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MODELING AMMONIA EMISSIONS FROM

BROILER LITTER AT LABORATORY SCALE

Z. Liu,  L. Wang,  D. B. Beasley,  S. B. Shah

ABSTRACT. The objectives of this study were to develop a mechanistic emission model to estimate ammonia flux from broiler
litter and to evaluate the model at laboratory scale. In the proposed model, the ammonia flux is essentially a function of the
litter's total ammoniacal nitrogen (TAN) content, moisture content, pH, and temperature, as well as the Freundlich partition
coefficient (Kf), mass transfer coefficient (KG), ventilation rate (Q), and emission surface area (A). The Freundlich partition
coefficient (Kf) was used as a fitting parameter in the model. A dynamic flow‐through chamber system and a wind tunnel were
designed to measure ammonia fluxes from broiler litter. The dynamic flow‐through chamber experiments evaluated the
proposed model with various litter samples under a constant temperature and wind profile. The wind tunnel experiments
evaluated the proposed model under various temperatures and wind profiles. Model parameters such as Kf and KG were
estimated. The results from the two experiments were consistent with each other. The estimated KG ranged from 1.11 to 27.64
m h-1, and the estimated Kf ranged from 0.56 to 4.48 L kg-1. A regression sub‐model was developed to estimate Kf as function
of litter pH and temperature, which indicated that Kf increased with increasing litter pH and decreased with increasing
temperature. The proposed model was used to estimate the equilibrium gas phase ammonia concentration (Cg,0) in litter, and
the model‐predicted values were compared with the observed values. The normalized mean error (NME), the normalized mean
square error (NMSE), and fractional bias (FB) were calculated to be 25%, 12%, and -0.3%, respectively, for all 94
measurements, and the model was able to reproduce 80% of the variability of the data. Sensitivity analysis of the model showed
that ammonia flux is very sensitive to litter pH and to a lesser extent temperature. The relative sensitivity of pH or temperature
increases as the pH or temperature increases.

Keywords. Dynamic flow‐through chamber, Emission model, Flux, Freundlich partition coefficient, Mass transfer coefficient,
Wind tunnel.

he importance of ammonia emissions from animal
feeding operations (AFOs) has been well recognized
(Battye et al., 2003). However, ammonia emission in‐
ventories in the U.S. have largely relied on emission

factors developed in Europe in the early 1990s (Battye et al.,
1994), and scientific estimates of ammonia emissions from U.S.
facilities are limited. Climate and geography, diurnal and sea‐
sonal emission patterns, house design, and management  prac‐
tices all affect ammonia emission from AFOs. Therefore,
measurements obtained from a particular animal production fa‐
cility cannot be generalized to other operations because of dif‐
ferences in environment, management, and production
conditions (Arogo et al., 2006; Ni and Heber, 2001).

Accurate estimation of ammonia emission rate from individ‐
ual operations or sources is important and yet a challenging task
for both regulatory agencies and animal producers. Measure‐
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ment of ammonia emission from livestock buildings is techni‐
cally complex, expensive, and labor intensive using current
measurement methodologies (NRC, 2003). In order to improve
the accuracy and simplicity of estimating ammonia emissions,
and to reduce the need for measurements under all possible con‐
ditions, development of emission models is desirable. Emission
models can be used for predictive simulations, experimental
testing, and sensitivity analysis. The National Research Council
(NRC)'s Ad Hoc Committee on Air Emissions from AFOs iden‐
tified the limitation of available methodologies to estimate na‐
tional emissions from animal agriculture and recommended that
the U.S. EPA develop a process‐based modeling approach to es‐
timate emissions from AFOs (NRC, 2003). Emission models al‐
low users to calculate site‐specific emissions, using local
operating parameters, and obtain realistic emissions according
to variable climatic and management conditions. Emission
models can also be used to quantify and evaluate the effective‐
ness of various emission control strategies. Previous ammonia
emissions inventories have not adequately characterized sea‐
sonal and geographical variations in emissions factors. Emis‐
sion models can be used to simulate the seasonal and geographic
variations in ammonia emission factors, which are required for
chemical transport modeling for accurately predicting the
formation of ammonium nitrate and ammonium sulfate aero‐
sols.

Emission models that have been published for ammonia
emission from AFOs include mechanistic models (Ni, 1999;
Arogo et al., 2006), statistical models (Carr et al., 1990;
Wheeler et al., 2006), nitrogen‐mass flow models (Reidy and
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Menzi, 2006; Dammgen et al., 2002), and inverse dispersion
models (Siefert et al., 2004). Mechanistic models provide
physical and chemical understanding as well as quantitative
description of ammonia release. Mechanistic models are the
basis of so‐called process‐based models, which were recom‐
mended by the NRC (2003). Process‐based models consider
each of the processes occurring on a typical livestock farm
and calculate the resulting ammonia emissions from each
(Zhang et al., 2006; Pinder er al., 2004). Nitrogen‐mass flow
models start with a specific amount of nitrogen excreted by
animals and simulate the TAN flow over the different stages
of emissions (grazing, housing, manure storage and applica‐
tion). Statistical models simply describe the statistical cor‐
relations between emissions and selected influencing factors.
Inverse dispersion plume models can be used to estimate am‐
monia emissions after being fitted to the observed downwind
ammonia concentration profile.

Many studies have been reported throughout the world on
ammonia emissions from broiler houses, and wide variations
have been found among different studies. Measurements from
broiler houses indicated that ammonia emission fluxes vary
55‐fold, from 15.3 to 848.8 mg [NH3‐N] h-1 m-2 (Redwine et
al., 2002). Broiler chickens are normally raised on litter made
up of wood shavings, saw dust, or peanut hulls above an earthen
floor. The litter serves as manure absorbent. The mixture of litter
and manure represents a significant source of ammonia emis‐
sions in broiler houses. The mechanisms related to ammonia
emissions from manure involve many processes and have been
summarized by Ni (1999). Theoretically, the processes involved
in ammonia emissions from broiler litter may include conver‐
sion of uric acid to urea, hydrolysis of urea, enzymatic and mi‐
crobial generation of ammonia, diffusion of ammonia in litter,
partitioning between adsorbed and dissolved phase ammonium
ions, equilibrium of ammonia in aqueous solution, partitioning
between dissolved phase and gaseous phase ammonia, and con‐
vective mass transfer of ammonia gas from the litter surface into
the free air stream. Factors that may influence ammonia emis‐
sions from broiler litter include: air and litter temperature, ven‐
tilation rate, air velocity across litter surface, litter pH, litter
nitrogen content, and litter moisture content.

The influence of management factors and litter conditions
on ammonia emission has been documented (Nicholson et
al., 2004; Redwine et al., 2002; Brewer and Costello, 1999;
Elwinger and Svensson, 1996; Carr et al., 1990; Elliot and
Collins, 1982). Much work needs to be done to adequately in‐
corporate these factors into emission models. Further evalua‐
tion and potential improvement in emission models for AFOs
are desirable (Arogo et al., 2006). The objective of this study
was to develop a mechanistic emission model to estimate am‐
monia flux from broiler litter, and to evaluate the model at
laboratory scale.

