefore slightly underestimating the puddle area compared to

Ap,GT (y) for larger puddles. This was visualised by Fig. 5.4 which shows the scatter

plot of Ag,GT (y) against Ag,IR (x), including the linear regression line and the 95 %

prediction intervals.
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Figure 5.4: Scatter plot of Ag,GT against Ag,IR with ( ) identity line, ( ) fit:
y = 1.0253 ∗ x, ( ) 95 % prediction intervals.

5.4 Discussion

5.4.1 Measurement method

The working principle of the IR method is based on temperature and emissivity

differences. First, the emissivity of water was 0.96, and for concrete 0.95 (dry) or

0.97 (rough), which is about equal (FLIR, 2011). Second, it should be noted that

a fresh urine puddle quickly cools to the floor temperature, especially at the edges.

Within 10 min a puddle cools to the floor temperature inside a cow house (Snoek et al.,
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2014a). Therefore, to obtain IR images of complete puddles image collection has to be

done as soon as a cow has finished urinating. In this study the time between puddle

application and image collection was close to 1 s but no more than 5 seconds. This

timing did not affect the estimated puddle area.

5.4.2 Image calibration

It was not possible to automatically calibrate images to determine real-world pixel

values for three reasons: (1) the floor’s design was often hardly visible in the IR or

the colour image, (2) the design dimensions varied, and (3) no object with known

dimensions could be found that was clearly visible in both the IR and colour images

and easy to use for automatic calibration. However, this procedure did not need to

be automated as the total number of puddle images was limited and the camera was

manually operated. With the applied method, each time the trolley was built up a

new image of the same aluminium plate was taken for calibration. The aluminium

plate was never at the same location in the camera’s field of view, but it was always

located more or less in the centre, similar to the puddles. Moreover, the aluminium

plate was always clearly distinguishable from its surrounding because of the colour

and the light reflection, and it was possible to zoom in the plate during pixel selection.

Therefore, the possible incorrect pixel selection was expected to be not more than 1

pixel per corner. Additionally, the total real-world area in an image was about 2.0 m2,

covered by 480 · 640 = 307200 pixels. These dimensions resulted in an area of only

6.5× 10−6 m2 per pixel. As such, a 1 pixel error was negligibly small. We did not

calibrate the temperature values measured by the IR camera since we did not need

these for our purpose. In conclusion, the calibration method performed well with a

negligibly small error.

5.4.3 Determine puddle area

The Ground Truth puddle area (Ap,GT ) was the averaged area estimated by three

annotators. The results showed that the annotators agreed well with each other with

a mean Coefficient of Variation (CV) of 0.04 (Fig. 5.2).

The IR puddle area (Ap,IR) was determined with the minimum threshold (thldmin)

algorithm (Eqs. (5.1) to (5.3)). The assessment of agreement between Ap,IR (a =

0.76) and Ap,GT showed a good fit (Fig. 5.4 and Table 5.2). Even though the linear

model was statistically significantly different from the identity line y = x; the linear

regression had an interception with the origin, the systematic underestimation was

only 1.0253 − 1 = 0.0253 m2 per 1 m2 puddle size increase, and the noise was only

0.0651 m2. In addition, the Tbackground had no effect on the puddle area estimation.

Therefore, to correct the Ap,IR of future puddle measurements, the regression model

(Eq. (5.6)) can be used as calibration. With an expected urine puddle area of 0.2 m2 to
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1.2 m2, and taking into account the ground truth accuracy and the related regression

model Eq. (5.6), the measurement uncertainty of the IR camera method is <0.1 m2.

Ap,GT = 1.0253 ·Ap,IR (5.6)

5.5 Conclusions

The objective of this study was to improve and to validate the IR camera method

to determine the area of a warm fluid layer. The ground truth reference had a

mean Coefficient of Variation of 0.04 among the three annotators. The developed IR

threshold algorithm was able to automatically select the puddle from an IR-image

based on its temperature values. The related estimated puddle area was almost

equal to the ground truth, with a linear regression model (Eq. (5.6)) to calibrate the

estimated area of future puddles. In addition, the Tbackground had no effect on the

puddle area estimation. These results were realised by using an IR-image that was

obtained within 5 s after puddle application.

With an expected urine puddle area of 0.2 m2 to 1.2 m2, and taking into account the

ground truth accuracy and the related regression model, the measurement uncertainty

of the IR camera method is <0.1 m2.

Future perspectives for the use of the developed IR method in commercial dairy

cow houses. As described in the introduction, the usage of the IR camera mounted on

a trolley in a cow houses was successfully tested already. Before entering the cow area,

an IR image of the aluminium plate on the floor will be taken for calibration purpose.

Among the cows one will wait before a cow urinates. In case a fresh puddle is nearby

one can go there as quick as possible and take images of this puddle. Based on the

preliminary research, we expect that it is possible to be in time, before a puddle starts

to cool down already. Only puddles that can be reached in time will be measured. The

developed method is able to distinguish a puddle from its surroundings, irrespective

of the presence of faeces and dirt.
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Abstract

To lower ammonia emissions, the EU has set national emission ceilings. In The

Netherlands, new emission reduction methods for dairy cow houses are pre-assessed

by an emission model. However, the model’s required inputs have not been updated

since 2000. Moreover, little is known about how the approved and widely applied

reduction methods, floor design and manure scraper application, affect the model’s

input variables for puddle area (Ap) and depth (Dp). Therefore, the objective of

this paper is to assess the Ap and Dp of fresh urine puddles in commercial dairy

cow houses. Sixteen commercial farms were measured in a factorial design of four

Floor-Management types (FMTypes). Each farm was measured in two seasons and

underwent an intense-floor-cleaning treatment (PREclean) before puddle creation

for the Dp measurement, which was compared with those created under normal floor

conditions with on-farm manure scraping. Overall mean values were 0.83 m2 for Ap
and 1.0 mm for Dp. For both Ap and Dp the variation within a farm was large but

negligible between farms. FMType significantly affected both variables. The V-shaped

asphalt floor resulted in larger Ap (1.04 m2) and Dp (1.5 mm) values than did the

slatted and grooved floors (0.76 m2, 0.93 mm). Compared to the reference values, the

Ap values were similar, but the Dp values and variation were 3 to 6 times larger.

Finally, PREclean resulted in Dp values that were 3 times lower than those with

on-farm scraping. In short, good floor cleaning has the potential to strongly reduce

ammonia emission.
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6.1 Introduction

Ammonia (NH3) emission strongly contributes to the acidification and eutrophication

of the environment. To restrict NH3 emission, the EU has set National Emission

Ceilings (NEC) (EU, 2001) that, in the last 25 years, have substantially decreased

NH3 emission in the EU overall and in The Netherlands specifically (EEA, 2012).

Nevertheless, the latest (2012) reported total NH3 emission in The Netherlands (136 kt)

is still above the current NEC (128 kt) (EEA, 2015). In general, NH3 emission in the

EU is dominated by agriculture, which accounts for almost 95 % of the total emissions

in the EU-27 (EEA, 2015). Within agriculture, dairy cow houses represent one of the

largest sources of NH3 and their contribution in The Netherlands is estimated to be

about 13 % (Velthof et al., 2012). In a cow house, NH3 emission originates from urine

puddles on the floor and from slurry in the pit, which is generally underneath the

whole cow house in The Netherlands. For a typical Dutch cow house with a concrete

slatted floor, the floor-pit emission ratio is estimated to be about 70 : 30 % (Monteny

et al., 1998).

To reduce the NH3 emission from dairy cow houses, farmers have to apply approved

NH3 emission mitigation methods in new dairy cow houses. The available methods are

listed in the ‘Regulation on ammonia from livestock production’, coded Rav (Tac-Rav,

2016), and new methods are regularly being added to the list. However, before a

method becomes part of the Rav-list, it is assessed by a governmental Technical

Advisory Committee (Tac-Rav). Experts in the Tac-Rav use an NH3 emission model

to pre-assess new low-emission cow houses by estimating to what extent the applied

mitigation method as well as the floor and management characteristics affect the

floor and slurry pit emission. Based on this pre-assessment, these new methods are

assigned provisional emission factors that are later replaced by definite emission factors

after NH3 emissions have been measured in practice according to a protocol, which is

described in Ogink et al. (2013). The model used in the pre-assessment phase was

developed by Monteny et al. (1998) for research purposes and it requires estimates of

several variables that are representative for practical conditions in a cow house such

as a puddle surface area, pH, and urea concentration. However, little information

is known about these practical conditions, and as such, it is difficult to accurately

estimate input values that reflect floor and management characteristics of new housing

designs. This scarcity of information is mainly caused by the complexity of measuring

required floor and manure storage parameters under real cow house conditions. What

little information we have on the model variables is mostly based on research done

before 2000 under cow house and management conditions that may have changed since

then, for example the floor design. For the pre-assessment process, there is a need

both for a simpler, more pragmatic emission model, i. e. a model with fewer input

variables, and for actual measurement data of these input parameters from dairy cow
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Nomenclature
NH3 ammonia [various]
pH urine puddle pH [-]
UUN urinary urea nitrogen concentration [kg m−3]
Tliq urine puddle temperature [◦C]
Tair air temperature ±1 m above a puddle [◦C]
RH air humidity ±1 m above a puddle [%]
Ap urine puddle surface area [m2]
Dp urine puddle depth [mm]
(0) fresh urine puddle at t = 0 s
(ξ) random urine puddle at random time (t = ξ s)
Tac-Rav technical advisory committee for NH3 regulation
FMType floor-management type
SFR slatted floor reference
GF grooved floor
AF V-shaped asphalt floor
SFCO slatted floor at C & O farms
C & O cows & opportunities, mineral management project
Season two seasons
W winter
S spring
PREclean intense-floor-cleaning before puddle creation

houses reflecting current practical conditions.

To simplify the Monteny model and to identify its most important variables, the

model was tested in a sensitivity analysis along with comparable models from other

studies (Snoek et al., 2014b). The analysis showed that five puddle-related input

variables: pH, depth, area, urea concentration, and temperature, were the most

important ones to explain variation in NH3 emission from puddles on the floor. These

findings hold true regardless of the model parameters. The remaining four variables

were the air temperature and air velocity just above a puddle, the maximum rate of

urea conversion or urease activity, and the Michaelis-Menten constant. The study also

concluded that hardly any measurement data is available on these variables from urine

puddles in commercial dairy cow houses. In other words, values, distributions, and

correlations of the variables were unknown. Without accurate data, it is not possible

to develop an accurate NH3 emission model or to calibrate existing models.

To obtain this data, fresh dairy cow urine puddles were measured in a variety of

cow house designs based on the floor type in the cow walking area. New types of floors

are one of the main approved and applied NH3 emission reduction methods in The

Netherlands, together with the use of a manure scraper (Tac-Rav, 2016). Both floor

design and a manure scraper affect the physical characteristics of urine and faeces and

thus affect NH3 emission (Braam et al., 1997a,b; Poteko et al., 2014). The extent of

these effects, however, is limitedly known (Braam et al., 1997a) because the area (Ap)
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and depth (Dp) values of puddles, as described in the Monteny model, are not part of

the Tac-Rav measurement protocol (Ogink et al., 2013) used to assess the emission

of newly built housing systems. Consequently, no information is available on these

variables. In this paper, therefore, we focused on the floor design and scraping in

relation to the physical characteristics of a urine puddle.

The results from our field study are reported in two papers. The results of the

chemical characteristics of a urine puddle: the pH and urea concentration, plus

temperature, are described in Snoek et al. (2016d). The objective of the current paper

is to assess the puddle area (Ap), puddle depth (Dp), and the related puddle volume

(Vp) in commercial dairy cow houses and the effect of floor type, season and intense

manure scraping on these variables.

6.2 Materials and Methods

6.2.1 Experimental design

Design and experimental factors

The design of a typical dairy cow house in the Netherlands, hereafter called the

reference situation, consists of a living area where cows can walk around on a concrete

slatted floor, rest in cubicles, and eat at a feeding alley. The slatted floor area is

about 3.5 m2 cow−1. A slurry pit is located beneath the slatted floor, the cubicles

and the feeding alley. The experimental design had a factorial set up with four types

of farms based on floor design and farm management, labelled FMType, and each

FMtype contained four farms. FMType 1 farms had a slatted floor that was equal to

the reference situation (SFR). Cow house layout and farm management were diverse

among the four farmers. FMType 2 farms had a completely closed, grooved floor

(GF ). The layout and the farm management was similar for all cow houses. FMType

3 farms had a completely closed, V-shaped asphalt floor (AF ). The layout of the cow

houses was about similar, but farm management was diverse among the four farmers.

FMType 4 farms had a slatted floor, like FMType 1, but these four farmers were

involved in the Cows & Opportunities project (SFCO). In the Cows & Opportunities

project the farmers actively manage several factors, including the nutrient cycle at

their farm to lower NH3 emission (Oenema et al., 2001; Aarts et al., 2015). The

layout of the cow houses was diverse among the four SFCO farmers. Figure 6.1 show

examples of all FMTypes.

In total, we measured 344 fresh dairy cow urine puddles at 16 commercial dairy

farms, spread over The Netherlands. Measurements were performed in two seasons,

represented by the experimental factor Season. Each farm was measured both in

winter (W ) and in spring (S), and farms were measured in random order per season.
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The winter period covered November 2014 to January 2015. The spring period ran

from the end of March 2015 to the beginning of June 2015. Each individual farm

measurement was performed on a single day and started in the morning between nine

and ten o’clock. Cows were inside the cow houses at all farms before and during the

measurements.

A manually operated hand manure scraper was used for the puddle depth (Dp)

measurement (Fig. 6.3). The Dp was first measured in floor puddles in the “as-is”

situation. This situation reflects the floor conditions under normal on-farm conditions,

including a manure scraper cleaning the floor if present. The Dp of floor puddles was

then measured where the floor had been pre-cleaned with a hand scraper before the

puddle was created. With the manually operated hand scraper, we investigated the

potential influence of intense floor cleaning on Dp. This experimental factor was called

PREclean and was applied at each farm.

Dairy farm characteristics

Fourteen of the 16 dairy cow houses were recently built and had an average age of

about 5 yrs. For the remaining two houses, both SFCO farms, the older part of the

farms (about 27 yrs old) was expanded with newly built parts. These new parts had an

average age of about 6 yrs. In these two houses, measurements took place in both the

old and the new part because these areas formed one connected area for the dairy cows.

Eleven farms had an automatic milking system (AMS), four farms had a conventional

side-by-side milking parlour, and one had a rotary milking parlour. The farms with

an AMS milked the cows 2.8 times a day, on average, and the other farms milked the

cows twice a day.

Figure 6.1 shows examples of manure scrapers and their cleaning effect. Eight

farms had a conventional, pulled manure scraper that scraped the whole cow house

floor, except the cross-paths, 2 to 12 times a day. Six farms used a manure scraper

robot that ran continuously at each farm. However, in all cases the robots needed to

load their batteries several hours a day and mainly at night. In addition, the robots’

driving settings varied among the farms. There were two farms without a manure

scraper. They both irregularly scraped the floor with either a compact wheel loader

or with a hand scraper. The hand scraper was similar to the one used for the applied

PREclean treatment (Section 6.2.1 and Fig. 6.3). A hand scraper was used by all

farmers to scrape the cubicle bedding, cubicle sides, and sometimes parts of the floor.

The type of cubicle bedding material varied among the farms. The most used bedding

was a soft mattress or a water mattress, combined with a litter consisting of sawdust

(10 farms). The remaining six farms used a deep litter cubicle, filled with either sand

(1 farm), straw (2 farms), or dried faeces processed from their own slurry (3 farms).
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Figure 6.1: Floor design and effect of manure scrapers. Left column: slatted floor
(SF ), middle column: grooved floor (GF ), right column: V-shaped asphalt floor (AF ).

6.2.2 Measurements

Measured variables

Figure 6.2 shows the equipment used on the floor inside a dairy cow house. At

each farm we first measured 10 fresh urine puddles immediately after the cow had

urinated (t =0 s). Of each fresh puddle we measured the puddle area (Ap(0)). We

also measured the pH(0), the urinary urea nitrogen concentration (UUN(0)) and the

puddle temperature (Tliq(0)) of these puddles, and the local air temperature (Tair(0)),
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and relative humidity (RH(0)) just above them, which are all five described in Snoek

et al. (2016d). After measuring 10 fresh puddles, we measured 10 randomly selected

urine puddles that were already present on the floor for a random time (t = ξ s). We

measured the pH(ξ) and the puddle temperature (Tliq(ξ)) of these puddles, and the

local air temperature (Tair(ξ)), and relative humidity (RH(ξ)) just above them, which

again are described in Snoek et al. (2016d). Finally, we measured the puddle depth

(Dp(0)) of 63 puddles manually created with clean fresh urine collected at the same

farm.

Figure 6.2: Measurement setup with on the left (1) the sensor rod for pH, Tliq, Tair
& RH, (2) the IR camera for Ap, (3) the urine sample holder, (4) the moveable
trolley, and on the right (5) the ultrasonic device for Dp, (6) the XY-table, and (7)
the measuring jug to create a puddle.

Figure 6.3: The hand scraper (left) and the use on a slatted floor (right).
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Equipment

To measure Ap we used a custom made camera-trolley (Fig. 6.2), as described in Snoek

et al. (2016a). On top of the trolley, a thermal infrared (IR) camera was mounted

(FLIR SC660; FLIR Systems, Inc. USA) that was able to simultaneously take an

IR and a colour image. Images were recorded automatically every 20 s. First, an

IR image of a puddle without sensors or other obstructions was taken. This image

was then used in the developed IR model (Snoek et al., 2016a). The remaining IR

images contained parts of sensors or other obstructions that were used for additional

information about the measurement circumstances. Using the IR image and the IR

model, the Ap(0) was determined with an accuracy of 0.1 m2. More details of the IR

camera and IR model can be found in (Snoek et al., 2016a). The camera-trolley was

also used to transport jars for the collection of urine samples to determine UUN(0) in

the lab (Snoek et al., 2016d). To carry the jars, a piece of circular rainwater pipe with

caps was mounted to the trolley.

To measure Dp, we used a custom made XY-table with an ultrasonic distance

sensor (Fig. 6.2), as described in Snoek et al. (2015). The ultrasonic sensor (WLG2000,

Inspection Technology Europe BV, NL) was operated by a laptop. A time series

measurement was run with a 1 s time step and point measurements were simultaneously

obtained by pressing the enter key on the laptop’s keyboard. First, the distance to the

floor under the present circumstances (“dry”) was measured followed by the distance

after a puddle was created (“wet”). The Dp(0) was then calculated by subtracting

the “wet” distance from the “dry” distance.

Measurement protocol

The whole measurement procedure was determined in a preliminary test series inside

a commercial dairy cow house. The variables Ap(0), pH(0), UUN(0), Tliq(0), Tair(0),

and RH(0) were measured at the same time on the same fresh puddle, according to

the fresh-puddle procedure. After measuring 10 fresh puddles, one person continued

to measure 10 randomly selected urine puddles that were already on the floor (t = ξ s).

