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Table 4. Summary of house-level average daily emission rates (ERs) of ammonia (NH3) and particulate matter (PM10)
for the conventional cage (CC), aviary (AV), and enriched colony (EC) housing systems under different ranges of ambient
temperature conditions.

Gas or PM Daily avg. ambient temperature range (oC) Average daily ERs (Mean and SE)

Conventional cage (CC) Aviary (AV) Enriched colony (EC)

NH3 (g/hen/d) <0 0.055 (0.003)c,B 0.119 (0.010)c,A 0.045 (0.003)c,B

0 to 10 0.053 (0.003)c,A,B 0.077 (0.009)d,A 0.036 (0.002)c,B

10 to 20 0.075 (0.005)c,A 0.088 (0.008)d,A 0.048 (0.004)c,B

20 to 25 0.133 (0.017)b,A 0.151 (0.019)b,A 0.080 (0.010)b,B

>25 0.189 (0.053)a,A 0.197 (0.066)a,A 0.121 (0.036)a,B

PM10 (mg/hen/d) <0 5.9 (0.3)b,B 80.8 (5.5)c,A 7.2 (0.6)c,B

0 to 10 9.4 (0.9)b,B 100.6 (8.0)b,A 10.3 (0.6)b,c,B

10 to 20 24.5 (2.9)a,B 138.0 (10.8)a,A 16.5 (1.2)a,b,B

20 to 25 28.3 (2.0)a,B 91.6 (17.1)b,c,A 25.5 (1.9)a,C

>25 37.5 (5.3)a,A,B 65.9 (30.4)c,A 25.9 (5.4)a,B

Within a housing system (column), NH3 or PM10 ER means with different lowercase superscripts are significantly different (P < 0.05).
Among the housing systems (i.e., within each row), NH3 or PM10 ER means with different uppercase superscripts are significantly different
(P < 0.05).

Figure 3. Daily mean CO2 and CH4 emission rates (ERs) (g/hen/d) and their relationship to ambient temperature for the conventional cage
house (CC), aviary house (AV), and enriched colony house (EC).

increased hen activity associated with lower stocking
densities. Animal activity level affects metabolic rate,
and increased metabolic rate leads to a higher rate of
CO2 respiration. CIGR (1999) provides guidelines for
ventilation design based on the total and latent heat
production rates of laying hens, which accounts for the
increased activity and metabolic rates of laying hens
housed in floor systems vs. cage systems. In addition
to hen respiration, CO2 is generated from the decom-
position of manure deposited on the manure belts in

all houses and from the littered floor of the AV. Ning
(2008) reported that CO2 generated from manure de-
composition contributed to between 1 and 5% of the
total daily CO2 emission as manure accumulation time
increased from 1 to 5 d. Hayes et al. (2013b) measured
and partitioned the CO2 emissions of a similar AV sys-
tem and reported that the littered floor represented 3%
of the house-level emissions.

The daily mean CH4 ERs across both flocks and vs.
ambient temperature observed in the study are shown
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Figure 4. Daily mean particulate matter (PM10 and PM2.5) emission rates (ERs) (g/hen/d) and (mg/hen/d), respectively and their relationship
to ambient temperature for the conventional cage house (CC), aviary house (AV), and enriched colony house (EC).

in Figure 3 on a per hen basis for each housing sys-
tem. All 3 housing systems had similar average daily
CH4 ERs of 0.07 to 0.08 g/hen/d. The observed CH4
ERs from this study fall within the ranges reported in
literature of 0.08 to 0.13 g/hen/d in conventional ma-
nure belt systems (Fabbri et al., 2007; Groot Koerkamp
et al., 1998; Monteny et al., 2001; Wathes et al., 1997)
and 0.08 to 0.10 g/hen/d in U.S. AV houses with brown
birds (Hayes et al., 2013a).

