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ABSTRACT
In-house windrowing between flocks is an emerging sanitary management practice to partially disinfect
the built-up litter in broiler houses. However, this practice may also increase ammonia (NH3) emission from
the litter due to the increase in litter temperature. The objectives of this study were to develop
mathematical models to estimate NH3 emission rates from broiler houses practicing in-house windrowing
between flocks. Equations to estimate mass-transfer areas form different shapes windrowed litter
(triangular, rectangular, and semi-cylindrical prisms) were developed. Using these equations, the heights
of windrows yielding the smallest mass-transfer area were estimated. Smaller mass-transfer area is
preferred as it reduces both emission rates and heat loss. The heights yielding the minimum mass-transfer
area were 0.8 and 0.5 m for triangular and rectangular windrows, respectively. Only one height (0.6 m) was
theoretically possible for semi-cylindrical windrows because the base and the height were not
independent. Mass-transfer areas were integrated with published process-based mathematical models to
estimate the total house NH3 emission rates during in-house windrowing of poultry litter. The NH3

emission rate change calculated from the integrated model compared well with the observed values
except for the very high NH3 initial emission rate from mechanically disturbing the litter to form the
windrows. This approach can be used to conveniently estimate broiler house NH3 emission rates during
in-house windrowing between flocks by simply measuring litter temperatures.
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Introduction

Commercial broiler production commonly uses wood shavings
or straw as bedding material. After it is used, the bedding mate-
rial along with poultry manure, feathers, and spilled feed builds
up into poultry litter. The same litter is reused by multiple flocks
because of the high costs for complete replacement of bedding
after the harvest of each flock. After using the same litter for
multiple flocks, the built-up of poultry litter may increase the
risk of transmitting pathogenic microorganisms such as
Salmonella, Escherichia coli, Clostridium, Campylobacter, and
others, causing an increase in bird mortality.[1] In-house wind-
rowing is an emerging management practice used as a sanitary
measure to partially disinfect the built-up litter. With this prac-
tice, growers windrow the litter in broiler houses during down-
time between flocks, usually for 2 weeks. This practice results in
high litter temperatures that can reduce pathogens in the litter.
Simultaneously, this practice also increases ammonia (NH3)
emission from the litter since organic nitrogen in animal manure
can be rapidly converted into NH3 and released to the atmo-
sphere under favorable environmental conditions (temperature,
moisture content, and pH) of the poultry litter.[2] Although the
concomitant increase in temperature and NH3 is thought to pro-
vide the disinfection effect for the windrowed in-house litter,[2,3]

NH3 is a fugitive gas contributing to the regional acidification

and eutrophication of both terrestrial and aquatic ecosystems,
and a principal source of atmospheric aerosols from livestock
operations.[4,5]

The extent of NH3 emissions from bird housing depends
on complex biochemical reactions leading to the mineraliza-
tion of organic N compounds in poultry manure, and both
diffusive and convective transport of NH3 from the source
to the ambient air.[6,7] When poultry litter is windrowed,
the heat generated by microbial reactions raises the litter
temperature and influences NH3 emission. Comprehensive
mathematical models integrating biochemical reaction kinet-
ics, heat and mass transfer for enclosed reactor systems
were successfully developed to simulate compost tempera-
ture, respiration rates, and ammonia emission rates.[8–10]

These models may not be applicable for our case study of
litter windrowing because they assume completely mixed
compost with uniform temperature and forced aeration
with well-defined air-flow rates. Although both aeration and
mixing of windrowed litter are achieved by turning it, uni-
form temperature may not be assumed as accurate unless
the windrow is turned frequently enough. In our previous
experience with in-house windrowing of poultry litter, tem-
peratures never became uniform when the windrow was
turned only twice during the course of a 15-day in-house
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windrowing study.[2] Our field study measured the differ-
ence in NH3 emission rates between windrowing and con-
trol broiler houses. The ratio of NH3 emission rate from
windrowed litter to that of control house increased to 2.98
when the litter temperature increased to 55�C. Typically, all
houses are windrowed during downtime (about 2 weeks)
between flocks (three to four times in a year). The farmer
allowed us to use one of broiler house as a control by not
windrowing it during the downtime. Thus, the results of
our previous field study results were compared with the
model outputs from this study.

