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Abstract

Ammonia emissions from both traditional and new welfare-based housing systems for laying
hens must be reduced to prevent detrimental effects on the environment. In a comparative
study the effect of only manure handling (variation in drying and removal frequency) in a
battery cage and the effect of manure handling (as in battery cage system) and litter treat-
ment (removal of litter) in a Tiered Wire Floor (TWF) aviary system on the emission of am-
monia were investigated. Each system housed 6480 hens, treatments were varied in time, and
effects were analysed by means of time-series analysis.

The hens in the TWF system dropped 22.5% of their excreta in the litter and the remaining
part, like all manure in the battery cage system, was dropped on the manure belts. The esti-
mated emission from the manure on the belts in both systems was 18.8 g h™ (daily mean,
manure removal twice a day), whereas the emission from the litter in the TWF system
amounted to 62.5 g h™'. Emission from the belt manure on a typical day increased with 14,
39, 109 and 177% from the 1st until the 4th day after manure removal. The effect of temper-
ature and water vapour pressure difference on emission was +17 and —22% per degree and
per kPa, respectively. Drying of manure on the belts increased the dry matter content of the
manure and showed a tendency to lower emissions.

The dry matter content of the litter varied between 780 and 840 g kg™, the mean total ni-
trogen content was 3.3% of the dry matter, and the layer thickness varied between 2 and 9
cm. Both the unionised ammonia content, which ranged between 20 and 190 mg kg™, and
the layer thickness of the litter influenced the emission from the litter positively.

Keywords: ammonia emission, laying hens, battery cage, aviary housing, manure and litter
handling ' .
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Introduction

Ammonia emissions from both traditional and new welfare-based housing systems
for laying hens have to be reduced to prevent detrimental effects on the environment
(Heij & Schneider, 1991). This implies that the level of ammonia emission will be an
important factor for the acceptance of these systems and their sustainability in the
future. Blokhuis & Metz (1992) concluded that aviary housing systems for laying
hens meet most of the behavioural needs of the hens and seem promising in terms of
egg production. However, one of the drawbacks of these housing systems is a high
ammonia emission. Preliminary research into the emission of ammonia from the
Tiered Wire Floor (TWF) aviary system showed emission rates that were about three
times higher than the rates from battery houses (Groot Koerkamp & Metz, 1992).
Further research into the factors that are involved in the emission of ammonia is nec-
essary to develop solutions so that ammonia emissions from these housing systems
can be reduced.

Manure handling and litter conditions strongly affect the emission of ammonia
from housing systems for laying hens. The degradation process of uric acid and
undigested proteins in the manure and litter to ammonia is mainly influenced by dry
matter content, temperature and pH. The drying of manure and litter is influenced by
the temperature, water vapour pressure difference and velocity of the air. The total
nitrogen and ammonia concentrations in the manure and litter are influenced by the
degradation process and the volatilization of ammonia (Groot Koerkamp, 1994).

This paper summarizes a comparative study of the effects of manure handling in a
battery cage and a TWF system and the effects of litter treatment in the TWF system
on ammonia emissions. Its’ purpose is to present insight about the quantitative ef-
fects of the various factors influencing the ammonia emission and explain differ-
ences between the two housing systems.

Materials and methods

Housing systems

The hen house in this experiment consisted of two completely separate rooms of 14
by 23 m. The rooms were identical except for exterior insulation of the floor of the
room with the aviary system. Each room had its own light regulation and a mechani-
cal ventilation system. Outside air entered the rooms through inlets under the ridges,
mixed with the indoor air and was blown outside by means of ventilators in the ceil-
ing. The room temperatures were set at 22°C. One room was equipped with a con-
ventional battery cage system with manure belts. The cages were 0.50 m wide and
0.45 m deep, could house up to five hens and were placed in six rows of three tiers.
The other room was equipped with the Tiered Wire Floor (TWF) aviary system. It
consisted of four rows of stacked wire floors and four rows of laying nests. The con-
crete floor was completely covered with approximately 5 cm of sand at the beginning
of the laying period. The characteristics of both systems are given in Table 1. A
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Table 1. Characteristics of the battery cage system and the Tiered Wire Floor (TWF) system.

Battery cages TWF
Mumber of hens (20 weeks of age) 6480 6480
Stocking density (hens m™2 groundfloor) 20.1 20.1
Stocking density (m™ hen) 0.045 0.100
Ventilation capacity (m* k™ per room) 30,000 30,000
Number of rows of tiers 6 4
Number of levels (cages or wire floors) 3 3
Litter area (m?) 0 303

cross-section of the TWF system is given in Figure 1. The TWF system is extensive-
ly described by Ehlhardt et al. (1988, 1989) and Blokhuis & Metz (1992).

