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Carbon dioxide concentration as a measure of air

The quality of the air in animal housing is afunction of air exchange rates or air exchange per animal. Measuring
air exchange rates can be adifficult procedure with conventional methods and instrumentation. The use ofacommercial
tracer gas has been tried but the technique has limitations for application in most confined animal units because of
incomplete mixing. Carbon dioxide can also be considered as a tracer gas. This gas is generated by animals at rates
dependent on size of animal and rate of metabolism and is introduced uniformly throughout the building. Carbon dioxide
production rates were measured indairy, pig and broiler facilities. Results are presented which indicate that the con
centration ofcarbon dioxide in the exhaust air from such facilities can be aconvenient method ofestimating ventilation
rates and should be investigated further.

INTRODUCTION
Measuringair exchange rates in animal

housing can be very difficult when con
sidering the number of air exhaust loca
tions, lack of data on fan capacities, and
the variation in negative pressures at
which the exhaust fans are operating. To
determine ventilation rates accurately, air
flow from each exhaust fan must be de
termined using, for example, a hot-wire
anemometer. The sum of the flow rates
would be assumed to be the ventilation
rate. An alternative to this technique
would be to use the decay rate of tracer
gas concentration in the ventilated space
to determine ventilation rates. This
method may be of little practical signifi
cance, however, since the air in many an
imalhousing unitsisnotcompletelymixed
(Barber and Ogilvie 1982).

A further alternative may be to make
use of the carbon dioxide (C02) produc
tion arising from the metabolism of the an
imals within a barn. Various factors are
known to influence the rate of metabolism
in animals. Food intake rate, work or ac
tivity, and environmental temperature are
considered to be the most influential fac
tors. Metabolic rates vary directly with
food intake and muscular activity. Envi
ronmental temperature also can decrease
or increase the rate of metabolism. Envi
ronmental temperature above and below a
certain temperature range, defined by an
upper and a lower critical value, causes an
increase in the heat production of the
body. Within this range, the heat loss of
the animal through radiation, conduction
or convection is regulated so that the rate
of metabolism and the body temperature
arenotaffected.This temperaturerange is
defined as the thermoneutral zone where
heatproduction of the animalis independ
ent of the temperature.

Bruce (1981) made use of the above
homeothermic theory to develop an ap
proximate relationship between metabo
lism and C02 production for pigs. Esti
mates of C02 production for various
liveweights andfeeding levelsweregiven.
From this relationship, Bruce observed
that ventilation rates could be estimated to
maintain a given C02 concentration.
Owen (1982) also suggestedthat C02 con
centrations be used as a basis for estab
lishing minimum ventilation rates. A fur
ther possibility, however, would be to use
C02 concentration as a means of estimat
ing actual ventilation rates in confinement
housing. Accordingly, a study was under
takenwith the objectiveof ascertainingthe
feasibility of this approach, the results of
which are reported here.

EXPERIMENTAL FACILITIES AND

METHODS

This work was carried out concurrently
with other studies related to the animal en

vironment (Feddes et al. 1983, 1984;
Smith et al. 1980). As reported in these
studies, the ventilation rates, tempera
tures, and air quality parameters including
C02 concentrations were measured simul
taneously over a 1- or 2-day period in each
animal unit studied. The data acquisition
and recording system, developed at the
University of Alberta (Feddes and Mc
Quitty 1977) and housed in a mobile lab
oratory, was used to collect these data.

In each instance, dry-bulb temperatures
were measured by thermistors (Fenwal
Electronics, Framingham, Mass.). Ven
tilation rates were monitored in an insu
lated discharge duct constructed down
stream from each operating exhaust fan.
The sizingof the ductsand the monitoring
locations of the air flows in each duct were
as prescribed by Jorgenson (1961). Air ve
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locities in theductsweremeasured bysev
eral methods. In all cases, air-flow rates
in the ducts were monitored at 4-min in
tervals by thermistor anemometers
(Feddes and McQuitty 1980). These sen
sors were calibrated against a hot-wire
anemometer (Kurz Instruments, Carmel
Valley, Calif.) during the course of each
study. This anemometer was also used to
measure air velocities in a 25-point trav
erse of each duct cross-section. The av
erage of these measurements was com
pared and related to that measuredby each
thermistor anemometer, thus accounting
for any lack of uniformity in the air-flow
profile within the duct.

