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Six commercial free-stall dairy barns were monitored for air quality during the winter of1983-1984. Acomparison of
air quality was made between units with slatted and scraped passageways by measuring C02, NH3, H2S and dust
parameters. The mean C02 production rate for all six barns was 290L/(h-cow(500-kg)). The 48-h mean C02 con
centrations ranged from 1730 to3550 ppm and the maximum hourly mean concentration was 5750 ppm. The mean rate of
ammonia production was 39% higher in units with solid passageways than in the three units with slatted passageways. The
NH3 production rates inthe six barns ranged from 1.7 to4.4L/(h-cow(500-kg)). The 48-h mean NH3 concentrations inthe
sixbarns ranged from 7 to 20 ppm, with hourly means reaching 54ppm. Allrecorded H2S anddustconcentrations were
low.

INTRODUCTION

Limited data are available on aerosols or

air quality parameters to which animals
are exposed in total confinement housing
and their effects on animal health and per
formance. Sufficient information is avail

able to conclude that the potential for air-
pollutant effects exists (Curtis and Drum-
mond 1982). While acceptable upper limits
of air quality parameters in animal housing
have yet to be firmly established (Watheset
al. 1983), occupational health standards
for protection of humans against atmo
spheric contaminants in the industrial
workplace have often been suggested as
appropriate for use in the interim as gen
eral guidelines for housed animals. These
threshold limit values (TLV), for a time-
weighted average concentration for a nor
mal 8-hday/40-h week, for the majorgas
eous contaminants present in animal
housing are 5000, 25 and 10 ppm for car
bon dioxide (C02), ammonia (NH3) and
hydrogen sulfide (H2S), respectively
(American Conference of Governmental
Industrial Hygienists 1984). However, a
recent report for the Commission Inter
nationale du Genie Rural by the Scottish
Farm Buildings Investigation Unit (Scot
tish Farm Buildings Investigation Unit
(SFBIU) 1984) recommends maximum
concentrations for C02, NH3 and H2S in
animal housing of 3000, 20 and 0.5 ppm,
respectively, with H2S permitted to reach
short-term exposures of 5 ppm during
manure removal. These recommendations
were based on a Council of Europe pro
posal on the subject to the CIGR, and
involved input from the member countries
of the European Economic Community.

To design environmental control sys
tems for animal housing to meet specific
air quality standards requires information
on the rates of production of the individual
contaminants within them. However, few

data are available at present on such rates
and on the effects of management prac
tices and housing systems on these rates
(Scott et al. 1983). Consequently, a study
was undertaken during the winter of
1983-1984 in six commercial free-stall

dairy barns, three with solid and three with
slatted passageways, with the objective of
establishing production rates and/or base
line data for the primary air quality param
eters, i.e., C02, NH3, H2S and dust. This
study, the results of which are reported
here, was carried out concurrently with
another study reported previously (Quille
et al. 1986), involving heat and moisture
loads in the same facilities.

EXPERIMENTAL FACILITIES

Six free-stall commercial dairy barns
were selected in the central area of Alberta

for the study on the basis of the manure
management system, and are described in
detail elsewhere (Quille et al. 1986). Four
barns were of insulated wood-frame con
struction, one of wood-frame and cinder
block, and one of concrete block. The
latter barn was the only one without trans
lucent panels running the length of the
sidewalls. All six barns were arranged
with a center feedbunk and stallsalong the
sides of the barn. The cows in each herd
were Holsteins with an average liveweight
of 550 kg. One barn also housed six calves
and two bulls, which were included on a
cow-equivalent basis for the purpose of
this study.

Table I gives the pertinent data on the six
barns. The barns with solid passageways
are designated SO-1, SO-2, and SO-3.
Those with slatted passageways are SL-1,
SL-2 and SL-3. The solid floor barns were
scraped daily by mechanical means. Other
than lighting and miscellaneous heat
sources, Barn SL-3 was the only barn uti
lizing any form of supplemental heating,
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which consisted of two heat exchangers
and under-stall, hot-water heating.

