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ABSTRACT
Ammonia is a nuisance gas in many swine barns. The overall objective of this
research project was to model ammonia formation and transmission processes in a
grower-finisher swine barn, by first modelling the ammonia production and emission
from urine puddles on the floor surface and the ammonia emission from the slurry pit,
and then incorporating these emission rates in a dynamic model that separates the room
and slurry pit headspace as two separate, but linked, control volumes. A series of studies
were conducted to gather more information about the processes affecting the ammonia
emission rate from the floor surface and the slurry that were later included in the overall
room model developed. The model was then used to investigate ammonia reducing
techniques and technologies based on the understanding of ammonia production and
transmission incorporated in the model.
The first step in modelling the ammonia emission rate from the floor surface was to
determine the frequency of urinations by grower-finisher pigs. Male and female pigs
were observed three times during their finishing phase to determine their urination
frequency over the course of a day. The average measured urination frequency was 0.62
± 0.11 urinations pig-1 h-1. A sinusoidal dromedary model was developed to describe the
daily variation in urination frequency for male and female pigs between 51 and 78 kg.
In order for the deposited urinations on the floor surface to emit ammonia, the urea in
the urine must first be converted to ammonia and the urease enzyme catalyzes this
reaction. Two methods, a fixed-time-point method using the indophenol assay for
ammonium-nitrogen analysis and a continuous method using the coupled enzyme assay,
were used to measure enzyme activity at the floor surface of a swine barn and were
compared to reported urease activity levels in the literature. Using both methods, there
ii

appeared to be an ammonia-producing site on the floor surface or within the collected
samples that made accurate measurements of urease activity impossible. A review of
urease activity levels in the literature from dairy-cow houses suggest that urease activity
will be lowest following floor-cleaning and increase quickly following fouling of the
floor surface. Based on the literature review, a urease activity value of 5

g NH3

m-2 h-1 was suggested for use in ammonia emission modelling of fouled floor surfaces in
swine barns until better measurements become available.
The ammonia emissions from 36 simulated urine puddles under a variety of
temperature, air velocity and initial urea concentration conditions were measured in a
bench-scale experimental set-up. The measurements were used to calibrate and validate a
dynamic, mechanistic, urine puddle emission model that considered the processes of
evaporation, urea conversion, change in liquid concentration and puddle pH in order to
simulate the amount of ammonia emitted from a puddle. Based on the correlation
coefficients (R) between measured and simulated values for water volume (R=0.99), total
ammoniacal nitrogen concentration (R=0.90), and total emission (R=1.00), along with
five other statistical tests for each simulated variable, the model was deemed accurate.
The measurements and simulations in this experiment showed the impact of puddle pH,
urease activity and changing environmental conditions on the average puddle emission
rate. Puddle emission continued to occur as long as there was still water.
The impact of different slurry compositions on the ammonia emission rate from slurry
pits was tested in another bench-scale experimental set-up with emission chambers. The
emission chamber concentration data collected was used to calibrate and validate a
developed slurry emission model. The collected slurry samples were concentrated
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mixtures of urine and feces from individually-housed animals fed different diets. An
empirical equation was developed to express the amount of total ammoniacal nitrogen in
the slurry that was in the form of ammonia (f) and thus volatile to the surroundings.
Based on the empirical equation, the simulated value of f was between 0.03 and 0.08 and
did not show the sensitivity to slurry pH that has been reported by other authors. The
slurry emission model with the empirical equation for f was validated with ammonia
emission measurements from eight different slurry samples and simulated hourly
concentration measurements within 17% and five-day average concentration
measurements within 3%. Further testing was recommended to ensure the model
developed for concentrated manure in this study was applicable to the more dilute slurry
found in swine barns.
Using the information gained in the previous experiments, a mechanistic model
describing the dynamic ammonia concentration in the room and in the slurry channel
headspace of grower-finisher swine barns, as well as the ammonia emitted to the
surrounding environment was developed. Data was collected from two grower-finisher
rooms to use as input data to the model and for calibration and validation purposes. The
model calibration procedure determined that the amount of emissions originating from
the slurry for the simulated room conditions was generally less than 5% of the total room
emissions, the air exchange rate through the slatted floor was approximately 4% of the
room ventilation rate, and that in the first two weeks of animal activity in a room the
urease activity at the floor surface will increase. The model was validated using separate
data from that used in the calibration process. The model simulated hourly room
concentration levels within 2.2 ppm and 3-day average concentration levels within 1.6
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ppm. The model simulations were more accurate for one room that was fed a typical
grower-finisher diet compared to another room fed an experimental diet with lower
protein content and sugar-beet pulp inclusion.
The dynamic model was tested for its sensitivity to various input factors in terms of
the floor emission rate, slurry emission rate and total emission rate. An interesting aspect
of the simulations was that increases in either floor or surface emission rate were
compensated to a small extent by decreases in the other emission rate as a result of a
reduced concentration gradient for mass transfer. The ammonia emission rate from the
floor was most sensitive to changes in urease activity, fouled floor area and puddle area.
The ammonia emission rate from slurry was most sensitive to changes in slurry pH. The
impact of input variables on the total emission rate was dependant on the simulated
proportion of the total ammonia emission coming from either the floor surface or slurry
channel. Three ammonia reduction techniques were tested and evaluated on their impact
to the total ammonia emission rate from a room compared to a given set of control
conditions.
The work in this thesis highlighted the importance of ammonia emission from the
floor surface. The proportion of ammonia originating from the slurry and from the floor
surface respectively will vary on the specific conditions within the barn, and will impact
the effect of any ammonia mitigation technique that is investigated or used.
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CHAPTER 1
GENERAL INTRODUCTION
1.1 Problem Definition
Between 1995 and 2005, the Canadian hog industry nearly doubled the number of
hogs marketed from 15.6 million to 31.0 million. In that same period, Saskatchewan
increased the number of hogs marketed by 1.6 million so that Saskatchewan currently
produces approximately 8% of the total hogs marketed in Canada (CPC, 2006). The
increase in hogs marketed has been accompanied by an increase in the size of farms, but
a decrease in the number of farms, both provincially and nationally (CPC, 2006). An
increasing production level is generally indicative of a thriving industry, and the changes
in farm size show that swine farming is becoming increasingly intensified and
commercialized. Are the increasing production rate and changing production methods
sustainable over the long-term provincially and nationally? Global competitiveness,
social responsibility and environmental sustainability are commonly accepted as three
criteria that production systems must satisfy to be recognized as sustainable. Many
political, economical and environmental factors should be considered when discussing
sustainability, but one inevitable aspect of swine production systems that currently
impedes or threatens each criterion is ammonia (NH3).
Ammonia is a well-known gas in livestock barns that can be detrimental to the health
of workers and affect the health and productivity of the animals. In the environment,
high amounts of ammonia can lead to disruption of natural ecosystems and ammonia has
also been recognised as a constituent of manure odour. The impacts of ammonia affect
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the health and safety of workers, the cost of production, the public perception of swine
barns, and also the health of the environment.
Therefore, reducing ammonia levels at the animal and worker level and ammonia
emissions to the surrounding environment can help the swine industry become more
sustainable, but only if the reduction methods are implemented with a positive economic
impact. The overall goal of this work is to reduce the impact of ammonia on the health
and safety of workers and, at the same time, improve animal health and productivity and
reduce the impact of swine production on the surrounding environment by reducing
ammonia production in swine barns. By creating a mathematical model to predict
ammonia production and emission, potential reduction techniques can be identified,
investigated and evaluated before full-scale testing or implementation occurs, resulting in
time and cost-savings.
The objective of this chapter is to gather background information from the literature
about ammonia gas, ammonia production within swine barns, ammonia emission and
concentration levels for swine barns, and the resulting effects of ammonia gas on the
workers, animals and surroundings. Existing models are reviewed, as are current
ammonia reduction techniques. From the information in the literature, the hypotheses,
objectives and contents of the current study are developed.
1.2 Background
1.2.1 Ammonia
Ammonia compounds consist of one nitrogen atom and three hydrogen atoms
arranged in a tetrahedral fashion and with a molecular weight of 17.03 atomic mass units.
At room temperature and standard atmospheric pressure, ammonia is a colourless gas
with a pungent and irritating odour (CHEMINFO, 2000; Merck, 1983); the Merck Index
2

(1983) describes the odour as "characteristic of drying urine". The density of ammonia
gas at 300 K is 0.6894 kg m-3, and the density slowly decreases with increasing
temperature (Incropera and DeWitt, 1996).
The nitrogen atom has a lone pair of electrons that makes the ammonia compound a
weak base that partially ionizes in solution to form ammonium (NH4+) and a hydroxide
ion (OH-).
NH 3 + H 2 O

NH 4+ + OH −

(1.1)

Ammonia and ammonium will co-exist in equilibrium in solution, according to the
equilibrium constant for ammonia (K), which expresses the ratio of activities of the
components in the solution (Chang, 1998). The activity of an ion is approximated by the
product of the concentration and an activity coefficient (ϕ ; Arogo et al., 2003b).
K=

ϕ NH 4+ ⋅ [NH 4+ ]⋅ ϕ OH − ⋅ [OH − ]
ϕ NH 3 ⋅ [NH 3 ] ⋅ [H 2 O ]

(1.2)

Since the concentration of water will remain relatively constant throughout the ionization
reaction, equation 1.2 can be modified to express the base ionization constant for
ammonia (also referred to as the association constant; eq. 1.3), or the acid ionization
constant for ammonium (also referred to as the dissociation constant; eq. 1.4) (Jayaweera
and Mikkelsen, 1990). The Kb and Ka constants are expressions of the strength of a weak
base and weak acid, respectively. For example, larger values of Ka are associated with
stronger acids.
K b = K ⋅ [H 2 O ] =

ϕ NH 4+ ⋅ [NH 4+ ]⋅ ϕ OH − ⋅ [OH − ]
ϕ NH 3 ⋅ [NH 3 ]

[ ]

ϕ NH 3 ⋅ [NH 3 ] ⋅ ϕ H + ⋅ H +
K
Ka =
=
[H 2 O]
ϕ NH 4+ ⋅ NH 4+

[

]

(1.3)

(1.4)
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The base ionization constant is 1.8×10-5 and the acid ionization constant for the conjugate
acid ammonium is 5.6×10-10 (Chang, 1998). Activity coefficients are a function of the
ionic strength of the solution (Arogo et al., 2003b); in a very dilute solution the activity
coefficients are assumed equal to one so that equations 1.3 and 1.4 can be expressed
solely in terms of concentration.
Ammonia concentration, in gas and aqueous solution, has been expressed using many
different terms in the past. Ammonia, also referred to as free ammonia, is non-ionized
ammonia (NH3); total ammonia (TA) refers to the sum of the mass of the ammonia and
ammonium (NH3 + NH4+). Ammoniacal nitrogen is the mass of the nitrogen nuclei of
ammonia (AN or NH3-N), and total ammoniacal nitrogen is the sum of the mass of the
nitrogen nuclei in the ammonia and ammonium molecules (TAN or NH4-N) (Ni, 1999).
Conversion between the various forms involves the ratio of molecular weights for
nitrogen by itself (14 .01 amu) and ammonia (17.03 amu).
1.2.2 Ammonia Formation and Emission within Swine Barns
As a nitrogen compound, ammonia plays an important role in the global nitrogen cycle
and livestock facilities represent an anthropogenic (man-made) sink and source in the
balance. Figure 1.1, adapted from Aarnink (1997), shows how a pig takes in nitrogen
through feed and converts nitrogen to ammoniacal form to be installed back into the soil
or air.
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Figure 1.1. Nitrogen chain for fattening pigs in housing with
partially slatted floor and surface application of slurry.
Percentages represent the distribution of the nitrogen taken in
through the feed (adapted from Aarnink (1997)).
While figure 1.1 only shows emission from urine and slurry, Arogo et al. (2003a) also
list decomposing feces and feed on the floor within a barn as ammonia production sites.
Various authors have examined the formation of ammonia from urine puddles and
slurry, the two main ammonia sources identified in figure 1.1; no information on
ammonia emission from faecal material was found in the literature. Once ammonia has
been formed within a solution (urine or slurry), the process of ammonia volatilization is
considered similar to that of any other ammonia solution (Ni, 1999).
Ammonia formation in the urine and slurry within swine buildings has been studied
concurrently with ammonia formation in cattle housing. The similar fouling practices of
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both types of livestock and similar manure handling methods allow ammonia production
mechanisms to be interchanged between species.
1.2.2.1 Ammonia formation in urine puddles
Nitrogen released from protein and amino acid degradation is excreted as urea in the
urine of mammals (Pond et al., 1990). The enzyme urease catalyzes the hydrolysis of
urea (CON2H4) to ammonia and carbamic acid (COOHNH2), which spontaneously
hydrolyzes to form carbonic acid (H2CO3) and another molecule of ammonia (Mobley
and Hausinger, 1989), shown in equation 1.5.
CON 2 H 4 + H 2 O ⎯urease
⎯⎯→ NH 3 + COOHNH 2
COOHNH 2 + H 2 O ⎯
⎯→ NH 3 + H 2 CO3

(1.5)

Various bacteria, yeasts, fungi and algae produce urease (Mobley and Hausinger,
1989), including micro-organisms in the feces (Muck, 1982). Braam et al. (1997a) also
suggest urease is found in digestive tract salts. Nickel is a cofactor for urease (Mobley
and Hausinger, 1989).
Muck (1982) found the urea conversion in a 2.2:1 mixture of feces and urine could be
modelled by the Michaelis-Menten equation (eq. 1.6), which was then incorporated by
Muck and Steenhuis (1981) in a model to describe ammonia emission from urine puddles
in the alley of a free-stall dairy barn. Elzing and Monteny (1997b) also applied equation
1.6 to urine and urine/feces mixtures applied to a fouled slatted floor.
S ⋅U
dU
=− m
dt
Km +U

(1.6)

(NOTE: Urease activity of a floor surface, Sm' is often expressed on a g NH3 m-2 h-1 basis
that can be converted to urease activity (Sm), with units of mol U L-1 s-1, by division with
the solution depth (m) and some unit conversion).
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The urease activity, Sm, is the maximum urea conversion rate at high substrate
concentrations. Urease activity can be affected by temperature and pH, floor surface
characteristics and number of days of fouling with feces and urine (Muck, 1982; Braam
and Swierstra, 1999; Braam et al., 1997a). Enzyme activity for most enzymes increases
with increasing temperature up to a certain limit, but past this limit, enzymes can become
denatured (Shuler and Kargi, 2002). Each enzyme has an optimal pH as well. At other
pH levels, changes can occur in the active site or three-dimensional shape of the enzyme
(Shuler and Kargi, 2002). Muck (1982) found urease activity of bovine feces increased
up to a temperature of 40°C, and was optimal between pH levels of 6.8 and 7.6. Aarnink
and Elzing (1998) related urease activity to floor surface roughness, but from testing
concrete samples with varying surface roughness and coating treatments, Braam and
Swierstra (1999) concluded that high levels of urease activity were expected to develop
on all floor types within a relatively short "fouling" periods (less than 15 days). Elzing
and Monteny (1997a) found that the maximum rate of ammonia emission increased over
the first seven days of repeated fouling of a slatted floor with urine and feces. The
authors attributed this to increasing urease activity at the floor surface. After seven days,
a steady maximum ammonia emission rate indicated that the urease activity or the
amount of urease was not limiting to ammonia emission (Elzing and Monteny, 1997a).
Braam et al. (1997a) determined that urease activity was limiting up to an activity level of
2 g NH3 m-2 h-1. Above this level of activity, an increase in urease activity resulted in
very small increases in ammonia emission from a cubicle house for dairy cows. It is
unclear from past research whether urease will develop to non-limiting activity levels on
areas of concrete that are fouled intermittently over a growth cycle, such as the solid floor
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in a pig pen. No references have been found that describe or account for ammonia
contribution to solution by fecal material; the fecal material remains solely the enzyme
source in the literature.
The Michaelis constant (Km) in equation 1.6 represents the enzyme's affinity for the
substrate (Shuler and Kargi, 2002). A small Km value relative to the urea concentration
corresponds to a high affinity. Elzing and Monteny (1997b) experimentally determined a
Km value of 0.002 mol L-1.
As ammonia is produced within a urine puddle by urea degradation (2 moles of
ammonia are produced for every mole of urea), ammonia is simultaneously emitted from
the puddle. The resulting TAN balance of the puddle is represented by the differential
equation 1.7 (Elzing and Monteny, 1997b).
⎛ − Sm ⋅U
dTAN
= −2 ⋅ ⎜⎜
dt
⎝ Km +U

⎞ EP
⎟⎟ −
⎠ VP

(1.7)

1.2.2.2 Ammonia formation in slurry
In a slurry pit, the environment for ammonia formation is quite different than for a
urine puddle. The rate of addition of urine and feces is small compared to the whole
slurry volume. The suggested methods of ammonia formation are degradation of fresh
urine in the top layers, and anaerobic digestion in the bottom layers of the slurry.
Ammonia produced in the bottom layers could theoretically transfer to the surface layer
by diffusion or gas bubbles; Zhang et al. (1994) speculate that the dominant transfer
mechanism for ammonia is diffusion because of its high solubility in water. Ammonia
formation rates within the slurry have thus far been based on regression equations from
experimental data (Zhang et al., 1994). From computer simulations, Zhang et al. (1994)
found that in the bottom layers of a slurry channel, the generation of ammonia was faster
8

than the simulated diffusion so the simulated TAN concentration in the slurry increased.
In the top layers, the concentration remained more stable, indicating the ammonia
production by urea decomposition and ammonia from diffusion were equal or greater
than the ammonia emission. Other authors have assumed the total ammoniacal nitrogen
homogeneous throughout the slurry (Aarnink and Elzing, 1998).
Many other gases are formed in the slurry during storage including methane, carbon
dioxide and hydrogen sulphide. The relationships between these compounds in the
solution and at the slurry surface are suspected of affecting one another, most likely by
affecting the pH of the solution (Sommer and Husted, 1995; Aarnink and Elzing, 1998;
Ni et al., 2000b).
1.2.2.3 Ammonia partitioning in the liquid and gas phases
As ammonia is produced within a solution (either urine or slurry), the ammonia will
separate into the ammonia and ammonium forms, and the relative concentrations are
dependant on the acid or base ionization constants (eq. 1.3 or eq. 1.4). Jayaweera and
Mikkelsen (1990) developed equation 1.8 to express the temperature dependency of the
acid ionization constant for ammonia in a water solution.
K a = 10

2729 ⎞
⎛
−⎜ 0.0897 +
⎟
T + 273 ⎠
⎝

(1.8)

The acid ionization constant for ammonium in pig manure with 1% total solids content
was found to be one-fifth the Ka-value for ammonium in water (Zhang et al, 1994), and
was one-sixth for concentrated chicken manure slurries with 3.5% to 8.5% total solids
(Hashimoto and Ludington, 1971). Further work by Arogo et al. (2003b) showed a
variation in the acid dissociation constant for ammonium in slurry based on temperature
also. Based on these experiments, a factor is often combined with the known Ka for
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ammonium in water (eq. 1.8) to express the Ka for ammonium in slurry. The factor
could be interpreted as a representation of the relative activities and it is speculated that
the factor is related to the solids content of the slurry. The factors that have been used
include 0.17 (Hashimoto and Ludington, 1971), 0.2 (Zhang et al., 1994), 0.50 (Liang et
al., 2002) and 0.5 to 0.95 (Arogo et al., 2003b).
Ammonia is released as a gas to the surroundings whereas ammonium is not. It is
often desirable to express this free ammonia (NH3) as a proportion (f) of the total
ammonia (NH3 + NH4+) since the TAN concentration of a solution can be measured using
various techniques. Zhang et al. (1994) calculated f by rearranging equation 1.4 and
substituting equation 1.8 with a factor of 0.2 to achieve an expression based on pH and
temperature only (eq. 1.9). The denominator in equation 1.9 shows the inverse value of
Ka multiplied by the factor 0.2.
10 pH

f =
10

pH

+ 5 ⋅ 10

(1.9)

2729 ⎞
⎛
⎜ 0.0897 +
⎟
T + 273 ⎠
⎝

Based on equation 1.9 the fraction of ammonia to TAN will increase exponentially with
increasing pH.
Ammonia in solution will also partition between the liquid and gas phases, and the
ratio of concentrations is described using the Henry's Law constant. Treybal (1980)
applies Henry's Law to TAN concentrations in water below 3.2 mol L-1 at 10°C and 2.0
mol L-1 at 30°C. Outside of this range, Henry's Law and the related constant may not
accurately describe the relationship between the gas and liquid phase concentrations
because of chemical interaction between ammonia and the liquid or dissociation effects in
the solution (Treybal, 1980). As shown by Ni (1999), numerous equations have been
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developed to express the Henry's law constant for ammonia, either as the dimensionless
ratio of ammonia concentration in the liquid compared to the gas (H), the ratio of partial
pressure to liquid concentration (H') or the dimensionless ratio of gas concentration to
liquid concentration (H''). Ni (1999) recommends using a Henry's Law constant that
expresses the dimensionless ratio of ammonia concentration in the liquid to the ammonia
concentration in the gas layer, similar to the equation developed for swine house slurry
emission models by Aarnink and Elzing (1998; eq. 1.10), because the ammonia
concentration in the surrounding air is generally expressed as a concentration rather than
a partial pressure.
H=

CL
(293−T film )
= 1431 ⋅ 1.053
CG

(1.10)

1.2.2.4 Ammonia volatilization
In both urine puddles and slurry, ammonia at high concentrations in solution will
move to an area of lower concentration in order to attain a form of equilibrium.
Convective mass transfer is assumed to be the dominant transfer mechanism for most
agricultural ammonia sources (Ni, 1999). Equation 1.11 describes the mass transfer
process from the concentrated surface of a urine puddle or slurry to the bulk gas phase.
The concentration in the gas film immediately above the puddle surface is estimated
using the f variable and Henry constant (H), described in the previous section (Zhang et
al., 1994).

⎛ f ⋅ TAN
⎞
− CB ⎟
E = A ⋅ k ⋅ 1000 ⋅ (C G − C B ) = A ⋅ k ⋅ 1000 ⋅ ⎜
⎝ H
⎠

(1.11)

The convective mass transfer process can be simulated using different assumptions
and models. Ni (1999) found that most ammonia emission models employed the

11

Boundary Layer Theory or the Two-Film Theory in the development of theoretical mass
transfer coefficients. Both theories describe the diffusion or conduction of ammonia
through the thin liquid and/or gas films at the liquid surface. However, the mathematical
representation is different.
The Boundary Layer Theory divides fluid flow past a surface into two regions: the
bulk fluid flow region where viscosity can be neglected; and the very thin boundary layer
region close to the surface where viscosity effects must be considered (Schlicting and
Gersten, 2000). If the fluid flow in this boundary layer is laminar, transport of the solute
is by molecular diffusion. As the fluid flow in the boundary layer increases and
turbulence increases, packets of solute may be transferred across the streamlines by
eddies (Welty et al., 1984). A concentration gradient will form close to the surface and is
called the concentration boundary layer (Fig. 1.2).
y

δC(L)

Free Air
Stream

Concentration
Boundary

CG,y
C B, v

CG
L

Figure 1.2. Concentration boundary layer (δC(L)) development for
fluid flow of velocity v over a flat plate of length L (adapted from
Incropera and DeWitt, 1996).

At the boundary layer, equation 1.12 is satisfied:
(C G − C G , y )
(C G − C B )

= 0.99

(1.12)
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Incropera and DeWitt (1996) use numerical techniques to simultaneously solve the
governing boundary layer equations describing the hydrodynamic conditions and the
species conservation equation. For flow over a horizontal plate, k can be described by
equation 1.13 for laminar flow and equation 1.14 for turbulent flow (Incropera and
DeWitt, 1996).
k=

k=

D AB ⋅ 0.664 ⋅ Re1 / 2 ⋅ Sc1 / 3
L

when Sc>0.6.

(1.13)

D AB ⋅ 0.037 ⋅ Re 4 / 5 ⋅ Sc 1 / 3

(1.14)

L

The second theory is the Two-Film (or two-resistance) Theory developed by Lewis
and Whitman (1924). For transfer of material between two phases, there exists an
interface between the gas and liquid films (figure 1.3).
Free Air Stream
CB
Bulk Gas
Depth

Gas Film

Convection Transfer

CG,0
CG,i

Molecular Diffusion
CL,i

Liquid Film
Bulk Liquid

CL,0

Film Interface, i

Molecular Diffusion
Diffusion Transfer

CL

Length

Figure 1.3. Boundaries for the two-film theory (adapted from Ni,
1999).

Both films are very thin and close to the surface, therefore they are not subjected to
convection currents and the mass transfer across these films is by diffusion only. Each
film resists the movement of solute, and the two films may be considered two diffusional
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resistances in series (Lewis and Whitman, 1924). It is assumed the interface has no
resistance. The overall mass transfer coefficient can be determined from the individual
film coefficients (κ). Equation 1.15 is designed for use with a concentration gradient
between the gas and the liquid. The Henry’s Law constant (H''') is incorporated in the
mass transfer coefficient expression, negating the need for H in equation 1.11 for the
surface gas concentration expression.
k' =

κ L ⋅κG
H ' ' '⋅κ L + κ G

(1.15)

(NOTE: The units of k' depend on the units used in the diffusion coefficients and in the
concentration gradient. The k'-variable units can be converted to m s-1 so that k' can be
used as an expression for k).
Haslam et al. (1924) measured the effect of gas velocity and temperature on the rate of
ammonia absorption by water. Based on measured mass transfer from gas to the water in
a wetted wall type tower with no packing, at different air velocities (0.01 to 0.46 m s-1)
and temperatures (283 to 323 K), the following relationships were found for the gas film
coefficient (eq. 1.16; units of g h-1 cm-2 atm-1) and the liquid film coefficient (eq. 1.17;
units of cm h-1).

κ G = 5.31 ⋅ 10 3 ⋅ 3.28 ⋅ v 0.8T −1.4

(1.16)

κ L = 5.1 ⋅ 10 −7 T 4

(1.17)

For gases that are highly soluble, such as ammonia, the liquid film offers very low
resistance to solute movement so the mass transfer coefficient can be simplified to the
diffusion coefficient through the gas film (Lewis and Whitman, 1924) only.
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Ni (1999) reviewed various ammonia emission models for a variety of systems (i.e.
swine barns, dairy barns, flooded rice fields) and found that models used a variety of
different mass transfer coefficients, some based on calculated values from the theories
presented, or experimentally determined mass transfer coefficients. The experimental
values of k varied from 11.7×10-3 to 1.3×10-6 m s-1. From the experimental measurements,
the mass transfer coefficient for ammonia was positively related to air velocity and
temperature of air or manure. Muck and Steenhuis (1981), Elzing and Monteny (1997b),
Aarnink and Elzing (1998) and Monteny et al. (1998) calculated the convective mass
transfer coefficient based on the individual gas film diffusivity (κG) from Haslam et al.
(1924) (eq. 1.16) within their respective ammonia emission models. The partial pressure
based mass transfer coefficient was converted to a concentration-based mass transfer
coefficient with units of m s-1 using the Ideal Gas Law. However, Ni (1999) concluded
that using the gas film coefficient as the overall mass transfer coefficient was
inappropriate. This mass transfer coefficient has a negative relationship with
temperature, which disagrees with measured coefficients (Ni, 1999). Haslam et al.
(1924) suggested the negative relationship between the gas film coefficient and
temperature was possible if the thickness of the gas film increased because of decreased
density and increased viscosity at a faster rate than the specific diffusion rate per unit
thickness increased.
1.2.3 Ammonia Concentration and Emission Measurements

Figure 1.1 showed approximately 7% of the nitrogen consumed by a 55-kg pig was
emitted to the atmosphere. This number is highly variable depending on many factors,
including the size of animals, type of barn and production system, as will be discussed.
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There are some key points that are important to consider when reviewing ammonia
concentration and ammonia emission data:
1. Ammonia emission and ammonia concentration in the barn are dependant
on each other, but each value is important on its own. The emission rate is
calculated by multiplying the difference between the room and inlet
concentrations by the ventilation rate of the room. Therefore, a room may
have a high emission rate, but a low concentration because of a high
ventilation rate;
2. Because the emission rate is a product of the concentration and ventilation
rates, accurate measurement of both variables is important. Ventilation
rate measurements can be especially difficult and there is no standard
method to measure airflow rates in naturally-ventilated or mechanicallyventilated barns;
3. The concentration within large enclosed areas is generally considered
homogeneous, and the measured ammonia concentration in the exhaust is
considered the average room concentration (Aarnink et al., 1995). This
assumption can lead to over or under-estimation of the actual ammonia
concentration at various locations within an airspace; and
4. Emission rates can be described with various units, including mass per
unit time per pig, mass per unit time per 500-kg live mass or animal unit
(1 AU = 500 kg live mass), or mass per time per animal place or space
(Arogo et al., 2003a).
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1.2.3.1 Ammonia emission measurements

At least two studies have compiled extensive ammonia emission measurement data.
Groot Koerkamp et al. (1998) measured ammonia emissions from 14 housing types for
cattle, swine and poultry in England, the Netherlands, Denmark and Germany and found
large variations between countries, between commercial houses and between seasons. In
the five swine houses used in the study, average ammonia emission rates were between
13.2 and 64 g NH3-N d-1 AU-1. Larger emission rates were generally associated with
housing for larger animals, such as sows and finisher pigs. Arogo et al. (2003a) reviewed
ammonia emissions from swine buildings in the United States and found average
emission rates ranging from 34 to 120 g NH3-N d-1 AU-1 in finishing facilities with deep
pit manure collection systems. Emission rates averaged between 4.7 and 19 g NH3-N d-1
AU-1 for grower-finisher facilities with more frequent manure removal systems (i.e. pullplug, flushed and pit recharge). The measurement method, climate and length of
sampling differed between the various sources of emission data (Arogo et al., 2003a).
Ammonia emission patterns can vary over a cycle of animals, seasonally, and even
diurnally. Aarnink et al. (1995) found the mean ammonia emission was 17 g NH3-N d-1
AU-1 for rearing pigs (based on an average weight of 25 kg) and 26 g NH3-N d-1 AU-1
(based on an average weight of 110 kg) for fattening pigs, both on partially slatted floors.
The same study found a 56% higher emission rate during the summer for rearing pigs, but
not for fattening pigs. During the night, ammonia emissions decreased 10% for piglets,
and 7% for fatteners (Aarnink et al., 1995).
A wide variety of factors have been correlated with ammonia emission measurements
and the variation in emission. Aarnink et al. (1996) and Ni et al. (1999c) found a
significant impact of the fouled floor area of partially-slatted floor pens on ammonia
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emissions. Aarnink and Wagemans (1997) found animal activity (animal movement)
explained 44% of the daily variation in ammonia emission.
1.2.3.2 Ammonia concentration measurements

In the study by Groot Koerkamp et al. (1998), average ammonia concentrations within
the swine barns were between 5 and 18 ppm. Lim et al. (2004) measured ammonia
concentrations in the room exhaust air based on different manure removal strategies
between 5 and 17 ppm. Donham (2000) reported the typical range of ammonia
concentrations within swine barns was between 5 and 20 ppm.
Various studies have shown that concentration levels can vary within a room.
Wilhelm and McKinney (2001) measured higher ammonia concentration levels at the pit
exhaust of a swine barn with pit ventilation compared to the room air. Aarnink and
Wagemans (1997) showed that in rooms with partially slatted floors, the concentration
above the slatted floor and solid floor areas could differ by over 10 ppm for certain
ventilation configurations. Also, the average ammonia concentration in the slurry pit was
higher than the concentration over the solid floor area, and similar or slightly lower than
the concentration at animal level over the slatted floor.
1.2.4 Effects of Ammonia

As shown in the literature, ammonia does exist in swine barns. The following section
describes some of the associated effects of ammonia as an air contaminant in the barn,
and in the air emitted to the surrounding environment.
1.2.4.1 Human health effects of ammonia

The human health effects of exposure to ammonia gas have been quantified with
threshold limit values (TLVs) such as the TLV time-weighted average (TLV-TWA), the
TLV short-term exposure limit (TLV-STEL) and the TLV immediately dangerous to life
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and health (TLV-IDLH). The TLVs shown in Table 1.1 are based on irritation effects
(ACGIH, 2000). The nose and throat are often the first organs to experience irritation.
Eye tearing can happen at 134 ppm when in contact with the gas for less than 5 min
(CHEMINFO, 2000).
Table 1.1. Ammonia concentrations related to health problems
Limit
Definition
Concentration
(ppm)
Mean
Concentration at which odour is
17
Odour
first detected.
Threshold
25
TLV-TWA Time
weighted
average
concentration for a conventional 8hr per day, 5 days per week work
period, to which the worker may be
repeatedly exposed with no adverse
effects.
TLV-STEL A 15-min TWA exposure that
35
should not be exceeded at any time
during a workday.
TLV-IDLH Concentration that is immediately
300
dangerous to life and health.

Source

CHEMINFO
(2000)
ACGIH (2000)

ACGIH (2000)
CHEMINFO
(2000)

Donham et al. (1995) found a correlation between decreases in pulmonary function
and increased ammonia levels, among other barn air constituents like total dust,
respirable dust, and endotoxins, for swine production facility workers. The symptoms
increased with the number of years spent working in the barn environment. Dust and
ammonia were the strongest factors related to decreases in pulmonary function over a
work period. Because a swine barn environment includes the combined effects of many
gases, dust and endotoxins, it is possible the ammonia TLVs for swine barns are affected
by other components. Donham (2000) recommended a maximum concentration limit of
7 ppm for swine barn workers.
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Mackie et al. (1998) list ammonia and volatile amines as one of the four principal
classes of odour compounds. However, odour is a nuisance or annoyance that does not
have a universally accepted value for “offensive” or “objectionable” odour. Schiffman
(1998) reports that livestock odours can potentially affect mood and memory, but the
main health symptoms include eye, nose and throat irritation, headache and drowsiness.
1.2.4.2 Animal health and productivity

While it is difficult to ask an animal how it feels, different tests and productivity levels
have indicated ammonia can negatively impact the health and productivity of a herd.
The common belief is that pigs have a higher tolerance threshold to ammonia than
humans. Pigs may become acclimatized to the odour, but they are still affected by the
gas. Jones et al. (1997) found that 30 to 100-kg pigs did not avoid areas with ammonia
concentrations of 40 ppm, but would initially avoid areas with concentrations of 100
ppm, even with food motivation. Given the choice between 40-ppm compartments and
10-ppm compartments, more time was spent in the 10-ppm compartments, but the
aversion to 40 ppm was not immediate which suggests a delayed sense of irritation was
experienced. Thermal comfort and companionship were preferred to fresh air. Based on
this study, Jones et al. (1997) recommended ammonia levels between 10 and 15 ppm to
reduce the risk of infection. Donham (1991) associated cases of pneumonia, pleuritis and
arthritis in swine with ammonia levels of 25 ppm, 29 ppm and 23 ppm, respectively.
Donham (2000) suggested a maximum concentration of 11 ppm for swine health.
Maintaining low gas concentrations is not only important for the productivity of the
animals, but also for the welfare of the animals. Webster (2001) includes "freedom from
discomfort" and "freedom from pain, injury and disease" in the list of five freedoms for
animal welfare.
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1.2.4.3 Environmental health and public perception

Worldwide, intensive livestock operations and agricultural activities are the major
sources for atmospheric ammonia (Krupa, 2003). The Netherlands, where stocking
density is very high, have had to enforce strict regulations to reduce ammonia emissions
to the environment. Canada has not yet experienced the drastic environmental effects as
parts of Europe have (Agriculture and Agri-Food Canada, 1998). In the atmosphere,
ammonia is generally removed by diffusion within 4 to 5 km from the source (Krupa,
2003); however, ammonium salt particles formed from atmospheric ammonia and acids
such as sulfuric acid, nitric acid and nitrous acid have a longer residence time and can be
deposited at greater distances (Krupa, 2003; Aneja et al., 2001).
Consequences of elevated concentrations and increased deposition of nitrogen species
in the environment include nitrate contamination of drinking water, eutrophication,
harmful algae blooms and decreased surface water quality, and climatic changes
associated with nitrous oxide and nitrogen saturation of forest soils (Aneja et al., 2001).
Ammonium in the soil may be taken up by the plants or converted to nitrate by
nitrification, both processes resulting in soil acidification (Krupa, 2003). While nitrogen
can be beneficial to the plant, it can be harmful if in excess. Native vegetation is most
sensitive to excessively high ammonia uptake, followed by forests and agricultural crops;
the most common effects are foliar injury, alterations in growth and productivity,
alterations in drought, frost and pest tolerance and changes to ecosystem biodiversity
(Krupa, 2003).
Public perception of the swine industry is generally impacted by the effects of
ammonia outside the barn, rather than inside. Aside from the potential environmental
impact, there is also a potential health impact on the neighbours of livestock facilities.
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Schiffman (1998) suggests livestock odours can potentially cause sensory (eye, ear, nose,
throat) irritation and affect mood and memory. Thu et al. (1997) assessed the physical
and mental health of 18 people living within a two-mile radius of a 4000-sow swine
production facility, compared to rural residents far removed from intensive livestock
production. The swine barn neighbours reported significantly higher levels of respiratory
symptoms but not a significant increase in mental health problems like depression or
anxiety. In this study the health effects were not linked to ammonia in particular, but as a
constituent of odour, ammonia could have been a contributor.
1.3 Modelling Ammonia Formation and Emission Within Livestock Buildings

Ammonia can be a definite problem within and around swine barns. Numerous
mitigation techniques have been developed to combat ammonia production and emission
and these are discussed in the next section. At the core of solving the problem though, is
understanding how ammonia is formed and transferred within parts of the barn.
Ammonia formation and emission processes have been identified, but it is when these
mathematical descriptions are combined in models that they are more useful for
predicting and exploring ammonia generation and transport.
1.3.1 Modelling in General

France (1988) defines a mathematical model as a set of equations that represent the
behaviour of a system and can be classified with the following three criteria:
1. Static or dynamic: A static model does not contain the time variable, whereas a
dynamic model includes time-dependency;
2. Deterministic or stochastic: A deterministic model makes definite predictions,
whereas a stochastic model considers probability or random elements to predict the
expected value and variance of a quantity; and
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3. Empirical or mechanistic: An empirical model is designed to describe a result,
whereas a mechanistic model is designed to describe the mechanisms leading to a
result.
Modelling ammonia emissions from swine barns can provide a valuable tool for
scientists, producers and neighbours regarding an intensive livestock operation. Arogo et
al. (2003a) could not assign empirical ammonia emission factors to describe the average
ammonia emission rate from various barns in the United States because of the wide range
of environmental and production conditions affecting emissions, and the lack of longterm measurements. Because of the wide range of production systems, housing design,
and manure systems, for example, mechanistic models that consider the processes behind
ammonia production and emission are potentially more adaptable than empirical
equations or emission factors for swine barn models. With a mechanistic model,
scientists are able to describe the phenomenon of mass transport of ammonia, determine
the factors that affect overall emission and investigate the effects of changing one or
more parameters of a production system (for example, the diet composition or pen
design). Also, an ammonia emission model can be used to demonstrate to neighbours
and the public the impact a production system may have on them and their environment.
Many authors have investigated the process of ammonia production from the main
individual sources (urine puddles and slurry) within swine barns to bring the knowledge
to where it is today. The following source emission models and room models are not
necessarily an exhaustive list of all models that have been developed, but they represent
the development of mechanistic models that the current project has evolved from.
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1.3.2 Source Emission Models

Muck and Steenhuis (1981) simulated ammonia loss from urine puddles in a free stall
dairy barn on a solid floor. The ammonia loss was based on two processes: urea
conversion and ammonia volatilization. The urea conversion was based on MichaelisMenten kinetics as described previously. Validation of the model was completed with
urea and ammonia measurements from urine puddles on the floor of a free-stall dairy
barn. Chi-squared analysis of the measured and simulated urea and ammonia
concentrations indicated the two processes were modelled well by the governing
equations. The observed weakness of the model was that it under-predicted ammonia
emission rates at low temperatures (5 to 15ºC) (Muck and Steenhuis, 1981).
Zhang et al. (1994) developed a computer model for predicting ammonia release from
manure pits in a swine building, which couples diffusion and generation within the slurry
and ammonia volatilization from the surface. The finite element method was used to
calculate the concentration in the various layers of the slurry channel while assuming all
transfer within the slurry was by diffusion. Ammonia generation was related to depth of
slurry and length of storage period. Ammonia was assumed to be released from the top
layer by convective mass transport only. The model was created using measured results
for ammonia generation and convective mass transfer, but the simulated results were not
validated with measured results.
Elzing and Monteny (1997a, 1997b) measured the ammonia emission from fouled
concrete slats in a bench-scale experiment designed to simulate the slatted floor area in a
dairy-cow house. Similar to the model developed by Muck and Steenhuis (1981), the
model tested in this study was also based on urea conversion to ammonia and convective
mass transfer of the ammonia from the puddle surface. Elzing and Monteny (1997a,
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1997b) measured and simulated the situations where urine and feces were mixed and
applied to the slatted floor surface, and when feces was applied first, followed by urine.
The ammonia emission measurements for both situations showed an initial increase in the
ammonia emission rate over time, followed by a period of decreasing emission rate. The
ammonia emission pattern was simulated "reasonably well" (Elzing and Monteny, 1997b)
over a 24-h period, but only by altering the initial urease activity to a higher value than
what had been measured.
Liang et al. (2002) followed a similar approach to that of Aarnink and Elzing (1998)
when modelling ammonia emissions from a swine anaerobic lagoon and a slurry pit,
respectively. The ammonia concentration of the slurry was considered an input to both
models, and the emission was based on convective mass transport. The simulations by
Liang et al. (2002) generally over-predicted the measured flux from swine anaerobic
lagoons and further study into the dissociation constant for anaerobic lagoon liquid was
suggested. The slurry pit emission model by Aarnink and Elzing (1998) was compared in
conjunction with urine puddle emission calculations to overall room emission
measurements.
1.3.3 Overall Room Models

Monteny et al. (1998) and Aarnink and Elzing (1998) modelled ammonia emissions
from dairy cow cubicle houses and grower-finisher pig rooms, respectively, but the
modelling process was similar. In both models there was a floor module (total emission
from all current urine puddles on the solid and slatted floor surface) and a slurry pit
module. The emission for each source at each time interval was calculated and summed
to create the total ammonia emission rate for the room. Monteny et al. (1998) used a
constant urination frequency value found in the literature while Aarnink and Elzing
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(1998) used video recordings to determine the number and location of urinations.
Ammonia formation in the urine puddles followed Michaelis-Menten kinetics, the
balance of ammonia in the urine solutions was based on equation 1.7, and volatilization
was by convective mass transfer. The ammonia concentration of the slurry was
considered a measured input to the model (Aarnink and Elzing, 1998) or estimated from
literature values (Monteny et al., 1998) and the slurry emission was based on convective
mass transfer.
The model by Monteny et al. (1998) was designed for long-term simulations (i.e. one
month) and on a monthly basis, estimated the total emission within ± 7% of measured
levels. The short-term dynamics of the measured ammonia emission were not well
simulated by the model. The model was most sensitive to changes in pH. Aarnink and
Elzing (1998) simulated an ammonia emission rate of 6.36 g d-1 pig-1, with 1.96 g d-1 pig1

emitted from the floor and 4.40 g d-1 pig-1 released from the slurry pit. The overall

mean measured ammonia emission rate was 6.84 g d-1 pig-1. The percent difference
between daily mean simulated and measured emission levels was -3.6%, and the relative
difference between 10-min simulations and measurements was 19.1%. The differences
between measured and simulated values increased as emission levels increased. This
model was also very sensitive to pH.
Ni et al. (2000c) simulated the ammonia emission from a fattening pig house using a
dynamic, mechanistic model that also considered the effect of carbon dioxide release
from the slurry. This model was designed for short-term simulations when the floor
surface was relatively clean and the emission from puddles could be neglected. For a
step-increase in ventilation rate, carbon dioxide emissions from a fattening house
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increased immediately, followed by a slower rate of increase in ammonia emissions (Ni
et al., 2000b). The hypothesis of the model was that carbon dioxide emission from the
slurry increases immediately following an increase in the air velocity over the slurry
(which was correlated to the ventilation rate) which results in an increase of the slurry pH
over time, thus increasing the ammonia concentration at the surface of the slurry and the
emission. This concept has been called "Carbon-dioxide Accelerated Ammonia Release"
(Ni et al., 2000a, 2000b). Ni et al. (2000c) considered that only the portion of the full
room volume where air was fully mixed (better-mixed zone) was involved in the
ammonia mass balance, and the estimate of this better-mixed zone was only 20% of the
total room volume. Comparisons between measured and simulated ammonia
concentration and emission levels over 6 h resulted in R2 values of 0.861 and 0.947,
respectively. A proportionality coefficient was introduced that integrated the dissociation
constant, the Henry’s Law constant and a pH change coefficient.
1.3.4 Summary of Developed Models

Important similarities and differences between the reviewed models were noted, as
well as suggested areas for improvement within each model.
•

Ni et al. (2000c) was the only model to consider the dynamic mass balance of
ammonia in the room. As part of the dynamic mass balance, there was an estimate of
the portion of the room volume involved in the mass balance. Monteny et al. (1998)
and Aarnink and Elzing (1998) used steady state mass balances where the total
emission was the sum of total puddle emission and total slurry emission. No full-room
model considered the concentration of the room and the pit headspace as being
significantly different, and therefore, either used the room concentration or neglected
the bulk gas concentration in the convective mass transfer gradient for each emission
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source. In all three models, the air exchange between the two regions was neglected.
Monteny et al. (1998) suggested consideration of air exchange between the slurry pit
and the inside air for short-term simulations. Aarnink and Elzing (1998) also
suggested that a better understanding of climate and behavioural patterns affecting the
air flow could help refine model calculations.
•

The convective mass transfer process was used in each model. Monteny et al. (1998),
Aarnink and Elzing (1998) and Muck and Steenhuis (1981) used the gas film mass
transfer coefficient developed by Haslam et al. (1924). Zhang et al. (1994) and Ni et
al. (2000c) used experimentally determined mass transfer coefficients.

•

Slurry pH was an important factor in each model reviewed because the fraction (f) of
available TAN was exponentially related to pH. Ni et al. (2000b, 2000c) concluded
that ammonia release from slurry is a function of the dynamic behaviour of the pH,
which is caused by the co-release of carbon dioxide. Slurry pH was not measured to
compare with simulated results. Aarnink and Elzing (1998) suggested using an
effective pH value 1.1 units higher than the pH of mixed slurry to account for the
difference in carbon dioxide and ammonia emission rates from the surface and
diffusion rates through the manure, but suggest further measurements to validate this
value.

•

Aarnink and Elzing (1998) also suggested determining the depth of urine puddles on
the solid floor and for different degrees of fouling to improve model calculations.