Carbon dioxide concentrations in the
exhaust air at each fan location were mon
itored in each of the animal units by a non-
dispersive infrared gas analyzer (Beck-
man, Model 315 A, Fullerton, Calif). Pre
liminary testing had indicated that the con
centration of C02 measured in the exhaust
air was much less variable and more rep
resentative of the mean C02 concentration
than that measured at prescribed locations
within a barn. Air-sampling lines used to
monitor C02 were brought from each sam
pling location into the mobile laboratory
and connected to an automatic sequencing
sampler (Feddes and McQuitty 1977).
This sampler, driven by a data logger,
drew an air sample twice each hour from
each sampling location and delivered it to
the C02 analyzer. Each air sample was
drawn for 4 min before the concentration
was recorded.

The output signals from the thermis
tors, ventilation-related instrumentation,
and the C02 analyzer were received di
rectly by the data logger (Feddes and
McQuitty 1980). Production rates of C02
were calculated by subtracting the C02
concentrations in outside air from those
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measured in the barns. The mean hourly
values of C02, temperature and ventila
tion rates were calculated and plotted on a
digital plotter. The raw data were pro
cessed and plotted within 2 days of being
recorded; this short turn-around time was
considered essential to insure that good
data were collected.

Dairy Cattle
Four dairy barns located in central Al

berta were studied between January and
March of 1979. Environmental condi

tions, including C02 concentrations in the
exhaust air, were monitored continuously
over a 48-h period in two tie-stall and two
free-stall dairy barns (Smith et al. 1980).
The barns were relatively new and were of
wood frame construction. The number of

cows and calves housed, C02 production
rates, and mean ambient temperatures are
shown in Table I. Since some of these

units had a significant number of calves,
the calves were converted to cow equiv
alents. The ratio of C02 production of a
cow to that of a calf was assumed to be

similar to that of heat production rates
(American Society of Agricultural Engi
neers (ASAE) 1983; Data:270.4). The av
erage mass of the calves was estimated on
the basis of age (ASAE 1983;
Data:D321.1). The measured C02 con
centrations ranged between 2300 and 4040
ppm and the ventilation rates between 17
and 46 L/(s-cow~')- The average hourly
production rates per cow equivalent over
a one-day period are given in Table I.

Pigs
In a study involving the influence of se

lected management practices on heat,
moisture and air quality in pig housing
(Feddes et al. 1983), C02 concentration
was one of the parameters measured in a
controlled-environment facility operated
by the Department of Agricultural Engi
neering, University of Alberta, at the El-

lerslie Research Station near Edmonton,
Alberta. This facility was divided into four
rooms having a similar air-supply and
waste-removal drain. The dimensions of

the rooms were the same and approxi
mated those of a finishing pen in a com
mercial pig enterprise, i.e., 2 m X 5 m in
plan. The 12 pigs in each of these pens
were subjected to two levels of tempera
ture and lighting and two feeding meth
ods. The mean temperatures were 22 and
25°C for the two respective treatments. In
the feeding method treatment, the pigs
were fed from the floor or from feeders.