EXPERIMENTAL PROCEDURES

AND EQUIPMENT
Exhaust ventilation rate was determined

as described previously by Quille et al.
(1986) by recording fan speed (Hall-effect
switches and integrator) and pressure dif
ferential (Validyne Model DP45, Sierra
Instruments, Calif.) every 4 min and cor
relating the data with hand calibrations uti
lizing a thermistor anemometer (Model
435-2, Kurz Instruments Inc., Carmel
Valley, Calif.). The hand calibrations were
25-point airspeed profiles in calibration
ducts with built-in air straighteners located
on the exhaust side of each fan. The air

speed profiles were measured at each cal
ibration duct at least twice during each
24 h for each fan control combination, and
more often during changing environmen
tal conditions. Consistent negative static
pressure and frequent air velocity mea
surements gave a high degree of con
fidence in ventilation rates, even under
windy environmental conditions.

Each of the six barns was monitored
continuously for 48 h. The barns were
divided into thirds by length, with thecen
ter of each third a location for samplingof
ambient air. Air sampling also was carried
out downstream from each fan and up
stream of the air inlets. Every 4 min the air
was sampled at either an ambient, inlet or
exhaust fan location, and sequenced such
that each location was sampled twice per
hour. Air samples were drawn from the
sampling location to a mobile laboratory
through 6.35-mm outside diameter tubing
and a temperature-controlled conduit, and"
then apportioned to each gas analyzer.
Ambient concentration was considered to
be the mean of the concentrations sampled
in the vicinity of the cows.
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TABLE I. SUMMARY OF BARN OPERATIONAL CHARACTERISTICS
(MEAN VALUES)

Barn

SO-1 SO-2 SO-3 SL-1 SL-2 SL-3

Number of 550-kg
cow equivalents 60 37 42 154 61 150

% cows milking 97 85 86 96 95 100

Milk production
(kg/(cow day)) 24.5 20.0 18.9 24.9 16.0 22.3

Water consumption
(kg/(cow-day)) 80.0 87.2 71.1 69.6 50.2 74.2

Feed type Alfalfa Hay; Hay; Alfalfa/ Barley/ Alfalfa
haylage; Protein Grain High moist. Oat haylage/
Grain mix Suppl. mix barley mix haylage oat mix

Stocking density
(m2/cow) 10.5 12.7 9.6 4.8 9.1 5.6

Stocking rate (%)
of barn capacity 86 76 81 100 81 100

Supplemental heat,
(kJ/(h-cow)) 35.0 34.1 34.3 6.9 83.6 39.2

Barn dimensions (m) 47 x 14t 33 x 14 33 x 14t 56 x 12 40 x 13t 70 x 13t

Fans 3 @ 0.61 m 3 @ 0.4 m 2 @ 0.61m 4 @ 0.4 m 2 @ 0.3 m 2 @ 0.7 m
(1 x 2 speed) (1x2 speed) 1 @0.5

(Manual)
2 DelAir

t Includes partof milking parlor.

TABLE II. SUMMARY OF ENVIRONMENTAL PARAMETERS FOR THE SIX

BARNS MONITORED (MEAN VALUES)

Parameter

Outsidetemperature (°C)
(Range)

Exhausttemperature (°C)
Range

Animal level temp. (°C)
(Range)

Ceiling temperature (°C)
(Range)

Inside rel. hum. (%)
(Range)

Static pressure (Ra)
(Range)

SO-1

-10.0

(-5/-18)

4.3

(3/6)

4.0

(2/6)

5.5

(5/7)
88

(82/100)

41

(20/49)

SO-2

-8.7

(6/-19)

7.4

(5/14)

8.2

(7/13)

8.9

(8/14)

84

(64/95)

6.3

(4.9/7.8)

Carbon dioxide and NH3concentrations
were measured over the 48-h collection
period by non-dispersive infraredgas ana
lyzers (Model 315A, Beckman, Fullerton,
Calif.). The production rates of these gases
were considered to be functions of ventila
tion rate and gas concentration at each
exhaust location. The H2S concentrations
weresampledatexhaust and ambientloca
tions for 1 h in barns SO-2, SO-3, SL-1 and
SL-3 using a photometric total sulfur ana
lyzer (Meloy Laboratories, Springfield,
Va.).

