










July 26th, 2016. The temperature dataloggers were
installed in the following directions inside the barn to
characterize a three-dimensional temperature profile of
the barn: 1) longitudinal direction measurements
included one at the tunnel ventilation inlet end (TTIE)
and one at the tunnel ventilation fans end (TTFE); 2)
lateral direction measurements included 3 in the center
of the barn and in the middle across the width (TC,M,
TCT2, and TCT3, from the building center to the
manure-drying tunnel side); and 3) vertical direction
included 2 other temperature dataloggers located in
the center lane and in the middle height of the first floor
(TC,B) and second floor (TC,T). Another datalogger was
set outside to record the ambient air temperature

(TOUT) during the experiment period. All temperature
data were recorded every 10 min.
Four iPMUs were used to simultaneously measure

NH3 and CO2 concentrations in the center of the build-
ing (approximately the same height as the ceiling level
of the sixth tier cage, 4.1 m above the floor). Barn air
was sampled at 4 sampling points, including inside the
cage to represent air conditions at the hen level (point
B; Figures 2 and 3A); between cages to represent the
adjacent aisle conditions (point C; Figures 2 and 3B);
and above 2 continuously running minimum ventilation
exhaust fans (points A and D; Figures 1 and 2). The
iPMUs were programmed to collect data at a 10-s sam-
pling interval for 5 min, following by a 55-min purging

Figure 1. Barn layout, ventilation system, fan placements, sensor locations, and sampling points. The barn measured 27.8 m wide! 164.6 m long
and had 2 floors (12 tiers of cages) and housed about 425,000 laying hens (White LeghornsW-36). Twomanure-drying rooms with the same dimension
(4.9 m wide! 85 m long), each contains a perforated manure-drying belt, were constructed at both sides of the building. Temperature measurements
include at the tunnel ventilation inlet end (TTIE), at the tunnel ventilation fans end (TTFE), at the center of the barn in the middle across the width
(TC,M, TCT2, and TCT3, from the building center to the manure-drying tunnel side), and at the middle height of the first floor (TC,B) and the second
floor (TC,T). A–D indicate the 4 locations where barn air was sampled for ammonia and carbon dioxide concentrations.

Figure 2. Partial (one-half) building cross-section view demonstrating the manure-drying system, sampling locations, manure-drying tunnel,
exhaust fan, and curtain locations on the exterior wall. Temperature measurements include at the tunnel ventilation inlet end (TTIE), at the tunnel
ventilation fans end (TTFE), at the center of the barn in the middle across the width (TC,M, TCT2, and TCT3, from the building center to the manure-
drying tunnel side), and at the middle height of the first floor (TC,B) and the second floor (TC,T). A–D indicate the 4 locations where barn air was
sampled for ammonia and carbon dioxide concentrations.
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the slope, the intercept, and the coefficient of determina-
tion (R2) of the linear model were included. The average
building static pressure in each location was used as sup-
plemental information to understand the barn ventila-
tion management.

RESULTS AND DISCUSSION

Temperature Distribution

Daily average air temperatures computed from mea-
surements at different locations inside the barn and the
ambient temperatures during the monitoring period
are shown in Figure 4. Table 1 provides a summary of
descriptive statistics (mean 6 SD) and the results of
the mean separation analysis for the interior air temper-
atures measured at different sampling locations during
the 2 monitoring periods that were associated with venti-
lation mode 1 and mode 2, respectively.

During monitoring, the daily average TOUT ranged
from 3.7�C to 22.4�C and 17.2�C to 30.3�C for testing pe-
riods March 12th–May 22nd and May 23rd–July 26th,

respectively. All interior temperature measurements
(longitudinal and lateral) paralleled the ambient tem-
perature. During the first testing period, there was a
spatial variation in temperature distribution for all 3 di-
rections, indicating the thermal environment was not
uniform in the barn. In the longitudinal direction, tem-
peratures measured at the barn center (TC,M), the tun-
nel ventilation inlet end (TTIE), and the tunnel
ventilation exhaust fans end (TTFE) were all different
(P , 0.05), with TC,M consistently being the highest
and TTFE being the lowest. When tunnel ventilation
fans were not running, the tunnel fans end was 0.8�C
colder than the tunnel inlet end, and both ends were
colder than the middle by 3.4�C–4.2�C. In the lateral di-
rection, the warmest temperatures were measured at
TC,M (P , 0.05), while no difference was observed be-
tween TCT2 and TCT3 located in the middle across the
width toward the manure-drying tunnel wall. Vertically,
the mean temperature at the center lane on the top floor
(TC,T) was 1.6�C and 1.8�C greater (P, 0.05) than that
at the middle or at the bottom floor (TC,M and TC,B),
respectively, indicating a vertical temperature