The manure produced by the hens dropped onto the conveyer belts underneath the
cages in the battery cage system and underneath the wire floors of the tiers in the
TWF system. All belts were equipped with a manure drying system (Kroodsma et
al., 1985). Air from outside was warmed up in a heat exchanger, one for each room,
and blown through tubes with holes above the manure belts (holes with a diameter of
3 mm and a distance between them of 10 cm). The conveyer belts transported the
belt manure outside the house where it was taken away by means of containers. The
hens in the TWF system deposited their fresh droppings partly in the litter.

Both the cage and the TWF system were, in length, divided into two sections. In
the TWF system sections were separated by means of wire netting. In each system
one section was used for 3240 light-weight White Leghorn hens (LSL) and the other
for 3240 middle-weight Brown Leghorn hens (ISA Brown). Hens were fed a com-
mercial diet at a restricted level. Water was supplied during the lighting period by
means of nipple drinkers. At night the water supply was cut off. Light schemes based
on optimal management were used: 16 hours light (L): 8 hours dark (D) in the TWF

Tiered wire floors

Figure 1. Cross-section of the Tiered Wire Floor (TWF) system.
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Figure 2. Treatment scheme with the treatments of manure on the belts for the Tiered Wire Floor (TWF)
system and battery system; without manure drying (A) or with manure drying on the belts with equal (B)
or adjusted (C) distribution of drying air and manure removal interval in days. The litter treatments in
the TWF system are also indicated.

system, and an intermitting scheme of 1L:3D per hour during 16 hours in the cage
system. Both cage and TWF hens were debeaked to prevent problems with cannibal-
ism.

Treatments

The experiments were carried out with hens that were 41 weeks old at the start of the
experiment. The experiment lasted a total of 173 days (March until September
1992). The treatment schedule is given in Figure 2. The age of the hens (weeks) was
used as the time basis. The handling of manure on the belts in both systems was var-
ied and repeated in four blocks, beginning in weeks 45, 50, 59 and 63. Three drying
treatments were applied: A (no drying), B and C (drying). Drying treatment C was
only applied in the TWF system and differed from treatment B. In treatment C most
of the drying air was passed over the manure on the belt of the upper floors. Each
drying treatment lasted 7 days and was randomly carried out within a block. Within a
drying treatment the removal frequency was varied. For drying treatments B and C,
manure was removed after 3 or 4 days; for drying treatment A manure was removed
after .5, 1, 2 and 3 days. These removal frequencies were assigned randomly within a
drying treatment. All days in the experiment were given a letter-number combina-
tion. The letter indicated the drying treatment, whereas the number indicated the
number of days since the belt manure had been removed. For example, code B3 was
used for the 3rd day after manure removal when manure drying treatment B was ap-
plied. This day was preceded by days with code B2 and B1. Manure was removed be-
tween 1100 and 1200 hours, and for treatment A0.5 also between 2000 and 2100
hours. To reduce the thickness of the layer, most of the litter in the TWF system was
removed at week 43 and again at week 55. Manure drying treatment B was applied
during the periods of the litter treatment and between the blocks.

Measurements

Measurements of ammonia concentrations and ventilation rates were continuously
carried out in all ventilation shafts according to the method described by Scholtens

354 : Netherlands Journal of Agricultural Science 43 (1995)



AMMONIA EMISSIONS FROM HOUSING SYSTEMS FOR LAYING HENS

(1993). Temperature and relative humidity were measured by means of combined
sensors (Rotronic 1-100) that were placed in the centre of each room: one above the
manure belt of each tier, one at a height of approximately 2.5 m and in the TWF
room also one above the litter. The temperature in the litter was measured at four
spots, two in each section (AD-592 sensors). A combined sensor was placed under-
neath the ridge in the centre of the house at a height of 2 m, so that the temperature
and humidity outside could be measured as well. Hourly averages of ammonia con-
centration, ventilation rate, temperature and humidity were automatically recorded
(Bleijenberg & Ploegaert, 1994). The ammonia emission was calculated to be the
difference between the concentration of ammonia in the exhaust air and in the inlet
air multiplied with the volume of exhaust air. The following data were calculated: to-
tal ventilation rate, mean ammonia concentration of the exhaust air, total ammonia
emission, mean temperature and humidity above the manure belts and mean temper-
ature in the litter. Air temperature and humidity above the manure belts and the litter
were used to calculate the saturated and the actual water vapour pressure of the air
(Anon., 1993a). The water activity of manure and litter with a dry matter content
above 20% (wet base) and temperatures between 20 and 30°C is 0.9 (Beeking et al.,
1994), The water vapour pressure in the manure and litter was therefore calculated to
be 0.9 times the saturated water vapour pressure. Daily means were calculated from
noon until noon, Egg production and feed and water intake by the hens were daily
registered per section.