The pH(ξ), Tliq(ξ), Tair(ξ), and RH(ξ) were measured at the same time on the same

random puddle, according to the random-puddle procedure. Based on the preliminary

tests, we concluded that it was impossible to measure the Dp(0) of these fresh urine

puddles. Therefore, we decided to determine Dp(0) in separate manually-created urine

puddles, according to the Dp-procedure. The following three procedures were used in

the measurement protocol:

The fresh-puddle procedure (Fig. 6.2):

1. Each puddle measurement was started 1 s to 15 s after a cow had finished

urinating;
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2. Person 1 gently cleared the way to approach the puddle and kept the cows at a

distance;

3. Person 2 started the IR image recording of the puddle for 60 s at a 20 s interval

to determine Ap;

4. After collecting the first image, person 3 placed the sensor rod in the urine puddle

to measure the pH(0), Tliq(0), Tair(0), and RH(0) for 60 s with 2 s interval;

5. After starting the IR image recording, person 2 placed a filter in the puddle to

collect a urine sample to determine UUN(0). When the filter was completely

soaked with urine, it was put in a jar with an acid to immediately stop the urea

conversion process;

6. Person 1 made notes, took photos and protected the measurement area;

The random-puddle procedure:

1. Person 3 randomly selected a puddle;

2. Person 3 placed the sensor rod in the puddle to measure the pH(ξ), Tliq(ξ),

Tair(ξ), and RH(ξ) for 20 s with 2 s interval;

The Dp-procedure (Fig. 6.2):

1. All three persons collected fresh urine from the cows by using buckets;

2. The XY-table was placed on the floor at a random location;

3. The distance to the floor under the present circumstances (“dry”) was measured

one-by-one at 9 points within the XY-bounds (Snoek et al., 2015);

4. A puddle was made by pouring 0.2 l of the collected urine with a measuring jug

at point 1 from a height of about 0.1 m;

5. The distance to the created urine puddle (“wet”) was measured;

6. Steps 4 and 5 were repeated until all 9 points were measured;

7. Steps 2, 3, 4 and 5 were repeated 4 times:

(a) In total 5 unique, randomly selected locations were measured;

(b) At 2 measurement locations, steps 3, 4 and 5 were repeated, but before

step 3 was done, the floor was manually cleaned (PREclean; Fig. 6.3). In

total, 45 puddles were measured under the present circumstances without

PREclean treatment, and 18 puddles with the PREclean treatment.

Equipment calibration

To calibrate the collected IR images of the urine puddles, we took both an IR and a

colour image of a rectangle aluminium plate of 1.0 m · 0.6 m, as described in Snoek et al.
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(2016a). These plate images were collected on-site at the start of each measurement day

after the camera-trolley was built up. The IR image was used in the point coordinates

calibration method. The temperature values in the IR image were roughly correct,

but they were not calibrated since we did not need the absolutely correct temperature

values in the images.

To calibrate the distance measurements by the ultrasonic device, we applied the

balance method as described in Snoek et al. (2015) in experiment 1. This was done

twice: before the winter measurement series and before the spring measurement series.

The calibration of the sensor rod is described in Snoek et al. (2016d).

6.2.3 Data analyses

Incorrect values

Parts of cow legs were occasionally present in the IR images. This resulted in an

incorrect Ap(0) value. Because of this, 11 IR images and their related Ap(0) values

were excluded.

Calculation of puddle volume

With the variables Ap(0) [m2] and Dp(0) [mm] the puddle volume Vp(0) [m3] was

calculated according to Eq. (6.1).

Vp(0) = Ap(0) ·Dp(0) · 10−3 (6.1)

Since the Ap(0) and Dp(0) were not measured at the same time in the same puddle,

we used the mean values per farm and per Season for both variables. For Dp(0) we

also distinguished between the data with and without PREclean treatment. This

resulted in a total of 16 · 2 · 2 = 64 NH3S(0) values, where two values were missing

because the PREclean treatment was not applied in Season W at farms F1 and F6.

Statistical analyses

We performed a restricted maximum likelihood method (REML) (Payne et al., 2015)

to study group effects. The models used are given in Eq. (6.2) for Ap(0), in Eq. (6.3)

for Dp(0) and in Eq. (6.4) for Vp(0).

Ap,ijk(0) = µ+ Typ + Ser + Fai + Seij + εijk (6.2)

Dp,ijlm(0) = µ+ Typ + Clq + Ser + Fai + Seij + Loijl + εijlm (6.3)

Vp,ijn(0) = µ+ Typ + Clq + Ser + Fai + Seij + εijn (6.4)
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With the fixed part of the model:

� µ the overall constant (grand mean),

� Typ the main effect of FMType (with p the FMType assigned to ijklmn),

� Clq the main effect of PREclean (with q the PREclean assigned to ijklmn)

� Ser the main effect of Season (with r the Season assigned to ijklmn),

The random part of the model:

� Fai the effect of Farm i (i = 1..16),

� Seij the effect of Season j (j = winter, spring) within Farm i,

� Loijl the effect of measurement-Location l (l = 1..5) within Farm i and Season

j,

� εij.. the residual error:

– for unit ijk in Eq. (6.2), representing the Puddle k (k = 1..10) within

Farm i and Season j.

– for unit ijlm in Eq. (6.3), representing the measurement-Point m (m = 1..9)

within Farm i, Season j and Location l.

– for unit ijn in Eq. (6.4), representing the variance n (n = −) within Farm

i and Season j.

The random terms Loijl and εijlm were, respectively, the location of the XY-table at

the floor within a farm and a season, and the measurement point of the ultrasonic

sensor within the XY-table, thus within Loijl.

We estimated the variance components of each random term, the related coefficient

of variation (CV), and the Wald-statistic for the fixed terms. The variance component

measures the variability of a term over and above the variability of the sub-units of

which it is composed (Payne et al., 2015). The CV is the square root of the variance

component divided by the mean response (µ) times 100.

The hypothesis (h0) was tested for all three variables. The values of a variable

from hypothesis (h0) were from populations with the same mean per group compared

to the alternative hypothesis (h1) where the population means were not the same per

group. The predicted means were computed, and if h0 was rejected, the approximate

least significant differences (LSDs) were computed for these predicted means of the

fixed terms to identify the statistical significant differences between subgroups. All

tests were calculated by using a significance level of α = 0.05.

Finally, a scatter plot was made of the Ap(0) against the Dp(0) as mean per Farm

and per Season. A linear regression was carried out between these two variables.
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6.3 Results

6.3.1 Statistical analyses

Tables 6.1 to 6.3 show the results of the REML analysis. Table 6.1 shows that for Ap
the between-Farm variance of Ap(0) was limited (CV = 4.4 %) compared to both the

within-Farm variance (CV = 12.2 %) and especially the variance at puddle level within

Season (CV = 29.2 %). For Ap(0) the fixed term FMType showed a statistically

significant effect (p = 0.002). The effect of Season was not statistically significant

(p>0.05). Therefore, we reduced the model from Eq. (6.2) to Eq. (6.5) by dropping

the term:

Ap,ijk(0) = µ+ Tyq + Fai + Seij + εijk (6.5)

with symbols according to Eq. (6.2) (Section 6.2.3). Table 6.2 shows that the largest,

statistically significant puddle areas occurred at FMType = AF , which is the V-

shaped, solid asphalt floor. The predicted mean Ap(0) for this floor type was 1.04 m2.

The other FMTypes (SFR, GF , and SFCO) had predicted mean Ap(0) values of

0.72 m2 to 0.80 m2. These values were not statistically significantly different from each

other.

Table 6.1: The Variance Component (Var) & Coefficient of Variation (CV) for the
defined random terms and the residual error ε, followed by the F-statistic & p-value
for the fixed terms. For Ap(0), Dp(0), and Vp(0).

Ap(0) [m2] Dp(0) [mm] Vp(0)� [m3]

Term Var (s.e.) CV Var (s.e.) CV Var (s.e.) CV
·10−2 ·10−1 ·10−8

Fai 0.13 (0.472) 4.4 −0.16 (0.259) - −2.17 (2.033) -
Seij 1.02 (0.562) 12.2 0.45 (0.405) 20.4 5.30 (3.597) 24.6
Loijl - - 2.63 (0.400) 49.2 - -

Residual ε 5.81 (0.474) 29.2#a 6.84 (0.228) 79.4#b 7.90 (2.068) 30.1#c

F-stat p-val� F-stat p-val� F-stat p-val�

FMType 9.34 0.002 6.51 0.008 15.75 <0.001
PREclean - - 322.33 <0.001 84.09 <0.001
Season - - 8.96 0.009 8.41 0.011
� Vp(0) was calculated according to Eq. (6.1).

The residual represent #a Puddle, #b Point, or #c “within farm” variance.
� p-value when dropping the individual term from the full fixed model.

Table 6.1 shows that for Dp(0) the between-Farm variance was negligibly small (CV

= -) compared to the within-Farm variance (CV = 20.4 % to 79.4 %). The variance

caused by the XY-table locations and measurement points were especially large. For
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Table 6.2: The number of samples (N) and the predicted means with s.e., per Floor-
Management type (FMType), intense-floor-cleaning effect PREclean or Season effect,
and the grand mean µ. For Ap(0), Dp(0), and Vp(0).

Ap(0) [m2] Dp(0) [mm] Vp(0)� [m3]

Term N Mean (s.e.) N Mean (s.e.) N � Mean (s.e.)
·10−3

µ 333 0.83 (0.024) 1956 1.0 (0.053) 62 0.94 (0.0422)

-FMType-
SFR 90 0.72 (0.048)a 483 0.9 (0.099)a 15 0.69 (0.0810)a

GF 83 0.80 (0.048)a 504 0.8 (0.113)a 16 0.76 (0.0931)a

AF 83 1.04 (0.048)b 492 1.5 (0.103)b 15 1.46 (0.0842)b

SFCO 77 0.75 (0.049)a 477 1.1 (0.103)a 16 0.85 (0.0822)a

-PREclean-
off - - 1381 1.5 (0.052)b 32 1.27 (0.0541)b

on - - 575 0.7 (0.064)a 30 0.61 (0.0567)a

-Season-
W - - 944 0.9 (0.057)a 30 0.78 (0.0698)a

S - - 1012 1.3 (0.057)b 32 1.10 (0.0677)b

� Vp(0) was calculated according to Eq. (6.1) ⇒ � N is the number of Farm · Season · PREclean.
a,b statistical significant subgroups based on the approximate LSD (0.05 level) of REML means.

Table 6.3: The number of samples (N) and the predicted means with s.e. per
FMType · PREclean, for Dp(0) and Vp(0). This interaction was not statistically
significant. For the main effects, see Table 6.1.

Group Dp(0) [mm] Vp(0)� [m3]

FMType PREclean N Mean (s.e.) N Mean (s.e.)
·10−3

SFR F 348 1.4 (0.091) 8 1.02 (0.0856)
SFR T 135 0.5 (0.100) 7 0.36 (0.0882)
GF F 351 1.2 (0.107) 8 1.09 (0.0976)
GF T 153 0.3 (0.114) 8 0.43 (0.0990)
AF F 369 1.9 (0.094) 8 1.79 (0.0891)
AF T 125 1.0 (0.103) 7 1.13 (0.0908)

SFCO F 315 1.5 (0.095) 8 1.18 (0.0877)
SFCO T 162 0.6 (0.101) 8 0.52 (0.0884)
� Vp(0) was calculated according to Eq. (6.1).

Dp(0) all fixed terms of Eq. (6.3) showed a statistical significant effect. Table 6.2 shows

that the largest, statistically significant Dp(0) values occurred at FMType = AF
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(Dp(0) = 1.5 mm). This table also shows that intense-cleaning (PREclean) of the

floor more or less halved the Dp(0) from 1.5 mm to 0.7 mm, and that the Dp(0) was

larger in the spring (1.3 mm) than in the winter (0.9 mm). Furthermore, as shown in

Table 6.2, the s.e. values for Dp(0) are large compared to the predicted means. This

result confirms the large within-Farm variance.

Table 6.1 shows that for Vp(0) the between-Farm variance was a negligibly small

value (CV = -) and that the within-Farm variance was in the same range as the

variance for Ap (CV = 24.6 % to 30.1 %). For Vp(0) all fixed terms of Eq. (6.4) showed

a statistically significant effect, as was also shown for Dp(0). Table 6.2 shows that

values for the Vp(0) mainly follow the same pattern as the results for Dp(0).

Table 6.3 shows the predicted means of the interaction between FMType and

PREclean for both Dp(0) and Vp(0). This interaction was not statistically significant

and was therefore not included in Eqs. (6.3) and (6.4). This table, however, clarifies

in more detail the intense-floor-cleaning effect (PREclean) per FMType. Without

PREclean treatment, the Dp(0) varies from 1.2 mm to 1.9 mm, and with PREclean

treatment from 0.3 mm to 1.0 mm. The AF resulted in the largest peaks. For Vp(0) the

AF with PREclean treatment (1.13× 10−3 m3) was as high as the other three floors

without PREclean treatment (1.02× 10−3 m3, 1.09× 10−3 m3 and 1.18× 10−3 m3).

6.3.2 Relationships between measured variables

Figure 6.4 shows the relation between the Ap(0) and Dp(0) as mean per Farm and

per Season. The linear relation was not statistically significant and was therefore not

included in Fig. 6.4. As shown in Fig. 6.4, the Ap(0) and Dp(0) are scattered and

they do not depend on each other.

0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7
0.4

0.6

0.8

1.0

1.2

1.4

Dp(0) [mm]

A
p
(0

)
[m

2
]

Figure 6.4: Ap(0) vs Dp(0) as mean per farm and per Season ( ).
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6.4 Discussion

At the start of the current study, both measurement methods and information about

urine puddle related variables from commercial dairy cow houses were hardly available.

With the conducted measurements we gathered this unique information, which we can

use to estimate the NH3 emission. Moreover, we can identify opportunities to improve

the current measurement practice, as described in Ogink et al. (2013), and to reduce

NH3 emission.

6.4.1 Equipment and measurement performance

Measuring the selected variables of urine on floors among dairy cows was rather

complex. The test environment was unstructured and covered in manure, dirt and

cows. During the measurements we had to proceed with caution and we focused

on performing the measurements as accurately as possible. If a cow urinated far

away from our “waiting position”, we did not measure the puddle since we would be

too late to obtain accurate readings and we would unnecessarily disturb the cows.

The equipment was checked and calibrated both before and after each measurement

day. The collected data was gathered, backed-up and verified directly after each

measurement day. By doing so, we ascertained correct and accurate values.

We had 10 samples available per farm per season to analyse the UUN . In total, we

sampled 16 farms · 2 seasons · 10 puddles = 320 puddles. Occasionally, we measured

some additional puddles with both the IR camera and the sensor rod, resulting in

more measured puddles in total. However, we also had several missing values for all

variables. These were caused by the presence of cows, sensor failure, or the final fine

tuning of the measurement procedures at the first measured farms.

Finally, measured values for both Ap and Dp are biased. As discussed in Sec-

tions 6.4.2 and 6.4.3, they may underestimate the real values.

6.4.2 Puddle area

To estimate Ap, we observed that fresh urine had occasionally flowed outside the Field

of View (FOV) of the IR camera for the Floor-Management types (FMTypes) GF

and AF . The grooves of the grooved floor (GF ) transport fresh urine over the full

length of the cow house, and this starts immediately during a urination. This resulted

in a large area covered by urine within these grooves over a long distance, where it also

mixed with urine that was already present. The slope of the V-shaped asphalt floor

(AF ) transported fresh urine from the urination location to the centre of the floor. If a

cow urinated while standing in a cubicle, the area covered by a urine puddle could be

large, even larger than the area covered by the FOV, which was approximately 2 m2. If
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the puddle was this large, we always tried to include most of it in the FOV. From our

observations we estimated that in these specific cases, the potential bias in estimating

Ap was 5 % to 10 % at maximum. Therefore, we maintained these IR images in our

dataset without further correction, accepting that the results slightly underestimated

the real Ap(0) values for GF and AF . If we had excluded the IR images of these large

puddles, the bias would probably be larger because we then would have excluded the

largest Ap(0) values, causing a lower mean value per Farm per Season.

The factor Season did not influence the Ap(0) value, but the FMType did. This

means that Season related factors, such as farm management, temperature and diet,

did not affect on the Ap. However, floor design did affect the puddle area; the closed

floor FMType AF showed larger values than the other floor designs, but the other

floors did not differ from each other. Therefore, the details of the design characteristics

determine whether the Ap differs or not.

The Ap(0) value currently used by the Technical Advisory Committee (Tac-Rav) is

0.80 m2 for both a slatted floor and a solid floor with grooves or gutters, and 1.20 m2

for a solid floor without grooves or gutters. Braam et al. (1997b) reported a mean

Ap of 1.23 m2 (SD is 0.51) for a double-sloped floor with one central gutter, which is

comparable to the Ap we found for our AF . The 0.80 m2 Tac-Rav value is close to

the measured Ap(0) value of SFR, GF , and SFCO in this study. Both the 1.20 m2

and 1.23 m2 appear to be larger than the Ap(0) of AF (1.04 m2), but AF was slightly

underestimated as discussed above. Moreover, the 1.23 m2 had a large SD and the

1.20 m2 Tac-Rav value holds for a levelled floor, whereas AF had a slope from the

sides to the middle.

The Ap(0) values used in the performed sensitivity analysis (Snoek et al., 2014b)

were uniformly distributed from 0.4 m2 to 1.8 m2. In this study the Ap(0) values

as mean per Farm ranged from 0.6 m2 to 1.1 m2 (Table 6.4), and at the individual

puddle level, the Ap(0) ranged from 0.2 m2 to 1.7 m2. As such the range used in the

sensitivity analysis agrees with the range found in this study.

6.4.3 Puddle depth

In addition to PREclean (Section 6.4.4), the factor Season strongly influenced Dp(0).

One explanation for the Season effect may be that manure is dryer and stuck more to

the floor in the spring period (S) than in the winter period (W ), creating a rougher

surface. The rough surface likely caused larger Dp(0) values as manure remainders

prevented urine transport on the floor.

The Dp(0) value currently used by the Tac-Rav is 0.48 mm for a slatted floor or

a solid floor with grooves or gutters, and 0.37 mm for a double-sloped (1.5 %) solid

floor with a urine gutter in the middle. These values are based on literature values

and expert judgement in cases where data for estimating floor effects were lacking.
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The current study showed larger Dp(0) values, together with a large variation, for

floors with similar design characteristics. The Dp(0) for the SFR without PREclean

treatment (1.4 mm) was about 3 times larger than the Tac-Rav value of a slatted

floor (0.48 mm). Furthermore, the Dp(0) for the AF without PREclean treatment

(1.9 mm) was more than 5 times larger than the Tac-Rav value of a double-sloped floor

(0.37 mm).