•

Absorption, adsorption and desorption of ammonia from various materials in the barn
present other possible sources and sinks that are difficult to quantify, and were
neglected in the ammonia emission models reviewed. Ammonia may absorb into
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building materials, skin, hair, water particles or puddles and dust particles in the air,
and release under appropriate conditions. Various odorous compounds can be trapped
on dust particles (Hammond et al., 1979) and Hammond et al. (1981) conclude that
odour is magnified when it is trapped on an aerosol particle.
•

Model validation was significantly different in each study and in some cases, not
completed. When model validation was performed, the method for evaluating
agreement between measured and simulated results varied from a Chi-squared analysis
(Muck and Steenhuis, 1981) to a correlation (Ni et al., 2000c) to a descriptive
comparison (Elzing and Monteny, 1997b).
1.4 Ammonia Mitigation

As the understanding of the chemical and physical processes contributing to ammonia
production and emission has evolved, many potential mitigation techniques were
identified and in some instances tested. Some methods try to reduce ammonia formation
from the various sources based on the understanding of ammonia formation, while others
attempt to mask or reduce the transport of ammonia gas. A review of many of the current
mitigation techniques aimed at reducing the ammonia concentration at the worker level is
shown in this section. Methods that reduce ammonia emissions in the exhaust air, such
as biofilters, and do not impact the room environment have been excluded. The intent of
this section is to review these techniques in order to understand how they were expected
to impact emission levels and whether implementing these techniques produced the
expected results in terms of ammonia emission reduction.
1.4.1 Altered Diet Composition

The main entry of nitrogen into the pig house is via the feed. Nitrogen is then
excreted as urea in urine, or bacterial proteins and undigested feed in the feces, the
29

former being more likely to immediately form ammonia. Many studies have examined
methods to reduce the amount of urea excreted, including low protein diets and diets
containing non-starch polysaccharides. Canh et al. (1998a) found that altering the crude
protein level in a pig diet did not significantly affect the faecal nitrogen output.
However, when dietary crude protein was reduced from 16.5% to 12.5% the urinary
nitrogen was reduced by about 43%, slurry TAN concentrations decreased by
approximately 43% and slurry pH decreased by 1 unit for individually housed pigs. For
group-housed animals, the same reduction in crude protein in the diet resulted in a 38%
reduction in slurry TAN concentration, and a 0.66 unit decrease in slurry pH. In both
individually-housed animal trials and group-housed animal trials ammonia emission was
reduced 10-12.5 for each percent decrease in crude protein level from the slurry and
room, respectively.
Canh et al. (1997) found pigs fed diets with higher non-starch polysaccharides
excreted less nitrogen in the urine and more in the feces, but the total nitrogen excreted
was unchanged. The resulting slurry from these pigs had lower pH and ammonia
emission levels, attributed to higher volatile fatty acid concentration (Canh et al., 1998b).
Payeur (2003) found ammonia emissions from grower-finisher rooms were reduced by
42% when a diet containing both lower crude protein and added sugar-beet pulp was
used.
Changes in diet formulation to include less protein and more non-starch
polysaccharides can significantly change the cost of the diet and therefore it is important
to know the benefits that a change in diet can have before the change is implemented.
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1.4.2 Pit Additives

Ammonia generation in the slurry is the result of a series of microbe-assisted
reactions. Pit additives may be added to the slurry to reduce gas and odour by different
mechanisms that can be grouped in the following categories: 1) masking agents; 2)
counteractants; 3) digestive deodorants containing bacteria or enzymes; 4) adsorbents;
and 5) chemical deodorants as strong oxidizing agents or germicides (Ritter, 1989, as
shown in Zhu et al., 1997). Hendriks et al. (1998) monitored the emission from three
grower-finisher compartments, with additive added to the slurry in one compartment.
This particular additive was designed to create a matrix for bacteria to grow, feeding on
nitrogen and lowering the ammonia release from the manure. This additive showed
positive results, lowering ammonia emission by 19% to 57%, and lowering barn air
concentrations by 20% to 58.5%. Ni et al. (1999a) tested the effect of a commercial
manure additive on the ammonia emission from a large finishing barn. The ammonia
emission rate per animal was reduced by 24.2% by using the additive compared to the
control. Stinson et al. (1999) tested three additives with claimed biological, chemical and
physical effects on slurry. Ammonia measurements showed high variability, but there
was no significant difference between the ammonia given off of the control slurry,
compared to ammonia emitted from treated manure.
Ni et al. (1999a) mention that the maximum total emission reduction would be
governed by the percentage of total emission that originates from the slurry pit. Also,
the method for pit additive evaluation differed between these three references. Hendriks
et al. (1998) and Ni et al. (1999a) measured the ammonia emission from the room,
whereas Stinson et al. (1999) measured the ammonia concentration in a portion of the

31

slurry channel. Zhu et al. (1997) suggested the development and success of pit additives
is hindered by the lack of a standardized procedure for evaluation of different products.
1.4.3 Floor Area and Floor Type

Slatted floors are designed to remove urine and feces from the room into a storage area
under the floor, separating an animal from its excrement and potentially resulting in a
cleaner and more hygienic environment (Svennerstedt, 1999). A smaller slurry channel
also reduces the surface area for ammonia volatilization. Aarnink et al. (1996) found that
by reducing the area of slatted floor from 50% of the pen area to 25% of the pen area, the
emission was reduced by 20% in a rearing room and 10% in a fattening room. However,
the reduction was only significant in the rearing room, and Aarnink et al. (1996) found
that the urine-fouled floor area for a 25% slatted floor was larger than for a 50% slatted
floor. This increase in fouling was correlated to a significant increase in ammonia
emissions.
The type of floor can affect the drainage properties of the slats. For concrete slats, a
V-shape on the underside can reduce the risk of manure collection between the slats
(Svennerstedt, 1999). Other materials, such as plastic and cast iron can be used as floor
materials and odour and gas absorption may differ between materials as may the
behaviour of animals on different flooring types. Pelletier et al. (2005) measured the
ammonia emission over 24 h from common swine building materials that had been
soaked in manure. The ammonia emission rates from concrete samples were higher than
those for plastic, metal and wood materials. Aarnink et al. (1997) observed animals
tended to have more difficulty walking on cast iron slatted floor and therefore soiled the
solid floor more.
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1.4.4 Washing and Scraping

Braam et al. (1997b) sprayed the solid floor surface of a cubicle dairy cow house with
water after the floor had been scraped in an effort to reduce urine puddles on the floor.
Ammonia emission was reduced up to 65% by spraying 6 L d-1 cow-1. Washing
theoretically increases the drainage of urine into the slurry pit, dilutes the urine present on
the floor and also prevents attachment of feces to the floor surface. Braam and Swierstra
(1999) suggest cleaning strategies can potentially reduce urease activity by removing or
denaturing the enzyme source and thus reduce ammonia emission.
Braam et al. (1997a) found that a 3% floor slope (3-m span) was more effective at
reducing ammonia emissions than scraping frequency in a cubicle dairy-cow house.
Sloping floors and scraper systems theoretically decrease the puddle thickness, lowering
emission, but also increase the puddle area, with the potential to increase emission.
Braam et al. (1997a) found the decreased puddle thickness appeared to have a stronger
effect than increased puddle area on ammonia emission using sloped floors and/or
scrapers.
Many producers will add a layer of water in the bottom of the slurry pits prior to
manure collection in order to reduce initial ammonia emissions from the slurry pit (Lim
et al., 2004). No experimental verification could be found as to why this method seems
to work, but it is suspected that the water layer dilutes the urine and feces that initially
fall into the pit, reducing the concentration of ammonia in the slurry and thereby reducing
ammonia emission.
1.4.5 Oil Sprinkling

Creating a barrier to ammonia diffusion and volatilization at the slurry surface has
been the focus of research to reduce slurry pit emissions. Derikx and Aarnink (1993)
33

found that a thin layer of mineral or vegetable oil as a liquid top layer on the slurry
inhibited diffusion of ammonia from the slurry to the gas phase, and achieved ammonia
emission reductions up to 95%. The results were from a bench scale set-up with little or
no airspeed, pig behaviour or building design influence. Pahl et al. (2000) also found
ammonia reductions greater than 90% when a layer of oil was placed on the slurry
surface in a small-scale set-up. Simulated rain and mixing seemed to increase the
effectiveness of the oil layer by evenly distributing the oil. In a full-scale study, Pahl et
al. (2000) found a reduced effectiveness of an oil layer applied through the slats when
water was added to even the oil layer. The average ammonia reduction was 50%, but the
best results occurred when the slurry pit was washed of residual slurry before oil
application. If the slurry surface is uneven because of solid material floating on the liquid
surface or inadequate liquid to cover the solid material, there is the potential for solid
particles to build up on top of the oil, rendering it ineffective. Aarnink and Wagemans
(1997) found that a thin layer of mineral oil on the surface of the slurry reduced ammonia
emissions by about 31%, but attributed a reduced effect of the oil layer compared to
previous research because sawdust mixed in with the oil layer may have affected the
ability for urine to pass through the oil film.
Payeur (2003) investigated oil sprinkling on pen surfaces as a method to reduce
ammonia concentrations and emissions. The hypothesis was that ammonia release from
the slurry pit can be reduced by the thin layer of oil applied on a continuous basis, if the
oil layer acts as a barrier to ammonia diffusion. Also, by reducing air-borne dust the
ammonia adsorption by dust particles would also be suppressed improving the room air
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quality. Payeur (2003) found that although oil sprinkling reduced dust emissions by
76%, ammonia emissions were not significantly reduced with this technique.
1.4.6 Pit Ventilation

Ventilation fans under the slatted floor have been employed to reduce air
contamination in the room space. Pit ventilation is most beneficial in cold weather under
minimum ventilation conditions (Wilhelm and McKinney, 2001). Wilhelm and
McKinney (2001) found the ammonia levels in a barn with pit ventilation were more than
35% lower than a similar barn without pit ventilation during March and April. Lavoie et
al. (1997) also found pit ventilation was able to significantly reduce ammonia
concentrations in a farrowing room compared to a neighbouring farrowing room with
conventional ventilation. Pit ventilation is a method to remove air contaminants before
the gases enter the animal and worker zone, but does not necessarily reduce ammonia
emissions to the environment.
1.5 Current Study
1.5.1 Hypotheses

Ammonia is a well-documented gas that can be produced by the manure in livestock
buildings. Knowledge of the ammonia concentration in the bulk room air and the overall
ammonia emission from the room to the environment are very important values for the
safety of the barn workers, the health and well-being of the pigs and the protection of the
environment around the building. Modelling is a preliminary step in trying to understand
the factors and processes that contribute to ammonia formation and transmission so that
ammonia concentration and emission levels can be estimated based and reduction
techniques can be developed with sound, scientifically-based methods.
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The process of ammonia formation has been studied quite extensively, as has the
ammonia volatilization process. However, ammonia is still one of the most common
irritants in swine buildings despite the knowledge gained so far. There appears to be no
reduction method or program that reduces ammonia efficiently and cost-effectively, and
that is employed by a majority of producers. For modelling to be most effective, further
quantification and verification of the individual emission sources is necessary so the
relative effects of the floor surface and the slurry pit on the overall emission are better
understood.
The hypothesis of this research is that ammonia emissions from a pig-housing unit can
be modelled effectively by considering the ammonia emission sites within the room, the
ammonia emission sites within the slurry pit and the various air exchanges that occur
between the atmosphere, the room and the slurry pit headspace. Following the
suggestion by Monteny et al. (1998), a two-control volume approach is proposed and is
shown in figure 1.4 listing all possible ammonia emission sites including the slurry (ES),
the urine puddles on the floor (EP,T), building materials (EM), the pigs (EPig),
decomposing feed on the floor (EF) and fecal matter on the floor (ED). From the molar
balances of ammonia in each control volume (eqs. 1.18 and 1.19), the concentration and
emission from each control volume can be determined with knowledge of the source
emission rates and air exchange rates between areas. From the mechanistic model that
describes the biological, chemical and physical processes occurring, various methods to
reduce ammonia emissions can be investigated.
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Figure 1.4. Cross-sectional view of a partially-slatted growerfinisher house, employing a two-control volume approach to
modelling the ammonia concentration and emission. Bold arrows
represent contributions to the ammonia balance.
dC R
= QR ⋅ 1000 ⋅ (C A − C R ) + QH ⋅ 1000 ⋅ (C H − C R ) + E P ,T + E F + E Pig + E M + E D
dt
(1.18)
dC
(1.19)
V H ⋅ 1000 ⋅ H = QH ⋅ 1000 ⋅ (C R − C H ) + E S + E M
dt

V R ⋅ 1000 ⋅

Based on the literature reviewed, suggestions provided by previous authors and
unanswered questions still remaining, certain parameters or estimations within equations
1.18 and 1.19 could be improved from previous models including:
•

A prediction equation for the urination frequency of grower-finisher pigs and the
location of urinations;

•

Measured urease activity values for different floor surfaces within a swine barn, and a
correlation with the amount of fouling;

•

A puddle emission model that considers the effect of water evaporation;

•

Validation of a slurry emission model with slurry of varying composition; and
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•

A dynamic, overall room model that considers the slurry channel and room area as
two separate volumes, with the air exchange through the slatted floor connecting these
two volumes.

1.5.2 Objectives

The overall objective for the research project was to model the process of ammonia
formation and transmission in a grower-finisher swine unit, considering the individual
contributions of the slurry pit and urine puddles, and considering the room and slurry
channel as two separate control volumes. The model was then used to test current and
potential ammonia reduction techniques based on the factors and processes deemed most
important by the model.
To complete the overall objectives, a series of specific objectives were created to solve
the problem in parts. The specific objectives were:
i.

to develop a model to predict the urination frequency and location of
urinations in a typical grower-finisher pen with a partially slatted floor based
on observed behaviour;

ii. to determine the quantity of urease on the floor surface of a partially-slatted
floor swine barn;
iii. to develop a model to simulate the biological, chemical and physical
processes that occur in urine puddles and the resulting effect on ammonia
volatilization from the puddles;
iv. to develop a model to simulate the ammonia volatilization from slurry and
validate with variable slurry sample measurements;
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v. to develop a model to predict the overall room and pit headspace ammonia
concentrations, and the emission to the environment. This will include
creating a computer program to perform the calculations;
vi. to calibrate and validate the overall room and pit headspace ammonia
concentration simulations with measurements from a partially-slatted floor
swine barn;
vii. to understand the impact of environmental factors and production parameters
affecting ammonia emission; and
viii. to investigate the effectiveness and reliability of various ammonia mitigation
techniques based on model using simulations.
The developed model was to be dynamic and mechanistic in nature and designed to
simulate the hourly emission and concentration levels for three-day periods.
1.5.3 Outline of Thesis

Chapter 2 is a small-scale study of the urination frequency of grower-finisher pigs.
Data collected from a grower-finisher room were used to develop a model to predict the
diurnal urination frequency for a grower-finisher pig. Chapter 3 outlines measurements
taken to assess the urease activity for the model barn used throughout this experiment. A
literature review and analysis of reported urease activities is also given. Chapter 4
outlines a bench-scale study on the emission process from individual urine puddles.
Chapter 5 focuses on the model development for the slurry emission model. Chapter 6
combines the information from Chapters 1 to 4 in the overall room model, called the
Ammonia Concentration and Emission Simulation (ACES) model. Using the ACES
model, Chapter 7 discusses different ammonia reduction techniques. Finally, a General
Discussion highlights the important results of the entire study.
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CHAPTER 2
MEASURING AND SIMULATING THE URINATION FREQUENCY OF GROWERFINISHER PIGS
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Published as a short communication, Canadian Journal of Animal Science (2005) 85:
537-539.

Synopsis

The first step in modelling ammonia production from urine puddles in a swine
barn was to determine the number of urinations that were deposited over a 24-h period.
Behavioural observations were undertaken and the resulting urination frequency data was
incorporated in a dromedary model to enable simulations of the urination frequency for
grower-finisher pigs based on the time of day. This chapter has been published as a short
communication in the Canadian Journal of Animal Science, with the only difference
being the notation used and headings added.
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2.1 Introduction

Ammonia emission models for swine barns with partially slatted floors depend on the
location and frequency of urine puddles (Aarnink and Elzing, 1998). Aarnink et al.
(1996) reported a significant positive relationship between urination frequency and
ammonia emission for growing and finishing pigs in partially slatted climate-controlled
rooms. However, the location and frequency of urine puddle deposition can only be
measured by behavioural observations.
Aarnink et al. (1996) attribute 65% of the variation in urinating frequency to animal
activity in fattening pigs. Animal activity is defined as moving animals and can be
measured by human observations or infrared detectors (Pedersen and Pedersen, 1995).
Commission Internationale du Génie Rural (CIGR, 2002) simulates animal activity by
sinusoidal dromedary models and sinusoidal camel models for animal houses with one or
two periods of maximum activity per day, respectively. Therefore, the objective of this
paper is to create a prediction equation to describe urination frequency for male and
female grower-finisher pigs, based on observed animal behaviour. Behaviour sampling
was performed three times within one cycle of grower-finisher pigs and data were
analyzed to examine the effect of gender, observation period and time of day. The
urination frequency data were then incorporated in a dromedary model (CIGR, 2002).
2.2 Materials and Method

We observed the urinating behaviour of male and female pigs in a mechanically
ventilated room of a commercial barn with partially slatted floors (solid area: 2.4 m x 2.0
m; slatted area: 1.8 m x 2.0 m) during Fall 2001. Males and females were housed
separately with three pens for each gender. Each pen started with 12 pigs, but one male
and one female pig were removed from the trial before observations occurred, leaving
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two pens with 11 animals. The animals had free access to nipple drinkers over the slatted
floor portion. Feed was provided ad libitum according to NRC requirements (National
Research Council, 1998) with dry feeders in a corner of the solid floor away from the
slatted floor. During observation periods, room lighting (71 lx at pen level) was turned on
and off at 0700 and 1900, respectively. From 1900h to 0700h, dim lighting (18 lx at pen
level) helped observers to see urination events. All animals were weighed within one
week of the start and end of the experiment and average pig weights for the measurement
days were estimated by linear interpolation. Room temperature was recorded
continuously by a datalogger, except for the first observation period when an instrument
malfunction limited temperature data to only the final five hours of the period. Animals
were otherwise managed according to guidelines provided by the Canadian Council on
Animal Care.
The number of acts of urinating in each pen was measured by continuous behaviour
sampling for 8 min every hour for 26 h (Martin and Bateson, 1993), starting at 1000h and
ending at 1200h the following day. The six pens were observed once per hour, one at a
time, by an observer sitting outside the pen at the solid floor end. Five observers were
used over each 26-h period and each observer individually collected data over 6 h; the
last hour of one observer and the first hour of the next observer coincided to check for
differences between observers. We did not include the first two hours of each 26-h data
set, which were intended to habituate the animals to the presence of the observers, in the
analysis. The number of urinations per hour was calculated as:
N U , Pig =

7.5 ⋅ N U ,Obs

(2.1)

N Pigs
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There was good correlation between observers based on the average urination
frequencies reported for the four hours during each observation period when there were
two observers individually recording the same events (n = 12, R2 = 0.93).
The average NU,Pig for 3-h periods starting at 0700h were determined and used in the
statistical analysis. This was repeated during three different observation periods when
average pig weight was 51, 64 and 78 kg, respectively. Data were analyzed using the
Statistical Analysis System, Release 8.2 (SAS Institute Inc., Cary NC). The effect of
gender (male and female), observation period (1, 2 and 3) and time of day starting at
0100h, 0400h, 0700h, 1000h, 1300h, 1600h, 1900h and 2200h, were analyzed using
PROC MIXED. The experiment was analysed as a split-split plot design with each pen as
an experimental unit. The main plot was the gender, replicated in three pens for each sex.
Observation period and time of day were treated as split and split-split plots over time,
respectively.
2.3 Results and Discussion

There was no significant difference in overall urination frequency for male and female
pigs (F1,4 = 3.72) and observation period had no significant effect (F2,8 = 1.53). However,
urination frequency was a function of the time of day (F7,84 = 8.11; p<0.001). Table 2.1
shows the average urination frequencies for this group of male and female pigs between
51 and 78 kg, based on the average of the three observation periods. The minimum
urination frequency was 0.24 ± 0.11 urinations pig-1 h-1 between 0100h and 0400h. The
maximum urination frequency was between 1600 and 1900 with a mean value of 1.06 ±
0.11 urinations pig-1 h-1. No interactions were significant.
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Table 2.1. Average urination frequencies for male and female pigs between 51 and
78 kg, based on the time of day.
Significant
Time of day
Urination Frequency (urinations pig-1 h-1)
z
Differencey
Male
Female
SEM (df=84)
0100h-0400h
0.31
0.16
0.15
0400h-0700h
0.29
0.29
0.15
0700h-1000h
0.83
0.61
0.15
1000h-1300h
1.19
0.62
0.15
**
1300h-1600h
1.05
0.63
0.15
1600h-1900h
1.12
1.01
0.15
1900h-2200h
0.45
0.48
0.15
2200h-0100h
0.37
0.58
0.15
Mean
0.701
0.547
SEMz (df = 4)
0.056
0.056
z
y

SEM = Standard error of the mean, df = Degrees of freedom
Significant difference between genders for the time of day, P<0.01 (**)

The average number of urinations per day, 14.9 urinations pig-1 d-1, was high
compared to 7.1 urinations pig-1 d-1 for fattening pigs, reported by Aarnink et al. (1996),
which was based on 24-h video recordings of pens of 36 male and female pigs. Video
recordings have a fixed view, and it is possible that urinations under males or behind
females were not visible. Human observers have the freedom to move around the end of
the pen and watch for urinations.
The mean room temperatures were 15.7, 15.8 and 14.8°C (± 0.4°C) for the three
observation periods, respectively. With the cool fall weather outside the barn during the
experiment the mechanical ventilation system was able to maintain comfortable
conditions for the animals. During summer when the outdoor and thus the indoor
temperatures rise, animal activity, including urination behaviour would be affected, but
this experiment did not test the effect of temperature.
Pig urination occurs from a standing position, so the relationship between urinating
activity and animal activity (as defined earlier) seems obvious. The sinusoidal dromedary
model for diurnal variation in animal activity predicts relative animal activity, based on
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the variation in activity with respect to the average, and the time of day with minimum
activity (CIGR, 2002) (eq. 2.2).
⎛
⎛ ⎛ 2π ⎞
⎞⎞
N U , Pig = N U , Avg ⋅ ⎜⎜1 − m ⋅ sin ⎜⎜ ⎜
⎟ ⋅ (Time + 6 − Time min )⎟⎟ ⎟⎟
⎝ ⎝ 24 ⎠
⎠⎠
⎝

(2.2)

Equation 2.2 was fitted to the measured data by changing values of m and Timemin to
reduce the sum of squares of deviations between the measured data points and the
corresponding points calculated using equation 2.2. Figure 2.1 shows a “fitted” curve for
urination frequency for pigs between 51 and 78 kg with an average urination frequency of
0.62 urinations pig-1 h-1. The midpoint of each 3-h interval was considered the time of day
for equation 2.2. The best-fit curve shows minimum urination activity is at 0230h
(Timemin = 2.5) and the variation in frequency over the 24-h period is ±0.58 urinations
pig-1 h-1. The peak, or positive portion, of the sinusoidal curve occurs somewhere
between 0700h and 2200h, which is very similar to the lighted period (0700 h to 1900h).
The time of day with minimum animal activity and the variation in activity was 0115h
and 0.43 urinations pig-1 h-1, respectively, for Danish fattening pigs on partially slatted
floor (Pedersen and Takai, 1997). The period of illumination was 0600h to 1800h in this
previous study. Urination activity follows the same, single peak diurnal pattern associated
with drinker use measured by Turner et al. (2000), increasing in late afternoon and
decreasing overnight. Drinking behaviour is often linked with feeding behaviour but this
behaviour was not measured by Turner et al. (2000) or in this experiment. Animal
activity, drinking behaviour and urination activity seem to vary diurnally and are related,
but the exact cause and effect relationship in terms of frequency pattern is still not fully
understood.
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Figure 2.1. Variation in measured number of urinations per pig
per hour over a 24-h period, and the simulated number of
urinations per pig per hour using a sinusoidal dromedary model.
Vertical bars indicate the SEM (0.11 urinations pig-1 h-1) of the
average urination frequency for the time of day interval.
2.4 Summary

The results of this study show that urination frequency is similar for male and female
pigs between 51 and 78 kg, and the urination frequency varies diurnally. The urination
frequency can be predicted using sinusoidal animal activity model curves, provided the
average number of urinations is known.
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Synopsis

Once urine is deposited on the floor of swine barns, the rate that the urea in the urine is
converted to ammonia depends in part on the urease enzyme activity of the floor surface.
This chapter outlines two types of measurement methods that were undertaken to
measure enzyme activity at the floor surface for different levels of fouling and number of
days of animal activity. A literature review of reported enzyme activities was also
completed.
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3.1 Introduction

The urine-fouled floor area is considered one of the main sources of ammonia
production within a swine barn (Aarnink and Elzing, 1998). Ammonia is produced by
the breakdown of urea, the main component of urine, and the reaction is catalyzed by the
enzyme urease as shown in equation 3.1 (Mobley and Hausinger, 1989).
CON 2 H 4 + H 2 O ⎯urease
⎯⎯→ NH 3 + COOHNH 2
COOHNH 2 + H 2 O ⎯
⎯→ NH 3 + H 2 CO3

(3.1)

Ammonia is a weak base, so once in solution the total ammonia produced will
partition itself between ammonia and ammonium. Ammonium will remain in solution,
whereas ammonia can volatilize from the liquid surface and become an air contaminant.
Thus, understanding the development and prevalence of urease on the barn floor surface
is important when trying to determine the ammonia emission from urine puddles on the
floor.
Various microorganisms, including many in feces, produce the enzyme urease
(Mobley and Hausinger, 1989). The amount of enzyme is quantified by its activity, or
maximum forward rate of reaction (Shuler and Kargi, 2002), expressed by the amount of
reactant used or product produced per unit time per unit volume. Mobley and Hausinger
(1989) list several methods to assay microbial urease that differ in the way ammonia
formation is monitored when urea is combined with the enzyme. Some methods are
fixed-time-point methods where the ammonia formation in the liquid is monitored at
fixed time intervals and the ammonia formation rate is assumed linear between
measurements. The methods to measure the ammonia in solution at the fixed time
intervals include the indophenol reaction, Nesslerization reaction or the use of pH
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indicators (Mobley and Hausinger, 1989). The indophenol reaction, also called the
Berthelot reaction, is used extensively to measure TAN concentration in materials
including plant tissue, soil, urine, water and food (Searle, 1984). Other enzyme assay
methods are continuous methods where ammonia formation is monitored continuously,
generally by measuring the change in colour or absorbance of a sample using a
spectrophotometer. The coupled enzyme assay is a continuous method whereby the
hydrolysis of urea is coupled to a glutamate dehydrogenase reaction involving αketoglutarate (C5H6O5) and nicotinamide adenine dinucleotide in reduced form (NADH)
to form glutamate (C5H9NO4) and nicotinamide adenine dinucleotide (NAD+) Mobley
and Hausinger, 1989; eq. 3.2).
CON 2 H 4 + H 2 O + 2 H + ⎯urease
⎯⎯→ 2 NH 4+ + CO2
2 NH 4+ + 2C 5 H 6 O5 + 2 NADH ⎯GLDH
⎯⎯→ 2C 5 H 9 NO4 + 2 NAD + + 2 H 2 O

(3.2)

The glutamate dehydrogenase enzyme (GLDH) is added in excess so that the limiting
component to the rate of reaction is the urease. The oxidation of NADH results in a loss
of absorbance of 340 nm light and the rate of change of absorbance of a sample is
indicative of the ammonia production, which is assumed to be from urea degradation
catalyzed by the urease enzyme (Worthington, 1995).
Muck (1982), Braam et al. (1997a, 1997b) and Braam and Swierstra (1999) adapted
fixed-time-point measurement methods to study urease enzyme activity within the barn
environment. The resulting urease activity measurements of fecal material (Muck, 1982),
and the urease activity of floor surfaces (Braam et al., 1997a, 1997b; Braam and
Swierstra, 1999) have been expressed in various units of measure including mg N (g wet
feces)-1 h-1 and mg N (g dry feces)-1 h-1 (Muck, 1982), g NH3 m-2 h-1 (Braam et al.,
1997a), g NH3-N m-2 h-1 (Braam et al., 1997b) and mg NH3-N L-1 (Braam and Swierstra,
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1999). Muck (1982) measured ammonia concentration in liquid samples taken 1 h apart
using ammonium distillation, while Braam et al. (1997a, 1997b) and Braam and Swierstra
(1999) measured ammonia concentration of liquid samples taken 30 min apart with a
spectrophotometer.
When measuring the urease activity at the floor surface, there is a concern that the
concrete pore structure can trap urine and fecal material, along with all the resulting
components like ammonia, urea and nitrogenous compounds, and these compounds may
interfere with the enzyme assay method chosen. Also, there is a question about the
difference in enzyme activity for floors that are continuously fouled, and those that are
relatively clean, except for material transferred by animal movement.
The overall goal of this research was to determine urease activity levels on the solid
and slatted floor surfaces of partially slatted floor pens in a swine barn in order to
incorporate these enzyme activity levels into an ammonia production model for swine
barns. The objectives of this experiment were: (1) to measure the urease activity (or
ammonia production) at the floor surface of a grower-finisher room using one fixed-timepoint method and one continuous method; (2) to determine if the urease activity (or
ammonia production) is a function of the location within a pen (corresponding to the
frequency and type of manure application) or number of days of animal activity on the
floor surface; and (3) to compare the measured results to values reported in the literature.
3.2 Materials and Method
3.2.1 Experimental Room and Apparatus

The experimental room was a partially-slatted grower-finisher room with six pens.
The solid floor of each pen was concrete and measured 2.4 m by 2.0 m, and the slatted
floor was pre-cast concrete panels with dimensions of 1.8 and 2.0 m and 18% open area.
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The nipple drinker was located on one side of the slatted floor area of each pen. The
floor area was divided into three general sampling areas, described in figure 3.1. The
slatted floor area was divided in two areas based on observations of floor cleanliness and
excreta build-up; the floor area under the drinker was usually wet whereas the area of
slatted floor away from the drinker was generally drier, but with a build-up of solid
material.

Dry Slatted Floor Area
Nipple Drinker
1.8 m

Wet Slatted Floor Area

Feeder
2.4 m

Solid Floor Area

2.0 m
Figure 3.1. Layout of a partially slatted floor pen. The dashed-line
squares indicate the different locations from where samples were
collected.

A sampling apparatus similar to that described in Braam and Swierstra (1999) was
used to collect samples of urea solution and water in contact with the barn floor surface
(fig. 3.2). The apparatus was a 76-mm-diameter open-ended cylinder, encased in
concrete for extra weight. A ring of silicone around the bottom edge of the cylinder was
applied to act as a seal so that as liquid was added to the cylinder the liquid was contained
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over a specific area of floor surface. The cylinder-opening was sufficiently small to
cover only the solid portion between two gaps on the slatted floor.
Open-ended cylinder
76-mm ∅

Concrete

Silicone ring
∼ 10 mm thick

Figure 3.2. Sampling apparatus for floor surface sample collection.

The sampling apparatus was immersed in a weak bleach solution and rinsed with tap
water between successive uses.
3.2.2 Sample Collection and Analysis - Fixed-Time-Point Method

At a random location on either the solid or slatted floor in each of four pens two
sampling apparatuses were placed side by side. Each sampling location was assessed a
floor cleanliness score using a scale from zero to six, described in table 3.1. Animals had
occupied these pens for different amounts of time, not less than one week, and only one
set of samples were collected for this method of urease analysis. Animals were moved
out of pens while samples were collected.
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Table 3.1. Description of criteria used to assign cleanliness scores to sampling
locations in pig pens.
Score
Description
0
Dry, clean floor with no presence of dust or fecal material.
1
Dry floor with a thin layer of dust, but no distinguishable fecal material.
2
Dry floor with dust and traces of dry fecal material.
3
Dry floor with dust and over half the area covered in dry fecal material.
4
Dry floor covered in dust and dry fecal material.
5
Partially wet floor, partially covered in wet fecal material.
6
Fully wet floor, fully covered in wet fecal material.

In one cylinder, 90 mL of 0.4 mol L-1 urea solution (ACS grade, EM Science; distilled
water) was added while in the other cylinder 90 mL of distilled water was added,
respectively. A 20-mL sample was withdrawn from each cylinder with a sterile syringe
within 5 min of contacting the solution with the floor (Initial sample) and approximately
30 min afterwards (Final sample). A 5-mL sub-sample was taken from each 20-mL
sample and added to 50 mL of 0.24-N sulfuric acid (H2SO4) to acidify the sample and
thus preserve all of the total ammoniacal nitrogen (TAN: a measure of the mass of the
nitrogen nuclei of ammonia and ammonium molecules, also referred to as ammonium-N
for acidified samples) within the solution in ammonium form. The acidified sample was
filtered through Whatman #4 paper and a 0.22-μm filter (Fisherbrand syringe filter,
Fisher Scientific) to remove any solid material that could potentially break down during
storage. The preservation of samples in H2SO4 and with pre-filtering was tested in a
related experiment to ensure negligible effect of preservation technique on the
ammonium analysis of the samples. Samples were stored for 1 d at 4ºC prior to analysis.
The samples were analyzed for TAN concentration using the automated indophenol
reaction in auto-analyzers (Technicon Autoanalyzer II, Technicon Industrial Systems,
Tarrytown, NJ). Ammonium-N or TAN concentration is determined from the colour
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produced by the indophenol reaction when the sample is combined with a buffer solution,
sodium hypochlorite solution, and sodium salicylate/sodium nitroprusside solution
(Searle, 1984). Test solutions were prepared according to Technicon Method No. 32574W (Technicon, 1974). Standard solutions were prepared on the day of analysis with 1
to 5 mL of 100-ppm ammonium chloride solution and the appropriate amount of 0.24-N
H2SO4 to produce solution concentrations of 1 to 5 ppm TAN. Samples with
concentrations exceeding the detection limits of the auto-analyzers were diluted with
0.24-N H2SO4.
The difference in TAN concentration for a given location between the Final and Initial
sample taken from the cylinder with urea solution was calculated to determine the
ammonia production rate in urea. Similarly, the ammonia production rate in water for the
given location was calculated as the difference in TAN concentrations for Final and Initial
samples taken from the cylinder containing water. Similar to the procedure used by
Braam et al. (1997a), cylinders containing water were used to provide a measure of the
ammonia production rate by other nitrogenous material on the floor surface. Enzyme
activity was assumed to be the difference in ammonia production rate in urea and the
ammonia production rate in water. Enzyme activity and ammonia production rates were
expressed in g NH3 m-2 h-1.
3.2.3 Sample Collection and Analysis - Continuous Method

The experimental work for the continuous method of urease activity analysis was
conducted separate from the experimental work for the fixed-time point method.
Samples were collected from three locations in four partially-slatted floor pens after 0, 11
and 22 days of animal activity within the pen. The floor and partitions of each of the
pens was washed and disinfected the day before Day 0 and allowed to air-dry over night.
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The disinfectant used was Ascend (Ecolab, St. Paul, MN), a quaternary ammonium
disinfectant containing 6% n-Alkyldimethylbenzyl ammonium chloride and 9%
Didecyldimethyl ammonium chloride. Immediately after samples were collected on Day
0, 12 to16 female pigs were moved into each pen. Animals were moved out of pens
while samples were collected on days 11 and 22. The three sampling locations used are
shown in figure 3.1.
For this method, the sampling apparatus was placed on the floor and filled with 75 mL
of distilled water. After 5 min the water with the material from the floor, that is hereafter
referred to as the enzyme solution, was stirred with a sterile syringe for 1 min before the
enzyme solution was withdrawn from the cylinder by the syringe, placed in a storage
container and stored at 4ºC until analysis. The enzyme solution was filtered using
Whatman #4 paper immediately prior to analysis.
The Worthington urease enzyme assay method (Worthington, 1995) was chosen as a
continuous method to measure enzyme activity. All reagents in table 3.2 except the
enzyme solution were combined in a cuvette (Fisherbrand, Fisher Scientific, Ottawa, ON)
and placed in a spectrophotometer (Beckman DU 60, Beckman Coulter Inc., Fullerton,
CA) with the light source set at 340 nm. These "blank" samples were monitored for at
least 5 min to ensure there was negligible ammonia from any of the reagents. The
enzyme solution was then added to the cuvette and the absorbance monitored every 30 s
over a 5 to 10 min sampling period. Enzyme solution samples were diluted with buffer
solution as required in order to detect the absorbance curve in the time prescribed.
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Table 3.2. Amount of reagents used in the Worthington Enzyme Assay
(Worthington, 1995).
Reagent
Volume (mL)
-1
0.10 mol L Phosphate buffer, pH 7.6
2.4
-1
0.023 mol L ADP
0.1
0.0072 mol L-1 NADH
0.1
0.1
0.026 mol L-1 α-ketoglutarate
1.8 mol L-1 Urea
0.1
GLDH (500 units mL-1)
0.1
Enzyme solution
0.1

Based on the initial linear slope of the absorbance curve (ΔA340 t-1), equation 3.3 can be
used to calculate the urease activity of the enzyme solution in g NH3 m-2 h-1
(Worthington, 1995).
⎛ ΔA ⎞
⎛ ΔA340 ⎞
− ⎜ 340 ⎟
⎟
⎜
⎝ t ⎠ Sample ⎝ t ⎠ Blank Vcuv
⋅
⋅ 18
S m' =
6.22
0.1

(3.3)

To ensure the spectrophotometer was working properly and to validate equation 3.3,
solutions with standard amounts of urease enzyme (Urease Type IX from Jack Beans,
Sigma Aldrich, Oakville, ON) were analyzed at the start of each of the analysis days.
The measured rates of change in absorbance of the standard solutions were substituted
into equation 3.3 and the calculated urease activity levels were compared to the amount
of Jack Bean urease enzyme used in the standard solution. The amount of standard
enzyme was assumed to be the true enzyme activity.
Ammonia was assumed to be present in the collected enzyme solutions, but since the
GLDH was in excess the expectation was that the ammonia would be used up in the
reaction immediately resulting in a sharp drop in absorbance, distinguishable from the
"urease" curve. However, to be sure that the change in absorbance was caused by urease
reacting with the urea in the reagent solution, for every enzyme solution two tests were
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conducted with and without urea as part of the reagent solution and the absorbance curves
were compared.
The resulting ammonia production rates/enzyme activities were studied to determine if
there was an effect of the number of days of animal activity and/or floor location on the
samples.
3.3 Results
3.3.1 Fixed-Time-Point Method

The ammonia production in urea solution and distilled water over 30 min was
measured in four random locations, each in a different pen of pigs. Locations 1 to 4 had
cleanliness scores of 2, 5, 1 and 6, respectively, at the time of sample collection.
Locations 1, 3 and 4 were on the solid floor portion of the individual pens, whereas
Location 2 was on the slatted floor portion of one of the pens.
Ammonia production rates in the urea and water cylinders ranged from -0.10 to 5.19 g
NH3 m-2 h-1 (fig. 3.3). The ammonia production rates in urea solution were very similar
in magnitude to the corresponding ammonia production rates in water for each location
and except for Location 2 were lower than the ammonia production rates in water,
resulting in negative calculated urease activity values between -1.56 and 0.27 g NH3 m-2
h-1. A comparison of these results to literature values is discussed in a later section.
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Figure 3.3. Ammonia production rate in urea solution and water
for Locations 1-4. Enzyme activity is the calculated difference
between the production rates in urea and water.
3.3.2 Continuous Method

The floor cleanliness scores for the three locations in four pens on Days 0, 11 and 22
are shown in table 3.4 and for each of the 36 points an enzyme solution sample was
collected for measurement using the continuous method. Scores did not steadily increase
in all locations from 0 to 11 to 22 days, but rather reflected the change in dunging
behaviour for each pen of animals over the course of the experiment.
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Table 3.3. Floor cleanliness scores for the 12 sampling locations after 0, 11 and 22
days of animal activity.
Pen
Location
Cleanliness Score
Day 0
Day 11
Day 22
1
Wet Slatted Floor
0
6
6
Dry Slatted Floor
0
5
4
Solid Floor
0
6
4
2
Wet Slatted Floor
0
6
6
Dry Slatted Floor
0
3
4
Solid Floor
0
2
2
3
Wet Slatted Floor
0
6
6
Dry Slatted Floor
0
4
4
Solid Floor
0
3
3
4
Wet Slatted Floor
0
6
6
Dry Slatted Floor
0
5
2
Solid Floor
0
3
2

Standard solutions were analyzed each analysis day. The calculated urease activity
values for each standard using equation 3.3 (based on the initial, linear portion of the
absorbance curve) was determined and compared to the amount of Jack Bean urease in
the standard solution. Figure 3.4 shows the comparison between calculated and known
amounts of enzyme in the standard solutions used, and also the variation experienced
when analyzing similar solutions.
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Figure 3.4. Calculated enzyme activity (based on equation 3.3)
compared to the rated activity of standard enzyme solutions
containing Jack Bean urease. (1 unit = 1 μmol NH3 min-1)

Because the calculated activity was lower than the amount of enzyme used in each
standard solution (fig. 3.4), the ammonia production rate measurements for all continuous
method samples were based on a comparison with the standard enzyme solution curve for
the analysis day, rather than equation 3.3.
Figure 3.5 is an example of data collected from samples of standard enzyme solution
and a sample collected in the barn analyzed with and without the presence of urea in the
reagent mixture. The general absorbance pattern for a standard enzyme solution was a
linear slope until the sharp point where the absorbance no longer changed, indicating a
reagent had been used up. Based on table 3.2, NADH is the limiting reagent. When
samples from the barn floor surface were analyzed, there was generally a sharp initial
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decrease in absorbance, followed by a gentle curve and a flattened region. This flattened
region generally occurred at about 120 s.
Standard (50x dilution)
Standard (150x dilution)
Standard (400x dilution)

Sample with no urea (2x dilution)
Sample with urea (2x dilution)

0.05
0.00
Absorbance

-0.05
-0.10
-0.15
-0.20
-0.25
-0.30
0

100

200

300

400

500

600

Time (s)

Figure 3.5. Sample absorbance curves as detected by a
spectrophotometer, for standard enzyme solutions containing a
dilution of Jack Bean urease and an enzyme solution sample
collected from the barn floor surface, analysed with and without
urea in the reagent mixture.

The coupled enzyme method did not appear as specific for the enzyme urease as
anticipated for two reasons. First, the "urease" curve was not as distinguishable for the
barn floor surface samples compared to the standard enzyme solutions. Second, the
absorbance curves for enzyme solutions analyzed without urea in the reagent mixture
followed the same pattern and often had larger changes in absorbance compared to the
same solutions analyzed with urea in the reagent mixture. Therefore, urease activity
values were not calculated. However, the absorbance curves still provided a measure of
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the amount of ammonia production over time for each enzyme solution, so the ammonia
production rate based on the initial slope over the first 120 s for the absorbance curve
from each sample analyzed with and without urea was determined. The ammonia
production measurements presented should not be considered definitive, but there are
some interesting trends based on the number of days of animal activity (fig. 3.6) and the
location in the pen (fig. 3.7).
Figures 3.6 and 3.7 show the similar rate of ammonia production in the enzyme
solutions when they were measured with and without urea in the reagent mixture, similar
to the fixed-time-point method. Figure 3.6 shows that the ammonia production rate
linearly increased in the enzyme solution samples from 0 to 22 days of animal activity in
the pen. Figure 3.7 shows that the enzyme solutions with the lowest ammonia production
rates were collected from the wet slatted floor area of the pens, and higher ammonia
production rates occurred in samples collected from the dry slatted floor area and the
solid floor area. The appearance of wet fecal material was therefore not indicative of the
ammonia production rate.
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Figure 3.6. Ammonia production rate measurements for enzyme
solutions analyzed with and without urea based on the number of
days of animal activity. (Vertical bars indicate standard error).
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Figure 3.7. Ammonia production rate measurements for enzyme
solutions analyzed with and without urea based on the sampling
location in a pen. (Vertical bars indicate standard error).
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3.3.3 Urease Activity Values in the Literature

Urease activity levels pertaining to swine and cattle barns found in the literature are
presented in table 3.4. Muck (1982) and Elzing and Monteny (1997b) studied the urease
activity of bovine feces and bovine feces/urine mixtures, based on the rate of change of
the urea concentration in urea solutions mixed with the fecal mixtures. In the studies by
Braam et al. (1997a) and Braam et al. (1997b), the urease activity of the floor surfaces of
cubicle dairy cow houses were measured for different manure removal strategies. Braam
and Swierstra (1999) studied the impacts of concrete strength, treatment of the fresh
concrete surface, curing time, treatment of the hardened surface, surface roughnedd and
water penetration depth. The reported values were adjusted to express the urease activity
measurements and simulations in common units of g NH3-N m-2 h-1 where possible.
Generally, freshly washed clean surfaces had a very low urease activity as shown by
Braam et al. (1997a). As floors became increasingly fouled, minimum urease activities
ranged from 0.25 to 5.7 g NH3 m-2 h-1, based on the floor surface urease activity
measurements. The lower range of urease activity levels on the fouled floor surfaces
could be attributed to smoother floor surfaces (Aarnink and Elzing, 1998; Braam and
Swierstra, 1999) or different manure removal techniques (Braam et al., 1997a, 1997b).

65

Table 3.4. Urease activity levels reported in the literature and their method of determination.
Source
(Date)
Application
Muck
(1982)
Bovine Feces

Urease Activity

Method of
Determination/Calculation

0.49 +/- 0.07 to 4.24 +/- 4.09 mg
N g wet feces-1 h-1;
3.4 +/- 0.5 to 27.0 +/- 34.7 mg N g
dry feces-1 h-1

- Fixed-time-point method.
- Rate of reaction was based on
the decrease in urea concentration
(measured by jack bean urease and
NH3-N distillation) over 1 h.
- Multiple tests were performed to
determine the rate of reaction for
solutions with different urea
concentrations.
- Fixed-time-point method.
- Rate of ammonia production in
urea solution samples were taken
before and after 30 min of contact
with the barn floor surface. (Rate
of ammonia production in water
over 30 min was also measured).
- Ammoniacal nitrogen was
measured spectrophotometrically.
- Fixed-time-point method.
- Rate of ammonia production in
urea solution samples were taken
before and after 30 min of contact
with the barn floor surface. (Rate
of ammonia production in water
over 30 min was also measured).
- Ammoniacal nitrogen was
measured spectrophotometrically.

Braam et al.
(1997a)
Floors of cubicle houses for dairy
cows with a manure scraper

CleanZ Solid Floor: 0.02 - 0.04 g
NH3 m-2 h-1
Dirty Solid Floor (15 days of
animal activity): 0.25 - 4.58 g NH3
m-2 h-1

Braam et al.
(1997b)
Floors of cubicle houses for dairy
cows with a manure scraper,
varying number of urine gutters
and spraying water

Dirty Solid Floor (8 days of
animal activity): 2.7 - 4.7 g NH3-N
m-2 h-1
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Urease Activity
(Common Units)
Not enough information

Clean Solid Floor: 0.02 - 0.04 g
NH3 m-2h-1
Dirty Solid Floor: 0.25 - 4.58 g
NH3 m-2h-1

Dirty Solid Floor: 3.3 - 5.7 g NH3
m-2 h-1

Table 3.4. (continued)
Source
(Date)
Application
Elzing and Monteny
(1997b)
Floors of Cubicle house for dairy
cows

Aarnink and Elzing
(1998)
Partially slatted floors of swine
barns
Based on Braam and van den
Hoorn (1996).
Braam and Swierstra
(1999)
Concrete samples with different
surface characteristics

Z

Urease Activity

Method of
Determination/Calculation

Measured: 0.17 μmol urea min-1 g-

- Multiple tests were performed to
determine the rate of reaction for
urine/feces mixtures in solutions
with different urea concentrations.
- It is unclear how the rate of
reaction was measured.