MODEL DEVELOPMENT
GENERAL MASS TRANSFER FLUX EQUATION

The extensive review provided by Ni (1999) suggested a
common structure for most ammonia emission models. Al‐
though different theories of mass transfer have been used in
ammonia emission models, the resulting mass transfer equa‐
tions can be in a form similar to equation 1. In broiler houses,
considering the fact that broiler chickens generate new ma‐

nure on the litter surface and chicken activity stirs the litter
continuously, it is reasonable to accept the assumption that
the ammonia concentration in litter is uniformly distributed,
and the transfer in the gas phase controls the whole transfer
process. For ammonia emission from litter in a broiler house,
the general mass transfer flux equation can be expressed as:

 )C(CKJ g,g,0G ∞−=  (1)

where
J = ammonia emission flux (mg m-2 h-1)
KG = overall mass transfer coefficient in gas phase

(m h-1)
Cg,0 = gas phase ammonia concentration in equilibrium

with dissolved ammonia in litter (mg m-3)
∞g,C = gas phase ammonia concentration in the free air

stream in the broiler house (mg m-3).
Mass transfer coefficients reported for ammonia emission

models vary widely. The variation is partially due to the
physical characteristics of the mass transport process, such as
airflow velocity and flow pattern, and partly due to the cumu‐
lative effect of various assumed values for Henry's constant
and the dissociation constant used in different models
(Montes et al., 2008). By using  the equilibrium gas phase am‐
monia concentration in equation 1, the chemical equilibrium
part of the process is isolated into Cg,0, while KG in equation�1
only reflects the physical characteristics of the mass transport
process.

Assuming that the ammonia concentration in the air that
enters the house is negligible compared to the ammonia con‐
centration inside the house, from mass balance, the ammonia
emission flux J can also be obtained from the following equa‐
tion:

 ∞= g,C)(Q/AJ  (2)

where
Q = ventilation rate of the broiler house (m3 h-1)
A = emission surface area of litter (m2).

Combining equations 1 and 2, the following equation is ob‐
tained:

 )CC(KC)(Q/A g,0g,Gg, ∞∞ −=  (3)

Therefore:
 0g,

1
gGg, CQ/A)K(KC −

∞ +=  (4)

Combining equation 4 into equation 2, the core emission flux
model can be obtained as:

 0g,
11

G
1 C]K)[(Q/AJ −−− +=  (5)

Defining the overall emission coefficient Ke:

 11
G

1
e ]K)[(Q/AK −−− +=  (6)

Then the emission flux J can be expressed as:

 0g,e CKJ ×=  (7)

The overall emission coefficient Ke has units of velocity,
and it is determined by the overall mass transfer coefficient
KG and the Q/A ratio, as shown in equation 6. The influence
of the relative magnitudes of Q/A and KG on Ke is summa‐
rized in table 1.
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Table 1. Influence of the relative magnitudes of Q/A and KG on Ke.

Ke �g,C J Example Condition

When Q/A >> KG Ge KK � 0Cg, �
� 0g,G CKJ ⋅� Open field

When Q/A << KG Q/AKe � 0g,g, CC �
� 0g,CQ/AJ ⋅� Closed house

In the core emission flux model (eq. 5), the ammonia flux
is a function of the mass transfer coefficient (KG), the gas
phase ammonia concentration in equilibrium with dissolved
ammonia in litter (Cg,0), the ventilation rate (Q), and the
emission surface area (A). To estimate the ammonia flux, the
most important task is to determine Cg,0 and KG. Determina‐
tion of KG is largely empirical. The reported values of the
mass transfer coefficients vary widely, ranging from 0.005 to
42 m h-1 (Ni, 1999). Review of the existing ammonia emis‐
sion models showed that the mass transfer coefficients were
usually calculated as a function of air velocity and tempera‐
ture (Ni, 1999). Sometimes surface roughness, air density,
and air viscosity were also considered. Determination of Cg,0
is more complex, and a sub‐model was developed for it.

SUB‐MODEL OF EQUILIBRIUM GAS PHASE AMMONIA
CONCENTRATION

The value of Cg,0 depends on the equilibrium between gas
phase ammonia and the total ammoniacal nitrogen (TAN)
content in the litter. Because of litter moisture content, TAN
in litter partitions into the adsorbed and dissolved phases.
Dissolved ammonia in litter can exist in the form of ammo‐
nium ions (NH4

+) and free ammonia (NH3), and adsorbed
ammonia is mainly in the form of NH4

+. The processes re‐
lated to ammonia emissions from broiler litter are illustrated
in figure 1.

Using mass balance, TAN mass in litter can be expressed
as:

[TAN] = adsorbed NH4
+‐N

+ dissolved NH3‐N + dissolved NH4
+‐N (8)

where [TAN] is the TAN content in litter on a dry basis
(�g g-1).

The NH4
+ in the dissolved phase and adsorbed phase are

in equilibrium. The Freundlich isotherm has been used to de‐
scribe NH4

+ partitioning between solid phase and dissolved
phase (Bolt, 1976). It may be expressed as:

Adsorbed NH4
+‐N = Kf × [NH4

+‐N]l
1/n/1000 (9)

where adsorbed NH4
+‐N is expressed on a dry basis (�g g-1),

Kf is the Freundlich partition coefficient (L kg-1), and

[NH4
+‐N]l is the concentration of dissolved phase NH4

+‐N
(�g L-1).

For solutions with low concentrations, the Freundlich iso‐
therm can be simplified to a linear isotherm by setting 1/n in
equation 9 equal to one.In the linear isotherm, the parameter
Kf (L kg-1) is expressed by the ratio between the adsorbed
NH4

+‐N on the solid (�g g-1) and the dissolved phase NH4
+‐N

concentration in liquid (�g L-1).
The dissolved phase NH3‐N and NH4

+‐N in litter are in
aqueous equilibrium. The ratio of [NH4

+‐N]l/[NH3‐N]l is de‐
termined by the pH value and the dissociation constant Kd0:

[NH4
+‐N]l/[NH3‐N]l = 10-pH/Kd0 (10)

where [NH3‐N]l is the concentration of dissolved phase
NH3‐N (�g L-1), and Kd0 is the dissociation constant in water
(dimensionless).

Combining equations 8, 9, and 10 and using a linear iso‐
therm, the following model can be obtained to estimate the
concentration of dissolved phase NH3‐N in litter:

[NH3‐N]l = 1000 × [TAN]/{Kf ×10-pH/Kd0

+ MC × (1+ 10-pH/Kd0)/ρΗ2Ο} (11)

where MC is the moisture content of litter on a dry basis (w/w
%), and ρΗ2Ο is the density of water (kg L-1).