Relative humidity was determined by
a dewpoint hygrometer (Model 880,
E.G.&G. Environmental Systems Div.,
Waltham, Mass.) and related to air tem

Barn

SO-3

5.8

(16/ —1)

13.6

(10/19)

13.6

(10/19)

14.0

(10/19)

71

(44/84)

7.5

(5.9/7.8)

SL-1

-1.7

(3/-7)

12.9

(11/15)
11.9

(10/13)

13.5

(12/16)
73

(65/83)

5.0

(2.9/9.8)

SL-2

-5.1

(1/-10)

7.2

(5/9)
7.2

(5/10)

7.4

(6/9)

82

(79/90)

3.9

(2.9/7.8)

SL-3

-4.2

(4/-12)

15.5

(12/18)
13.0

(9/17)

13.8

(9/18)

70

(64/80)
10

(7.8/13)

perature at each location. Dry-bulb tem
peratures were measured using ther
mistors; the location and frequency of
these measurements and of the dew point
measurements are described by Quille et
al. (1986).

Dust concentrations were measured a

total of 15 min of every hour at a represen
tative location near the center of the barn,
utilizing a forward-scattering optical par
ticle counter (Climet Instruments, Red-
lands, Calif.), giving readings of particle
diameters in size ranges greater than 0.5,
1, 2, 5 and 10 jim. Sampling was done
remotely with turbulent flow through
6.35-mm outside-diameter tubing termi
nating with an iso-kinetic probe for uni

form sampling of still or slow-moving air.

RESULTS AND DISCUSSION
Production data and ventilation rates

were expressed on a 500-kg cow basis, to
conform with current published data. All
data from the 48-h data collection periods
for each of the six barns wereaveraged to
hourly values and to a 48-h average, or
overall mean, with the exception of H2S
for whichan averagefor the total sampling
time was obtained.

Moisture and Ventilation Rates

Relative humidity (RH) values were
high in all six barns (Table II), with a con
siderable amount of condensation ob

served. Building deterioration as a resultof
high moisture levels was evident in all but
the newest barns. Barn SL-3 had the lowest

overall mean RH of 70%, with the highest
overall mean RH of 88% observed in Barn

SO-1. The barn RH increased as the out

side temperature decreased. Ventilation
rates were controlled using temperature
criteria, not moisture, even in the barn
where the fans were controlled manually.
Considerable fluctuation occurred in RH

values with hourly averages ranging from
44 to 100% RH.

Barn SL-3 was constructed with under-

stall hot water heating, in addition to two
heat exchangers. The under-stall heating
contributed a negligible amount of heat to
the barn, amounting to not more than mis
cellaneous heat sources in other barns. The

contribution of the heat exchangers was not
calculated directly, but included in a heat
and moisture balance by increasing the
ventilation rate, and tempering the incom
ing air a marginal amount. However, Barn
SL-3 had the lowest relative humidity and
the second highest ambient temperatureof
the six barns. Thus, even a minor amount
of supplemental heat appeared to have
been beneficial in controlling the relative
humidity in Barn SL-3, and may warrant
consideration in free-stall dairy barns in
Alberta to assist in moisture control and
reduce building deterioration.

Mixing of incoming air was not mea
sured directly. Only in Barn SO-1 did the
static pressure (TableII) exceed an accept
able level for proper air mixing (Turnbull
and Bird 1981). Consequently, in fiveof the
six barns, isolated regions may be subject
to higher or lower levelsof air quality than
indicated by the ambient levels recorded in
this study.