The feed intake of the floor-fed pigs was
restricted to 85% of that consumed by the
feeder-fed pigs of the same weight to min
imise feed wastage. The two lighting
levels consisted of normal lighting only
during feeding or normal lighting during
the day. The 48 pigs had a mean mass of
55 kg and 81 kg at the beginning and end
of the trial, respectively. Each treatment
was replicated three times, i.e., over a 3-
wk period. The air flows through each
room were almost constant throughout the
trial. The mean C02 concentrations in the
exhaust air ranged between 1600 and 2600
ppm for all the treatments, while the mean
ventilation rate for all treatments was 6.8

L/(s-pig_1). Carbon dioxide production
rates were calculated from the air ex

change rates and mean C02 concentrations
for each respective treatment. These were
then expressed in terms of metabolic mass
per pig, since the mass of the pigs changed
during the course of the experiment (Table
II).

Broilers

Two broiler barns located near Edmon

ton, Alberta were studied between Sep
tember 1981 and May 1982. Environmen
tal conditions, including C02
concentrations in the exhaust air, were
monitored continuously 1 day a week dur
ing a complete production cycle of the

TABLE I. EXPERIMENTAL DATA SUMMARY — DAIRY COWS

Number of cows

Number of calves

Number of cow equivalents
Mean ambient temperature (°C)
Mean ventilation rate§ (L/(sec-cow))
Predicted ventilation ratet (L/(sec-cow))
Mean COz production§ (L/(h-cow))
Mean C02 concentration!I (ppm)
Milk production, (kg/(daycow))
Water Consumption§ (kg/(daycow))

tTie-stall.

tFree-stall.
§Cow-equivalent.
tBased on overall mean production rate of 250 L/(h-cow)).
pncludes 500 ppm C02 in outside air.

Barn At Barn Bt Barn Ct Barn Dt

46 48 57 84

19 7 34 0

48.3 48.6 62 84

8.1 6.4 13.1 16.3

17 28 43 46

20 39 37 37

217 181 294 318

4040 2300 2400 2420

16.4 17.5 18.5 14.2

73.8 76.5 79.2 74.2

broilers in each of the barns (Feddes et al.
1984). One of the units housed approxi
mately 7900 broilers, while the other hou
sed 6800 broilers (Table III). In this study,
the speed of each fan was also monitored
at 4-min intervals by a Hall-effect sensor
activated by a magnet attached to the fan
shaft. The pulses obtained were integrated
and the output voltage was associated with
a fan air-flow rate derived from a function

developed for each fan relating shaft speed
and air-flow rates. In both the pig and
broiler studies, the performance curves of
each exhaust fan (L/sec vs rpm) were
measured indirectly with sulphur hexa-
floride (SF6) as a non-toxic tracer gas
(Leonard et al. 1984) or directly by the
hot-wire anemometer. The mean C02 con
centrations in the exhaust air for the two

barns ranged from 1313 to 4001 ppm over
the complete production cycles (Table III).
Barn ventilation rates ranged from 270 to
4330 L/sec.

RESULTS AND DISCUSSION

Dairy Cattle
As shown in Table I, the variation in

C02 production per cow among the four
dairy units was found to be quite large. An
attempt was made to explain this variation
through regression analysis. A high cor
relation occurred between temperature and
C02 production rate (/?2 = 0.80). How
ever, when considering the energy metab
olism of an animal, a rise in temperature
should not result in a higher rate of me
tabolism, assuming that the cows in each
barn were in the thermoneutral range as
they appear to have been. There could
have been a possible increase in C02 pro
duction over a short period of time due to
cows in Barns C and D acclimatizing to
higher ambient temperatures since the out
door temperatures changed from approx
imately - 20°C to 0°C immediately before
monitoring these barns. However, the
amount of additional C02 produced due to
cows acclimatizing to higher temperatures
apparently is not known. In any case, the
amount was considered most probably to
be insignificant since the cows presum
ably would have lowered their feed intake
to reduce any possible heat stress. The
variation might also be explained in part
by the increased rate in fermentation of the
manure. Since the manure was removed

on a daily basis, however, any increase in
C02 production from this source would
have to be negligible. Similarily, the fact
that silage feeding was practised in Barn
D only is most unlikely to account for the
relatively high rate of C02 production
found in this barn. Again, while the high
est level of milk production occurred in