In this study, prediction of litter temperature was not
included in the development of the mathematical method, but
litter temperature measured from full-scale in-house windrows
of poultry litter was used for the simulation. Liu et al.[11] devel-
oped a simplified mathematical equation for NH3 flux from an
empty model bird housing assuming a negligible concentration
in the air entering the bird house:

J DKeCo; (1)

where
J D NH3 flux (mg m¡2 h¡1),
Ke D overall emission coefficient (m h¡1),
Co D gas phase NH3 concentration in equilibrium with dis-

solved NH3 in litter (mg m¡3).
The overall emission coefficient is related to ventilation rate

and the gas-phase overall mass-transfer coefficient. The gas-
phase overall mass-transfer coefficient can be estimated with
air velocity and temperature; while Co is related to dissolved
NH3 concentration in the litter and the Henry’s coefficient.[11]

When litter is windrowed, the increase in litter temperature
will significantly increase Co. For example, using an empirical
equation for Henry’s coefficient,[12] Co increases 2.8 times when
the litter temperature increases from 25�C to 55�C having the
same dissolved NH3 concentration in the litter. Therefore, just
considering Co alone in Eq. (1), one would expect that the NH3

emission flux will increase significantly with the increase in
windrowed litter temperature due to increase in Co.

Surprisingly, a higher downtime NH3 emission rate of
22.3 kg d¡1 house¡1 was observed from the control bird house
without windrowing its litter than that from the windrowed

house despite its higher windrowed litter temperature.[13] The
authors explained the decrease in surface area per unit volume
of the windrowed litter as the reason for the higher NH3 emis-
sion rate from the control house. Since the emission rate is cal-
culated by multiplying emission flux and the mass-transfer area
(i.e., the surface area exposed to the atmosphere), the decrease
in mass-transfer area due to windrowing might have more
impact on the emission rate than increase in flux due to litter
temperature increase. Therefore, it is necessary to further inves-
tigate Eq. (1) especially on the change in Ke value due to wind-
rowing in order to better assess the change in emission rates.

The objectives of this study were to (Eq. (1)) develop mathe-
matical models to relate windrow size, shape, and correspond-
ing mass-transfer area, (Eq. (2)) integrate the mass-transfer
area models and currently available mass-transfer-based pro-
cess models in the literature to better estimate the change in
NH3 emissions from the in-house litter windrowing manage-
ment practice, and (Eq. (3)) verify the results of the integrated
models with observed field data.

Theoretical development

Change in mass-transfer area from windrowing

Assuming the litter in the treatment house is shaped to make
two identical triangular prismatic windrows (Fig. 1), the total
mass-transfer area per litter volume that is exposed to air so
that fugitive gas can be emitted to the air is calculated by:

aD A
V

D 4L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 C b

2

� �2q
bhL

; (2)

where
a D volumetric mass-transfer area of litter per volume of

litter (m2 m¡3),
A Dmass-transfer area of litter (m2),
b D base of the prism-shaped windrow (m),
h D height of the windrowed litter (m),
L D length of the windrowed litter (m),
V D volume of the windrowed litter (m3).

Figure 1. Dimensions of two identical bird houses one with and without windrowing: BD width of house, LD length of house, HD height of house, DD depth of evenly
spread out litter, bD base of windrowed litter, and h D height of windrowed litter.
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Assuming the length of the windrowed litter is the same as
house dimension, the total volume of the two windrows is
determined by:

V D bhLDDBL: (3)

where
B D width of bird house (m),
D D depth of spread out litter before windrowing (m).
Combining Eqs. (2) and (3), the volumetric mass-transfer

area is determined by:

aD 4
DB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 C D2B2

4h2

r
: (4)

It is interesting to note that the volumetric mass-transfer
area does not depend on house length. Figure 2 shows the
change in the volumetric mass-transfer area of the wind-
rowed litter with its height. The volumetric mass-transfer
area reaches a minimum at certain windrow height. Since
the primary objective of windrowing litter is to increase lit-
ter temperature to reduce pathogens, reduction of the lit-
ter’s mass-transfer area is important to minimize heat loss
to ambient air and better retain the heat generated by
microbial metabolism within the litter. In addition, the
decrease in mass-transfer area also decreases NH3 emission
rate from the windrowed litter.