Manure and litter samples were taken separately in the sections. Samples of belt
manure were taken during the drying and removal treatments in all blocks. During
the removal of the belt manure approximately 10 samples of manure were taken from
the conveyer belt at a fixed time interval and mixed. This sample was taken for
analysis of dry matter content (NEN 6620). Manure samples of days with treatment
A0.5 were also analysed on the content of total nitrogen (NEN 6481), total ammoni-
acal nitrogen (TAN) (NEN 3235 4.1), inorganic matter (NEN 6620) and pH. The pH
was determined in a mixture of two parts demineralised water and one part manure.
The amount of belt manure per section was weighed after each treatment A2 (a total
of four times). Litter samples were taken during each treatment block, before and af-
ter litter removal (total nine times) from 10 designated spots that were evenly distrib-
uted per section. The samples were mixed and analysed on total nitrogen, TAN, dry
and inorganic matter content and pH. Along with the litter samples, the quality of
the litter and the thickness of the layer were measured (total eight times). The quality
was subjectively estimated on a linear scale from 1 (wet and soppy) to 9 (dry and fri-
able).

Statistical analysis

All singular manure and litter data were statistically analysed (ANOVA) on an arith-
metic scale whereas the measurements in time were used as pseudo-repetitions. The
trends in TAN content (NH, plus NH,") and pH in the litter were modelled with
spline-functions of order 6 with time as the independent variable. The unionised am-
monia content of the litter (NH;) was calculated with the empirical relation for poul-
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try manure of Hashimoto (1972). The pK, of this empirical relation is [0.1 instead
of 9.4 that is used for aqueous solutions. The rate of increase of the thickness of the
layer of litter was estimated with a linear model with time as the independent vari-
able,

The differences between the battery cage and the TWF system in the ventilation
rate, the ammonia concentration in the outgoing air and the ammonia emission were
quantified by using the natural logarithm of these variables. The use of the’ logarith-
mic scale implies that proportional effects were studied instead of absolute effects.
The logistic curve was used to describe the fixed effects of the outside temperature
on the ventilation rate in both housing systems. The deviation was assumed to follow
an autoregressive process of order 1. The calculation method was essentially the
same as the one used for the ammonia emission.

Madel for the ammonia emission

The ammonia emission process is influenced by time-dependent processes such as air
temperature and ventilation rate. Thus statistical techniques involving time-series
analysis were used. The natural logarithm of the daily mean ammonia emission
(called log emission), instead of the absolute level of emission was modelled. In this
way the emission is kept positive. The variance is assumed constant on the log scale
and corresponds to a constant coefficient of variation of the emission. It is our expen-
ence that this is more realistic than the assumption of constant variance for the emis-
sion itself. A linear model for log emission means a multiplicative model for emis-
sion. Let z, be the log emission at time t, 7, be its mean and &, be the deviation, then
Z=Th+&. )
Hence, 7, will depend on time-dependent explanatory variables and g, will represent the
deviation of observation z, from its mean. The mean and the deviation are functions of
time. For ease and clarity of notation the index t is omitted in the equations below. The
emission was considered to be the result of two separate and independent processes.
The first was the emission from the belt manure and the other was the emission from
the litter. Belt manure existed in both systems, but litter existed only in the TWF sys-
tem. Define 1, and 1y, as the mean log emission from the belt manure and from the
litter respectively. The mean log emission from both processes together then becomes:

n=1log (" + Sppe-€"'") (2a)

in which 8y indicates which observation belongs to the TWF system (Sry=1) and
which to the battery cage system (Srwp=0). In this way it was possible to model the
measurements of both systems in one analysis. The separate processes were repre-
sented by the following equations:

Mo = Coe, bm T Erwe bm + Easc + Epar + 01" Tom + 02'Pyi, om (2b)
and
Miser = CTwe Hiter T %1 Tiiner + 04 Pairr, tier + %5 Coany, titer T %6 Diiner (2¢c)
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In this way the daily mean emission from both systems for each day in the experi-
ment was estimated. The letter-number combination of each day was used for the es-
timation of the effect of the drying treatment and removal frequency.

The deviation g, was assumed to follow an autoregressive process of order 1:
E=¢¢&_, ta ' 3

with a, being independently distributed errors called innovations, with zero mean
and variance ¢°,, the innovation variance. The ¢ is the correlation between succes-
sive observations. The &, is a weighed sum of past innovations. The relationship be-
tween o7, the variance of €, and 07, is: :

2
=15 @

Estimation and inference

The relationship between 17), and the explanatory variables, expressed in equations
(2a) to (2¢c) is partly nonlinear. To keep as much of the linearity as possible the mod-
el was considered a generalised linear model (GLM) that links 7 to the contribution
of the belt manure 7y, whereas Ty is the contribution of the litter, which was con-
sidered to be the nonlinear part, containing the parameters of the link function. The
advantage of this is that the general solution of GLM can be used, being an iterative
reweighed regression, with adjusted response and explanatory litter variates and
weights depending on the relative contribution of the belt manure. Appendix 2 de-
rives and describes the algorithm in detail.

