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Abstract: Reliable estimation of the ventilation rate (VR) in intensive livestock buildings is necessary for studying building
environmental control strategies and predicting indoor air quality and air emissions.  As direct air exchange measurements are
time-consuming and expensive, it is environmentally inefficient to measure livestock building VR continuously in practice.
Hence, indirect VR estimation methods have been widely used in modelling environmental control and air emissions, and also
to measure airflow in the field. The accuracy of indirect measurement methods needs to be evaluated by comparing with
direct measurements. In this study, the direct and indirect methods of determining hourly and daily mean VRs were applied to
a mechanically-ventilated dairy free stall barn monitored by the 24-month National Air Emissions Monitoring Study. The
direct method was used to continuously monitor fan rotational speeds, and differential static pressures, coupled with periodic
in-situ fan performance assessments, to calculate the VR. The indirect method consisted of estimating the VR using CO,
concentration measurements and the CO, mass balance method. The average daily and hourly means (mean=SD) of directly
measured barn ventilation rates for two years were (246273) m®/s and (245477) m%/s, respectively. The average daily and
hourly means (meanSD) of barn ventilation rates estimated by the CO, mass balance method were (287293.4) m%s and
(287+118) mPs, respectively. Correlation analyses showed a strong correlation between the indirect CO, mass balance
method and direct measurement methods (r=0.93 for daily means and r=0.85 for hourly means).
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1 Introduction

Ventilation systems in livestock housing serve to maintain a
comfortable and safe environment for animals. They
continuously remove heat, moisture, and gases created by the
livestock, and replenish the oxygen supply by bringing in drier and
cooler outside air. Specific gases removed include ammonia
(NH3), and hydrogen sulphide (H,S), which can be harmful to both
animal and human health if allowed to reach unsafe
concentrations™.  Thus, proper ventilation design is necessary for
livestock houses.  Mechanical ventilation systems force air
through livestock buildings typically with exhaust fans!?. As
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compared with natural ventilation, mechanically-ventilated
buildings are more expensive to construct and operatel®!.
However, mechanical ventilation provides improved environmental
control in livestock buildings. Dynamic modelling of thermal
environment, indoor air quality, and pollutant emissions require
accurate estimations of real-time VR.

The VR in livestock buildings can be determined with either
direct measurements or indirect methods. Indirect methods
include heat balance, moisture balance, and carbon dioxide balance
methods™.  As for naturally ventilated buildings, indirect methods
are particularly appropriate®®, because measurements are
particularly complex and expensive. Edouard et al. compared
CO,- and SFg-based tracer gas methods for estimating VR in a
naturally ventilated dairy barn and the results showed the CO, mass
balance method resulted in 10%-12% lower VR compared with
SF¢-based measurementst!.

Samer et al.[”? used the CO, and moisture (H,O) balance
methods, and the tracer gas technique (TGT) to indirectly measure
VR in a naturally ventilated animal building. Blanes and Pedersen!
examined the agreement between ventilation flow measured in a pig
house over a period of 41 d and found that all three methods can give
reasonably good estimations of VR on an hourly basis. Li et al.[!
compared laying hen house VRs obtained by direct measurements
and indirectly by a CO, balance and the results indicated that
ventilation rates estimated by the indirect method were not
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significantly different (p>0.20) from those determined by direct
measurements when the averaging or integration time intervals were
2 h or longer. Estellés et al.”) recommended CO, balance for
determining ventilation rates in fattening rabbit buildings based on
field tests. Liu et al.’® summarized baseline data on CO,
production from various animal species and determined
uncertainties of the CO, balance approach for estimating animal
house VR. Based on their results, when using the CO, balance
approach to estimate VR for buildings housing broilers, laying hens,
swine, and steers, a minimum of ten replicate measurements is
required to achieve a margin of error less than 20% in modelled VR
with 95% confidence.

Direct measurements of VR in mechanically ventilated
livestock buildings consists of measuring exhaust fan operations and
rotational properties and differential static pressure, coupled with
in-situ  fan airflow calibrations!*Y. Additionally, air speed
measurements can be used™. Rosa et al.*¥ used hot wire
anemometry, fan rotational speed monitoring, and the CO, mass
balance method to assess VR in a mechanical ventilated laying hen
facility. A simple fan operation (on/off) monitoring system at a
broiler farm with single speed fans was described by Calvet et al.l*4],
It consisted of a low voltage DC circuit connected to the auxiliary
contacts of the fan motor control relays. However, these direct
methods require relatively complex equipment installation and
continuous monitoring parameters, which are time-consuming and
expensive.

This study based on comprehensive measurements conducted at
a dairy farm in Indiana for the National Air Emissions Monitoring
Study (NAEMS). The NAEMS was designed to continuously and
simultaneously collect air pollutant emission data for two years at
various barns in the USAI.  This study focused on the VR
determinations at one of the dairy free stall barns at the Indiana site.
This study continued to measure the ventilation rate of the cowshed
for two consecutive years, covering the four seasons of spring,
summer, autumn and winter.