Our study showed that individual puddle measurements strongly varied within a

Farm, with extremely high and extremely low or even negative depth values. The

extremely high values were most likely caused by manure or other dirt present on the

floor that created a kind of dike that held the urine in place. The described cause was

common practice in most dairy cow houses within this study. The extremely low and

negative values could also have been caused by manure or other dirt, in combination

with the measurement method. If manure or dirt was present, the manually poured

urine may have flushed away part of this manure or dirt. This may have resulted in a

larger distance in the “wet” measurement compared to the “dry” measurement, which

caused a negative depth value. Furthermore, this flushing may cause a systematic

lower Dp value for all Dp-measurements. Another cause may be the floor design itself.

The ultrasonic device used to measure emits a sound-wave covering a surface of about

5 cm2. If a floor had a surface with several tiny grooves, it is not clear whether the

distance was measured to the top layer, inside these tiny grooves, or a “mix” of these

two. Finally, the puddle depth values strongly varied, depending on the floor condition,

design and cleanliness. For example, we observed and measured completely full grooves

at the grooved floor (GF ) with urine layers that varied from 10 mm to 50 mm. We

also observed dirty floor parts where urine was held in place by the dirt, and the Dp

were tens of millimetres as well. Since we had several puddle depth measurements

per Farm and per Season, we expected to have representative mean Dp values and

distributions. Moreover, the results represent the real common practice in dairy cow

houses.

The Dp(0) values used in the performed sensitivity analysis (Snoek et al., 2014b)

were uniformly distributed from 0.13 mm to 1.6 mm. In this study the Dp(0) values

as mean per Farm, without PREclean treatment, ranged from 0.89 mm to 2.21 mm

(Table 6.4), and at individual puddle level the Dp(0) ranged from −1.8 mm to 5.8 mm.

Therefore, the range used in the sensitivity analysis was too small and contained too

low values.

For Dp, we conclude that a two-digit mm accuracy cannot be realistically determ-

ined, and that it is difficult to define tiny differences between Dp values. In addition,

Dp values are much larger and have wider ranges in practice than is assumed by the

Tac-Rav at the current moment.

Ap(0) and Dp(0) showed no clear relation. The Ap(0) and Dp(0) measurements

were not simultaneously performed at the same puddle. Because of this, mean values
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per Farm and per Season were used and the number of data points was limited. The

mean data, however, represent the larger datasets of Ap(0) and Dp(0). Therefore, we

expected that the shown data are representative for the Ap-Dp relation.

6.4.4 Floor scraping

The manually-operated manure scraper during the Dp measurements (PREclean)

always scraped the floor more intensely, and thus more cleanly, than the commercial

on-farm manure scrapers. Therefore, the PREclean results show the potential of floor

cleaning with regard to Dp(0) and the related Vp(0). This potential is large since the

Dp(0) and Vp(0) in the intense-cleaned situation were about 50 % to 70 % lower than

those in the as-is situation with the on-farm scraping.

We did not measure the effects of PREcleaning on Ap. From visual observations

during the measurements and by evaluating the collected urine puddle images, we

suspect that the floor’s cleanliness influence the Ap(0) as well. We observed that dirty

floors resulted in smaller Ap(0) values compared to a clean floor. Dirt created a kind

of dike that held the urine in place. When the floor was dirty, the urine remained on

the floor until a manure scraper passed by. In short, when a floor is cleaner, a urine

puddle can flow more easily and the Ap(0) will be larger, but the puddle is also able

to move more easily towards the gutters or the slurry pit.

Another effect caused by the floor’s cleanliness was that fresh and still warm

manure dungs were occasionally present in an IR image, which could be interpreted

by the IR model as a puddle area. Often these manure dungs were covered by a fresh

urine puddle. Therefore, based on expert judgement, none of these IR images were

excluded.

The state of the on-farm scrapers influenced the scraping and thus cleaning quality.

At all farms in this study, the manure scrapers showed signs of wear and tear, and

in all cases the scraper was not able to clean the floor as completely as the manual

intense-cleaning did. There were always locations on the floor that were rarely or

never scraped, and dried manure made effective scraping impossible. To summarise,

none of the commercial manure scrapers was able to clean the floor as thoroughly as

the PREclean treatment did, and this had a profound effect on both Ap and Dp and

ultimately on the NH3 emission. This shows that there is a considerable potential

to decrease floor emissions by both improved designs for floors and scrapers, and

management that minimise puddle area and depth.
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Table 6.4: The number of urine puddles (N), the mean (SD) per Farm, and the
p-value to test equality of means. For variables Ap(0), Dp(0), and Vp(0).

PREclean = off PREclean = on

Ap(0) [m2] Dp(0) [mm] Vp(0)# [m3] Dp(0) [mm] Vp(0)# [m3]

Farm N Mean (SD) N Mean (SD) N� Mean (SD) N Mean (SD) N� Mean (SD)
·10−3 ·10−3

F1 24 0.83 (0.22) 96 1.16 (0.81) 2 0.96 (0.21) 18 0.66 (0.72) 1 0.53 (-)
F2 21 0.76 (0.30) 63 2.21 (0.96) 2 1.68 (0.26) 45 0.84 (0.51) 2 0.68 (0.29)
F3 22 0.71 (0.28) 72 1.90 (1.03) 2 1.40 (0.66) 45 0.59 (0.39) 2 0.42 (0.03)
F4 21 1.00 (0.26) 81 1.24 (1.21) 2 1.23 (0.55) 36 0.87 (0.89) 2 0.93 (0.80)
F5 19 0.64 (0.21) 72 1.42 (0.96) 2 0.92 (0.14) 45 0.90 (1.05) 2 0.58 (<0.01)
F6 21 1.08 (0.33) 99 1.76 (1.18) 2 1.87 (0.05) 18 0.93 (0.68) 1 0.82 (-)
F7 20 0.82 (0.25) 90 1.15 (0.79) 2 0.92 (0.26) 36 0.45 (0.28) 2 0.39 (0.12)
F8 21 0.62 (0.21) 90 0.89 (1.14) 2 0.56 (0.06) 36 0.66 (0.76) 2 0.41 (0.24)
F9 21 0.76 (0.22) 90 1.69 (1.12) 2 1.29 (0.12) 36 1.01 (0.98) 2 0.77 (0.21)
F10 22 0.99 (0.28) 90 2.01 (1.35) 2 1.95 (0.94) 35 1.21 (0.97) 2 1.15 (0.69)
F11 20 0.97 (0.29) 90 1.95 (1.18) 2 1.93 (0.87) 36 0.74 (0.51) 2 0.73 (0.21)
F12 21 0.76 (0.17) 90 1.51 (1.06) 2 1.14 (0.07) 45 0.60 (0.58) 2 0.43 (0.21)
F13 17 0.76 (0.20) 90 1.84 (0.90) 2 1.41 (0.26) 36 1.03 (1.01) 2 0.76 (0.48)
F14 20 1.13 (0.33) 90 1.49 (0.87) 2 1.67 (0.39) 36 0.85 (0.50) 2 0.94 (0.29)
F15 20 0.67 (0.18) 90 1.19 (1.19) 2 0.83 (0.65) 36 0.76 (0.88) 2 0.53 (0.52)
F16 23 0.71 (0.20) 90 1.57 (0.84) 2 1.10 (0.03) 36 0.47 (0.49) 2 0.34 (0.18)

p-value$ <0.001 <0.001 0.133 <0.001 0.709

# Vp(0) was calculated according to Eq. (6.1) with ⇒ � N is the number of Seasons.
$ p-value of REML F-statistic
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6.5 Conclusions

The objective of this research was to assess the puddle area (Ap(0)), puddle depth

(Dp(0)), the resulting puddle volume (Vp(0)), and the relations between them for fresh

urine in commercial dairy cow houses.

Estimated overall mean values were the following:

� Ap(0) was 0.83 m2 with a large variation (CV = 29.2 %);

� Dp(0) was 1.0 mm with an extreme large variation (CV = 79.4 %);

� The resulting Vp(0) was 0.94× 10−3 m3 with a large variation (CV = 30.1 %);

For all three variables Ap(0), Dp(0) and Vp(0), the variance between Farms was

negligible, whereas the variance within Farms was substantial. The CV values for Ap
and Vp were about 30 % and for Dp about 80 %.

The Floor-Management type (FMType) factor significantly affected all three

variables Ap(0), Dp(0) and Vp(0). For all variables the V-shaped asphalt floor (AF )

resulted in significantly larger values than the subgroup of slatted floor, grooved

floor and Cows & Opportunities participants with a slatted floor. The AF resulted

in 1.04 m2, 1.5 mm and 1.46× 10−3 m3, compared to the subgroup mean values of

0.76 m2, 0.9 mm and 0.77× 10−3 m3. The PREclean factor, the intense-floor cleaning

before puddle creation had strongly affected both Dp(0) and Vp(0). Dp(0) values

with PREclean treatment were about 1/3 compared to the situation with commercial

manure scrapers without PREclean treatment. Compared to the current practice of

scraping, the potential of good floor cleaning is large. The Season factor influenced

Dp(0) as well but not the Ap(0). In winter the Dp was larger and the difference with

the spring value was 0.32× 10−3 m3.
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Abstract

In The Netherlands, new mitigation methods to reduce ammonia emission in dairy

cow houses are pre-assessed and regulated by a technical committee (Tac-Rav) using a

mechanistic emission model. However, required model inputs have not been updated

since 2000. In addition, values for the model variables pH, Urinary Urea Nitrogen

concentration (UUN), and their relation with farm and feed management are unknown

for commercial dairy cow houses. Moreover, their effect on ammonia emission is

unknown. Therefore, the objective of this paper was to investigate the pH and UUN

in livestock practice. Sixteen commercial farms were measured in a factorial design of

four Floor-Management types (FMTypes). Each farm was measured in two seasons

and a Diet factor was defined, based on the amount of grass in total roughage. Overall

mean values were 4.27 kg m−3 for UUN , an initial pH of 8.3, both in fresh puddles,

and a pH(ξ) of 9.0 for random puddles at a random time. For UUN both the variation

within and between farms was large, whereas the variation for pH was small. The

Diet was the only factor that resulted in a significant effect, with a 0.1 difference

in pH(ξ). Compared to the Tac-Rav reference values, both the mean UUN and pH

showed smaller values. The calculated potential ammonia in kg puddle−1 showed a

huge range and was considerably larger than the Tac-Rav reference values.
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7.1 Introduction

Ammonia (NH3) emission strongly contributes to the acidification of the environment.

To curtail this, the EU has set National Emission Ceilings (NEC) (EU, 2001) that

substantially reduced NH3 emission in Europe from the first reported values in 1990

until 2010 (EEA, 2012). This decrease was also observable in The Netherlands.

However, in 2010 to 2013 the Dutch NH3 emission still exceeded the NEC (EEA, 2015).

In Europe, the most important contributor to the NH3 emission is agriculture, with a

share of 95 % (EEA, 2015). From this 95 %, in The Netherlands, the NH3 emission

from dairy cow houses is one of the largest sources (Velthof et al., 2012). In these cow

houses, the NH3 emission originates from urea in the urine on top of the floor and

from urea in the slurry in the slurry pit beneath the floor. The emission ratio between

floor and pit is about 70:30 % according to Monteny et al. (1998).

To lower NH3 emissions from dairy cow houses, Dutch farmers are legally obliged

to use NH3 emission mitigation methods. New methods and their application are

assessed, approved and regulated by a Technical Advisory Committee (Tac-Rav, 2016).

Experts in the Tac-Rav use a model developed by Monteny et al. (1998). With the

Tac-Rav model, the NH3 emission of a cow house is estimated based on a set of input

variables. The Tac-Rav use the model to pre-assess new mitigation methods and,

related, new low-emission cow houses to give them a provisional emission factor. The

provisional factor will be replaced by a definite factor after full-scale NH3 emission

measurements have been performed according to the prescribed protocol (Ogink et al.,

2013). However, the model from Monteny et al. (1998) was initially designed for

research purposes and not for pre-assessing full scale commercial dairy cow houses.

The model requires estimates of several variables that are representative for practical

conditions in a cow house such as the puddle urea concentration. Values for these

model variables are scarce and are not regularly measured, since they are not included

in the protocol (Ogink et al., 2013). Moreover, input values for the model associated

with new mitigation methods are difficult to determine or to assess with the model.

Therefore, using the Tac-Rav model has its limitations, and it is a complex exercise to

assess new mitigation methods and thus new low-emission houses. A simpler model is

desirable.

To develop a simplified, better usable NH3 emission model, we first analysed

the current Tac-Rav model in a sensitivity analysis along with comparable emission

models from other studies (Snoek et al., 2014b). In this study, we concluded that

the five most import input variables to estimate the NH3 emission were the pH, urea

concentration, depth, area and temperature of a urine puddle. The model parameters

did not show an effect. It was also concluded that data for these urine puddle variables

were hardly available from commercial dairy cow houses. These data are necessary to

give better advice to the Tac-Rav to be able to develop a more simple, yet accurate
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Nomenclature
NH3 ammonia [various]
pH urine puddle pH [-]
UUN urinary urea nitrogen concentration [kg m−3]
MUN milk urea nitrogen concentration [mg/100g milk]
Tliq urine puddle temperature [◦C]
Tair air temperature ±1 m above a puddle [◦C]
RH air humidity ±1 m above a puddle [%]
Ap urine puddle surface area [m2]
Dp urine puddle depth [mm]
NH3S NH3 source size of a puddle [kg]
(0) fresh urine puddle at t = 0 s
(ξ) random urine puddle at t = ξ s
Tac-Rav technical advisory committee for NH3 regulation
FMType floor-management type
SFR slatted floor reference
GF grooved floor
AF V-shaped asphalt floor
SFCO slatted floor at C & O farms
C & O cows & opportunities, mineral management project
Season two seasons
W winter
S spring
PREclean intense-floor-cleaning before puddle creation
Diet grass content of total roughage
G grass>66.67 % of total roughage
GM grass<66.67 % of total roughage

NH3 emission model and to validate it. To obtain these data from dairy cow houses

and to understand possible relations and effects under practical circumstances, we

set up a measurement series. In this series we simultaneously measured the five most

important puddle variables of fresh urine puddles on floors in commercial cow houses.

Fresh dairy cow urine puddles were measured at sixteen farms, based on floor type

and farm management, and in two seasons. The farms, their related feed management,

and the local climate were diverse, resulting in varying chemical characteristics of

the urine, for example, different pH and urinary urea nitrogen concentration (UUN)

values (van Duinkerken et al., 2011; Monteny et al., 2002) and varying puddle and air

temperatures and air humidity. The milk urea nitrogen concentration (MUN) also

varies, as a result of different feed management. Several authors have demonstrated

positive relationships between MUN and UUN (van Duinkerken et al., 2011; Burgos

et al., 2007). In commercial dairy cow houses, however, Burgos et al. (2005) did

not find correlations between MUN and UUN . That said, in The Netherlands it

is expected that NH3 emission can be lowered by adjusting the feed management.
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Besides, recently a tool to visualise the effect of farm management on a farm’s nutrient

cycle was introduced. The Annual Nutrient Cycling Assessment (ANCA) is a “license

to produce”for dairy farms with a manure surplus from 2015 onwards (Aarts et al.,

2015). But to the best of our knowledge, the pH and UUN values and the extent of the

effects by farm & feed management and climate on them are unknown for commercial

dairy cow houses. Therefore, we focused in this paper on farm management and local

climate in relation to the chemical characteristics of a urine puddle.

The results from our field study are reported in two papers. The results of the

physical characteristics of a urine puddle: the surface area and depth, are described in

Snoek et al. (2016c). The objective of the current paper is to investigate the Urinary

Urea Nitrogen concentration (UUN), the related potential NH3 source size, the initial

pH (pH(0)), the pH at a random moment (pH(ξ)), the puddle and air temperature

(Tliq, Tair), and the relations between them in commercial dairy cow houses. The

Milk Urea Nitrogen concentration (MUN) was also obtained to relate it to the UUN .

Finally, the effect of floor type, season and feed management on these variables were

also analysed.

7.2 Materials and Methods

7.2.1 Experimental design

The experimental design is described in more detail in Snoek et al. (2016c).

Design and experimental factors

In total, we measured urine puddle characteristics at 16 commercial dairy farms,

spread over The Netherlands. These farms were divided into a factorial setup over

four Floor-Management types (FMTypes). Each FMType consisted of four farms.

The FMTypes were (1) slatted floor farms comparable to the reference cow house

type (SFR), (2) completely closed grooved floor farms (GF ), (3) completely closed

V-shaped asphalt floor farms (AF ), and (4) slatted floor farms that participated

in the Cows & Opportunities project (SFCO). Cows & Opportunities farmers

actively manage the nutrient cycle of the cows to lower NH3 emission (Oenema et al.,

2001; Aarts et al., 2015). The two pre-set experimental factors were Season, which

represents the measurements in winter (W ) and spring (S), and PREclean, which

represents the simulated intensively-cleaned-floor-effect before puddle creation on the

Dp measurements as compared to on-farm manure scraping if present (Snoek et al.,

2016c). Each farm was measured in both Seasons, and PREclean was applied at each

farm. Additionally, there were two possible explanatory factors distinguished: Diet

and Calc. These were not controlled at farm level and were not equally spread among
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the FMTypes. The factor Diet represents an indication of the feed management at

the farm, with grass>66.67 % of total roughage (G; 8 farms) and with grass<66.67 %

of total roughage (GM ; 8 farms). Roughage is the amount of grass and corn in the

total diet. The second explanatory factor Calc represents the use of calcium in the

cubicle (5 farms with and 11 farms without). Each farm was measured both in winter

and in spring, and the order of farm measurements was randomised per season. Each

farm measurement lasted for a single day and started in the morning between nine and

ten o‘clock. Before and during the measurements, the cows were inside the cow house.

Dairy farm characteristics

The majority of the cow houses were built within the last 5 yrs to 10 yrs with an

average age of about 5 yrs and most of the houses contained an automatic milking

system (AMS). Additionally, almost all cow houses contained a manure scraper that

was either a conventional pulled scraper, or a scraper robot. The scrape intensity

varied from 2 to 12 times a day. There were two main cubicle bedding types, a mattress

of soft material or water combined with sawdust, or a deep litter cubicle with sand,

straw or dried manure. Five farmers used a calcium additive (Calc) in their bedding

material. Four of those five farmers added calcium to their sawdust, and one to the

straw. A more detailed description of the dairy farms can be found in Snoek et al.

(2016c).

Detailed feed intake and nutritional information were not measured in the current

study. Each farmer, however, was asked about their feed management during the

measurement day. The information consisted of the amounts and types of feed they

fed to the dairy cows. With this feed information we defined the factor Diet, which is

based on the grass content of the roughage in kg (Section 7.2.1).