During the ammonia release process, only free ammonia
can be released into the air stream. The fraction of free am‐
monia nitrogen over TAN can be calculated using the follow‐
ing equation:

 

⎭
⎬
⎫

⎩
⎨
⎧ ρ++

= −

MC
K1

K
10

1

1
F

H2O
f

d0

pHc  (12)

where Fc is the corrected fraction of free ammonia nitrogen
over TAN (dimensionless).

The dissociation constant in water solution (Kd0) is a func‐
tion of temperature (T, K). It can be expressed with the fol‐
lowing semi‐empirical equation (Kamin et al., 1979). At
25°C, Kd0 = 10-9.3.

Log Kd0 = - 0.0918 - 2729.92/T (13)

Figure 1. Illustration of processes related to ammonia emissions from broiler litter.
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Various dissociation constants have been reported in
livestock manure, and differences in Kd between ammonium‐
water solutions and manure have been documented (Arogo et
al., 2003; Zhang, 1992; Hashimoto and Ludington, 1971).
These differences are attributed to two factors: (1) the
presence of organic matter, and (2) the presence of other ions
in solution (Montes et al., 2008). In studies by Srinath and
Loehr (1974), Cumby et al. (1995), Olesen and Sommer
(1993), and van der Molen et al. (1990), the dissociation
constants in livestock manure were reported to be
approximately  the same as that for ammonia in water.
However, Hashimoto and Ludington (1971) reported that, for
ammonia in concentrated chicken manure, the dissociation
constant was about 1/6 of that for ammonia in water. Zhang
(1992) reported that, for ammonia in diluted finishing pig
manure of 1% total solids content, the dissociation constant
was approximately 1/5 of that for ammonia in water. The
dissociation constant in manure (Kd) was often expressed by
multiplying Kd0 with a ratio � that incorporates the effect of
solids and ions. Therefore, the fraction of free ammonia
nitrogen over TAN in manure was calculated using the
following equation:

 

d0

pHc

K
10

1

1
F

α
+

= −  (14)

The reported ratio � varied from 0.2 to 1 (Hashimoto and
Ludington, 1971; Zhang, 1992; van Der Molen et al., 1990;
Liang et al., 2002; Arogo et al., 2003). Comparing equations 12
and 14, it can be seen that, in this sub‐model, � is related with
Kf and litter moisture content, and it can be calculated by:

 
1

H2O
f ]MC[

K1
−

⎟⎟⎠

⎞
⎢⎢⎝

⎛ ρ+=α  (15)

At the low concentrations expected, e.g., less than 1000 mg
L-1 in the solution, no serious error will result if the partition
between gas phase and liquid phase ammonia is considered to
obey Henry's law (Anderson, et al., 1987). The gas phase
ammonia concentration in equilibrium with dissolved

ammonia in litter (Cg,0) can be estimated from [NH3‐N]l and
Henry's constant Kh:

Kh = [NH3‐N]l/(14/17 × Cg,0) (16)

Hales and Drewes (1979) developed an empirical
equation to calculated Kh in non‐dimensional form as a
function of temperature (T, K):

Log Kh = - 1.69 + 1477.7/T (17)

In summary, Cg,0 can be estimated from [TAN], MC, and
pH of litter material using a sub‐model described in equations
11 through 17.

EXPERIMENTAL METHODS
DYNAMIC FLOW‐THROUGH CHAMBER EXPERIMENTS

The research was conducted in well‐controlled laboratory
facilities. A dynamic flow‐through chamber system and a wind
tunnel were designed respectively to measure ammonia
emissions from broiler litter and to evaluate the model
performance. The dynamic flow‐through chamber system is
shown in figure 2. The chamber body had a cylindrical shape
with a bottom diameter (inside measurements) of 0.40 m and
height of 0.39 m. Broiler litter was placed on the bottom of the
chamber, and a vacuum pump was used to draw air through the
chamber at a designed flow rate via flowmeters (shielded
industrial flowmeter, accuracy ±5%, Gilmont Instruments,
Barrington, Ill.). Before entering the chamber, ambient air
passed through an activated carbon filter so that background
ammonia was removed. A motor‐driven stainless steel impeller
mixed the air inside the chamber and promoted convective
conditions. The entire chamber body was made of stainless
steel, and Teflon tubing was used to minimize the adsorption of
ammonia. Ammonia concentration in the chamber was
measured with a chemiluminescence ammonia analyzer (model
17C, Thermo Environmental Instruments, Franklin, Mass.).
The ammonia analyzer was calibrated with a multipoint
calibration over the range of 0 to 100 ppm using standard
ammonia gas (400 ppm, ±2%, National Specialty Gases,
Durham, N.C.) and a gas mixing system (S‐4000, Environics,

Figure 2. Dynamic flow‐through chamber system.
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Tolland, Conn.) with airflow rate accuracy of 1% full scale.
A data logger (HOBO, Onset Computer Corp., Bourne,
Mass.) was used to record the ammonia analyzer measure-
ments at 1 min intervals.

The dynamic chamber system, with continuous stirring
provided by the impellor, meets the necessary criteria for
performance as a continuously stirred tank reactor (CSTR)
(Aneja, 1976). Measurements of ammonia concentration at
different location of the chamber also showed no significant
difference. Therefore, the ammonia concentration measured
at the chamber outlet was used to represent the ammonia
concentration in the chamber. The ammonia fluxes from the
litter surface inside the chamber were calculated using the
following equation (Aneja et al., 2000):

dC/dt = QC0/V + JA/V - QC/V (18)
where

C = ammonia mass concentration in the chamber (mg m-3)
Q = flow rate of the carrier gas through the chamber

(m3 h-1)
C0 = ammonia concentration in the carrier gas stream

(mg m-3)
V = volume of the chamber space above litter (m3)
J = ammonia emission flux (mg m-2 h-1)
A = chamber bottom surface area (m2).
Since background ammonia was removed from the carrier

gas, C0 = 0. At steady state, dC/dt = 0. Therefore, the ammonia
emission flux J can be obtained using the following equation:

J = (Q/A) C (19)

where C is the ammonia concentration in the chamber at
steady state.

The ventilation rates for the chamber (airflow rates
through the chamber) ranged from 8.3 to 74.0 L min-1, which
caused residence time of air in the chamber to be 40 to 375
s. Although the ventilation rates can vary widely in practice,
Brewer and Costello (1999) reported that the mean air speed
at a 0.25 m height was 0.24 m s-1 with a standard deviation
of 0.14 m s-1 in a conventional cross‐ventilated house.
Although no report has been found on the litter surface
horizontal air velocity in tunnel‐ventilated houses, the
average air velocity estimated from the ventilation rate and
house dimensions (Lacey et al., 2003) was more than 0.8 m
s-1. A hotwire anemometer (model 641‐18‐LED, range 0 to
10 m s-1, accuracy 3% full scale, Dwyer Instruments,
Michigan City, Ind.) was placed at about 0.025 m height
above the litter surface in the chamber to measure the
horizontal air velocity profile in the chamber. It was found
that the air velocity at the litter surface was totally dependent
on the speed (rpm) of the stirring impeller when the flow rate
of chamber was less than or equal to 74 L min-1. At 110 rpm,
the air velocity was 0.1 m s-1 at the center of the chamber and
0.99 m s-1 near the wall of the chamber. The average air
velocity in the chamber was 0.7 m s-1 with a standard
deviation of 0.3 m s-1.