Fitted: 1.6 - 10 g NH3 m-2h-1
(assuming area is 2.1 m2)

- Calculated as a function of floor
surface roughness (R) and puddle
depth (D):
2738 - 2665*0.989R/D
(mg NH3-N m-3 h-1).

Solid Floor: 2.13 g NH3 m-2h-1
Slatted Floor: 0.26 - 1.31 g NH3
m-2h-1

- Fixed-time-point method.
- Rate of ammonia production in
urea solution samples were taken
before and after 30 min of contact
with the barn floor surface.
- Ammoniacal nitrogen was
measured spectrophotometrically
(655 nm wavelength light).

Dirty Solid Floor: 0.61 - 3.9 g
NH3 m-2h-1 (non-coated concrete)

1

Fitted: 0.7 - 4.29 μmol min-1 g-1
NOTE: When "Measured" urease
activity values were used in
simulations, the ammonia
production by urine on a fouled
floor was underestimated so
"Fitted" levels were determined.
Solid Floor: 0.0615 mmol urea L-1
s-1
Slatted Floor: 0.0026 - 0.0184
mmol urea L-1 s-1 (depending on
floor type)
Dirty Solid Floor (15 days of
fouling): 1 - 43 mg NH3-N L-1 for
coated concrete, 25 - 162 mg NH3N L-1 for non-coated concrete

Urease Activity
(Common Units)

Cleaning procedure involved washing with high pressure water, rinsing with 2-N hydrochloric acid, and washing again with high pressure water after 30 min.
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3.4 Discussion
3.4.1 Fixed-Time-Point Assay Method

Using the fixed-time-point method, ammonia production rates in urea solutions at the
floor surface were very similar to ammonia production rates in water, ranging from 0.2 to
4.0 g NH3 m-2 h-1 and -0.1 to 5.2 g NH3 m-2 h-1, respectively. The theory behind using
both urea and water solutions was that any ammonia produced by compounds on the floor
surface would be measured in the water samples so that the ammonia production from
urease converting the added urea to ammonia could be separated from any other
production mechanisms (Braam et al., 1997a). Based on this assumption, the calculated
urease activities from this assay ranged from -1.6 to 0.3 g NH3 m-2 h-1. Braam et al.
(1997a) measured enzyme activity using a similar fixed-time method (TAN analysis was
different) and also used one water-based sample for every four urea-based samples to
account for ammonia production by other sources. There was no indication that there
was significant ammonia production in their water samples. It appears that the fixedtime-point method of urease activity analysis used in this study did not produce accurate
urease activity values because there was either: (1) significant ammonia production from
another source on the floor surface; (2) an interference between something in the sample
and the indophenol analysis for ammonia; or (3) there is negligible urease activity on the
barn floor surface.
At the floor surface, the quaternary-ammonium disinfectant used to clean the pens
before animals were moved in may have interfered with the samples. If the disinfectant
remained in the concrete pore structure, it is possible that some disinfectant was flushed
out of the pores when the test solutions were added to the cylinders. While the initial
sample should have accounted for this background ammonia, if there was a step increase
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in ammonia to the samples within the 30-min sample collection period, this would be
undistinguishable from any changes over time. The rate of ammonia production by
decomposing feed and feces on the floor has not been found in the literature, but feed and
fecal material also represent possible ammonia production sites.
The indophenol reaction is subject to interference from compounds commonly found
in swine barns including nitrogen compounds, trace metals and sulphur (Searle, 1984).
Preliminary tests with different preservation methods were conducted before the
experiment to ensure the concentration of a floor surface sample was consistent over
time. In the preliminary tests there was no evidence of interference of the preservation
method used on the ammonium measurement. There still is, however, a potential
interference by something within the sample from the floor surface and this unknown
interference would have been present in both the urea solution and water-based samples.
Based on the filtering of samples through a 0.22 μm filter as part of the preservation
method used, the interfering compound cannot be attributed to any solid matter.
If there were no interferences from compounds on the floor surface or in the sample
solutions, the results indicate there was negligible urease activity at the locations tested.
The lack of urease activity is difficult to explain based on the bacterial build-up of fouled
floor surfaces (De Foy et al., 2004) and the number of urease-associated bacterium in the
fecal material of monogastrics such as humans and pigs (Mobley and Hausinger, 1989).
3.4.2 Continuous Assay Method

The expected result of measuring urease enzyme activity by the coupled enzyme assay
method was that the impact of ammonia from other sources on the floor would be either
recognizable or negligible so that urease activity could be separated out and accurately
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measured. The advantage of the coupled enzyme method is that the change in absorbance
is monitored continuously throughout the entire process and any changes in the rate of
reaction are captured. However, this method appears to be affected as much or more by
interference from other ammonia-producing sources compared to the fixed-time-point
method used.
The first concern with the continuous method used in this study was that the standard
solution activity levels were not accurately predicted using equation 3.3. While it was
assumed that the amount of enzyme in the solution was the "accurate" enzyme activity
for each standard, there is the possibility that the rated activity was affected by the
temperature and pH of the reagent solution. The Jack Bean urease rated activity was for
pH 7.0 and 25ºC. The reagent solution pH in the method used was 7.6, and there was not
temperature control within the spectrophotometer. Based on the less than optimal pH,
and room temperature conditions during analysis, the lower calculated urease activity
values shown in figure 3.4 might not have been as low as initially thought.
The second concern with the continuous method used in this study was that the shapes
and slopes of the absorbance curves for the samples analyzed with and without urea were
not drastically different. This suggests that an interfering compound was present in the
enzyme solution and the source of interference produced or contained more ammonia
than urease-degradation of urea could produce. There should have been enough GLDH
in solution to rapidly convert any ammonia in the enzyme solution, resulting in a sharp
drop on the absorbance curve. The absorbance curves generally did show sharp drops,
but a gently curved region followed this before the curve flattened. Enzymes act as
catalysts and are theoretically not used up in the reaction (Shuler and Kargi, 2002).
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Therefore, if urease was present, and assuming none of the other reagents were used up
during the initial decrease, there would have been a steady decrease in absorbance over
time as the urease helped degrade the urea after the initial drop. This trend in the
absorbance curves for the samples was not seen. The similarity between curves with and
without urea did help to corroborate the results found using the fixed-time-point method
though. The inability of the continuous method to measure urease activity using this
method is attributed to the same causes as the fixed-time-point method: (1) an interfering
compound on the floor surface; (2) an interfering compound in the enzyme solution; or
(3) negligible urease present on the floor surface of the swine barn.
While the enzyme activity could not be determined for the enzyme solutions from the
barn floor surface using the continuous method, the ammonia production rates in the
enzyme solutions were still calculated.
3.4.3 Effect of Time on Ammonia Production/Urease Activity

Braam et al. (1997a) found an increase in urease activity based on the number of days
of animal activity. Elzing and Monteny (1997a) also speculated that increased ammonia
emission from urine on repeatedly fouled floors was caused by an increase in urease
activity at the floor surface. The coupled enzyme assay measurements (fig. 3.6) showed
that with increasing animal activity, ammonia production at the floor surface increased.
The urease activity of floor surfaces has only been measured up to 15 days in the
literature, and 22 days in the continuous method in this study. Generally, the increase in
urease activity has been linearly related to time, but urease activity measurements were
usually stopped after one to two weeks in the studies of cubicle dairy-cow houses because
there was not an increase in ammonia emissions associated with increasing urease
activity levels past this point in time. In the study by Braam et al. (1997a), only urease
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activity levels up to 2 g NH3 m-2 h-1 were found to significantly impact ammonia
emission. Elzing and Monteny (1997a) reported that repeated fouling of the floor surface
only resulted in increased ammonia emission rates for the first seven days of fouling.
Even though urease activity measurements in this experiment were not conclusive, it
seems likely based on reported enzyme activity levels from several sources and the
bacterium concentration measurement of De Foy et al. (2004) that urease activity will be
present on the floor surface of a swine barn after only a few days of animal activity if
fecal material is present. It is not known at what level urease activity would be nonlimiting to ammonia emissions though.
3.4.4 Effect of Location on Ammonia Production/Urease Activity

From the coupled enzyme assay measurements, the solid floor and dry slatted floor
areas had higher ammonia production levels than the wet slatted floor area. In the fixedtime-point method measurements, Location 2 was located on a wet slatted floor area also,
and had lower ammonia production levels than other areas on the solid floor. It is
interesting to note that the ammonia production rates measured using the fixed-time-point
method were similar in magnitude to reported urease activity levels in the literature. The
wet slatted floor area is continually washed by water spilled from the drinker and is also
subject to animals standing and walking in that area while drinking. While the floor
surface is dark with fecal material and water, the fecal material does not build up in thick
layers and is easily washed away or diluted. On the solid and dry slatted floor areas, with
increasing animal activity there is, at minimum, an increase of dust and dry fecal
material. These areas can be heavily fouled at times, but if animal behaviour changes the
floor surface can dry. If this occurs, there is a caked, dry layer of fecal material,
sometimes several centimetres thick on top of the concrete. From these results, it appears
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that if the solid or dry slatted floor is wetted just with water it becomes an "ammonia
producer". The amount of wet, fresh fecal matter was not a strong indicator of ammonia
production in this experiment. From the literature, distinctions between urease activity
levels for different floor areas were only based on differences in floor surface roughness
(Aarnink and Elzing, 1998). Based on this study, the urease activity level cannot be
linked to differences in fouling practices or build-up of fecal material over time.
3.4.5 Recommendations

A suitable method to measure urease activity on the swine barn floor surface that is
not affected by interference from other ammonia-producing compounds was not found in
this study. Until a method is developed, urease activity values found in the literature for
cubicle dairy-cow houses provide the best estimates for use in swine barn ammonia
emission models. Assuming that urease activity does becomes a non-limiting factor in
swine barns with increased fouling, it appears safer to use the maximum measured urease
activity value available to describe the urease activity of fouled floor surfaces. If the nonlimiting urease activity level is actually lower there will be little impact of using a higher
value. Maximum measured urease activity levels reported for fouled floor surfaces in
dairy barns were approximately 5 g NH3 m-2 h-1, and this is the suggested value until
more accurate measurements for swine barns are available.
Further work could be conducted using the apparatus described (fig. 3.2) and analysis
for NH4-N using the indophenol method to determine if the interference to the urease
activity analysis method was from an interference at the floor surface. By taking more
frequent samples of the liquid solution in the apparatus, it may be possible to discern how
fast the ammonia is produced and this may help uncover whether significant amounts of
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ammonia are coming from the concrete pores or if fecal material is broken down when
wetted, for example.
In future urease activity measurements, analysis using 15N-labeled urea (Mobley and
Hausinger, 1989) and mass spectroscopy may help distinguish the urea added as part of
the testing method from components derived from the floor.
3.5 Summary

Urease activity on the floor of a swine barn is difficult to measure because the
ammonia production from urea decomposition must be distinguishable from the ammonia
produced by other unknown sources. A fixed-time-point method and continuous method
were used to analyze liquid samples that were in contact with the floor inside pig pens.
Both methods detected similar levels of ammonia production in solution that was in
contact with the floor surface, with and without the presence of urea, which suggested
that there was either interference from something at the floor surface, something within
the liquid samples, or negligible urease activity.
In the literature, urease activity was shown to increase with number of days of animal
activity or fouling of the floor surface. Ammonia production rates in the enzyme solution
samples analyzed using the continuous method supported this trend, but it was not
possible to assign urease activity levels based on time in this study. There was a trend in
this study that showed pen areas that are frequently wetted with water (i.e. under the
drinker) have the lowest ammonia production levels. Urease activity values greater than
5 g NH3 m-2 h-1 are recommended in ammonia emission models for urine puddles on the
barn floor surface based on literature values until more accurate measurements can be
collected.
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Synopsis

Each urination represents an ammonia emission site. In this chapter the ammonia
emission rate for an individual puddle is modelled and related to the water evaporation
rate. The model is tested and validated using data collected in a bench-scale
environmental set-up under monitored environmental conditions.
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4.1 Introduction

The typical urea (CON2H4) concentration of swine urine is 0.16 to 0.60 mol L-1 (Pond
and Houpt, 1978), which can degrade to form up to two moles of ammonia (NH3) for
every mole of CON2H4. This means that the 5.22-L of urine the average 60-kg pig expels
in a day (Lewis and Southern, 2001) can emit up to 6.3 moles NH3 (107 g NH3). It is no
wonder urine puddles on the floor are considered a main source of ammonia emissions in
swine buildings, along with the slurry pit (Aarnink and Elzing, 1998).
Urea, the main component of urine, undergoes an enzymatic degradation reaction in
the presence of the enzyme urease to form ammonia and carbonic acid (H2CO3) (Mobley
and Hausinger, 1989; eq. 4.1). Urease enzyme is commonly associated with fecal
material and is considered abundant on fouled concrete floor surfaces of swine barns
(Muck, 1982; Braam and Swierstra, 1999).
CON 2 H 4 + H 2 O ⎯urease
⎯⎯→ NH 3 + COOHNH 2
COOHNH 2 + H 2 O ⎯
⎯→ NH 3 + H 2 CO3

(4.1)

Ammonia is a weak base, and carbonic acid is a polyprotic acid; both compounds will
ionize in water (eq. 4.2) to form ammonium (NH4+), hydrogen carbonate (HCO3-) and
carbonate (CO32-) (Mobley and Hausinger, 1989; Chang, 1998).
NH 4+ + OH −

NH 3 + H 2 O
H 2 CO3
−
3

HCO

H + + HCO3−
+

(4.2)

2−
3

H + CO

The concentrations of NH3 and NH4+ are often summed together in the term total
ammoniacal nitrogen (TAN), which is a measure of the mass of nitrogen nuclei in NH3
and NH4+ ions present (Ni, 1999). Only NH3, the unionized portion of TAN, will
volatilize to the surrounding environment. The volatilization rate depends on the TAN
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concentration in the solution, pH, surface area, temperature and air velocity over the
surface (Ni, 1999). Ammonia emission experiments by Elzing and Monteny (1997a)
indicated urea conversion to ammonia and carbon dioxide began immediately when urine
was sprinkled on a fouled floor surface. Initially the ammonia emission rate increased
with time indicating the formation rate within the solution exceeded the volatilization
rate. The ammonia emission rate reached a peak and began to decrease at a slower rate
indicating ammonia formation had stopped or was slower than the volatilization rate
(Elzing and Monteny, 1997a).
Muck and Steenhuis (1981), Elzing and Monteny (1997b), and Aarnink and Elzing
(1998) have modelled the urine puddle emission process for dairy cow and swine urine,
considering the enzymatic degradation of urea and the resulting change in liquid TAN
concentration. One process that has been omitted from these models is water
evaporation. Water evaporation can affect the urea and ammonia concentrations within a
puddle, depending on the relative rates of urea degradation and ammonia volatilization to
water evaporation, which in turn impacts the emission process.
The general goal of the research is to develop a dynamic model to simulate the
ammonia concentration within and the emission from swine barns and given the potential
emission from a single puddle, a urine puddle ammonia emission model was required.
The three specific objectives addressed in developing this urine puddle model were: (1) to
develop a model that simulates ammonia production and emission from individual urine
puddles based on the known processes occurring within urine puddles including
evaporation; (2) to measure the chemical and physical characteristics of individual,
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simulated urine puddles in bench-scale emission chambers; and (3) to calibrate and
validate the model with the measured results from the bench-scale experiment.
4.2 Urine Puddle Model Development

The main hypothesis in the urine puddle model development was that NH3 emission is
a function of three main processes occurring simultaneously: water evaporation, urea
degradation and a change in TAN concentration. The relative rates of these three
processes impact the NH3 emission pattern, NH3 emission peak, and the puddle "life" (or
length of time the puddle emits ammonia). The model development assumed that a single
urine puddle was contained within an emission chamber on a solid, non-porous surface,
with no drainage. The dependency between the three puddle processes and the emission
chamber concentration, as well as the calculation procedure, are described in the
following sections as each part of the model development is shown.
4.2.1 Water Evaporation

At the floor surface of a barn, ventilation and thermal gradients promote airflow
(Randall, 1975). Therefore, convective mass transfer was assumed to be the main
mechanism for fluid motion from a liquid phase to a gaseous phase. Equation 4.3
represents the convective mass transfer equation for water, also referred to as the puddle
evaporation rate.
dV P k H 2O ⋅ AP
=
⋅ 1000 ⋅ (ρ v − ρ v , sat )
ρ H 2O
dt

(4.3)

The convective mass transfer coefficient (k) was calculated using the boundary layer
approximation (Incropera and DeWitt, 1996) for flow over a flat plate. For laminar flow
conditions, k is approximated using equation 4.4. Laminar conditions are more likely
because of low air velocities at the floor surface in the range of 0.2 to 1.0 m s-1 (Ogilvie et
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al., 1990) and small puddle area (resulting in a short puddle length, L; Aarnink and
Elzing, 1998).

D AB ⋅ 0.664 ⋅ Re1x/ 2 ⋅ Sc1 / 3
when Re<0.5 x 106, Sc>0.6.
k=
L

(4.4)

The parameters Re and Sc depend on the kinematic viscosity (ν) of the bulk fluid, in
this case air, whose temperature-dependency is modelled using a regression equation (eq.
4.5) developed from kinematic viscosity versus temperature data from Incropera and
DeWitt (1996).

υ = 4 × 10 −10 ⋅ T 1.859

(4.5)

The parameter Sc is also dependant on the diffusivity of water (or any other substance
A) in air (substance B). Welty et al. (1984) show that as temperature increases,
diffusivity also increases exponentially. Equation 4.6 shows this relationship between the
diffusivity at temperature T relative to diffusivity at a reference temperature of 298 K.
⎛ T ⎞
D AB (T ) = D AB (298 K ) ⋅ ⎜
⎟
⎝ 298 ⎠

1.5

(4.6)

Based on the temperature dependency of ν and DAB, equation 4.4 was simplified to
express the mass transfer coefficient as a function of surface length, temperature, velocity
and the diffusivity at 298 K (eq. 4.7).
0.667
(298 K)
k = 0.0821 ⋅ T 0.7 ⋅ v 0.5 ⋅ L−0.5 ⋅ DAB

(4.7)

Equation 4.7 is suitable for determining mass transfer coefficients for any gas into air,
provided the diffusivity of the substance in air at 298 K is known, and laminar flow
conditions exist. The diffusivity of water in air is 26×10-6 m2 s-1 at 298 K (Incropera and
DeWitt, 1996). The model calibration process tested the application of equation 4.7 to
describe the convective mass transfer coefficient for water.
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The saturated vapour density (eq. 4.8) was determined under the assumption that water
vapour is a perfect gas and by using prescribed equations for calculating the water vapour
saturation partial pressure (Albright, 1990).

ρ v , sat =

Psat ⋅ 18
100000 ⋅ 0.08315 ⋅ T

(4.8)

The vapour density of the bulk air above the puddle surface (ρv) was calculated from the
product of the relative humidity (RH) and ρv,sat (eq. 4.9).

ρv =

RH
⋅ ρ v , sat
100

(4.9)

4.2.2 Urea Degradation

Muck (1982) found the urea conversion in a 2.2:1 mixture of feces and urine followed
Michaelis-Menten kinetics. However, water evaporation can also impact the
concentration of urea in the puddle. Equation 4.10 was used in this study to describe the
change in urea concentration with time.
S ⋅U
dU
U dV P
=− m
−
dt
K m + U V P dt

(4.10)

Elzing and Monteny (1997b) and Aarnink and Elzing (1998) used a value of 0.002
mol L-1 for the Michaelis constant, Km, based on experimental results. This value of Km is
a fraction of the average urea concentration in urine puddles (0.16 to 0.60 M; Pond and
Houpt, 1978), which suggests urease has a high affinity for the substrate urea (Shuler and
Kargi, 2002).
Theoretically, enzymes are catalysts and are not used up in the reaction. However,
changes in pH and temperature can affect the maximum reaction rate and the stability of
the enzyme (Shuler and Kargi, 2002). Muck (1982) found urease activity (Sm) of fresh
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bovine feces increased with temperature from 10ºC to 40ºC and was at a maximum
between pH 6.8 and 7.6, which was accounted for in the ammonia emission model of
Muck and Steenhuis (1981); urease activity was assumed constant throughout the urea
degradation process in other models (Aarnink and Elzing, 1998; Elzing and Monteny,
1997b).
The model calibration process tested the assumptions that all the urea in a puddle is
converted to ammonia during the emission process, and that urease activity is constant.
4.2.3 Ammonia Concentration in the Puddle Solution

As ammonia concentration in a puddle increases from urea degradation (two moles of
ammonia are produced for every mole of urea, eq. 4.1), ammonia will simultaneously be
emitted from the puddle. Water evaporation will affect the resulting concentration as
well. The relative rates of urea degradation, emission and evaporation were combined to
express the dynamic TAN concentration within the puddle (eq. 4.11).
S ⋅U
E
dTAN
TAN dV P
= −2 ⋅ m
− P −
⋅
dt
K m + U VP
VP
dt

(4.11)

The ammonia emission process (eq. 4.12) is similar to that of evaporation. In a swine
barn environment, the room air concentration constitutes the bulk surrounding air (CB).
For the emission chamber that was modelled and tested in this experiment, the
concentration of air inside the emission chamber was the bulk surrounding air.
E P = AP ⋅ k NH 3 ⋅ 1000 ⋅ (C G − C B )

(4.12)

The convective mass transfer coefficient for ammonia can also be calculated using the
boundary layer approximation (eq. 4.7). Using this approximation, the mass transfer
coefficients for water and ammonia differ only in the diffusivity of the given substance in
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air at 298 K. Using the DNH3,Air value of 28×10-6 m2 s-1 at 298 K (Incropera and DeWitt,
1996), kNH3 was 1.05 times the value of kH2O.
The gas concentration of ammonia at the puddle surface (CG) can only be estimated
from the liquid TAN concentration and theoretical equations to explain ammonia
partitioning in solution, and between the liquid and gas phases. Only a fraction (f) of the
TAN in solution is in the form of ammonia. The relative concentrations of ammonia and
ammonium are estimated using the acid ionization constant (also referred to as the
dissociation constant; Ka; eq. 4.13). A factor is often combined with Ka to account for
other compounds in the solution affecting the relative concentrations of NH3, NH4+ and
H+ (Hashimoto and Ludington, 1971; Zhang et al., 1994; Arogo et al., 2003b).

ϕ NH 3 ⋅ [NH 3 ] ⋅ ϕ H + ⋅ [H + ]
Ka =
ϕ NH 4+ ⋅ [NH 4+ ]

(4.13)

Rearranging equation 4.13 can provide relative estimates of ammonia and ammonium
that can then be used to estimate f. Based on the estimated value of Ka that was reported
by Jayaweera and Mikkelsen (1990) with the factor of 0.2 from Zhang et al. (1994), and
the H+ concentration of the puddle (determined from the pH), f was calculated using
equation 4.14, similar to the urine puddle emission model of Aarnink and Elzing (1998).
f =

[NH 3 ]

[NH

3

+ NH 4+

] = 10

10 pH
pH

1
+
Ka

10 pH

=
10

pH

1

+
0.2 ⋅ 10

2729 ⎞
⎛
−⎜ 0.0897 +
⎟
T ⎠
⎝

10 pH

=
10

pH

+ 5 ⋅ 10

2729 ⎞
⎛
⎜ 0.0897 +
⎟
T ⎠
⎝

(4.14)
A factor was used for Ka in eq. 4.14 because pig urine may typically contain many other
ions and compounds including creatine, sodium, potassium and chlorine (Pond and
Houpt, 1978).
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Henry’s Law is used to relate the concentration of ammonia in the gas at the puddle
surface (CG) to the concentration in the liquid (CL), and was expressed as a dimensionless
ratio of liquid concentration to gas concentration based on temperature, assuming an
average temperature of 293 K (Aarnink and Elzing, 1998; eq. 4.15).
H=

CL
= 1431 ⋅ 1.053( 293−T )
CG

(4.15)

Incorporating equations. 4.7, 4.14 and 4.15 into equation 4.12, the ammonia emission
from a urine puddle was calculated using equation 4.16:
⎡ f ⋅ TAN
⎤
E P = k NH 3 ⋅ AP ⋅ 1000 ⋅ ⎢
− CB ⎥
⎣ H
⎦

(4.16)

The TAN balance of a urine puddle (eq. 4.11) is shown rewritten in equation 4.17,
incorporating equation 4.16 that fully describes the factors affecting puddle emission.
S ⋅U
k
⋅ A ⋅ 1000 ⋅ ⎛ f ⋅ TAN
dTAN
⎞ TAN dV P
− CB ⎟ −
⋅
= −2 ⋅ m
− NH 3 P
⎜
dt
Km +U
VP
dt
⎝ H
⎠ VP

(4.17)

4.2.4 Molar Balance of Emission Chamber

When a urine puddle is contained within an enclosed emission chamber, as shown in
figure 4.1, the puddle emission will contribute to the overall emission chamber
concentration, which in turn, affects the puddle emission rate. Air inlets and outlets to
the emission chamber, as well as the air exchange rates through these openings, also
affect the emission chamber concentration as shown in equation 4.18. The emission
chamber and support materials are assumed negligible contributors to the ammonia
balance.
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Emission Chamber (VB)

CB •

Air Outlet
QB

CA •

Urine Puddle (AP, VP)

EP

Air Inlet
QB

Non-Porous Support
Figure 4.1. Urine puddle emission model experimental set-up.

⎛ f ⋅ TAN
⎞
k NH 3 ⋅ AP ⋅ 1000 ⋅ ⎜
− CB ⎟
dC B QB ⋅ (C A − C B )
⎝ H
⎠
=
+
dt
VB
VB

(4.18)

4.2.5 Calculation Method

The resulting system of differential equations describing the puddle characteristics and
chamber concentration over time are equations 4.3, 4.10, 4.17 and 4.18. Fourth-order
Runge-Kutta (Rao, 2002) was the explicit method used for solving the system of
differential equations. The initial VP, U, TAN and CB were used simultaneously to
calculate the new value for each variable after a prescribed timestep (h). After each step
in the Runge-Kutta method, the new value for TAN was used to calculate the puddle
emission rate (eq. 4.16). A stepsize of 300 s was used in the calculations, and was tested
during model development to ensure error was not introduced to the results compared
with a smaller stepsize (120 s). All calculations were performed using MSExcel®.
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4.3 Materials and Method

A bench-scale experimental set-up was used to collect data from individual urine
puddles in order to calibrate and validate the developed model.
4.3.1 Emission Chambers

Individual urine puddles were monitored within stainless steel emission chambers
(900 mm length, 900 mm width, 700 mm height), as described in Pelletier et al. (2005)
and shown in figure 4.2. The outlet line from each chamber was connected to a blower
and the flowrate out of each chamber was monitored by a rotameter (KSK Flowmeter,
Kobald, Point Claire, QC). Air was drawn into the chambers through a 530-mm long by
2-mm high slit in the front of the chamber, just above the puddle surface. Six chambers
were contained in six separate rooms with individual temperature control, and supplied
by a common incoming air plenum.
In each chamber a 254-mm diameter Corelle® plate was placed atop a balance
(Model EK-1200i, A&D Company Ltd., Place; accuracy: ± 0.1 g) to hold the urine
solution. A thin tube (1.67-mm outer diameter) was taped to the middle of the plate and
the other end of the tube was led outside of the emission chamber where a syringe could
be attached in order to draw liquid samples from the plate.
Sensors (Model CS500, Campbell Scientific (Canada) Corp., Edmonton, AB)
monitored the temperature (± 0.5°C) and relative humidity (± 3% RH) near the outlet of
each emission chamber and in the inlet plenum. A thermal anemometer (TSI Model 8470
Air Velocity Transducer, St. Paul, MN; range: 0 to 0.5 m s-1) measured the air velocity
above the surface of one puddle each sampling period. The anemometer was placed in a
different emission chamber each sampling period. The average air velocities
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approximately 2 cm above the plate surface were 0.10 and 0.18 m s-1 for flowrates of 0.47
and 0.93 L s-1, respectively.
The ammonia concentration at the outlet of each emission chamber and in the inlet
plenum was measured using photoacoustic infra-red spectroscopy (Model 1312, Innova
AirTech Instruments A/S, Ballerup, Denmark). The analyzer accuracy was verified with
standard ammonia gas (BOC Canada, Mississauga, ON) once each sampling day. A
multiple port valve system cycled between lines connected to each emission chamber,
inlet and standard gas (as required). The airflow rate for gas sampling was 0.03 L s-1.

Figure 4.2. Stainless steel emission chamber, anemometer, plate,
balance and sampling tube, used as part of the ammonia emission
testing apparatus.
4.3.2 Experimental Procedure

To create a variety of puddle emission conditions the air temperature, air velocity and
urea concentration factors were combined in a 3×2×2 factorial treatment design,
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respectively, as shown in table 4.1 with assigned Treatment names. Six simulated urine
puddles were used during each 44-h sampling period. During each sampling period, the
same airflow rate of either 0.47 or 0.93 L s-1 was maintained through each chamber to
create air velocity conditions of 0.10 or 0.18 m s-1, respectively. Each temperature and
urea concentration combination was represented in each sampling period. Each treatment
was replicated three times for a total of 36 data-sets collected over six sampling periods.
Table 4.1. Treatment combinations and identification.
Treatment
Airspeed
Urea
Temperaturez
-1
(m s )
Concentration
(K)
(mol L-1)
1
0.10
0.4
289
2
0.10
0.4
294
3
0.10
0.4
299
4
0.10
0.2
289
5
0.10
0.2
294
6
0.10
0.2
299
7
0.18
0.4
289
8
0.18
0.4
294
9
0.18
0.4
299
10
0.18
0.2
289
11
0.18
0.2
294
12
0.18
0.2
299
z

Temperature set-point values are shown; the measured temperature values for each puddle with respect to
elapsed time were used in the model calculations.

Before each sampling period, the plates were washed and dried, placed on the scales
and the liquid sampling lines were attached. Urea solutions (ACS grade urea, EM
Science, Germany; and distilled water) were prepared fresh daily and a sample was taken
for TAN analysis by automated colorimetry. At the start of each sampling period, a
measured mass of Jack Bean urease enzyme (Type IX from Jack Beans, Sigma Chemical
Company, St. Louis, MO; 0.69×10-3 mol U s-1 g-1 rated activity at 298 K and pH 7.0) was
mixed thoroughly with 250 ml of urea solution in a beaker and gently poured onto the
plate in one of the emission chambers. The cover of the emission chamber was replaced
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and was not opened until the end of the sampling period. This was repeated for each
sample.
The plate and solution mass, temperature, relative humidity and air velocity
measurements were recorded every 10 min electronically throughout the sampling
periods. The gas analyzer collected concentration readings at 45-s intervals over a span
of 10 min for each sampling location, but only the data from the last four minutes were
averaged to generate the concentration level for the chamber (or inlet).
Liquid samples of the puddle solution were withdrawn by syringe approximately 1, 5,
11, 17, 24, 34 and 44 h after the start of each sampling period. Before sampling, the tube
was purged by pushing air through with the syringe. Approximately 6 mL of puddle
solution was drawn each sample: 3 mL were stabilized in 0.24 N sulphuric acid solution
and analyzed for total ammonium-N concentration by automated colorimetry; the pH of
the remaining sample was measured with pH test strips (Sigma Chemical Company, St.
Louis, MO; range: 4.5-10.0; accuracy: ± 0.5). Some pH measurements were repeated
with a pH meter (Oakton Economy pH Benchtop Meter; accuracy: ± 0.01), to increase
accuracy and verify the pH strip measurements.
The surface area of the puddle solution on the Corelle® plates decreased as the water
evaporated. An equation was developed to describe the puddle area based on measured
surface areas for known amounts of water on each plate. The solution surface area
decreased from 0.036 to 0.024 m2 as the volume of water decreased from 0.250 to 0.015
L.
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4.3.3 Calibration and Validation Procedure

The temperature, relative humidity, air velocity, initial urea concentration, urease
activity and initial puddle mass were used as input variables to the puddle emission
model. In the calibration process, the hypotheses regarding the mass transfer coefficient
of water, the percentage of urea conversion and constant urease activity, and constant pH
were tested by comparing model simulations to measured values for water mass, liquid
TAN concentration and total emission and making adjustments to the model as required.
The model was validated by comparing water mass, liquid TAN concentration, total
emission and ultimately pH simulations for individual puddles to corresponding
measurements. Twelve data sets that included a random sample of each treatment
combination were used in the calibration process, and the other two data sets for each
combination were used for validation. Of the 12 calibration data sets, six sets included
pH meter measurements, while the remaining six sets had only pH strip measurements.
Six of the validation data sets also had pH meter measurements.
The standard prepared by ASTM (2003) was used as a guideline for evaluating model
accuracy during the calibration and validation processes. The statistical calculations and
suggested evaluation limits are shown in Appendix A.
4.4 General Results

The carefully controlled conditions of this experiment resulted in very similar results
between trials for a given treatment. Figure 4.3 shows the similarity between repetitions
using the TAN concentration measurements taken from Treatment 2 samples as an
example. The TAN concentration of each puddle initially increased sharply, followed by
a slightly slower rate of decrease. The decrease in concentration presumably occurred
once the urea was used up. The TAN concentration pattern (fast increase and slower
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decrease) was echoed in the emission chamber NH3 concentration measurements
indicating the puddle emission pattern was similar to the pattern described by Elzing and
Monteny (1997a).
These general results validated two of the main processes, urea degradation and
change in TAN concentration, were occurring. Balance measurements and the lack of
water on the plates after each trial validated water evaporation also occurred. The main
hypothesis that ammonia emission is a function of water evaporation, urea degradation
and change in TAN concentration was therefore accepted and the model calibration
process continued.
Rep 1

Rep 2

Rep 3

0.40
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Figure 4.3. Measured TAN concentration values for three
repetitions of Treatment 2.
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4.4.1 Calibration Results

Model calibration was an iterative procedure because of the inter-relations between
water volume, urea conversion, TAN concentration, and as found in the calibration
procedure, urease activity and pH. Therefore, fitting procedures for some variables were
completed simultaneously.
4.4.1.1 Water evaporation

Using the balance data for the twelve calibration data sets, the measured water mass
values were compared to the predicted volume values assuming the density of the
simulated urine puddles was constant and equal to 1 kg L-1. The resulting correlation
coefficient (R) values for each data-set (each representing a different treatment) were at
least 0.99. The fractional bias values ranged from -0.01 to 0.01, which means the average
predicted water volume was within ±1% of the measured water mass. All other
evaluation parameters prescribed by ASTM (2003) were well within the suggested limits.
Since the boundary layer theory approximation (eq. 4.7) proved accurate for modelling
kH2O and the resulting evaporation, equation 4.7 was used to calculate kNH3 as well.
4.4.1.2 Urea conversion

If all the urea was used up during the emission process, the total amount of ammonia
emitted by the end of the emission process should have been twice the initial number of
moles of urea in solution. For each calibration data-set, the measured total puddle
emission plus any ammonia remaining in the puddle solution at the end of the sampling
period, minus an approximation of the urea and ammonia removed when liquid samples
were taken, was calculated. The percentage of urea converted to ammonia ranged from
84% to 100%. Treatments 1 to 6 (0.10 m s-1 airspeed) resulted in urea conversion
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percentages between 84% and 93%, and Treatments 7 to 12 (0.18 m s-1 airspeed) had urea
conversion percentages between 92% and 100%.
The measurements supported the hypothesis that all the urea in the puddle solutions
can be converted to ammonia. In the model calculations however, it was necessary to
account for urea removed with the samples in order to prevent the total emission from
being over-predicted.
4.4.1.3 Urease activity

The average rated activity for the Jack Bean urease used in the experiment was
58.5×10-6 mol U L-1 s-1 (range 20.2×10-6 to 75.2×10-6 mol U L-1 s-1) at a pH of 7.0 and a
temperature of 298 K. These urease activity values and the estimate of 0.002 mol L-1 for
Km (Elzing and Monteny, 1997b) were used in initial model simulations. The simulated
ammonia production rate resulted in higher TAN concentrations of the puddles compared
to the measured TAN concentrations. The literature value for Km was considerably
smaller than the initial urea concentration levels so there was theoretically little impact of
this variable. The error was attributed to temperature and pH effects on the enzyme
activity (Shuler and Kargi, 2002; Muck, 1982), resulting in lower urease activities than
the rated levels.
An initial test was performed to detect the level and general pattern of the urease
activity within the puddle solutions by individually fitting two urease activity values to
each sample, representing the average activity for the first two to four hours of urea
conversion and the remaining time of urea conversion, respectively. The initial urease
activity (Sm,0) was assumed constant for all samples and the best-fit between simulated
and measured TAN concentration values occurred for a value of 8×10-6 mol U L-1 s-1.
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With a value for Sm,0, the secondary Sm value producing the best fit between measured
and simulated TAN concentration values for each of the twelve calibration samples was
determined individually for each puddle. This was completed after the initial pH model
was developed, as shown in the next section. The fitted urease activity values decreased
over time, and at a faster rate for cooler temperatures (fig. 4.4).
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Figure 4.4. Fitted urease activity values based on elapsed time and
temperature.

The effect of elevated pH during the urea degradation process (see following section
on Urine puddle pH) was assumed consistent between treatments and the main reason
behind the drop in the initial urease activity to 8×10-6 mol U L-1 s-1. Further perceived
changes in the urease activity level were attributed to temperature effects. The
temperature effect on enzyme activity is generally expressed by an Arrhenius relationship
(Muck, 1982; Shuler and Kargi, 2002), but because the enzyme was at similar conditions
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before being added to the puddle solutions at different temperatures, there was a
perceived time delay for the temperature impact as well. Equation 4.19 was developed to
express the change in urease activity over time based on the difference from the optimal
temperature for the Jack Bean urease enzyme used in this experiment. From figure 4.4,
the optimal temperature appeared to be close to the Jack Bean Urease prescribed
temperature of 298 K; therefore, 298 K was incorporated in equation 4.19 as the point
from which Sm decreased with decreasing temperature. The rate at which Sm decreased
with decreasing temperature and increasing time was described with the variable j.
S m = S m,0 ⋅ e

⎛1 1 ⎞
− j ⋅⎜ −
⎟⋅t
⎝ T 298 ⎠

(4.19)

Equation 4.19 was applied in the simulations for the twelve calibration samples and
the value of j was varied from 0.050 to 0.300 in 0.025 increments to determine the best fit
between measured and modelled values of TAN, for measurements taken when the TAN
concentration of each puddle was increasing with time. A j-value of 0.225 produced the
lowest NMSE (0.027) and FB value closest to zero (-0.0027). As shown in figure 4.5, the
regression line between 36 measured and simulated TAN concentration pairs
(representing two to five sampling points from each of the twelve data-sets) had a slope
near 1 and an intercept less than 7% of the average measured mean TAN concentration.
Figure 4.5 also shows that at low concentration values, the data pairs are in better
agreement, indicating the use of a common Sm,0 was justified.
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Figure 4.5. Measured and modelled TAN values of all calibration
data sets using the developed urease activity model (eq. 4.19;
j = 0.225).
4.4.1.4 Puddle pH

The urine puddle pH levels were between 9.1 and 9.3 at the one-hour sampling point,
and decreased over the life of the puddle (figure 4.6). The initial rate of decrease was
slow, and this corresponded to when the measured TAN concentrations of the puddles
were increasing. Towards the end of the sampling period, the pH levels stabilized.
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Figure 4.6. Measured puddle pH over time for six of the twelve
treatments.

During initial simulations, the urine puddle pH was assumed constant at a value of 8.8
(Aarnink and Elzing, 1998). The resulting EP,T and TAN simulations were significantly
different from measured values. Using measured pH values greatly improved the model's
accuracy up to the point where the pH measurements started to stabilize. Subsequent to
this point, using the measured pH level in the calculation of f (eq. 4.14) seemed to
underestimate the amount of ammonia available; the simulated TAN concentration would
begin to increase and the total emission was lower than the measured emission indicating
that ammonia was being retained in the puddle in the simulations. The hypothesis that a
constant pH could be used in the model was shown to be false.
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As urea breaks down, carbonic acid is created in conjunction with ammonia, so the
puddle pH was likely the result of the combined TAN and H2CO3/HCO3-/CO32- content of
the puddles. A mechanistic equation to describe the change in H2CO3/HCO3-/CO32- was
therefore investigated, but measurements were not available to properly validate the
equation. Instead, a two-part empirical model was developed to simulate the change in
pH over time, based on the change in TAN (eqs. 4.20 and 4.21). Two regression

coefficients, Z1 and Z2 were used because the relationship between the change in pH and
change in TAN should be different depending on whether there was both urea degradation
and emission occurring (i.e. d(TAN) dt-1 > 0) or only emission occurring (d(TAN) dt-1 <
0). Also, equation 4.14 was modified so that f had a minimum value (eq. 4.22). An
estimated value for the initial puddle pH was required by the model.
d (TAN )
d ( pH )
d (TAN )
= Z1 ⋅
for
>0
dt
dt
dt

(4.20)

d (TAN )
d ( pH )
d (TAN )
= Z2 ⋅
for
<0
dt
dt
dt

(4.21)

⎞
⎛
⎟
⎜
10 pH
f = MAXIMUM ⎜
,
f
⎟
min
2729
⎞
⎛
⎟
⎜ 0.0897 +
⎟
⎜ pH
T ⎠
⎝
⎠
⎝ 10 + 5 ⋅ 10

(4.22)

The initial slope, Z1, was tested with the six calibration data sets with pH meter
measurements and the corresponding TAN measurements. The value of Z1 was fit by
varying the value of Z1 from -0.5 to -1.0 in increments of 0.05 and multiplying Z1 with the
measured change in TAN with time to produce different patterns in the change of pH.
The best fit between modelled and measured pH values was obtained for a slope (Z1) of 0.75.
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The secondary slope, Z2, was fit in conjunction with the minimum f-value by
comparing the measured and simulated values for both TAN concentration and pH. The
value of Z2 was varied between 3 and 7 in increments of 1, and fmin was varied between 0
and 1.0 in increments of 0.25. For both TAN concentration and pH simulations, a Z2 value
of 6.0 was optimal when used in conjunction with a fmin value of 0.05.
4.4.1.5 Calibration summary

The model to simulate ammonia emissions and liquid TAN concentration was made
more complex, but also more accurate based on the calibration procedure. Equations
4.19, 4.20, 4.21 and 4.22 were added to the system of equations describing the puddle,
along with the fitted values for j, Z1, Z2 and fmin, and also solved explicitly in time.
4.4.2 Validation Results

Using the calibrated model the simulations for water volume, pH, TAN and total
ammonia emission (EP,Tot) for the validation sub-sets (24 sub-sets in total) were compared
to the respective measured values. Figure 4.7 displays the measured and simulated
results for one repetition each of Treatments 5 and 7 as examples of the model
simulations compared to measurements. The overall results of all validation simulations
are shown in table 4.2, and explained in further detail in the following sections.

99

Volume (L), Mass (kg),
-1
TAN (mol L ), Total Emission (mol)

Puddle Volume (L)

Puddle Mass (kg)

TAN Concentration (mol L-1)

TAN Concentration Measured (mol L-1)

Total Emission (mol)

Total Emission Measured (mol)

0.40

0.30

0.20

0.10

0.00
0

10

20

30

40

Elapsed Time (hr)

Volume (L), Mass (kg),
-1
TAN (mol L ), Total Emission (mol)

(a)
Puddle Volume (L)

Puddle Mass Measured (kg)

TAN Concentration (mol L-1)

TAN Concentration Measured (mol L-1)

Total Emission (mol)

Total Emission Measured (mol)

0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
0

10

20

30

40

Elapsed Time (hr)

(b)
Figure 4.7. Simulated and measured puddle characteristics for
Treatment 5 (a) and Treatment 7 (b).
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Table 4.2. Comparison of average (n=24) evaluation parameters for VP, pH, TAN
and total emission (mol NH3).
Parameter
VP
Mean (SD)Z
General Agreement
0.99 (<0.01)
R
1.00 (0.02)
a
-0.001 (0.005)
b
<0.001 (<0.001)
NMSE
Bias
-0.005 (0.010)
FB
0.007 (0.053)
FS
z

Average evaluation parameter
pH
TAN
Mean (SD)
Mean (SD)

Total Emission
Mean (SD)

0.89
1.10
-1.20
0.002

1.00
1.01
0.0001
0.012

(0.29)
(0.50)
(4.61)
(0.002)

-0.027 (0.024)
0.134 (0.76)

0.90
0.99
-0.019
0.096

(0.20)
(0.25)
(0.033)
(0.112)

-0.157 (0.13)
0.169 (0.29)

(0.01)
(0.07)
(0.007)
(0.012)

0.003 (0.10)
0.020 (0.13)

SD: Standard deviation.