7.2.2 Measurements

Measured variables

Measurements were carried out at different groups of puddles in three consecutive

steps: investigating fresh puddles, present puddles on the floor, and manually created

puddles. At each farm we first measured 10 fresh urine puddles directly after the

cow had finished urinating (t = 0 s). At t = 0 s we measured pH(0), the urinary urea

nitrogen concentration (UUN(0)) and the temperature (Tliq(0)) of these puddles, and

the local air temperature (Tair(0)), and the relative humidity (RH(0)) just above

them. In addition to these variables, we measured the puddle area (Ap(0)) at t = 0 s

((Snoek et al., 2016c)). After measuring the fresh puddles, we measured 10 randomly

selected urine puddles that were already present on the floor for a random time period

(t = ξ s). We measured the pH(ξ), and the temperature (Tliq(ξ)) of these random
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puddles, and the local air temperature (Tair(ξ)), and the relative humidity (RH(ξ))

just above them. Finally, we measured the puddle depth (Dp(0)) of 63 puddles that

were manually created with clean fresh urine collected at the same farm ((Snoek

et al., 2016c)). Afterwards, we obtained the milk urea nitrogen concentration (MUN)

for each farm. The MUN was determined by the dairy company that collects the

milk every three days. Therefore, the MUN value was the average of three days of

milk from the whole farm, and was determined one to three days before the actual

measurement day.

Equipment

To measure pH, Tliq, Tair, and RH, we used a custom-made sensor-rod (Fig. 7.1).

The sensor-rod consisted of a fast-responding T sensor (Testo AG, GER) attached

to the pH sensor (Horiba Ltd, JPN), both of which were connected to the rod by a

small chain. On the rod, a portable pH/ORP meter (Horiba Ltd, JPN), a T/RH

sensor, and a multifunction meter (Testo AG, GER) were attached. All variables were

measured with a time interval of 2 s, which was the fastest option for the pH/ORP

meter. More details about and the accuracy of the sensors can be found in Snoek

et al. (2016b). The tripod described in Snoek et al. (2016b) was not used in this study.

Instead, we used a rod to be able to move quickly and flexibly and to put the sensors

in a puddle from a distance; otherwise, we could have scared cows and caused them to

kick or run away.

Figure 7.1: The sensor-rod with on the left (1) the pH and Tliq sensors, (2) pH/ORP
meter, (3) Tair/RH sensor, (4) Tliq/Tair/RH multifunction meter, and on the right
(5) the pH sensor, (6) the Tliq sensor in protection tube, and (7) the filter to take a
urine sample. For sensor details see Snoek et al. (2016b).

To measure UUN , we adapted the method developed by Aarnink et al. (2015).

Puddle samples of fresh urine were collected with circular glass fibre filters with a

47 mm diameter (Macherey-Nagel, MN GF-3) that worked like a sponge (Fig. 7.1).

After collection, the urine-soaked filter was placed in a circular jar with 10 ml of 1 M
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hydrochloric acid (HCL) to immediately stop the conversion process of urea to NH3.

The filter papers, the jars, and the amount of acid were individually prepared and

weighed in the lab (Mettler Toledo, DeltaRange PG503-S, with an accuracy of 0.002 g).

The preparation was done in batches of 40 to 80 jars at once and from one day or a few

weeks before a measurement day. The prepared jars were stored in a refrigerator until

use. On the morning of a measurement day, 10 jars were removed from the refrigerator

and stored in a cool box with cooling elements for transport. After a measurement

day, the total weight of each jar, including the filter, the acid, and the urine sample,

was measured and the urine sample weight (SW ) was then calculated. The amount

of acid divided by SW resulted in the sample dilution (SDil). The jars with urine

sample were stored in a refrigerator. Lab analyses of the samples to determine the

NH+
4 -N (Section 7.2.2) were performed in two batches, first after the winter series and

second after the spring series.

Measurement protocol and calibration

The measurement protocol is described in detail in Snoek et al. (2016c). To obtain the

pH(0), Tliq(0), Tair(0), and RH(0), we measured each fresh urine puddle for 60 s. The

variable values at t = 30 s were then selected. To obtain the pH(ξ), Tliq(ξ), Tair(ξ),

and RH(ξ), we measured each random puddle for 20 s. The variable values at t = 20 s

were then selected.

As in Snoek et al. (2016b), a two-point calibration of the pH sensor was performed

on-site, at the start of each measurement day. We used two calibration buffer solutions:

7.01 ± 0.01 and 10.01 ± 0.01 (Hanna Instruments®, USA). The Testo sensors were

calibrated in the lab by using a F250 Precision Thermometer (± 0.005 ◦C, ASL, USA).

The Tliq measured by the Testo sensor was used to re-correct the pH afterwards

(Snoek et al., 2016b). After each puddle measurement the pH sensor was rinsed with

demineralised water.

Lab analysis

The jars with collected urine (Section 7.2.2) were analysed in the lab to obtain UUN

values. In the lab a urease solution was prepared that consisted of 60 mg urease

added to 100 ml phosphate buffer solution. The urease originated from beans, and

had a catalytic activity of 5 U mg−1. The phosphate buffer solution consisted of

14.3 g KH2PO4 and 90.0 g K2HPO4 · 3H2O, dissolved in 1 l demineralised water. The

analysis consisted of four consecutive steps:

1. Dilute the sample with demineralised water to fit the calibration curve. Two

dilutions are created: 1000x and 2000x;

2. Determine the initial NH+
4 -N concentration of a sample, which is ideally zero;
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3. Add the urease solution to increase the sample pH to re-start the urea conversion

process. Dilute twice with the urease solution (750µl);

(a) Leave the dilutions for 1 h, after which all the urea is converted to NH+
4 -N;

(b) If all went well, the NH+
4 -N concentration of the 1000 x dilution is twice

the concentration of the 2000 x dilution;

4. Check the urease activity of the dilutions and determine the NH+
4 -N.

NH+
4 -N was determined according to the NEN-ISO 7150:2002EN (Dutch Normalisation

Institute, 2002). The obtained NH+
4 -N concentration difference between the start and

the end of the sample was used to determine the urea concentration of the diluted

sample (UUNdil) with equations (1) and (4) from Snoek et al. (2014b). By multiplying

the start NH+
4 -N concentration by the sample dilution SDil, the NH+

4 -N sample

concentration was obtained. By multiplying the UUNdil by the sample dilution SDil,

the UUN was obtained.

7.2.3 Data analyses

Incorrect values

None of the data were determined as incorrect in the t = 0 s or t = ξ s datasets for

the measured pH, Tliq, Tair, and RH.

The sample weight SW and related sample dilution SDil were needed to determine

UUN (Section 7.2.2). The SW was negative for four jars in total. This was probably

caused by a loss of acid, fresh urine, or a combination of them. These four samples

were excluded from the dataset. In addition, it was unknown how many jars may

have lost some fluid or contained an additional amount of dirt and how large the

resulting SW -error was per sample. As a result, the SDil may not have been correct

for some samples, causing some implausible UUN values. Therefore, incorrect values

were excluded based on the relationship between the determined UUN and the urea

concentration of the diluted sample (UUNdil), as shown in Fig. 7.2. A Generalised

Linear Model was applied to this scatter plot, which was log-linear, and a log-link was

applied. The Pearson residuals mean value and the 95 % confidence intervals were

then determined. The remaining outlying 5 % data were selected (15 data points) and

excluded. Finally, to verify the selection, we plotted the residuals against the UUNdil,

including the residuals mean-value-line and 95 % confidence intervals (not shown).
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Figure 7.2: UUN(0) vs UUNdil ( ), with the log-linear GLM ( ), 95 % prediction
intervals ( ), and the identified incorrect values ( ).

Calculation of NH3 source size

From the variables Ap(0) [m2], Dp(0) [mm] (Snoek et al., 2016c), and UUN(0) [kg m−3],

the NH3 source size (NH3S(0)) [kg] was calculated according to Eq. (7.1):

NH3S(0) = Ap(0) ·Dp(0) · 10−3 · UUN(0) · 17

14
(7.1)

with 17
14 the conversion from NH3-N to NH3 (Monteny et al., 1998). Since the Ap(0)

and UUN(0) were not measured at the same time in the same puddle as Dp(0), we

used the mean value per farm and per Season. For Dp(0) we also distinguished

between the data with and without PREclean treatment. This resulted in a total of

16 · 2 · 2 = 64 NH3S(0) values, where two values were missing because the PREclean

treatment was not applied in Season W at farms F1 and F6.

Statistical analyses

We performed a restricted maximum likelihood method (REML) (Payne et al., 2015)

to study group effects. The models used are given in Eq. (7.2) for pH(0), pH(ξ), or

UUN(0) represented by yijk, and in Eq. (7.3) for NH3S(0).

yijk = µ+ Typ + Ser + Fes + Cat + Fai + Seij + εijk (7.2)

NH3Sijl(0) = µ+ Typ + Clq + Ser + Fes + Cat + Fai + Seij + εijl (7.3)

With the fixed part of the model:

� µ the overall constant (grand mean),

� Typ the main effect of FMType (with p the FMType assigned to ijkl),
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� Clq the main effect of PREclean (with q the PREclean assigned to ijkl),

� Ser the main effect of Season (with r the Season assigned to ijkl),

� Fes the main effect of Feed (with s the Feed assigned to ijkl),

� Cat the main effect of Calc (with t the Calc assigned to ijkl).

The random part of the model:

� Fai the effect of Farm i (i = 1..16),

� Seij the effect of Season j (j = winter, spring) within Farm i,

� εij. the residual error:

– for unit ijk in Eq. (7.2), representing the Puddle k (k = 1..10) within

Season ij.

– for unit ijl in Eq. (7.3), representing the variance l (l = −) within Season

ij.

We estimated the variance components of each random term, the related coefficient

of variation (CV), and the Wald-statistic for the fixed terms. The variance component

measures the variability of a term over and above the variability of the sub-units of

which it is composed (Payne et al., 2015). The CV is the square root of the variance

component, divided by the mean response (µ) times 100.

The hypothesis (h0) was tested for all three variables. The values of a variable

from hypothesis (h0) were from populations with the same mean per group compared

to the alternative hypothesis (h1) where the population means were not the same per

group. The predicted means were computed, and if h0 was rejected, the approximate

least significant differences (LSDs) were computed for these predicted means of the

fixed terms to identify the statistical significant differences between subgroups. All

tests were calculated by using a significance level of α = 0.05.

Subsequently, general statistics were given per FMType and per Season for Tliq(0),

Tair(0), RH(0), Tliq(ξ), Tair(ξ), and RH(ξ).

Finally, scatter plots were made for all kinds of variable combinations, for example

pH(0) vs. UUN(0). For each plot a linear regression was carried out between the two

variables.

7.3 Results

7.3.1 Statistical analyses

Tables 7.1 to 7.3 show the results of the REML analysis.

Table 7.1 shows that for pH(0) the between-Farm variance is negligible and that

the within-Farm variance is small (CV = <3.0 %). None of the fixed terms showed
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a statistically significant effect (p<0.05). Therefore, we simplified the model from

Eq. (7.2) into Eq. (7.4) by dropping terms:

pHijk(0) = µ+ Tyq + Fai + Puij + εijk (7.4)

with symbols according to Eq. (7.2) (Section 7.2.3). The effect of FMType was still

taken into account since it represented the experimental design. Table 7.2 shows that

the grand mean pH(0) was 8.31, with slightly smaller values for SFR, GF and AF ,

and slightly larger values for SFCO. The s.e. values for pH(0) were small compared

to the mean values, which confirms a precise estimate and the low variance.

Table 7.1: The Variance Component (Var) & Coefficient of Variation (CV) for the
defined random terms and the residual ε, followed by the F-statistic & p-value for the
fixed terms. For pH(0), pH(ξ), UUN(0), and the NH3 source NH3S(0).

pH(0) [-] pH(ξ) [-] UUN(0) [kg m−3] NH3S(0)� [kg puddle−1]

Term Var (s.e.) CV Var (s.e.) CV Var (s.e.) CV Var (s.e.) CV
·10−2 ·10−2 ·10−6

Fai −1.19 (0.893) - −1.86 (0.894) - 1.12 (0.631) 24.8 0.77 (1.685) 16.6
Seij 3.87 (1.571) 2.4 4.25 (1.709) 2.3 0.60 (0.284) 18.1 3.37 (1.977) 34.7

Residual ε 5.99 (0.487) 2.9� 4.29 (0.385) 2.3� 1.622 (0.140) 29.8� 3.57 (0.937) 35.7#

F-stat p-val$ F-stat p-val$ F-stat p-val$ F-stat p-val$

FMType 2.11 0.152 3.45 0.067 0.80 0.516 3.81 0.040
PREclean - - - - - - 36.57 <0.001
Season - - - - 3.92 0.067 6.71 0.020
Diet - - 9.42 0.014 - - - -

� NH3S(0) was calculated according to Eq. (7.1).
� the residual represent the Puddle level.
# the residual represent “within farm” variance.
$ p-value when dropping the individual term from the full fixed model.

For the pHξ the results were comparable to pH(0). Table 7.1 shows that for pH(ξ)

the between-Farm variance is negligible and that the within-Farm variance is small

(CV = <2.5 %). For pH(ξ) the fixed term Diet showed a statistical significant effect

(p<0.05) and FMType was close to statistically significant (p = 0.067). The effect of

Season and Calc were not statistically significant. Therefore, we simplified the model

from Eq. (7.2) into Eq. (7.5):

pHijk(ξ) = µ+ Tyq + Fes + Fai + Puij + εijk (7.5)

with symbols according to Eq. (7.2) (Section 7.2.3). The effect of FMType was still

taken into account since it represented the experimental design. Table 7.2 shows that

the grand mean pH(ξ) was 9.00, with slightly smaller values for GF and AF and
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Table 7.2: The number of samples (N) and the predicted means with s.e., per FMType,
PREclean, Season or Diet, and the grand mean µ. For pH(0), pH(ξ), UUN(0), and
the NH3 source NH3S(0).

pH(0) [-] pH(ξ) [-] UUN(0) [kg m−3] NH3S(0)�[kg puddle−1]

Term N Mean (s.e.) N Mean (s.e.) N Mean (s.e.) N� Mean (s.e.)
·10−3

µ 334 8.31 (0.0255) 277 9.00 (0.0197) 301 4.27 (0.3070) 62 5.297 (0.5593)

-FMType-
SFR 91 8.28 (0.050) 72 9.02 (0.037) 73 4.16 (0.614) 15 3.50 (1.126)a

GF 81 8.25 (0.051) 60 8.94 (0.045) 79 3.54 (0.613) 16 3.87 (1.111)a

AF 82 8.29 (0.051) 80 8.95 (0.036) 73 4.70 (0.615) 15 8.32 (1.126)b

SFCO 80 8.42 (0.051) 65 9.10 (0.040) 76 4.69 (0.614) 16 5.50 (1.111)a,b

-PREclean-

off - - - - - - 32 7.08 (0.625)b

on - - - - - - 30 3.52 (0.639)a

-Season-
W - - - - 156 3.96 (0.343) 30 4.02 (0.751)a

S - - - - 145 4.58 (0.345) 32 6.57 (0.739)b

-Diet-
G - - 140 8.94 (0.028)a - - - -

GM - - 137 9.06 (0.029)b - - - -

� NH3S(0) calculated according to Eq. (7.1) ⇒ � N is the number of Farm · Season · PREclean.
a,b statistical significant subgroups based on the approximate LSD (0.05 level) of REML means.

Table 7.3: The number of samples (N) and the predicted means of NH3 source with
s.e. per FMType · PREclean. This interaction was not statistically significant. For
the main effects see Table 7.1.

Group NH3S(0)� [kg puddle−1]

FMType PREclean N Mean (s.e.)
·10−3

SFR F 8 5.28 (1.054)
SFR T 7 1.72 (1.070)
GF F 8 5.65 (1.046)
GF T 8 2.09 (1.046)
AF F 8 10.10 (1.054)
AF T 7 6.54 (1.070)

SFCO F 8 7.28 (1.046)
SFCO T 8 3.72 (1.046)
� NH3S(0) was calculated according to Eq. (7.1).

slightly larger values for SFR and SFCO. The table also show that the pH(ξ) was

larger for a Diet with grass <66.67 % (GM) of total roughage compared to grass
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>66.67 % (G) of total roughage. However, the difference was only 0.1. The s.e. values

for pH(ξ) were small compared to the mean values, which confirms a precise estimate

and the low variance.

Table 7.1 shows that the variance for UUN(0) was larger compared to the pH

data, with a CV of about 25 % between Farms, and 18 % and 30 % for within-Farm

variance. For UUN(0) the fixed term Season was close to statistically significant (p

= 0.067). The effects of FMType, Feed, and Calc were not statistically significant.

Therefore, we simplified the model from Eq. (7.2) into Eq. (7.6):

UUNijk(0) = µ+ Tyq + Ser + Fai + Puij + εijk (7.6)

with symbols according to Eq. (7.2) (Section 7.2.3). The effect of FMType was still

taken into account since it represented the experimental design. Table 7.2 shows

that the grand mean UUN(0) was 4.27 kg m−3, with smaller values for SFR and GF ,

and larger values for AF and SFCO. The largest difference was 1.2 kg m−3 between

GF and AF . Table 7.2 shows that the UUN(0) in the spring period (S) was larger

compared to the winter (W ), with a difference of about 0.6 kg m−3. The s.e. values

for UUN were large compared to the mean values, which confirms the large variance.

Table 7.1 shows that the between-Farm variance for NH3S(0) was large. The

within-Farm variance was even larger, and was about double the size of the between-

Farm variance. The effects of FMType, PREclean, and Season showed a statistically

significant effect (p<0.05). However, the effect of FMType was just below the 0.05

level. The effects of Diet and Calc were not statistically significant. Therefore, we

simplified the model from Eq. (7.3) into Eq. (7.7):

NH3Sijk(0) = µ+ Tyq + Clp + Ser + Fai + εijk (7.7)

with symbols according to Eq. (7.3) (Section 7.2.3). Table 7.2 shows that the NH3S(0)

was largest at AF and smallest at SFR, with a difference of almost 5.0 kg. NH3S(0)

was more or less halved by the PREclean treatment, which was fully caused by the

Dp(0) values (Snoek et al., 2016c). The table also show that the NH3S(0) in the

spring period (S) was larger compared to the winter (W ), with a difference of about

2.6 kg. This was the combined cause of both larger Dp(0) (Snoek et al., 2016c) and

UUN(0) values in the spring period. The s.e. values for NH3S were large compared

to the mean values, which confirms the large variance.