The solution for the fixed part of the model has been formulated as a linear regres-
sion, therefore the complete model is linear with autoregressive errors. For this mod-
el a maximum likelihood solution can be obtained with existing software, such as the
time-series facilities of Genstat 5, Release 3 (Anon., 1993b). The analysis results in
estimates of regression coefficients with standard errors.

The assumption of constant innovation variance after fitting of the model was
checked by inspecting residual plots and found to be adequate for the purpose of this
research. The assumption of an autoregressive process of order 1 was checked by in-
specting the partial correlogram and the spectrum and was also found to be ade-
quate.

The o, was used as measure for the goodness of fit, which resulted from the inno-
vation variance o7, and autoregressive parameter ¢. The amount of variance ex-
plained by the regression parameters in equations (2a) to (2c) was indicated by the
percentage of o7, Estimated standard errors (s.e.) of parameter estimates of time-se-
ries analyses were multiplied by 1.96 to calculate 95%-confidence intervals. A sen-
sitivity analysis of the model was carried out where explanatory variables were var-
ied between the minimum and maximum value of the measurements.
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Resulis
Production results

The production results of the hens in the two housing systems are shown in Table 2.
Statistical analysis of the production results was not found to be useful due to the
lack of repetitions. Hens in the TWF system produced almost the same aumber of
eggs as the hens in the battery cage system. The egg weight of the hens in the TWF
system was 1.6% lower and their feed intake was 2.6% higher. This resulted in a
4.6% higher feed conversion ratio. The water:feed ratio was almost equal for the
hens in both system, as was mortality, which was low.

Manure and litter

Table 3 shows the production and composition of belt manure. The amount of dry
matter of manure on the belts in the TWF system was about 80% of the manure pro-
duction in the battery cage system. The dry matter content of the belt manure sam-
pled after 12 hours, which from now on will be called faeces, was 48 g kg™ higher in

Table 2. Mean production results of the laying hens in the battery cage system and the Ticred Wire
Floor (TWF) system from 20 to 84 weeks of age.

Battery Cages TWF
LSL  Isabrown Total LSL. Isabrown Total

Number of hens housed 3240 3240 G480 3240 3240 6480
Egg production (number of eggs housed-hen™) 3663 3525 3594 3641 350.7 3574
Egg production (kg egg housed-hen™) 2365 2309 2337 2345 21252 199
Feed consumption (g hen™ day™) 1183 1168 1176 1205 1206 1206
Feed conversion ratio (kg feed kg™ egg) 218 221 2.19 225 232 229
Water: feed ratio (g g7) 204 200 2.02 202 197 2.00
Mortality (%) 719 602 661 727 9.67 847

Table 3. Mean production {during treatment A2) and composition (during treatment A0.5) of belt ma-
nure for the battery cage system and the Tiered Wire Floor (TWF) system.

Manure Battery cages TWF
mean mean s.ed.

Production g hen™! day™ 137.5 89.4%%* 4,52

g dry matter hen™ day™ 383 30,54 1.80
Dry matter content g kg~! manure 244 292%%x 80
Total N kg™ dry matter 50.5 45.1** 1.92
Total Ammoniacal % of toatal N 21.3 8.9 2.56
Nitrogen
pH - 6.7 6.8 0.09
Ash content % of dry matter 243 22.9% 0.52
* P<().05, ** P<0.01, sk D0 A01
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Table 4. Mean dry malter content (g kg™ of belt manure of four blocks after 8 drying and removal
treatments (see Figure 2) for the battery cage system and the Tiered Wire Floor (TWF) system.

Treatment Battery cages TWF

A0S 245.9° 290.3°
Al 278.9" 323.4%
A2 288.7" 333.2°
A3 286.7° 331.2%
Ad 300.2° 344.6°
B3 351.2° 395.6
B4 364.6° 409.1*
C3 - 400.1*
C4 - 413.6°

Table 5. Quality, thickness of the layer and composition of the litter in the Tiered Wire Floor (TWF)
syslem (means and s.e.).

Quality Layer Dry matter  Total N Total pH Ash content
thickness content Ammoniacal % of dry
- 107 m ke gkg'dry  Nitrogen - matter
matter % of total N
(n=16) (n=16) (n=18) (n=18) (n=18) (n=18) (n=18)

B8.9(0.06) 54(0.50) 805 (6.3) 33.3(0.36) 7.1 (0.60) 8.5(0.10) 27.6(0.31)

the TWF system and the total nitrogen content was 5.4 g kg™ lower. These differ-
ences were significant. About 20% of the nitrogen was present as ammoniacal nitro-
gen, and the pH was less than 7. Table 4 shows that for all drying treatments and re-
moval frequencies, higher dry matter contents were found in the TWF system. In
both systems, dry matter contents of the manure on the belts increased as it remained
in the house longer. Through drying of manure, treatment B, the dry matter contents
in both systems were raised significantly as compared to not drying. The adjusted air
flow in treatment C in the TWF system did not result in higher dry matter contents
than in treatment B.