Figure 4. Daily average air temperature at different sampling locations (as indicated in Figure 2) over the experiment period: (A) longitudinal tem-
perature distribution including TFIS, TC,M, and TTFS; (B) lateral temperature distribution including TC,M, TCT2, and TCT3; and (C) vertical temper-
ature distribution including TC,B and TC,T. The ambient air temperature measured outside of the barn (TOUT) is included.
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difference, and although this was reduced in the second
testing period, it was not eliminated. During the second
testing period, a temperature difference in the longitudi-
nal direction was noticed (P , 0.05), with the tunnel
ventilation inlet end temperatures (TTIE) consistently
lower than the barn center (TC,M) or the tunnel ventila-
tion exhaust fans end (TTFE) as evaporative cooling
operated, and a mean temperature rise of 2.6�C between
TTFE and outside air (TOUT). No difference was noted
for temperature measurements in other directions. It
should be noted that air temperatures were measured
at only 7 locations in this study. When appropriate,
both air temperature and RH should be measured at
more testing locations for comprehensive assessment of
spatial distribution inside modern size commercial layer
barns.
As TOUT gradually increased during the year, the barn

ventilation transitioned to mode 2, from May 22nd to
June 11th and June 28th to July 7th, and was conducted
completely in mode 2 from June 12th to June 28th and
July 8th to July 26th. Our results showed that the tunnel
ventilation inlet side consistently recorded the lowest air
temperatures of these testing periods. Wang et al. (2019)
noted a similar pattern of temperature distribution
along the building length direction in a poultry house
operated with tunnel ventilation system. Their results
showed that the air temperature greatly increased along
the building length direction in the poultry house with
tunnel ventilation system, that is, cooler near the inlets
and warmer near the fans, and the temperature at the
three different sampling locations increased along the
length of the barn because of the addition of sensible
heat produced from the laying hens (Wang et al., 2018,
2019). Regardless of the longitudinal gradient
observed, there was no difference found laterally
(among TC,M, TCT2, and TCT3) or vertically (between
TC,B and TC,T), indicating uniform air temperature
distribution along these directions and suggesting that
tunnel ventilation effectively encouraged more fresh air
distribution inside the barn and created a more
uniform thermal environment than during the winter.
A similar pattern of uniform temperature distribution
along the width and the height of a poultry barn with
tunnel ventilation in the summer was also reported by
Webster and Czarick (2000). This is due to the air flow
coming from the evaporative cooling pads (tunnel

ventilation inlet end), which were installed on the gable
wall or/and both sidewalls in one end of the building,
while fans were installed on the other end. Thus, contin-
uous airflow from the evaporative cooling pads to the
exhaust end was noted and provided air with uniform
temperature along the width distribution of a poultry
house (Hui et al., 2016; Freitas et al., 2018, 2019), with
a linear increase from bird heat production (Gates
et al., 1992).

Carbon Dioxide Concentrations

The daily mean CO2 concentrations measured at sam-
pling points A, B, C, and D are provided in Table 2,
along with a summary of descriptive statistics
(mean 6 SD) and the results of the mean separation
analysis for the daily CO2 concentrations at different
sampling points under different ambient thermal cate-
gories. Any difference in CO2 concentrations between
the hen level and the adjacent aisle was useful to assess
the gas environment experienced by laying hens and
was further explored by plotting the temporal profile of
daily CO2 concentrations (Figures 5A, 5B) and its rela-
tionship with ambient temperatures (Figure 6). The
daily CO2 concentrations were regressed for the ventila-
tion mode 1 (TOUT, 20�C) and mode 2 (TOUT . 20�C).

The daily average CO2 concentrations ranged from
400 to 4,981 ppm among the 4 sampling locations. Re-
sults indicate that CO2 concentrations were significantly
different for both the TOUT category and sampling loca-
tion (P , 0.001), as well as the interaction of TOUT
category ! sampling location (P , 0.001). The daily
mean CO2 concentrations at all sampling points
decreased with increasing TOUT. When operated under
ventilation mode 1, relatively high indoor CO2 concen-
trations (means of 2,924 ppm, 3,352 ppm, 3,214 ppm,
and 3,046 ppm for points A to D, respectively) were
found in cold weather due to the low ventilation rate
to maintain room temperature, with a strong linear
decrease with outside temperature (Figure 6, mode 1).
When the barn ventilation switched to mode 2, low
CO2 concentrations at ambient levels (approximately
400 ppm) were observed during warm temperatures
(Figure 6, mode 2). The results were similar to those
from the study by Ni et al. (2012), who reported high
daily mean CO2 concentrations between January and

Table 1. Summary of descriptive statistics (mean 6 SD) and the results of the mean separation analysis for the interior air
temperatures measured at different sampling locations during the 2 monitoring periods that were predominantly associated with
ventilation mode 1 and mode 2.

Testing period TOUT (�C)

Daily average air temperature1 (�C, mean 6 SD)

TTIE TC, M TTFE TCT2 TCT3 TC, B TC, T

3/12-5/22 13.0 6 4.8 22.9 6 1.3D 26.3 6 1.1B 22.1 6 2.1E 25.2 6 1.3C 25.1 6 1.1C 26.5 6 1.4B 28.1 6 1.1A

5/24-7/26 26.0 6 3.1 25.7 6 1.4D 28.2 6 1.2C 28.6 6 2.2B,C 27.9 6 1.3C 27.9 6 1.3C 29.1 6 1.1A,B 29.6 6 1.2A

Different superscript uppercase letters within the same row indicate that means under the same testing period differ significantly (P , 0.05)
using the Tukey test for difference of the means.

1Temperature measurements include at the tunnel ventilation inlet end (TTIE), at the tunnel ventilation fans end (TTFE), at the center of the
barn in the middle across the width (TC,M, TCT2, and TCT3, from the building center towards the manure-drying room), and at the middle height
of the first floor (TC,B) and the second floor (TC,T).
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