Finally, Table 7.3 shows the predicted means of the interaction between FMType

and PREclean for NH3S(0). This interaction was not statistically significant and

was therefore not included in Eq. (7.7). The table, however, clarifies in more detail the

intense-floor-cleaning effect (PREclean) per FMType. Without PREcleaning, the

NH3S(0) varies from 5.28 kg puddle−1 to 10.10 kg puddle−1, and with PREcleaning

from 1.72 kg to 6.54 kg. The difference was about 3.5 kg puddle−1 for each FMType.
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7.3.2 Temperature and humidity

Table 7.4 shows the mean and SD values per FMType and per Season for Tliq, Tair
and RH for both the measured fresh puddles (t = 0 s) and the random puddles (t = ξ

s). For the fresh puddles, the puddle temperature (Tliq(0)) was higher than the air

temperature (Tair(0)). At t = ξs the puddle temperature (Tliq(ξ)) was comparable

to the air temperature (Tair(ξ)). For both t = 0 s and t = ξ s the puddle and air

temperatures in winter (W ) were smaller than in spring (S). The same was true for

the relative humidity (RH) but in the opposite direction, the RH in W was larger

than in S. The mean values for Tair(0) and RH(0) were similar to Tair(ξ) and RH(ξ),

which represent stable climatic circumstances during a measurement day.

Table 7.4: The number of samples (N) and the means with SD, per Type and Season.
For Tliq(0), Tair(0), RH(0), Tliq(ξ), Tair(ξ), and RH(ξ).

Tliq(0) [◦C] Tair(0) [◦C] RH(0) [%] Tliq(ξ) [◦C] Tair(ξ) [◦C] RH(ξ) [%]

Term N mean (sd) N mean (sd) N mean (sd) N mean (sd) N mean (sd) N mean (sd)

µ 295 15.6 (3.6) 311 9.7 (4.0) 307 81.7 (8.3) 253 10.3 (3.4) 275 10.0 (4.4) 272 80.3 (8.8)

-Type-
SF 68 13.2 (2.5) 91 9.1 (4.5) 91 83.4 (8.1) 51 7.3 (3.4) 73 9.2 (4.9) 70 80.1 (7.8)
GF 70 16.9 (3.6) 72 8.2 (2.6) 72 81.9 (6.8) 60 10.2 (2.5) 60 8.3 (3.2) 60 80.1 (6.4)
AF 82 17.5 (3.1) 73 11.4 (3.9) 73 78.5 (9.0) 77 12.4 (2.8) 77 11.4 (4.2) 77 79.6 (9.5)
CO 75 14.6 (3.2) 75 10.3 (3.8) 71 82.5 (8.5) 65 10.1 (3.1) 65 10.6 (4.3) 65 81.3 (10.8)

-Season-
W 158 14.3 (3.4) 164 7.2 (2.9) 164 87.0 (5.3) 113 8.0 (3.0) 125 6.8 (3.3) 122 86.9 (4.7)
S 137 17.2 (3.1) 147 12.5 (3.1) 143 75.6 (6.8) 140 12.1 (2.5) 150 12.6 (3.2) 150 74.8 (7.5)

7.3.3 Relationships between measured variables

Figure 7.3 shows the relation between the pH(0) and UUN(0). The linear relation is

described by pH(0) = 8.17 + 0.029 · UUN(0), which is statistically significant. The

p-value of the linear term is 0.03, but the R2
adj is low at <0.03 and the relation is

approximately a horizontal line. The regression line starts at a pH of 8.2 and increases

to 8.5, with 95 % confidence intervals of 7.7 to 8.9.

Figures 7.4a, 7.5a and 7.5b show the relations of UUN(0), pH(0) and pH(ξ) with

Tair. There was a statistically significant linear increase (p =< 0.001) for all three

variables. When Tair increased, however, the R2
adj was low at <0.09, <0.04 and <0.08,

respectively. The total increase of the linear regression line for a Tair of 0 ◦C to 20 ◦C

was small for all three variables, whereas the data distribution was wide:

� For UUN(0) the linear relation was described by UUN(0) = 2.93 + 0.14 ·Tair(0).

The regression started at a UUN of 2.9 kg m−3 and increased to 5.7 kg m−3,

with 95 % confidence intervals of 0.7 kg m−3 to 7.6 kg m−3.

125



Chapter 7

� For pH(0) the linear relation was described by pH(0) = 8.19 + 0.015 · Tair(0).

The regression started at a pH of 8.2 and increased to 8.5, with 95 % confidence

intervals of 7.7 to 8.9.

� For pH(ξ) the linear relation was described by pH(ξ) = 8.82 + 0.018 · Tair(ξ).
The regression started at a pH of 8.8 and increased to 9.2, with 95 % confidence

intervals of 8.5 to 9.5.

Comparable results were shown for the relations of UUN(0), pH(0) and pH(ξ) with

RH. The regression line, however, decreased at increasing RH values, since the Tair
and RH were negatively correlated.

Figure 7.4b shows the relation of MUN with Tair. There was a statistically

significant linear decrease (p = 0.01) of MUN = 26.91− 0.39 · Tair(0), with an R2
adj

of 0.18. The figure shows that the MUN decreased with an increasing Tair. However,

the confidence intervals were wide indicating a low strength. A horizontal line can be

drawn between them.

Figures 7.6a and 7.6b show the relations between the Tliq and Tair at t =0 s and

t = ξ s, respectively. At t = ξ s, there is a strong statistical significant linear regression

(p =< 0.001) of Tliq(ξ) = 3.14+0.74 ·Tair(ξ), with an R2
adj of 0.83. At t =0 s, the linear

regression is still statistically significant (p =< 0.001) Tliq(0) = 11.06 + 0.49 · Tair(0),

but the R2
adj is lower (0.28) and the Tliq(0) data is more widely spread compared

to t = ξ s data. The relations of UUN(0), pH(0) and pH(ξ) with Tliq(0) are not

statistically significantly linear.

Figure 7.7 shows the relationship between UUN(0) and the MUN and Fig. 7.8

shows the relationship between pH(ξ) and pH(0), both per Farm and per Season.

Both linear relations were not statistically significant and were therefore left out of

the figures. One data point in Fig. 7.8 in the upper right corner ( ) was excluded from

the regression analysis. Since the point showed an extreme high leverage of 0.3134

compared to the mean leverage of 0.0690, and an extreme high Cook’s distance of

0.615 compared to the mean Cook’s distance of 0.0577. Both figures show that the

data were scattered.

Similar plots were made and studied for the relations between the remaining

variable combinations. There were no linear relations of UUN(0), pH(0), Tliq, Tair,

or RH with either Ap(0) or Dp(0).

7.4 Discussion

7.4.1 UUN and MUN

Our UUN data agreed well with values found in literature. Monteny et al. (2002)

reported Urinary Urea concentrations (UUN) values of fresh urine ranging from
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Figure 7.3: pH(0) vs UUN(0) ( ), with regression: pH(0) = 8.17 + 0.029 · UUN(0)
( ) and 95 % confidence intervals ( ).
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(a) UUN(0) = 2.93 + 0.14 · Tair(0).
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(b) MUN = 26.91 − 0.39 · Tair(0).

Figure 7.4: UUN(0) vs Tair(0) (a) and MUN vs Tair(0) (b) ( ), with regression ( )
and 95 % confidence intervals ( ).

2.7 kg m−3 to 12.1 kg m−3 for pooled samples of 15 cows. The UUN was obtained for

varying feed characteristics based on the grass and maize content in the roughage and

the Rumen-Degradable Protein balance (RDP). In the same study, they reported model-

predicted values that were slightly lower and ranged from 1.7 kg m−3 to 11.6 kg m−3.

In an accompanying paper related to Monteny et al. (2002), it was explained that

the urinary N increased when the RDP of the diet increased as well as when the corn

part in the roughage increased (de Boer et al., 2002). Burgos et al. (2005) reported

UUN values of fresh urine of 4.27 kg m−3 (SD = 1.77) and 3.75 kg m−3 (SD = 2.76)

for two commercial dairy farms, based on 33 and 15 cows, respectively. In another

study, Burgos et al. (2007) reported UUN values of fresh urine that ranged from

3.55 kg m−3 to 9.03 kg m−3 for three lactation stages and four dietary crude protein

(CP) levels. These stages and levels were created by adding urea to the feed of

the cows. The UUN was obtained in a split-plot Latin square with 12 cows. This

arrangement resulted in only one cow per randomly assigned unique treatment. The

large range resulted from the four CP levels, i. e. larger CP resulted in larger UUN

values. The lactation stages affected UUN to a more limited extent, resulting in a
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(a) t =0 s, pH(0) = 8.19 + 0.015 · Tair(0).
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(b) t = ξ s, pH(ξ) = 8.82 + 0.018 · Tair(ξ).

Figure 7.5: pH vs Tair ( ) at t =0 s (a) and t = ξ s (b), with regression ( ) and
95 % confidence intervals ( ).

0 2 4 6 8 10 12 14 16 18 20
0

10

20

30

Tair(0) [◦C]

T
l i
q
(0

)
[◦

C
]

(a) t =0 s, Tliq(0) = 11.06 + 0.49 · Tair(0).
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(b) t = ξ s, Tliq(ξ) = 3.14 + 0.74 · Tair(ξ).

Figure 7.6: Tliq vs Tair ( ) at t =0 s (a) and t = ξ s (b), with regression ( ) and
95 % confidence intervals ( ).

range from 5.88 kg m−3 to 6.62 kg m−3. Finally, van Duinkerken et al. (2011) reported

(UUN) values of fresh urine that increased from 2.5 kg m−3 to 7.9 kg m−3 for pooled

samples of at least 12 cows. The UUN was obtained from three increasing levels

of Milk Urea Nitrogen (MUN) that where induced by combining feed and pasture

management, both of which increased the RDP. The UUN(0) values reported in our

study showed a comparable, yet slightly smaller range of 2.09 kg m−3 to 6.79 kg m−3

at individual Farm level (Table 7.5). Our data range was close to Burgos et al. (2005)

but slightly lower compared to Monteny et al. (2002), Burgos et al. (2007) and van

Duinkerken et al. (2011). The UUN range-shift between the studies may be attributed

to the measurement time during the day. Van Duinkerken et al. (2011) sampled urine

twice, just before milking in the morning and just before milking in the afternoon.

The morning samples had a higher UUN value than the afternoon ones for all feed

treatments. In addition to morning and afternoon measurement moments, Burgos et al.

(2007) sampled urine around noon and midnight. They showed that the morning and

afternoon samples were approximately equal, whereas the noon samples were lower,

and the midnight samples were higher. The results of both our study and Burgos
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Figure 7.7: UUN(0) vs MUN ( ).
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Figure 7.8: pH(ξ) vs pH(0) ( ). The ‘ ’ indicates an outlier with high leverage, which
was excluded from the regression analysis.

et al. (2005) were obtained during the morning after milking and in our study closer

to noon.

In our REML analyses, none of the experimental factors showed a statistically

significant difference for UUN . For FMType we did not expect different UUN values.

However, it is striking that the UUN at the SFCO farms is among the largest, while

the Cows & Opportunities project aimed at efficient use of nutrients at farm level

(Oenema et al., 2001; Aarts et al., 2015). Consequently, low UUN values were expected

at these SFCO farms. Based on the literature we did expect effects for Seasons

or Diets. Our Diet information, however, was limited. This may may explain why

there was no significant difference for this factor. At Season level the difference was

considerable, approximately 0.6 kg m−3. Our UUN data, however, showed a large

variation, with the result that this seasonal difference was not large enough to be

distinguished from 0.

The UUN reference value currently used by the Technical Advisory Committee

(Tac-Rav) in the Tac-Rav model is 5.0 kg m−3. The reference is within the range of

all the above-mentioned studies and within the range of our measurement data. The

grand mean of the current study, however, was lower, with a value of 4.27 kg m−3.

As explained above, this lower UUN may be attributed, to some extent, to the
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measurement moment during the day.

The MUN is obtained from the milk tank and represents a mean value of a farm

from one to three days before the measurement day. In other words, the MUN does

not represent individual cows, like the UUN , but a farm mean. Both Burgos et al.

(2007) and van Duinkerken et al. (2011) showed a strong relation with an increasing

trend between the UUN and MUN . A strong linear relation, however, was not

found in our study and also not in the study of Burgos et al. (2005). Figure 7.7 in

our study and Figure 3 in Burgos et al. (2005) show a wide spread of data with no

statistically significant linear relation between MUN and UUN . There was, however,

a main difference between the two pairs of studies. Both Burgos et al. (2007) and

van Duinkerken et al. (2011) performed a controlled diet experiment, whereas both

our study and Burgos et al. (2005) performed measurements in commercial dairy

cow house with no predefined or controlled diets. The controlled diet experiments

were done for only a short period of time and several diets contained high levels of

proteins, which may not be the case in commercial dairy cow houses. To summarise,

the reported relation between MUN and UUN with strong diet contrasts may not be

visible in practical studies with less variation between diets. Other factors that affect

MUN and UUN are apparently more dominant.

7.4.2 pH

Several studies reported pH values in fresh urine, ranging from 7.9 to 8.6 (Monteny

et al., 2002), at 8.11 (SD = 0.25) and at 7.92 (SD = 0.31) (Burgos et al., 2005) and

ranging from 8.2 to 8.4 (van Duinkerken et al., 2011). Possible causes for the pH

differences were not reported. Monteny et al. (2002) discussed that pH measurement

of dairy cow urine is needed for NH3 emission modelling since the estimated NH3

is very sensitive to pH. In a previous study, pH(0) values of 8.1 to 8.4 measured at

three farms were reported (Snoek et al., 2016b) both in summer and winter. The

pH(0) differences were not statistically significant in that study. The pH(0) values

reported in the current study showed a comparable range of 8.1 to 8.5 at individual

Farm level (Table 7.5) only Burgos et al. (2005) showed slightly lower values. None

of the experimental factors showed statistically significant differences in our study

and the variability was low with CV values of <2.5 % between means of measurement

days. The estimated grand mean amounted to 8.3 with a low s.e. due to the small

variation. In conclusion, all these reported pH(0) data indicate that the initial pH

after urination by a cow is around 8.3.

Monteny et al. (2002), Burgos et al. (2005) and van Duinkerken et al. (2011) did not

report pH values of older puddles. In Snoek et al. (2016b) pH values were measured

for 4 h. They showed that the pH curve stabilised after about 1 h, and the pH range

at that time was 8.8 to 9.3 at the individual farm level and 8.9 to 9.2 between summer
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and winter. At t = 4 h both ranges shifted up with a pH of 0.1. The differences at

farm and season level were statistically significant but not between each individual

farm. The pH values of random puddles with random age (pH(ξ)) reported in this

study showed a comparable range of 8.8 to 9.2 at individual Farm level (Table 7.5).

Grouped by FMType or Season, these puddles showed no statistically significant

differences. However, they did show a statistically significant difference for Diet, but

the absolute difference was small with a pH of only 0.1. The estimated grand mean

pH(ξ) of 9.0 showed a low s.e. In conclusion, all these reported pH(ξ) data indicate

that the pH of a random puddle in a cow house is around 9.0. Furthermore, the floor

material asphalt did not affect the pH compared to concrete.

The pH reference value currently used by the Tac-Rav in the Tac-Rav model is

9.4 for a concrete slatted floor. The Tac-Rav model uses a fixed pH value that is the

same for each individual puddle during the whole puddle simulation period of a full

dairy cow house in the NH3 emission model (Monteny et al., 1998). The pH, however,

is not fixed at 9.4. Our study shows that the initial pH of 8.3 increases to a pH of 9.0

for a random puddle, which is still lower than the value used in the Tac-Rav model. In

addition, Snoek et al. (2016b) showed comparable results as discussed above, and they

showed a curve to represent the pH increase in a fresh dairy cow urine puddle. Based

on this study and our previous study (Snoek et al., 2016b), we recommend using the

proposed pH curve in NH3 emission modelling. To further investigate the effect of a

pH curve, an updated Tac-Rav model needs to be built and validated.

7.4.3 Temperature and humidity

The Tair reference value currently used by the Tac-Rav in the Tac-Rav model is 10 ◦C.

This temperature is comparable to the measured Tair in this study. An air humidity

value is not included in the model. The Tac-Rav model uses a fixed Tair value that is

the same for each individual puddle within the simulation of a full dairy cow house in

the NH3 emission model (Monteny et al., 1998). The Tair, however, is not fixed at

10 ◦C. There will be daily and seasonal temperature patterns, but based on the result

of the current study, we cannot draw conclusions about what these patterns should be.

7.4.4 Relationships between measured variables

The relation of UUN(0) vs. Tair was statistically significant with a low R2
adj and wide

spread of the data compared to the total increase of the linear regression. In contrast

to UUN , the MUN decreased at larger Tair. When the temperature rises, probably

some factors, such as the feed and water intake, the metabolism, the activity, and the

milk production of the cows will change. These changes may cause a change in both

the UUN and MUN . It appears that milk starts to contain a smaller concentration

of urea at larger temperatures compared to urine. It can also be that the amount
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of milk increases faster than the amount of urea compared to urine. Based on the

current study, however, we do not know the amounts in kg, since we did not measure

the volume of milk or urine per cow. Additionally, there was no clear relation between

UUN and MUN (Section 7.4.1).

7.4.5 Ammonia emission potential

The calculated NH3S(0) represents the potential NH3 source. If all UUN will convert

to NH3 and emit, this source represents the maximum NH3 emission from a urine

puddle. The relation between UUN and NH3 emission in cow houses is known to be

strong (Monteny et al., 2002; Burgos et al., 2010).

The NH3S(0) reference value from the Tac-Rav model is 2.33× 10−3 kg puddle−1

for a concrete slatted floor (Eq. (7.8)). This value is based on the currently used

Tac-Rav reference puddle values for area (Ap; 0.8 m2), depth (Dp; 0.48 mm) and UUN

(5.0 kg m−3). With a urination frequency of 10 # cow−1 d−1 (Monteny et al., 1998)

and 365 d yr−1, the potential NH3S results in an NH3 emission of 8.5 kg cow−1 yr−1

(Eq. (7.9)):

5.0 · 0.8 · 0.48 · 10−3 · 17

14
= 2.33 · 10−3 (7.8)

2.33 · 10−3 · 10 · 365 = 8.5 (7.9)

with 17
14 to convert from NH3-N to NH3(Monteny et al., 1998).

In the current study theNH3S(0) was 5.28× 10−3 kg puddle−1 or 19.3 kg cow−1 yr−1

at a slatted floor (SFR) without PREclean treatment. This value is 226 % larger than

the Tac-Rav reference value. The SFR with PREclean treatment had an NH3S(0) of

1.72× 10−3 kg puddle−1 or 6.3 kg cow−1 yr−1. This value is lower than the reference

and the lowest within this study. The largest values originated from the V-shaped

asphalt floor (AF ) without PREclean treatment. The NH3S(0) was 10.10× 10−3 kg

or 36.9 kg cow−1 yr−1. This was much larger than the Tac-Rav reference value. These

large differences between our study and the Tac-Rav reference were mainly related

to the Dp values (Snoek et al., 2016c). Furthermore, the PREclean treatment has a

substantial effect (Snoek et al., 2016c). In conclusion, the NH3 emission from the floor

in a dairy cow house may be much larger than is currently estimated and assumed

by the Tac-Rav. Since we did not measure NH3 emission, we cannot validate these

emission estimates.
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7.5 Conclusions

The objective of this research was to investigate the Urinary Urea Nitrogen concentra-

tion (UUN), the related potential NH3 source size (NH3S(0)), the initial pH (pH(0)),

the pH for a random puddle at a random moment (pH(ξ)), the puddle and the air

temperature (Tliq, Tair), and the relations between them in commercial dairy cow

houses.