4.4.2.1 Water evaporation

No changes were made to the water evaporation model based on the calibration
results. During validation with the evaporation data for 24 urine puddles, equation 4.3
with equation 4.7 to describe kH2O again proved very accurate (table 4.2) for modelling
the change in water mass. The evaluation parameters were all very low, with an average
bias less than 1%, based on the mean measured and simulated values for each puddle.
4.4.2.2 Puddle pH

Based on the comparison of simulated pH values to pH values measured using both
pH strips and a pH meter, the model simulated the puddle pH well. The average
simulated pH for all puddles was about 3% lower than the average measured pH value,
and all other evaluation parameters, with the exception of R, were within suggested limits
set by ASTM (2003).
4.4.2.3 Liquid TAN concentration

Figure 4.8 shows the normalized mean square error (NMSE) between measured and
simulated TAN values for the validation data sets, based on treatment. The largest NMSE
value occurred with Rep 2 of Treatment 11. It was noted during data collection that some
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enzyme was lost before it was added to the solution for this particular puddle, resulting in
this sample having the lowest potential Sm (2.02×10-6 mol U L-1 s-1) based on the mass of
enzyme added to the solution; since the model assumed constant urease activity between
all samples, the TAN concentration was likely over-predicted.
For the majority of the other samples, NMSE values below 0.1 show that the simulated
values for TAN concentration over the life cycle of each puddle were within ± 0.05 mol
L-1 of the measured values. In general, the average TAN concentration for each puddle
was under-predicted 16% by the model (FB: -0.157) and larger bias values were
associated with treatments 7 to 12 with the higher air velocity, compared to treatments 1
to 6 with a lower air velocity. The average values of all evaluation parameters (table 4.2)
were within the values suggested by ASTM (2003) for adequate model performance.
Rep 1

Rep 2

ASTM Limit

0.5
0.45
0.4

NMSE

0.35
0.3
0.25
0.2
0.15
0.1
0.05
0
1
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7

8

9

10

11

Treatment

Figure 4.8. NMSE values for TAN simulations, shown based on
treatment.
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12

4.4.2.4 Total emission

Based on the average NMSE value for all validation data-sets (table 4.2), the simulated
total emission values over time for the validation data sets were ± 11% of the measured
emission levels (based on the measured inlet and outlet ammonia concentrations and the
air exchange rate of the emission chambers). Table 4.2 displays the averages for the
remaining evaluation parameters that were well within the ASTM (2003) suggested
limits.
4.4.3 Model Application

When the urine puddle emission model is applied to a real-life situation of a urine
puddle on the floor of a barn, certain conditions will be different, and inconsistent
variables like temperature, air velocity, relative humidity and urease activity can
potentially affect the rate the ammonia is given off from the puddle, the "life" of the
puddle, and the total emission. In the following analysis, the following assumptions were
made when testing the effect of varying environmental conditions: an initial urea
concentration of 0.4 mol L-1; all of the urea was converted to ammonia; the surrounding
air concentration (CB) was negligible; no drainage or absorption of solution by the floor
surface; puddle area and depth were consistent with the puddle shape on a Corelle®
plate; and urease activity was constant over the life of the puddle and not temperaturedependent.
Table 4.3 shows the resulting puddle emission and puddle life expectancy when the
value of one variable is changed from the mean value, with the other variables remaining
at the mean value.
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Table 4.3. Urine puddle model results for varying environmental conditions.
Variable
Value
Average
Puddle life
Total
(d)
Emission
(Mean Value)
Emission
Rate
(g NH3)
(g NH3 d-1)
Mean
0.83
4.1
3.4
Temperature
283
0.44
7.7
3.4
(293 K)
303
1.50
2.3
3.4
Velocity
0.05
0.58
5.8
3.4
(0.1 m s-1)
0.40
1.65
2.1
3.4
Relative Humidity
20
1.32
2.6
3.4
(50%)
80
0.33
>10
3.4
Urease Activity
1 x 10-6
0.35
4.1
1.4
2 x 10-6
0.69
4.1
2.9
(6×10-6 mol U L-1 s-1)
-6
3 x 10
0.82
4.1
3.4
4 x 10-6
0.82
4.1
3.4
-6
5 x 10
0.82
4.1
3.4
6 x 10-6
0.83
4.1
3.4
-6
7 x 10
0.82
4.1
3.4
8 x 10-6
0.82
4.1
3.4
9 x 10-6
0.83
4.1
3.4
-5
1 x 10
0.82
4.1
3.4

The total emission, equal to the average emission rate multiplied by the puddle life,
was equal for nearly all situations tested. As was determined from the measurements,
ammonia emission will occur over the length of the puddle life, since some TAN will
always be present as ammonium in solution. Therefore, increasing temperature, velocity,
or decreasing the relative humidity rate will not only decrease the puddle life, but
increase the average emission rate as well. For urine puddles with the same initial urea
concentration and volume, a low urease activity can reduce the total ammonia emitted
from a puddle if the urease activity is sufficiently smaller than the emission rate. Above a
certain urease activity (3×10-6 mol U L-1 s-1 for the simulated urine puddle), urease
activity has a negligible effect on the average emission, puddle life or total emission.
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4.5 Discussion

Urine puddles are an important consideration in ammonia emission models for rooms
with partially and fully-slatted floors. Ni et al. (1999c) found a high correlation (R =
0.852) between ammonia emission rate and floor contamination. This experiment
reinforces the initial calculations made of the potential emission from a single pig, just
from the urine, if all the urea in a puddle is converted to ammonia.
These bench-scale measurements provided valuable data to calibrate and validate
equations predicting the physical, chemical and biological processes occurring within a
urine puddle. With carefully controlled and/or monitored temperature, airspeed, chemical
composition, and absorption by extraneous sites, fewer assumptions were needed than in
a real-world situation of a puddle on the floor of a barn. While the puddle emission
model has been made more complex by considering water evaporation, urease activity
inhibition and puddle pH changes over time, the relative weight of factors affecting
ammonia emission are now better understood. The potential differences between the
environmentally-controlled conditions used in this experiment and the "real-world"
situation of a urine puddle on the solid or slatted floor of a barn are addressed in this
section where possible.
Overall, the model provided accurate estimations of the water evaporation, puddle pH,
liquid concentration and total emission for simulated urine puddles, based on the
guideline values prescribed by ASTM (2003). By using various statistical analyses to
calibrate the model and also validate the resulting system of equations, the model was
capable of providing not only reasonable average values, but also simulated the changing
values over time well compared to the measurements.

105

By using the boundary layer approximation to calculate the mass transfer coefficient
for water and ammonia, the kNH3 value was 1.05 times higher than kH2O, meaning the
resistance to transport of water through the boundary layer film over the liquid surface
was higher than that of ammonia. While water evaporation did impact the resulting
concentrations, the major processes affecting the rate of ammonia emission in this
experiment were urea degradation and ammonia concentration of the liquid.
Under experimental conditions, the majority (if not all) of the urea was converted to
ammonia and all of this ammonia was released as the puddle evaporated. Since ammonia
ionizes in water, some ammonia will exist in the puddle as long as there is water. In the
real-world, from casual observations, urine puddles on the floor are not perfect circles
with a consistent depth that last over 44 h. Ammonia emission from a mixture of 2 kg of
cow urine and 3 kg of cow feces on a bench-scale slatted floor surface fell to near zero
after 24 hr (Elzing and Monteny, 1997a), a time-scale that seems more typical on the
floor surface. A concrete slatted floor will allow some urine to drain into the pit, and
some liquid may also enter the pores of the concrete. If some drainage or absorption
occurs before all of the urea is converted by enzyme present on the floor surface, the
potential emission may be less than seen in these measurements. As well, absorption of
ammonia-containing solution by the floor may delay the emission process.
Enzyme activity is not a direct measurement; instead the rate of formation of
enzyme/substrate-specific products is usually measured using various substrate
concentrations, and the resulting rates are analyzed using one of numerous methods
(Shuler and Kargi, 2002). In this experiment, urease activity was initially based on the
provided rated activity and amount of enzyme used, but finally the enzyme activities
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were estimated based on the measured TAN concentration over time, which also relied on
accurate estimations of emission, pH and evaporation. A common enzyme was added to
all puddles in one sampling period from a common temperature state, so the assumption
of a common Sm,0 seemed valid and fit well with the experimental data. A similar pH
level for all puddles during the initial ammonia formation period (figure 4.7) supported
the decision to assume temperature and time had the largest effects on enzyme activity.
A decrease in activity at a lower temperature resembles data found in the literature
(Muck, 1982; Shuler and Kargi, 2002), although elapsed time was not considered in these
models. In the real-world situation, the enzyme source will likely be fecal matter and
more variable than the Jack Bean source used in this experiment, although the specific
differences between the enzyme sources are not known. Also, the urease (from faecal
material) temperature will likely be at equilibrium with the floor surface. Even though a
urine puddle will be body temperature when excreted, the puddle will likely assume the
temperature of the floor and enzyme source relatively quickly, and the temperature effect
over time will be less important. While simulating the change in urease activity was
beneficial in modelling the ammonia emission from the simulated urine puddles in this
experiment, in the case of urease activity on the barn floor surface it may be safe to
assume a constant value of Sm.
Urease activity has been shown to depend on the amount of fouling and floor surface
characteristics, but after 7 to 15 days of repeated fouling, the increasing urease activity
appeared to have a negligible effect on the ammonia emission rate (Elzing and Monteny,
1997b; Braam et al., 1997a). This was reiterated in the Model Application section that
shows urease activity will have a negligible impact on the ammonia emission rate past a
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certain value. The value where urease activity becomes negligible will depend on the
other puddle emission factors though, so the non-limiting urease activity value simulated
in the Model Application section cannot necessarily be applied for all puddle emission
simulations.
An increase in ammonia concentration in a pure ammonia and water solution would
result in a pH increase but this was not seen in the simulated urine puddles after the first
pH measurement. This was attributed to the buffering effect of the carbonic acid, and the
theory is as follows. In the absence of any volatilization from the solution, the TAN
would increase at twice the rate of the H2CO3/HCO3-/CO32- concentration. Carbonic acid
produced by the breakdown of urea lowers the overall pH of the system by contributing
H+ ions to solution. Carbonic acid, HCO3- and CO32- will exist in equilibrium, similar to
NH3 and NH4+. While higher pH levels promote NH3 concentration and thus more TAN
available for emission, lower pH levels promote H2CO3 concentration, the volatile
portion of this system. The decrease in puddle pH shows that the ratio of TAN to
H2CO3/HCO3-/CO32- decreases from the start, and that the ammonia is removed from the
urine puddle faster than the carbonic acid. At an optimal pH both substances could
achieve a steady emission rate. This may explain why the pH stabilizes toward the end of
the puddle life, even when dTAN dt-1 is still decreasing.
In this experiment, the average total emission for 0.25-L puddles of 0.2 and 0.4 mol
L-1 initial urea concentrations were 1.4 and 2.9 g NH3, respectively. Within the
temperature and velocity conditions tested, the total amount of ammonia emitted
depended on the initial amount of urea present. Changes in temperature, relative
humidity and velocity conditions can result in changes to the average puddle emission
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rate, and the resulting puddle life. In general, changes in the rate of ammonia emission
are similar to changes in evaporation. Even if there is some urea left unconverted, all of
the ammonia produced will be emitted.

4.6 Summary

Urine puddle emission is the end result of a series of physical, chemical and biological
processes occurring within a urine puddle, including evaporation, enzymatic degradation
of urea, pH change, and ammonia emission. Even the enzyme within the puddle can be
affected by environmental parameters and change over time. A system of equations was
developed to model these processes simultaneously in order to determine the change in
TAN of the puddle and the total emission from the urine puddle. The main components,
assumptions and considerations in this model are:
•

using a convective mass transfer coefficient calculated using the boundary layer
theory can accurately describe the evaporation of water from a puddle and this
theory is assumed applicable for ammonia transport as well;

•

urease activity will decrease over time at less than ideal temperature conditions;

•

the pH of a urine puddle will rapidly increase following contact with urease
enzyme, but the ammonia in the solution will be buffered by carbonic acid,
resulting in a lower pH than a pure ammonia solution. The faster volatilization rate
of ammonia compared to carbonic acid will promote a decrease in pH over time;

•

at low pH levels, 5% of the TAN will consistently be in the volatile form of NH3;

•

the total amount of ammonia emitted from a urine puddle will depend more on the
initial amount of urea present in solution and less on the environmental conditions,
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assuming urease is present and abundant. Environmental conditions will affect the
evaporation rate, average NH3 emission rate and puddle life.
Based on the percent difference between the average of the simulated values to the
average of the measured values for each puddle, the bias associated with the model
calculations for water volume, pH, TAN and total emission were 0.5% (std dev 1.0%), 2.8% (std dev 2.4%), -15.3% (std dev 13%) and 0.5% (std dev 10%), respectively. The
developed model can be incorporated in overall room ammonia emission models to
simulate the ammonia production and emission from individual urine puddles on the floor
surface.
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Synopsis

Besides the floor surface, the slurry pit is recognized as the other main source of
ammonia emissions in swine barns. However, the variable composition of slurry can
make estimation of certain emission parameters difficult. In this experiment, the manure
from individually-housed pigs fed different diets was collected, and a slurry emission
model was developed to express the amount of ammonia given off.

111

5.1 Introduction

The under-floor manure storage area, often referred to as the slurry pit, is recognized
as one of the main sources of ammonia within swine and cattle barns. With the steady
addition of urine, feces, drinking water and spilled feed to the slurry pit, ammonia and
other gases are continually formed by the breakdown of urea and other nitrogenous
material such as proteins (Anderson et al., 1987). Given the highly variable nature of
slurry composition and storage length, models that simulate the ammonia production rate
within slurry are still developing (Ni, 1999). However, measurements of physical and
chemical slurry properties that facilitate predicting the rate of ammonia release from the
slurry surface are possible. By developing a model that simulates the ammonia emission
from slurry based on measurable variables, the livestock industry will be better able to
address the impact the slurry emission has on human and animal health.
The flow of nitrogen in a pig is like any control volume; what goes in, minus the
retention by the animal, equals what comes out. Therefore, diet composition is a large
determinant in slurry composition. For example, reducing dietary crude protein can
lower the amount of nitrogen excreted in the urine and can also result in lower slurry pH
and ammonia emissions (Canh et al., 1998a). Adding sugar-beet pulp to a pig's diet was
found to lower the pH and ammonia emissions from slurry by increasing the volatile fatty
acid concentration of the slurry (Canh et al. 1998b).
Numerous models have been developed to simulate the ammonia emission from slurry
surfaces. The models of Zhang et al. (1994), Aarnink and Elzing (1998), Ni et al. (2000c)
and Liang et al. (2002) are all based on convective mass transfer, but differences exist
among the models in mass transfer coefficients and ammonia partitioning in the solution.
All four models are very sensitive to the slurry pH, which can vary greatly between
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manure sources (Paul and Beauchamp, 1989) and even within the depths of a manure
channel (Zhang et al., 1994; Aarnink and Elzing, 1998; Ni et al., 2000c). Of the slurry
emission models developed, validation and calibration have been completed with either
full-scale room measurements (Aarnink and Elzing, 1998; Ni et al., 2000c) that do not
necessarily separate slurry emission from emission by other sources, or with lagoon
storage emission data (Liang et al., 2002). Model calibration has introduced factors
relating the mixed slurry pH and the emission rate of carbon dioxide to the pH at the
manure surface in models by Aarnink and Elzing (1998) and Ni et al. (2000c),
respectively. However, changes in surface pH and differences between mixed and
surface pH have not been validated with measured data in conjunction with the model
testing.
The overall objective of this experiment was to develop a slurry emission model to
simulate the ammonia emission rate from slurry pits within swine barns that is suitable
for a range of slurry properties. In order to do this, the specific objectives were: (1) to
build on pre-existing models and develop a model to simulate the ammonia emission
from slurry; (2) collect emission measurements from slurry samples varying in
composition in a bench-scale slurry pit experiment; and (3) calibrate and validate the
model using the bench-scale measurements. The calibration process focused on
determining the fraction of total ammoniacal nitrogen in ammonia form, based on
accessible slurry properties.
5.2 Model Development

A schematic diagram of a slurry pit in relation to the slatted and solid floors is shown
in figure 5.1. Urine, fecal matter, spilled feed and water drain through the slatted floor
and mix to become slurry. Ammonia is produced within the slurry from the breakdown
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of urea and other nitrogenous material. Once in solution, the ammonia exists in two
forms, ammonia (NH3) and ammonium (NH4+). The total amount of nitrogen contained
within the ammonia and ammonium molecules in a solution is referred to as the total
ammoniacal nitrogen concentration, or TAN. The non-ionized portion of TAN, ammonia,
is volatile and can be transferred to the slurry pit headspace air whereas the ammonium
will stay in the solution. Air is added and removed from the slurry pit headspace through
the slatted floor. Ammonia absorption or desorption by the walls and slatted floor is
neglected.
CR ·
Slatted Floor

Solid Floor

QH

QH
CH·
ES

Slurry Pit Wall

Slurry
Urea and Protein → NH3 → NH3 + NH4+
Figure 5.1. Cross-sectional diagram of a slurry pit showing the
contributions of ammonia to the headspace concentration (CH) by
incoming air from the room (CR ⋅ QH) and emission from the slurry
(ES), and removal of ammonia by air movement up through the
slats (CH ⋅ QH).

Ni (1999) showed that the core model for ammonia emission from slurry surfaces in
past models was that of convective mass transfer (eq. 5.1), with sub-models to determine
the convective mass transfer coefficient (k) and the ammonia concentration in the gas
film (CG). In determining CG, most models have determined the relative amount of
ammonia to TAN (f) in the liquid and then estimated the ammonia concentration in the
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gas film relative to the liquid based on the Henry's Law constant (H). The concentration
gradient for ammonia emission is dependant on the concentration of ammonia in the
surrounding bulk air. In the model of Aarnink and Elzing (1998), the room air (CR) was
considered the surrounding air and was ignored in the mass transfer calculation. In
developing this slurry emission model, CH will be retained in the mass transfer equation
as the concentration of the surrounding air.
⎛ f ⋅ TAN
⎞
− CH ⎟
E S = k ⋅ A ⋅ 1000 ⋅ (C G − C H ) = k ⋅ A ⋅ 1000 ⋅ ⎜
⎝ H
⎠

(5.1)

In developing the slurry emission model to determine k, f and H, in order to solve
equation 5.1, the models developed by Zhang et al. (1994), Aarnink and Elzing (1998)
and Ni et al. (2000c) for under-floor slurry storages and Liang et al. (2002) for lagoon
storage were compared and are presented in table 5.1. There were differences between
models, not only in the calculations, but also in the units of measure. The equations were
converted to similar units when possible. The temperature variable refers to the
temperature of the slurry, except where the film temperature is specified.
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Table 5.1. Slurry emission model comparison.
Calculated
Variable
Mass transfer
coefficient (k)

Zhang et al. (1994)

k = 5.3 ×10

−3

−2

− 1.3 ×10 ⋅ v

Variable calculations specific to each model
Aarnink and Elzing (1998)
Ni et al. (2000c)
k = 50.1 ⋅ v

⋅T

0.8

−1.4
film

k = 4.78 × 10

−7

⋅T

0 .8
C

⋅v

0 .7

+ 8.5 ×10 − 4 ⋅ v ⋅ TC
+ 2.3 ×10 − 2 ⋅ v 2

Liang et al. (2002)
⎛ 1
1
+
k = ⎜⎜
⎝ k L H ' '⋅k G
where

⎞
⎟
⎟
⎠

−1

k L = 2.229 × 10 − 6 ⋅ e 0.236⋅v
k G = 5.317 × 10 −5 + 2.012 × 10 −3 ⋅ v

(A1)
Fraction of
TAN in
unionized
form (f) or
Proportionality
coefficient
(PCO)

10

f =

10 pH

pH

f =

1
+
Ka
2729 ⎞
⎛
− ⎜ 0.0897 +
⎟
T ⎠
⎝

(A2)
Henry
Constant (H)

P
H'= G
CL
H ' = 1.1561 ⋅ e

Overall
Emission (ES)z

−

10
10 pH E

where
K a = 0.2 ⋅10

(B1)

4151
T

(A3)
⎛ f ⋅ TAN
⎞
− CB ⎟
ES = k ⋅ A⋅⎜
⎝ H'
⎠

pH E

1
+
Ka

where
pH E = pH + 1.1

PCO =

(q ⋅10

(C1)
Ka
− pH i

+ Ka

(D1)

)⋅ H

f =

Ka
K a + 10 − pH

where

where
K a = 10

2729
− 0.0897 −
T

K a = 0.5 ⋅10

2729 ⎞
⎛
− ⎜ 0.0897 +
⎟
T ⎠
⎝

⎛
2729 ⎞⎟
− ⎜ 0.0897 +
⎜
T film ⎟⎠
⎝

K a = 0.2 ⋅10
(B2)
CL
H=
CG
(293−T film )
H = 1431 ⋅1.053

(B3)
k ⋅ A ⋅ f ⋅ TAN
ES =
H

(C2)
C
H= L
CG
H = 10

1478
−1.69
T

(C3)
17
⎛
⎞
E S = k ⋅ A ⋅ ⎜ ⋅ PCO ⋅ TAN − C B ⎟
⎝ 18
⎠

(D2)
C
H''= G
CL
⎛ 4151 ⎞
⎟
T ⎠

2.395 × 10 5 ⎜⎝ −
⋅e
T
(D3)
E S = k ⋅ A ⋅ f ⋅ TAN

H''=

(A4)
(B4)
(C4)
(D4)
NOTE: Care has been taken to convert all models to similar variables, and it is not the authors' intention to misrepresent previous models.
z
Unit conversion may be necessary to properly solve ES.
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5.2.1 Convective Mass Transfer Coefficient

Ni (1999) showed the wide range of convective mass transfer coefficients used for
agricultural ammonia sources. The experimental values ranged from 1.3×10-6 to 11.7×103

m s-1, and there was a positive relationship for the coefficient with temperature and air

velocity. Zhang et al. (1994) and Ni et al. (2000c) used experimental mass transfer
coefficients in their respective models, shown as equations A1 and C1 in table 5.1,
respectively. For theoretical calculations of the mass transfer coefficient, two main
theories are used (Ni, 1999). Aarnink and Elzing (1998) and Liang et al. (2002) base the
mass transfer coefficient calculation on the Two-Film Theory proposed by Lewis and
Whitman (1924). For this theory, the conductivities of the liquid (kL) and gas (kG) films
at the emission surface are combined in the overall coefficient (see equation D1 in table
5.1 as an example). The individual film coefficients used by Liang et al. (2002) were
derived by Liss and Slater (1974) (eq. D1 in table 5.1). Aarnink and Elzing (1998) use
the gas film coefficient (kG) measured by Haslam et al. (1924) as the overall mass transfer
coefficient (eq. B1 in table 5.1).
The other theory that has been applied is the Boundary Layer Theory (Ni, 1999),
which is described in Incropera and DeWitt (1996). The mass transfer coefficient is
based on the properties of the gas flowing over a flat surface of length L for laminar (Re <
5×105; eq. 5.2) or transitional/turbulent flow (Re > 5×105; eq. 5.3).
k=

k=

0.664 ⋅ Re 0.5 ⋅ Sc 0.333 ⋅ D A, B
L

, Sc ≥ 0.6

0.0296 ⋅ Re 0.8 ⋅ Sc 0.333 ⋅ D A, B
L

(5.2)

, 0.6 < Sc < 3000
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(5.3)

The Re and Sc parameters (dimensionless) are functions of surface length, velocity,
kinematic viscosity and diffusivity. Kinematic viscosity of air can be expressed as a
function of film temperature, using the regression equation shown in equation 5.4. Film
temperature is assumed to be equal to the average temperature of the solution and
surrounding air (Incropera and DeWitt, 1996).
1.859
υ = 4 × 10 −10 ⋅ T film

(5.4)

Diffusivity also exhibits an exponential relationship with temperature, shown in
equation 5.5, adapted from Welty et al. (1984), assuming the collision interval effects at
different temperatures are negligible.

⎛T
D A, B (T2 ) = D A, B (T1 ) ⋅ ⎜⎜ 2
⎝ T1

⎞
⎟⎟
⎠

1.5

(5.5)

Diffusivity of ammonia in air at 298 K is 0.28×10-4 m2 s-1 (Incropera and DeWitt, 1996)
and this temperature and respective diffusivity can replace T1 and DA,B(T1) in equation
5.5.
Incorporating equations 5.4 and 5.5 into equation 5.2, an equation to express k as a
function of velocity, temperature, length and diffusivity was developed. Equation 5.6 is
applicable for the transfer of a substance A, from a liquid surface to the surrounding air
(substance B), provided there are laminar flow conditions, the Sc value is approximately
equal to or greater than 0.6, and the diffusivity of substance A in air at 298 K is known.
0.70
k = 0.0821 ⋅ T film
⋅ v 0.5 ⋅ D A0.,66B ⋅ L−0.5

(5.6)

5.2.2 Ammonia Partitioning in the Liquid

The ammonia produced within the slurry will separate and exist in two forms,
ammonia and ammonium. Ammonia concentration measurements of liquid samples,
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however, provide a measure of TAN. Because only the ammonia fraction of the TAN is
volatile, Zhang et al. (1994) introduced a variable (f) to relate the amount of ammonia
relative to TAN.
f =

[NH 3 ]

[NH

3

+ NH

+
4

]

=

[NH 3 ]

(5.7)

TAN

Theoretically, the amount of ammonia and ammonium in solution are in equilibrium
according to equation 5.8 (Arogo et al., 2003b), where Ka represents the acid ionization
constant for ammonium, also referred to as the dissociation constant.
Ka =

ϕ NH 3 ⋅ [NH 3 ] ⋅ ϕ H + ⋅ [H + ]
ϕ NH 4 ⋅ [NH 4+ ]

(5.8)

The temperature-dependency of Ka for ammonium in water was modelled by Jayaweera
and Mikkelsen (1990) (eq. 5.9).
K a = 10

⎛
2729 ⎞⎟
−⎜ 0.0897 +
⎜
T film ⎟⎠
⎝

(5.9)

The activity coefficients (φ) are a function of the ionic strength of the solution, and
normally assumed equal to one for dilute solutions (Arogo et al., 2003b). However, a
factor that theoretically represents the combination of activity values has been combined
with the Ka for ammonium in water to estimate Ka for ammonium in manure. Zhang et
al. (1994) and Aarnink and Elzing (1998) used a factor of 0.2, Liang et al., (2002) used a
factor of 0.5, while Arogo et al. (2003b) suggested factors between 0.50 and 0.94 based
on the temperature of the slurry solution. Arogo et al. (2003b) concluded that more
studies are required to determine Ka values for slurry with different TAN concentrations
and solid contents.
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In the models of Zhang et al. (1994), Aarnink and Elzing (1998) and Liang et al.
(2002), the f variable was calculated by rearranging Eq. 5.8 to express the ammonium
concentration as a function of the ammonia concentration, H+ concentration and Ka, and
substituting the expression into Eq. 5.7. The resulting equation for f was then expressed
as a function of pH (negative logarithm of H+) and Ka with the corresponding factor. The
resulting f variables have an exponential relationship with pH and, as shown in Aarnink
and Elzing (1998), a small increase in slurry pH (0.1 unit) resulted in a large increase
(9%) in the simulated ammonia emission from a barn because of the higher amount of
ammonia available.
A Ka-factor less than one reduces the impact of pH on the partitioning of ammonia in
the liquid and the resulting emission but, as shown by Arogo et al. (2003b), this factor
can be highly variable depending on the physical and chemical properties of the slurry.
Therefore, this model will assume that f is better estimated from measured chemical and
physical properties. While there are numerous measurable properties, this paper will
focus on TAN, pH, electrical conductivity (EC) and Tfilm measurements. Electrical
conductivity can provide an estimation on the amount of dissolved ions in a solution
(Sawyer and McCarty, 1978). A regression equation (eq. 5.10) was proposed that
estimates the fraction, f, based on TAN, pH, EC and Tfilm, with the coefficients x1...5
determined in the model calibration process.
f = x1 ⋅ TAN + x 2 ⋅ pH + x3 ⋅ EC + x 4 ⋅ T film + x5

(5.10)

5.2.3 Ammonia Concentration in the Gas Film

Another estimation in slurry emission models is the amount of ammonia in the gas
layer at the surface of the manure. Treybal (1980) recommended applying the Henry's
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Law constant for TAN concentrations in water below 3.2 mol L-1 at 10°C and 2.0 mol L-1
at 30°C. Similar to the mass transfer coefficient, numerous equations have been
developed to express the Henry constant (Ni, 1999), either as the dimensionless ratio of
ammonia in the liquid compared to the gas (H, eqs. B3 and C3 in table 5.1), the
dimensionless ratio of ammonia in the gas compared to the liquid (H '', eq. D3 in table
5.1) or the ratio of partial pressure to liquid concentration (H ', eq. A3 in table 5.1). Ni
(1999) recommended using H for slurry emission models because the ammonia
concentration in the surrounding air is generally expressed as a concentration, rather than
a partial pressure. Based on this recommendation, the H-calculation from Aarnink and
Elzing (1998) was used in this slurry emission model (eq. 5.11).
H=

CL
(293−T film )
= 1431 ⋅ 1.053
CG

(5.11)

5.2.4 Ammonia Concentration in the Slurry Channel Headspace

If high enough, the ammonia concentration in the slurry channel headspace (CH) can
impact the concentration gradient for slurry emission. Assuming the slatted floor above
the slurry channel acts as a conduit for incoming air to the headspace and for outgoing
air, the dynamic concentration of the headspace is shown in equation 5.12.
⎛ f ⋅ TAN
⎞
QH ⋅ C R − QH ⋅ C H + k ⋅ A ⋅ 1000 ⋅ ⎜
− CH ⎟
dC H QH ⋅ C R − QH ⋅ C H + E S
⎝ H
⎠
=
=
dt
VH
VH
(5.12)
If the channel concentration can be considered a steady state variable, and assuming
the incoming air has a negligible ammonia concentration, equation 5.12 can be simplified
to the static model shown in equation 5.13.
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CH =

k ⋅ A ⋅ 1000 ⋅ f ⋅ TAN
H ⋅ (QH + k ⋅ A ⋅ 1000)

(5.13)

5.2.5 Model Development Summary

With input values for Tfilm, v, TAN, pH, EC and A, the emission from slurry can be
calculated using equation 5.6 to determine the mass transfer coefficient, equation 5.10 to
estimate f, equation 5.11 to calculate the Henry's Law constant, all incorporated in
equation 5.1 to simulate the ammonia emission rate. For slurry contained within an
airspace like a slurry pit, the concentration of the slurry pit headspace can be estimated
using the most recent measurement or simulated value, and the air exchange rate QH.
5.3 Materials and Method

Data for input, calibration and validation of the developed slurry emission model were
collected from slurry produced by individual pigs in conjunction with another experiment
(Smith et al., 2004). The slurry was placed in emission boxes designed to simulate a
slurry pit environment with low airspeed and a low air exchange rate, where the ammonia
concentration in the emission box headspace (CB) was analogous to the slurry channel
headspace concentration (CH), and the air exchange rate through the emission box (QB)
was analogous to the air exchange rate through the slatted floor (QH). Measurements
collected from the slurry and from within the emission boxes provided the data needed
for input to the model, and for calibration and validation of the model.
5.3.1 Slurry Collection

Two metabolism trials were performed with average pig weights of 58 (Trial 1, Dataset 2) and 94 kg (Trial 2, Data-set 1), respectively. For each trial, four different diet
formulations were prepared and are explained in greater detail in Smith et al. (2004).
Two pigs in each trial were given the same diet treatment. The four treatments were low
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protein, with and without sugar beet pulp added as a form of fermentable carbohydrates
(LPSBP and LPC, respectively), and high protein, with and without sugar-beet pulp
(HPSBP and HPC, respectively). An 18-day acclimation period was provided for the
animals to adjust to the experimental diets before slurry collection.
Pigs were housed individually in metabolism crates with a cone-shaped metal tray
under the slatted floor of each pen. The cone of the tray was plugged with a rubber
stopper and all urine and feces were collected together for two (Trial 2) to four days
(Trial 1). Water spillage from the drinker was collected separately, so the slurry samples
were highly concentrated mixtures of urine and feces only. After the collection period for
each trial, the slurry from one pen was emptied into a bucket and mixed with a paint
stirrer. From the mixed slurry, an 8-L sample was taken and put into an emission box.
This was repeated for all eight pigs during each of the two trials.
5.3.2 Emission Box Measurements

The slurry samples were placed in emission boxes constructed from 17-L Rubbermaid
containers (Wooster, OH) lined with Tedlar bags to prevent gas and odour absorption as
shown in figure 5.2. The lid was sealed to the box before measurements were taken.

(a)

(b)

Figure 5.2. Emission box, filled with slurry (a) and inside view (b).
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The air inlet to each emission box was a series of 7 holes (13.5-mm diameter) on one end
of the box, 12.7 mm above the slurry surface. Teflon tubing from the outlet on the other
end of each chamber was connected to the ammonia measurement system. Ambient
ammonia concentration was also measured. The ammonia measurement system consisted
of a sampling pump that drew air through one sampling line at an average rate of 0.05 L
s-1 into the ammonia analyzer (Chillgard RT refrigerant monitor, MSA Canada,
Edmonton, AB; range 0 to 1000 ppm; accuracy ± 2 ppm), while a second pump
continually purged the remaining eight lines at a similar flowrate. A programmable logic
controller (Septre Controls Ltd., Regina, SK) coordinated the sampling of different
emission boxes by switching the sampling lines every ten minutes; only data from the last
four minutes of the ten-minute sampling period were saved and used to compute an
average concentration. A dust filter was installed at the inlet to each line in the box to
prevent particulate contamination of the line or analyzers.
Temperatures of the slurry surface and airspace in the box were continuously
measured (Type T Thermocouple, temperature accuracy: ± 0.5°C) and averaged to
determine the film temperature.
Air velocity measurements within the boxes were taken after the emission trials were
completed, 5 mm above the liquid surface, with a thermal anemometer (TSI Model 8470
Air Velocity Transducer, St. Paul, MN). The range of the anemometer was 0 to 0.5 m s-1
and the instrument was calibrated in a bench-top wind tunnel (Model 8390, TSI
Incorporated, St. Paul, MN). The velocity was measured at nine locations in each box.
For each box, the velocity measurement at the nine locations did not differ more than
10% from the average box velocity measurement. The range of average velocity
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measurements for all boxes was 0.019 to 0.041 m s-1. An average velocity of 0.025 m s-1
was used in all calculations. A sensitivity analysis (shown in the Results section) showed
that the average velocity under- or over-predicted the concentration by less than 10%
based on the range measured.
Before each trial the boxes were rinsed with bleach solution and water and fumigated.
The empty boxes were measured for any ammonia absorption using the same method as
the experiments over 24 h, and it was found that the ammonia concentration in the boxes
was less than 1 ppm different from the ambient concentration.
5.3.3 Experimental Procedure

Eight slurry samples were used in each of two trials, with four treatments replicated
twice in each trial. The animal diets are considered the treatments, and will be referred to
as HPC, HPSBP, LPC and LPSBP.
The slurry collected from the eight pigs during each slurry collection period was
placed in emission boxes, which were stored in an instrumentation room. The measured
headspace concentrations exceeded the limit of the ammonia analyser (1000 ppm) when
first measured. The experimental procedure was altered slightly to accommodate this.
For each slurry sample in both trials, the ammonia was allowed to volatilize from the
slurry samples for a few days until the ammonia concentration levels for all boxes were
below 1000 ppm. The slurry was emptied into a bucket and remixed with the paint stirrer
before being placed back in the box. A 1-L slurry sample was taken at this time, referred
to as the Day 0 sample, and analyzed for TAN, pH and EC. After measuring the ammonia
emission for another five days, the emission trials were considered complete and another
slurry sample was taken, referred to as the Day 5 sample, and analyzed for TAN, pH and
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EC. Slurry samples were analysed by Enviro-Test Laboratories (Saskatoon, SK).
Chemical properties between day 0 and day 5 for each sample were linearly interpolated.
The data from the HPC (Rep 2) sample in Data-set 2 was discarded because of a hole
discovered in the gas sampling line. Power outages occurred in both trials, resulting in
the loss of some ammonia concentration measurements.
5.3.4 Data Analysis

Concentration data were used in the data analysis. Data-set 1 samples were used for
calibration, and Data-set 2 samples were used for validation. The emission boxes were
designed to simulate the slurry channel environment, so CH, VH and QH in equation 5.12
and 5.13 of the slurry emission model were replaced with the emission box concentration
(CB), emission box volume (VB), and emission box air exchange rate (QB), respectively.
Preliminary calculations using equations 5.12 and 5.13 to simulate the emission box
concentration levels with input values collected in Data-set 1 were similar in magnitude
for calculation intervals less than 2 h, prompting the use of the simpler, steady state
equation (eq. 5.13).
The calibration process using Data-set 1 samples was as follows: (1) equation 5.13
was rearranged to solve for f, based on the measured airspace (CB) and TAN values for a
slurry sample; (2) an average value for f was obtained for each of the samples based on
the measured air and TAN values throughout the trial; (3) single and multi-variable
regression was then performed to express f as a function of different combinations of
measured slurry property values (eq. 5.10); and finally, (4) regression equations were
evaluated based on their statistical significance to determine the appropriate expression
for f. All calculations were performed using MSExcel®.
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During the validation process, the calibrated equation for f was incorporated in eq.
5.13 (hereafter referred to as the Linear-pH (Lin-pH) Model), and the simulated air
concentration values for each Data-set 2 sample were compared to measured air
concentration values over time. The two largest changes to the Lin-pH Model compared
to previous models were a different k estimation and a linear relationship between pH and
f. To evaluate the improvement these two changes made to the simulation process, the
Lin-pH Model was compared to a second model that also used equation 5.13 to calculate
the emission box concentration, but estimated k and f using equation A2 and B1 (from
table 5.1), respectively. The second model was referred to as the Exponential-pH (ExppH) Model. Both the Lin-pH and Exp-pH Models were evaluated following the Standard
Guide for Statistical Evaluation of Indoor Air Quality Models (ASTM, 2003) that uses
six parameters to judge model performance (Appendix A).
A sensitivity analysis was performed using both models to investigate the effects of
different input variables on the simulated slurry emission using equation 5.1. Each input
variable was changed from 80% to 120% of its mean value in 10% increments while
retaining the other input variables at their mean values.
5.4 Results
5.4.1 Slurry Properties

Table 5.2 shows the measured TAN, pH and EC measurements on Days 0 and 5 for the
sixteen slurry samples. There was not a discernable relationship between TAN and pH, as
one would expect in a pure ammonia and water solution, likely because other components
in the manure were biasing the pH. In a pure ammonia solution, the pH increases as TAN
concentration increases because ammonia is a weak base.
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Table 5.2. Measured slurry propertiesZ on Days 0 and 5 for the respective trials and
treatments.
Data- TreatmentY
Rep
pH
EC (mS cm-1)
TAN (mol L-1)
set
Day 0 Day 5 Day 0 Day 5 Day 0 Day 5
1
HPC
1
0.66
0.59
9.1
8.9
39.8
34.1
HPC
2
0.81
0.74
9.1
9.0
43.6
38.4
HPSBP
1
0.62
0.55
8.8
8.7
31.2
31.7
HPSBP
2
0.41
0.38
8.5
8.5
26.3
24.8
LPC
1
0.55
1.05
8.7
8.1
21.9
33.0
LPC
2
1.11
1.08
8.6
8.4
42.3
39.4
LPSBP
1
0.32
0.28
8.7
8.7
18.1
20.7
LPSBP
2
1.11
1.10
8.5
8.0
40.5
34.9
2
HPC
1
0.37
0.32
8.8
9.1
26.8
22.8
HPC
2
0.49
0.47
8.7
9.2
33.4
30.4
HPSBP
1
0.47
0.42
8.0
8.5
27.0
32.8
HPSBP
2
1.10
1.04
8.8
9.1
44.7
46.8
LPC
1
1.01
0.98
7.7
8.0
43.8
43.3
LPC
2
0.64
0.54
8.4
8.6
44.3
37.9
LPSBP
1
0.66
0.56
8.4
8.7
33.8
35.4
LPSBP
2
1.17
1.07
8.4
8.6
40.2
44.4
Z

TAN: Total ammoniacal nitrogen; EC: Electrical conductivity
HPC: high protein; HPSBP: high protein with sugar-beet pulp; LPC: low protein; and LPSBP: low
protein with sugar-beet pulp

Y

5.4.2 Emission Box Ammonia Concentration Measurements

The airspace concentrations in the emission boxes were high, even after the slurry was
allowed to volatilize for a number of days. The air concentrations were on average
between 250 and 820 ppm, with no discernable difference between Data-sets 1 and 2 (fig.
5.3).
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Figure 5.3. Average ammonia concentration measured in the
headspace of the emission boxes during the two trials. Vertical
bars indicate the range of measured concentration values.
5.4.3 Model Calibration

The fraction (f) of total ammoniacal nitrogen in ammonia form for each slurry sample
in Data-set 1 was calculated and the average value is shown in table 5.3 with the
corresponding average slurry properties.
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Table 5.3. Average slurry properties and fraction (f) values for Data-set 1 slurry
samples.
pH
EC
Diet
Rep nz
Tfilm
TAN
f
-1
-1
(mS cm )
(K)
(mol l )
Mean
SDy
HPC
(1)
45
297.7
0.63
9.0
37.1
0.068
0.008
HPC
(2)
44
297.3
0.78
9.1
41.2
0.058
0.007
HPSBP (1)
42
298.5
0.59
8.8
31.4
0.068
0.006
HPSBP (2)
43
297.5
0.40
8.5
25.6
0.073
0.009
LPC
(1)
43
297.5
0.78
8.4
27.0
0.084
0.024
LPC
(2)
45
297.3
1.10
8.5
40.9
0.047
0.011
LPSBP (1)
45
297.3
0.30
8.7
19.3
0.077
0.006
LPSBP (2)
45
296.9
1.10
8.3
37.9
0.033
0.009
z

y

n: number of simulated values
Std Dev: standard deviation

Single variable linear regression was performed for the f values shown in table 5.3 as a
function of TAN, pH, EC and Tfilm, respectively. There was a very large difference
between Day 0 and Day 5 TAN concentration and pH measurements for the LPC (1)
sample. Since the majority of other slurry samples did not exhibit this drastic change
within five days, this slurry sample appeared to be an outlier or anomaly. All regressions
were performed with and without the LPC (1) sample, and removing the sample provided
a better fit for most models. The single variable TAN best modelled the variable f (R =
0.95, F1,5 < 0.001).
Multiple regression was then performed with combinations of TAN and pH, EC and/or
Tfilm. By incorporating TAN and pH in the regression equation 5.10, the intercept (x5) was
no longer significantly different from zero and was set to zero (R = 0.974, F2,5 = 0.002).
Similarly, adding the variable temperature to the regression equation negated the need for
the intercept in the regression equation (R = 0.968, F2,5 = 0.003). The regression equation
incorporating TAN and pH (eq. 5.14) was chosen as the model to predict f considering the
higher R-value.
f = −0.0444 ⋅ TAN + 0.00105 ⋅ pH

(5.14)
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5.4.4 Model Validation

The box concentration for each of the Data-set 2 samples was calculated using
equation 5.14 in equation 5.13 (Lin-pH Model) for the same instances that measured
concentration values were available. A second set of model calculations were performed
for the same instances using the Exp-pH Model. Sample HPC (2) could not be used
because ammonia concentration data was not collected. The corresponding measured and
simulated concentration values were compared and evaluated for both the Lin-pH Model
and Exp-pH Model, shown in tables 5.4 and 5.5, respectively.
The correlation coefficient (R), normalized mean square error (NMSE) and fractional
bias (FB) were within the prescribed evaluation limits for the majority of slurry samples
using the Lin-pH Model (table 5.4). The FB values show the average simulated
concentration for each sample was between 23% lower and 11% higher than the average
measured concentration. The Lin-pH Model shows improvement compared to the ExppH Model (table 5.5), where the average simulated concentration was over 100% lower
and higher than the measured concentration in some cases.
Each set of box concentration measurements showed some diurnal variation that
generally decreased in magnitude over the trial. The diurnal variation was attributed to
changing temperature patterns over each 24-h period since the instrumentation room
where the emission boxes were stored did not have constant temperature control. The
change in concentration over each day and over the length of the trial was not as well
simulated as the overall average concentration based on the b and a-values in table 5.4
and as shown in figure 5.4.
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Table 5.4. "Lin-pH Model" evaluation based on Data-set 2 slurry sample measurements. Italicized values are outside of the
prescribed evaluation limits (ASTM, 2003).
Diet
Rep
n
Average
Statistical Values for
Statistical Values
Concentration (ppm)
Overall Agreement
for Bias
Measured Simulated
R
b
a
NMSE
FB
FS
HPC
(1)
31
401
424
0.985
0.0324
0.06
0.471
235
-1.26
HPSBP
(1)
29
534
499
0.899
0.0146
-0.08
0.595
176
-0.78
HPSBP
(2)
13
863
685
0.0556
-0.23
0.784
0.383
354
-1.23
LPC
(1)
21
720
596
0.956
0.0544
-0.19
0.328
360
-1.58
LPC
(2)
28
537
600
0.992
0.0297
0.11
0.540
311
-1.09
LPSBP
(1)
29
530
590
0.981
0.0179
0.11
0.672
234
-0.72
LPSBP
(2)
13
607
613
0.959
0.833
108
0.0007
0.01
-0.28
Average
0.937
0.0293
-0.03
0.546
254
-0.99
Table 5.5. "Exp-pH Model" evaluation based on Data-set 2 slurry sample measurements. Italicized values are outside of the
prescribed evaluation limits (ASTM, 2003).
n
Average
Statistical Values for
Statistical Values
Diet
Rep
Concentration (ppm)
Overall Agreement
for Bias
Measured Simulated
R
b
a
NMSE
FB
FS
HPC
(1)
31
401
489
0.0888
0.20
0.807
0.281
376
-1.57
HPSBP
(1)
29
543
162
-0.677
-0.213 277
1.7959
-1.08
-1.64
HPSBP
(2)
13
863
1400
0.2432
0.661
1.267
307
0.48
1.14
LPC
(1)
21
720
135
-0.082
-0.007 139
3.7253
-1.37
-1.97
LPC
(2)
28
537
345
0.978
0.341
162
0.2591
-0.44
-1.57
LPSBP
(1)
29
530
359
0.2035
0.749
0.232
237
-0.38
-1.65
LPSBP
(2)
13
607
513
0.948
-0.17
1.431 -356 0.0319
0.78
Average
0.483
0.476
163
0.9068
-0.39
-0.93
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Figure 5.4. Simulated ammonia concentrations compared to
measured values for Trial 1-slurry samples.