Litter samples were placed on the chamber bottom to a depth
of about 0.025 m. Ammonia emission fluxes at steady state from
the litter were measured under various ventilation rates (airflow
rates through the chamber) from 8.3 to 40.9�min-1.

The general mass transfer flux equation 1 can be
rearranged as:

 rg,C ∞  = Cg,0 - (1/KG) J (20)

The speed (rpm) of the stirring impeller in the chamber was
110 rpm, and the room temperature was kept at 22°C. Assuming
that the mass transfer coefficient (KG) is constant, the
concentration of gas phase ammonia in the chamber ( ∞g,C ) and
the ammonia emission flux (J) should have a negative linear
relationship. The values of measured ∞g,C  versus J were plotted,
and a linear regression was performed. The slope of the
regression line provided the estimated value of (-1/KG), from
which KG was calculated. Once KG was determined, Cg,0 was
obtained from the measured ammonia flux. The Cg,0 values for
ten different litter samples were obtained at T = 22°C. For each
litter sample, three replicate measurements were taken.

WIND TUNNEL EXPERIMENTS
A wind tunnel was also designed for this ammonia

emission study (fig. 3). The main body of the wind tunnel was
2.286 m in length, 0.2032 m in width, and 0.2032 m in height.
The bottom was made of stainless steel, and the top and
sidewall were made of 3.2 mm thick Lexan polycarbonate
sheet. Airflow was provided by a centrifugal blower (model
35400, JABSCO, Glouscester Mass.) with a maximum
airflow rate of 0.1167 m3 s-1 (250 cfm). The blower was
located downwind of the tunnel and was connected to the
tunnel through a 0.1016�m diameter cylindrical duct. A
rotating‐vane anemometer (AV‐2, uncertainty 0.5% of
display, Airflow Developments Ltd., High Wycombe, U.K.)
was placed in the duct to measure the airflow rate in the wind
tunnel. Before being placed into the duct, the anemometer
was calibrated using both a pitot tube and a hotwire
anemometer  with the log‐Tchebycheff traversing method
(six measuring points were used). The calibration curve
achieved an R2 value of 0.9967.

The wind tunnel was placed in a naturally ventilated
building, and the air temperature in the wind tunnel was
monitored but not controlled. A humidity and temperature
transmitter (model RHT‐WM, accuracy ±5% RH in the range
of 20% to 80% RH, < ±1°C in the range of 10°C to 40°C,
Novus Automation, Doral, Fla.) was placed at inlet of the wind
tunnel, and a data logger (HOBO, Onset Computer Corp.,
Bourne, Mass.) was used to record the relative humidity and air
temperature measurements at 1 min intervals.

Broiler litter samples were placed on the 0.762 m long
emission section of the wind tunnel to a depth of 0.025 m.
There was a 1.27 m long flow‐stabilizing section upwind of
the litter sample and a 0.254 m long transition section
downwind of the litter sample, which were both filled with
0.025 m deep wood chips. Velocity profiles inside the wind
tunnel were measured using the hotwire anemometer.
Ammonia concentrations at the outlet and inlet of the wind
tunnel were measured using the chemiluminescence
ammonia analyzer (model 17C, Thermo Environmental
Instruments, Franklin, Mass.).

Ryden and Lockyer (1985) showed that the flow was
turbulent within a similar wind tunnel. The transfer of gas
between a surface and the flow depends mainly on the dynamic
structure of the flow in the boundary layer (Townsend, 1976).
According to Loubet et al. (1999), for a wind tunnel of similar
design, the boundary layer stabilized in the end part of the
tunnel, approximately after a distance from the inlet of 1.0 to 1.5
m, and the boundary layer was about 0.12 m above the bottom
of the tunnel. According to Shah et al. (2007), the velocity
profile fully developed and stabilized over a 1.0 m
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Figure 3. Wind tunnel system.

distance starting at 0.6 m from the inlet, and the boundary
layer was 0.06 to 0.08 m above the bottom.

The ammonia fluxes from the litter samples on the
emission section inside the wind tunnel can be calculated
using the following equation:

J = (Q/A) (Coutlet - Cinlet) (21)

where Coutlet and Cinlet are the ammonia mass concentrations
(mg m-3) at the outlet and inlet of the wind tunnel, respectively.

The wind tunnel usually required 15 to 30 min to reach
steady state. After steady state was reached, ammonia
concentration measurements were taken using 30 min
average values.

The air velocity profiles at the start point (upwind) and end
point (downwind) of the emission section in the wind tunnel
are presented in figure 4. Air profiles were measured for
nominal velocity values of 0.15, 0.50, 1.00, 1.50, and 2.00 m
s-1. It can be seen that there was no significant difference
between the height of the boundary layer (the height at which
the air velocity was no longer obviously affected by the
underlying surface) at the start point and end point of the

emission section. The height of the boundary layer increased
with the nominal velocity, and it was about 0.13 m above
litter surface when the nominal velocity was 2.00 m s-1.

In the wind tunnel experiments, Cg,0 was obtained by
measuring the equilibrium concentration of gas phase ammonia
at the litter surface directly, in absence of air exchange, by
closing the wind tunnel and allowing zero airflow. Since values
of Cg,0 were usually higher than 100�ppm, which was the full‐
scale reading of the chemiluminescence ammonia analyzer; a
dilution system was fabricated and used with the analyzer. The
dilution ratio was calibrated using standard ammonia gas
(400�ppm, ±2%, National Specialty Gases, Durham, N.C.).
The dilution ratio was determined to be 15.18 with a standard
deviation of 0.62 (n�= 10). In order to investigate the influence
of temperature, the Cg,0 was measured at various temperatures.
Two litter samples with different TAN and moisture contents
were tested. Ammonia fluxes (J) in the wind tunnel were
measured at various combinations of air velocities and air
temperatures. After J and Cg,0 were determined, the mass
transfer coefficient (KG) was calculated using equation 1.