House-Level Particulate Matter Emission
Rates

The daily mean PM10 and PM2.5 ERs across both
flocks and vs. ambient temperature are shown in Fig-
ure 4 on a per hen basis for each housing system. The
overall daily ER means and SE on the basis of per hen,
per AU, and per kilogram of egg output are summarized
in Table 3. The AV had a significantly higher average
daily PM10 ER (mg/hen/d) of 100.3 than the CC at
15.7 and the EC at 15.6 (P < 0.05). The observed values
of PM10 ERs of the EC and CC were in the lower end of
the range reported from U.S.-based studies, i.e., 9 to 48
mg/hen/d in the CC high-rise houses (Li et al., 2011).
The AV PM10 ERs were within reported values of 80
to 110 mg/hen/d for similar U.S. AV houses (Hayes
et al., 2013a).

The relationship between PM10 ERs and ambi-
ent temperature is further delineated by the data in

Table 4. For all temperature groupings below 25◦C, the
AV had significantly higher PM10 ERs than the CC and
EC houses (P < 0.05). For temperature ranges below
20◦C, no difference in ERs was found between the CC
and EC. The PM10 ERs of the CC and EC were di-
rectly related to ambient temperatures. This outcome
was believed to arise from increased air velocity across
the barn driven by higher VRs, allowing less PM to set-
tle within the house. The AV showed a similar pattern
to the EC and CC, but ERs at temperatures above 20◦C
were confounded by bird age and the absence of litter
accumulation on the floor prior to 35 wk of age in both
flocks. Further analysis of the PM10 data, omitting data
when litter were not available or established in the AV
(18 to 35 wk of age), showed no significant difference in
PM10 ERs in the temperature ranges of 10 to 20◦C, 20
to 25◦C, and >25◦C (mean ± SE of 132.5 ± 7.0, 134.5
± 16.0, and 105.3 ± 12.5 mg/hen/d, respectively).

The AV had the highest mean daily PM2.5 ER
(mg/hen/d) of 8.8, followed by the EC at 1.7 and CC
at 0.9. The PM2.5 ER values observed in the CC and
EC were lower than those reported for CC high-rise
houses (3.6 to 14 mg/hen/d) (Li et al., 2011), whereas
the AV PM2.5 ERs were comparable to ranges reported
for similar U.S. AV housing (5 to 10 mg/hen/d) (Hayes
et al., 2013a). The ratio of PM2.5 to PM10 found in
this study, 7% (CC), 10% (AV), and 11% (EC), par-
alleled the PM partitioning observed in the literature
(Li et al., 2011, Hayes et al., 2013a). The lower levels
of both PM10 and PM2.5 found in this study for the CC
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Table 5. Summary of house-level, manure storage, and farm-level daily emission rates of ammonia (NH3), carbon dioxide (CO2),
methane (CH4), nitrous oxide (N2O), and particulate matter (PM10 and PM2.5) for the conventional cage (CC), aviary (AV), and
enriched colony (EC) housing systems over the 27 mo monitoring period.

Housing system

Gas or PM Source Conventional cage (CC) Aviary (AV) Enriched colony (EC)

g/hen/d g/(kg egg) % of total g/hen/d g/(kg egg) % of total g/hen/d g/(kg egg) % of total

NH3 House 0.082b 1.62 28 0.112a 2.19 40 0.054c 0.99 31
Manure storage 0.21a 4.00 72 0.18a 3.52 60 0.11b 2.02 69

Farm 0.29 5.52 100 0.30 5.88 100 0.16 2.94 100

CO2 House 68.3b 1,300 89 74.0a 1,450 90 74.4a 1,365 91
Manure storage 8.1 154 11 8.0 157 10 7.1 130 9

Farm 76.4 1,454 100 82.0 1,607 100 81.5 1,495 100

CH4 House 0.07 1.33 70 0.07 1.37 70 0.08 1.47 80
Manure storage 0.03 0.57 30 0.03 0.59 30 0.02 0.37 20

Farm 0.10 1.90 100 0.10 1.96 100 0.10 1.84 100

N2O House — — — — — — — — —
Manure storage 0.03 0.57 — 0.03 0.59 — 0.01 0.18 —

Farm 0.03 0.57 — 0.03 0.59 — 0.01 0.18 —

PM10 House 0.0157b 0.299 100 0.1003a 1. 909 100 0.0156b 0.297 100
Manure storage — — — — — — — — —