The main differences between the Lin-pH Model and all previous models studied
(table 5.1) lie in the choice of mass transfer coefficient and the determination of available
ammonia in the liquid. The fractional bias in simulating the emission box concentration
appears improved by using the Lin-pH Model, especially at lower pH values compared to
the Exp-pH Model that was also tested (figs. 5.5 and 5.6). Figures 5.5 and 5.6 also show
that the largest error in model simulations with the Lin-pH Model occurred in samples
with the extreme measured values of TAN (>1.0 mol L-1) and pH (< 8 and >9).
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Figure 5.5. Fractional bias (FB) of the Lin-pH and Exp-pH Model
simulations of box concentration as a function of pH.
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Figure 5.6. Fractional bias (FB) of the Lin-pH and Exp-pH Model
simulations of box concentration as a function of TAN.
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5.4.5 Sensitivity Analysis

The sensitivity of the emission rate calculation (eq. 5.1) to the input variables Tfilm, v,
TAN and pH by both the Lin-pH and Exp-pH Models is shown in table 5.6. For the same
input variable values, the average emission rate was lower using the Exp-pH model
compared to the Lin-pH model.
Table 5.6. Sensitivity of the Lin-pH and Exp-pH Models to the input variables.
Lin-pH Model
Exp-pH Model
Variable
Value
Value
(Mean)
Relative
Sensitivity
Sensitivity
to Mean
%
ES
%
ES
(%)
(g h-1)
(g h-1)
Change
Change
Average
100
0.158
0.115
293
80
0.121
-24
0.065
-44
Tfilm
(298 K)
296
90
0.138
31
0.086
-25
301
110
0.181
14
0.152
32
303
120
0.207
31
0.200
74
0.020
80
0.141
-11
0.096
-16
v
(0.025 m s-1) 0.023
90
0.150
-5
0.105
-8
0.028
110
0.166
5
0.124
8
0.030
120
0.173
10
0.133
16
0.40
80
0.134
-15
0.092
-20
TAN
(0.5 mol L-1)
0.45
90
0.155
-2
0.115
1
0.55
110
0.188
19
0.158
38
0.60
120
0.209
32
0.192
68
7.0
80
0.117
-26
0.002
-98
pH
(8.8)
7.9
90
0.137
-13
0.016
-86
9.7
110
0.179
13
0.602
426
10.6
120
0.199
26
1.372
1098

Temperature has a large impact on the emission rate calculations for both the Lin-pH
and Exp-pH models. In the Lin-pH model, an increase in temperature results in a higher
mass transfer coefficient and thus a higher emission rate. In the Exp-pH model, an
increase in temperature decreases the mass transfer coefficient (eq. A1), but the emission
rate still increases because of the strong positive relationship between f and T shown in
eq. B1.
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Changing the variable v had the smallest impact in both models compared to other
variables, and again, the effect was smaller with the Lin-pH Model because of the
differences in mass transfer coefficient determination for the Lin-pH model (eq. 5.6) and
the Exp-pH model (eq. B1).
The Lin-pH Model shows a reduced sensitivity to TAN compared to the Exp-pH
Model, and this is attributed to the negative relationship between f and TAN, as shown in
eq. 5.14.
The relative effect of pH is significantly larger on the emission rate calculations with
the Exp-pH model. For every 0.1 unit increase in pH from 8.8, the Lin-pH model
estimates a 48% increase in emission whereas the Exp-pH model estimates a 1% increase
in emission.
The Lin-pH model is most sensitive to changes in Tfilm and pH. The Exp-pH model is
most sensitive to pH.
5.5 Discussion

The concentration of the slurry samples were higher than reported slurry concentration
levels from several sources in the literature, likely because the urine and feces were
combined with no dilution. Based on the slurry analysis results (table 5.2), lowering the
crude protein and adding sugar-beet pulp to the diet composition did not result in the
expected changes to TAN and pH, as was reported by Canh et al. (1998a; 1998b). The
slurry emission measurements and developed slurry emission model may not truly reflect
the slurry conditions in a slurry channel, but the model development does still have some
important implications for slurry emission models for slurry pits in swine barns.
By changing the diet composition, there was a large variability in the slurry
composition, enabling calibration of the model equations with variable sets of data.
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Using an empirical equation to determine f based on measurable properties appears
justified for the concentrated manure used in this study, since the unknown components
and high variability limited the application of Ka. Rather than developing an empirical
equation for f, the other option in the calibration process was to determine an appropriate
factor that could be combined with the acid ionization constant for ammonium. Solving
for the Ka-factor would not have been suitable with this data, as was done by Arogo et al.
(2003b), since there was not a strong exponential relationship of the average f values with
pH.
The reduced sensitivity of the Lin-pH Model to pH shown in table 5.6 is explained by
the linear relationship of f with pH. During the model calibration, it was interesting to
note the amount of available nitrogen was consistently between 3% and 9%, even with
the elevated pH levels of the slurry samples tested. There is an interesting coincidence in
terms of the level of f with the model simulations by Aarnink and Elzing (1998) and Ni et
al. (2000c). In the model developed by Aarnink and Elzing (1998), the effective slurry
pH was adjusted from the measured slurry pH in order to increase agreement between
measured and simulated ammonia emission values. The mean slurry pH used in this
model was 7.5, which produces an effective pH of 8.6. Ni et al. (2000c) estimated the pH
of the surface manure to be 8.8 at equilibrium. It is in this range (8.6 - 8.8) that the
exponential equations for f (Ka-factor =0.2), such as equation A2, resulted in f-values
between 0.03 and 0.05 (3-5%), for a film temperature of 293 K. It may be possible that
the fraction of available ammonia at the slurry surface is less dependent on pH even at
lower pH levels in the range of 7 to 8, if the results in this study using concentrated
manure reflect what also happens in diluted slurry.
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Harper et al. (2000) found the ammonia emission rate from an anaerobic lagoon
system for a swine facility to exhibit a positive, linear relationship with air velocity,
temperature, pH and ammonium concentration. The sensitivity analysis of the Lin-pH
model as shown in table 5.6 shows the slurry emission calculations using equation 5.14
for f also resulted in positive, linear relationships between emission and temperature, air
velocity and pH. Harper et al. (2000) found slurry concentration and pH had lower
statistical influence on the ammonia emission rate compared to air speed and temperature,
whereas temperature and pH had the largest relative effects on emission using the Lin-pH
model.
It will be useful to repeat these measurements over a wider temperature range, and
with diluted slurry to see if there is a minimum value for the amount of TAN available as
ammonia. In doing so, it may be possible to replace the empirical equation for f (eq.
5.14) with a mechanistic equation that better explains the effect of the physical and
chemical properties of the slurry on the ammonia partitioning within the slurry. In the
meantime, equation 5.14 provides a simple equation to determine f, based on obtainable
measurements that can be used when predicting emission from urine/feces mixtures.
With further understanding of how ammonia emission occurs, we will better understand
the contribution of the slurry channel to over all barn emissions, and we will be better
able to identify ammonia control technologies.
5.6 Summary

A model was developed to simulate the emission from pig slurry and the model was
compared to previous models in terms of the development and results. The model was
calibrated and validated with manure collected from grower-finisher pigs fed various
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diets that resulted in slurry samples with a range of TAN concentrations and pH
measurements.
During model calibration, the amount of ammonia relative to TAN was between 3%
and 9%. A linear regression equation was developed to relate the fraction of ammonia
relative to the total ammoniacal nitrogen concentration (TAN) of the slurry to the slurry
TAN concentration and mixed slurry pH. The average emission box concentration
simulated with the model was less than 25% different from the average measured box
concentration, a significant improvement over simulations using previous model
equations. There was increased lack of fit between measured and simulated
concentration levels when the slurry exhibited extreme TAN or pH values. More
measurements with diluted slurry will help uncover the minimum amount of ammonia in
a slurry sample that is in volatile form.
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Synopsis

The objective of this chapter is to build an ammonia emission model to simulate the
hourly and daily ammonia concentration and emission patterns for grow-finish swine
barns. This chapter incorporates experimental work from the preceding four chapters in
the model development. The model is calibrated and validated using data collected from
two grower-finisher swine rooms and is shown to predict the average room and slurry pit
headspace concentration within 1% and 10% of measured values, respectively.
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6.1 Introduction

Intensive livestock operations provide many benefits to the communities that they are
situated in, including supporting local businesses and farmers, and providing employment
opportunities for local residents. However, like all businesses, intensive livestock
operations need to be aware and take responsibility for the health of their workers and the
barn's impact on the surrounding environment. Manure gases produced within barns can
degrade the air quality for workers and animals and negatively impact the air, soil and
water outside the barn. Continued attention to the issue of manure gases will help to
ensure the sustainability of the industry.
Ammonia is a well-documented manure gas produced in livestock buildings and in
manure storages. While the health effects specific to ammonia on animals and workers
are often difficult to separate from the combined effect of ammonia, dust, endotoxins and
other gases, exposure to ammonia has been correlated with decreases in pulmonary
function in swine production facility workers (Donham et al., 1995). In swine
production, ammonia is one of several air contaminants correlated with animal health
problems like pneumonia and pleuritis (Donham, 1991). Once emitted to the atmosphere,
excess ammonia can contribute to foliar injury of vegetation (Krupa, 2003),
eutrophication of water systems and acidification of soil systems (Sutton et al., 1993).
Ammonia concentrations within barns vary, as do the resulting emissions to the
environment. Some of the factors associated with emission levels include the manure
collection system (Arogo et al., 2003a), ventilation system design (Aarnink and
Wagemans, 1997), diet (Canh et al., 1998a, 1998b, 1998c), and room cleanliness (Ni et
al., 1999c; Aarnink et al., 1996). Because of the numerous variables affecting emission
rates, average empirical emission factors used to estimate ammonia emissions from
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animal feeding operations are often misleading (Arogo et al., 2003a) and do not give an
accurate estimate of the emissions for specific barns. At the same time though, the
understanding of the emission process within swine barns has increased over the past
twenty-five years, resulting in mechanistic models of ammonia production and emission.
Mechanistic models of ammonia release continue to evolve to promote further
understanding of the production and emission processes and to allow cost- and timeeffective investigation of ammonia reduction techniques.
The objectives of this paper are: (1) to develop an "Ammonia Concentration and
Emission Simulation" model, hereafter referred to as the ACES model, to predict hourly
and daily ammonia concentration and emission patterns for swine barns; and (2) to
calibrate and validate the model using measured concentration and emission data from a
grower-finisher barn. The model development follows a two-control-volume approach,
with sub-models to simulate the urination frequency and location, urine puddle emission
and slurry emission. The model is calibrated and validated with data collected for a
specific partially-slatted grow-finish room and is limited to mechanically ventilated
facilities. For future applications of the ACES model to test ammonia reduction
techniques, the model is adaptable to a variety of building designs and production
parameters.
6.2 Model Development

In a swine barn environment, nitrogen enters the system through the feed consumed by
the animals. Fattening pigs retain approximately 30% of the nitrogen for growth
(Aarnink, 1997) and the rest is excreted in the urine (in the form of urea) or feces (mainly
in the form of protein) (Canh et al., 1997). The partitioning of nitrogen in the urine or
feces is related to feed composition (Canh et al., 1997). In the urine, one mole of urea is
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readily converted to two moles of ammonia and one mole of carbon dioxide in the
presence of the enzyme urease that is attributed to bacteria in fecal material (Elzing and
Monteny, 1997a). Fecal material is generally considered a negligible ammonia source
by itself (Aarnink and Elzing, 1998) since the nitrogen is mainly in the form of bacterial
protein that takes longer to convert to ammonia than urea. The exact rate and conditions
for breakdown of proteins are not well understood. Therefore, when determining the
amount of ammonia produced in a swine barn, knowledge of where urinations and
defecations occur, as well as the amount and compositions, are important parameters to
the ammonia emission process.
Urinations and defecations can occur anywhere within a pen, even on the walls.
However, from an early age, pigs like to maintain their dunging area separate from their
sleeping area (Whatson, 1985). Producers have used partially slatted floors to provide
separate dunging and sleeping areas, and to reduce the surface area of the slurry pit and
urine-fouled floor area (Aarnink et al., 1996). When a urination occurs on the solid floor
of a partially-slatted floor room, some of the urine may drain towards the slatted floor
(and slurry storage area under the slatted floor) if the floor is sloped in that direction
(Aarnink and Elzing, 1998); otherwise, the urine remains in a puddle on the floor surface.
When a urination or defecation occurs on a slatted floor, a portion of the excrement
remains on the slats, and the rest falls into the slurry storage under the floor. The slurry
storage area under the slatted floor stores urine, feces, spilled water and spilled feed for
one day up to many months depending on the barn design and manure removal
technology. The liquid slurry mixture contains ammonia as a result of the breakdown of
urea and from the microbial breakdown of proteins within the slurry over time (Zhang et
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al., 1994). The result is two potential sites where ammonia production and emission
needs to be determined: the urine-fouled floor area and the slurry storage under the
slatted floor. In a partially slatted floor room, the urine-fouled floor area may be on the
slatted floor, solid floor or both.
6.2.1 Review of Existing Models

Ammonia emission models for dairy cattle and swine houses have developed
simultaneously, given the similarities in urine and feces composition, and the method of
manure storage and handling.
Convective mass transfer is used to describe ammonia volatilization from most
agricultural sources, including urine puddles and stored slurry (Ni, 1999). However, Ni
(1999) found a wide variation in the model equations used to determine the convective
mass transfer coefficient and the partitioning of ammonia in the gas film above a liquid
source. Determination of the ammonia partitioning is important for two reasons. First,
ammonia is a weak base and will dissociate in solution to exist in both ammonia and
ammonium forms. Liquid ammonia concentration measurements provide the total
amount of the nitrogen in ammonia and ammonium forms in solution, referred to as TAN
(Ni, 1999). Only the ammonia form is volatile and emitted from the solution under the
proper conditions. Second, convective mass transfer equations require the concentration
gradient of a substance between the gas phase at the liquid surface, and the surrounding
air. Henry's law (and developed Henry's constants) is used to relate the partitioning of a
substance between the liquid and the gas film surrounding the liquid.
6.2.1.1 Urine puddle emission models

Muck and Steenhuis (1981) modelled ammonia loss from dairy cow urine puddles
based on two processes: urea to ammonia conversion following Michaelis-Menten
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kinetics and ammonia volatilization by convective mass transfer. Elzing and Monteny
(1997b) further developed and tested a similar model, using urine and urine/feces
mixtures on a slatted floor in a scale model of a dairy cow house. This two-process
model for urine puddles has also been adapted and used by Monteny et al. (1998) for free
stall cubicle dairy cow houses and Aarnink and Elzing (1998) for fattening swine barns
with partially-slatted floors. The resulting ammonia emission mechanism and pattern for
urine puddles is described by Elzing and Monteny (1997a) as follows: ammonia
generation (from urea decomposition) initially exceeds ammonia volatilization until a
point where the ammonia concentration in the puddle and ammonia volatilization rate are
at a maximum; after this point, volatilization exceeds ammonia formation resulting in a
decrease in both ammonia concentration and emission.
6.2.1.2 Slurry emission models

Many models have been developed for slurry emission, since slurry storage is an
important source of ammonia inside and outside of swine and cattle barns. No models
have been identified that describe the mechanics behind ammonia generation within the
slurry, but some empirical models of ammonia generation do exist (Zhang et al., 1994).
Most models rely on knowledge of the slurry composition and pH to determine the
ammonia concentration at the slurry surface before the emission is modelled by a
convective mass transfer equation.
Similar to models for urine puddle emission, the volatile proportion of TAN at the
slurry surface (f) has usually been calculated using a relationship with the slurry pH and
the acid dissociation constant (Ka) for ammonium in water. However, the acid
dissociation constant has been adjusted by multiplying Ka with factors ranging from 0.17
to 0.94 depending on the type and temperature of the solution (Hashimoto and Ludington,
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1971; Zhang et al., 1994; Arogo et al., 2003b). These factors are based on experimental
work with slurry solutions in the pH range of 9 to 12. Aarnink and Elzing (1998) and Ni
et al. (2000b, 2000c) suggest the surface pH of the slurry is higher than pH of the mixed
slurry, resulting in a higher value for f and thus a higher ammonia emission rate. This
surface pH effect has not been validated with measurements and was applied in slurry
emission model calculations where the average slurry pH was between 7.5 and 9.0. The
expression for f as a function of the pH and Ka results in ammonia emission models that
are very sensitive to slurry pH.
6.2.1.3 Overall room models

The contributions of each emission site to the total emission are combined in overall
"room" or "house" models. Monteny et al. (1998) combined the ammonia emission from
urine puddles on the floor and the ammonia emission from the slurry channel in a
conceptual model to simulate monthly ammonia emissions from dairy-cow houses. Total
emission was determined as the sum of puddle and slurry emission. Aarnink and Elzing
(1998) followed a similar approach to model the daily ammonia emission from fattening
pig barns with partially-slatted floors. The model by Ni et al. (2000c) assumed the bulk
of emissions in a pig house to come from the slurry, since this model was designed for
short time periods with clean floors.
The three room models were designed for and validated with different types of
measurements. Monteny et al. (1998) validated the dairy-cow house model by comparing
simulated and measured monthly ammonia emissions and found an average relative
difference between measured and simulated values of 3.8%. Aarnink and Elzing (1998)
validated their ammonia emission model for fattening pig barns using 10-min and daily
ammonia emission rates (Aarnink and Elzing, 1998). The average relative difference
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between 10-min measurements and simulations was 19.1%, and the average daily
simulated ammonia emission was 3.6% lower than the measured mean. The model by Ni
et al. (2000c) was designed for short-term use and validated with ammonia concentration
and emission levels for a period spanning about six hours. The correlation (R2) values
between simulated and measured concentration and emission levels were 0.86 and 0.95,
respectively, for the single validation data-set.
6.2.1.4 Summary of existing models and recommendations

The existing literature identifies three main processes that contribute to the daily
ammonia emission pattern: urine puddle deposition, floor emission and slurry emission.
Few models have been developed to incorporate these three processes in an overall room
model, and in these cases, long-term simulations have been more accurate than short-term
simulations. As well, the general approach has been to sum together the emission from
urine puddles with the emission from slurry without taking into account the air exchange
rate through the slatted floor and the potential for different concentrations in these two
main areas. Monteny et al. (1998) recommended consideration of air exchange between
the slurry pit and the inside air to improve ammonia modelling, which was incorporated
in the following model development.
Other suggestions from the literature for improving ammonia modelling were noted.
For daily simulations, Monteny et al. (1998) recommended frequent measurement and
incorporation of time-dependant parameters in the model. Aarnink and Elzing (1998)
recommended finding a better estimation for the pH of the top layer of slurry to improve
model simulations, which would validate the suggestion by Aarnink and Elzing (1998)
and Ni et al. (2000b, 2000c) that there is a significant change or difference in the slurry
surface pH compared to the mixed slurry pH on the ammonia emission rate from slurry..
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Both of these recommendations were addressed by the method of data collection in the
following work.
Within the puddle and slurry emission models reviewed, the concentration gradient
between the solution surface and bulk air has been neglected (with the exception of Ni et
al., 2000c) and the evaporation rate of urine puddles has been ignored. In the following
model development, the bulk gas concentration in the concentration gradient for urine
puddles and slurry is retained, and water evaporation is included in the urine puddle
emission calculations.
Aarnink and Elzing (1998) recommended determining the depth of urine puddles on
the solid floor and for different degrees of fouling. This recommendation was not
addressed in the following model development; instead, data was taken from the
literature to estimate these parameters.
6.2.2 Control Volume Approach

The model of Aarnink and Elzing (1998), that considers the contribution of urine
puddles and the slurry pit to ammonia production, provides a starting point in developing
the ACES model to simulate indoor air concentrations and emission rates. Feces and
urine generally co-exist on the floor surface but only the urine portion will be considered
volatile, similar to Elzing and Monteny (1997b). Absorption or desorption of ammonia
by building materials or animals is also neglected because for a room that has been used
extensively, the rate of absorption will be low and the rate of desorption will also be low
compared to slurry or urine puddles. The ammonia generation mechanism within the
slurry will not be modelled either; instead, slurry properties need to be measured or
estimated and input into the model in order to calculate the slurry emission based on the
surface conditions.
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The main difference between the ACES model and previous models is the designation
of the room as having two airspaces separated by the slatted floor. A control-volume
depiction of a partially slatted floor room with a shallow slurry channel was constructed
as shown in figure 6.1. Two control volumes A and B represent the room airspace and
the slurry pit headspace, respectively. All incoming air is assumed to enter through
planned inlets in the building structure with a concentration CA. Hereafter the pit
ventilation rate term (QH) is applied to the air movement through the slatted floors. Air
removal by exhaust fans in the slurry channel has been omitted in this study. Both
control volumes are assumed completely mixed.

QR

QR

CR •

CA •
Partially
Slatted
Floor

QH

ES

QH

CH •

Ep
EP,T

Control
Volume B

Slurry

Control
Volume A

Puddle

Solid
Floor

Figure 6.1. Cross-sectional view of a partially-slatted floor room in
a swine barn, with bold arrows representing ammonia addition and
removal sites to the ammonia contained within Control Volume A
(Room airspace) and Control Volume B (Slurry Pit Headspace).

The ammonia sources for Control Volume A are incoming air through the inlets from
the surroundings (QR·CA) and through the slatted floor from the slurry channel (QH·CH),
as well as ammonia produced by all existing urine puddles (EP,T). Ammonia is removed
from the room through the exhaust fans (QR·CR), and by air movement down through the
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slatted floor into the slurry channel (QH·CR). Within the slurry channel, the incoming air
from the room (QH·CR) and the slurry emission (ES) are the sources of ammonia, and the
outgoing air to the room is the only removal site (QH·CH). Equations 6.1 and 6.2 show
the contribution of ammonia sources and removal sites in the respective molar balance
equations for control volumes A and B, respectively.
dC R
= QR ⋅ 1000 ⋅ C A − QR ⋅ 1000 ⋅ C R + QH ⋅ 1000 ⋅ C H − Q H ⋅ 1000 ⋅ C R + E P ,T
dt
(6.1)
dC H
VH ⋅1000 ⋅
= QH ⋅1000 ⋅ C R − QH ⋅1000 ⋅ C H + ES
(6.2)
dt
The molar balance equations can be rearranged to express the change in room and
V R ⋅ 1000 ⋅

headspace concentration as a system of two differential equations (eqs. 6.3 and 6.4),
providing the core of the ACES model.
E P ,T
dC R QR ⋅ (C A − C R ) QH ⋅ (C H − C R )
=
+
+
dt
VR
VR
VR ⋅ 1000

(6.3)

ES
dC H Q H ⋅ (C R − C H )
=
+
dt
VH
V H ⋅ 1000

(6.4)

By solving the differential equations 6.3 and 6.4, the room and headspace
concentration can be determined. Based on the concentrations and ventilation rates, the
emissions from the room to the surroundings and from the slurry channel into the room
airspace can also be determined as shown in equations 6.5 and 6.6, respectively.
E R = QR ⋅ 1000 ⋅ (C R − C A )

(6.5)

E H = QH ⋅ 1000 ⋅ (C H − C R )

(6.6)

In building the ACES model to solve equations 6.3 through 6.6, it was necessary to
determine the number and location of urine puddles, the rate of ammonia emission from
each puddle and the rate of emission from the slurry. Three sub-models are incorporated
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in the overall model to mechanistically describe these processes. The concept behind
using sub-models is that as changes to each sub-model are made through further testing,
they can be altered and re-incorporated in the overall model without large changes to the
calculation procedure. The basic structures of the three sub-models are explained in the
next three sections, followed by an explanation of the input variables required for the
model and the calculation procedure.
6.2.3 Urination Frequency and Location Sub-Model

The objective of the urination frequency and location sub-model is to determine the
number of urinations that occur every hour and the distribution of puddles in the pen.
Given the variable nature of both urination frequency and location, this sub-model
combines model equations and random number generators to simulate the animal
behaviour. The general assumption by this sub-model is that urinations only occur at the
start of every hour (to simplify the computing process). The input values required for this
sub-model are the number of animals per pen (NPigs), the slatted (Aslat, m2) and solid floor
(Asolid, m2) areas, and the relative amount (r, expressed as a %) of floor area in the solid
(rsolid) and slatted (rslat) floor regions covered in manure.
Cortus et al. (2005) determined that urination frequency could be successfully
modelled using a dromedary animal activity curve, and that a single equation was suitable
for male and female pigs between 51 and 78 kg (eq. 6.7). Cortus et al. (2005) measured
an average urination frequency of 0.62 urinations pig-1 h-1, with a variation of ± 0.58
urinations pig-1 h-1 over 24 h. The time of minimum activity (2h30, expressed as 2.5 in
eq. 6.7) corresponded to the middle of the darkened period in a 12 h lighted, 12 h
darkened system. On a per pen basis, the average number of urinations per pen can be
determined with knowledge of the number of pigs.
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⎛
⎛ ⎛ 2π ⎞
⎞⎞
N U = N Pigs ⋅ 0.62 ⋅ ⎜⎜1 − 0.58 ⋅ sin ⎜⎜ ⎜
⎟ ⋅ (Time + 6 − 2.5)⎟⎟ ⎟⎟
⎝ ⎝ 24 ⎠
⎠⎠
⎝

(6.7)

To account for some random behaviour by the animals, a Poisson random number
generator program (Ruckdeschel, 1981) was incorporated in the sub-model to simulate a
"randomized" number of urinations using NU from equation 6.7 as an input value to the
program. The Poisson random number generator generates a value for NU, based on the
principle that for an infinite number of generations, the mean generated number would be
equal to NU generated using eq. 6.7 for a given time of day (Time).
Animals develop dunging areas within their pens, so the distribution of urine puddles
is often limited to certain areas (Whatson, 1985). However, certain factors like
temperature and animal weight can cause the animals to change areas or promote dunging
on the solid floor (Aarnink and Elzing, 1998; Ni et al., 1999c). Urinations and
defecations occur in the same area so if fecal material is present, urine likely was or is
still present as well. Equations 6.8 and 6.9 were developed to simulate the number of
urinations that occur on both portions of the floor based on the relative cleanliness scores.
The values for NP,slat and NP,solid are rounded to the nearest integer following calculation.
N P ,slat = N U ⋅

rsolid

N P , solid = N U ⋅

rsolid

rslat ⋅ Aslat
⋅ Asolid + rslat ⋅ Aslat

(6.8)

rsolid ⋅ Asolid
⋅ Asolid + rslat ⋅ Aslat

(6.9)

The total number of urinations occurring on the solid or slatted floor are randomly
distributed within the fouled area using the following process: the manure covered area is
determined from the product of the respective floor area and fouling factor (r); the
manure-covered area is divided by the puddle area to generate NL discrete locations (eqs.

152

6.10 and 6.11) where urinations can occur; a random number generator generates NP
discrete locations between 1 and NL using a uniform distribution; within locations
generated, the puddle properties are set to initial values (as discussed in the puddle
emission sub-model). Multiple puddles may be deposited on one location, but each new
puddle is assumed to replace the previous one. Again, NL,slat and NL,solid are integer
values, and are rounded to the nearest integer following calculation.
N L , slat =

rslat Aslat
⋅
100 AP , slat

N L , solid =

(6.10)

rsolid Asolid
⋅
100 AP , solid

(6.11)

An array system is used to keep track of where urine puddles are located and their
present status and properties (discussed in the Urine Puddle Emission sub-model). Each
area of floor (slatted and solid) is expressed as an array within the ACES model,
composed of NL rows of data, with each row corresponding to one location.
6.2.4 Urine Puddle Emission sub-model

The objective of the urine puddle emission sub-model is to calculate the physical and
chemical characteristics of a single urine puddle after a user-specified time interval (Δ)
based on initial conditions, and then to calculate the resulting puddle emission. The study
shown in Chapter 4 found that water volume, urea concentration, TAN concentration and
puddle pH were all necessary considerations in determining puddle emission and,
therefore, a system of equations was developed to describe the urine puddle emission
process when urine puddles are on a non-porous surface. General assumptions in this submodel are: there is negligible liquid and gas absorption by the floor surface underneath or
immediately surrounding the puddle; the puddle temperature is the same as the room
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temperature (thus, the film temperature is equal to the room temperature); the puddle area
is constant (only depth changes as volume decreases); the initial urea concentration of all
urinations is the same; and urease is always present and at consistent activity levels.
Input values required by this sub-model are the puddle area (AP, m2), room temperature
(TR, K), air velocity over the puddle surface (vR, m s-1), relative humidity (RH, %) and
initial urea concentration of the urine (U0, mol l-1). The general equations and order of
calculations used will be discussed in this section. For more background and validation
of the sub-model development, refer to Chapter 4.
When a puddle is first deposited on the floor, certain initial conditions are assumed in
the model. The initial puddle volume depends on the puddle location (slatted verses
solid) and floor type and calculated as the product of the puddle area and puddle depth.
The initial urea concentration of the puddle is an input to the model and the initial TAN
concentration is assumed zero. The initial puddle pH of simulated urine puddles with
initial urea concentrations of 0.2 or 0.4 mol L-1 was between 9.1 and 9.3 in Chapter 4 so
the ACES model assumes the initial puddle pH of all urine puddles is 9.2.
The puddle volume will change over time because of evaporation, modelled in
equations 6.12 through 6.15, assuming that the puddle is a perfect circle, that water
vapour behaves as an ideal gas, and that the density of the liquid in the urine puddle (ρP)
is 1 kg m-3 (1 g L-1). The mass transfer coefficient is based on the boundary layer theory
and was developed in Chapter 4. The diffusivity of ammonia in air at 298 K is 0.28E-04
m2 s-1 (Incropera and DeWitt, 1996). The assumption of laminar flow (i.e. Re<5×105) in
eq. 6.14 was tested and found valid for air velocities ranging from 0.2 to 2 m s-1 and
temperatures ranging from 283 to 303 K, for characteristic lengths up to 3.5 m.
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LP =

ρ v , sat =

4 ⋅ AP

(6.12)

π
Psat ⋅ 18
100000 ⋅ 0.08315 ⋅ TR

(6.13)

k H 2O = 0.0821 ⋅ TR0.7 ⋅ v R0.5 ⋅ L−P0.5 ⋅ DH0.666
2 O , Air

(6.14)

dVP k H 2O ⋅ AP
⎛
⎛ RH
⎞⎞
=
⋅ 1000 ⋅ ⎜⎜ ρ v , sat ⋅ ⎜
− 1⎟ ⎟⎟
ρP
dt
⎝ 100 ⎠ ⎠
⎝

(6.15)

The urea concentration of the puddle will change over time as the urea breaks down
into ammonia and carbon dioxide (carbonic acid) catalyzed by the enzyme urease. The
change in urea concentration over time is calculated using equation 6.16, which is based
on the Michaelis Menten equation for enzyme kinetics and also incorporates the effect of
evaporation (Chapter 4).
⎛ S ⋅U ⎞ U dV P
dU
⎟⎟ −
= −⎜⎜ m
⋅
dt
⎝ K m + U ⎠ V P dt

(6.16)

Elzing and Monteny (1997b) determined a Michaelis constant (Km) value of 0.002 mol
L-1 in a laboratory analysis of urease activity in a urine/feces mixture that will be applied
in the ACES model.
Urease activity has been expressed using many different units in the literature. Many
of the reported urease activities represent the urease activity associated with the surface
area of the floor in contact with solution. This type of urease activity measurement will
hereafter be referred to as the potential urease activity (Sm') and have units of g NH3 m-2
s-1. Dividing Sm' by the puddle depth and correcting for the proper units results in the
urease activity (Sm) with units of mol U L-1 s-1.
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The Sm' of the floor surface has been linked to fecal material and amount of fouling
(Braam et al., 1997a; Braam et al., 1997b; Braam and Swierstra, 1999). Based on the
literature review conducted in Chapter 3, and since urinations and defecations occur in
the same general areas, all urinations are assumed to occur on dirty floors with an average
potential urease activity of 5 g NH3 m-2 s-1.
After urea has started decomposing, ammonia is produced and the volatile portion of
the TAN will volatilize to the surroundings. The concentration of TAN will also be
related to the rate of water disappearance. Equations 6.17 through 6.20 describe the
modelling process for the change in TAN with time. Equation 6.17 determines the
convective mass transfer coefficient for ammonia based on the boundary layer theory
(Chapter 4). Equation 6.18, from Aarnink and Elzing (1998) determines the fraction of
TAN (which includes ammonia and ammonium) in ammonia form based on the puddle
pH and temperature down to a minimum value of 0.05 (Chapter 4). Equation 6.19, also
from Aarnink and Elzing (1998), calculates the dimensionless Henry constant for
ammonia, relating the ammonia concentration in the liquid to the ammonia concentration
in the gas film above the solution. Equation 6.20 sums the effects of urea degradation,
ammonia volatilization and water evaporation on TAN concentration.
0.666
k NH 3, P = 0.0821 ⋅ TR0.7 ⋅ v R0.5 ⋅ L−P0.5 ⋅ D NH
3, Air

(6.17)

⎛
⎞
⎜
⎟
10 pH P
f P = MAX ⎜
,0.05 ⎟
2729
( 0.0897 +
)
⎜ pH P
⎟
TR
+ 5 ⋅ 10
⎝ 10
⎠

(6.18)

H P = 1431 ⋅1.053 (293−TR )

(6.19)
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⎛ f ⋅ TAN
⎞
− C R ⎟⎟
k NH 3, P ⋅ AP ⋅ 1000 ⋅ ⎜⎜ P
⎛ S ⋅U ⎞
dTAN P
⎝ HP
⎠ − TAN P ⋅ dVP
⎟⎟ −
= −2 ⋅ ⎜⎜ m
dt
VP
VP
dt
⎝ Km +U ⎠

(6.20)

Urine puddle pH can have a large impact on the rate of ammonia emission from a
urine puddle, since the fraction of TAN in ammonia form is exponentially related to pH
(eq. 6.18). Urine puddle pH was linked to the change in TAN within the puddle, and the
relationship depends if TAN is increasing or decreasing (Chapter 4) (eq. 6.21).
dTAN P
dpH P
dTAN P
= −0.75 ⋅
for
> 0 or
dt
dt
dt
dTAN P
dpH P
dTAN P
= 6⋅
for
<0
dt
dt
dt

(6.21)

Using the array system generated by the Urination Frequency and Location submodel, current values for puddle age, VP, U, TANP and pHP are stored in separate
columns for each possible puddle location (array row). The current values are used as
initial values and the differential equations 6.15, 6.16, 6.20 and 6.21 are solved together
using the fourth-order Runge Kutta method (Rao, 2002) to determine the new values for
VP, U, TANP and pHP after an interval (h) of 150 s (Chapter 4). To calculate TANP, t+h for
example, equations 6.22 through 6.25 are solved, followed by equation 6.26. In
equations 6.22 through 6.25, function represents the differential equation that is being
solved (eq. 6.20 in this example).
RK 1 = function(t ,VP ,t ,U t , TAN P ,t , pH P ,t )

(6.22)

RK 2 = function(t + 0.5 ⋅ h, VP ,t , U t , TAN P ,t + 0.5 ⋅ h ⋅ RK 1 , pH P ,t )

(6.23)

RK 3 = function(t + 0.5 ⋅ h, VP ,t , U t , TAN P ,t + 0.5 ⋅ h ⋅ RK 2 , pH P ,t )

(6.24)

RK 4 = function(t + h,VP ,t , U t , TAN P ,t + RK 3 , pH P ,t )

(6.25)
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TAN P ,t + h = TAN P ,t +

h
⋅ (RK1 + 2 ⋅ RK 2 + 2 ⋅ RK 3 + RK 4 )
6

(6.26)

When solving for VP, t+h , U t+h or pHP, t+h, the respective variable is incrementally
changed as TAN was in the example, while the remaining variables retain their current
values for time t. The new values, VP,t+h , U t+h , TANP,t+h and pHP,t+h replace the old
values in the array to become the current values, and solution of equations 6.12 through
6.26 is repeated until the user-specified time interval (Δ) has elapsed. At the end of the
calculation interval the volatile fraction of TANP,t+Δ is re-calculated using the new puddle

pH (pHP,t+Δ) (eq. 6.27), and the puddle emission is determined using equation 6.28.
⎛
⎞
pH
⎜
⎟
10 P ,t + Δ
,0.04 ⎟
= MAX ⎜
2729
( 0.0897 +
)
⎜ pH P ,t + Δ
⎟
TR
+ 5 ⋅ 10
⎝ 10
⎠

(6.27)

⋅ TAN P ,t + Δ
⎛f
⎞
− C R ,t ⎟⎟
E P = k NH 3, P ⋅ AP ⋅1000 ⋅ ⎜⎜ P ,t + Δ
HP
⎝
⎠

(6.28)

f P ,t + Δ

The emissions from each puddle in a pen at time t + Δ are summed together to
determine the total puddle emission from a pen (eq. 6.29), and the total puddle emission
is the sum of emissions from all pens (eq. 6.30).

E P , Pen = E P , Pen + E P

(6.29)

E P ,T = N Pen ⋅ E P , Pen

(6.30)

6.2.5 Slurry Emission Sub-Model

The objective of the slurry emission model is to simulate the rate of ammonia release
from the slurry surface after a user-specified time interval (Δ), based on measured
chemical and physical characteristics. In Chapter 5 a model for slurry emission from
concentrated manure was tested and various parts of that model are incorporated in this
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sub-model. Important assumptions for this sub-model are that slurry properties are
constant throughout the slurry pit and the air flow over the slurry is directional to the pen
length (i.e. the emitting length for convective mass transfer is equal to the length of the
slatted floor in a pen). The slurry emission sub-model requires input values for slurry
temperature (TS, K), slurry pit headspace temperature (TH, K), air velocity over the slurry
surface (vH, m s-1), length of the slatted floor (Lslat, m), slurry TAN (TANS, mol l-1), slurry

pH (pHS) and the number of pens (NPen).
The slurry emission sub-model, shown in equations 6.31 through 6.35, is based on
convective mass transfer of ammonia from the slurry surface to the surrounding air. In
this model, the surrounding air is the slurry pit headspace air at time t. The film
temperature can be determined from input values for slurry temperature and headspace
temperature (eq. 6.31). This model utilizes an ammonia mass transfer coefficient based
on the boundary layer theory (Incropera and DeWitt, 1996) assuming laminar flow over
the slurry surface (eq. 6.32). The assumption of laminar flow (i.e. Re< 5×105) was tested
and validated for air velocities ranging from 0.02 to 0.12 m s-1 and temperatures ranging
from 283 K to 303 K, for an emitting length up to 12 m.
T film =

TH + TS
2

(6.31)

0.7
0.5
0.666
k NH 3, S = 0.0821 ⋅ T film
⋅ v H0.5 ⋅ L−Slat
⋅ D NH
3, Air

(6.32)

There are four proposed methods to determine the fraction of TAN in the slurry that is
in ammonia form and thus volatile (eq. 6.33). The development of these methods is
discussed in greater detail in the following sub-section. Selection of the appropriate
method is discussed in the Model Calibration section.
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fS =

[NH 3 ]

[NH

3

+ NH 4+

(6.33)

]

Once the volatile fraction of TANS is calculated using one of the four suggested
methods, the concentration of the gas layer at the slurry surface is approximated using the
dimensionless Henry constant calculation from Aarnink and Elzing (1998) (eq. 6.34).
H S = 1431 ⋅ 1.053

( 293−T film )

(6.34)

The slurry emission rate for the whole slurry channel is calculated using equation 6.35
based on the slat area for one pen and the number of pens.
⎛ f ⋅ TAN S
− CH
E S = N Pen ⋅ k NH 3, S ⋅ Aslat ⋅ 1000 ⋅ ⎜⎜ S
HS
⎝

⎞
⎟⎟
⎠

(6.35)

6.2.5.1 Calculating the volatile fraction (fS) of TAN in slurry

The review of slurry emission models in Chapter 5 showed that the majority of
previous slurry emission models determined the fraction of TANS in ammonia form by
considering the acid dissociation constant for ammonium in water (Ka) and the slurry pH.
The relationship between Ka and temperature was derived by Jayaweera and Mikkelsen
(1990) and is shown in equation 6.36.
−⎜ 0.0897 +
⎜
[
NH 3 ] ⋅ [H + ]
T
=
= 10 ⎝
⎛

Ka

[NH ]
+
4

2729 ⎞⎟
⎟
film ⎠

(6.36)

Equation 6.36 can be re-arranged and substituted into equation 6.33 so that fS is
calculated as a function of pHS and Ka only.
Various authors have suggested that the Ka value for ammonium in water shown in
equation 6.36 will be affected by other components in a slurry mixture such as solids
content and have experimentally determined factors for Ka to account for this impact.
For example, Zhang et al. (1994) used a factor of 0.2 for diluted pig manure that
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effectively decreases the relative amount of ammonia compared to ammonium for a given

pHS level. The fS-equation from the slurry emission model by Zhang et al. (1994) is the
first proposed method for determining fS as shown in equation 6.37 (fS1).
10 pH

f S1 =
10

pH

(6.37)

1
+
0.2 ⋅ K a

The second proposed method for determining fS is similar to equation 6.37, except that
the acid dissociation constant for ammonium in slurry is considered the same as for
ammonium in water, shown in equation 6.38 (fS2).

fS2 =

10 pH
10 pH +

(6.38)

1
Ka

The third method is based on the suggested equation for fS from the model by Aarnink
and Elzing (1998). Based on simulations Aarnink and Elzing (1998) made the suggestion
that there was a slurry surface effect on the emission process, and that the surface pHS
was 1.1 units higher than the mixed slurry pH. The effect of elevated pHS at the slurry
surface could also be attributed to a higher dissociation constant for ammonium in slurry
compared to water. For example, a surface effect of 1.1 units is equivalent in the pHS
range of 5 to 8 of a factor of 2.5. Equation 6.39 is the third proposed method for
determining fS.
fS3 =

10 pH +1.1
10 pH +1.1 + 5 ⋅ 10

2729 ⎞
⎛
⎜ 0.0897 +
⎟
T ⎠
⎝

10 pH

≈
10

pH

1

+
2.5 ⋅ 10

(6.39)

2729 ⎞
⎛
−⎜ 0.0897 +
⎟
T ⎠
⎝

As shown in Chapter 5, slurry emission tests with concentrated manure showed a lesssensitive relationship between fS and pHS than equations 6.37 to 6.39 would predict.
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There was also a negative effect of increasing ammonia on the fS-value. The fourth
proposed method for determining fS is based on the study demonstrated in Chapter 5 and
is shown in equation 6.40.

f S 4 = −0.0444 ⋅ TAN S + 0.0105 ⋅ pH S

(6.40)

The appropriate method for calculating fS is tested and discussed in the Model
Calibration section.
6.2.6 Input Values and Assumptions

Following the development of the sub-models, variables were identified as inputs to
the various functions. Many of these variables are easily obtained or measured within a
barn and have been included as input values. Other variables such as puddle area, air
velocity over the floor and pit surfaces, and the air exchange between the slurry channel
and room are determined based on literature values and the input room design and
environmental factors.
6.2.6.1 Static variables

Static variables related to room design, nutrition and simulation parameters are input
to the ACES model. The listing of the numerous variables is shown in table 6.2 at the
end of the Model Development section. From the room design variables, the slatted floor
area per pen, the solid floor area per pen, room volume and slurry pit headspace volume
can be determined (eqs. 6.41 to 6.44, respectively). Equation 6.44 assumes the room is
15% wider than the total width of the pens in a room, the room is 20% longer than the
total length of the pens in a room, and the ceiling height is 3.0 m.

Aslat = Lslat ⋅ W pen

(6.41)

Asolid = (LPen − Lslat ) ⋅ W pen

(6.42)
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V R = N Pen ⋅ (W Pen ⋅1.15 ⋅ L Pen ⋅1.20 ⋅ 3.0)

(6.43)

V H = N Pen ⋅ LSlat ⋅ WPen ⋅ (d Pit − d S )

(6.44)

6.2.6.2 Dynamic variables

As suggested by Monteny et al. (1998), frequent measurement of time-dependant
parameters is important in short-term ammonia modelling. The ACES model is designed
to incorporate changing environmental conditions and requires values for room
temperature, slurry temperature, pit temperature, relative humidity, room ventilation rate,
static pressure difference between the room and surroundings and ammonia concentration
of the inlet air, based on time.
6.2.6.3 Puddle area and depth

Aarnink et al. (1997) measured the urine puddle area of grower-finisher pigs within
grow-finish pig buildings on slatted floors of different materials and designs and found
the slatted floor puddle area increased by 0.0096 m2 every three-week period. Aarnink
and Elzing (1998) translated this data to express slatted floor puddle area based on slatted
floor type and animal weight. The data was further developed into a best-fit linear
equation (eq. 6.45) with coefficients depending on the floor type (table 6.1) for the ACES
model. The mean depth of urine puddles on clean and fouled slatted floor surfaces were
measured by Aarnink and Elzing (1998). The puddle depth measurements for fouled
floor surfaces shown in table 6.1 are used in the ACES model.

AP , slat = x1 + x 2 ⋅ M Pig

(6.45)
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Table 6.1. Area and depth of urine puddles on slatted floors of different design for
pigs between 30 and 100 kg (Adapted from Aarnink et al. (1997) and Aarink and
Elzing (1998)).
Floor Design
Slatted Floor Puddle Area
Puddle
Coefficients for eq. 6.45
DepthZ
(m)
x1
x2
Concrete slatted floor, 15% open area
0.057
0.00055
0.00136
(10-cm wide slats with 2-cm gaps)
Concrete slatted floor, 18% open area
0.031
0.00054
0.00161
(7-cm wide slats with 1.8-cm gaps)
Cast iron slatted floor, 32% open area
0.020
0.00055
0.00166
(2.5-cm wide slats with 1.5-cm gaps
Metal slatted floor, 50% open area
-0.002
0.00055
0.00225
(1-cm wide slats with 1-cm gaps)
Z

Puddle depth assumes fouled floor surface.

Assuming a pig urinates 15 times per day (Cortus et al. 2005), and the volume of each
urination is the same, the volume of urine deposited per urination is calculated in
equation 6.46. Aarnink and Elzing (1998) measured the puddle area for a known volume
of urine deposited on the solid floor and known distance from the slatted floor. This has
been adapted for use in the ACES model, assuming all urinations on the solid floor occur
at the midpoint on the solid floor (eq. 6.47).

VU =

VU ,T

(6.46)

15

AP , solid = 0.038 + 0.162 ⋅ VU + 0.043 ⋅

(LPen − LSlat )
2

(6.47)

The measured mean depth of 0.5-l urine puddles on a clean, dry concrete floor was
0.282 mm (Aarnink and Elzing, 1998). On concrete slatted floors the puddle depth on
fouled floors was 2.3 times the depth on clean concrete floors. Applying this relationship
to solid floors results in an average puddle depth of 0.6 mm that is used in the ACES
model.
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6.2.6.4 Air velocity over the floor and slurry pit

Air speed over the floor is a difficult measurement. Randall (1980) found minimum
airspeeds at animal level (0.3 m above the floor) ranging from 0.15 to 0.28 m s-1 at
minimum ventilation levels (0.1 m3 s-1), and 0.2 to 1.8 m s-1 at maximum ventilation
levels (1.0 m3 s-1), in swine barns of numerous ventilation and room designs. The
average airspeed levels incorporate measurements from 10 locations within a pen.
Ogilvie et al. (1990) present best-fit equations for floor air speed as a function of either
jet momentum number or the ratio of air flow to floor area, for a variety of locations and
types of air inlets, as well as the penning layout. The ACES model assumes a constant
airflow over the entire pen surface, and uses the regression equation variables in Ogilvie
et al. (1990) to simulate the floor air speed based on the jet momentum number. The
process for floor airspeed calculation involves: determining the saturation vapour partial
pressure for the inlet temperature; determining the air density at the inlet (eq. 6.48;
Albright, 1990) assuming the air mixture is a perfect gas; determining the resulting inlet
velocity (eq. 6.49) (Albright, 1990); calculating the jet momentum number (eq. 6.50)
(Ogilvie et al., 1990); and using the jet momentum number and regression variables (x3..5)
from Ogilvie et al. (1990) to calculate the average air speed at animal level (eq. 6.51).

ρ air ,inlet

⎛
⎜
1
⎜ ⎛⎜
⎜
⎜ ⎝ Patm + ΔP R
⎜
=⎜
⎜
⎜
⎜
⎜
⎜
⎝

⎛
RH
⎛
⋅ Psat
⎜
⎜ 0.62198 ⋅
⎞
100
⎜
⎟⎟ ⋅ 287.0 ⋅ Tinlet ⋅ 1 + 1.6078 ⋅ ⎜
RH
⎜
⎜
⎠
⋅ Psat
⎜ Patm + ΔPR −
⎜
100
⎝
⎝
RH
⎛
⎞
⋅ Psat ⎟
⎜ 0.62198 ⋅
100
⎟
1+ ⎜
RH
⎜
⎟
⋅ Psat ⎟
⎜ Patm + ΔPR −
100
⎝
⎠
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⎞ ⎞ ⎞⎟
⎟⎟
⎟⎟ ⎟
⎟⎟ ⎟
⎟⎟ ⎟
⎠⎠ ⎟
⎟
⎟
⎟
⎟
⎟
⎠

−1

(6.48)

⎞
⎟
⎟
⎠

0.5

v inlet

⎛ 2 ⋅ ΔPR
= ⎜⎜
⎝ ρ air ,inlet

J=

Q R ⋅ v inlet
g ⋅ VR

(6.50)

v R = x 3 + x 4 ⋅ J x5

(6.51)

(6.49)

Air velocity over the slurry surface was predicted by Aarnink and Elzing (1998) using
a linear relationship with ventilation rate per floor area. Equation 6.52 is an adaptation of
the equation to account for changes to pen design and room area that is incorporated in
the ACES model.
vH =

2.3 ⋅ Q R
+ 0.02
( N Pen ⋅ 1.15 ⋅ LPen ⋅ 1.20 ⋅ WPen )

(6.52)

6.2.6.5 Air exchange through the slatted floor

Quantifying the air exchange through slatted floors is difficult since it may be related
to thermal buoyancy, forced ventilation or natural ventilation (Monteny and Overbeek,
1997). Air exchange measurements between the room and slurry channel have been
attempted in a scale model swine house (Yu et al., 1991) and in cubicle dairy-cow houses
(Monteny and Overbeek, 1997) using tracer gas methods, but the air exchange rate is still
difficult to estimate for most designs and ventilation rates. Yu et al. (1991) found inlet jet
speed and direction, ventilation rate and direction of airflow at floor level affected the
rate of air exchange through the slatted floor. For a ceiling inlet in the wall opposite the
slatted floor, with air flowing across the ceiling and down the wall toward the slatted
floor, the air exchange rate through the slatted floor expressed as air changes per hour
ranged from 1% to 21% of the total ventilation rate also expressed as air changes per
hour. Monteny and Overbeek (1997) found the measured pit ventilation rate showed an
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exponential relationship with the temperature difference between the slurry pit air and the
incoming air. The basis behind this relationship was cold incoming air from the inlets
would sink down through the slatted floor, forcing the warmer slurry pit air upwards.
From a zero to 3ºC temperature difference, the minimum air exchange rate was 2000 m3
h-1. The pit ventilation rate increased exponentially to 5000 m3 h-1 and 7500 m3 h-1 for a
temperature difference of 10°C and room air exchange rates of 12000 m3 h-1 and 18000
m3 h-1, respectively. In the ACES model, equation 6.53 is applied as the pit ventilation
rate, and the constants x6 and x7 are determined and discussed in the Results Section.