54 CANADIAN AGRICULTURAL ENGINEERING. VOL. 26, NO. 1, SUMMER 1984



TABLE II. EXPERIMENTAL DATA SUMMARY — PIGS

Temperature Feeding method

High Low

(24.8°C) (21.9°C) Feeder Floor

Mean ventilation rate (L/(sec-pig)) 6.8 6.8 7.5 6.0
Predicted ventilationratet (L/(sec-pig)) 7.4 6.2 7.1 6.4
C02 concentration^ (ppm) 1850 2120 1920 2080
C02 production (L/(h-kg metabolic wt)) 1.40 1.65 1.59 1.47

Feed consumption, (kg/(pig-day)) 2.38 2.71 2.83 2.26
Relative humidity (%) 64 73 68 69

tBased on overall meanproduction rate of 1.53L/(h-kg of metabolic wt)).
^Includes500 ppm C02 in outside air.

TABLE in. EXPERIMENTAL DATA SUMMARY — BROILERS

C02

concentrationt
Ventilation rate C02

Age Measured Predicted production

(days) (ppm) I / L/(h-1000 birds)

Barn A

2 1310 750 760 280

9 2040 720 540 510

16 1960 1300 1250 870

23 1830 2350 2470 1460

30 2240 2930 2830 2380

37 3170 2290 2390 2890

44 2260 4330 4240 3630

Number of birds.

Initial 7937

Final 7535

Final bird weight (kg) 1.71

Feed consumption (kg/ 3.68

(bird-cycle))

BarnB

5 1820 270 380 190

12 2020 710 670 570

19 2980 730 840 960

26 3340 1220 1220 1860

33 3600 1720 1570 2870

40 4000 1670 1730 3180

Number of birds.

Initial 6810

Final 6635

Final bird weight (kg) 1.71

Feed consumption (kg/ 3.47

(bird-cycle))

Includes 500 ppm C02 in outside air.

Barn C (Table I), the anticipated corre
sponding increase in C02 production
would be insufficient to explain ade
quately the discrepancy of 50% in C02
production levels over Barns A and B.

More research is necessary to explain
the variation in C02 production rates found
in this study. Using the mean C02 pro
duction rate for all four barns of 250 L/

(h-cow equivalent) to predict the ventila
tion rate in each barn (Table I) resulted in
discrepancies ranging from 14 to 39%
compared to the measured values. At best,
a mean discrepancy of nearly 23% would
provide little more than a preliminary
evaluation of the air exchange in a dairy
barn. However, in view of the ease with
which C02 concentration in exhaust air
may be checked, even this may be helpful
on occasions.

Pigs
An analysis of variance was used to

evaluate the effects of temperature, feed
ing method, and lighting on C02 produc
tion rates. This indicated that temperature
and feeding method had a significant ef
fect on C02 production. Carbon dioxide
production rates were lower for the higher
temperature and the floor-feeding treat
ments (Table II).

The pigs in the higher temperature treat
ment consumed less feed daily than those
in the lower temperature treatment. This
would account for the decrease in C02
production. This suggests that the pigs in
the higher temperature treatment were
either hyperthermic or approaching this
condition. When pigs are approaching hy
perthermia, they reduce feed intake to re
duce their difficulty in dissipating their
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heat production (Mount 1979). The floor-
fed pigs also consumed less feed (2.26 kg/
day) than those on feeders (2.83 kg/day).
This also accounted for the lower C02 pro
duction rates.

As shown in Table II, the air exchange
rates predicted from the measured C02
concentrations, the number and weight of
the pigs, and the overall mean C02 pro
duction rate of 1.53 L/(h-kg of metabolic
mass) were in good agreement with those
measured. The discrepancy ranged from
5.3 to 8.8%, with a mean of 7.4%. The
predicted ventilation rates agreed more
closely with those measured in the feeder
and floor feeding treatment than those
measured in the temperature treatment
(Table II). This accuracy is considered to
be adequate in predicting ventilation rates
in growing/finishing barns, but further
work would be desirable to obtain reliable

C02 production data under commercial
housing conditions.