Figure 4. Air velocity profiles at the start point (upwind) and end point (downwind) of the emission section in the wind tunnel for nominal velocity values
of 0.15, 0.50, 1.00, 1.50, and 2.00 m s-1.
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LITTER SAMPLES ANALYSES
Litter samples at various ages were taken from three

commercial  broiler farms in North Carolina. These broiler
farms had similar management practices; the grow‐out
period was 56 to 60 days (per flock) with two weeks of clean‐
out time. The litter material used by these farms consisted of
wood shavings. The samples were stored in airtight buckets
in an air‐conditioned laboratory with temperature around
22°C. They were analyzed for total Kjeldahl nitrogen (TKN),
total ammoniac nitrogen content (TAN), moisture content,
pH, total nitrogen content, and total carbon content in the
Environmental  Analysis Laboratory of the Department of
Biological and Agricultural Engineering (BAE) at North
Carolina State University. For the analyses, the litter
subsamples were prepared “as is” without further drying or
grinding. TN and TC were determined through thermal
conductivity detection with a Leco C/N 2000 analyzer
(Official Method 990.03; AOAC, 1995). For determination
of TKN, the litter subsamples were first digested with a
catalyst (K2SO4, CuSO4·5H2O, and pumice) and H2SO4
(Schuman et al., 1973). For determination of TAN, the litter
subsamples were extracted in 1.25 N K2SO4. The ammonia‐
salicylate method was used for TKN and TAN analysis using
EPA Method 351.2 (EPA, 1979) or Standard Method
4500‐NH3 G, (APHA, 1998), with slight modifications
including dialysis. Litter moisture content was obtained by
comparing litter weight before and after oven drying.

MODEL EVALUATION PARAMETERS

Normalized mean error (NME), normalized mean square
error (NMSE), and fractional bias (FB) were calculated to
evaluate the performance of the model:

NME = �|CPi - COi|/�COi (22)

NMSE = �(CPi - COi)2/(n Cp CO) (23)

FB = 2(CP - CO)/(CP + CO) (24)

where
CPi = model‐predicted value of Cg,0 (mg m-3)
COi = observed value of Cg,0 (mg m-3)
n = number of corresponding pairs of observed and

predicted values.
CP = mean predicted value of Cg,0 (mg m-3)
Co = mean observed value of Cg,0 (mg m-3).

SENSITIVITY ANALYSIS

In order to assess the relative importance of critical
parameters, a sensitivity analysis was performed to evaluate the
relative changes in model‐predicted ammonia flux with respect
to changes in the model input variables, such as litter TAN
content, moisture content, pH, temperature, Kf, and KG.
Although some variables are not totally independent with each
other (such as KG vs. temperature), while doing the sensitivity
analysis, only the variable of interest was changed.

The relative sensitivity indicates the percent change in flux
for each percent change in the input variable in the range being
considered. It was calculated using the method described by
Zerihun et al. (1996) and Liang et al. (2002) and is defined as:

Sr = (�J/J)/(� x/x) (25)

where

Sr = relative sensitivity (dimensionless)
�J = change of ammonia emission flux (mg h-1 m-2)

baseline values (mg h-1 m-2)
J = ammonia emission flux when all variables using 

baseline values (mg h-1 m-2)
� x = change of the variable of interest over the range being

considered
x = baseline value of the variable of interest.

RESULTS AND DISCUSSIONS
Cg,0 OF DIFFERENT LITTER SAMPLES AT CONSTANT
TEMPERATURE

In the dynamic flow‐through chamber experiments, it was
observed that as ventilation rate increased, the concentration
of gas phase ammonia in the chamber ( ∞g,C ) decreased,
while the ammonia flux (J) increased (fig. 5).

The values of measured ∞g,C  versus J were plotted (fig. 6),
and a linear regression was performed. The slope was
estimated to be -0.123 with a standard deviation of 0.027. An
average value of 8.11 ±1.86 m h-1 was obtained for KG. The
average value of Cg,0 for ten different litter samples and
corresponding litter properties are presented in table 2, in
which TAN and litter moisture contents are expressed on a
dry basis.

Figure 5. Flux and concentration vs. flow rate.

Figure 6. 
�g,

C vs. emission flux J.
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Table 2. Cg,0 for various litter samples and
corresponding litter properties (T = 22°C).

Litter
Sample

No.
TAN

(μg g‐1) pH

Moisture
Content
(w/w %)

Cg,0
(mg m‐3)

Kd
Ratio

α
1 3787 8.90 33.4 162.7 0.069
2 1751 9.02 29.6 118.6 0.074
3 3961 7.59 35.1 27.2 0.232
4 2605 8.72 21.8 142.9 0.087
5 4650 8.14 21.7 86.3 0.110
6 3405 7.45 28.1 13.2 0.144
7 4607 7.79 36.9 81.0 0.399
8 3033 8.13 32.9 63.7 0.194
9 4795 6.26 22.9 1.1 0.109

10 1908 8.81 34.4 133.6 0.146

Applying Henry's law (eq. 16), the concentrations of
dissolved phase NH3‐N in litter were estimated to be in the
range of 1.9 to 278 mg L-1. The dissociation constant (Kd)
was estimated and compared with that in water. The Kd ratio
� was calculated, and the results are listed in table 2. The
estimated Kd ratio � has an average value of 0.157 with a
standard deviation of 0.095, which is comparable with 1/6, as
reported by Hashimoto and Ludington (1971), and 1/5, as
reported by Zhang (1992) in their study of chicken and pig
manure. It was also noticed that the Kd ratio � was positively
related with litter moisture content, as shown in figure 7,
which is expected from equation 15.

Griffin et al. (1976) reported that Kf of ammonia in
Montmorillonite  sand was 0.24 to 2.00 L kg-1. Freewood et
al. (2001) reported that Kf of ammonia in colliery spoil was
0.6 to 19.3 L kg-1. No values of Kf have been reported for
broiler litter in the available literature. Therefore, Kf was
used as a fitting parameter. The Kf value can be estimated
using equation 15. The estimated Kf value is in fact a lumped
parameter accounting for all the effects (solid adsorption,
ionic interaction, etc.) that contribute to the deviation of Kd
from that of water. The Kf of ammonia in litter was estimated
to have an average value of 2.11 L kg-1 for the nine tested
litter samples. The result for the litter sample that had a pH
value of 6.26 was omitted because of its unrealistically low
pH value.

The distribution of TAN content of the tested ten samples
was calculated, and the results are shown in figure 8. It was
estimated that the dissolved phase NH3‐N was only 0.01% to
4.11% of the TAN in litter, and the adsorbed phase NH4

+‐N
was 59.5% to 90.8% of the TAN in litter.

Figure 7. Kd ratio � vs. litter moisture content.

The Cg,0 can then be calculated using the sub‐model
described in equations 11 through 17 and the estimated
average Kf value (2.11 L kg-1). The model‐predicted values
of Cg,0 are compared with the observed values in figure 9. It
can be seen that the sub‐model was able to simulate Cg,0 as
a function of pH. It was also observed that the Kf of ammonia
in litter was positively related with the litter pH value, as
shown in figure 10. The effect of pH on Kf may explain why
the sub‐model tends to overestimate Cg,0 at higher pH values
when using a constant Kf, as shown in figure 9.