The minimum litter mass-transfer area that is associated
with the windrowed litter height can be determined by:

da
dh

D 0: (5)

Solving Eqs. (4) and (5), the height of windrowed litter gen-
erating the minimum mass-transfer area is calculated as a func-
tion of house width and the depth of spread-out litter.

hm D
ffiffiffiffiffiffiffiffiffiffi
D2B2

4
4

r
; (6)

where
hm D height of windrowed litter yielding the minimum

mass-transfer area (m).
The height that yields the minimum mass-transfer area of the

triangular prismatic windrows is plotted against to the width of
house at different spread-out litter depths (Fig. 3). As the house
width or the litter depth increases, hm also increases monotonically.
On the one hand, for a house with widths from 10 to 20 m, hm
increases from 0.7 m for 0.1 m (40) litter depth to 1.4 m for 0.2 m
(80) litter depth. On the other hand, the windrowed litter width also
decreases with the windrow height (graph not included here).

The equations for volumetric mass-transfer area (a) and hm for
different windrow shapes can be developed using the similar proce-
dure. Table 1 shows the equations for triangular prismatic, rectan-
gular prismatic, and semi-cylindrical windrows (two identical
windrows per house). Notice that for the semi-cylindrical windrow,
only one windrow height is possible for a given litter volume. Using
dimensions ofWD 12.5 m,DD 0.10 m, and LD 145m for a typi-
cal broiler house, the volumetric mass-transfer areas of the two
windrows with different shapes are plotted against heights (Fig. 4).
The minimum mass-transfer area for the two triangular prismatic
windrows is 654 m2 (heightD 0.8 m and baseD 1.6 m); while the
mass-transfer area of the evenly spread litter is 1813 m2. For the
rectangular prismatic windrows (windrows with the shape of a
rectangular prisms with six faces that are rectangles), theminimum
mass-transfer area is 658 m2 (height D 0.5 m and base D 1.3 m).
For the semi-cylindrical windrows, only one height is possible with
the minimum mass-transfer area of 583 m2 (height D 0.6 m and
base D 1.3 m). Therefore, the mass-transfer area of evenly spread
litter in the control house is about 2.8–3.1 times larger than that of
either triangular prismatic, rectangular prismatic, or semi-cylindri-
cal windrowed litter in the treatment house. Because the emission
rate from a house is product of flux and mass-transfer area, the
impact of increasing C� in Eq. (1) on the emission rate from a
house due to the increase in the windrowed litter temperature (i.e.,
2.8 times larger for the increase in the litter temperature from 25�C
to 55�C) can be fully compensated by the decrease in mass-transfer
area (2.8–3.1 times smaller) if the windrow height is at hm.

Change in emission coefficient (Ke) as a result
of windrowing

Although the impact of increase in Co due to increase in litter tem-
perature on the house emission rate can be compensated by the
decrease in mass-transfer area of the windrows, Ro et al.[2] found

Figure 2. Volumetric mass-transfer area of two triangular prismatic windrows with
a house width (W) of 12.5 m, with various litter depth (D).

Figure 3. Height of triangular prismatic-shaped windrowed litter yielding the min-
imum mass-transfer area.
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that the NH3 emission rates from the windrowed house (26.2 and
16.6 kg d¡1 house¡1) were significantly higher than that from the
control house without windrowing (14.6 and 12.8 kg d¡1 house¡1).
Therefore, it is evident that Ke in Eq. (1) is also impacted by the
windrowing of the litter. It is necessary to further investigate the
overall emission coefficient Ke in Eq. (1) to explain the increase in
NH3 emission rates from windrowing house despite the decrease
inmass-transfer area.

Liu et al.[11] defined Ke as:

Ke D 1
Q=A

C 1
KG

� �¡ 1

; (11)

where
Q D ventilation rate of the house (m3 h¡1),
A Dmass-transfer area of litter (m2),
KG D gas-phase overall mass-transfer coefficient (m h¡1).
The gas-phase overall mass-transfer coefficient can be esti-

mated using the correlation (Eq. (12)) reported in the litera-
ture.[14] This correlation equation is an adaptation of the two-
film theory for absorption of NH3 from gas phase to pure
water on a “wetted wall” equations.[15] By using Eq. (12), we
assumed that the effect of surface roughness was negligible on
NH3 emissions rates.

KG D 483:19 V0:8T ¡ 1:4; (12)

where
V Dmean air velocity (m s¡1),
T D air temperature (K).