The litter in the TWF was dry (805 g kg"l) and friable (quality 8.9 units), see Table
5. The total nitrogen content was 33.3 g kg™ dry matter, which was considerably low-
er than the concentration in the faeces. The mean ash content and pH were higher in
the litter than in the faeces, and the relative TAN concentration was lower. The mean
thickness of the litter was 5.4 cm, but varied in-the course of time. Remowal of the lit-
ter reduced the thickness 6.5 and 2.5 cm for the first and second time respectively,
whereafter it increased 5.65 mm day™". Figure 3 shows the variation of the dry matter,
the total nitrogen and unionised ammonia content in the litter during the experiment.
The highest dry matter content coincided with the highest total nitrogen-content and
the lowest unionised ammonia content and vice versa. The highest dry matter con-
tents also coincided with the highest ventilation rates (not shown).
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Figure 3. The dry matter (poinis: *, trend: —), the total nitrogen (points: o, trend: ) and the unionized
ammonia content (—) of the litter in the Tiered Wire Floor (TWF) system during the experiment. The
points are the mean values of the samples in the two sections.

Ammonia emission

The coefficients of the logistic curves of the ventilation rate vs the outside tempera-
ture were not significantly different for the two housing systems, except for the
steepness of the curves. They were 1269 and 836 m> h™! per degree Celsius for the
battery cage and TWF system, respectively. This resulted in lower ventilation rates
in the TWF system when the daily mean outside temperature was above 12°C and
vice versa.

Ammonia concentrations in the exhaust air of the battery system varied between
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0.50 and 5.51 mg m™> with the mean being 1.91 mg m™. These concentrations were
significantly lower than the concentrations in the TWF system, which varied be-
tween 1.68 and 12.82 mg m™> and a mean of 4.59 mg m™.

Table 6 shows the time-series coefficients of the model for ammonia emissions
from the two housing systems. The effects per system are given in relationship to the
mean emission from the belt manure and the litter. The mean for the belt manure
represents the emission for the first level of the factors E, g and Epsp and the
mean value of the co-variables temperature, water vapour pressure difference,
unionised ammonia content and layer thickness. The mean emission from the belt
manure in the TWF system (e®3-%12) = 16.6 g h™') was not significantly lower than
from that in the battery cage system (¢>** = 18.8 g h™"). Drying treatment B and C
decreased the emission from the belt manure by 6 and 27% respectively, but neither
of these effects were significant. The emission from the belt manure increased by 14,
39, 109 and 177% from the first until the fourth day after manure removal. The ef-
fects of temperature and water vapour pressure difference of the air above the ma-
nure were significant and amounted to 17%°C™! and -22% kPa™' respectively.

The litter in the TWF system increased the mean emission from the aviary sysiem
with 62.5 g h™' (e*'%). The effect of the temperature in the litter on the emissn n
3%°C, was smaller than the effect of temperature above the manure belt. The f-
fect of the water vapour pressure difference above the litter was —17% kPa™\, sim as
to the effect it had above the manure belt. Neither the effect of temperature no: the
effect of water vapour pressure was significant. The unionised ammonia content in
the litter (mg/kg™'), which is shown in Figure 3, increased the emission from the
TWF system by 0.5% per unit of concentration. The emission from the [itter in-
creased significantly with the layer thickness of the litter (5% cm™). A numerical
example of the use of the model is given in Appendix 3.

Figure 4 illustrates the predicted emission of the model along with the measure-
ments for the battery cage and TWF system for the first block of drying and removal
treatments. The model predictions follow the pattern of the measurements in both
systems fairly well, but the deviations in the TWF system are greater.

A sensitivity analysis of the model for ammonia emission is given in Figure 5. All
effects on the emission from the belt manure are relative to the predicted ammonia
emission for a typical day with treatment A0.5. The daily mean ammonia emission
from the belt manure increased greatly for the treatment without drying (A) from
the level of a typical day when belt manure was removed twice (A0.5) to the level of
the 4th day after manure removal (A4). Drying treatment B and C showed a tenden-
cy towards lower emissions from the first until the fourth day after manure removal
compared to not drying (not shown in Figure 5). Air temperature had a strong posi-
tive effect on the emission from the belt manure, wheras the content of unionised
ammonia in the litter influenced the emission from the litter much stronger than
temperature and layer thickness. The water vapour pressure difference decreased the
emission from both the belt manure and the litter. This effect was, however, relative-

ly small.
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AMMONIA EMISSIONS FROM HOUSING SYSTEMS FOR LAYING HENS
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Figure 4, The predicted (lines) and measured (points) mean ammonia emission per day (g hour™) for the
battery cage (—and o) and the Tiered Wire Floor (TWF) system (- and *) during the first block with dry-
ing treatments and removal frequencies. The measurements are indicated along with the treatment-code.