QH = x6 ⋅ (TH − TR ) + x 7 ⋅QR

(6.53)

6.2.7 Calculation Method

The sub-model results, input values and calculated values for puddle area, air velocity
and air exchange through the slatted floor are incorporated in the core model equations
(eqs. 6.3 and 6.4) based on their values at time t + Δ. Using initial values for CR and CH
(initially input by the user and thereafter based on the last simulation), equations 6.3 and
6.4 are solved together using the fourth-order Runge-Kutta method (Rao, 2002) to
determine values for room and headspace concentration at time t + Δ, and the new
emission rates accordingly.
Figure 6.2 shows the computing process proposed for the ACES model to simulate CR,

CH, ER and EH over a specified period of time, at user-defined timestep intervals (Δ). The
model assumes that the slurry properties are constant throughout the slurry pit. The
model also considers every pen to have the same dimensions, floor type and slatted floor
area. Pens are separated based on their cleanliness as either clean pens (no fouling of the
solid floor) or dirty pens (some fouling of the solid floor). All dirty pens are assumed to
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have the same level of fouling. These assumptions allow puddle emission calculations on
a per pen basis and multiplication by the number of clean pens and dirty pens,
respectively, to determine total emission rates from the floor and slurry channel.
A computer program has been developed using Visual Basic 6.0 programming
language to instruct the user on what input variables are required and to perform all the
necessary calculations. Table 6.2 provides the overall procedure for the ACES model to
complete all the necessary calculations between the user-defined start and end times.
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Start Program
Enter static input values
Calculate steady-state variables

Is Time <
Stop Time?

No

End Program

Yes
Determine number and location of
new puddles
Set elapsed time = 0

Is elapsed
time < 1 h?

No

Time = Time + 1 h

Yes
Enter dynamic input values
Calculate dynamic variables

All locations
checked

For every location
on the floor, is
there a new or preexisting puddle?

No

Next location

Yes
Enter the initial or pre-existing
puddle properties
Calculate the new puddle properties
and the resulting emission
Add puddle emission to total puddle
emission

Next location

Calculate slurry emission
Calculate new room concentration, pit
concentration, and emission
Print results

Elapsed Time = Elapsed Time + Δ

Figure 6.2. Flowchart for ACES model.
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Table 6.2. ACES model computing process.
Process
START
Enter input
values

Calculate
steady
state
variables

Variable

Nutrition Factors
Initial Urea Concentration (U0)
Average Pig Weight (Mpig)
Urine Volume per Pig per Day
(VU,T)
Slurry TAN (TANS)
Slurry pH (pHS)

Building Design Factors
Pen Length (LPen)
Pen Width (WPen)
Slatted Floor Length (Lslat)
Slatted Floor Type
Number of Pens (NPens)
Number of Dirty Pens
(NDirtyPens)
Number of Pigs per Pen (NPig)
Ventilation/Room Design
Slurry Depth (dS)
Pit Depth (dPit)
Aslat
Aslat = Lslat ⋅ W pen
Asolid

VR
VH
AP,slat
VU
AP,solid

Loop 1
Urine
Puddle
Frequency
and
Location
sub-model
(assuming
all pens
have the
same
fouled
floor
areas)

Calculation

NU

NP,slat
NP,solid
NL,slat
NL,solid

Eq.
Simulation Factors
Start Date and Time
Stop Date and Time
Initial Room Concentration
(CR)
Initial Headspace
Concentration (CH)
Slatted Floor Fouling Factor
(rslat)
Solid Floor Fouling Factor
(rsolid)
Timestep (Δ)
6.41

Asolid = (LPen − Lslat ) ⋅ W pen
V R = N Pen ⋅ (W Pen ⋅1.15 ⋅ L Pen ⋅1.20 ⋅ 3.0 )
V H = N Pen ⋅ L Slat ⋅ W Pen ⋅ (d Pit − d S )
AP , slat = x1 + x 2 ⋅ M Pig where x1,2 are dependant on slatted floor type (table 6.1)

(Adapted from Aarnink et al., 1997 and Aarnink and Elzing, 1998)
VU ,T
VU =
15
(L − LSlat )
AP , solid = 0.038 + 0.162 ⋅ VU + 0.043 ⋅ Pen
2
(Adapted from Aarnink and Elzing, 1998)
From start date and time to stop date and time, in 1 h increments
⎛
⎞⎞
⎛ ⎛ 2π ⎞
N U = N Pigs ⋅ 0.62 ⋅ ⎜⎜1 − 0.58 ⋅ sin ⎜⎜ ⎜
⎟ ⋅ (Time + 6 − 2.5)⎟⎟ ⎟⎟
24
⎠
⎠⎠
⎝⎝
⎝
(Cortus et al., 2005)
Use a random number generator (using a Poisson distribution), to generate a
random number of urinations based on a mean of NU
rslat ⋅ Aslat
N P , slat = N U ⋅
rsolid ⋅ Asolid + rslat ⋅ Aslat
N P ,solid = NU ⋅
N L , slat

rsolid

rsolid ⋅ Asolid
⋅ Asolid + rslat ⋅ Aslat

6.43
6.44
6.45
6.46
6.47

6.7

6.8
6.9
6.10

r
A
= slat ⋅ slat
100 AP , slat

N L , solid =

6.42

6.11

rsolid Asolid
⋅
100 AP , solid

Randomly distribute puddles within the grids
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Table 6.2 (continued)
Loop 2
Enter
current
environmental
conditions

Calculate
dynamic
variables

ρair,inlet

vinlet

J

vR
vH

QH
Loop 3
Set puddle
properties
for the
current
loop

From 0 to 60 min, in Δ increments
Environmental Factors
room temperature (TR)
slurry temperature (TS)
slurry pit headspace temperature (TH)
relative humidity (RH)
ventilation rate (QR)
static pressure (ΔPR)
inlet concentration (CA)
⎛
⎜
1
⎜ ⎛⎜
⎜ ⎜⎝ Patm + ΔP R
⎜
ρ air ,inlet = ⎜
⎜
⎜
⎜
⎜
⎜
⎝
(Albright, 1990)

⎛
RH
⎛
⋅ Psat
⎜
⎜ 0.62198 ⋅
⎞
100
⎟⎟ ⋅ 287.0 ⋅ Tinlet ⋅ ⎜1 + 1.6078 ⋅ ⎜
RH
⎜
⎜
⎠
⋅ Psat
⎜ Patm + ΔPR −
⎜
100
⎝
⎝
RH
⎞
⎛
⋅ Psat ⎟
⎜ 0.62198 ⋅
100
⎟
1+ ⎜
RH
⎟
⎜P
⋅ Psat ⎟
⎜ atm + ΔPR −
100
⎠
⎝

⎞ ⎞ ⎞⎟
⎟⎟
⎟⎟ ⎟
⎟⎟ ⎟
⎟⎟ ⎟
⎠⎠ ⎟
⎟
⎟
⎟
⎟
⎟
⎠

−1

0.5

⎛ 2 ⋅ ΔPR ⎞
⎟
v inlet = ⎜
⎜ρ
⎟
air
inlet
,
⎝
⎠
(Albright, 1990)
Q ⋅v
J = R inlet
g ⋅ VR
(Ogilvie et al. 1990)
v R = x 3 + x 4 ⋅ J x5 where a3...5 are dependant on ventilation design
(Ogilvie et al., 1990)
VR
+ 0.02
v H = 2.3 ⋅
N Pen ⋅ (L Pen ⋅1.15 ⋅ W ⋅1.20 )
(Aarnink and Elzing, 1998)
Q H = x 6 ⋅ (T H − T R ) + x 7 ⋅Q R where x6,7 are regression coefficients

For each possible puddle location on the slatted and solid floor areas in a pen,
what kind of urine puddle exists?
No Puddle Exists:
A New Puddle Exists:
An Old Puddle Exists:
Use conditions
Repeat Loop 3
V P ,0 = AP ⋅ d P ⋅1000
determined from the
U0 =U0
previous cycle of
TAN P , 0 = 0
Loop 2.
pH P ,0 = 9.2
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6.48

6.49

6.50

6.51
6.52

6.53

Table 6.2 (continued)
Urine
Puddle
Emission
sub-model

LP

ρv,sat
kH2O,P
VP,t+h

Ut+h

kNH3,P

LP =

ρ v , sat =

6.12

4 ⋅ AP

π
Psat ⋅ 18
where Psat is determined for TR
100000 ⋅ 0.08315 ⋅ TR

k H 2O = 0.0821 ⋅ T R0.7 ⋅ v R0.5 ⋅ L−P0.5 ⋅ D H0.666
2 O , Air

(Chapter 4)
dV P k H 2O ⋅ AP
⎛
⎛ RH
⎞⎞
=
⋅1000 ⋅ ⎜⎜ ρ v , sat ⋅ ⎜
− 1⎟ ⎟⎟
ρP
dt
⎝ 100 ⎠ ⎠
⎝
(Chapter 4)
⎛ S ⋅ U ⎞ U dV P
dU
⎟−
⋅
= −⎜⎜ m
⎟
dt
⎝ K m + U ⎠ V P dt
(Chapter 4)
0.666
k NH 3, P = 0.0821 ⋅ T R0.7 ⋅ v R0.5 ⋅ L−P0.5 ⋅ D NH
3, Air

6.13
6.14
6.15

6.16

6.17

(Chapter 4)
fP,t

HP

TAN P,t+h

pHP,T+h

⎞
⎛
⎟
⎜
10 pH P
f P = MAX ⎜
,0.05 ⎟
2729
( 0.0897 +
)
⎟
⎜ pH P
TR
+ 5 ⋅10
⎠
⎝ 10
(Adapted from Aarnink and Elzing, 1998 and Chapter 4)
H P = 1431 ⋅1.053 (293−TR )
(Adapted from Aarnink and Elzing, 1998)
⎛ f ⋅ TAN
⎞
k NH 3, P ⋅ AP ⋅1000 ⋅ ⎜⎜ P
− C R ⎟⎟
⎛ S ⋅U ⎞
dTAN P
⎝ HP
⎠ TAN P dV P
⎟−
= −2 ⋅ ⎜⎜ m
−
⋅
⎟
dt
VP
VP
dt
⎝ K m +U ⎠
(Chapter 4)
dpH P
dTAN P
dTAN P
= −0.7 ⋅
for
> 0 and
dt
dt
dt
dpH P
dTAN P
dTAN P
= 6.0 ⋅
for
<0
dt
dt
dt
(Chapter 4)
Determine VP,t+Δ, U t+Δ, TANP, t+Δ, and pH P, t+Δ use fourth order Runge Kutta,
and a calculation interval (h) of 150 s.

6.18

6.19

6.20

6.21

6.22
to
6.26

⎛
⎞
⎜
⎟
10 pH P
f P = MAX ⎜
,
0
.
05
⎟
2729
( 0.0897 +
)
⎜ pH P
⎟
TR
+ 5 ⋅10
⎝ 10
⎠
(Adapted from Aarnink and Elzing, 1998 and Chapter 4)
⎛ f P ,t + Δ ⋅ TAN P ,t + Δ
⎞
E P = k NH 3, P ⋅ AP ⋅ 1000 ⋅ ⎜⎜
− C R ⎟⎟
HP
⎝
⎠

6.28

EP,Pen

(Chapter 4)
E P , Pen = E P , Pen + E P

6.29

EP,T

Repeat Loop 3
E P ,T = N Pen ⋅ E P , Pen

6.30

fP,t+Δ

EP
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6.27

Table 6.2. (continued)
Slurry
Emission
sub-model

Tfilm
kNH3,S
fS
HS
ES

Core
model
equations

CR,t+Δ
CH,t+Δ

ER
EH
Print
Results

T film =
k NH 3, S

TH + TS
2
0.7
0.5
0.666
= 0.0821 ⋅ T film
⋅ v H0.5 ⋅ L−Slat
⋅ DNH
3, Air

(Chapter 5)
To be determined

6.31
6.32
6.33

(293−T film )
H S = 1431 ⋅1.053
(Adapted from Aarnink and Elzing, 1998)
⎛ f ⋅ TAN S
⎞
− C H ⎟⎟
E S = N Pen ⋅ k NH 3, S ⋅ Aslat ⋅1000 ⋅ ⎜⎜ S
HS
⎝
⎠

E P ,T
dC R QR ⋅ (C A − C R ) QH ⋅ (C H − C R )
=
+
+
dt
VR
VR
VR ⋅1000

6.34
6.35
6.3

ES
dC H Q H ⋅ (C R − C H )
=
+
dt
VH
V H ⋅1000

6.4

Determine CR,t+Δ and CH,t+Δ using fourth order Runge Kutta

6.22
to
6.26
6.5
6.6

E R = Q R ⋅ 1000 ⋅ (C R − C A )

E H = QH ⋅ 1000 ⋅ (C H − C R )
Print the results

Repeat Loop 2
Repeat Loop 1
END
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6.3 Experimental Materials and Method

With the ACES model developed, data from two rooms in a production facility were
collected to calibrate and validate the model and test some of the assumptions. Data
collection measurements were in conjunction with one trial of the study by Payeur
(2003).
6.3.1 Experimental Rooms

Experimental data was collected in two mechanically ventilated grower-finisher rooms
of a pork production research facility over the course of one cycle (12 weeks) of animals.
Each room measured 14.2 m by 5.3 m with 3.0-m ceilings and contained six partially
slatted floor pens measuring 4.2 m by 2.0 m. The slatted floor portion of each pen was
2.4 m in length and made of concrete slats. The solid floor portion was concrete and
gently sloped toward the slatted floor. The 0.6-m deep slurry channel was located under
the slatted floor portion of the room. Manure was drained from the rooms every one to
three weeks by pulling a drain plug at one end of the manure channel. The plug-pulling
event lasted approximately 15 min, and the plug was replaced. A 10-cm layer of slurry
was left in the channel following each plug-pulling event to help maintain slurry
concentration consistency.
In each room, negative pressure pulled outside air into the attic and then into the room
through six air inlets located on the ceiling, opposite to the slatted floor side of the room.
Each inlet was situated over one pen. The inlet air was directed across the ceiling, toward
the slatted floor side of the room. A natural gas heater provided supplemental heat in
cold weather. Three fans (stages 1 and 2 were variable-speed fans, stage 3 was a single
speed fan) in each room provided the ventilation requirements.
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One room was fed a typical grower-finisher diet with 19.2% protein content during
weeks one to five and 18.6% protein content during weeks six to twelve and will be
referred to as the Control room. The second room was fed a diet lower in protein content
(17.2% weeks one to five, 16.6% weeks six to twelve) with sugar-beet pulp added as a
source of fermentable carbohydrates at levels of 5% (week one), 10% (week 2), 15%
(weeks three to twelve), and will be referred to as the SBP room. Food was provided to
meet the pigs' appetite (ab libitum). Water was delivered to each pen through nipple
drinkers located over the slatted floor.
Each room was filled with 72 animals at the start of the cycle with an average weight
of 22.2 kg. Each pen contained six males and six females. Two animals were removed
from the Control room, and five animals were removed from the SBP room before the
end of the cycle for health reasons.
6.3.2 Data Collection

Various types of data were collected to provide input data for the model, and resulting
ammonia concentration and emission data to compare the model simulations against.
Table 6.3 shows the method and frequency of each of the measured variables. All
temperature, humidity, static pressure and fan speed measurements were recorded by a
datalogger (Datataker DT 100, Data Electronics, Rowville, Australia) every 15 min.
Ammonia and carbon dioxide gas concentrations were measured at the inlet, exhaust
and approximately 10 cm below the slatted floor in the centre of the room. Air was
drawn continuously through the sampling lines from each location, and analyzed
sequentially by a photo-acoustic infrared ammonia analyzer (Chillgard RT, MSA,
Edmonton, AB; ± 2 ppm).
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The pH of the top 30 mm of slurry was collected using a scoop and measured in three
locations across the width of the slurry channel on a weekly basis. The average was
calculated and expressed as the slurry surface pH (pHS). Composite samples of mixed
slurry from the same three locations (slurry throughout the depth was combined and
mixed in situ with a paint mixer) were then collected and sent to an independent lab for

pH, electrical conductivity, ammonium-nitrogen (TAN), sodium, phosphorus, potassium,
sulphur, total Kjeldahl nitrogen and total solids analysis. Only the measurements of
surface pH, mixed pHS and TANS are reported.
Ventilation rates were determined from the static pressure and fan speeds, in
conjunction with regression equations of the fan curves for the fans used.
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Table 6.3. Type, collection method and frequency of data collected.
Measured Variable

Temperature
Center of room
Inlet
Slurry pit headspace
Slurry surface
Floor of slurry pit
Relative Humidity (center of
room)
Fan Speed
Static Pressure
Water intake per room
Feed intake per penz
Pen cleanliness
Slurry depth
Slurry surface pH

Mixed slurry TAN
Mixed slurry pH
Animal weight
Ammonia Concentration
Exhaust
Inlet
10-cm below slatted floor

Measurement Method and/or Instrument

Type T Thermocouple; ± 0.5ºC
Type T Thermocouple; ± 0.5ºC
Type T Thermocouple; ± 0.5ºC
Type T Thermocouple; ± 0.5ºC
Type T Thermocouple; ± 0.5ºC
Model F22H-65, Rotronic Instrument Corp.,
Huntington, NY; ± 1.5%
Proximity Sensor; Model SR3, Microswitch,
Freeport, IL
Static Pressure Transducer; Model 264, Setra,
Boxborough, MA; ± 0.62 Pa
Water meters; Model C700, ABB Water Meters,
Inc., Florida; ± 5%
Feed added to feeders weighed
Daily scraping activities for the solid floor reported
Meter stick
pH meter; Orion Model 250A, Orion Research,
Boston, MA; ± 0.01
Mean of measurements at three locations along the
length of the channel
Independant lab analysis
Sample was a mixture of three samples taken along
the length of the channel
Independant lab analysis
Sample was a mixture of three samples taken along
the length of the channel
Scale

Chillgard RT, MSA, Edmonton, AB; ± 2 ppm
(Continuous concentration readings over 10 min
intervals for each sampling location; only data from
last four minutes used to calculate average
concentration value)
z
Variable is not currently used in ACES model.

Frequency of
Measurement

15 min
15 min
15 min
15 min
15 min
15 min
15 min
15 min
daily
daily
daily
3 times/week (min)
2 wks

2 wks
2 wks
5 times/cycle
80 min
80 min
80 min

The nitrogen content of urine from grower-finisher swine fed diets ranging in crude
protein and sugar-beet pulp content was measured in a separate metabolism study,
described in Smith et al. (2004). The diet compositions in the study by Smith et al.
(2004) were not identical to those used in Payeur (2003), but do show an effect of
reducing the crude protein content by 2 percentage units and adding 15% sugar-beet pulp
on the nitrogen excretion patterns by both grower (average weight: 42.8 kg) and finisher
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pigs (average weight: 78.9 kg). The low protein diet with sugar-beet pulp added
decreased the nitrogen excretion in the urine by 30% in grower pigs and 25% in finisher
pigs. Since the majority of the nitrogen in urine is urea, and the range of urea
concentration measurements was from 0.417 to 0.518 mol l-1 (unpublished results from
the trial by Smith et al. (2004)), the initial urea concentration for this experiment was
approximated as 0.46 mol l-1 for the animals in the Control room, and a 25% reduction to
0.35 mol l-1 for animals in the SBP room.
The volume of urine excreted per day per pig (VU,T) was approximated as half of the
average water intake per pig per day, as measured by the water meters. This
approximation is based on water intake and urine excretion measurements from
individually housed grower-finisher pigs in the studies by Smith et al. (2004)
(unpublished results) and Shaw (2003).
6.3.3 Data Analysis Method

The collected measurements were compiled on a daily or weekly basis and reviewed
to determine the similarity of the rooms in terms of environmental conditions and also for
an effect of diet treatment on slurry properties and measured concentration and emission
levels.
The collected data was divided into four-day data sets to be used in the calibration and
validation processes. Four-day subsets were chosen so that the number of urine puddles
on the floor could stabilize in the first day and only the last three days of each data set
were compared to measured values. A third of the subsets from both rooms were
randomly chosen and used in model calibration. The remaining subsets were used in
model validation. For measurements collected periodically, like animal weight and slurry
properties, average values for the start date and time of each subset were estimated by
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linear interpolation. There were 14 data-sets for the Control room and 16 for the SBP
room.
Using the range of input data measured, the behaviour and sensitivity of the model
related to the random number generators, steady-state approximations, the combined
effect of slurry emission and pit ventilation rate, and puddle emission parameters were
reviewed.
Model calibration used measurements of room concentration, pit headspace
concentration, the difference between room and pit headspace concentration, and total
emission (as determined from the room and inlet concentrations and the room ventilation
rate) to compare to simulated results. The slurry emission/pit ventilation rate parameters
were first calibrated by testing various models of volatile fraction of ammonia. Second,
the simulated puddle emission was calibrated by testing various degrees of floor
contamination and potential urease activity levels. Measured and simulated averages for
the dependant variable were compared using the fractional bias (FB) and bias based on
the variance parameters (FS) as shown in Appendix A.
Validation of the model was performed using separate data-sets than those used in the
calibration process. The agreement between hourly data and three-day average values
was evaluated for all data, and based on diet treatment (Control vs. SBP). Measured and
simulated concentration values were compared and the accuracy associated with the
concentration simulations was assumed transferable to emission simulations based on the
dependency of the concentration calculations on the ventilation rate. Concentration
values were chosen as the tested variable because the measurement error associated with
the concentration measurements was considered less than the measurement error
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associated with both the concentration and ventilation rate measurements used to
determine the emission rate. The model performance was evaluated using all of the
suggested parameters in the Standard Guide for Statistical Evaluation of Indoor Air
Quality Models (ASTM, 2003), shown in Appendix A.
6.4 Results
6.4.1 Measurements

Data was collected during approximately 8 weeks of the 12-week grow-finish cycle
from both the Control and SBP room. Instrument malfunctions prevented collection of
ammonia concentration measurements during weeks 3 through 6 and ventilation rate
measurements during week 1 in the Control room.
6.4.1.1 Environmental conditions

The temperature data collected from the inlet, room, under the slatted floor and on the
slurry surface is shown in table 6.4. There was less than 1ºC difference between the
Control and SBP rooms at the inlet and room levels. The decreasing inlet temperature is
reflective of the seasonal change from September to November. The decreasing room
temperature over the trial is reflective of decreased set-point temperatures as the pigs
grew larger. The difference between rooms was up to 2.5ºC for the pit headspace and
slurry surface temperatures. The larger differences tended to occur towards the end of
the trial, and the Control room tended to have higher temperatures at all locations than the
SBP room.
The relative humidity and ventilation rate measurements were well matched between
rooms throughout the trial (table 6.5). The Stage 3 fan was not used in either room after
Week 1 because lower heat production by the small animals initially, followed by cooler
inlet air temperatures as the fall season progressed, negated the need for increased
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ventilation. The ventilation rates within both rooms fluctuated diurnally between
approximately 0.4 m3 s-1 and 1.5 m3 s-1 using only the Stage 1 and Stage 2 fans.
While there were differences between rooms for slurry and pit headspace
temperatures, the difference was generally less than 2ºC. The similar RH and ventilation
rate measurements also support the assumption that the rooms had similar airflow
patterns. The low temperature differences between room and slurry pit headspace
temperatures did not support studying the impact of a temperature difference for the pit
ventilation rate (variable x6 in eq. 6.53) based on measurements by Monteny and
Overbeek (1997) so further estimates of the pit ventilation rate were made by estimating
the value of x7 only. Estimation of x7 is discussed in more detail in the Model Calibration
section.
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Table 6.4. Weekly average temperature conditions at various locations within the Control and Treatment (SBP) rooms during
the grow-finish cycle.
Week
Inlet

1
2
3 to 6
7
8
9
10
11
12

Control
18.1 (7.7)
11.5 (7.0)

SBP
18.2 (7.8)
11.1 (7.3)

4.6
0.9
-1.0
3.2
0.6
2.3

4.0
0.1
-1.7
2.5
0.4
2.1

(5.7)
(4.2)
(6.1)
(5.2)
(4.5)
(5.7)

(5.9)
(4.1)
(5.9)
(5.1)
(4.5)
(5.8)

Average Temperature (Standard Deviation) (ºC)
Room
Pit Headspace
Control
SBP
Control
SBP
22.5 (3.3)
22.4 (4.0)
24.9 (2.0)
24.9 (2.4)
19.6 (2.0)
19.9 (2.0)
22.4 (1.4)
21.6 (1.3)
data not available
16.2 (1.6)
16.0 (1.6)
14.7 (1.2)
15.2 (1.3)
15.6 (1.0)
15.0 (1.4)
15.2 (1.0)
14.6 (1.1)
15.5 (0.6)
15.2 (0.5)
16.0 (1.7)
14.4 (0.7)
15.4 (1.6)
15.0 (1.5)
16.4 (1.5)
15.2 (1.2)
15.5 (1.0)
15.3 (1.0)
17.8 (1.5)
15.8 (1.1)
15.5 (1.8)
15.2 (1.7)
18.3 (2.4)
15.5 (1.7)

Slurry Surface
Control
SBP
21.5 (1.0)
21.7 (0.8)
20.0 (1.2)
19.5 (0.9)

15.2
15.1
15.3
15.5
16.1
16.0

(1.1)
(1.2)
(1.0)
(1.2)
(1.3)
(1.4)

14.2
13.8
13.8
14.1
14.5
14.0

(0.8)
(0.8)
(0.7)
(1.0)
(0.8)
(1.6)

Table 6.5. Weekly average relative humidity and ventilation rate conditions during the grow-finish cycle for Control and
Treatment (SBP) rooms.
Week

1
2
3 to 6
7
8
9
10
11
12

Relative Humidity
Ventilation Rate
(Standard Deviation)
(Standard Deviation)
(%)
(m3 s-1)
Control
SBP
Control
SBP
45 (10)
41 (14)
n/a
2.11 (1.07)
51 (7)
51 (7)
0.87 (0.53)
0.99 (0.44)
data not available
47 (7)
48 (7)
0.98 (0.43)
0.95 (0.43)
51 (4)
52 (4)
0.81 (0.37)
0.82 (0.37)
53 (3)
55 (3)
0.83 (0.42)
0.77 (0.41)
53 (4)
52 (5)
1.10 (0.38)
1.05 (0.39)
57 (3)
56 (3)
0.92 (0.39)
0.93 (0.37)
56 (4)
53 (4)
1.13 (0.41)
1.12 (0.39)
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6.4.1.2 Slurry conditions

Water intake and feed intake increased over the course of the grow-finish cycle.
Following the increase in feed and water intake, there was a corresponding increase in the
amount of slurry produced. Figure 6.3 shows the depth of the slurry throughout the trial,
as well as the instances where the slurry was drained from the room by pulling the plug in
the bottom of the slurry channel. When the slurry was drained, a 10-cm layer was left in
the bottom of the slurry channel to avoid drastic changes in the slurry properties.
Control Room

SBP Room

0.40

Depth of Slurry (m)

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
0

20

40

60

80

Elapsed Time (d)

Figure 6.3. Depth of slurry in the slurry pit based on time in the
Control and Treatment (SBP) rooms.

Table 6.6 shows the slurry properties measured during the trial based on diet
treatment. The SBP pulp diet resulted in a lower surface pHS, mixed pHS and TANS
towards the end of the trial, as was expected. The surface pHS measurements were
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initially higher than the mixed pHS measurement in both rooms, but in general, the results
do not support the suggestion of a higher surface pHS compared to the mixed slurry pHS
by Aarnink and Elzing (1998) and Ni et al. (2000c). Mean surface pHS measurements
were used in the model because they were taken in situ.
Table 6.6. Slurry characteristics based on the week of measurement for the Control
and Treatment (SBP) rooms.
Week

1
2
3 to 5
6
7
8
9
10
11
12

Mean Surface pHS
Mixed pHS
(Std Dev)
Control
SBP
Control SBP
data not available
6.8 (0.11)
6.7 (0.15)
6.3
6.5
data not available
7.0 (0.17)
6.3 (0.18)
6.9
6
6.9 (0.08)
6.3 (0.18)
7.1
6.7
7.1 (0.03)
6.7 (0.12)
7.2
7.2
6.9 (0.12)
6.8 (0.09)
7.6
6.8
7.1 (0.03)
6.6 (0.14)
7.4
7.2
7.0 (0.05)
6.8 (0.12)
7.2
7.2
7.1 (0.02)
6.8 (0.17)
7.5
7

TANS
(mol L-1)
Control SBP

0.18

0.24

0.33
0.36
0.39
0.45
0.42
0.48
0.51

0.29
0.33
0.34
0.32
0.38
0.40
0.43

6.4.1.3 Room cleanliness

Cleanliness of the solid floor areas in each of the pens was qualitatively described
throughout the trial by recording whether the pen required scraping as part of the daily
barn procedures. When a solid floor was "scraped", the manure on the solid floor surface
was manually removed and placed on the slatted floor so that the bulk of the manure fell
into the slurry channel below. Table 6.7 shows the change in solid floor cleanliness over
the course of the trial. The cleanliness of the slatted floor in each pen was not recorded.
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Table 6.7. Qualitative solid floor conditions based on the week of measurement for
the Control and Treatment (SBP) rooms.
Week

1
2
3
4
5
6
7
8
9
10
11
12

Description of Floor Condition
(Total of Six Pens Per Room)
Control
six pens dirty
six pens dirty
four pens dirty
six pens dirty
one pen dirty
all pens clean and dry
all pens clean and dry
two pens partially dirty
two pens partially dirty
three pens dirty
three pens dirty
three pens dirty

SBP
six pens dirty
five pens dirty
two pens dirty
four pens dirty
one pen dirty
all pens clean and dry
all pens clean and dry
all pens clean and dry
all pens clean and dry
all pens clean and dry
all pens clean and dry
all pens clean and dry

Initially all pens were dirty in the solid floor area. This is a common occurrence when
animals are moved into a room and dunging areas are being established. This initial
presence of fecal matter in all pens helps to establish the fact that urease could be present
on all surfaces from actual fecal material, as well as any fecal material transferred by
animal movement throughout the rest of the trial.
6.4.1.4 Ammonia concentration and emission measurements

The measured ammonia concentrations in the room and pit headspace areas for both
rooms are shown in figure 6.4. In general, the room and pit headspace concentrations in
the Control room are higher than the corresponding concentrations in the SBP room.
Also, the difference between the pit headspace concentration and room concentration
increases dramatically over the course of the cycle in the Control room, whereas the
difference is negligible in the SBP room, especially towards the end of the cycle. There
are instances where the room concentration is higher than the slurry pit headspace
concentration in the SBP room.
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Figure 6.4. Measured ammonia concentration levels at the exhaust
and in the pit headspace over the course of the cycle for the Control
and Treatment (SBP) rooms.

The total emission from each room, based on the measured concentration and
corresponding ventilation rates, is shown in figure 6.5. When expressed using a g NH3-N
d-1 AU-1 basis, the total emission rate is very high when the animals are smaller. In
general, the control room had a higher emission rate than the SBP room.
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Figure 6.5. Total ammonia emission rates over the course of the
cycle for the Control and Treatment (SBP) rooms.

6.4.2 Model Behaviour

Several operations and relationships within the model were studied in greater detail to
understand the implications on the model results before the model was calibrated.
6.4.2.1 Random number generators

During model testing the Poisson random number generator for NU and the random
number generator for the puddle distribution were removed in order to remove the
variability associated with them. When the Poisson random number generator was
removed NU was solely based on equation 6.7.
By removing the random number generator for puddle location, the urine puddles were
distributed by allotting a puddle to each location in order and restarting the distribution at
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the first location after the last location (NL) was reached. This fixed pattern resulted in
the maximum number of emitting locations on the floor and this resulted in a 25% larger
total puddle emission rate from the dirty pens compared to the average puddle emission
rate calculated from three simulations using a random distribution. The small proportion
of the slatted floor fouled in clean pens (as discovered in the Model Calibration Section)
resulted in a negligible impact of random verses fixed puddle location on the total puddle
emission. The total puddle emission rate simulations using a random puddle distribution
were considered a better representation of reality. Therefore, in order to use the fixed
puddle distribution pattern but still simulate the total puddle emission rate that the
random puddle distribution pattern predicted, the total puddle emission rate from the dirty
pens using a fixed puddle distribution was reduced by 25% in the ACES model.
6.4.2.2 Steady-state approximation

There was no indication in the concentration measurements suggesting that the impact
of time was significant on the concentration following a change in a variable such as
ventilation rate. Therefore, steady-state approximations of equations 6.3 and 6.4 were
made and helped to establish two important relationships. First, the total emission from a
room will be approximately equal to the sum of the total puddle emission and total slurry
emission (eq. 6.54). This relationship was the basis for the room models by Aarnink and
Elzing (1998) and Monteny et al. (1998). Second, the difference in concentration
between the room and pit headspace level will be approximately equal to the slurry
emission rate divided by the pit ventilation rate, hereafter described by the notation

Es Qh-1 (eq. 6.55).
E S + E P ,T = QR ⋅ 1000 ⋅ (C R − C A ) = E R

(6.54)
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Es
= 1000 ⋅ (C H − C R )
QH

(6.55)

With measurements of CR, CH, CA and QR it is possible to calculate ER and estimate the
average Es Qh-1. With an estimate of QH, slurry emission can be approximated from
equation 6.55, and then total puddle emission can also be approximated from equation
6.54. The ability to separate the slurry emission or puddle emission from the total
measured room emission allows the slurry emission simulations and total puddle
emission simulations to be calibrated separately.
6.4.2.3 Slurry emission and pit ventilation rate

Following the steady-state relationship shown in equation 6.55, the ratio of slurry
emission to pit ventilation rate is estimated from the difference in pit and room
concentration. Slurry emission can be estimated using developed equations as shown in
the model development but the estimate will affect the simulated pit ventilation rate and
vice versa. The following data from one of the calibration data-sets were used to
illustrate the relationship between slurry emission and pit ventilation rate:

•

the solid floor areas of all six pens were clean;

•

the average measured total emission rate was 0.00013 mol s-1;

•

the average measured value of Es Qh-1 was 0.000195 mol m-3; and

•

the average room ventilation rate was 0.94 m3 s-1.

The slurry emission was set at values ranging from 0 to 100% of the total emission rate
and then divided by the average measured value of Es Qh-1 to estimate QH.
Figure 6.6 shows that as the pit ventilation rate decreases, there is a corresponding
decrease in slurry emission. As slurry emission decreases as well, slurry emission
represents a lower proportion of the total emission.
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Figure 6.6. An example of the relationship between slurry emission
and pit ventilation rate for the given room emission (ER), slurry
emission to pit ventilation rate ratio (Es Qh-1) and room ventilation
rate (QR).

While the pit ventilation rate is not a well-understood variable, the pit ventilation rate
should be a small fraction (<25%) of the room ventilation rate (Yu et al., 1991; Monteny
and Overbeek, 1997). In the example shown in figure 6.6, the slurry emission will be less
than 40% of the total emission for a pit ventilation rate that is 25% of the room
ventilation rate. If, however, the slurry emission was estimated as a larger proportion of
the total emission, such as 70% (Aarnink and Elzing, 1998), the pit ventilation rate would
need to be approximately 50% of the room ventilation rate in order to maintain the same
ratio of Es Qh-1.
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6.4.2.4 Puddle emission factors

The chemical and physical characteristics of every individual urine puddle on the solid
and slatted floor areas were not measured during the experiment but there are estimates
for the various factors associated with the emission process. For many of these factors
there are either measured data or data from the literature to support a range of possible
values, and the impact of these variables over the possible range was tested through a
series of simulations. There is only limited data for puddle area, puddle depth and air
velocity over the floor surface so these factors were not tested here. The impact of the
other puddle emission factors was determined by setting mean values for initial urea
concentration (0.4 mol L-1), urine volume per pig per day (4 L pig-1 d-1), potential urease
activity (5 g NH3 m-2 h-1) and fouling of the solid and slatted floors (20%) and performing
a series of simulations, varying one factor at a time over the expected range of that
variable for each simulation.
Figure 6.7 shows the effect of changing initial urea concentration and the total volume
of urine over the expected or measured range of input values is small compared to the
effect of urease activity or fouled floor factor. Also, figure 6.7 shows that as potential
urease activity and fouled floor factors increase the puddle emission rate begins to level
off. This indicates that this factor is becoming non-limiting to the puddle emission
process by either ensuring either the majority of urea in a puddle is converted in the case
of increasing Sm' values, or that each puddle is allowed enough time to emit the bulk of
the ammonia produced within that puddle in the case increasing rslat/rsolid values.
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Figure 6.7. The impact of initial urea concentration (U0), total
volume of urine produced per pig per day (VU), potential urease
activity (Sm') and the fouling factors for the slatted (rslat) and solid
floors (rsolid) on the total puddle emission rate from the slatted and
solid floor areas. (* indicates the mean value)
6.4.3 Model Calibration
6.4.3.1 Modelling the slurry emission/pit ventilation rate

As explained in the Model Development Section, there are four proposed equations to
calculate the volatile fraction of TAN in the slurry. Figure 6.8 shows the simulated fSvalues for the calibration sub-sets using the mean surface pH measurements. A
projection of fS-values at pHS levels above 7.5 is also shown to illustrate the possible
connection between fS1 to fS3 with fS4. The projected values for using the fS4 equation
assume a TANS concentration of 0.5 mol L-1.
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Figure 6.8. Fraction values for the calibration data-sets (pHS<7.5)
and projected values (pHS>7.5) based on slurry pH using the four
proposed fS-equations.

There is a significant difference in fS-values calculated using fS4 compared to values
calculated using fS1 to fS3. As shown in the Model Behaviour section, a lower simulated
slurry emission necessitates a lower pit ventilation rate, and also results in a lower
proportion of the total emission emanating from the slurry. The average slurry emission
for each of the ten calibration data-sets was calculated four times incorporating a
different fS-equation each time. The slurry emission rates were then divided by a range of
pit ventilation rates from 0.01 to 0.55 times the average measured room ventilation rate.
The range of simulated Es Qh-1 ratios for one fS-equation was compared to the measured
average Es Qh-1 for each data-set and the pit ventilation rate that resulted in the lowest
overall fractional bias for all datasets was chosen and the process was repeated with the
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simulated ratios using the other fS-equations. Table 6.8 shows the best-fit pit ventilation
rate and the resulting slurry emission rate expressed as a proportion of the total emission
rate.
Table 6.8. The impact of using the four proposed fS-equations on the range of
calculated fS-values, the estimation of the pit ventilation rate (QH) and the slurry
emission rate (ES).
Method of fS determination

Range of calculated
fS-values

fS1; 0.2*Ka
fS2; Ka
fS3; 2.5*Ka
fS4; Linear regression eqn

0.000124 - 0.000612
0.00062 - 0.003055
0.00155 - 0.00760
0.0517 - 0.0634

Estimated QH
(expressed as
a % of QR)
<1
1
4
55

Mean Es (Range)
(expressed as a % of ER)

-1
1
4
82

(-3 to -1)
(-1 to 3)
(1 to 14)
(30 to 193)

It appears that using fS1 and fS2 underestimates slurry emission. Using fS3 results in
slightly higher slurry emission levels and, based on these levels, the pit ventilation rate
should be approximately 4% of the room ventilation rate. Using fS4, the slurry emission
accounts for anywhere from 30% to over 100% of the total emission from the room. It
does seem likely that for conditions where the solid floor of every pen is clean, the
majority of the emission would be coming from the slurry channel; however, for this to
occur, the pit ventilation rate would need to be approximately 55% of the room
ventilation rate. The equation for fS4 was developed in Chapter 5 for concentrated slurry
samples with pH levels between 7.7 and 9.2. The considerably different slurry properties
between the samples tested in Chapter 5 and the room slurry conditions may explain why
equation 6.40 is not applicable in the ACES model.
The actual pit ventilation rate and slurry emission rate may be in between Models 3
and 4. The measurements from this experiment do not facilitate a more accurate
approximation of either a factor for Ka or a new equation for fS. However, there is an
indication from the Es Qh-1 measurements that slurry emission can be negative and this
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would result from a low fS-value. Within the ACES model, the volatile fraction of TAN
in the slurry was estimated using fS3 and the pit ventilation rate was estimated using
equation 6.53 with the coefficients x6 and x7 set at 0 and 0.04, respectively.
6.4.3.2 Modelling the emission rate from the floor surface

Based on the analysis in the Model Behaviour section, the ACES model is sensitive to
changes in input values for floor cleanliness and urease activity when calculating total
puddle emission. Using the average measurement of ER, Es Qh-1 and QR for each data set,
and the estimate of QH (=0.04·QR), the average puddle emission rate was calculated by
the difference between total emission rate and slurry emission rate. The average
simulated puddle emission rates from the various tests run were compared to the
estimated total puddle emission rates using the FB evaluation parameter. Room
concentration simulations and measurements were also compared. The FB value shows
the relative difference between the simulated and measured average puddle emission
rates, compared to the measured emission rate.
Floor cleanliness (table 6.7) was only assessed based on the amount of solid floor
fouled so it was first necessary to approximate the percentage of slatted floor that was
fouled in the pens with no solid-floor fouling. During collection of the five of the
calibration data-sets (1 data-set from the Control room and 4 data-sets from the SBP
room) between weeks 6 and 10 there was no reported fouling of the solid floor in any of
the pens. Potential urease activity was left at a constant level of 5 g NH3 m-2 h-1 and
values of rslat between 10% and 40% were applied to all five data-sets. The minimum
average difference between the average simulated puddle emission to the measured
puddle emission occurred when the rslat value was 29% (figure 6.9). The puddle emission
has a large impact on the level and variation of the room concentration so the average FB
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and FS values for simulated and measured average room concentration values were also
compared for different rslat values. The FS value shows the relative difference between
the simulated and measured puddle emission rate variations, compared to the variation of
the measured emission rate. When the rslat value approached 30% the level and variation
in room concentration were over-predicted. The results in figure 6.9 suggest an rslat value
of 25% will slightly under-predict puddle emission and room concentration but this effect
will be compensated by a better simulation of the variability in room concentration. An

rslat value of 25% is reasonable based on research that animals are more likely to urinate
along walls and pen partitions (Baxter, 1982).
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FS of Room Concentration
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Figure 6.9. The fractional bias (FB) between average simulated
and measured puddle emission and room concentration, and bias
based on the variance (FS) in simulated and measured room
concentration based on varying levels of fouled slatted floor area
(rslat).

196

50

The remaining five calibration data-sets were collected during weeks 1, 2, 11 and 12
when there was fouling on the solid floor for at least three of the pens. Similar to the test
for the rslat value with clean pens, the rsolid and rslat values for the dirty pens were changed
simultaneously in 10% intervals from 10% to 60%. In this comparison the results
showed that for data-sets collected near the beginning of the cycle, a smaller rslat/rsolid
value was required compared to datasets from later in the cycle in order to minimize the
error between measured and simulated puddle emission. Logbook descriptions of the pen
cleanliness did not support a lower value for fouled area near the start of the trial.
A second test was used that involved setting the rslat/rsolid values at 50% for the dirty
pens and testing various urease activity levels for each data-set (figure 6.10). For the first
data-set shown in figure 6.10, a potential urease activity of 0.00012 mol U m L-1 s-1 in the
ACES model shows great improvement in simulating the puddle emission compared to
the mean input level. Similarly, smaller but increasing potential urease activity levels for
the second and third data-set also help improve the model simulations. These small and
increasing urease activity levels agree with the measurements by Braam et al. (1997a)
who measured linearly increasing Sm' levels over the first 15 days of fouling from 1.6E-7
to between 2.5E-05 and 4.1E-05 mol U m-2 s-1.
As a result of this calibration process for the floor emission rate the rslat value for
slatted floor surfaces in clean pens was set at 25%. When pens became dirtier, the
suggested input values for rslat and rsolid values are both 50%. As the solid floor
cleanliness increased from clean to dirty, the input values for rslat and rsolid should increase
simultaneously from 25% to 50%. In the first two weeks of the cycle, the input potential
urease activity should also linearly increase from 0 to 5 g NH3 m-2 h-1.
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Figure 6.10. The fractional bias (FB) between simulated and
measured puddle emission for five data-sets using increasing levels
of potential urease activity (Sm', g NH3 m-2 h-1) in the puddle
emission simulations.