The direct VR measurement method and the CO, mass balance
method for measuring daily average ventilation rate and the hourly
average ventilation rate were applied and compared to explore the
feasibility and accuracy of estimating mechanical ventilation rate
using indirect measurement methods.

2 Materials and methods

2.1 Description of the dairy barn

The monitored commercial dairy farm was located in Indiana,
USA. Free stall barns 1 and 2 (Figure 1) were monitored in this
study™®.  The milking centre (MC) was connected directly to barn
1 (Figure 1).
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Figure 1  Facility layout with barns 1 and 2 monitored

The exhaust fan airflows in the west half of each 472 m>29 m
barns were monitored. The milking centre consisted of a holding
area and a milking parlour. Manure was removed from the free

stall barns and the milking centre by scraping and flushing,
respectively™.  The free stall barns were tunnel ventilated with
fresh air entering through large evaporative cooling pads (cool cells)
in the centre of the sidewalls and exhausting through 28 fans at
each end of the barns and 12 sidewall fans as shown in Figure 2.
Based on inside barn temperature, the number of fans operating
ranged from 14 fans when T<7.8<C to all 76 fans when T>17.8<C.
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Figure 2 Overhead view of sampling and measurement
locationst®

As shown in Figure 2, the outside temperature was measured by
a solar shielded capacitance-type relative humidity and temperature
probe near the barn on a 10 m tower. Inside exhaust temperatures
were measured with relative humidity and temperature sensor at
one exhaust location and thermocouples at nine other exhaust
locations™®!.
2.2 Direct measurement of VR

The data acquisition system monitored the operation of each
ventilation stage and the rotational speeds of 23 representative fans
per barn*®,  Differential static pressures were measured across the
north, west, and south walls by Lim et al.lf®.  In-field
measurements of fan airflow measurements were conducted with a
portable fan tester (Fan Assessment Numeration System,
University of Kentucky, Lexington, KY). Fan rotational speed
and operational status was monitored using a magnetic Hall-effect
sensor (speed sensor) installed on each continuously-operated fan.
The speed sensors were mounted to detect the rotational speed in
revolutions per minute (r/min) of the fan pulley. The digital
signal from the speed sensor was converted into a frequency
measurement with a counter module in the data acquisition system.
Static pressure was measured across the north, west, and south
walls of B1 and B2 with differential static pressure sensors (Model
260, Setra Systems, Boxborough, MA). The outside ports were
located against the outside wall near the ventilation fans. Static
pressure in the OFIS was measured with the same type of sensor.

Equations to calculate fan airflows based on static pressure and
fan speeds were developed from field data resulting from 278 fan
tests. According to Lim et al.l'®!, the minute-by-minute VR of the
free stall barn was calculated as the sum of the individual fan
airflows (Figure 2).

2.3 Indirect estimation of VR

The CO, balance method is the most commonly used method
for indirectly estimating the ventilation rate of livestock buildings®.
The principle of the method is to measure the inlet and outlet
concentrations of CO, in the livestock buildings and calculate the
barn ventilation rate based on a CO, mass balance®®. The CO, in
dairy free stall barns is produced by the animals and the manure*”!.
Since the manure alleys were scraped three times a day in these
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barns, the CO, released from the manure was considered negligible.
With the assumption that all CO, emissions were from cow
respiration, the VR was calculated with Equation (1).

VR(:O2 = L (1)

[CO,]. —[CO,];

where, VRco, is the VR based on the CO, balance method, m*/h;
Pco, is the CO, production rate, mL/s); [CO,], and [CO,]; are CO,
concentrations of exhaust and inlet air, ppm.

Animal CO; is derived from its energy metabolism rate, which
is related to feed intake and composition. Since the CO, mass
balance method is based on the principle of indirect animal
calorimetry, the following equation was obtained!®!:

()]
Peo, =755—— 2
618, ?
RQ
where, @ is the total cow heat production rate, W/cow; RQ is the
respiratory quotient.

The respiratory quotient (RQ) is the ratio of CO, production
over O, consumption. The RQ is related to the metabolic rate,
feed intake, and individual status of the animals™. Derno et al.?%
constructed and validated a new facility for continuous respiration
measurements and found that RQ for dairy cows ranged from 0.99
t0 1.012%.  Aubry and Yan®! used a large respiration calorimeter
dataset (n=987 from 30 experiments) and RQ ranged from 0.60 to
1.2821 Machado et al.”? conducted a validation study using a
respiratory system containing four climate-controlled chambers.
Twelve lactating dairy cattle were tested and RQ ranged from 1.05
t0 1.17 1. An RQ of 1.1 was assumed for the current study.