Estimated overall mean values were the following:

� UUN(0) was 4.27 kg m−3 with a large variation (CV = 18.1 % to 29.8 %);

� the resulting NH3S(0) was 5.3× 10−3 kg with a large variation (CV = 20.1 %

to 43.3 %);

� pH(0) was 8.3 with a small variation (CV = <3.0 %);

� pH(ξ) was 9.0 with a small variation (CV = <2.5 %)

The measured UUN(0) agreed well with the known values based on feed studies, but

it was slightly lower than the reference used by the Technical Advisory Committee

(Tac-Rav). UUN values from commercial dairy cow houses varied stronlgy, both

within one farm as well as between farms. The measured pH(0) also agreed well with

the known values based on feed studies, but currently an initial pH is not used by

the Tac-Rav. The measured pH(ξ) agreed well with another study about long-term

pH measurements in commercial dairy cow houses, but it was slightly lower than the

reference used by the Tac-Rav. pH data variance was small and stable both within

one farm and between farms. Finally, the estimated NH3 potential (NH3S) showed a

huge range and was considerably larger than the Tac-Rav reference values.

The factors FMType, PREclean and Season had a statistically significant effect

on the calculated NH3S(0). This effect was the combined result of the UUN , Ap and

Dp values, of which Dp had the largest range. The Diet factor showed a statistically

significant effect on pH(ξ), but the pH difference between the two levels was only 0.1.

For UUN(0) and pH(0), none of the factors showed a statistically significant effect.

The Tliq(0) was 15.6 ◦C and Tliq(ξ) was 10.3 ◦C. For fresh puddles the Tair(0)

with a value of 9.7 ◦C was about 5 ◦C lower than the Tliq(0). For random puddles the

Tair(ξ) with a value of 10.0 ◦C was comparable to the Tliq(ξ).

There were no clear relations between pH and UUN or Tair or between UUN and

MUN .

With the obtained values and distributions for UUN , pH, Tair, and Ap & Dp

(Snoek et al., 2016c), NH3 emission estimations can be performed with the Tac-Rav

model. These estimates can then be compared to the current Tac-Rav values to

identify potential model improvements. Based on our results, we recommend including
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UUN(0) and Dp(0) (Snoek et al., 2016c) measurements in the currently used protocol

for measuring individual full scale dairy cow houses (Ogink et al., 2013). In addition, we

recommend determining the Ap at varying floor designs in practice since the FMType

had a significant effect on the Ap value (Snoek et al., 2016c). However, it will not

be necessary to include Ap in the full-scale-protocol. Finally, we recommend further

investigating the relation between UUN , MUN and pH, and their relation with feed

management and NH3 emission from commercial dairy cow houses to improve our

understanding of the related processes and effects in practice.
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Table 7.5: The number of fresh urine puddles (N), the mean (SD) per Farm, and the
p-value to test equality of means. For variables pH(0), pH(ξ), UUN(0), NH3S(0)off

�,
and NH3S(0)on

�.

pH(0) [-] pH(ξ) [-] UUN(0) [kg m−3] NH3S(0)off
� [kg] NH3S(0)on� [kg]

Farm N Mean (SD) N Mean (SD) N Mean (SD) N� Mean (SD) N� Mean (SD)
·10−3 ·10−3

F1 25 8.2 (0.36) 11 9.2 (0.21) 16 4.33 (1.82) 2 5.26 (0.57) 1 3.67 (-)
F2 21 8.5 (0.21) 10 9.1 (0.29) 20 6.79 (2.46) 2 12.70 (3.89) 2 5.25 (2.96)
F3 23 8.4 (0.18) 21 9.1 (0.20) 18 3.53 (1.53) 2 6.62 (4.86) 2 1.86 (0.71)
F4 20 8.3 (0.23) 10 8.8 (0.28) 18 2.09 (0.70) 2 3.14 (1.90) 2 2.46 (2.38)
F5 19 8.3 (0.22) 15 9.1 (0.19) 19 4.93 (1.85) 2 5.26 (0.56) 2 3.39 (0.85)
F6 20 8.3 (0.15) 20 8.9 (0.23) 19 2.41 (0.75) 2 5.57 (1.77) 1 1.94 (-)
F7 20 8.3 (0.21) 20 9.0 (0.21) 20 3.10 (0.83) 2 3.39 (0.61) 2 1.49 (0.62)
F8 21 8.4 (0.21) 20 8.9 (0.30) 19 4.64 (1.15) 2 3.13 (0.40) 2 2.32 (1.41)
F9 20 8.2 (0.43) 20 9.0 (0.16) 20 4.52 (1.53) 2 7.16 (1.92) 2 4.33 (1.87)
F10 21 8.4 (0.20) 20 9.0 (0.24) 19 4.85 (1.50) 2 12.00 (8.21) 2 7.81 (5.65)
F11 20 8.1 (0.43) 20 8.9 (0.34) 14 6.07 (2.44) 2 16.80 (12.2) 2 6.20 (3.63)
F12 21 8.2 (0.21) 10 8.9 (0.19) 19 3.03 (1.21) 2 4.50 (1.23) 2 1.85 (1.40)
F13 20 8.5 (0.41) 20 9.1 (0.46) 20 4.73 (0.98) 2 7.99 (0.31) 2 4.54 (3.39)
F14 20 8.4 (0.09) 20 9.1 (0.10) 20 5.01 (1.56) 2 10.20 (2.44) 2 5.75 (1.79)
F15 20 8.3 (0.16) 20 8.9 (0.24) 20 4.32 (1.11) 2 4.54 (3.90) 2 2.96 (3.08)
F16 22 8.2 (0.44) 20 8.9 (0.28) 19 3.76 (1.60) 2 5.01 (0.22) 2 1.54 (0.80)

p-value$ <0.001 <0.001 <0.001 0.051 0.243

� NH3S(0) was calculated according to Eq. (7.1), without PREclean (off) or with (on).
� N is the number of Seasons.
$ p-value of REML F-statistic
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General Discussion

Dennis Snoek

8.1 Introduction

In the late nineties, the EU National Emission Ceiling Directive (NECD), among

others, set NH3 emission ceilings EU wide and for each member country, for the year

2010. From 1990 to 2010 the ammonia (NH3) emission decreased EU wide with 28 %,

and the set targets were achieved by each member country (EEA, 2012). However, the

European Commission (EC) proposed a new European Clean Air Programme with

an updated NECD for the year 2020 and beyond (EEA, 2015). In addition, the EC

reported that agriculture still dominates the NH3 emission, and that compared to

other pollutants the NH3 emissions did not decrease to the same extent since 1990. In

The Netherlands, the NH3 emission from dairy cow houses is one of the most important

contributors (Velthof et al., 2012).

Over the past 25 years a lot of research has been conducted to understand and model

the NH3 emission from dairy cow houses (Elzing & Monteny, 1997), and to measure

it (Mosquera et al., 2005b). In addition, reduction measures were identified (e. g.

Monteny & Erisman, 1998) and further developed for implementation in commercial

dairy cow houses, which is regulated by the Ministry of Infrastructure and Environment,

supported by a Technical Advisory Committee (Tac-Rav). The Tac-Rav, among other

sources of information, makes use of the NH3 emission model developed by Monteny

et al. (1998) to pre-assess new cow housing systems. However, still some important

aspects remain unclear. For example, the values for the input variables of this Tac-Rav

model and the relations with the NH3 emission are limitedly known. Moreover, these
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input variables are not measured in practice, since they are not included in the currently

applied measurement protocol (Ogink et al., 2013). Therefore, the introduction and

(pre)-assessment of new reduction methods is complicated and subject to a high level

of uncertainty. Besides, the functioning of applied reduction measures in commercial

dairy cow houses is limitedly known.

The overall objective of this PhD thesis was

Refining a model-based assessment strategy

to estimate the ammonia emission

from floors in dairy cow houses

The overall objective was split up in four sub-objectives that were addressed in

chapters 2 to 7:

1. Identify the most important input variables and process parameters in current

available mechanistic NH3 emission models and theory (Chapter 2 ).

2. Explore, identify, develop, and improve sensors and measurement methods for

these most important input variables to measure them in commercial dairy cow

houses (Chapters 3, 4 and 5 ).

3. Assess the values and interactions of the identified input variables for fresh urine

puddles in commercial dairy cow houses (Chapters 3, 6 and 7 ).

4. Study the effect of these input variable values of fresh urine puddles on the

estimated NH3 emission (Chapter 7 ).

In Chapter 2 it was concluded that five urine puddle related variables explained

at least 71 % of the variation in the model estimated NH3 emission from the floor

in dairy cow houses. These variables are, in order of importance, puddle pH, depth

(Dp), urinary urea nitrogen concentration (UUN), surface area (Ap), and temperature

(Tliq). Furthermore, for each input variable in the model the available data was scarce,

and it was therefore recommended to measure the five most important variables in

practice. The main cause for the data scarcity was the lack of accurate sensors and

the complex circumstances to measure the selected five variables in commercial cow

houses.

In Chapter 3 both a pH sensor and a temperature sensor were selected, tested

and applied to measure the pH and temperature of 26 fresh dairy cow urine puddles in

commercial dairy cow houses. From the pH series a mean pH curve was distinguished

that had an initial pH of 8.3 and increased to 9.2 after 4 h. Ninety percent of this pH

increase was realised within the first hour.

In Chapter 4 A so-called XY-table with an ultrasonic distance sensor attached

to it was tested as method to obtain the Dp values from urine puddles in commercial
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dairy cow houses. The depth of water puddles was successfully measured in various

experimental setups and the ultrasonic method reached a measurement uncertainty of

<0.1 mm.

In a preliminary experiment, a thermal IR camera was mounted on a movable

trolley and was able to collect IR images of fresh urine puddles to determine Ap (Snoek

et al., 2014a). In Chapter 5 an IR model was developed and tested to obtain the Ap
from an IR image. The Ap was underestimated by 2.53 % compared to the reference

method for which can be compensated, and the resulting measurement uncertainty

was <0.1 m2.

The selected sensors and developed methods were combined and a protocol was

described to measure the pH, Dp, UUN , Ap and Tliq of fresh, random and manually

created urine puddles in commercial dairy cow houses (Chapter 6 ). In a factorial

experimental setup based on four floor-management types (FMType), with exper-

imental factors Season and PREclean treatment. PREclean was only applied to

the Dp measurement and represented the intense-floor-cleaning before urine puddle

creation, which was compared with those created under normal floor conditions with

on-farm manure scraping. Two explanatory factors were distinguished that were not

controlled at farm level and were not equally spread among the FMTypes, being Diet

and Calc.

In Chapter 6 it was concluded that the V-shaped asphalt floor had significantly

larger values for both Ap (1.04 m2) and Dp (1.5 mm) than did the slatted and grooved

floors (0.76 m2, 0.93 mm). For both Ap and Dp the variation within a farm was large,

but was negligible between farms. Compared to the Tac-Rav reference values, the Ap
values were similar, but the Dp values and variation were 3 to 6 times larger. Finally,

the Dp values in winter were significantly smaller than in spring, and with PREclean

treatment the Dp resulted in about 3 times lower values compared to the on-farm

scraping if present. In short, the potential ammonia emission reduction of good floor

cleaning is large.

Overall mean values were 4.27 kg m−3 for UUN , an initial pH of 8.3, both in

fresh puddles, and a pH(ξ) of 9.0 for random puddles (Chapter 7 ). For UUN both

the variation within and between farms was large, whereas the variation for pH was

small. The factor Diet was the only one that resulted in a significant effect, with a

0.1 difference in pH(ξ), which was small. Compared to the Tac-Rav reference values,

both the mean UUN and pH showed lower values. The calculated potential ammonia

in kg puddle−1 showed a huge range and was considerably larger than the Tac-Rav

values.

The sub-objectives 1, 2 and 3 were extensively discussed in the Chapters 2 to 7.

Sub-objective 4, however, was only limitedly dealed with in Chapter 7. Therefore,

to study the effect of the values for the identified most important input variables, this

general discussion starts with model calculations to estimate NH3 emissions based
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on the obtained cow house data in Chapters 3, 6 and 7. The importance of the

variables in relation to the variability in modelled NH3 emission was determined and

compared to the results of Chapter 2, to ultimately come up with the most important

variables for the urine puddle NH3 emission. The discussion continuous with some

general remarks on the cow house measurement methods and about how NH3 emission

can be reduced. Finally some concluding remarks based on this discussion are drawn.

8.2 NH3 emission model runs

The measured values for the input variables as found in Chapters 3, 6 and 7 were

used in the NH3 emission model that is currently in use by the Tac-Rav. This Tac-Rav

model is the version as described by (Monteny et al., 1998), which was also part of the

sensitivity analysis (Chapter 2 ). In the Tac-Rav model each input variable value has

a fixed value and is constant during the whole model run. For example, each individual

puddle that is simulated had a pH of 9.4 during the whole simulation (Section 8.2.1

and Table 8.1). Based on the measured data, the values for pH, UUN , Ap and Dp in

the performed model calculations were adapted:

1. for pH a curve was used, and for UUN , Ap and Dp a random value was taken

from their Gaussian distributions (Section 8.2.2);

2. the data per Floor-Management type (FMType) was used (Section 8.2.2);

3. the data per measurement day was used (Section 8.2.3).

To be able to use a pH-curve and Gaussian distributions for the other variables, the

model was adapted and then verified with the original static Tac-Rav model version

with reference data (Section 8.2.1).

8.2.1 Tac-Rav model input variables with reference values

Table 8.1 shows all Tac-Rav model input variable names and the reference values

as used by the Tac-Rav. These reference values represent a dairy cow house with a

concrete slatted floor and cubicles, with a slurry storage below, which is called pit.

There are 100 cows, urinating 10 times a day, that result in 1000 simulated puddles

per day on average by the model’s puddle-generator. The cows have 3.5 m2 cow−1

slatted-floor walking area. Each individual simulated urine puddle started with an

UUN of 5.0 kg m−3, which converts to NH3 (Chapter 2 ; Monteny et al., 1998).

Puddle dimensions (Ap and Dp), pH and T were fixed and they do not change in time

during the simulation. The emission from the slurry pit is fixed and constant in time

based on the input values. For the complete list of model assumptions see Section 1.3.

The Tac-Rav has a model-protocol that, among others, describes to perform 10

consecutive simulations of each 30 days (= 300 days) and then take the mean and SD
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Table 8.1: The Tac-Rav model input variables with name, abbreviation, reference
value and units.

Variable name abbreviation ref units

Number of simulations* - 10 # consecutive simulations

Simulation period* - 30 #(days) simulation−1

Number of cows NC 100 # cows
Urination frequency UF 10 #(urinations) cow−1 d−1

-Floor-
Total floor area Afl 350 m2

Urinary urea nitrogen concentration UUN 5.0 kg m−3

Puddle area Ap 0.8 m2

Puddle depth Dp 0.48 mm

Temperature at floor level� Tfl 10 ◦C
Air velocity just above puddle vfl 0.15 m s−1

Puddle pH pHp 9.4 -

-Pit$-
Total pit area Apit 350 m2

TAN concentration of slurry in pit TANpit 3.5 kg m−3

Temperature in the pit� Tpit 10 ◦C
Air velocity in headspace of pit vpit 0.05 m s−1

Slurry pH pHpit 8.4 -
* The Tac-Rav performs 10 · 30 days = 300 model runs, of which they take the mean.
� There is no distinction between puddle and air temperature in the Tac-Rav-model.
� There is no distinction between slurry and head space air temperature in the Tac-Rav-model.
$ In The Netherlands there is generally a slurry storage below the whole cow house called
pit. The Tac-Rav-model uses a mean NH3 emission for the whole pit surface area, based
on the input values for the pit.

of these days. In case the dairy cows were assumed to be inside the cow house year

round, the total NH3 emission of the reference cow house is 11.1 kg cow−1 yr−1. The

emission from the floor is 7.7 kg cow−1 yr−1 (SD = 0.23; Table 8.2), and from the pit

is 3.4 kg cow−1 yr−1 (SD = 0.00).

8.2.2 Model results per FMType

The left part of Table 8.2 shows the input values for pH, Tair, UUN , Ap and Dp,

based on the results of the measurements (Chapters 3, 6 and 7 ). For the pH the

mean curve was used, described by Eq. (8.1) (Chapter 3 ).

pHpuddle = 9.16− 0.38 · e−6.63·t − 0.47 · e−1.49·t (8.1)
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with the t in h. The initial pH was 8.31, and the final pH was 9.16. None of the

experimental factors resulted in statistically significant differences for the initial pH of

fresh urine puddles (Chapter 7 ). For random puddles, measured at a random moment

in time, only the experimental factor Diet resulted in two statistically significant

subgroups (Chapter 7 ). The absolute difference, however, was small. Therefore, one

mean pH curve for each individual puddle was used.

For UUN none of the experimental factors resulted in statistically significant

differences, therefore the overall or grand mean of 4.19 kg m−3 with SD was used

(Chapter 7 ). The mean and SD of the input variables were taken from all available

data at puddle level. For Tair the grand mean was used as well, which is 9.7 ◦C

(Chapter 7 ). For both Ap and Dp the Floor-Management type (FMType) resulted in

statistically significantly differences (Chapter 6 ). Therefore, the mean and SD values

per FMType were used. Additionally, for Dp the experimental factors PREclean

and Season resulted in statistically significant subgroups. Only the subgroups based

on PREclean were used, as this factor resulted in the largest Dp differences, and it

was directly related to an applied method in the cow house. Furthermore, the range

of the PREclean-based Dp values cover the range for Season as well.

In the adjusted Tac-Rav model an individual puddle was assigned a value for UUN ,

Ap and Dp that was randomly taken from their Gaussian distribution (Table 8.2).

Additionally, for each puddle the pH-curve Eq. (8.1) started at the moment of puddle

creation. For Tair only the mean value was used. In each row in the table only

the variable in that row changed to the measured value, while all others were kept

at their reference value. Each model run was performed according to the Tac-Rav

model-protocol of 300 days and the results are given in the right part of Table 8.2. For

each row, the mean NH3 emission in kg cow−1 yr−1 was estimated with the Tac-Rav

model, with SD based on the simulation days and the Coefficient of Variation (CV)

was calculated. Each estimated mean emission value was divided by the Tac-Rav

reference emission to determine the main effect of a single input variable. Finally,

the theoretical maximum or, in other words, the potential NH3 emission (PNH3
) was

determined according to Eq. (8.2) (Chapters 2 and 7 ) and related the estimated

mean divided by this potential was calculated.