Cg,0 AT VARIOUS TEMPERATURES

In the wind tunnel experiments, two litter samples were
tested at various temperatures. Properties of the two litter
samples are listed in table 3, in which TAN and litter moisture
contents are expressed on a dry basis.

Thirty measurements were taken for litter A at various
temperatures from 12.8°C to 27.2°C. The estimated Kd ratio
� had an average value of 0.145 with a standard deviation of
0.032 for litter A, and an average value of 1.87 L kg-1 was
obtained for Kf, with a standard deviation of 0.52 L kg-1.
Fifty‐four measurements were taken for litter B at various
temperatures from 19.2°C to 30.0°C. The estimated Kd ratio
� had an average value of 0.192 with a standard deviation of
0.075 for litter B, and an average value of 2.15 L kg-1 was
obtained for Kf, with a standard deviation of 0.99 L kg-1.

The Cg,0 can then be calculated using the sub‐model
described in equations 11 through 17 and the estimated
average Kf value for each litter sample. The model‐predicted
values of Cg,0 are compared with the observed values in

Figure 8. Estimated distribution of TAN content of the tested ten litter samples.
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Figure 9. Model‐predicted and observed values of Cg,0 of the tested nine
litter samples (T = 22°C).

Figure 10. Kf vs. pH.

Table 3. Properties of the two litter samples.
Litter

Sample
TAN

(μg g‐1) pH
Moisture Content

(w/w %)

A 4501 8.49 29.8
B 9176 8.62 56.7

Figure 11. Model‐predicted and observed values of Cg,0 for the litter A
at various temperatures (using Kf = 1.87 L kg-1 in model).

Figure 12. Model‐predicted and observed values of Cg,0 for the litter B
at various temperatures (using Kf = 2.15 L kg-1 in model).

Figure 13. Model‐predicted and observed values of fraction of free
ammonia nitrogen over TAN for litter A and B.

figures�11 and 12. It can be seen that the sub‐model was able
to simulate Cg,0 as a function of temperature. It was also
observed that Kf had a tendency to decrease with increasing
temperature for both litter A and litter B. The effect of
temperature on Kf may explain why the sub‐model tended to
underestimate  Cg,0 at higher temperatures when using a
constant Kf, as shown in figures 11 and 12. The difference in
Kf values between litter A and litter B can be explained by
their different pH values.

The model‐predicted values and the observed values of the
fraction of free ammonia nitrogen over TAN for litter A and
litter B are shown in figure 13. The fraction of free ammonia
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nitrogen over TAN was obviously higher in litter B than that in
litter A due to its higher moisture content and higher pH value.

REGRESSION MODEL OF Kf
Based on the measurements from both the dynamic flow‐

through chamber and the wind tunnel study, the following
regression model of Kf as function of litter pH value
(concentration of hydrogen ion [H+]) and temperature (°C)
was obtained:

Kf = Ck [H+]a Tb (26)

where Ck, a, b are regression coefficients: Ck = 0.00672, a =
-0.412 ±0.085, and b = -0.759 ±0.135. Effects of hydrogen
ion concentration and temperature both have P‐values
smaller than 0.001.

EVALUATION OF THE MODEL
The value of Cg,0 can be calculated using the sub‐model

described in equations 11 through 17 and the regression
model of Kf. The model‐predicted values of Cg,0 are
compared with the observed values in figure 14 for all the 93
measurements from both the dynamic flow‐through chamber
and the wind tunnel experiments. It can be seen that the
model was able to reproduce 80% of the variability of the
data. For all the 93�measurements, the NME was calculated
to be 25%, the NMSE was 12%, and FB was only -0.3%.

SIMULATION OF Cg,0 IN TIME SERIES

The equilibrium ammonia concentration (Cg,0) of litter B
and the ambient temperature were continuously measured
from 12:00 p.m. on 27 August to 12:00 p.m. on 2 September
2008. Data were recorded at 1 min intervals. Figure 15 shows
the comparison of the model‐predicted Cg,0 and observed
Cg,0 in time series. It can be seen that the variation of
observed Cg,0 correlated with ambient temperatures, and the
sub‐model performed well in simulating the expected
variation in Cg,0 that was due to the variation in temperatures.

MASS TRANSFER COEFFICIENT
The mass transfer coefficient (KG) in the wind tunnel was

measured at various combinations of air velocities and air
temperatures.  In 188 measurements, the KG ranged from 1.11
to 27.64 m h-1 with an average value of 9.10 m h-1. It was
found that KG was function of air velocity and air
temperature,  and the results are discussed in detail in another

Figure 14. Model‐predicted and observed values of Cg,0.

paper (Liu et al., 2008). When air temperature was 22°C and
air velocity was 0.80 m s-1, a KG value of 9.82 m h-1 was
obtained, which is comparable with what was obtained from
the dynamic flow‐through chamber experiments (KG = 8.11
m h-1).

MODEL‐PREDICTED AMMONIA FLUX
Combining the sub‐model for calculating Cg,0 and the core

emission flux model (eq. 5), the ammonia flux is essentially
a function of litter TAN content, moisture content, pH, and
temperature, as well as the Freundlich partition coefficient
(Kf), mass transfer coefficient (KG), ventilation rate (Q), and
emission surface area (A), Furthermore, Kf can be estimated
from pH and air temperature using the regression equation
(eq.�22). The model‐predicted ammonia fluxes under various
temperatures and pH values are plotted in figure 16. Baseline
values were used for all other input variables. It can be seen
that ammonia fluxes increased sharply as either pH or
temperature increased.

Ammonia flux was calculated to be 446 mg N m-2 h-1 when
using the baseline values in table 4 for all variables. The
percentage changes in ammonia flux for a 10% increase in the
variable of interest from the baseline value are also presented in
table 4. It can be seen that ammonia flux is very sensitive to

Figure 15. Comparison of model‐predicted Cg,0 and observed Cg,0 in time series.
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Figure 16. Model‐predicted ammonia fluxes under various air
temperatures and litter pH values (baseline values, all on dry basis:
TAN = 3553 �g g-1, moisture content = 32.94 w/w %, KG = 8.11 m h-1,
and Q/A = 100 m h-1).

Table 4. Baseline values and percentage change
in ammonia flux for 10% increase in variables.

Variable of Interest
Baseline

Value
Change in

Ammonia Flux[a]

TAN (μg g‐1) 3553 +10%
pH 8.11 +509.6%

Moisture content (w/w %) 32.94 ‐1.9%
Temperature (°C) 22 +27.3%

Kf (L kg‐1) 1.44 ‐7.4%
KG (m h‐1) 8.59 +9.1%
Q/A (m h‐1) 100 +0.7%

[a] Percentage change in ammonia flux for 10% increase in the variable of
interest from the baseline value

Table 5. Relative sensitivity Sr for ammonia emission flux
from litter with respect to litter pH and temperature

at different pH and temperature ranges.
pH Temperature

Range Sr Range (°C) Sr

7.0‐7.2 20.49 14‐16 1.83
7.9‐8.1 22.88 22‐24 2.70
8.8‐9.0 23.74 30‐32 3.45

litter pH and temperature. In fact, an increase of 0.2 in pH or
an increase of 2°C in temperature can result in more than
20% increase in flux. The resulting percentage change in
ammonia flux due to variation of Kf or KG has the same order
of magnitude as the parameter itself. As indicated earlier, the
sensitivity of KG is dependent on the relative magnitude of
the Q/A and KG baseline values. The choice of 100 m h-1 as
baseline value for Q/A was based on actual tunnel‐ventilated
broiler house measurements (Lacey et al., 2003).