Farm 0.0157 0.299 100 0.1003 1. 909 100 0.0156 0.297 100

PM2.5 House 0.0009b 0.018 100 0.0088a 0.168 100 0.0017b 0.032 100
Manure storage — — — — — — — — —

Farm 0.0009 0.018 100 0.0088 0.168 100 0.0017 0.032 100

Means of gaseous or particulate matter emission rates of the housing systems with different superscript letters significantly differ (P < 0.05).

and EC compared to the literature values are likely due
to differences in housing/manure management and ven-
tilation design. Specifically, the PM ER values reported
by Li et al. (2011) were for high-rise houses that stored
the manure in the lower level for nearly a year.

Manure Storage and Farm-Level Emission
Rates

The daily mean gaseous emissions observed from the
3 manure storage monitoring periods, in g/hen/d, were
NH3: 0.21 (CC), 0.18 (AV), and 0.11 (EC); CO2: 8.1
(CC), 8.0 (AV), and 7.1 (EC); CH4: 0.03 (CC), 0.03
(AV), and 0.02 (EC); and N2O: 0.03 (CC), 0.03 (AV),
and 0.01 (EC). The differences in manure emissions
were related to the MC of each manure source, with
the EC having the driest manure at 45.6%, followed by
the AV at 51.7%, and the CC at 53.6%. A lab-scale as-
sessment of gaseous emissions from laying hen manure
by Li and Xin (2010) showed a direct correlation be-
tween MC and NH3 ERs and a range of gaseous ERs
(g/hen/d) of NH3: 0.06 to 0.22; CO2: 1.6 to 4.8; and
CH4: 0.007 to 0.032.

Table 5 provides a summary of farm-level gaseous
ERs based on per hen and per kilogram of egg output,
combining the house-level and associated manure stor-
age contributions. Farm-level ERs of NH3 (g/hen/d)
were highest for the AV and CC at 0.30 and 0.29, re-
spectively, and lowest for the EC at 0.16 (P < 0.05).
The primary difference in the farm-level NH3 ERs is
believed to be driven by the manure drying effective-
ness in each house and the littered floor of the AV.

The EC system had the lowest manure belt stocking
density, followed by the AV and CC, resulting in more
effective in-barn manure drying and lower house-level
and farm-level NH3 emissions. The CC had the high-
est manure belt stocking density, manure MC, and ma-
nure storage ER, with over 70% of emissions originating
from the long-term manure storage. A similar propor-
tion (69%) of overall farm-level emissions was from the
manure storage for the EC. In comparison, 60% of the
farm-level emissions originated from the long-term ma-
nure storage for the AV, although the littered floor can
significantly change this partitioning if moisture accu-
mulates in the litter for an extended period. These re-
sults illustrate the impact of manure belt drying design
and operation and manure/litter management on both
house-level and long-term manure storage emissions.

Conclusions

Gaseous and particulate matter emissions from 3
commercial laying hen houses (CC, EC, and AV) and
their respective manure storage were monitored over 2
single-cycle production flocks in the U.S. Midwest. The
following observations and conclusions were made.

� House-level NH3 emissions were highest in the AV
at 0.112, followed by the CC at 0.082 and the EC
at 0.054 g/hen/d (P < 0.05).

� House-level CH4 emissions were similar for all
houses and small (0.07 to 0.08 g/hen/d).

� PM10 and PM2.5 emissions were highest for the AV
at 100.3 and 8.8 mg/hen/d, respectively, resulting
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from hen activities on the litter floor. PM emissions
of the CC and EC were similar, amounting to 16%
of the AV PM10 ER and 10–20% of the AV PM2.5
ER—PM10: 15.7 (CC), 15.6 (EC); PM2.5: 0.9 (CC),
1.7 (EC) mg/hen/d (P < 0.05).

� Farm-level NH3 emissions were lower for the EC
(0.16 g/hen/d) than for the AV or CC (0.30 and
0.29 g/hen/d, respectively).

� Ammonia emissions from the manure storage ac-
counted for 60 to 70% of the farm-level emissions.
Hence, future NH3 mitigation efforts should focus
on manure storage.
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