PNH3
= UUN ·Ap ·Dp · 10−3 · 17

14
· 10 · 365 (8.2)

with 17
14 being the conversion from NH3-N to NH3 (Monteny et al., 1998). The numbers

10 and 365 represent the number of urinations per cow per day, and the number of

days in a year, respectively. The emission from the pit was in all situations equal to

the reference, being 3.4 kg cow−1 yr−1.

Both the pH and Tair influenced the speed of the NH3 emission process (Chapter

2 ). With a lower value for these variables the NH3 emission process is slower compared
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Table 8.2: The input variables pH, Tair, UUN , Ap and Dp with values of the measured

data, being the overall mean, the mean per Floor-Management type (FMType$), or
the mean per PREclean�, with SD and the Coefficient of Variation (CV). The mean
and SD were taken from all available data at puddle level. This is followed by the
estimated NH3 emission with the Tac-Rav model from the floor in kg cow−1 yr−1 (with
SD at measurement day-level, and CV), followed by a percentage as compared to the
reference, the potential emission (Eq. (8.2)) and the estimated mean divided by the
potential.

NH3 emission

factor value CV unit mean (SD) CV to ref potential mean/pot
mean (SD) [%] [kg cow−1 yr−1] [%] [%] [kg cow−1 yr−1] [%]

Reference Table 8.1 - - 7.7 (0.23) 3.0 100.0 8.5 91

pH Eq. (8.1) - [-] 6.8 (0.18) 2.7 88.3 8.5 80
Tair 9.7 (4.010) 41 [◦C] 7.7 (0.21) 2.7 99.5 8.5 91
UUN 4.19 (1.758) 42 [kg m−3] 6.5 (0.21) 3.3 83.7 7.1 91

Ap
�

SFR$ 0.72 (0.237) 33 m2 7.0 (0.21) 3.0 90.8 7.7 92

GF $ 0.80 (0.240) 30 m2 7.7 (0.24) 3.2 99.9 8.5 91

AF $ 1.04 (0.310) 30 m2 9.8 (0.28) 2.9 126.3 11.1 88

SFCO$ 0.75 (0.253) 34 m2 7.3 (0.23) 3.1 93.8 8.0 91

Dp
� (without PREclean)�

SFR$ 1.3 (1.023) 79 mm 17.8 (0.61) 3.4 229.7 23.0 77

GF $ 1.4 (1.161) 83 mm 18.9 (0.60) 3.2 243.6 24.8 76

AF $ 1.8 (1.171) 65 mm 22.7 (0.63) 2.8 293.5 31.9 71

SFCO$ 1.6 (0.977) 61 mm 21.0 (0.60) 2.8 270.9 28.4 74

Dp
� (with PREclean)�

SFR$ 0.6 (0.580) 97 mm 9.6 (0.37) 3.8 124.3 10.6 91

GF $ 0.8 (0.839) 105 mm 12.3 (0.43) 3.5 159.3 14.2 87

AF $ 0.9 (0.705) 78 mm 13.3 (0.49) 3.7 171.8 16.0 83

SFCO$ 0.8 (0.806) 101 mm 12.3 (0.42) 3.5 158.6 14.2 87

$FMTypes: slatted floor (reference) (SFR), grooved floor (GF ), V-shaped asphalt floor
(AF ) and slatted floor at Cows & Opportunities farms (SFCO) (chapter 6 ).
�SFR, GF and SFCO were statistically significant different from AF (chapter 6 ).
�PREclean is intense-floor-cleaning before puddle creation (chapter 6 ).

to higher values. The grand mean Tair from the measurements was about equal to

the reference, and as a result there was no difference in the estimated emission (both

7.7 kg cow−1 yr−1; Table 8.2). The used pH curve Eq. (8.1) has lower values than the

reference, especially the first hour (Chapter 3 ), and resulted in a lower estimated
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NH3 emission (6.8 kg cow−1 yr−1; Table 8.2). This was caused by the slower emission

process, because puddles will be flushed away by a new puddle before its emission was

finished (model assumption 3 in Section 1.3).

The UUN , Ap andDp together determine the NH3 source size (Eq. (8.2); Chapters

2 and 7 ). Therefore it was expected that higher values directly result in higher NH3

emissions and vice versa lower values in lower emissions. This expectation was con-

firmed by the results (Table 8.2). The lower UUN input resulted in 6.5 kg cow−1 yr−1,

whereas the NH3 emission increased up to 22.7 kg cow−1 yr−1 for the largest Dp

(1.8 mm) for AF without PREclean.

In terms of importance, the Dp caused the largest deviation from the reference, an

increase up to 294 % for the AF without PREclean, followed by the UUN and then

the pH. The Ap and Tair resulted in the smallest deviations.

The results (Table 8.2) show that a large SD for an input value does not necessarily

result in a large SD for the estimated NH3 emission. The CV of the inputs varied

from about 30 % for Ap, to 105 % for Dp, whereas the estimated emission had a fairly

stable and small CV of 3 % to 4 %.

Finally, the mean/pot-column (Table 8.2) shows the “flush-away” effect by the

puddle generator (assumption 3 in Section 1.3). In the model a puddle is flushed away

completely in case a new puddle is allocated to its location. This flush-effect is related

to the number of urinations per day and the available floor area for them. A larger

floor area (Afl), a smaller Ap or both, result in more puddle locations, which result

in more time for a puddle to emit. The flush-effect changes when one of the puddle

related variables or the Afl change. The impact on the estimated NH3 emission of the

flush-effect is visible by the difference between the estimated and potential emission,

indicated by mean/pot (Table 8.2). These “mean/pot” values vary from 71 % to 92 %.

The flush-effect impact is the highest for the large Dp values without PREclean, and

it even ranges from 71 % to 77 % between the four FMTypes.

In Table 8.3 the input variable values are given as mean data per FMType with the

related estimated NH3 emission from the Tac-Rav model and the emission potential.

The most striking result is that the largest NH3 emission from the floor rise up to

18.5 kg cow−1 yr−1. This high emission occurred at the AF farms. Besides a large

UUN , these AF farms had the largest Ap and Dp values, which were statistical

significant (Chapter 6 ). Another striking result is the largest UUN value at the

farms that participate in the Cows & Opportunities (CO) project (SFCO; 4.61 kg m−3)

with a related high floor emission of 15.5 kg cow−1 yr−1. Based on the objective of the

CO project that aimed at efficient use of nutrients at farms (Oenema et al., 2001), it

was expected that these farms would have a low or even the lowest UUN values. On the

other hand, it is possible to have a low UUN value, which is shown by the GF farms

(3.56 kg m−3)). However, the UUN was not statistically significant per FMType, due

to its large variance (Chapter 7 ). The SFR, which is similar to the reference floor
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Table 8.3: The input variables pH, Tair, UUN , Ap and Dp with values of the measured

data as mean per Floor-Management type (FMType$) with (SD) from puddle level
data, and the related estimated mean NH3 emission with the Tac-Rav-model from
the floor part in kg cow−1 yr−1 (with SD at measurement day-level), followed by the
potential emission (Eq. (8.2)) and the estimated mean divided by the potential.

Variable unit FMType$

SFR GF AF SFCO
mean (SD) mean (SD) mean (SD) mean (SD)

pH [-] 9.0 (0.26) 8.9 (0.23) 9.0 (0.26) 9.1 (0.31)
Tair [◦C] 9.2 (4.88) 8.3 (3.16) 11.4 (4.16) 10.6 (4.28)
UUN [kg m−3] 4.10 (1.59) 3.56 (1.62) 4.53 (2.07) 4.61 (1.55)
Dp [mm] 1.3 (1.02) 1.4 (1.16) 1.8 (1.17) 1.6 (0.98)
Ap [m2] 0.72 (0.24) 0.80 (0.24) 1.04 (0.31) 0.75 (0.25)

NH3 emission [kg cow−1 yr−1] 10.1 (0.31) 8.3 (0.25) 18.5 (0.54) 15.5 (0.45)
PNH3 [kg cow−1 yr−1] 17.0 17.7 37.6 24.5
mean/pot [%] 59 47 49 63

$FMTypes: slatted floor (reference) (SFR), grooved floor (GF ), V-shaped asphalt floor (AF )
and slatted floor at Cows & Opportunities farms (SFCO) (chapter 6 ).

type of the Tac-Rav (Section 8.2.1), had a floor emission of 10.1 kg cow−1 yr−1. This

was about 2.5 kg cow−1 yr−1 larger than the reference, which was fully due to the

larger Dp value (1.3 mm) as compared to the Dp reference (0.48 mm). The GF showed

the lowest NH3 floor emission, which was the combined effect of the lowest UUN

value and a larger Ap value as compared to the SFR. However, the GF NH3 emission,

was still larger than the reference of the Tac-Rav. With a larger Ap there are less

puddle locations, resulting in a larger “flush-away” effect. This effect is indicated by

the “mean/pot” values. They show that at the SFR and SFCO 59 % to 63 % of the

potential NH3 emitted, while on the GF and AF this was lower (47 % to 49 %). For

all four FMTypes the flush-away effect was larger than the reference situation of 91 %

(Table 8.2), mainly due to the larger Dp values.

8.2.3 Model results per measurement day

In Section 8.2.2 the Tac-Rav model was used with the overall mean values of the

measurement data or per FMType. In this section the mean values per measurement

day were used, in other words, for the 16 Farms and 2 Seasons = 32 measurement

days (Chapters 6 and 7). Table 8.4 shows a summary of the input data per

measurement day, as well as for the estimated NH3 emission. The CV values and

thus the ranges for UUN , Dp, Ap and Tair were large and ranged from 21.7 % for

Ap to 41.2 % for Tair. The pH curve (Eq. (8.1)) was not used, instead the pH of
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the random puddles at a random time (pH(ξ); Chapter 7 ) were used. these pH(ξ)

had a narrow range with a CV of only 2.2 %. The resulting mean NH3 emission was

14.0 kg cow−1 yr−1 with an extreme range of 3.6 kg cow−1 yr−1 to 44.3 kg cow−1 yr−1

with a CV of 68 %. These mean emission estimates from the floor comprehend much

larger values as compared to the Tac-Rav reference (7.7 kg cow−1 yr−1; Table 8.2).

Table 8.4: For the input variables UUN , Dp, Ap, pH & Tair, and for the estimated
NH3 emission the mean, SD, CV, min and max value for the 32 measurement days
(each Farm and each Season). In addition, the used values in the sensitivity analysis
from Chapter 2 are shown.

Chapter 2

Variable unit mean (SD) CV min max low high

UUN [kg m−3] 4.28 (1.40) 32.7 1.75 8.22 2.4 12.1
Dp mm 1.6 (0.5) 31.3 0.6 2.8 0.13 1.6
Ap m2 0.83 (0.18) 21.7 0.60 1.26 0.4 1.8
pH [-] 9.0 (0.2) 2.2 8.7 9.5 6.9 9.7
Tair [◦C] 9.7 (4.0) 41.2 1.6 18.0 0.0 35.0

NH3 [kg cow−1 yr−1] 14.0 (9.5) 67.9 3.6 44.3 - -

Table 8.5: The R2 for the full regression model (Eq. (8.3)), and for the full model
minus one input variable.

model R2

Full model 93.3
-UUN 63.3
-Dp 82.4
-Ap 89.7
-pH 88.6
-Tair 92.4

A simple linear regression analysis was performed to analyse the variability of

the estimated NH3 (Table 8.4) in relation to the five input variables, according to

Eq. (8.3).

NH3 = constant+ b1 · UUN + b2 ·Dp + b3 ·Ap + b4 · pH + b5 · Tair + ε (8.3)

with a constant term and b1...5 as model coefficients and ε the residual error. This

regression analysis was performed to estimate the main effect of each variable. A

polynomial model was tested as well, but the result of this more complex model did

not deviate from Eq. (8.3) and is therefore not presented. The correlations between
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the individual variables were already discussed in Chapters 6 and 7, therefore, they

will not be included here.

Table 8.5 shows the R2 of the full regression model (Eq. (8.3)), and for the full

model minus one variable at a time to indicate the importance of each variable. In

each row in the table only the variable in that row was not included in the full model.

Estimates for the coefficients are not given. The R2 of the full model was 93.3. Taking

out the UUN resulted in the largest down shift to a R2 of 63.3, followed by the Dp

with a down shift to 89.4. The pH and Ap more or less resulted in the same R2 around

89. Finally, the Tair resulted is a tiny down shift to a R2 of 92.4.

8.2.4 Model results compared to the sensitivity analysis

The range of input variable values used in the sensitivity analysis (Chapter 2 ) differed

from the measured range (Table 8.4):

� for UUN both the measured minimum and maximum at farm level were smaller

than in Chapter 2. The measured range was a little smaller as well but was

still large.

� for Dp the measured minimum and maximum at farm level was higher and the

total range was larger than in Chapter 2.

� for Ap, pH and Tair the measured ranges at farm level were smaller than in

Chapter 2, but for both Ap and Tair the CV was still large (20 % to 41 %). For

pH the CV was small.

The results in Sections 8.2.2 and 8.2.3 show that the UUN and Dp clearly were the

two variables that caused the largest variation in NH3 emission. This large variation

was directly related to the large range of input values for them that occurred to be

present in commercial dairy cow houses. In the sensitivity analysis (Chapter 2 ) these

two variables were numbers 2 and 3 in terms of importance, while the pH was the

number 1. The pH turned out to be quite stable in commercial dairy cow houses

(Chapter 7 ). Therefore, it caused less variation in the estimated NH3 emission

compared to the analysis in Chapter 2. The Ap ranked 4 in both analyses. Tair
had a special meaning. The variable itself was the least important as model input,

with a small contribution to the explained NH3 emission variation in both analyses

compared to the other four variables. However, the important variables UUN , Dp

and, to a lesser extent, pH, were weakly related to Tair. Or to be more complete,

these three variables were most likely related to the Season, of which Tair was the

representation. Besides Tair, the season contains also other effects, for example other

climate conditions, farm management, floor cleanliness, feed management, and possibly

even more factors. In the full model (Eq. (8.3)), all five variables had a p-value <0.05.
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Therefore, all five need to be measured in varying seasons in commercial dairy cow

houses in order to estimate the NH3 emission with the Tac-Rav model.

The CV comparisons between the input values and the estimated NH3 emission

(Table 8.2) indicate that the number of simulated puddles per day is large enough to

finally end up in a mean NH3 emission value related to the mean value of the input

variables. Therefore, the puddle-generator in the Tac-Rav model that generates the

1000 puddles a day (Section 8.2.1) may be simplified. On the other hand, however,

the puddle-generator simulates that a puddle can be flushed away by a new puddle

before its emission was finished (assumption 3 in Section 1.3). This resulted in varying

“mean/pot” values (Tables 8.2 and 8.3). To summarise, it may not be possible to

simplify the model up to a single “average” puddle. A simplification may be possible in

case a “flush-away-factor” is introduced. Such a “flush-away-factor”may be combined

with a “floor-clean-factor” to simulate a manure scraper or other floor cleaning method.

8.3 Workability in commercial dairy cow houses

As introduced in Sections 1.1 and 1.5, variables related to the NH3 emission process at

floors in dairy cow houses are not measured in current measurement practice (Ogink

et al., 2013). In the search for measurement methods for the identified five most

important variables, it was directly clear that there were hardly any methods available

to measure the Ap and Dp of fresh, on-floor urine puddles. Besides, the availability for

pH sensors to measure thin fluid layers was limited as well. In this thesis all methods

were developed and tested both in a controlled environment of a workshop or lab and

inside commercial dairy cow houses, and they all worked well (Chapters 3 to 7 ). In

addition, it was also possible to combine methods in a single fresh puddle, except for

the Dp measurement. As discussed already in Chapter 6, to combine all methods,

and to perform accurate measurements among dairy cows was quite complex. To

obtain accurate data, measurements had to be performed with caution to protect

the cows, the equipment, the fresh puddle and the experimentalist himself from the

behaviour of curious cows. Every measurement day the sensors had to be calibrated

or checked and the data had to be saved and verified. All this together made the dairy

cow house measurements a quite intensive task, but demonstrates that it is possible

to measure them with the requested accuracy inside commercial dairy cow houses.

Based on the measurement experiences, the most difficult task to perform among

the cows was to walk around with the thermal IR camera, mounted on the trolley,

in combination with the other measurements. The trolley caused a lower flexibility

and speed in moving around. It also bumped on the floors that had slats, grooves or

other unevenness’s and that made some noise, which caused disturbances among the

cows. In case a conventional, pulled manure scraper passes by, the trolley had to be

carefully lifted over the scraper, or had to be lifted into a cubicle. When separating
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the Ap measurement from the others, the pH, UUN and Tliq measurements will be

easier to perform among the cows.

In terms of measurement uncertainty, the most difficult variable to measure was

the puddle depth (Dp). The floor design and dirtiness caused a large variation of the

measurement itself. Therefore, it is recommended to further develop the puddle depth

measurement. However, with the currently applied method we were able to obtain Dp

values. Based on both the Dp data and observations it is clear that puddles vary a lot

in depth, which is caused by floor design and dirtiness on the floor as well. Table 8.6

show the Dp(0) reference values currently used by the Tac-Rav in their model ranging

from 0.15 mm to 0.58 mm. The Tac-Rav agreed on these Dp values, based on available

literature data and expert judgement. Based on the measured results reported in this

thesis (Chapter 6 ), these Tac-Rav data do not represent the real practice. Therefore,

they need to be updated based on Dp measurements in commercial dairy cow houses.

Table 8.6: Values for the puddle depth (Dp) for various floor types and slopes as
used for input in the Tac-Rav-model to estimate NH3 emission from dairy cow houses
(Tac-Rav).

Floor type Slope(s) [%] Dp(0) [mm]

concrete slatted floor 0, 1, 2 and 3 0.48, 0.37, 0.26 and 0.15
concrete slatted floor globular surface 0.20
synthetic slatted floor globular surface 0.15
solid floor 0, 1, 2 and 3 0.58, 0.48, 0.37 and 0.27
double-sloped solid floor 1.5 and 2 0.37 and 0.32
levelled floor, with sloped grooves 1 0.37

8.4 How can NH3 be reduced in a dairy cow house?

The focus of this PhD was neither on the development of NH3 emission reduction

methods, nor to measure the performance of currently available reduction methods.

However, the results of this thesis are of interest in relation to some reduction methods,

which are addressed below.

The most important variable in NH3 emission estimation is the UUN (Section 8.2.4).

This UUN also comprehended a large range in commercial dairy cow houses with

both low and high values (Table 8.4). Therefore, it can be concluded that it is

possible to have low UUN values in practice. Moreover, it is possible to adjust the

feed management to lower the UUN values and eventually lower the NH3 emission.

However, the exact feed management to lower the UUN is still a challenge. The

SFCO farms may have an efficient nutrient cycle (Section 8.2.2; Oenema et al., 2001),
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the UUN was the largest at these farms, whereas the GF farms had the lowest UUN .

However, the urine volume per urination was not measured.