The mean air velocity in the house can be estimated by
dividing ventilation rate (volumetric flow rate) by its rectan-
gular cross-section area excluding the top triangular ceiling
section of the house with rather stagnant air. Although the KG

(Eq. (12)) was adapted for use with swine manure, we
assumed it was adequate for broiler litter because the pH of
swine manure and broiler litter are within the range of 7.8–
8.2 pH units.[16] Observations in our field study showed that
N losses by NH3 volatilization were so much smaller than the
total N mass reserve of the litter support the assumption that
slight loss of N would not significantly change the litter pH.[2]

Therefore, Eqs. (11) and (12) show that Ke depends on both
mass-transfer area and the air temperature. The equilibrium
gas-phase NH3 concentration with respect to the dissolved
NH3 concentration in the litter in Eq. (1) can be estimated by
using Henry’s law.[11,12]

Log KH D Log
Cw

Co

� �
D ¡ 1:69C 1477:7=TL; (13)

where
KH D dimensionless Henry’s law constant,
Cw D aqueous NH3 concentration in the litter (mg m¡3),
TL D temperature of litter surface (K).
Important to notice is that the air temperature of a stagnant

layer (two film theory) or air pockets (penetration or surface
renewal theories) within the boundary layer immediately above the
litter surface is assumed to have the same temperature of the litter
surface, which was used to calculate KH using Eq. (13). The litter
temperature varies with the depth as observed by Ro et al.[2] The lit-
ter surface temperatures were lower than that in the middle of the
windrowed litter due to evaporative and convective heat losses
from the litter surface to ambient air. Assuming the same dissolved
NH3 concentration in the litter for the both control and windrowed
litter (i.e., Cw,w� Cw,c), the change in Co due to increase in the litter
temperature can be estimated by determining the change inKH.

Co;c

Co;w
�

Cw;w=Co;w

Cw;c=Co;c

D KH;w

KH;c
; (14)

where
KH,w or KH,c D KH at windrowed litter or control litter

temperature,
Co,w or Co,c D Co of the windrowed or control litter.
Cw,w or Cw,c D Cw of the windrowed or control litter.

Table 1 . Equations for volumetric mass-transfer area and the minimum-area yielding windrow height (two identical windrows per house).

Windrow shape Volumetric mass-transfer area, a (m¡1) Windrow height yielding the minimum mass-transfer area, hm (m)

Triangular prism aD 4
DB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 C D2B2

4h2

q
(4)* hm D

ffiffiffiffiffiffiffiffi
D2B2
4

4

q
(6)*

Rectangular prism aD 4h
DB C 1

h (7)
* hm D

ffiffiffiffiffi
DB
4

q
(8)*

Semi-cylindrical aD 2
hm

(9)* hm D
ffiffiffiffiffi
DB
p

q
(10)*

�Number in parenthesis is the equation number.

Figure 4. Volumetric mass-transfer areas of triangular prismatic, rectangular pris-
matic and semi-cylindrical windrows of different heights for a broiler house (W D
12.5 m, D D 0.10 m, and L D 145 m).
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Combining Eqs. (1) and (14), the change in NH3 emission
rate can be determined by:

ERw

ERc
D JwAw

JcAc
D Ke;w

Ke;c

Aw

Ac

KH;c

KH;w
; (15)

where
ERw or ERc D NH3 emission rates from windrowed or con-

trol house (mg h¡1),
Jw or Jc D NH3 fluxes from windrowed or control litter (mg

m¡2 h¡1),
Aw or Ac D mass-transfer areas of windrowed or control lit-

ter (m2),
Ke,w or Ke,c D overall emission coefficients of windrowed or

control litter (m h¡1).
Using the same previous broiler house example (i.e., house

dimensions of 12.5 width, 2.4 m height, and 145 m length) with a
constant ventilation rate of 1091 m3 min¡1 and 0.1 m (40) evenly
spread-out built-up litter depth before windrowing, the change in
NH3 emission rates from the triangular prismatic windrowed litters
are calculated at different litter surface temperatures and windrow
heights (Fig. 5). The free air temperatures of 24�C and 26�C are
used for the control house and the treatment house, respectively.
The control litter temperature of 24�C is used for the simulation.
The value of Ke,C for the control house is 0.48 m min¡1 while that
for windrowed house (Ke,W) is 1.32 m min¡1, about 2.7 times
higher with windrow height of 0.7 m. The increase in Ke explains
the increase in-house NH3 emission rates from the windrowed
house even though the increase in Co on house emission rate is
compensated by the decrease inmass-transfer area.