Discussion
Production

The production results of both caged hens and TWF hens were in accordance with
production standards in practice. The higher feed intake and the lower egg mass pro-
duction agrees with earlier results of Ehlhardt ef al. (1989) who found a 4.75% high-
er feed conversion ratio for the TWF hens. The higher feed conversion ratio can be
explained by the higher energy requirements for activity. The mortality rate of this
experiment was slightly higher than in a previously reported experiment (Blokhuis &
Metz, 1992), but because this one lasted 8 weeks longer it was to be expected.
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Figure 5. Sensitivity analysis of the ammonia emission model. The points (*) represent the predicted
emission from the belt manure for drying treatment A from the first until the fourth day for the mean
value of the co-variables shown on the x-axes. The effect of the co-variables on the emission from the
belt manure is given relative to the treatment A0.5 (18.8 g h™"). The effect of the co-variables on the
emission from the litter is given relative to the mean (62.5 g b™).

Manure and litter

The 2.5% higher feed intake of the TWF hens will have resulted in a higher manure
production. About 22.5% of the manure of the hens in the TWF system was dropped
in the litter when it was assumed that the hens in the TWF systems also excreted
2.5% more dry matter. The faeces dropped in the litter in two commercial hen hous-
es was roughly estimated to be 36 and 32% of the total manure production (Evers et
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al., 1992a and 1992b). The distribution of faeces will depend on the distribution of
the hens in space, for example the sojourns of the hens on the different functional lo-
cations, and in time, for example the variation of the faeces production during a day.
The amount of manure transported from the litter to the manure belts in the TWF
system by the hens (between their feathers) was estimated to be negligible. At least
20% of the nitrogen in the belt manure was degraded to ammonia within 12 hours,
whereas it is assumed that fresh droppings hardly contain any ammonia. This means
that degradation processes in the manure start immediately after excretion by the
hens. Complete volatilization of this amount of ammoniacal nitrogen would cause an
emission of 126 g NH, h™!. Only a relatively small amount of this is actually emitted
from the manure, because the predicted emission on a day with treatment A0.5 was
188gh.

The water:feed ratio was not significantly different in the battery cage system and
the TWF system. It could therefore be expected that the droppings of both groups
contained about the same percentage of dry matter at the time of excretion. It can
therefore be concluded that the differences found in the composition of the manure
on the belts were a result of the type of housing system and manure drying system.
The higher dry matter content of faeces on the belts in the TWF system compared to
the battery cage system (Table 3) could be explained by a higher water evaporation
rate as a result of higher air velocities above the manure due to the open structure of
the tiers and the free movement of the hens. Also, because part of the manure fell in-
to the litter area and because of the larger manure belt area in the TWF system, the
mean density of manure on the beits (kg dry matter m™) in the TWF system was
71% of that in the battery cage system. The difference in the dry matter content of
the faeces {treatment A0.5) caused the differences between the dry matter contents
of the TWF and the battery cages for the other drying and removal treatments (Table
4). The dry matter content of the belt manure after three and four days drying was
higher than without drying, but was lower than that measured by Kroodsma et al.
(1988) (40 to 60% after 7 days drying). The shorter drying time was partly responsi-
ble for the difference. Besides this, the static pressure in the drying systems was low-
er than recommended by Kroodsma et al. (1985). This will have had a negative in-
fluence on the drying process. Drying treatment C was applied because most of the
manure on the belts in the TWF system was found on the belt of the upper floors un-
derneath the perches where the hens rest. The mean dry matter content after three
and four days drying according to treatment C was not higher than with treatment B
despite the adjustment of the air flow above the belt manure.

The sand, which was for more than 90% ash, in the litter area at the start of the
laying period could hardly be distinguished in the litter during the experiment. The
ash content at the start of the experiment had already dropped to a constant level a
few percent higher than the ash content of the faeces. This higher ash content of the
litter was the result of the degradation of organic material. This process decreased
the amount of dry matter, whereas the amount of inorganic matter remained con-
stant, The lower total nitrogen content of the belt manure in the TWF system could
not be explained by differences in ammonia volatilization or addition of feed as a re-
sult of spilling from the feeding pans. It was calculated that the nitrogen excretion of
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the hens in the TWF system amounted to 55% of the nitrogen uptake by the feed, re-
sulting in a nitrogen retention of about 45%. This was far above normal values, so
that is was concluded that the measured concentrations in the manure in the TWF
system must have been low. The mean total nitrogen content in the litter showed that
a substantial part of the nitrogen, 17.2 (50.5 minus 33.3) g kg™ dry matter of the fae-
ces, was volatilised. This is equivalent to an ammonia emission of about 50 g NH
h~'. This was close to the predicted mean level of the model, being 62.5 g NH; h™'.
The mean relative TAN content of 7.1% in the litter resulted from the discharge of
ammonia by means of volatilization and supply by means of degradation of uric acid
and proteins. The opposite trend of the unionised ammonia content in the litter dur-
ing the experiment as compared with the trend of total nitrogen and dry matter con-
tents could be explained as follows: higher dry matter contents diminished the
degradation rate of uric acid and proteins considerably, resulting in a “lower
unionised ammonia content in the litter. The lower volatile ammonia content reduced
the ammonia emission from the litter and led to a small increase of the total nitrogen
content (Figure 5). The dry matter content of the litter might have been influenced
by the water vapour pressure difference and the ventilation rate.