It is generally assumed that a manure scraper will lower the NH3 emission, especially

in combination with a floor specially designed for this purpose. The scraper takes

care of the transport of urine and faeces to the manure storage, which is generally

underneath the cow house in The Netherlands. In the NH3 emission model the scraper

will result in varying Ap and Dp values. The latest developed floor types have no or

only limited openings to this so-called slurry pit to block the NH3 emission. There

are completely closed floors, and the floors that have a system where slurry can enter

the pit at regular distances, but where pit-air is blocked to get out. Based on these

developments, clean floors were expected in practice. Clean floors, however, were not

the standard in current commercial dairy cow houses as was shown in Chapter 6,

and good floor cleaning still has a huge potential to lower emissions. Current available

manure scrapers even mix the urine and faeces, and in this way they may even enhance

the NH3 emission process. Therefore, floor designs and manure scrapers have to be

further adjusted to one another and must be improved. Another option is to develop

totally new floor concepts that transport urine and faeces completely separated from

each other, like for example the “cow garden” with a permeable floor to drain urine

and a robot that collects the faeces (Courage2025, 2016).

From the process of urea conversion to NH3 emission (Chapter 2 ; Ni, 1999;

Monteny et al., 1998), it is known that, in case the urine and faeces are acidified

to a pH level <6, this is a very effective way to lower the NH3 emission, which was

already indicated by Monteny & Erisman (1998). With a low pH the balance between

ammonium and ammonia shifts to ammonium, which will stay in liquid form and will

not emit. To establish a low pH in a commercial dairy cow house, an acid has to be

applied on the floor and in the manure storage regularly, since the cows continuously

produce new fresh faeces, and slurry mixing is crucial.

Another process related option is that in case the urease is completely absent the

conversion process will not take place. In other words, when fresh urine does not come

into contact with active urease, there will be no NH3 emission. In current dairy cow

house practice, urease is abundantly present in the faeces, which is everywhere in a cow

house (Monteny & Erisman, 1998). Research has been carried out by several persons

to apply so-called urease inhibitors to stop or block the urease activity (Braam &

Swierstra, 1999; Varel et al., 2007; Parker et al., 2005; Leinker, 2007; Hagenkamp-Korth

et al., 2015a,b). NH3 emission reduction effects were realised, however, similar to

an acid, urease inhibitors have to be applied regularly. Besides, the urease activity

really has to be lowered close to zero, otherwise it will not have an effect on the NH3

emission (Chapter 2 ). Therefore, to solve the NH3 emission challenge based on the

urease inactivity, a solution has to be found to completely separate urine and faeces

before it comes into contact with each other.
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The main disadvantage of both the use of a urease inhibitor or the use of an acid

is that they end up in the slurry and eventually will enter the environment with

unknown consequences. These methods can only be successfully applied in practice if

the consequences are investigated and when they comply with all food security, farmer

and animal safety, and environmental requirements. In addition, to control the usage

of both methods, i. e. the availability, application, and storage, have to be regulated.

In The Netherlands the usage of both methods is not allowed yet.

8.5 Concluding remarks and recommendations

Sub-objective 4 was to study the effect of the most important input variable values of

fresh urine puddles on the estimated NH3 emission.

From this discussion it can be concluded that UUN and Dp resulted in the largest

range of model estimated NH3 emission. Their values vary a lot with large ranges

both within and between farms. Therefore, the variables UUN and Dp need to be

measured in individual commercial dairy cow houses that are subject to modelling

NH3 emission. These measurements need to be conducted during various seasons to

incorporate season-related effects. Moreover, for each single “measurement period”

more than one urine puddle has to be measured to deal with within-farm variances.

The pH is fairly stable when compared to UUN and Dp, both within and between

farms. Nevertheless, the pH remains an important variable in NH3 emission estimation.

Therefore, the pH has to be measured in individual cow houses in varying seasons as

well to verify the current results.

The Ap was fairly stable between farms of the same Floor-Management type

(FMType), but varied within farms and it still had a significant effect on the NH3

emission. The floor design, clearly affects the Ap. Therefore, it is not necessary to

measure Ap at each individual farm, but it is sufficient to measure the Ap only in one

commercial cow house per floor design, which can be done at random.

The Tair is of limited importance as input variable in the Tac-Rav model compared

to the above mentioned four variables. However, it was still statistically significant.

Besides, it is an easy variable to measure in combination with the pH. To summarise,

Tair can be measured in individual cow houses. In the current data the Tair is a

representation of the seasonal variation in the model. This variation can better be

explained by a “season” factor.

Four variables can be measured at the same time in fresh urine puddles inside

commercial dairy cow houses with sufficient accuracy.

1. The pH can be measured by an electrode with the pH-sensor in the electrode-tip.

2. The UUN can be determined in the lab from a collected urine sample from the

floor.
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3. The Ap can be determined from a thermal IR image of a fresh puddle by an IR

algorithm.

4. The Tliq can be measured by a fast-responding temperature wire.

The Dp can be measured from a manually created puddle of collected fresh urine at

the floor in a commercial cow house by means of an ultrasonic sensor attached to a

XY-table.

The NH3 emission model and cow houses measurements are complementary tools.

Measurements can be performed more efficient and effectively guided by model calcu-

lations, and vice versa. For this purpose a good model is necessary and valuable. In

this thesis, the NH3 emission model had a crucial role to identify the most important

input variables. Based on this thesis, both the currently used Tac-Rav model and the

measurement protocol (Ogink et al., 2013) can be updated. Of course, an updated

model first needs to be validated before its part in NH3 emission estimation can be

upgraded. Validation of the model needs to be done with commercial cow house

data of the five identified important input variables, and NH3 emission data obtained

according to the currently used measurement protocol.

During the development of the measurement methods and the protocol, the focus

was to measure the five most important variables (Chapter 2 ) at the same time at

the same puddle. Based on the results discussed here, it is probably not necessary to

do this. The Ap and Dp were clearly related to floor design and cleanliness, whereas

UUN and pH depend for example on farm and feed management, and both variable

types were not interrelated. Therefore, the Ap can be separated from the UUN and

pH measurements, which will make both types of measurements easier to perform.

Between Ap and Dp there was no clear relation at farm level, but grouped by

FMType, both variables had the largest statistically significant values at the V-

shaped asphalt floor (Chapter 6 ). Like Dp, the values for Ap varied as well, only the

relative variation compared to the mean level per Farm or per FMType was smaller.

Therefore, it may be fruitful to measure Ap and Dp simultaneously at the same puddle

at different floor designs, to be able to better relate the two variables to each other

and to the floor design and urine puddle variation. A puddle-creation procedure and

measurement protocol have to be developed for this purpose. Determination of Ap
and Dp values is also essential in evaluating floor scraping or cleaning performance.

Floor cleaning methods must improve (Section 8.4) and therefore need to be developed,

tested and finally the resulting Ap and Dp need to be determined.

In future measurements the UUN and initial pH can be obtained from urine that

is directly caught from a cow, before it touches the floor, as carried out in for example

the research of van Duinkerken et al. (2011). The advantage of this method is that

the chance of accidentally collected dirt in the sample will be substantially lower. The

disadvantage, however, is that a person has to catch urine behind a cow before it
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touches the floor, which can be difficult. In this research a cow first had to finish her

urination before measurements could take place, which resulted in travel time to the

urinating cow with the fresh urine. The disadvantage of the current UUN -method

is that it can only be determined in the lab, which makes these measurements time

consuming, intensive and expensive. Therefore, it would be worthwhile to develop a

sensor that is able to measure the UUN on-line, similar to the pH sensor. With such

a UUN sensor it will be possible to easily measure the UUN together with pH of

both fresh and random puddles in commercial dairy cow houses. In addition, it will be

possible and it would be useful to measure UUN in time series to assess the temporal

development. Another option is to (automatically) capture and analyse urine on-line

in the Automatic Milking System or the milking parlour.

The focus of this PhD was neither on the Milk Urea Nitrogen concentration (MUN)

nor on the diet. In this PhD, only limited information was obtained for these two

components. Based on the results described in Chapter 7, however, future research

should focus on the diet, the MUN , the UUN , the relation between these three

variables, and their relation with the NH3 emission. Van Duinkerken et al. (2003,

2005, 2011); Burgos et al. (2005, 2007, 2010) and Monteny et al. (2002) worked on

these variables and relations, but the results are still limited. These results neither

could fully clarify how to lower NH3 emission in commercial dairy cow houses, nor

give detailed information at individual cow level. Especially values from commercial

dairy cow houses are still lacking. To better understand and to lower the UUN and

ultimately the NH3 emission via the Diet, it is recommended to measure the UUN ,

MUN and the dietary intake of several individual dairy cows in commercial farms, at

least for two times a day in various seasons.

A point that has not been addressed properly is the NH3 emission related informa-

tion from the slurry pit. Therefore, it is recommended to conduct additional research

to get a better insight in this “black box” underneath a cow house. With new pit

information, the current Tac-Rav model can certainly be improved.
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mans, M. J. M., & Šebek, L. B. J. (2003). Relatie tussen voeding en ammoniakemis-

sie vanuit de melkveestal = Relation between diet and ammonia emission from the

dairy cow barn. Technical Report Praktijkonderzoek Veehouderij, PraktijkRapport

Rundvee 25 Praktijkonderzoek Veehouderij, Wageningen UR Lelystad.

158



References
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Summary

In the late nineties, the EU National Emission Ceiling Directive (NECD), among

others, set NH3 emission ceilings EU wide and for each member country, for the year

2010. From 1990 to 2010 the ammonia (NH3) emission reduced EU wide with 28 %

and the set targets were achieved by each member country (EEA, 2012). However,

the European Commission (EC) proposed a new European Clean Air Programme

with an updated NECD for the year 2020 and beyond (EEA, 2015). In addition, they

reported that agriculture still dominates the NH3 emission, and that compared to

other pollutants the NH3 emissions did not decrease to the same extent since 1990. In

The Netherlands, the NH3 emission from dairy cow houses is one of the most important

contributors (Velthof et al., 2012).

Over the past 25 years a lot of research has been conducted to understand and model

the NH3 emission from dairy cow houses (Elzing & Monteny, 1997), and to measure

it (Mosquera et al., 2005b). In addition, reduction measures were identified (e. g.

Monteny & Erisman, 1998) and further developed for implementation in commercial

dairy cow houses, which is regulated by the Ministry of Infrastructure and Environment,

supported by a Technical Advisory Committee (Tac-Rav). The Tac-Rav, among other

sources of information, makes use of the NH3 emission model developed by Monteny

et al. (1998) to pre-assess new cow housing systems. However, still some important

aspects remain unclear. For example, the values for the input variables of this Tac-Rav

model and the relations with the NH3 emission are limitedly known. Moreover, these

input variables are not measured in practice, since they are not included in the currently

applied measurement protocol (Ogink et al., 2013). Therefore, the introduction and

(pre)-assessment of new reduction methods is complicated and subject to a high level

of uncertainty. Besides, the functioning of applied reduction measures in commercial

dairy cow houses is limitedly known.

In this thesis the most important input variables and process parameters were

identified in current available mechanistic NH3 emission models and theory. To measure

these variables in practice, measurement methods were explored and developed. Then

the values and interactions of the identified variables were assessed for fresh urine
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puddles in commercial dairy cow houses. Finally, the effect of these input variable

values on the estimated NH3 emission was studied.

In Chapter 2 it was concluded that five urine puddle related variables explained

at least 71 % of the variation in the model estimated NH3 emisison from the floor

in dairy cow houses. These variables are, in order of importance, puddle pH, depth

(Dp), urinary urea nitrogen concentration (UUN), surface area (Ap), and temperature

(Tliq). The model parameters did not show an effect: i. e.the dissociation constant, the

Henry’s law constant and the mass transfer coefficient. The remaining four variables

were the air temperature (Tair) and air velocity (v) just above a puddle, the maximum

rate of urea conversion or urease activity (Sm), and the Michaelis-Menten constant

(Km). For each input variable in the model the available data was scarce, and it was

therefore recommended to measure the five most important variables in practice. The

main cause for the data scarcity was the lack of accurate sensors and the complex

circumstances to measure the selected five variables in commercial dairy cow houses.

Therefore, possible useful sensors were explored and measurement methods were

developed in Chapters 3, 4 and 5.

In Chapter 3 both a pH sensor and a temperature sensor were selected and

tested that were able to measure the pH and temperature of thin fluid layers, like

urine puddles on floors. In addition, in total 26 fresh dairy cow urine puddles in

commercial dairy cow houses were measured in 4 h time series to investigate pH values

and dynamic behaviour. From the pH series a mean pH curve was distinguished that

represents a urine puddle. The curve starts at an initial pH value of 8.3 and increases

to 9.2 after 4 h. Ninety percent of this increase is realised within the first hour.

Chapter 4 describes the measurement method that was developed and tested in

the lab to obtain the Dp values from urine puddles in commercial dairy cow houses.

A so-called XY-table with an ultrasonic distance sensor attached to it was used, and

compared to the balance method being defined as the “gold standard”. The depth

of water puddles was successfully measured in various experimental setups and the

ultrasonic method achieved a measurement uncertainty smaller than 0.1 mm.

To measure the Ap, a thermal IR camera was used. In a preliminary experiment

in two cow houses, the IR camera was mounted on a movable trolley and was able to

collect IR images of fresh urine puddles. In Chapter 5 an IR model was developed to

obtain the Ap value automatically from an IR image based on the temperature values

of an individual puddle and its near surroundings. A lab experiment was performed

with manually created warm and blue-coloured water puddles on three floor types.

Simultaneously both an IR and RGB image were taken from a puddle and the Ap
was determined by the IR model (Ap,IR) and was compared to the ground truth

reference (Ap,GT ) based on the assessment of the RGB image by three individuals.

The Ap,IR underestimated the Ap,GT by 2.53 % for which is compensated in the model

Ap,GT = 1.0253 ·Ap,IR. This regression model has a zero y-intercept and the standard
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Summary

deviation of the residuals was only 0.0651 m2 yielding an uncertainty smaller than

0.1 m2. In addition, the Ap,IR was not affected by the mean background temperature.

The selected sensors and developed methods were combined and a protocol was

described to measure the variables pH, Dp, UUN , Ap and Tliq of fresh, random

and manually created urine puddles in commercial dairy cow houses. In a factorial

experimental setup based on four floor-management types (FMTypes), with experi-

mental factors Season and PREclean treatment. PREclean was only applied to the

Dp measurement and represented intense-floor-cleaning before urine puddle creation,

which was compared with those created under normal floor conditions with on-farm

manure scraping. Two explanatory factors were distinguished that were not controlled

at farm level and were not equally spread among the FMTypes, being Diet and Calc.

In Chapter 6 it was concluded that the V-shaped asphalt floor had significantly

larger values for both Ap (1.04 m2) and Dp (1.5 mm) than did the slatted and grooved

floors (0.76 m2, 0.93 mm). For both Ap and Dp the variation within a farm was large,

but was negligible between farms. Compared to the Tac-Rav reference values, the Ap
values were similar, but the Dp values and variation were 3 to 6 times larger. Finally,

the Dp values in winter were significantly smaller than in spring, and with PREclean

treatment the Dp resulted in about 3 times lower values compared to the on-farm

scraping if present. In short, the potential ammonia emission reduction of good floor

cleaning is large.

Overall mean values were 4.27 kg m−3 for UUN , an initial pH of 8.3, both in fresh

puddles, and a pH(t = ξ) of 9.0 for random puddles at a random time (Chapter 7 ).

For UUN both the variation within and between farms was large, whereas the variation

for pH was small. The factor Diet was the only one that resulted in a significant

effect, with a 0.1 difference in pH(ξ), which was small. Compared to the Tac-Rav

reference values, both the mean UUN and pH showed lower values. The calculated

potential ammonia in kg puddle−1 showed a huge range and was considerably larger

than the Tac-Rav values for the reference situation.

The general discussion of this thesis, presented in Chapter 8, discusses three dif-

ferent topics First the measured variable values from the dairy cow house measurement

were substituted in the currently used model (Tac-Rav) and the NH3 emission was

determined. These results were compared to the outcome of the sensitivity analysis

in chapter 2 to ultimately come up with the most important variables for the urine

puddle NH3 emission. It is shown that the UUN range at farm level is both slightly

smaller and shifts to slightly lower values than the UUN data used in chapter 2, while

for Dp the range and values are both larger. These two variables causes the largest

variation in the estimated NH3 emissions, and not the pH. In conclusion, these two

variables need to be measured in individual commercial dairy cow houses to determine

the NH3 emission. For Ap, pH and Tair the measured ranges at farm level are less

large than those in chapter 2. The pH turns out to be fairly stable in commercial cow

171



houses and, related to that, it causes less variation in the estimated NH3 emission.

Nevertheless, the pH still ranks as the third most important variable, and therefore

needs to be measured in individual cow houses. The Ap is fairly stable between farms,

but varies within farms and it still has a significant effect on the NH3 emission. The

floor design, clearly affects the Ap. Therefore, it is not necessary to measure Ap at

each individual farm, but it is sufficient to measure the Ap only in one commercial cow

house per floor design. The Tair variable is of limited importance as input variable

in the Tac-Rav model compared to the above mentioned four variables, but is still

significant. In the data the Tair represents the seasonal variation in the model.

As a second topic, the usability of the measurement methods is discussed. All meas-

urement methods worked in practice with the required accuracy. The Ap measurement

was the most difficult one to perform. Based on the results, the Ap measurement can

be separated from the others, and in this way the UUN , pH and Tair measurements

will be easier to perform in practice. The Dp measurement shows the largest uncer-

tainty. The floor design and dirtiness caused a large variation of the measurement

itself. Therefore, it is recommended to further develop the puddle depth measurement

equipment. In addition, it will be fruitful to measure Ap and Dp simultaneously at

the same urine puddle at different floor designs, to better relate the two variables to

each other and to the floor design and urine puddle variation. Finally, it is worthwhile

to develop a sensor that is able to measure the UUN on-line, similar to the pH sensor.

With such a UUN sensor it will be possible to easily measure the UUN together with

pH of both fresh and random puddles in commercial dairy cow houses.

As a third topic, the options to reduce NH3 emission in commercial dairy cow

houses are discussed. It was not the focus of this thesis to fully describe all possible

and available reduction methods, but some were addressed. A low UUN value results

in a lower NH3 emission, and low UUN values are possible in practice. Based on NH3

emission process theory, the emission can be reduced by either blocking the urease

activity with a urease inhibitor, or to lower the pH to a level <6 by adding an acid to the

urine and faeces. It has been demonstrated already that both methods work. However,

urease inhibitor or acid need to be applied regularly since cows continuously produce

urine and faeces and these acids will eventually enter the environment. Therefore, the

usage of both methods needs to be regulated. In The Netherlands both methods are

not allowed yet. A solution without adding chemicals, is to separate urine and faeces

for 100 %. Current floor designs and manure scrapers are not capable to accomplish

this level of separation. Therefore, to reach this goal, manure handling systems must

be improved.
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