It is expected that cow weight, milk production, feed intake,
and ambient temperature directly influences total heat production
rate®!, and the total heat production rate @ of dairy cows at 20<C
is as follows:

@=5.6>m"75+22xY; +1.6X10°3 (3)
where, @ is the cow’s total heat production rate at 20<C, W; Y, is
the milk production, kg/d; m is the cow body mass, kg; P is the
number of days of pregnancy.

Daily milk production was obtained from the producer’s farm
records. Since all the dairy cows in the measured barn were
lactating, the factors with statistically significant effects on body
weight are year, age, season of calving, and lactation stage®!. An
average body mass of 635 kg was the producer’s best estimate.
Based on a 60 d dry period, a 283 d gestation period, and an
average 83 d to conception for a total of 365 d, the cube root
average P was 127 d. Therefore, the geometric average of 127 d
was selected for days of pregnancy.

The total heat production @” at different temperatures above
20<C are calculated with Equation (4)24.

& =P+0.004xD(20-T) (4)
where, T is the air temperature, <C; @" is the total heat production
at temperature T, W/cow; & is the total heat production at
temperature of 20C, W/cow. The CO, production rate was
therefore calculated from Equations (2)-(4).

The inlet and outlet concentrations of CO, of air sampled from
the barn air inlet and outlet were measured with a photoacoustic
infrared multi-gas monitor™.  Multipoint calibrations (MPCs)
using purified air (CEM zero-grade Cat. #AlO.OCE-T, Praxair,
Indianapolis, IN) and three span concentrations were conducted
five times to assess linearity after maintenance or replacement of
the analyser. All MPCs used CO, calibration gases (1100 ppm,
3000 ppm and 5000 ppm; or 530 ppm, 1070 ppm and 1600 ppm),

delivered via a challenging line using a six-port gas dilutor (Model
4040, Environics, Tolland, CT).

Due to different animal behaviour (feeding, moving, resting,
etc.), animal activity varies significantly.  Carbon dioxide
production is related to animal activity, and therefore animal
activity is an important factor for calculating CO, balance over
time intervals shorter than 24 h®®.  Animal activity was measured
with passive infrared motion detectors at three locations near the
west end of the barn (Figure 2).

3 Results and discussion

3.1 Environmental conditions

During the 2-year experimental period, the daily mean outside
temperatures ranged from —22.4<C to 29.4<C while the average
daily mean ambient temperature was 9.6<C. Daily mean inside
temperature of barn 1 ranged from -9.9<C to 26.4<C and averaged
11<C (Figure 3).
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Figure 3 Temperature distribution inside and outside of Barn 1

3.2 Measured VR

The daily mean barn and ambient temperatures are plotted in
Figure 4. The overall average daily mean VR (meanSD) was
(200458) m3/s.  The daily mean VR ranged from 68 m*/s in winter
to 286 m%/s in summer. The barn VR was higher during the warm
season due to the elevated heat removal requirements in summer.
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Figure 4 Ambient temperature and VR for barn 1

3.3 Estimated VR by CO, mass balance

As stated earlier, it was assumed that all CO, produced in the
barn was derived from cattle respiration. During the 29-month
test, the average measured CO, production ranged from
0.16 m%/(h -hpu) to 0.22 m*¥/ (h -hpu) (where 1 hpu=1000 W of total
heat produced by the animals at 20C) and the average calculated
CO, production was 0.183 m*/(h -hpu). In 1998, Pedersen et al.
observed a value of 0.185 m*/(h -hpu) for total CO, production that
resulted in good agreement between ventilation rate calculated
from the CO, balance and ventilation rate measured in animal
houses®?”.  Also, a value of 0.185 m®%(h -hpu) was recommended
for dairy cows based on measurements in respiration chambers!*’:%%),

During the experimental period, the mean inlet CO,
concentration was (459+439.6) ppm, which was greater than the
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atmospheric mean CO, concentration (403 ppm) reported by the
World Meteorological Organization”.  The reason for the
elevated inlet concentration is attributed to the re-entry of the
exhaust air from this and other barns at the farm. Meanwhile, the
average CO, concentration of the exhaust air was (796154) ppm.
The difference between the overall average inlet and exhaust air
CO, concentrations was greater than 200 ppm, which is the
threshold for reliable application of the CO, balance method"!.
The maximum daily mean CO, concentration of 1661 ppm was
measured in winter when ventilation rate was near the minimum
capacity of the building, causing greater CO, concentration inside
the barn®®®.  The minimum daily mean concentration of 582 ppm
occurred in warm weather. This seasonal pattern is described by
an inverse relationship between CO, concentration and VR (Figure
6). This pattern was also observed by Xin et al. in a broiler
facility™.
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years

350 F

S00F y=10645x"""

250 ©oRu R*=0.8116
200
150 |
100 |

50 F

Barn airflow/dsm*s!