The relative sensitivity of ammonia emission flux with
respect to litter pH and temperature are presented in table 5.
It was observed that the relative sensitivity of pH or
temperature increases as pH or temperature increases.

CONCLUSION
An emission model was developed to estimate ammonia flux

from broiler litter. The model inputs include the litter TAN
content, litter pH value, litter moisture content, the Freundlich
partition coefficient (Kf), mass transfer coefficient (KG),
ventilation rate (Q), and emission surface area (A). The model

was evaluated based on experimental results from a dynamic
flow‐through chamber and a wind tunnel. The results from
the two experimental facilities are comparable with each
other. Model parameters such as Kf and KG were estimated.
Based on the experimental results, it was estimated that the
dissolved phase NH3‐N was only 0.01% to 4.11% of the TAN
in litter, and the Freundlich partition coefficient (Kf) of
ammonia in litter was estimated to be in the range from 0.56
to 4.48 L kg-1. A regression sub‐model was developed to
estimate Kf as a function of litter pH and temperature, which
indicated that Kf increased with increasing litter pH and
decreased with increasing temperature. The proposed model
was used to estimate the equilibrium gas phase ammonia
concentration (Cg,0) in litter, and the model‐predicted values
were compared with the observed values. The normalized
mean error (NME), the normalized mean square error
(NMSE), and fractional bias (FB) were calculated to be 25%,
12%, and -0.3%, respectively, for all 93 measurements. And
the model was able to reproduce 80% of the variability of the
data. Sensitivity analysis of the model showed that ammonia
flux is very sensitive to litter pH followed by temperature,
and the relative sensitivity of pH or temperature increases as
pH or temperature increases.

REFERENCES
Anderson G. A., R. J. Smith; D. S. Bundy, and E. G. Hammond.

1987. Model to predict gaseous contaminants in swine
confinement buildings. J. Agric. Eng. Res. 37(3‐4): 235‐253.

Aneja, V. P. 1976. Dynamic studies of ammonia uptake by selected
plant species under flow reactor conditions. PhD diss. Raleigh,
N.C.: North Carolina State University.

Aneja, V. P., J. P. Chauhan, and J. T. Walker. 2000. Characterization
of atmospheric ammonia emissions from swine waste storage
and treatment lagoons. J. Geophysical Res. 105(D9):
11535‐11545.

AOAC. 1995. Official method 990.03: Protein (crude) in animal
feed: Combustion method. In Official Methods of Analysis. 16th
ed. Gaithersburg, Md.: AOAC.

APHA. 1998. Standard method 4500 NH3 G: Automated phenate
method. In Standard Methods for the Examination of Water and
Wastewater. 20th ed. Washington, D.C.: APHA, AWWA, WEF.

Arogo, J., P. Westerman, and A. Heber. 2003. A review of ammonia
emissions from confined swine feeding operations. Trans. ASAE
46(3): 805‐817.

Arogo, J., P. Westerman, A. Heber, W. Robarge, and J. Classen.
2006. Ammonia emissions from animal feeding operations. In
Animal Agriculture and the Environment: National Center for
Manure and Animal Waste Mgmt. White Papers, 41‐88. J. M.
Rice, D. F. Caldwell, and F. J. Humenik, eds. St. Joseph, Mich.:
ASABE.

Battye, R., W. Battye, C. Overcash, and S. Fudge. 1994.
Development and selection of ammonia emission factors. EPA
Contract No. 68‐D3‐0034. Washington, D.C.: U.S.
Environmental Protection Agency.

Battye, W., V. P. Aneja, and P. A. Roelle. 2003. Evaluation and
improvement of ammonia emissions inventories. Atmos.
Environ. 37(27): 3873‐3883.

Bolt, G. H. 1976. Transport and accumulation of soluble soil
components: A. Basic elements. In Soil Chemistry, 126‐140. G.
H. Bolt and M. G. M. Bruggenwert, eds. New York, N.Y.:
Elsevier.

Brewer, S. K., and T. A. Costello. 1999. In situ measurement of
ammonia volatilization from broiler litter using an enclosed air
chamber. Trans. ASAE 42(5): 1415‐1422.



1694 TRANSACTIONS OF THE ASABE

Carr, L. E., F. W. Wheaton, and L. W. Douglas. 1990. Empirical
models to determine ammonia concentrations from broiler
chicken litter. Trans. ASAE 33(4): 1337‐1342.

Cumby, T. R., B. S. O. Moses, and E. Nigro. 1995. Gases from
livestock slurries: Emission kinetics. In Proc. 7th Intl.
Symposium on Agricultural and Food Processing Wastes
(ISAFPW95), 230‐240. C. C. Ross, ed. St. Joseph, Mich.:
ASAE.

Dammgen, U., M. Luttich, H. Dohler, B. Eurich‐Menden, and B.
Osterburg. 2002. GAS‐EM: A procedure to calculate gaseous
emissions from agriculture. Landbauforschung Volkenrode
52(1): 19‐42.

Elliott, H. A., and N. E. Collins. 1982. Factors affecting ammonia
release in broiler houses. Trans. ASAE 25(2): 413‐424.

Elwinger, K., and L. Svensson. 1996. Effect of dietary protein
content, litter, and drinker types on ammonia emission from
broiler house. J. Agric. Eng. Res. 64(3): 197‐208.

EPA. 1979. Method 351.2: Nitrogen, Kjeldahl, total: Colorimetric,
semi‐automated block digester, AAII. In Methods for Chemical
Analysis of Water and Wastes. EPA‐600/4‐79‐020. Cincinnati,
Ohio: U.S. EPA Environmental Monitoring and Support
Laboratory.

Freewood, R. J., J. C. Cripps, and C. C. Smith. 2001. Leachate
attenuation characteristics of colliery spoils. In Groundwater
Quality: Natural and Enhanced Restoration of Groundwater
Pollution. IAHS Publication No. 275. S. F. Thornton and S. E.
Oswald, eds. Cited in: S. R. Buss, A. W. Herbert, P. Morgan, and
S. F. Thornton. 2003. Review of ammonium attenuation in soil
and groundwater. NGWCLC Report NC/02/49. London, U.K.:
Environment Agency.