6.4.4 Model Validation

The calibrated model was used to simulate the ammonia concentration and emission
levels for the twenty validation data-sets and these results were compared to measured
results. General model behaviour was evaluated using the ASTM standard, with
emphasis on the FB and FS values. Table 6.9 shows all evaluation parameters.
The average measured and simulated room concentrations were 6.0 and 5.9 ppm,
respectively. The regression line parameters (a and b) show that over the range of
concentration variables the average simulated variable was close to the measured level.
The R-value is lower than the suggested limit of 0.9 (ASTM, 2003) because there was
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increased variation between the measured and simulated values at higher concentration
levels and the variation was mainly from over-predictions in the room concentration for
data from the SBP room. The average simulated pit headspace concentration was 1.2
ppm higher than the measured concentration. Again, the evaluation parameters R and a
were outside of the suggested limits because of over-predicted values for the SBP room.
Comparison of the three-day average measured and simulated values for room
concentration and pit headspace concentration show that, similar to the overall data
evaluation, the model was more accurate in simulating the conditions inside the Control
room compared to the SBP room. The regression intercepts for overall and room-based
comparisons of the average data were generally higher than 25% of the measured mean
(ASTM, 2003) resulting from over-predictions of measured values at low levels.
The NMSE values provide estimates of how well each simulated concentration value
compared to the corresponding measured value. For hourly data this provides a measure
of how well the model simulated the dynamics of the concentration values over time. For
the room concentration data the ACES model accuracy was ± 2.2 ppm for hourly
simulations, and ± 1.6 ppm for 3-day averages. For the pit headspace concentration, the
ACES model accuracy was ± 4.3 ppm and ± 2.9 ppm for hourly and 3-day average
simulations, respectively.
The FB parameter expresses the difference in averages on a percent basis, making a
nominal difference much higher on a percent difference basis at lower levels. The ACES
model tended to over-predict concentration values less than 5 ppm. As shown in figure
6.11, 25 out of 40 of the three-day average simulated concentration values were within ±2
ppm of the measured averages.
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Table 6.9. ACES model evaluation for hourly and 3-day average simulated values compared to corresponding measured
values, for room concentration, pit headspace concentration and ES QH-1 ratio. Bolded values are within the suggested
evaluation limits. (n = number of measured value and simulated value data pairs)
Evaluation Parameter

Parameter Values for Hourly Data
Control
SBP
Overall
(n=472)
(n=590)
(nZ=1061)

Parameter Values for 3-Day Average Data
Overall
Control
SBP
(n=20)
(n=9)
(n=11)

Room Concentration
Mean (Measured; ppm)
Mean (Simulated; ppm)
R
b
a
NMSE
FB
FS

6.0
5.9
0.83
0.83
0.96
0.14
-0.01
0.01

8.7
8.2
0.82
0.97
-0.23
0.07
-0.06
0.32

3.8
4.2
0.65
0.65
1.66
0.29
0.08
<0.01

5.9
6.0
0.88
0.75
1.57
0.07
0.02
-0.32

8.5
7.9
0.91
0.96
-0.17
0.02
-0.07
0.09

3.7
4.3
0.58
0.48
2.55
0.19
0.15
-0.38

Pit Headspace Concentration
Mean (Measured; ppm)
Mean (Simulated; ppm)
R
b
a
NMSE
FB
FS

11.3
12.5
0.87
0.75
4.02
0.13
0.10
-0.29

18.8
18.6
0.68
0.67
6.04
0.07
-0.01
-0.05

5.3
7.7
0.69
0.64
4.32
0.30
0.37
-0.15

11.1
12.3
0.93
0.79
3.53
0.06
0.11
-0.32

18.1
18.1
0.78
0.71
5.31
0.03
<-0.01
-0.22

5.3
7.6
0.74
0.80
3.36
0.21
0.35
0.17

0.00021
0.00026
0.79
0.67
0.00011
0.30
0.20
-0.32

0.00039
0.00041
0.47
0.30
0.00029
0.11
0.05
-0.84

0.00007
0.00013
-0.03
-0.04
0.00014
1.74
0.68
0.88

ES QH-1
Mean (Measured; mol m-3)
Mean (Simulated; mol m-3)
R
b
a
NMSE
FB
FS
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Figure 6.11. Comparison of the three-day average simulated room
and pit headspace ammonia concentration levels compared to the
corresponding measured average.

Figure 6.12 shows there was increased variation in the measured and simulated
concentration levels with an increased amount of fouling of the solid floor and this
variability lowered the calculated R-value. The regression line parameters (b and a)
indicate that even with the increased variability at higher concentration levels the average
simulated values were still close to the average measured values. On an hourly basis, the
simulations are better when there are clean floors compared to dirty floors.
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(b)
Figure 6.12. Measured and simulated room and pit concentration
values over three days during conditions with clean solid floors (a)
and dirty solid floors in two of the six pens (b).
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The slurry emission calculation was exponentially related to pHS and therefore, similar
to previous models that also used an exponential relationship for fS with pHS, the slurry
emission is very sensitive to variability in pHS. The surface pHS measurements often
differed by as much as 0.4 units across the width of the slurry channel. As shown in
figure 6.13, if the input value for surface pHS in the model was ± 0.2 units, the range of
values would account for most Es Qh-1 measurements except for the very low ones.
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Figure 6.13. Average measured Es Qh-1 values for the validation
data-sets, and the corresponding simulated average using the input
slurry surface pH ± 0.2 units.

Based on the average simulated values of slurry emission, total puddle emission and
total room emission for the twenty validation data-sets, the total puddle emission
accounted for 95% of the total room emission. For simulated situations when the solid
floor area of the pens were clean (based on observations), the floor emission originated
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from urine puddles on the slatted floor. For data-sets based on the Control room
conditions, total puddle emission was 94% of the total room emission with a range of
92% to 96%. For the SBP room simulations, the average was 95% with a range of 82%
near the beginning of the trial when lower urease activity values were used in the
simulations to 100% when the slurry pH was low.
6.5 Discussion
6.5.1 Model Development

The ACES model is a series of over 50 equations combined to simulate four variables:
room concentration, pit headspace concentration, room emission rate and slurry emission
rate. Many of these equations are incorporated in sub-models that have been tested
independently of the data used in the overall model calibration. The use of sub-models
facilitates further development of individual parts of the model.
The developed urination frequency and location sub-model is an attempt to model
behaviour and the randomness associated with it. While animal behaviour patterns are
often recognizable there will always be some variability. As shown in figure 6.12, as
urination location becomes more random, room concentration levels also become less
predictable.
The computation time for the ACES program is minimal and additional programming
with Visual Basic can perform a number of simulations within a period of about one
minute. This short calculation time allows extensive model testing in a short time period
and demonstrates the time-savings that models can provide.
6.5.2 Measurements

Monteny et al. (1998) suggested frequent measurement of time-dependent variables in
order to improve short-term simulations. Ventilation, temperature and humidity
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measurements were collected every 15 min for this experiment. This frequency captured
the changes in ventilation rate that are significant in the room concentration simulations.
In the companion study by Payeur (2003), the SBP treatment significantly reduced
ammonia emissions by 42% compared to a control diet based on measurements through
three cycles of grower-finisher swine. In this study, the slurry emission was lower in the
SBP room compared to the Control room. The lower TANS and pHS measurements in the
SBP room slurry support the expected impact of the low protein sugar-beet pulp diet used
in the SBP room. If the assumption of the lower initial urea concentration in the swine
urine for the SBP room was exhibited in this study as it was in Smith et al. (2004), then
the puddle emission rate would be impacted by diet as well. Based on figure 6.7 it
appears the amount of fouled floor had a larger impact on the total puddle emission than
the initial urea concentration for this study.
The difference between room and pit headspace concentration was an important
relationship derived from the measurements in this study. This parameter can be
incorporated in future studies for similar barn designs with no exhaust fans in the slurry
channel. This parameter makes it possible to compare slurry emission rates between
rooms that have similar airflow patterns and hypothetically similar pit ventilation rates.
There was a 10-min time lag between the concentration measurements for the room and
pit headspace so instantaneous differences were not possible; therefore, in this study, only
the 3-day average measured difference was used in comparisons. Simultaneous
measurements in both areas could help relate pit ventilation rate to other environmental
variables.
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6.5.3 Slurry Emission

The slurry pH levels were low compared to reported pHS levels in many other studies
and the surface pHS measurements were lower than the mixed slurry measurements in
many instances as shown in table 6.6. In some cases, the surface pHS varied by as much
as 0.4 points across the length of the slurry channel. Only one composite sample was
analyzed for TANS and mixed pHS so the variation in these two measurements over the
length of the pen is not clear.
In this study the slurry emission rate was less than 5% of the total emission rate for the
room. The low level of slurry emission was linked to the slurry properties by the fSequation used. Aarnink and Elzing (1998) estimated 70% of the total emission was from
the slurry channel based on their model. Again, the input slurry pH used in the
simulations by Aarnink and Elzing (1998) was 7.5, which, when used in the ACES model
would also estimate a much higher slurry emission (fig. 6.8). As stated in the Model
Calibration section, it is possible that a Ka factor greater than 2.5 or a simplified fSequation similar to that developed in Chapter 5 for concentrated slurry samples may be
more appropriate. Further development of the slurry fraction calculation is needed at a
wider range of pHS levels under more carefully controlled conditions than those that can
be achieved in a full-scale barn.
6.5.4 Pit Ventilation Rate

In this study the low calculated slurry emission resulted in a low estimated pit
ventilation rate. Expressing the pit ventilation rate as 4% of the room ventilation rate is
low compared to Monteny and Overbeek (1997) where QH was approximately 25% of

QR. However, when the pit ventilation rate is expressed on an airchange per hour basis
the ratio of pit ventilation rate to room ventilation rate is 0.86 for the results from
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Monteny and Overbeek (1997) and 0.76 for the results from this study. The maximum
pit to room ventilation rate ratio (on an air change per hour basis) reported by Yu et al.
(1991) was 0.21.
Development of a method to measure pit ventilation rate for various barn
configurations and airflow patterns will help to further the application of this model, as
well as the measurement of slurry emission separate from floor emission.
6.5.5 Puddle Emission

Puddle emission accounted for over 95% of the total emission in this study. In the
model calculations, the fouled floor area and potential urease activity of the floor surface
were the most important input factors contributing to the total puddle emission. It is also
important to note that the model predicted the total floor emissions to come from urine
puddles remaining on the top of the slatted floor surface in the pens when the solid floor
portion of the pens was observed "clean".
In the ACES model the r-value impacts the puddle emission process by determining
the number of possible urination locations, which is also based on the estimated puddle
area, and therefore the rate that a new puddle replaces an old puddle rendering the old
puddle non-existent. Incorporating the evaporation rate also affects the life-cycle of a
urine puddle. The model by Aarnink and Elzing (1998) set a limit of 11 h for a puddle to
continue emitting ammonia. In the ACES model, a typical urine puddle lasted less than 3
h.
The ACES model uses potential urease activity levels suggested in the literature. The
sensitivity analysis of the puddle emission rate to urease activity showed that the levels
used in the model were low enough that changes to the urease activity significantly
impacted the puddle emission rate. Urease activity does become a non-limiting factor to
207

the puddle emission at high enough levels. This non-limiting level is for floor surfaces in
swine barns has not been directly tested.
Mechanistic models such as the ACES model consider only the breakdown of urea. In
the future, it may be a better option to measure the wetted floor area in a pen and treat the
wetted area as one puddle for two reasons. First, the growth or change in composition of
one puddle would be easier to measure and model provided the chemical and physical
composition of the puddle is relatively consistent throughout the puddle. Second, if in
the future wetted fecal material is deemed an important source of ammonia emissions,
total wetted floor area would incorporate this emission site as well.
6.5.6 Model Accuracy

The ACES model was tested using data collected over a 12-week period in two
different rooms. The validation data sets were separate from those used in the calibration
process and there were more validation data sets than calibration data sets. This type of
extreme or cross-validation (Ni et al., 2000c) helps to enhance the results of the
validation by showing a greater range of applicability. However, this type of validation is
more likely to have less accurate simulations than simulations using the same input data
for calibration and validation.
The slurry emission, room concentration and pit headspace concentration are linked.
Errors in the calculation of one variable can compound in the calculation of another
variables. For example, the simulated room concentration provides the background
ammonia concentration level in the slurry pit headspace, similar to the ambient
concentration (CA) providing the background concentration to CR. A high room
concentration can result in a higher slurry pit headspace concentration and thus also
diminish the slurry emission rate by lowering the concentration gradient within the
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convective mass transfer equation. By estimating the slurry emission and puddle
emission rates separately during the model calibration process, this compounding effect
was lessened, but not removed.
The ACES model simulated the average room and headspace concentration levels to
within 0.1 and 1.3 ppm, respectively. The model tended to over-predict the low
concentration levels measured in the SBP room. At the higher concentration levels in the
room and pit headspace of the Control room the model was more accurate. The average
difference between measured and simulated room concentration levels was within ± 2
ppm for 15 of the 20 data-sets, and within ± 5 ppm for all the data sets. The simulated pit
headspace concentration was dependent on the accuracy of the room concentration and
slurry emission simulation so the accuracy was lower but the simulations were still within
± 5 ppm for all but 3 data-sets. The errors between measured and simulated slurry
emission values could be attributed to small variation in the slurry surface pH
measurement for most cases.
Using multiple evaluation parameters to evaluate the model performance helped to
uncover where the model was performing well and where improvements could be made.
Overall, the model simulated the desired variables well for this room design and
production practices. Further testing with different barn designs or production practices
such as different manure removal strategies will help to validate the applicability of the
model to more barns.
6.6 Summary

The ACES model was designed to simulate ammonia concentration within and
ammonia emission from swine barns on an hourly basis. As well, the model was
designed to simulate the ammonia concentration in the slurry channel headspace. This
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mechanistic model incorporates sub-models that are also mechanistic in nature to
describe the processes and factors that contribute to ammonia production within a barn.
The sub-models are the Urination Frequency and Location Sub-Model, the Urine Puddle
Emission Sub-Model and the Slurry Emission Sub-Model. The mechanistic nature of the
model identifies the source and mechanisms for ammonia production that in the future
can be used to identify potential ammonia reduction methods.
The ACES model was tested using extensive data from two rooms collected over one
grow-finish cycle. The two rooms were identical in design, and similar in environmental
control and production practices such as manure removal. The two rooms were fed diets
differing in crude protein and sugar-beet pulp content. The differences between pit
headspace and room concentration and in slurry properties point to differences in slurry
emission based on diet.
Four different models for simulating the volatile fraction of TAN were tested. The
model chosen assumes that the acid dissociation constant for ammonia in slurry at pH
levels less than 7.5 is 2.5 times the acid dissociation constant for ammonium in water.
Using this model, the pit ventilation rate was 4% of the room ventilation rate and over
95% of the total emission from each room was produced by urine puddles on the floor.
The model was validated using separate data from that used in the calibration process
and several parameters were used to evaluate the model performance. Overall, the model
simulated the average room and pit concentration levels to within 1% and 10% of average
measured concentration values, respectively. The average nominal difference between
room concentration measurements and simulations was less than 2 ppm for the majority
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of data-sets tested and within 5 ppm when comparing measured and simulated slurry pit
headspace concentrations.
The ACES model was able to accurately simulate a variety of conditions making it an
important tool in future simulations of ammonia production in swine buildings.
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CHAPTER 7
EVALUATING THE IMPACT OF FACTORS ON THE AMMONIA EMISSION RATE
FROM SWINE BARNS

Synopsis

The ammonia concentration and emission simulation model that was developed in
Chapter 6 is a valuable tool for evaluating the ammonia production within barns under
various conditions. In this chapter, a series of simulations were performed to see the
model predictions of how the ammonia emission rate would change for variation in some
of the input variables. Three scenarios outlining possible ammonia reduction techniques
are described and tested.
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7.1 Introduction

Reviews of ammonia emission rates from confined swine operations by Groot
Koerkamp et al. (1998) and Arogo et al. (2003a) demonstrate that there is high variability
in ammonia production levels depending on animal size and type, barn design, manure
storage and management and climate. Groot Koerkamp et al. (1998) showed that the
average ammonia concentration within the various swine barns tested ranged from 4 to 18
ppm, with the maximum reported ammonia concentration level reaching 60 ppm. Lim et
al. (2004) found ammonia concentrations varied between 5 and 17 ppm for similar rooms
with different manure removal strategies. These emission and concentration levels show
that ammonia is a prevalent gas within and around most swine barns and that there are
many factors related to the variation, thus making it difficult to identify and test methods
to reduce production rates.
Within swine barns the two main sources of ammonia are the urine puddles on the
floor and stored slurry within the room. For both sources, ammonia production is a
function of the amount of ammonia within each type of solution, and the rate of
convective mass transfer from each solution to the air. It is possible to measure ammonia
emission from individual sources in smaller-scale studies or the cumulative emission
from both sources in a room situation, but it is difficult to measure the contribution of
each site to the total ammonia produced within a swine barn. This makes it difficult to
understand the contribution of source-specific factors on production rates. Considering
all the factors involved in emission from urine puddles and slurry, the number of potential
emission sites, and the interactions between all sites, mathematical models provide a time
and cost-effective method to understand the various ammonia production methods, to
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develop reduction methods based on the understood principles or processes, and quantify
the potential impact of ammonia reduction techniques or technologies.
The objectives of this study are: (1) to run a series of simulations using the Ammonia
Concentration and Emission Simulation (ACES) model developed in Chapter 6 with
varying input factors and evaluate the impact of those factors on the ammonia emission
rate; and (2) to demonstrate how the ACES model can be applied to test combinations of
factors by simulating three theoretical ammonia reduction techniques on the indoor and
surrounding environment.
7.2 Calculation Procedure

The evaluation of factors related to ammonia production and the potential impact of
various reduction techniques depends on the model used and the mean values used in the
simulations. The following section provides a brief description of the model used, a
description of the simulated conditions, and the procedure used to run and analyze
various simulations.
7.2.1 ACES Model

The effect of various factors on the ammonia production and emission process was
evaluated using the ACES Model that was developed, calibrated and validated in Chapter
6. The ACES model is applicable to mechanically-ventilated grower-finisher barns with
partially slatted floors. A summary of the model as it was used in the following analyses
and testing is shown here while a more detailed explanation for various components was
demonstrated in preceding chapters.
There are two main aspects of the ACES model that differentiates this model from
previous room models. First, in the ACES model the room and slurry pit headspace are
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considered two separate control volumes linked by the air exchange rate through the
slatted floor (QR) (fig. 7.1).

QR
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CA •
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QH

CH •
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Puddle

Control
Volume B
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Solid
Floor

Figure 7.1. Cross-sectional view of a partially-slatted floor room in
a swine barn, with bold arrows representing ammonia addition and
removal sites to the ammonia contained within Control Volume A
(Room airspace) and Control Volume B (Slurry Pit Headspace).

The basis of the model is the solution of equations 7.1 and 7.2 to determine the room and
slurry channel headspace concentration, respectively, and using the resulting room
concentration and ventilation rate to calculate the room emission rate (eq. 7.3).

E P ,T
dC R QR ⋅ (C A − C R ) QH ⋅ (C H − C R )
=
+
+
dt
VR
VR
VR ⋅ 1000

(7.1)

ES
dC H QH ⋅ (C R − C H )
=
+
dt
VH
VH ⋅ 1000

(7.2)

E R = QR ⋅ 1000 ⋅ (C R − C A )

(7.3)

The total emission rate from the floor surface is the sum of emissions from all existing
urine puddles on the solid and slatted floor surfaces. Within equations 7.1 to 7.3 the
emission rate values require units of mol s-1. Emission rates can also be expressed in
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units of g NH3-N d-1 AU-1 with some unit conversion (1 mol NH3 = 14 g NH3-N; 1 AU =
500 kg live animal mass).
The second unique aspect of the ACES model is that in determining the emission rate
from individual urine puddles (EP) and the slurry (ES), the ammonia concentration of the
surrounding air for each emission site is included in the convective mass transfer
calculations. Previous models, with the exception of Ni et al. (2000c), have neglected the
bulk air concentration in the concentration gradient. The full explanation of how EP, EP,T
and ES are calculated is explained in detail in Chapter 6.
Aside from the bulk air concentration for each site, the input factors affecting the
ammonia emission rate for individual urine puddles, the total floor surface and the slurry
are described in table 7.1. In the ACES model calculation of ammonia emission from
individual urine puddles, the simultaneous processes of evaporation, urea degradation,
changing puddle pH and convective mass transfer are considered. The floor surface
emission rate is a function of the number of puddles on the floor at a given time and the
current state of each puddle. The slurry emission rate is the rate of convective mass
transfer of ammonia at the slurry surface to the surrounding air. The ACES model is not
designed to simulate ammonia generation within the slurry, thus the surface conditions
(total ammoniacal nitrogen concentration (TANS) and pHS) are input values to the model
in order to determine the emission rate.
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Table 7.1. The input factors that directly impact the ammonia emission rate
calculations for different production sites in a swine barn.
Input factors affecting the ammonia emission rate calculation
Individual urine puddle
Floor surface emission rate
Slurry emission rate
emission rate
• Puddle surface area
• Fouled floor area
• Slatted floor area
• Air velocity over the
• Slatted/Solid floor area
→ Slurry surface area
puddle surface
• Puddle surface area
• Air velocity over the
• Room air temperature
slurry surface
• Initial urea
• Slurry/pit headspace
temperature
concentration
• Urease activity of the
• Total ammoniacal
floor surface
nitrogen (TANS)
concentration
• Puddle depth
• Slurry surface pH
→ Puddle volume
→ Urease activity
• Relative humidity

Within the ACES model, several input factors were calculated based on relationships
found in the literature. For example, the air velocity over the floor surface and over the
slurry channel were linked to the room ventilation rate, and the puddle area on the slatted
and solid floor surfaces were correlated to the animal weight and puddle volume,
respectively. For the following analysis, these input variables were set to constant levels
so that they could be studied independently from other variables. Under normal
operating conditions, a lower relative humidity level is expected in summer compared to
winter because of the difference in the ventilation rate, but relative humidity was also set
to constant levels so the effect of this variable could be studied.
The ACES model is able to incorporate random number generators to increase the
variation in the predicted number and location of urinations. During the following
analysis, the number of urinations was based solely on the urination frequency equation
described in Cortus et al. (2005) and location of urine puddles was distributed in a fixed
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pattern. For test scenarios, the random number generators as described in Chapter 6 were
used for simulation of the number and location of urinations.
7.2.2 Common Test Conditions

All simulations are based on the following facility description:

•
•
•
•
•
•
•

One room in a grower-finisher swine facility
Twelve pens per room
o Pen dimensions: 4.2 m by 2.0 m
o Variable percentage of slatted floor area per pen
Slurry storage under the slatted floor area of each pen
o Slurry pit depth: 1.0 m
o Slurry depth: 0.3 m
Twelve 50-kg pigs per pen
All-in all-out operation
Mechanical ventilation with variable levels of ventilation
The facility is located in Western Canada

It was assumed that all incoming air entered the room through planned openings and had
a negligible ammonia concentration (CA = 0 mol L-1).
For an all-in all-out system, the minimum ventilation requirement for 60-kg pigs is 1.8
L s-1 pig-1 and summer ventilation requirement is 54 L s-1 pig-1 (Zhang, 1994). These
ventilation levels were used to create winter and summer test conditions. It is recognized
that temperature, relative humidity and airflow conditions in swine barns are also
different between seasons, but these variables were left constant between seasons so that
the impact of each could be studied separately. The mean values for the remaining input
variables are shown in table 7.2. It was assumed that the solid floor area in all pens was
clean, and 25% of the slatted floor area was fouled. The mean average air velocity over
the floor surface, air velocity over the slurry surface, puddle area on the solid/slatted floor
puddle depth on the solid/slatted floor are based on average calculated values using the
prediction calculations shown in Chapter 6.
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Table 7.2. Mean input values used in simulations with the ACES Model
Factor
Units
Mean Input
Value
Room temperature
ºC
16
Air velocity over the floor surface
m s-1
0.6
0.06
Puddle area on the slatted floor
m2
Puddle depth on the slatted floor
m
0.0016
0.15
Puddle area on the solid floor*
m2
Puddle depth on the solid floor*
m
0.0006
Relative humidity
%
50
0.3
Initial urea concentration
mol L-1
5
Urease activity of the floor surface
g NH3 m-2 h-1
Fouled slatted floor area
%
25
Fouled solid floor area
%
0
Slurry/pit headspace temperature
ºC
16
0.1
Air velocity over the slurry surface
m s-1
7
Slurry surface pH
mol L-1
0.3
Slurry TAN
Slatted floor area (in relation to total pen area)
%
30
* Mean input variables only used as the solid floor area becomes fouled.
7.2.3 Reduction Techniques

Using the ACES model, three scenarios were evaluated for their potential
effectiveness at reducing the ammonia concentration at the worker (room) level and the
total ammonia emission rate. The mean input values shown in Table 7.2 were used with
the exception of the factors shown for each scenario.
The scenarios tested here were based on estimated input values and the input factors
should not be considered applicable for every barn; further testing and analysis to what is
shown here is recommended before incorporating any ammonia reduction technique or
technology.
7.2.3.1 Scenario 1: Altered diet composition

There is a wide range of diet compositions that could be used to alter the nitrogen
excretion patterns in swine, thus altering the factors for urine and slurry that affect the
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ammonia emission rate. For the purposes of this study, a diet with lowered crude protein
level (2 percentage units) and sugar-beet pulp inclusion (15%) was tested.
Smith et al. (2004) measured the nitrogen excretion patterns for grower-finisher pigs
fed diets with high and low levels of crude protein with and without 15% sugar-beet pulp
inclusion. With the low level of crude protein and sugar-beet pulp inclusion the nitrogen
in the urine of grower pigs was significantly reduced from 39.3 to 27.9 g N d-1 compared
to a diet with 2% higher protein and no sugar-beet pulp. Translating the reduction in
urine nitrogen to the initial urea concentration, this type of diet could result in a 29%
reduction in the initial urea concentration. The total nitrogen excretion was reduced from
51.3 to 39.4 g N d-1 using the same diet compared to the control diet. If the reduction in
the nitrogen excretion patterns is applied to the TAN concentration of the slurry, the TAN
concentration could be reduced by 23%. Canh et al. (1998a) found a 0.3 unit reduction in
the slurry pH for animals fed a diet with 2% lower crude protein content, and Canh et al.
(1998c) measured a 0.12 unit decrease in slurry pH for every 100-g increase in dietary
non-starch polysaccharides (which includes sugar-beet pulp) in the animal's diet.
Assuming no interaction between crude protein content and sugar-beet pulp inclusion, the
low protein sugar-beet pulp diet tested in Smith et al. (2004) could result in a 0.7 unit
decrease in the slurry pH.
The resulting input variables that were tested for this scenario were:
1. initial urea concentration: 0.21 mol L-1
2. slurry TAN: 0.23 mol L-1
3. slurry pH: 6.3
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7.2.3.2 Scenario 2: Specific dunging area

Pigs are clean animals and prefer to keep their dunging area separate from their
sleeping and feeding area (Whatson, 1985). With little or no training, pigs will urinate
and defecate over the slatted floor area and keep the solid floor clean in a partially-slatted
floor pen. This scenario tested the possible effects of further reducing the slatted floor
area per pen by 50% and assuming that there was frequent and complete manure removal
beneath the slatted floor area (basically a toilet-type system per pen). The fouled floor
area was increased to 50% of the slatted floor area. In order to simulate no slurry
emission the model required a negligible mass transfer coefficient that was achieved by
setting the air velocity over the slurry to 0 m s-1. The resulting combination of input
variables that was tested was:
1. slatted floor area: 10% of the total pen area
2. rslat: 50%
3. air velocity over the slurry: 0 m s-1
7.2.3.3 Scenario 3: Oil layer on the slurry surface

In existing barns it is often difficult to retro-fit a manure removal system. An
alternative to a manure removal system is a solution that can be applied on the slurry that
inhibits ammonia diffusion to the surface gas phase. Derikx and Aarnink (1993) and Pahl
et al. (Pahl et al., 2000) showed that the application of an oil layer on the slurry surface
reduced the ammonia emission rate from slurry by 50% to 95% depending on the
thickness and disturbance of the oil film. It is assumed that there was a significant
decrease in the surface TANS concentration using this technique but this was not
measured. The ACES model was not designed to simulate the ammonia concentration of
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the slurry at different depths, so the model can only simulate the effect of a given surface
concentration. The surface layer is assumed to be a neutral solution with a pHS of 7.
The input variable used in the simulations for this scenario was:
1. slurry TAN: 0.05 mol L-1.

7.2.4 Method

Similar to a sensitivity analysis, a series of simulations were completed where
individual factors were varied while the other input variables remained constant at their
mean value specified in table 7.2. Two tests spanning 48-h each were run using winter
and summer ventilation rates, respectively. The average total puddle emission rate, slurry
emission rate, total room emission rate (g NH3-N d-1 AU-1) and room concentration (ppm)
for the second day in the simulations was reported. The first day in each simulation was
ignored because during this time the number of urinations on the floor surface was being
established.
For each of the three scenarios, three simulations were completed for both summer and
winter conditions with each simulation spanning 48 h. Again, only data simulated in the
last 24-h were used to calculate the average puddle emission rate, slurry emission rate,
total emission rate and room concentration. The average emission and concentration
values of three simulations were compared to the average values from three simulations
using the mean values from table 7.2.
7.3 Results
7.3.1 Mean Simulated Values

Figure 7.2 demonstrates the emission and room concentration simulations using the
mean values from table 7.2. Under isothermal conditions, the variation in the
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concentration and emission simulations is a result of the varying puddle emission. The
peak in puddle emission occurs over night when urination frequency is low. Based on the
model development explained in greater detail in Chapter 6, when there were fewer
urinations the existing puddles were replaced on a less frequent basis, allowing TANP to
build to higher levels within individual puddles and thus increase emission.
With the impact of ventilation rate removed from the air velocity predictions over the
floor and over the slurry, the ventilation rate only impacts the floor and slurry emission
rates by reducing the concentration gradient for convective mass transfer. This effect has
a large impact in the slurry emission rate calculations between winter and summer. The
ACES model predicts the slurry emission will be a very low percentage of the total
emission in the winter (3%) compared to the summer (17%).

Room Conc

Ammonia Concentration (ppm)

Ammonia Emission
-1
-1
(g NH3-N d AU )

30
25
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Puddle Emis

Slurry Emis
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= 1.5 L s-1 pig

Total Emis
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Q R = 54 L s-1 pig
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5
0
12:00

0:00
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0:00
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Figure 7.2. Simulated room concentration and emission levels
under low and high ventilation rate situations.
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7.3.2 Impact of Input Factors

The impact of each input factor on the emission rates and room concentration is shown
in Table 7.3 for winter conditions and Table 7.4 for summer conditions. The simulated
room concentration for all simulations was very low for summer ventilation conditions.
Room concentration levels for winter conditions are higher. The maximum simulated
room concentration was 63 ppm when the slatted floor area was 100% of the total pen
area.
The ACES model incorporates the surrounding room and pit headspace concentration
in the concentration gradient for puddle and slurry emission calculations, respectively.
This aspect of the ACES model has some important consequences that are shown in
Table 7.3. For example, when the simulated puddle emission rate increased from
increasing the air velocity over the floor surface, there was a decrease in the slurry
emission rate because of an increased level of ammonia in the air surrounding the slurry.
Similarly, an increase in the slurry and pit headspace temperatures increased the slurry
emission rate and decreased the puddle emission rate. The lower concentration levels in
the summer conditions (Table 7.4) reduced the impact of increased puddle emission
affecting the slurry emission and vice versa.
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Table 7.3. Simulated emission rates and concentration levels for varying input
factors under winter ventilation conditions.
Concentration
(ppm)
Room

Factor and input values

Emission Rate
(g NH3-N d-1 AU-1)
Floor
Slurry
Total

Mean conditions

14.2

0.4

14.5

16.4

11.7
17.2

0.5
0.3

12.1
17.5

13.7
19.8

9.2
17.0

0.6
0.3

9.7
17.3

11.0
19.5

21.8
10.2

0.2
0.5

21.9
10.7

24.8
12.1

18.1
12.3

0.3
0.5

18.4
12.7

20.8
14.4

14.4
14.0

0.4
0.4

14.8
14.4

16.7
16.2

13.8
14.2

0.4
0.4

14.2
14.6

16.1
16.5

4.0
25.6

0.7
0.1

4.7
25.6

5.3
29.0

30.6
42.2

-0.1
-0.4

30.5
41.8

34.5
47.2

14.2
14.0

-0.2
2.4

14.0
16.4

15.8
18.5

14.2
14.2

0.3
0.4

14.5
14.6

16.3
16.5

14.2
13.5

-0.3
7.3

13.9
20.8

15.7
23.5

14.2
14.1

-0.1
1.0

14.1
15.0

15.9
17.0

10.4
25.3
56.9

0.5
0.1
-1.0

10.9
25.4
56.0

12.3
28.6
63.2

Room temperature (ºC)
14
18
Air velocity over the floor surface (m s-1)
0.2
1
Puddle area on the slatted floor (m2)
0.02
0.10
Puddle depth on the slatted floor (m)
0.001
0.002
Relative humidity (%)
20
80
Initial urea concentration (mol L-1)
0.2
0.6
Urease activity (g NH3 m-2 h-1)
1.2
12.2
Fouled slatted floor area (%)
25
50
Slurry/pit headspace temperature (ºC)
6
26
Air velocity over the slurry surface
(m s-1)
0.02
0.2
Slurry pH
6
8
Slurry TAN (mol L-1)
0.1
0.5
Slatted floor area (%)
25
50
100
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Table 7.4. Simulated emission rates and concentration levels for varying input
factors under summer ventilation conditions.
Concentration
(ppm)
Room

Factor and input values

Emission Rate
(g NH3-N d-1 AU-1)
Floor
Slurry
Total

Mean conditions

15.6

3.2

18.8

0.7

12.9
18.8

3.2
3.2

16.1
22.0

0.6
0.8

9.8
18.9

3.2
3.2

13.0
22.1

0.5
0.8

23.1
11.1

3.2
3.2

26.3
14.4

1.0
0.5

19.6
13.6

3.2
3.2

22.8
16.8

0.9
0.6

15.8
15.4

3.2
3.2

19.0
18.6

0.7
0.7

15.2
15.6

3.2
3.2

18.4
18.9

0.7
0.7

4.4
28.1

3.3
3.2

7.6
31.3

0.3
1.2

33.9
46.0

3.2
3.1

37.0
49.1

1.4
1.8

15.6
15.6

0.8
11.5

16.4
27.0

0.6
1.0

15.6
15.6

1.5
4.4

17.1
20.0

0.6
0.8

15.6
15.5

0.3
30.8

15.9
46.2

0.6
1.7

15.6
15.6

1.0
5.4

16.6
21.0

0.6
0.8

11.3
28.7
66.8

2.9
3.9
5.0

14.2
32.6
71.8

0.5
1.2
2.7

Room temperature (ºC)
14
18
Air velocity over the floor surface (m s-1)
0.2
1
Puddle area on the slatted floor (m2)
0.02
0.10
Puddle depth on the slatted floor (m)
0.001
0.002
Relative humidity (%)
20
80
Initial urea concentration (mol L-1)
0.2
0.6
Urease activity (g NH3 m-2 h-1)
1.2
12.2
Fouled solid floor area (%)
25
50
Slurry/pit headspace temperature (ºC)
6
26
Air velocity over the slurry surface
(m s-1)
0.02
0.2
Slurry pH
6
8
Slurry TAN (mol L-1)
0.1
0.5
Slatted floor area (%)
25
50
100
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Increases in room temperature, air velocity over the floor surface, initial urea
concentration and urease activity resulted in increased floor emission rates, and this can
be attributed to the impact of each factor on the puddle emission rate from individual
puddles. Increasing the fouled floor area and the slatted floor area in a pen also increased
the floor emission rate by increasing the number of existing puddles. Increasing the
puddle area resulted in a lower floor emission rate, which is opposite to the expected
effect on the emission rate from an individual urine puddle. The increase in area resulted
in a lower number of urinations co-existing on the fouled floor surface at a time and this
impact was greater than the increase in emission per puddle. Increasing the puddle depth
decreased the urease activity within the puddle, thus lowering the floor emission rate
even though the puddle volume was slightly increased. Increasing relative humidity had
a small and negative impact on the floor emission rate showing that the impact of puddle
evaporation was small for the simulated conditions.
Based on the range of expected values for each input factor that was tested, urease
activity, puddle area, puddle depth and air velocity over the floor surface had the largest
impacts on the floor emission rate. Because the average floor emission rate was over
97% of the total emission rate in the winter and 83% in the summer, these factors had a
large impact on the overall emission rate as well.
Increasing the slurry/pit headspace temperature, the air velocity over the slurry, the
slurry pH or the slurry TAN resulted in increased slurry emission rates. The effect was
more pronounced under summer ventilation conditions. Slurry pH had a very significant
impact. In summer conditions an increase of 2 units in the slurry pH increased the slurry
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emission rate by 28 g NH3-N d-1 AU-1 and the slurry emission rate was over 66% of the
total emission rate.
7.3.3 Scenarios

Incorporating the random number generators in the ACES model, three simulations
were run for the control conditions and each of the three scenarios in both winter and
summer conditions. The average emission rate of three simulations for each scenario was
calculated and is shown in figure 7.3. The emission rates from both the floor and the
slurry for each scenario increased between winter and summer. There was no slurry
emission in Scenario 2 because of the frequent manure removal stipulation.
Floor Emission

Slurry Emission

Ammonia Emission Rate
-1
-1
(g NH3-N d AU )

30
25
20
15
10
5
0
-5
Control Scenario Scenario Scenario
1
2
3
Winter

Control Scenario Scenario Scenario
1
2
3
Summer

Time of Year and Simulated Conditions

Figure 7.3. Average floor emission and slurry emission rates for
the four sets of conditions tested in winter and summer conditions.

The percent reduction in total emission under winter conditions was 17% with
Scenario 1, 40% with Scenario 2 and 8% with Scenario 3 compared to the Control.
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Under summer conditions, the percent reduction levels were slightly higher with 23%,
44% and 14% reduction for Scenarios 1, 2 and 3, respectively. The average room
concentrations during the winter conditions mirror the effect of the scenarios on the total
emission rates. The average room concentration levels were 14.7 ppm (SD 2.5 ppm) for
the Control conditions, 12.4 ppm (SD 1.7 ppm) for Scenario 1, 8.8 ppm (SD 1.8 ppm) for
Scenario 2 and 13.6 ppm (SD 2.3 ppm) for Scenario 3. The average room concentrations
in summer conditions were less than 1 ppm for all scenarios.
Scenario 2 resulted in the lowest reduction in ammonia emission by reducing the
fouled-floor area and thus the puddle emission. Reducing the initial urea concentration of
the urine puddles reduced the puddle emission rate to a lesser extent in Scenario 1.
Scenarios 1 and 3 were designed to reduce the slurry emission rate by lowering the

TAN concentration of the slurry. Under summer conditions the average slurry emission
rate was reduced 86% and 85% for Scenarios 1 and 3, respectively. The impact of
reducing the TANS concentration below 0.23 mol L-1 appears minimal. In winter
conditions, the slurry absorbed ammonia from the surrounding air resulting in negative
slurry emission rates for Scenarios 1 and 3.
7.4 Discussion
7.4.1 Factors Affecting Ammonia Emission

There are numerous input variables for the ACES model, and each input variable has
some variation associated with it. The simulations shown in this chapter examined how
the ACES model was impacted by this variation in individual factors, and the simulated
results can be validated to some extent by data from the literature. The strong impact of
the puddle emission rate on the total emission rate results in a large impact of puddle
emission factors on the total emission rate compared to slurry emission rate factors.
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Aarnink and Elzing (1998) simulated on average 70% of the ammonia emission emanated
from the slurry, thus the slurry emission factors were shown to have a larger impact in
that model.
The factors affecting the emission rate from individual urine puddles such as room
temperature, relative humidity and air velocity over the floor surface showed similar
results compared to the Model Application Section in Chapter 4 with a few exceptions.
The negative correlation between puddle area and floor emission rate was a result of the
reduction in the number of emitting puddles. Similarly, increasing puddle depth
increased the individual puddle volume but at the same time decreased the urease activity
reducing the amount of urea converted to ammonia. Urease activity was not linked to
puddle depth in the experimental work of Chapter 4.
A decreasing initial urea concentration had a stronger impact on the floor emission
rate than increasing the initial urea concentration did. This is attributed to urine puddles
being replaced with new puddles before all the urea was converted to ammonia.
Theoretically, higher levels of initial urea concentration therefore only resulted in more
urea being left on the floor, a phenomenon that has not been tested or incorporated in the
ACES model. Decreasing the urea concentration of the urine from dairy cows has been
shown to reduce ammonia emissions from dairy barns but in this study there was an
impact of the urea concentration on the slurry concentration as well (Monteny et al.,
2002).
Ni et al. (1999c) found a correlation (R2 = 0.723) between the ammonia emission rate
and floor contamination for fattening pig houses. The ammonia emission rate increased
113% and 226% for 25% and 50% solid floor contamination. Under summer conditions,
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the ACES model estimated the total emission rate would increase 97% and 161% for
25% and 50% fouled solid floor area.
Urease activity of the floor surface is an important factor in estimating the floor
emission rate. Braam et al. (1997a) only found an impact of urease activity on the
ammonia emission rate from a cubicle house for dairy cows when the urease activity was
less than 2 g NH3 m-2 h-1. Model simulations shown here and in Chapter 6 show that
urease activity continues to impact the simulated floor emission rate to levels above 5 g

NH3 m-2 h-1. The levels at which urease activity becomes non-limiting to ammonia
emission are not well understood, and likely depend on the environmental conditions as
much as the measured urease activities.
A change in slurry temperature has the potential to dramatically change the slurry
emission rate. The ACES model simulated a 26% increase in the slurry emission rate for
every 1.0°C increase in slurry/pit headspace temperature (summer conditions). This
translated to a 4% increase in the room emission rate given the small impact of slurry
emission on the total simulated emission rate. Aarnink et al. (1996) measured a 10%
change in total ammonia emission rate from a grower-finisher barn for a 1.0°C change in
slurry temperature.
Other authors have reported a similarly strong relationship between simulated slurry
emission rates increasing pHS . Aarnink and Elzing (1998) calculated a 0.1 unit increase
in slurry pH would result in a 9% increase in total emission. Under summer conditions,
the ACES model simulated a 15% increase in total emission with a 0.1 unit increase in
slurry pH.
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7.4.2 Ammonia Reduction Techniques

In tables 7.3 and 7.4 only one factor was varied at a time, with the remaining factors
set to mean values. Often, ammonia reduction techniques or technologies impact more
than one variable and models such as ACES help to evaluate the cumulative effect.
Three scenarios were tested to demonstrate the potential impact of changing multiple
variables at a time, or setting a variable such as slurry TAN outside of the normal
expected range.
In Scenario 1, the lower total emission rate was the result of a decrease in both the
slurry and floor emission rates. The slurry emission rate was reduced 146% in winter and
86% in summer, but because the slurry represented only a small portion of the total
emission rate under the control conditions, the total emission rate and room concentration
were only reduced by 17% and 23% in winter and summer, respectively. The lower
initial urea concentration level in Scenario 1 reduced the puddle emission rate by 12% in
winter and 13% in summer.
The strong impact of the diet on the slurry emission rate for Scenario 1 was mainly
attributed to the 0.7 unit reduction in slurry pH. Other authors have reported significant
decreases in ammonia emission levels for low protein and/or sugar-beet pulp based diets.
Canh et al. (1998a) measured a 50% decrease in total ammonia emissions from growerfinisher pig rooms when the protein content of the diet was reduced from 16.5% to
12.5%. Canh et al. (1998b) found a 52% decrease in ammonia emissions from the
manure collected from pigs fed a sugar-beet pulp based diet compared to a control barleywheat based diet. In both studies (Canh et al., 1998a, 1998b), the pH of the slurry from
the pigs fed the test diets was 0.6 to 0.8 units lower than the control slurry. Payeur
(2003) found a 42% decrease in total ammonia emissions from grower-finisher rooms
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where the pigs were fed a low protein diet with sugar-beet pulp added compared to rooms
where the pigs were fed a control diet with higher protein content and no sugar-beet pulp
added. The general impact of the diet on slurry composition was not reported. The
literature suggests that changes in diet that result in changes in the slurry composition can
have a significant impact on total emission rates from grower-finisher barns, but the
impact will depend on the slurry contribution to the overall emission rate. There is often
a prohibitive cost associated with adding sugar-beet pulp to a diet and replacing the crude
protein with amino acids. If the sole purpose of the change in diet composition is to
reduce the ammonia production within the room, further analysis should be done to
ensure the ammonia reduction is significant enough to warrant increased feed costs.
Scenario 2 showed the largest reduction in total emission rate and room concentration
level compared to the control conditions. The reduction can be mainly associated with
the decrease in fouled floor area although the complete removal of slurry emissions could
be very significant under different control conditions.
For this scenario to be implemented, animal-training methods using some form of
motivation could be developed to promote both a smaller dunging area and even a
controlled urination frequency. If the idea of a pig toilet is to be further developed,
different methods of handling the slurry can also be incorporated. Stewart (2004) found
both washing gutters and a conveyer belt system were able to remove the manure on a
frequent basis from a pen and substantially lower ammonia emissions on a per-pig basis,
but did not result in "zero" air contamination by manure. If the slurry is to remain in the
room for significant periods of time, potential slurry emission should be re-incorporated
in the simulations.
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Scenario 3 showed only an 8% reduction in the total emission rate and room
concentration level in the winter and 11% reduction in the summer. Despite large
reductions in the slurry emission rate of 152% (winter) and 85% (summer), the slurry
represented such a small portion of the total emission that the impact of reducing the TAN
concentration was reduced at the room level. Under laboratory conditions, Derikx and
Aarnink (1993) and Pahl et al. (2000) found oil layers reduced slurry emissions over
90%. There was no report of ammonia absorption by the slurry, such as the simulated
winter slurry emission rate suggests, but the idea of a negligible ammonia concentration
at the slurry surface appears to be supported. There have been reported difficulties in
applying oil surface layers in barn-scale studies. Pahl et al. (2000) found the oil layer
was compromised in one experiment by fecal material and urine accumulating on top of
the oil layer. Aarnink and Wagemans (1997) suggested that sawdust in the pens of their
experimental study may have compromised the oil layer on the slurry surface resulting in
only a 31% decrease in ammonia emissions.
In Scenario 3 the assumption was made that the TANS concentration of the surface
layer would remain the same throughout the simulation. In winter conditions, the
negative slurry emission rate alluded to the slurry absorbing ammonia from the
surrounding air in the manure channel. It is unlikely that the ammonia would diffuse
down through the layer to the slurry with where the ammonia concentration is higher.
However, the concept of the slurry (or any solution) absorbing ammonia shows another
direction for ammonia reduction technologies to follow. In the past the focus has been to
"block" ammonia from transferring to the surface gas phase either by trapping the
ammonia under an oil layer, or trapping the ammonia in an acidic solution (Jensen,
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2002). Perhaps the focus should be creating optimal conditions to "attract" ammonia
from the room and pit headspace air.
7.5 Summary

The impact of the ACES model input factors was evaluated for both summer and
winter ventilation conditions. The number of emitting puddles on the floor surface had a
strong impact on the floor emission rate, and the number of emitting puddles is a function
of the fouled floor area and the area of individual urine puddles. The urease activity of
the floor surface under the puddles also had a strong impact on the emission rate from
individual puddles. The slurry pH was the slurry emission rate factor that had the largest
impact on the total emission rate. The impact of factors related to floor or slurry
emission on the total emission rate is dependent on the average simulated proportion of
emission coming from each source, and increases in emission from one source can
decrease the rate of emission from the other source.
Three scenarios were tested as possible technologies or techniques to reduce the
ammonia emission rates and room concentration levels within grower-finisher barns. In
Scenario 1, the impact of a low protein diet with sugar beet pulp added was simulated and
resulted in a 17% to 23% reduction in the total ammonia emission rate. In Scenario 2, a
reduction in the slatted floor area and thus the urine-fouled floor area in a pen along with
frequent manure removal resulted in a 40% to 44% reduction in total ammonia emission
rate. In Scenario 3, the impact of adding a surface layer of the slurry to reduce the TAN
concentration of the slurry surface only showed an 8% to 11% reduction in total emission
rate.
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CHAPTER 8
GENERAL DISCUSSION

Synopsis

The impact of the research conducted in the preceding chapters is discussed here in
relation to how the research impacts our understanding of the ammonia production and
emission mechanisms, and how future work in some areas will help provide more
concrete answers to the "ammonia problem".
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8.1 Introduction

Ammonia production within swine barns affects the sustainability of the swine
industry. This problem has been recognized for many years now, but the following
typical questions still remain:

•

Where does the ammonia in a barn originate?