When the windrowed litter surface temperature increases to
55�C, the NH3 emission rate ratio (ERw/ERc) monotonically
increases to 2.98 (windrow height of 1.1 m) even with the decrease
inmass-transfer area. Other windrow shapes and heights yield sim-
ilar values of ERw/ERc. Figure 6 compares the NH3 emission rate
ratios for triangular and rectangular prismatic and cylindrical
windrows with the same windrow height of 0.64 m. Virtually, all
three shape windrows yielded very similar emission ratios for all
temperatures. The effect of windrow height and the shape (or
mass-transfer area) on the change in NH3 emission rate appears to
be minimal. However, one must note that this analysis is based on
the same litter temperature for all windrow heights and shapes. In
reality, the litter height and shape impact the heat loss from the lit-
ter surface as it determines the total surface area exposed to the

atmosphere. The smaller the litter surface area, the smaller the heat
loss and the warmer the litter temperature will be. Therefore, in
order to predict the impact of windrow height on emission rate
without measuring litter surface temperature, it is necessary to
develop a comprehensive predictive mathematical model integrat-
ing both mass and heat transfer phenomena as well as microbial
thermogenesis processes within the windrowed litter. However, it
is beyond the scope of the present study. Our model predicts the
change in NH3 emission rates based on measured litter surface
area.

Experimental methods

In order to evaluate the accuracy of the integrated mathematical
models described above, the model results were compared to that
of the gas emission study conducted by US Department of Agricul-
ture, Agricultural Research Service (USDA-ARS) in two tunnel-
ventilated broiler houses on a commercial broiler farm in Arkansas
during October 18–24, 2012.[2] Typical flock sizes for these houses
were between 25,000 and 30,700 birds. One of the two houses
(houses #2) was used as a control (without windrowing litter) and
the other house with windrowed litter was the treatment house
(house #3). Two days after harvest, the litter in the treatment house
was windrowed. The dimensions of the houses were approximately
145 m £ 12.5 m. Each broiler house was continuously ventilated
with only two of the ten 122-cm-tunnel ventilation fans during the
study period. The remaining eight tunnel fans in each house were
not operated. The ventilation rates of the control and treatment
houses were 960 § 22.8 and 1091 § 12.6 m3 min¡1, respectively.
The air flow rates of the exhaust fans were evaluated with the Fan
Assessment Numeration System (FANS).[17] Because these fans
were operated continuously at constant ventilation rates, the aver-
age air flow rates of each fan were used to calculate emission rate
during that period. Gas concentrations were measured at two tun-
nel fans in each house which were operating continuously during
the study period. A photoacoustic gas analyzer (PGA) (Innova
model 1412; California Analytical Instruments) and multi-sampler
(CBISS; California Analytical) were used to sequentially measure
NH3 concentration at each fan. Teflon tubing (6.35 mm, o.d.) with
a small particulate filter was installed inside each fan housing and
connected to the PGA centrally located between the two houses.
Average ambient gas concentrations outside the houses for the
duration of the study were used as influent gas concentrations.

Figure 5. Change in NH3 emission rate due to windowing litter with various wind-
row heights.

Figure 6. Change in NH3 emission rates from a broiler house (W D 12.5 m, D D
0.10 m, and L D 145 m) with different windrow shapes at the same height of
0.64 m.
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More detailed description of this study sites and instrumentations
can be found elsewhere.[2]

The NH3 emission rate was calculated by multiplying NH3

concentration and the ventilation rate. The NH3 concentrations
as converted to mass concentration using the ideal gas law.

ERDQðCf ¡CoÞP MW=ð1000 RTÞ; (16)

where
ER D emission rate (g min¡1),
Q D ventilation rate (m3 min¡1),
Cf D NH3 concentration in the fan housing (mL L¡1),
Co D influent NH3 concentration (mL L¡1),
MW Dmolecular weight of NH3 (17 g mol¡1),
P D barometric pressure at the study site (atm),
R D universal gas law constant (0.08206 L atm mol¡1 K¡1),
T D air temperature (K).
The depth of litter before windrowing in both houses was about

0.1 m (40). Two days after harvest (10/19/2012), windrowing
started in the treatment house. The litter in the treatment house
was windrowed to make two approximately rectangular prismatic
windrows. The average base length of the windrows was about
2.82§ 0.22m. The average windrow height (0.23m) was then esti-
mated using the average windrow base length and the total volume
of litter in the house. Litter temperature at mid-depth was mea-
sured in the control and the treatment houses before windrowing.
After windrowing, the windrowed litter temperatures were mea-
sured at three depths, 7.6 cm below the surface, at the middle, and
the bottom (1–2 cm above ground) of the litter. Litter temperatures
in both houses prior to windrowing were monitored at 10 points
during certain time periods of each day as representative of the
entire house litter.