Griffin, R. A., N. F. Shimp, J. D. Steele, R. R. Ruch, W. A. White,
and G. M. Hughes. 1976. Attenuation of pollutants in municipal
landfill leachate by passage through clay. Environ. Sci. Tech.
10(13): 1262‐1268. Cited in: S. R. Buss, A. W. Herbert, P.
Morgan, and S. F. Thornton. 2003. Review of ammonium
attenuation in soil and groundwater. NGWCLC Report
NC/02/49. London, U.K.: Environment Agency.

Hales, J. M., and D. R. Drewes. 1979. Solubility of ammonia at low
concentrations. Atmos. Environ. 13(8): 1133‐1147.

Hashimoto, A. G., and D. C. Ludington. 1971. Ammonia
desorption from concentrated chicken manure slurries. In Proc.
Intl. Symposium on Livestock Wastes: Livestock Waste
Management and Pollution Abatement, 117‐121. St. Joseph,
Mich.: ASAE.

Kamin, H., J. C. Barber, S. I. Brown, C. C. Delwiche, D. Grosjean,
J. M. Hales, J. L. W. Knapp, E. R. Lemon, C. S. Martens, A. H.
Niden, R. P. Wilson, and J. A. Frazier. 1979. Ammonia.
Baltimore, Md.: University Park Press.

Lacey, R. E., J. S. Redwine, and C. B. Parnell, Jr. 2003. Particulate
matter and ammonia emission factors for tunnel‐ventilated
broiler production houses in the southern U.S. Trans. ASAE
46(4): 1203‐1214.

Liang, Z. S., P. W. Westman, and J. Arogo. 2002. Modeling
ammonia emission from swine anaerobic lagoons. Trans. ASAE
45(3): 787‐798.

Liu, Z., L. Wang, D. B. Beasley, and B. S. Shah. 2008. Mass
transfer coefficient of ammonia emissions from broiler litter.
ASABE Paper No. 084368. St. Joseph, Mich.: ASABE.

Loubet, B., P. Cellier, S. Genermont, and D. Flura. 1999. An
evaluation of the wind‐tunnel technique for estimating ammonia
volatilization from land: Part 2. Influence of the tunnel on
transfer processes. J. Agric. Eng. Res. 72(1): 83‐92.

Montes, F., A. Rotz, and H. Chaoui. 2008. Process modeling of
ammonia volatilization from ammonium solution and manure
surfaces. ASABE Paper No. 083584. St. Joseph, Mich.:
ASABE.

Ni, J. 1999. Mechanistic models of ammonia release from liquid
manure: A review. J. Agric. Eng. Res. 72(1): 1‐17.

Ni, J., and A. Heber. 2001. Sampling and measurement of ammonia
concentration at animal facilities: A review. ASAE Paper No.
014090. St. Joseph, Mich.: ASAE.

Nicholson, F. A., B. J. Chambers, and A. W. Walker. 2004.
Ammonia emissions from broiler litter and laying hen manure
management systems, Biosystems Eng. 89(2): 175‐185.

NRC. 2003. Air Emissions from Animal Feeding Operations:
Current Knowledge, Future Needs. Washington, D.C.: National
Research Council.

Olesen, J. E., and S. G. Sommer. 1993. Modelling effects of wind
speed and surface cover on ammonia volatilization from stored
pig slurry. Atmos. Environ.: Part A 27(16): 2567‐2574.

Pinder, R. W., N. J. Pekney, C. I. Davidson, and P. J. Adams. 2004.
A process‐based model of ammonia emissions from dairy cows:
Improved temporal and spatial resolution. Atmos. Environ.
38(9): 1357‐1365.

Redwine, J. S., R. E. Lacey, S. Mukhtar, and J. B. Carey. 2002.
Concentration and emissions of ammonia and particulate matter
in tunnel‐ventilated broiler houses under summer conditions in
Texas. Trans. ASAE 45(4): 1101‐1109.

Reidy, B., and H. Menzi. 2006. DYNAMO: An ammonia emission
calculation model and its application for the Swiss ammonia
emission inventory. In Proc. Workshop on Agricultural Air
Quality: State of the Science. Washington, D.C.: Ecological
Society of America, Science Programs Office.

Ryden, J. C., and D. R. Lockyear. 1985. Evaluation of a system of
wind tunnels for field studies of ammonia loss from grassland
through volatilization. J. Sci. Food Agric. 36(9): 781‐788.

Schuman, G. E., M. A. Stanley, and D. Knudsen. 1973. Automated
total nitrogen analysis of soil and plant samples. SSSA Proc.
37(3): 480‐481.

Shah, S. B., T. K. Marshall, E. P. Harris, P. W. Westerman, and R. D.
Munilla. 2007. An innovative wind tunnel for evaluating
gaseous emissions from agricultural land or liquid surfaces.
ASABE Paper No. 074005. St. Joseph, Mich.: ASABE.

Siefert, R. L., J. R. Scudlark, A. M. Potter, K. A. Simonsen, and K.
B. Savidge. 2004. Characterization of atmospheric ammonia
emissions from a commercial chicken house on the Delmarva
Peninsula. Environ. Sci. Tech. 38(10): 2769‐2778.

Srinath, E. G., and R. C. Loehr. 1974. Ammonia desorption by
diffused aeration. J. Water Pollution Control Fed. 46(8):
1937‐1957.

Townsend, A. A. 1976. The Structure of Turbulent Shear Flow.
Cambridge, U.K.: Cambridge University Press.

van der Molen, J., A. C. M. Beljaars, W. J. Chardon, W. A. Jury, and
H. G. Vanfaassen. 1990. Ammonia volatilization from arable
land after application of cattle slurry: 2. Derivation of a transfer
model. Netherlands J. Agric. Sci. 38(3): 239‐254.

Wheeler, E. F., K. D. Casey, R. S. Gates, H. Xin, J. L.
Zajaczkowski, P. A. Topper, Y. Liang, and A. J. Pescatore. 2006.
Ammonia emissions from twelve U.S. broiler chicken houses.
Trans. ASABE 49(5): 1495‐1512.

Zerihun, D., J. Feyen, and J. M. Reddy. 1996. Sensitivity analysis of
furrow‐irrigation performance parameters. J. Irrig. and Drain.
Eng. 122(1): 49‐57.

Zhang, R. H. 1992. Degradation of swine manure and a computer
model for predicting the desorption rate of ammonia from an
under‐floor pit. PhD diss. Urbana Ill.: University of Illinois.

Zhang, R., T. R. Rumsey, J. G. Fadel, J. Arogo, Z. Wang, G. E.
Mansell, and H. Xin. 2006. A process‐based ammonia emission
model for confinement animal feeding operations: Model
development. Available at: www.conceptmodel.org/nh3/
documents/Progress%20Report%20and%20Memo/Papers%20‐
%20EPA%20Emissions%20Conference/EI2005_LADCO_NH3
_Model_Zhang_033005.pdf. Accessed September 2009.