Carbon Dioxide

The overall mean ambient C02 concen
tration was 2480 ppm ranging from 1730
to 3550 ppm (Table III). The SFBIU
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TABLE III. SUMMARY OF MEASURED AIR CONSTITUENTS (MEAN VALUES)

Barn

SO-1 SO-2 SO-3 SL-1 SL-2 SL-3

CO2 production
(L/(h-cow))t 219 364 330 295 253 293

(Range) (95/449) (214/587) (240/506) (194/373) (136/362) (247/403)

Ambient C02 (ppm) 2591 2228 1727 2670 2132 3553

(Range) (1425/4497)(1223/3864)(1196/2224)(2028/3445)(1562/3258) (2467/5747)

NH^ production
(L/(h-cow))t 1.7 4.4 2.3 2.4 1.7 2.0

(Range) (0.4/3.4) (2.4/7.7) (1.0/3.7) (1.2/3.8) (0.6/4.0) (1.4/2.4)

Ambient NH3 (ppm) 18 20 7 16 8 15

(Range) (0/54) (13/30) (2/15) (10/22) (2/13) (10/21)

Ventilation rate

(L/(s-cow))t 38.9 57.1 75.9 40.5 49.1 28.4

(Range) (23/62) (26/73) (58/86) (37/44) (46/69) (28/29)

H2S concentration $ (ppb) —1 62.5 40 63 — 121

(Range) (55/70) (35/45) (40/75) (95/145)

Dust particles§/mL
less than 5 |xm — — 11.14 3.71 3.50 —

(Range) (0.57/85) (0.17/8.0) (0.32/25)

Dust particles/mL
greater than 5 |xm — — 0.04 0.04 0.01 —

(Range) (0.01/0.15) (0.01/0.07) (0/0.02)

t Based on a 500-kg cow equivalent.
t One-hour monitoring period.
§ Fifteen minutes per hour.
1f Not measured.

(1984) recommends maximum concentra
tions of 3000 ppm. The 48-h mean in Barn
SL-3 exceeded this maximum, and the
hourly mean remained below 3000 ppm
only in Bam SO-3. A peak hourly mean of
5700 ppm was recorded in Barn SL-3,
exceeding the TLV for C02. Worker
health was not compromised in any of the
six bams, but the long-term effects of high
carbon dioxide concentrations in conjunc
tion with other environmental contami

nants on the health or production of dairy
animals is unknown.

Carbon dioxide production in the six
bams averaged 290 L/(h-cow) which is a
similar value to that obtained in a previous
study (Feddes et al. 1984), but exceeds the
value of 180L/(h*cow) recommended by
the SFBIU (1984) as a practical value for
calculations for a 500-kg cow producing
20-kg of milk per day. In four of the six
bams monitored, the average milk produc
tion was greater than 20 kg/day, possibly
an indication of greater metabolism and
higher C02 production. Production of
C02 can be related directly to metabolism
(Scott et al. 1983), but a direct comparison
of hourly values could not be made in this
study.

An inverse relationship with an R2 of
0.96 existed between the overall mean

C02 concentration and ventilation rate
(per cow). However, the variation in C02
had no apparent correlation to the ventila
tion rate or the variation in ventilation rate.

This suggests that average ventilation rates
can be estimated from C02 concentra
tions, but that environmental control was
poor in the barns monitored. While
moisture control has been historically the
primary objective of winter ventilation, it
was poorly achieved in the six bams when
using temperature criteria.

Ammonia

Ammonia was present in all six bams
monitored (Table III). The bams with solid
passageways were always wet in the area
which was scraped daily, and the rate of
NH3 production might have been expected
to be similar. The fact that this was not the

case is not readily explainable. Production
rates of NH3 in the units with slatted
passageways were more consistent. Dis
regarding the variation among bams with
solid passageways, the mean rate of NH3
production for three bams with solid pas
sageways was nearly 39% higher than that
for the other three units.

The combination of different ventilation

and NH3 production rates among the six
bams resulted in virtually no difference
between the NH3 concentration means for
the solid and slatted units. The minimum

and maximum hourly mean concentrations
were both monitored in Bam SO-1, being 0
and 54 ppm, respectively. The overall
mean values ranged from 7 to 20 ppm
between barns. Thus, the NH3 con
centrations recorded in this study under
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winter conditions in commercial free-stall

operations meet present recommended
standards for both the cows and the oper
ators. However, definitive data on the
effects of long-term exposure to low con
centrations of NH3 on dairy cows are
apparently not available.