Ammonia emission

The higher maximum rate of increase of the ventilation rate in the battery cage sys-
tem meant that higher ventilation rates were necessary to maintain the set tempera-
ture in this room (22°C). This data as well as the observations and calculations of
Van Ouwerkerk ef al. (1994) in these rooms, showed that the air velocity patterns in
the two housing systems differed greatly. The difference in the ventilation rate and
the air velocity pattern could have had an effect on the ammonia emission rate. Any
possible effect however is included in the difference between the emission from the
belt manure in the two housing systems. Room temperatures below 20°C were not
measured ‘due to the temperature controlled ventilation system, but the increase in
room temperatures up to 28°C on days with high outside temperatures, could not be
prevented. The difference in the ammonia concentrations in the exhausted air be-
tween the battery cage and TWF system corresponded to the difference in the ammo-
nia emission. The difference in the ammonia emission, which is the product of con-
centration and ventilation rate, was therefore mainly caused by the concentration dif-
ference and for a minor part by the difference in the ventilation rate.

The daily increase of ammonia emissions after removal of the belt manure, and
with increasing amount of manure on the belts, was also reported by Kroodsma et al.
(1988). They also found that drying reduced the emission compared to not drying
and that the ammonia emission from manure belts strongly decreased if dry matter
contents rose above 40%. In this experiment manure drying had a positive effect on
the dry matter content of the belt manure. The emission however was not significant-
ly decreased, probably caused by the fact that the dry matter content of the belt ma-
nure did not raise above 41%. Inadequate functioning of the drying installation could
very well have been the reason for the lower dry matter contents. However, the lower
manure density on the belts and the higher dry matter contents of the belt manure in
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the TWF system than the battnr:,r cage system, did not dec:rcase the mean ammonia
emission from the belt manure in the TWF system (16.6 g h™") significantly as com-
pared to the battery cage system (18.8 gh™ 1. The daily mean ammonia emission of
18.8 g NH, h! was equivalent to a nitrogen volatilization of about 1.8% of the nitro-
gen intake by the hens.

The effect of the local climate in the houses on the ammonia emission was reflect-
ed by the temperatures above the belt manure and the litter and the water vapour
pressure differences (Groot Koerkamp, 1994). The effect of the temperature on the
emission from the belt manure represents the combined effect of temperature on the
degradation and the wvolatilization process, which was also found by Oldenburg
(1989). The evaporation of water from manure and litter particles was enhanced by a
higher water vapour pressure difference. A higher volatilization rate of water result-
ed in dryer manure, which in turn diminished the degradation rate of nitrogen com-
pounds and hence the volatilization of ammonia. The variation between the mea-
sured minimum and maximum ammonia emission from the belt manure in the bat-
tery cage system, 9 and 74 g NH, h™! respectively, was well explained by the model.
The reported mean ammonia emission over longer periods from belt batteries with
different drying treatments and removal frequencies in other experiments were all
within this range (Groot Koerkamp, 1994; Groot Koerkamp et al., 1994). It could be
concluded that by means of control of the indoor temperature and regular removal of
the manure, ammonia emission from manure on belts can be reduced.

The daily mean ammonia emission from the litter in the TWF raised the total
emission to 79.1 g NH; h™* (16.6 + 62.5) and confirmed results of earlier measure-
ments (Groot Koerkamp & Metz, 1992). It was remarkable that the 22.5% of the fae-
ces of the hens that were dropped in the litter in the TWF system caused 79% of the
ammonia emission of this system. However, the effect of temperature and water
vapour pressure difference on the emission from the litter was not significant. But
. temperature and water vapour pressure difference might have had a long term effect
on the emission rate of ammonia. The unionised ammonia content in the litter on a
typical day resulted from degradation and volatilization rates in the past. Both
- processes were then mﬂur:nﬂed by local climatic conditions. Unionised ammonia
‘contents below 20 mg kg™ litter were necessary to substantially reduce the emission
from the litter in the TWF system. The positive relationship between emission and
layer thickness (a 5% increase in emission for every cm layer thickness) could be ex-
plained by the larger amount of manure and thus larger amount of unionised ammo-
nia in the litter in the TWF system. This meant that the volatilization of ammonia
from the litter not only depends on the surface area, but also on the volume of the lit-
ter. This was logical because as a result of the scratching and dust bathing of the

hens, the litter was friable and mixed many times per day. Therefore, unionised am-
monia may have diffused through the litter. Another, and possibly more important,
adverse effect of thicker litter layers is the development of inadequate conditions for
water evaporation from small particles of faeces in the sublayers of the litter. The
drying of these particles will be hampered if the water has to pass a thicker layer. It
was concluded that the degradation process in the litter must be minimized to reduce
emission from the litter. Control of the layer thickness and the dry matter content of
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the litter are possibilities to achieve this. Technical measures that increase the water
volatilization from the litter have thus to be developed.
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APPENDIX 1