•

How much of the ammonia is coming from the slurry channel? From the floor
surface?

•

How can the ammonia production and emission rates be reduced?

Unfortunately, there still is not one single easy answer to any of these questions. There
are a lot of variables to take into consideration related to the barn design, production
practices, environmental conditions, and of course cost. However, tools such as the
Ammonia Concentration and Emission Simulation (ACES) model that combine the
impact of many of these variables in the simulation of the ammonia production and
emission within swine barns take us further than before. As the understanding of
ammonia production mechanisms within barns further increases, the research may help
provide more concrete solutions to the ammonia problem.
The objective of this chapter is to discuss the implications of the research presented in
the preceding chapters to try and answer the above questions, and to suggest potential
work that could be done in future studies of ammonia production, emission and
abatement. The discussion is divided into five sections dealing with ammonia production
and emission at the floor surface, ammonia emission from the slurry pit, modelling
ammonia production and emission in swine barns, promising ammonia reduction
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techniques and technologies, and future work. General conclusions are presented at the
end of this chapter.
8.2 Ammonia Production and Emission at the Floor Surface

The rate of ammonia production at the floor surface is generally not given as much
emphasis as the rate of ammonia emission from slurry in swine barns. One reason may
be because, visually, the fouled floor surface area does not appear as large or as
foreboding as the slurry in the slurry channel. Often, floor contamination is hard to
estimate because the bulk of the urine and feces fall through the openings in the slatted
floor into the slurry channel below. However, there is increasing evidence that even with
slatted floors, the floor surface will still produce a significant amount of ammonia.
The model simulations by Aarnink and Elzing (1998) estimated that an average of
1.96 g NH3 d-1 pig-1 originated from urine puddles on the floor surface, representing 30%
of the total simulated emission rate of 6.36 g NH3 d-1 pig-1 for the described room
conditions. In Chapter 6, the Ammonia Concentration and Emission Simulation (ACES)
model simulated 95% of the total emission originated from the floor surface for the room
conditions tested. At first it appears that there are dramatic differences between the
ACES model and the model of Aarnink and Elzing (1998). However, it is important to
remember that model simulations depend on the model used and on the room and slurry
conditions in question. When the nominal floor emission rates are compared between
models, the average value of 11.5 g NH3-N d-1 AU-1 (assuming 70-kg animals) from
Aarnink and Elzing (1998) is comparable to the average estimate of 23 g NH3-N d-1 AU-1
(for 70-kg pigs) in Chapter 6. When these floor surface emission rates are compared to
total emission rates of 4.7 to 120 g NH3-N d-1 AU-1 for barns across the mid-western
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United States (Arogo et al., 2003a), it is evident that the floor surface should not be
ignored when considering the ammonia production sites within a barn.
Animal behaviour, urease activity and environmental conditions all contribute to the
ammonia production and emission rates from individual puddles and from the entire
fouled floor area. There is also the potential for ammonia production by fecal material on
the floor and ammonia absorbed into building materials, factors that have not been
included in the ACES model or previous room models. These factors affecting ammonia
production and emission from the floor surface are discussed in more detail in the
following sections.
8.2.1 Animal Behaviour

Two aspects of animal behaviour play important roles in the floor surface ammonia
emission rate. Urination frequency behaviour and urination location are the two main
factors that impact the number of emitting urine puddles on the floor surface as simulated
by the ACES model. However, the randomness and variability associated with behaviour
patterns affects the ability to model these processes.
While urination behaviour of farm animals may seem random, a urination frequency
pattern was recognized for grower-finisher swine (Chapter 2). The development of this
urination frequency model provides the important estimation of the number of urine
puddles produced based on the time of day and reduces the need for time-consuming
behaviour measurements. The CIGR (2002) sinusoidal dromedary (single-peak) model
for diurnal variation in animal activity was used as the base model for this behaviour and
from personal observations it seemed a logical choice. During night-time observations,
the majority of animals were sleeping, but when an animal was moving around a pen the
animal generally engaged in feeding, drinking and dunging activities. The link between
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urination frequency and animal activity raises some important aspects that could be
helpful for future research. First, there is the potential for other behaviours (such as
drinking and feeding behaviour) to be linked together with urinating behaviour. Second,
there is the potential to measure urination frequency using measurement systems
designed for other behaviours. There are currently systems developed to measure animal
activity (Pedersen and Pedersen, 1995). If in the future drinking behaviour provides a
measure of urination frequency, water meter readings could also be an indication of
urinating behaviour. If more specific links can be developed between different
behaviours, the need for behaviour measurements will be further decreased and
measurement systems easier to implement.
Animal dunging behaviour will affect the fouled floor areas on both the solid and
slatted floor regions of a pen. Bate et al. (1988) and Ni et al. (1999c) correlated the
fouled floor surface area to animal weight and indoor air temperature, but the fouled floor
surface area remained an input value to the ACES model. Despite being an input value
and not a modelled variable, there are still some important implications in how this
behaviour was interpreted for this study. From personal observations, when the solid
floor area of a partially-slatted floor pen is clean, the slatted floor area, the pen partitions
and the animals themselves are also cleaner. Animal dunging patterns appear to remain
stable and only a small portion of the slatted floor is used. As the percentage of fouled
solid floor increases, everything in the pen appears dirtier, including the slatted floor area.
Thus, the input values to the ACES model for percentage of fouled floor surface for both
the solid and slatted floors were increased simultaneously with increased fouling reported
for a pen.
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From this study and the literature (Aarnink et al., 1996; Ni et al., 1999c) it is clear that
the fouled floor area will impact the total emission rate and should be included as a
measured value in any type of future study regarding ammonia emissions or abatement,
not just as an input variable for modelling purposes. Estimating where urinations occur
on solid floor surfaces is not very difficult (there is usually some evidence of
misbehaviour), but on the slatted floor, the gaps in the floor surface make this type of
estimation more difficult. What is important though, is that the fouled slatted floor area
is not over-looked.
8.2.2 Urease Activity

After urine is deposited on the floor, the enzyme urease is required to catalyze the
conversion of urea to ammonia. Unfortunately, enzyme activity at the floor surface of
swine barns is difficult to measure as was shown in Chapter 3. Enzyme activity
measurement depends on the ability to measure either a decrease in reactant or an
increase in product (Shuler and Kargi, 2002). The measurements from Chapter 3 were
not able to give definitive urease activity levels for a swine barn because there was an
unknown source of contamination affecting the two measurement techniques tried.
Correlation between urease activity and the amount of "source material" is not a real
possibility either because there may be many sources at the floor surface as urease
activity has been linked to bacteria, yeasts, filamentous fungi and algae in the
environment (Mobley and Hausinger, 1989).
Without accurate measurement of the urease activity levels for the specific floor
surfaces used in the model simulations of Chapter 6, it was necessary to rely on reported
urease activity measurements in the literature. The majority of the literature values
originated from studies conducted in dairy cow houses in the Netherlands measuring
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urease activity on different floor surfaces and for different manure removal strategies
(Braam et al., 1997a; Braam et al., 1997b; Braam and Swierstra, 1999). Overall, urease
activity levels were lowest on recently cleaned floors, especially when the floor surface
was also treated with an acid wash. With an increasing amount of time where the floor
surfaces were in contact with animals, their excrement, or both, it makes sense that the
amount of bacteria on the floor surface would increase, and that the amount of urease
would depend on the floor surface characteristics and cleanliness. Increased urease
activity for increased surface roughness and water penetration depth is supported by the
work of De Foy et al. (2004) who found manure soaked materials with higher water
absorption ability and surface roughness showed increased levels of bacterial
colonization. Surface roughness and water absorption appear to be the best predictors of
urease activity and should be included as measurements in future studies of urease
activity.
There are also temperature and pH impacts on enzyme activity. The impact of
temperature and pH on urease activity from bovine feces was measured by Muck (Muck,
1982) and also seen in the experimental work in Chapter 4 when using Jack Bean Urease.
On a larger scale, Braam et al. (1997a) found a slower rate of urease build-up on the
floors of dairy-cow houses when the average daily temperature was at or below 10°C.
The temperature-dependency of urease activity was modelled using an Arrhenius
equation in all three studies. The importance of temperature and pH impacts on urease
activity of floor surfaces in swine barns is not currently known and therefore was not
included in the ACES model.

243

Urease activity is often expressed on a per area (m2) basis with some important
consequences. First, it is easier to translate measurements to different floor surfaces and
puddles with varying volume and depth. However, the second consequence is the urease
activity value becomes a function of puddle depth, another difficult and variable
measurement. In the ACES model, urease activity, puddle area, puddle depth and puddle
volume were all estimated values based on information from the literature. Together, the
estimated values worked well together based on the model validation. If more accurate
urease activity measurements are available in the future, it may be necessary to re-visit
the estimates of puddle area, depth and volume.
Braam et al. (1997a) found urease activity significantly impacted the ammonia
emission from a dairy-cow house only up to levels around 2 g NH3 m-2 h-1, but the
suggestion in Chapter 3 was to use a value of 5 g NH3 m-2 h-1 for fouled floor surfaces in
swine barns. Simulations using the ACES model showed that up to 5 g NH3 m-2 h-1,
urease activity still impacted the simulated puddle emission rate and for the first two
weeks of animal activity in the simulated rooms, lower urease activity levels resulted in
better simulated puddle emission rates. The maximum level of 5 g NH3 m-2 h-1 used in
the simulations was not indicative of the non-limiting urease activity level though; higher
urease activity levels resulted in higher simulated ammonia emissions. What the nonlimiting level is for floor surfaces in swine barns remains to be fully tested, but the nonlimiting levels will rely on the puddle area, depth and volume characteristics as well.
8.2.3 Environmental Conditions and Airflow Patterns

Chapter 4 showed the important environmental variables related to the puddle
emission process under experimental conditions. The most important result was the link
between evaporation and ammonia emission. It was found that any factor that increased
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the rate of evaporation would also increase the ammonia emission rate, either by affecting
the simulated mass transfer coefficient or by increasing the amount of ammonia in
solution relative to the water volume, thus increasing the concentration and emission. As
long as there was still a urine puddle there was ammonia emission because of the
continual dissociation of ammonia.
The dissociation of ammonia into ammonia and ammonium forms appeared to be
continuous throughout the life of the simulated puddles tested in Chapter 4 and all of the
ammonia formed within the puddle was emitted before the puddle completely evaporated.
The total amount of ammonia emitted from a single puddle therefore depended on the
rate and amount of urea that was broken down. While the evaporation rates of the
puddles tested in Chapter 4 were not high enough to test the theory, it does seem possible
that some urea will be left unconverted in a urine puddle on the floor surface if the puddle
evaporates before the urea degradation process is complete.
The bench-scale study of ammonia emission from urine puddles allowed the impacts
of temperature, air velocity and puddle size to be modelled and quantified, and also
validated the application of the boundary layer theory approximation for the convective
mass transfer coefficient. The transfer of these measurements to the real-life situation of
a pig barn required many estimates though, notably in the air speed approximations.
Airflow measurements within a swine barn were omitted from the experimental
procedure in Chapter 6 with the exception of the ventilation rate measurement. Extensive
work by various authors (Randall, 1980; Jin and Ogilvie, 1992; Deurloo et al., 1991;
Ogilvie et al., 1990; Nicks et al., 1991) has shown there is a lot of variation in airflow
patterns in the animal-occupied zone of a room depending on the inlet design, room
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design and temperature conditions. The measured air speed levels at animal level were
generally below 1 m s-1, similar to levels simulated using the regression equations
provided by Ogilvie et al. (1990). It was assumed that the air speed at animal level was
the bulk air speed appropriate for the mass transfer coefficient and that animal movement
within a pen did not affect the air speed either. Further measurements are possible, but
there may be alternatives to this sensitive type of measurement. One possibility at the
room level is to monitor the rate of puddle disappearance (by convection only) in order to
estimate the evaporation rate, and relate the evaporation rate back to the mass transfer
coefficient. Based on the Boundary Layer Theory for the convective mass transfer
coefficient used throughout this thesis, estimation for the mass transfer coefficient for one
substance (such as water) in air can be related to the estimation for another substance
(such as ammonia).
The ACES model incorporated the estimates of puddle area within the fouled floor
area. For a given fouled floor area, a smaller puddle was less likely to be replaced
compared to a larger puddle. For this reason, the ACES model simulated a higher
emission rate for smaller puddle areas. As stated before with regards to urease activity,
the combination of the estimates for puddle area, puddle depth and urease activity
appeared to work well within the ACES model. If measurements are undertaken in the
future to better model puddle area and depth, the difference between male and female
urination mechanisms should be addressed. Another option is to move towards summing
the wetted floor area, and this is discussed in the Future Work section.
8.2.4 Fecal Matter and Building Materials

Emission by fecal material was neglected in the ACES model, as it has been in urine
puddle emission models by Elzing and Monteny (1997b), Muck and Steenhuis (1981)
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and room models by Aarnink and Elzing (1998), Monteny et al. (1998) and Ni et al.
(2000c). No literature has been found to show the rate of breakdown of fecal material
into volatile ammonia when dry or when combined with urine. In the urine puddle
emission experiments by Elzing and Monteny (1997b), simulated ammonia emission
measurements were well-matched to measured emission levels by assuming urea was the
only ammonia source. However, to achieve this agreement a higher urease activity level
was used in the simulations compared to the urease activity level that had been measured
in a separate laboratory analysis. The excess ammonia in solution that the lower urease
activity level did not account for could have potentially originated from the fecal
material, but there is not enough information to draw any further conclusions or
estimates.
There is also a general neglect of ammonia absorption, adsorption and desorption by
the building materials in a barn and by the animals in ammonia emission modelling for
barns. When discussing the impact of the surroundings, the components that are
frequently covered in manure should be separated from those that are only subjected to
the ammonia in the air. Pelletier et al. (2005) found that after being submerged in manure
for 72-h and having the excess manure wiped off, 30 MPa concrete emitted up to 175 g

NH3 m-2 h-1 in the following 24 h. Other assorted building materials (plywood, cast iron,
polyvinyl chloride, ect.) also emitted some ammonia after a similar manure treatment.
This type of emission rate is significant, but it cannot be incorporated into ammonia
models yet. What these results show is that when covered in manure, ammonia and
related matter can absorb into the pores of the material but still be emitted over time.
What will help the modelling process more is an understanding of how the absorption
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into the concrete affects the emission rate, or if ammonia, urea or other nitrogenous
compounds will be trapped in the concrete and what triggers their release. For materials
that are not covered in manure, such as the walls and ceiling of a building, the building
materials will probably absorb some ammonia gas into the pores of the material and this
will be linked to the porosity. When a room is used over many cycles, it is assumed that
the rate of absorption will be low because the material will be saturated, and thus,
presently seems a negligible source to include in ammonia production models like ACES.
8.3 Ammonia Emission from the Slurry Pit

Based on the results of the model simulations in Chapter 6, slurry emission was a very
small part of the total emission rate from the grow-finish swine barn simulated. As stated
before in the discussion about the floor surface emission rate, proportional estimates of
slurry emission to total emission depend both on the model used and the conditions
simulated by the model. With small changes in one factor, slurry surface pH for
example, the estimated proportion of emission from the slurry channel under similar
conditions could have been very different (Figure 8.1).
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Figure 8.1. An example graph showing the change in slurry
emission (as a proportion of total emission) for varying levels of
slurry pH assuming all other variables constant. (Total puddle
emission = 23 g NH3-N d-1 AU-1).

Nevertheless, the negative slurry emission rates measured occasionally as part of the
Chapter 6 Experimental Results (based on the average difference between the room and
slurry pit headspace concentrations) do show an interesting phenomenon that has not
been shown before. It appears as though the slurry can absorb ammonia from the
surrounding air, provided the ammonia concentration of the gas film at the slurry surface
is lower than the bulk air concentration.
The ACES model did not simulate the rate of ammonia generation and transport
within the slurry channel. Instead, the ACES model used constant input values for
surface conditions of slurry TAN and pH over the 3-day simulated period. For constant
surface conditions to occur, the rate of ammonia emission from the slurry surface must be
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equal to the rate of ammonia diffusion within the slurry to the surface. Also, the relative
concentrations of TAN and other components in the slurry must remain consistent. Ni et
al. (2000b) suggested that the slurry surface pH would increase following a step-increase
in ventilation because of different release rates of ammonia and carbon dioxide from the
slurry surface, but there was not sufficient information to incorporate this theory in the
ACES model. For example, it was not clear what would happen following a stepdecrease in ventilation. The slurry composition measurements for the two rooms
measured in Chapter 6 showed that there was a difference between the surface pH and the
mixed pH, but the change in either of these variables was a maximum of 0.1 units per
day.
Without consideration of the ammonia generation and transport rate within the slurry
channel, the ACES model simulated the slurry emission rate as basically a static process,
with the only changes in emission rate linked to changes in temperature, air velocity and
the surrounding air concentration. In the following sections, the impact of slurry
composition and environmental conditions and airflow patterns within the slurry channel
are discussed.
8.3.1 Slurry Composition

Slurry composition is highly variable in solids content, nutrient content and microbe
populations. The largest error in modelling ammonia emission from slurry probably
results from assuming the chemistry of all types of slurry is alike. To model the slurry
emission rate, the method has been to start with water-based equations and make
adaptations for slurry. This method is in particular used in determining the amount of

TAN that is in ammonia form, and thus volatile.
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With the current understanding of how to determine the fraction (f) of TAN in
ammonia form, the acid ionization constant or dissociation constant (Ka) for ammonium
and the slurry pH are important components. The limitations of applying the Ka value for
ammonium in water has been noted by Hashimoto and Ludington (1971), Zhang et al.
(1994), Liang et al. (2002) and Arogo et al. (2003b), and the result is a range of factors
from 0.17 to 0.95 combined with the Ka value to express the dissociation of ammonium
in slurry. The factors have been experimentally determined based on the relative
emission rates of slurry at pH levels above 9. With all other factors being equal, the
difference in emission rates was assumed related to f, which was in turn related back to
the Ka value. Ionic strength of the solution can impact the dissociation constant (Sawyer
and McCarty, 1978), but no specific link has been made between the Ka factor and any
chemical or physical slurry properties.
Sommer and Husted (1995) measured and simulated the buffering capacity for 17
slurry samples from various sources, including seven samples of swine slurry. The
change in pH of these slurry samples as acid or base was added to them revealed that
most of the slurry samples had elevated buffering capacities between pH levels of 5 and
7, and between 8 and 11. A buffer is a solution that can resist changes in pH when small
amounts of acid or base are added to the solution. Theoretically, between pH levels of 5
and 7, more ammonia (a base) could be added to the solution and buffered by the
carbonate or volatile fatty acid components of the slurry without affecting the pH, thus
skewing the prediction of volatile ammonia based on the Ka factor and pH alone.
Between pH levels of 8 and 11, the TAN content of the slurry may provide the buffering
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capacity as more acidic components are produced, consuming some of the available
ammonia and resulting in lower fraction levels than expected.
When estimating the slurry emission rate, it appears that measurements of TAN and

pH only are probably not sufficient, but it is unclear what other measurements are
required. In the meantime, the best start may be use the model of Sommer and Husted
(1995) and the concentrations of TAN, total inorganic carbon and volatile fatty acids in
order to model the effective Ka, and to continue to use the relationship between f, Ka and

pH.
8.3.2 Airflow Patterns

The airflow patterns through the slatted floor and inside the slurry channel are
relatively unknown, but there has been some research to support the patterns and control
volumes used in the development of the ACES model. Hoff (2000) discussed some
observations of airflow patterns through slatted floors when exhaust fans were located in
the pit headspace. Even with the exhaust fans "pulling" the room air into the pit
headspace, some back-drafting of the slurry channel headspace air into the room airspace
was observed. The general airflow patterns over the slurry surface were directional to the
pen length, which was the assumption made in the ACES model. Ni et al. (2000a)
reported elevated ammonia concentration levels in the pit headspaces of a deep-pit barn
compared to room levels when the exhaust fans were located in the room airspace. These
references support the ideas of air moving both downwards and upwards through the
slatted floor between the room and pit headspace air volumes, and that different
concentration levels are likely to develop in the two control volumes.
In Chapter 6, the air exchange rate through the slatted floor could only be estimated
based on the simulated slurry emission rate. A relationship with ventilation rate was
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logical because there were only small temperature differences between the room, pit
headspace and slurry, and airflow over the slatted floor region of the pen is also
correlated to the ventilation rate (Ogilvie et al., 1990). A ratio of 4% between the pit and
room air exchange rates also makes sense because the ratio of pit volume to room volume
was approximately 5%, depending on the slurry depth. Further measurements of the
airflow through the slatted floor of swine barns would be beneficial to barns designs with
and with slurry pit exhaust fans. First, it provides the important link between the room
airspace and the slurry pit headspace. Second, as shown in Chapter 6, with a measure of
room and pit headspace concentration the slurry emission rate can be estimated with
knowledge of the pit ventilation rate, making comparisons of slurry treatment systems
(additives, surface covers, ect.) more meaningful and accurate. Third, further
measurement of the pit ventilation rate would support or deny air speed measurements
over the slurry surface. Tracer gas measurement methods have been used in the past both
for model-scale (Yu et al., 1991) and barn-scale measurements (Monteny and Overbeek,
1997). There is also the potential to develop the carbon dioxide mass balance method to
estimate the air exchange rate through the slatted floor. This is discussed in greater detail
in the Future Work section.
There are many potential factors related to the airspeed over the slurry surface
including the slurry depth, the surface roughness, the temperature patterns and the airflow
rate through the slatted floor. The ACES model incorporated a regression equation from
Aarnink and Elzing (1998) to relate the airspeed over the slurry based on the ventilation
rate per floor area. The simulated airspeed levels for the conditions tested in Chapter 6
were lower than the floor airspeed values which seemed reasonable. Monteny and
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Lamaker (1997) measured air velocities between 0 and 0.25 m s-1 in the slurry channel of
a cubicle-dairy-cow house, and related the airspeed measurements to a combination of
effects by the ventilation rate, air entry location and temperature difference between the
incoming air and top layer of slurry. Part of the difficulty in measuring the air velocity
was capturing the true direction of the airflow and finding equipment sensitive enough to
capture the low airspeeds (Monteny and Lamaker, 1997). Even though measurements of
the slurry surface airspeed will provide more accurate measurements for use in models
such as ACES, it seems more prudent to focus on the impact of slurry composition and
the air exchange rate between the pit headspace and the room airspace first.
The use of exhaust fans in the slurry channel was not incorporated in the development
of the ACES model, but given their prevalence in the industry it is worthwhile to mention
their impact in relation to ammonia emissions. It has been shown that using exhaust fans
in the slurry channel can decrease the ammonia concentration levels in the room airspace
(Lavoie et al., 1997; Wilhelm and McKinney, 2001) by removing the higherconcentration air above the slurry before it enters the room airspace. There is the
suggestion that exhaust fans in the pit headspace actually increase ammonia emission
rates though. By reducing the pit headspace concentration the concentration gradient for
slurry emission is increased, as is the potential for increasing air speed over the slurry
surface. With a few changes to the core model equations of the ACES model, an air
removal site could be added to the slurry pit headspace control volume. Consideration
would also need to be given to ensure the air speed approximations and air exchange rate
between the room and pit headspace area reflected the new airflow patterns.

254

8.4 Modelling Ammonia Production and Emission

Many models were developed throughout this project with the goals of: (1)
understanding the mechanisms behind the ammonia production and emission processes;
and (2) putting these processes into equations so that a range and combination of
conditions could be tested. The ammonia production and emission processes were
modelled using mechanistic models where possible, however, some empirical equations
were developed where there was either a lack of information, or a lack of fit using
mechanistic equations. Empirical models were developed to describe the volatile fraction
of TAN in concentrated slurry samples, the airflow rate between the room and slurry pit
headspace, and the change in the pH of urine puddles with time, demonstrating that the
understanding of these mechanisms is currently lacking.
Chapters 4 and 5 described bench-scale experimental set-ups to test the ammonia
emission rate factors for urine puddles and slurry, respectively. The benefit of these
small-scale tests was that the important variables to the respective ammonia production
and emission processes could be measured. This was especially beneficial for the urine
puddle emission model, where the literature showed a lack of measurements where the
emission from urine puddles was separated from potential ammonia production by fecal
material or from concrete floor surfaces. Slurry emission models still require some more
work because the variability in swine manure composition makes mechanistic models
designed for dilute solutions difficult to apply in all cases.
Throughout this thesis, model simulations were evaluated using the Standard Guide
for Statistical Evaluation of Indoor Air Quality Models (ASTM, 2003). This standard
was designed for use with pollutant concentration measurements characteristic to the
pollutant that may be gas, particulate matter or microbial populations. The six statistical
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tests and the corresponding evaluation limits helped to evaluate each model in more ways
than with just a regression or correlation. Using the six statistical tests suggested
(Appendix A) helped to demonstrate the accuracy of the models in either simulating the
average conditions, or the measurements over time. This was very important when
evaluating the ACES model where more variables were estimated and the variability in
measurements was higher.
ASTM (2003) suggests that indoor air quality model developers and users could, with
continued use, further develop limits to qualitatively describe model performance as
excellent, good, marginal or unsatisfactory, for example. For models such as the ACES
model, it would be helpful to develop limits to describe the ability for a model to simulate
the dynamic change in concentration (or emission) over time, and to simulate the average
concentration over a period of a couple of days. Also, the error values associated with
the model simulations should be evaluated in comparison to how accurate the
contaminant can be measured, and both the expected and dangerous levels associated
with the gas. Under the conditions simulated, the ACES model was able to simulate
hourly concentration levels within 2.2 ppm, and pit headspace concentration levels within
4.3 ppm. Over 3-days, the average room and pit headspace concentration levels were
within 1.6 and 2.9 ppm of the measured averages. In Chapter 6, the ammonia
concentration measurement instrument had an accuracy of ± 2 ppm. Furthermore, the 8-h
average exposure limit for humans to ammonia gas is 25 ppm. With these considerations
in mind, the ability to predict the ammonia concentration levels to within 2.2 ppm was
considered good.
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8.5 Promising Ammonia Reduction Techniques and Technologies

Despite extensive research into the mechanisms behind ammonia production and
emission and testing of different reduction techniques, ammonia still exists in many
barns. Therefore, more work in this area is still needed to be able to design ammonia
reduction systems that work and are cost-effective. The ability to adapt new technologies
in existing barns will also impact the rate of adoption.
The ACES model provides a tool to test potential ammonia reduction techniques and
technologies. Simulations were carried out in Chapter 7 to show the predicted impact of
three specific reduction techniques/technologies. For any potential ammonia reduction
technique/technology, numerous simulations are suggested using as many site-specific
and dynamic measurements as possible over the expected range of environmental and
production parameters. The first step should be to identify the main source of emissions.
The impact of reduction methods will depend on the amount of ammonia coming from
the floor surface and from the slurry pit. Even without model simulations, estimates of
fouled floor area and slurry composition would provide a start in determining the
importance of each site.
What is discussed in the remainder of this section is a more general look at the starting
points for identifying and developing potential reduction techniques. This discussion is
not meant to list all possible reduction methods, but rather the factors shown to be
important by the ACES model. Because ammonia generation was not modelled as part of
the overall research project, the ammonia reduction techniques/technologies related to the
slurry are only associated with impacts on slurry surface conditions.
Animal behaviour may be the best weapon to reduce the ammonia emission from the
floor surface if this behaviour can be controlled. As shown in Chapter 6, by Ni et al.
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(1999c), and Aarnink et al. (1996), ammonia concentration and emission levels increase
with increased fouled floor area. This in itself should provide impetuous to barn
managers and workers to try and incorporate practices that promote dunging on the
slatted floor area. A potential technique discussed in Chapter 7 involved setting aside a
smaller percentage of the pen area for dunging behaviour, and removing the excrement
immediately. The first step in implementing this technique would be to train the animals
to dung in a certain area, and possibly at prescribed time intervals. Lemay et al. (2000)
incorporated drinkers and water sprinklers in an enclosed dunging area design to
discourage sleeping in the dunging area. Training techniques used for other livestock
may work as well. For example, horses were trained using feed-motivation to dung at
specified locations in an equine barn where they collect pregnant mare urine (personal
communication with Jon Watts, Western College of Veterinary Medicine, August 2006).
Even for fully-slatted floors, certain areas of pens could be made more attractive to
dunging behaviour. Aarnink et al. (1997) spaced 50-mm high studs with 32-mm
diameters at 200-mm intervals on part of the slatted floor portion of a pen, and these
studs were found to discourage laying behaviour and increased the percentage of pigs
who used the area for excretory behaviour.
Conveyer belts and washing gutters have the potential to remove excrement
immediately from a room. Hoeksma et al. (1992) found a 70% maximum reduction in
ammonia emissions when fresh slurry was diluted and removed from the pig house 1 to 4
times a day. Lim et al. (2004) found that more frequent manure removal resulted in
reduced ammonia emissions, and the reduction was significantly increased when
secondary lagoon effluent was used to recharge the pits after emptying. Predicala et al.
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(2006) found that removing manure from a room on a daily basis with an under-floor
manure scraper did impact hydrogen sulphide concentrations, but there was no significant
impact on ammonia concentrations or emissions compared to a pull-plug system. Stewart
(2004) tested both types of manure handling systems in an experimental facility and
found that both reduced ammonia emissions in general, but did not totally eliminate air
contamination by manure. The impact of these technologies would be better understood
if the proportion of ammonia from the manure in the control and test rooms were better
known.
When the urease activity of floor surfaces is better understood, there is the potential to
test methods that reduce the urease activity of the floor surfaces in a barn, reducing the
amount of floor surface emission. Though the measurements in Chapter 3 were not
definitive, it appeared as though the floor surface under the drinker had the lowest urease
activity/ammonia production rate because of frequent washing by spilled water. Water
sprinkling on the slatted floor areas designated for dunging may help remove or dilute
any excrement on the floor surface, reduce the existing urease activity, dilute the slurry
under the slatted floor and encourage dunging in the wetted location (Lemay et al., 2000)
at the same time. The water usage required for extra washing would need to be
considered though.
Reducing the slurry pH still seems to be the most effective reduction method for slurry
emission because a little change can have a large impact. Slurry pH could be changed in
a number of ways. Jensen (2002) added sulfuric acid to slurry to maintain the slurry pH
below 5.5, and in doing so, showed that there was a reduction of ammonia concentration
levels, an increase in slurry nitrogen, and an improvement in pig performance. Jensen
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(2002) noted a monitoring system for hydrogen sulphide was also installed to protect
workers and animals from hydrogen sulphide exposure. Acid waste from other industries
may be an effective spray treatment to apply to slurry, but corrosion of the building
structure materials also needs to be considered. Changes in feed composition can reduce
slurry pH and slurry TAN concentration (Canh et al., 1997, 1998a, 1998b, 1998c) but
often represents a significantly higher feed cost that would exist as long as the animals
keep eating. A simple sprinkling system that can be used only when required (i.e. when
slurry pH levels are high) seems the most practical, the easiest to implement, and
theoretically would provide the most consistent results.
Surface layers have been highly effective at reducing ammonia emissions from slurry
in bench-scale studies, but the impact has been decreased with room-scale measurements.
The reduction in impact may be attributed to the proportion of emissions originating from
the slurry channel, or the way in which fecal material and urine are added to the slurry.
For example, Pahl et al. (2000) found that while ammonia emission rates greater than
90% were achieved in laboratory-scale studies of oil layers on slurry, the ammonia
emission reduction in the barn-scale study was either negligible because slurry built up in
a layer on top of the oil, or only significant for a short time period because the oil film
deteriorated. Pahl et al. (2000) noted that the cost and the potential for increased
anaerobic decomposition in stored slurry under the oil film are also drawbacks to this
type of method. As other industries look to use their waste material, new surface-cover
materials will likely evolve. If any of these materials can be shown to absorb ammonia
from the surrounding air, the benefit of increased nitrogen in the slurry may help offset
the cost of implementing the technology or technique.
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8.6 Future Work

Throughout the thesis and the preceding discussion, different areas have been
suggested where more research would promote the understanding of ammonia production
and emission. The following list summarizes the areas of research that currently appear
most important, and where possible, a suggestion is made as to the direction the research
can take.

•

Ammonia emission from fecal material

A bench-scale study similar to that described in Chapter 4, except with fecal material
in place of urine, will provide the important and missing proof that fecal material is not a
major contributor to ammonia emissions. A variety of environmental conditions and
water contents will help determine at what point in time, if any, fecal material begins to
break down and whether or not this rate of decomposition should be included in ammonia
emission modelling.

•

Wetted floor area

Modelling the floor surface emission rate can potentially be made easier by
considering the total wetted floor area of a pen as one puddle. This idea is based on the
observation that when pens become increasingly fouled, the solid floor surface often
begins to mirror the surface of the slurry channel. Measurements of the manure
composition throughout this "floor slurry" will indicate whether this simplification is
valid. If valid, puddle evaporation will become less significant, fecal material breakdown
will be incorporated, and individual puddle dimensions and sizes will not be required.

•

Method for measuring the air exchange rate through the slatted floor
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There is the potential to measure (or at least better estimate) the air exchange rate
through the slatted floor using the carbon dioxide mass balance method. The
development of this type of method would allow researchers to use gas measurement
systems already extensively utilized that collect multiple gas readings from each
measured location, and in some instances would allow researchers to use data already
collected. Ni et al. (1999b, 1999d) have studied carbon dioxide production by animals
and by manure, and this research could provide some initial input values to the twocontrol volume mass balances for carbon dioxide, similar to the core equations of the
ACES model (Chapter 6).

•

Method for measuring urease activity of barn floor surfaces

There are a variety of urease activity measurement methods available, but very few
have been used for barn floor surfaces. Any measurement method that relies on
measuring the change in concentration of urea or ammonia for solutions that are in
contact with barn floor surfaces can be contaminated with nitrogenous compounds that
already exist on the floor. By using a marked solution, such as 15N-labelled urea, the urea
that is added as part of the measurement method would be separated from the compounds
pre-existing on the floor surface. Using labelled compounds may also reveal the amount
of solution absorbed into concrete, and the amount, if any, of nitrogenous compounds
released from the floor when the floor is wetted. Urease activity measurements will be
further validated if concentration changes over variable time-periods and with variable
initial urea concentrations are monitored.
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8.7 Final Conclusions

The conclusions to this research project are as follows:
1. The urination frequency of swine follows a diurnal pattern that is linked to the
lighted period in a room. A grow-finish pig between 51 and 78 kg will urinate
on average 0.62 times per hour with a variation of 0.58 urinations per pig per
hour.
2. Urease activity of the floor surface can be an important factor to the ammonia
emission from the floor surface, especially after cleaning. More definitive
measurements of the presence of urease on floor surfaces in swine barns are
required.
3. Urine puddle emission is a function of water evaporation, urea degradation,
change in total ammonia concentration within the puddle and changes in the
puddle pH occurring simultaneously. Water evaporation is a new and
important inclusion to modelling urine puddle emission, given that urine
puddles can potentially evaporate before all the urea in a puddle has been
converted to ammonia. The urine puddle emission model developed accurately
simulated the puddle volume, puddle pH, TAN concentration and total
emission from individual simulated urine puddles.
4. Slurry emission was modelled as a convective mass transfer process occurring
within the slurry storage channel. The emission rate depended on the amount
of ammonia at the gas surface and the concentration gradient between the
surface and the surrounding pit headspace. The slurry emission model was
able to predict the slurry pit headspace concentration in bench-scale slurry pits
to within ±25% of the measured concentration for the majority of concentrated
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manure samples. More work is required to accurately model the proportion of
total ammoniacal nitrogen in slurry that is volatile.
5. A dynamic, mechanistic model to simulate the hourly ammonia concentration
levels in the room and slurry pit headspace areas of grower-finisher swine
barns was developed, calibrated and validated. The ACES model simulated
the hourly room concentration levels with an accuracy of ± 2.2 ppm and the
hourly pit headspace concentration levels with an accuracy of ± 4.3 ppm, and
thus was considered an accurate model to perform simulations for similar barn
designs and conditions with. Use of a two-airspace model not only showed the
concentration differences that can exist between two areas in a barn, but also
helped to separate out measurements of slurry emission from floor emission.
6. The floor surface is an important contributor to the overall ammonia emission
rate for a barn and should not be overlooked when designing ammonia
reduction techniques or technologies. There are significant ammonia
emissions from fouled areas on the solid and slatted floor areas.
7. Ammonia reduction methods that show the greatest impact on reducing
ammonia production and emissions are reducing the urine-fouled floor area,
either by developing animal training procedures or regular washing, and by
reducing the slurry pH, either through spray additives or diet manipulation.
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APPENDIX A
MODEL EVALUATION PARAMETERS
The model evaluation method used throughout the thesis is based on the ASTM D 515797 Standard, "Standard Guide for Statistical Evaluation of Indoor Air Quality Models"
(2003). Model evaluation parameters are based on n corresponding pairs of measured
(Co) and predicted (Cp) values, and the mean measured ( C o ) and mean predicted value
(Cp ) .
Evaluation
Parameter
General Agreement

Equation

n

Correlation
Coefficient (R)

R=

∑ [(C
i =1

n

∑ [(C
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o
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2
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Regression
Intercept (a)

n

− C o ) ] ⋅ ∑ [(C p − C p ) ]

n

Regression Slope
(b)

− C o ) ⋅ (C p − C p )]
2

o

Suggested Evaluation
limit

∑ (C
i =1

pi

− C oi ) 2

n

a < 0.25 ⋅ C o

⋅

1
Co ⋅ C p

NMSE < 0.25
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Variance Bias (FS)
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− 0.25 < FB < 0.25

− 0.5 < FS < 0.5

APPENDIX B
USER MANUAL FOR ACES PROGRAM
Scope

The ACES program was developed by E. Cortus as a tool to simulate the ammonia
concentration within grower-finisher swine rooms, both in the room and in the slurry
channel headspace, as well as the ammonia emission rates from the floor surface, from
the slurry channel to the room airspace, and from the room to the surroundings. The
following program was developed and tested with the Prairie Swine Centre Floral barn as
the model of a typical partially-slatted floor room. Variations in room design, diet
composition and environmental conditions are expected when this program is used for
other facilities. While input parameters to the model are designed to handle some of
these differences, not all input conditions will be possible. As well, the model has not
been verified with different barn designs.
The program is designed as a simulation tool to see the quantity of ammonia produced at
different locations within a swine barn, and to investigate ammonia mitigation
techniques. However, accurate measurements will always take precedence over model
simulations.
Computer Requirements

The computer program code is written in Visual Basic 6.0 programming language. An
executable (.exe) file has been created which will allow the program to be run on any
computer that operates on Microsoft Windows. The user will only be able to input
certain parameters and view the results; the user will not be able to make any changes to
the program or see the underlying code.
The computing time for this program will depend on the time interval chosen, the
complexity of the input variables and the iteration interval. However, unless an error is
created, the program will take less than a few minutes to complete the computations for a
four-day period.
Some problems or 'bugs" in running the program have been identified, and more are
inevitable. A list of identified bugs has been started and these bugs are listed in the last
section "Problems Associated with the ACES Program".
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Basic Model

The majority of the ACES model is "hidden" from the user. The user is only involved in
setting the input variables and viewing the results (fig. B.1).
Start

Enter Input
Factors

Start
Simulations

Program
Calculations

View Results

End

Figure B.1. Simplified flowchart showing the parts of the program
visible to the user in solid lines, and the program parts visible only
to the designer in dashed lines.

The "hidden" portion of the ACES model contains the computation process, outlined in
figure B.2.
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Start Program
Enter static input values
Calculate steady-state variables

Is Time <
Stop Time?

No

End Program

Yes
Determine number and location of
new puddles
Set elapsed time = 0

Is elapsed
time < 1 h?

No

Time = Time + 1 h

Yes
Enter dynamic input values
Calculate dynamic variables

All locations
checked

For every location
on the floor, is
there a new or preexisting puddle?

No

Next location

Yes
Enter the initial or pre-existing
puddle properties
Calculate the new puddle properties
and the resulting emission
Add puddle emission to total puddle
emission

Next location

Calculate slurry emission
Calculate new room concentration, pit
concentration, and emission
Print results

Elapsed Time = Elapsed Time + Δ

Figure B.2. Program calculations within the ACES computer
program.
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Program Operation
Starting the Program

Open the program, ACES.exe, and the main page (fig. B.3) will appear.

Figure B.3. Main page of the ACES model.

The main page is the central interface for the user. From the starting point of this form,
the user enters the input data related to building design, environmental conditions, urine
and slurry composition and the time interval tested. Each input section must be opened
for the program to work properly, but the order that they are opened in is not important.
Entering the Input Data

Following the instructions on the main page, enter the required information in each of the
input sections.
Click on the command button labelled "Geometrical Factors" and the Geometrical
Factors Form (fig. B.4) will appear. On this page, enter the required information. If the
default values are suitable, no changes are necessary.
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Figure B.4. Geometrical Factors input form.

The selection of slatted floor type determines the area of urine puddles on the slatted
floor.
By clicking the "Select" command button beside ventilation design/room layout, a
separate form (fig. B.5) will appear that describes different ventilation set-ups, with a
corresponding drawing. All descriptions and pictures are from Ogilvie et al. (1990).
Once the appropriate ventilation design is selected, click the command button "OK" to
return to the Geometrical Factors form.
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Figure B.5. Ventilation and room design selection form.

NOTE:
General assumptions regarding the geometrical factors that are built in the program are:
• The room volume calculation within the model assumes the width of the room is 15%
larger than the total width of all pens, the room length is 20% longer than the total
length of all pens, and the room height is 3 m.
By clicking "Apply" on the Geometrical Factors form, the main page will reappear.
Click on the command button labelled "Environmental Factors", and the Environmental
Factors form (fig. B.6) will appear. On this page, first select whether you want to enter
steady state environmental conditions by selecting "Static Environmental Factors", or, if
you have a data sheet available with time-based measurements, select "Dynamic
Environmental Factors".
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Figure B.6. Environmental Factors input form.

If "Static Environmental Factors" was selected, enter the required information in the
measurement units displayed.
If "Dynamic Environmental Factors " was selected, the data you wish to import into the
program must be formatted in a certain way. The ACES program recognizes data in
comma-separated value (.csv) files containing the datenumber, room temperature.... data,
in this specific order. The variable datenumber refers to the number Microsoft Excel
(and Visual Basic) assigns to a date and time. Within the program calculations, the
ACES program uses the data in the future. Once the time in the program has passed the
time in the current line of the data file, the next line of data is read and used in the
calculations. An example data file is included in the program called "AmmModRoom128-ELW-0703.csv".
By clicking "Apply" on the Environmental Factors form, the main page will reappear.
Click on the command button labelled "Nutritional Factors" and the Nutritional Factors
Form (fig. B.7) will appear. On this page, the user selects whether to enter the urine data
manually, or the user can use the MESPRO program, developed by Aarnink et al. (1992)
to determine the initial urea concentration.
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Figure B.7. Nutritional Factors input form.

If "Manual" or "MESPRO" was selected, enter the required information in the
measurement units displayed. The user must enter the slurry properties in either case.
By clicking "Apply", if "MESPRO" was selected, a sub-model will perform the necessary
calculations to determine the urine volume and initial urea concentration; in either case
the main page will reappear.
Click on the command button labelled "Simulation Factors" and the Simulations Factors
Form (fig. B.8) will appear.
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Figure B.8. Simulation Factors input form.

The user must enter the start date and time and stop date and time in the units shown.
The iteration interval chosen will dictate the frequency that the output variables will be
calculated. The iteration interval must be between 3 min and 1 h, and should evenly
divide into 1 h.
The initial conditions for room and pit concentration can be added in units of ppm (if
known).
Pen cleanliness of both the slatted and solid floor areas can be assessed a cleanliness
score from 0 to 100, with 0 being very clean, and 100 being completely covered in wet
manure. Values between 0 and 100 are interpreted as the percentage of floor area that is
used for fouling behaviour. The ACES program will override a pen cleanliness score for
the slatted floor less than 25, and set the value at 25. This is for situations where animals
are moved into a freshly washed room. The ACES program assumes that the animals
will dung over at least 25% of the slatted floor space. A score of 0 is possible for the
solid floor.
By clicking on "..." the user is instructed to create a file where the output data will be
saved. The file will automatically be saved as a .csv file.
The user can also choose to save the urine puddle data for the solid and slatted floor
areas. By clicking the check box beside "Do you want to save the puddle data?", two
files will be created on the C:Drive labelled with the floor area and current date and time
in number format.
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By clicking "Apply" on the Simulation Factors form, the main page will reappear.
Once back at the main page, click "Start Simulations" to start the calculation process.
The progress bar will alert you when the calculations have stopped. Refer to figure B.2
to understand what calculation processes have occurred. See the section "Viewing the
results" to see the results in the various forms and files available.
Viewing the results

If you would like to see a graphical representation of the concentration data and/or the
emission simulations, click "Concentration Simulations" or "Emission Simulations" and
figures B.9 and B.10 will appear, respectively.

Figure B.9. Concentration Simulations output form.
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Figure B.10. Emission Simulation output form.

The axes on the concentration and emission graph are currently fixed. If a simulated
value is greater than the axis allows the calculated value will not be visible.
Click "Exit" on either output form to return to the main page. The program can be closed
by clicking "Exit" on the main page. If the user wants to run another simulation or
change certain parameters, the program must be restarted.
The concentration and emission data from every simulation is also saved in a commaseparated data file specified by the user in the simulation factors input section. To view
the file in MSExcel, simply open the saved file from within MSExcel. Provisions have
been made within the ACES program so that when opened in MSExcel, the data will be
separated in the appropriate columns.
If the user chose to save the puddle data, the user can locate these .csv files on the
C:drive. Again, provisions have been made within the ACES program so that when
opened in MSExcel, the data will be separated in the appropriate columns. However, the
puddle data files can be sorted for easier interpretation. The suggested method for sorting
the data is to select all columns with data, and using the Sort function of MSExcel, sort
the rows by "Location" and then "Date and Time" columns. When sorted this way, the
user can see what has occurred in every puddle location over the simulation period.
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Problems Associated with the ACES Program

As with the development of any new program, certain "bugs" are inevitable. The user is
encouraged to keep track of errors that occur when running the program, and conditions
that were input to the model if possible, so that the problems can be addressed in future
versions.
The following "bugs" have been noted thus far, and the user is encouraged to keep these
in mind when using the program.
•

All input forms must be opened, in no particular order. It is not necessary, however,
for the user to change all input variables from the default value if a change is not
warranted.
• The user must select a ventilation/design layout by clicking the "Select" button on the
Geometrical Factors form.
• The user must enter a new file name when creating a file to save the data each time
the program is running.
• On the Concentration Simulation and Emission Simulation Output forms, the date and
time along the x-axis is described in number format (number of days since Dec 31,
1899).
Please note that there are some "random" number generators incorporated in the ACES
program to add variability in the number of urinations and the location of urinations
calculations. Therefore, it is likely that two simulations using the same input variables
may result in slightly different end results.
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