Hydrogen Sulfide
Hydrogen sulfide was measured in only

four of the six bams monitored due to lack

of equipment availability, and concentra
tions low enough not to warrant continu
ous observation. The measured concentra

tions (Table III) did not exceed 145 ppb,
indicating that this gaseous contaminant
was not a problem in these bams at the time
of monitoring. Where manure is removed
from free-stall dairy units with solid pas
sageways, the possibility of detecting
more than trace concentrations of H2S is
remote. However, in units with slatted pas
sageways with manure storage below, the
risk of H2S reaching dangerous concentra
tions must be recognized, particularly
when the pit contents are agitated prior to
removal. The rate of H2S production and
evolution during anaerobic decomposition
of dairy manure in such pits is unpre
dictable and appropriate safety precautions
should be exercised during emptying even
though only trace amounts of H2S are
present during normal operations in such
units.

Dust

Instrumentation was available for only
three of the six bams monitored (Table III),
prohibiting a complete aerosol analysis.
Particles greater than 5 |xm were not com
mon in any of the three bams, reaching a
maximum concentration of 0.15 particles
per mL (0.15/mL) in Bam SO-3. Dust
concentrations peaked during high activity
periods such as feeding and milking times,
with a maximum of 85/mL less than 5 |xm
in size also in Bam SO-3. This bam was

the only one monitored for dust particle
concentrations where hay was the primary
feed. Particles of size less than 5 |xm are
classified as respirable dust (Hinds 1982),
with the fnost dangerous size range being
those particles less than 2 |xm. The par
ticles of size less than 2 jjim were more
abundant than larger particles in all the
bams examined.

In Bam SO-3, data were collected for
24 h. Particles of less than 5 |xm in diam
eter averaged 11.1/mL with concentrations
during daylight hours three times the aver
age concentration occurring during inac
tive periods. A low concentration of
0.57/mL with a size less than 5 |xm
occurred at 0300 h. The air in Bam SL-1
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was sampled for 8 h during the day and
yielded an average of 3.72/mL with a size
less than 5 jxm. The range was from 0.17
to 9.81/mL. The largest number of par
ticles were in the size range of 0.5-1 |xm,
with the average being 3.15/mL. A 24-h
sample was taken in bam SL-2. The max
imum concentration of particles less than
5 |xm was 25.3/mL. The distribution of
size ranges was similar to that in bam
SO-3.

In no instance did the total dust concen

tration exceed the TLVs for nuisance par
ticulates or grain dust. The relative
humidity in the dairy houses monitored
may have affected the dust concentrations.
The composition of dust in animal housing
is not well defined, thus the effect of long-
term exposure to such dust is difficult to
document.

SUMMARY AND CONCLUSIONS

The measurements of C02, NH3, H2S
and dust concentrations and production
rates in six commercial free-stall dairy
bams can be summarized as follows:

(1) The overall mean carbon dioxide
production rates for all six barns was
290L/(h-cow (500 kg)), with values
ranging from 219 to 330L/(h*cow
(500 kg)) over the individual bams.

(2) Overall mean carbon dioxide con
centrations ranged from 1727 to
3553 ppm, the maximum hourly mean
concentration recorded being 5747 ppm.

(3) Overall mean ammonia production
rates ranged from 1.7 to 4.4L/(h*cow
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(500 kg)), with the mean production rate in
the three units with solid passageways
being 39% higher than that for the three
units with slatted passageways.

(4) Overall mean ammonia concentra
tions ranged from 7 to 20 ppm over the six
bams, with hourly means ranging from 0
to 54 ppm. The system used for manure
handling had no apparent effect on NH3
concentration.

(5) Concentrations of hydrogen sulfide
were very low in the four bams monitored,
the maximum recorded value being only
145 ppb.

(6) Dust particle concentrations in the
three bams monitored were found to be

low, with hourly mean values for particle
sizes less than 5 |xm ranging from 0.17 to
85.0/mL and from 0 to 0.15/mL for sizes
greater than 5 jjim.

The following additional observations
were made in this study:

(7) Overall mean ventilation rates and
carbon dioxide concentrations in the

exhaust air of free-stall dairy bams had a
good correlation (R2 = 0.96).

(8) Supplemental heat appeared to have
a beneficial effect on moisture control, and
future research may determine if supple
mental heat is warranted in free-stall dairy
housing in Alberta.
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