Broilers

The mean C02 concentrations ranged
between 1310 and 4000 ppm for the entire
production cycles in each unit. As in the
dairy and pig facilities, these concentra
tions are considered to be very low in
terms of any potential animal and human
health hazards resulting from exposure to
this gas (Animal Manure Management
Committee 1980). The hourly production
rates were further averaged to a mean pro
duction rate for each respective age. These
values are given in Fig. 1 and Table III.
As shown in Fig. 1, the C02 production
rates were very similar in both barns. This
was expected since the type of bird, feed,
and management practices were very sim
ilar in both operations.

The best fit equation, used to relate C02
production rates and bird age, was a po
lynomial function or a sigmoid curve. This
curve was very similar to a typical growth
curve of a broiler. This best fit equation
which has a high correlation (R2 —0.99) is
as follows:

Y = 340-40.7X + 5.59X2-0.0683X3 (1)

where Y = C02 production rate, L/
(h. 1000 birds" !),andX = age of the birds
in days.
The prediction equation appears incorrect
when bird age is less than 5 days. The C02
production value measured during day two
in Barn A appears to be much too high.
The reason for the high discrepancy in the
value was due to the difficulty in meas
uring air exchange rates since none of the
exhaust fans were in operation during the
first week.

If the age of the birds in a broiler unit
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Figure 1. Carbon dioxide production of broiler chickens in Barns A and B during complete
production cycles.

is known, the C02 production rate may be
obtained from either Eq. 1 or Fig. 1. Us
ing this production rate, the number of
birds, and the measured C02 concentra
tion in the exhaust air, the estimated ven
tilation rate may be calculated as follows:

V = 0.278 YB/(D-E) (2)

where V = ventilation rate (L/sec), B =
number of birds, D = C02 concentration
in broiler house (ppm) and E = outside
C02 concentration (ppm).
As shown in Table III, the measured and
predicted ventilation rates for the two
barns were in good agreement, the mean
discrepancy being 10.0%. Of interest is
the fact that the highest percentage of dis
crepancies occurred during those periods
of the broiler production cycle in which air
exchange in the barns depended on infil
tration and/or minimal fan operation. In
such circumstances, accurate measure
ment of air exchange rates is very difficult
to achieve. While the percentage discrep
ancy between measured and predicted
ventilation rates during these periods for
both barns was high, the values were
nevertheless of the same order of magni
tude. If the predicted ventilation rates for

birds less than 1 wk old were eliminated

from consideration of both barns, the
mean discrepancy is decreased to 7.0%.
Thus, results overall suggest that ventila
tion rates in broiler houses can be esti

mated easily and accurately using this
method, the only equipment necessary
being a relatively inexpensive C02 ana
lyzer.

CONCLUSIONS

Based on the results of this study, the
following conclusions were made.

(1) Carbon dioxide concentrations in the
exhaust air from a broiler barn may be used
to predict ventilation rates accurately, with
a regression equation using bird age as the
dependent variable.

(2) Carbon dioxide appears to be a re
liable parameter for estimating ventilation
rates with adequate accuracy for confined
feeder pigs, but with only fair accuracy in
the case of dairy housing.

(3) The mean C02 production rate in
four dairy barns was 250 L/(h-cow equiv
alent-1). The production rates ranged be
tween 181 and 318 L/(h-cow equiva
lent-1) for the four barns.

(4) The mean C02 production rate for

feeder pigs (50-75 kg) was 1.53 L/(h.kg
of metabolic mass-1). Mean C02 produc
tion rates ranged between 1.40 and 1.65
L/(h.kg of metabolic mass -1).
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