0 L L L L L )
0 200 400 600 800 1000 1200

ACO,/ppm
Figure 6  Relation of directly measured ventilation rate and CO,
concentration differences between the outlet and the inlet, daily for
Barn 1

According to the measured indoor and outdoor carbon dioxide
concentrations and ventilation rate, the relationship between them
is shown in Figure 6. With the increase in ventilation rate, the
concentration difference of carbon dioxide is decreasing. The
concentration difference in carbon dioxide is mainly between
200-700 ppm.

Animal activity influences respiration rate, which in turn
affects the production of CO,. When it comes to hourly VR
estimations, the diurnal animal activity patterns must be considered
to adjust the VR throughout the day, while maintaining the daily
mean. In this study, the animal activity patterns showed seasonal
and diurnal variations (Figure 7). The diurnal variations are
related to milking and feeding schedules®™. Milking occurred
continuously but any individual cow would have a schedule
involving being milked and fed three times a day. For the small
group of cows that were monitored by the activity sensors, the
morning feeding session started at about 11:00 and the morning

activity peak was measured one hour later at about 12:00 when
milked. Similarly, the afternoon feeding session started at about
18:30 and the afternoon activity peak was measured at about 19:30.
When milked, the daily activity of the cows was strongly related to
the average indoor air temperature. In general, the cows were
more active when it got colder™. Usually, the coldest time
occurred after midnight, also, in hot weather, the cool cells were
added, that is why there was an activity peak measured at about
3:00.
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Figure 7 Seasonal and diurnal variations of dairy cow activity

3.4 Comparison between measured and predicted ventilation
flow

The daily mean measured and predicted VR using the CO,
balance approach are compared in Figure 8. The regression
analysis shows that there was a strong correlation between the CO,
balance method and the direct measurement method (R?=0.870,
P=0.014) (Figure 9). Due to a relatively constant average body
weight of the dairy cow herd during the test, the predicted CO,
production rates had little variation. The uncertainties in the
measured CO, concentrations contributed to uncertainties in
predicted VR. When differences in CO, concentrations between
exhaust and inlet air were relatively small, even small uncertainties
in measured CO, concentrations can result in huge errors in
predicted VRIY.  Although the average difference in CO,
concentrations was higher than the applicable threshold (200 ppm),
the concentration differences during hot weather were less than
200 ppm. Based on observed standard deviations, when using the
CO, balance approach to estimate VR for dairy cows with 95%
confidence, a minimum of 12 replicate measurements is required to
achieve a margin of error less than 20% in predicted VR. In
general terms, the daily mean CO, balance VR was less sensitive in
the warmest (>25<C) and coldest (<17<C) conditions compared
with direct methods.
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Figure 8 Predicted daily mean ventilation rates compared with
daily mean measured VR
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Figure 9 Regression of measured vs predicted daily mean
ventilation rates

Taking animal activity into account, the hourly mean measured
and predicted VR using the CO, balance are presented in Figure 10.
The regression analysis showed a strong correlation between the
CO, balance method and the direct measurement method (R?=0.725,
p<0.001), as shown in Figure 11. The decline in correlation was
due to an increase in the volume of data and the error introduction
by animal activity measurements.
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4 Conclusions

In this work, a comparison between measured ventilation rates
in a mechanical ventilated dairy free stall barn over two years, and
the ventilation rate calculated using a CO, mass balance method
was conducted. Results indicated that ventilation flow calculated
from the CO, mass balance was in good agreement with the
measurements and can therefore serve as a reliable tool for
predicting the VR in dairy free stall barns. Specific conclusions
are as follows:

1) Daily mean ventilation rates estimated by the CO, balance
was, on average, 13.40% higher than the average measured VR.
The predicted hourly mean VR was, on average, 8.34% higher than
the average hourly mean measured VR.

2) Dairy cow activity signals exhibited diurnal and seasonal
patterns. The production of carbon dioxide in the dairy barn
showed similar patterns. When using the carbon dioxide balance
method to estimate the hourly ventilation rate, it is necessary to
adjust the animal activity.

3) The coefficient of determinations (r?) between measured
and estimated daily and hourly mean ventilation airflow rates were
0.870 and 0.725, respectively.
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Nomenclature

Symbol  Description

Unit
T Barn temperature <
VR Ventilation rate mé st
NAEMS National Air Emissions Monitoring Study
RQ Respiratory quotient
P Number of days of pregnancy
MPCs Multipoint calibrations
VRco, VR based on the CO; balance method me ht
Pco, CO production rate mL s
[CO2)e CO; concentrations of exhaust air ppm
[COa] CO, concentrations of inlet air ppm
@ Total cow heat production rate W eow
M Cow body mass kg
Y1 Milk production kg d
@ Total heat production at temperature T W eow
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