Results and discussion

Litter temperature

Litter temperature in the control house (24.0 § 2.5�C) did not
change much during the study periods as shown in Figure 7. The
mid-depth windrowed litter temperature reached 53.2�C on day 2
after windrowing and decreased slightly to 47.2�C on day 5. The
averagemid-depth temperature of thewindrowed litter in the treat-
ment house was 43.4§ 13.3�C. Within the windrowed litter, there
was a vertical temperature gradient as shown in Figure 6. The high-
est temperature achieved at the mid-depth. The near-surface
(7.6 cm below surface) increased to 44.9 § 3.0�C on day 3 and

decreased to 33.7 § 5.0�C on day 5. This decrease in the surface
windrowed litter temperature was resulted from the convective
heat loss to the ambient air.[18,19] The bottom temperatures of the
windrowed litter were similar to the surface litter resulting from
the conductive heat loss to the floor. The near-surface temperature
(7.6 cm below the surface) was used for subsequent NH3 emission
calculations.

Comparison of theoretical and observed emission ratios

Using the same procedure as discussed previously, the ratios of
NH3 emission rates of the windrow treatment house to that of con-
trol house for the study period were predicted (Fig. 8). The
observed average hourly NH3 emission rates of each house for the
duration of litter temperature measuring period were compared to
the predicted values. There was a huge discrepancy of the predicted
to the observed NH3 emission ratio on day 0 because the emission
rate wasmeasured immediately after windrowing started. Mechan-
ically disturbing litter to form windrows resulted in very high NH3

emission rate, which was not accounted in the model development.
On day 5, only one observed hourly emission rate taken at 07:00–
08:00 AM was used because NH3 concentration monitoring
stopped at 8:00 AM. Litter temperature measured between 9:09
AM and 12:29 PM on day 5 was used for model calculation. Other
than day 0, the ratios of the observed ERw/ERC to model ERw/ERC
ranged from 0.92 to 1.22 with an average of 1.06 § 0.12. These
results demonstrated the applicability of the integrated NH3 emis-
sion model to predict the change in emission rate resulting from
in-house windrowing treatment.

Conclusions

Several complex mathematical models with uncertain accura-
cies are found in the literature for predicting windrowed litter
temperature during composting. Litter temperature signifi-
cantly influences ammonia emission from the windrowed litter.
However, temperature measurements in a windrowed litter are
simple and inexpensive to obtain. Therefore, our modelling
approach uses the actual litter temperature and mathematical
equations to determine the height of windrow yielding the min-
imum mass-transfer area to estimate the change in NH3 emis-
sion rate from a broiler house practicing windrow litter
treatment in between flocks. The accuracy of predicted NH3

emission rates was evaluated with field test results.Figure 7. Control and windrowed litter temperatures after windrowing.

Figure 8. Comparison between observed NH3 emission ratio versus model
prediction.
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1. The volumetric mass-transfer area changes with the
height of windrow. The heights yielding the minimum
mass-transfer area are 0.8 and 0.5 m for triangular and
rectangular prismatic windrows, respectively. Only one
height (0.6 m) is possible for semi-cylindrical windrows.

2. The minimum mass-transfer areas of these windrows in
the treatment house are 2.8–3.1 times smaller than
evenly spread out litter in the control house. This
decrease in mass-transfer area compensates the impact
of increase in Co (the gas-phase NH3 concentration in
equilibrium with dissolved NH3 in litter) due to increase
in litter temperature on house emission rates. However,
the increase in Ke—overall emission coefficient of wind-
rowed litter—explains the increase in NH3 emission rates
from the windrowed house.

3. The NH3 emission rate change calculated from the devel-
opedmethod comparedwell with the observed values except
for the very high NH3 emission rate from mechanically dis-
turbing the litter to formwindrows on day 0.

4. Since measuring actual emission requires extensive
instrumental and human resources, simple litter temper-
ature measurements can be used to estimate the change
in ammonia emission rates using the model developed in
this study.
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