Notation:

m; Natural logarithm of the daily mean ammonia emission (g NH3'h)

£, Deviation between the measured and predicted daily mean ammonia
emission

Cpc pm  Mean ammonia emission from the belt manure in the battery cage system

Erwpesn Effect of the TWF system on the mean ammonia emission from the belt
manure

Eipe Effect of drying of belt manure, treatment A, B and C

Epar Effect of removal frequency of belt manure, i.e. number of Days After
Removal

Tomdive: Mean temperature of the air above the belt manure in both systems or in
the litter in the TWF system (°C)

P 4i b liner Difference between the saturated water vapor pressure times 0.9 and the
actual water vapor pressure of the air above the belt manure in both sys-
tems or of the air above the litter in the TWF system (kPa)

Criwvg nyer Mean ammonia emission from the litter in the TWF system

Cm;l'si tiner Unionized ammonia content in the litter in the TWF system {mg/kg)

Dipisrer Layer thickness of the litter in the TWF system

o Regression coefficient for co-variable i
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APPENDIX 2 Estimation of regression coefficients for emission

For ease and clarity of notation index t is omitted. Log stands for natural logarithm.
Equations (2a) to (2c) represent the formulation of a generalised linear model
(GLM) in Ty, with link function , containing as unknown parameters the regression
coefficients of Myyer-

Estimation when 1y, is known

For a given 7., the standard algorithm is Iterative Reweighed Least Squares (IRLS)
with link-adjusted response variate:

£ = T + (z-17) . '}“““

and weights:

(o )

M en-Sryre™™ ffige Him
the link-adjusted response variate and weights are:

_ u _(Hom )
£ = My + (2=11) Eand W= (T) (4)

z can be taken as the starting value for 1. Weighed regression with explanatory vari-
ates for belt manure emission yields an estimate of 1. Then, { and w are updated
and the regression can be repeated. Convergence is obtained if the change in 7}, be-
tween iterations is negligible.

Estimation of the litter contribution

Note that 1, depends on T}, and therefore on the regression coefficients By, of
the explanatory variates for litter emission. This is emphasized in the notation
Mom(Bineer)- Parameters of By, B;, j=1...J in which J represents the number of ex-
planatory variates for litter emission, are estimated according to a linear approxima-
tion, using only the first term of the Taylor series expansion (Pregibon, 1980):

. + [ OMomBrines) ) *
MomBiitier) = Mom(BFitier) +§ (H ) ( ﬂlﬂj )

The partial derivative amm-(ﬁ'-i""} can be found by applying the chain rule:

9;
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M _ OMom . 0N Ohiver _
IBritter 9N Miner  Biiver

Because: a—“l'l-- L{sm above),
9N Ppm

on _ Srwre" — Pitter
Myer €= orwere™ e p

in which x; is the explanatory variate with regression coefficient §j. An estimate of
the parameter of By, can be calculated by multiplying each explanatory variate for

litter emission with ’t,:';:': (for the observations of the TWF system) and then carry

out regression with all explanatory variates, for the belt manure emission as well as
for the litter emission. For the regression coefficients of the litter emission, the dif-
ference with the previous value is estimated. The new estimate is the sum of the pre-
vious value and the estimate of the difference. Iteration is continued until the esti-
mated difference is negligible.
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APPENDIX 3 Numerical example of the use of the emission model

The model predicts the daily mean ammonia emission in g h™ depending on the
housing type (TWF or battery cage system), the handling of belt manure (drying and
removal frequency), climatic conditions (temperature and humidity), the litter condi-
tion (unionised ammonia content) and the litter management (layer thickness).

Circumstances:

* drying treatment B, the third day after removal

* belt manure: temperature 22.0°C (mean 24.0), water vapour pressure difference
1.4 kPa (mean 1.0)

* Jitter: temperature 21.0°C (mean 24.0), water vapour pressure difference 1.6 kPa
(mean 1.0)

* litter: 20 mg unionised ammonia per kg litter (mean 100)

* litter: layer thickness 2.0 cm (mean 5.0)

Battery Cage system:
o (29306 Eﬂiyuzmm-.]s +(14-1.0)"~25) = 24 § o NH, h™!

Tiered Wire Floor system:
o (293-.06+.74+(2 0)%.15 +(1.4-1.0)°-25) o

o (4.14+(21.0-24.0)%.031 + (1.6-1.00°~.19 + (20-100)*5.4E-3 + (2.0-5.0)*.053 ) _
24.8 g+28.3=53.1 NH; h!
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