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Abstract (up to 350 words) 8 

Intensive livestock housing systems can play a relevant role in the reduction of ammonia and GHG 9 

emissions. Gas concentrations monitoring represents the first step to increase knowledge on the release of 10 

gases in the atmosphere and their reduction. In the literature few research studies investigate the 11 

measurement techniques and sampling strategies in Mediterranean context where dairy barns are 12 

characterized by wide opening. The objectives of the investigation involve the study of the parameters’ 13 

setting, number of repetitions for each measurement, position of the sampling points as well as assessing 14 

the use of low-cost instrument for gas concentration monitoring. Concentrations of ammonia (NH3), 15 

methane (CH4) and carbon dioxide (CO2) were acquired in an open barn during warm periods by the use 16 

of an infrared photoacoustic spectroscope and low-cost portable instrument based on electrochemical and 17 

infrared sensors. Statistical analyses were applied to assess data variability. Specific information was 18 

provided on how to collect data and obtain reliable measurements by focusing on the acquisition and 19 

monitoring of gas concentrations in the barn environment by the use of the two different kind of devices. 20 

The monitoring optimization was found to be affected by the measurement techniques, the sampling 21 

strategy (i.e., sampling frequency, number and position of sampling locations, and set-up of the 22 

instrument) and monitoring purposes (i.e., measurement of gas, emission estimation, assessment of 23 

mitigation strategies). 24 

 25 

Keywords (3 to 6): number of repetitions; setting parameters; open barn; ammonia; greenhouse gases; 26 

Abbreviations: ANOVA, analysis of variance; CH4, methane; CO2, carbon dioxide; GHG, greenhouse 27 

gases; NH3, ammonia; SIT, sample integration times; SIT5, SIT of 5 seconds; SIT20, SIT of 20 seconds. 28 

 29 

Introduction 30 

The new growth strategy planned by the European Green Deal proposes a new big challenge: the absence 31 

of net emissions of greenhouse gases (GHG) in order to achieve the climate neutrality through a modern, 32 

resource-efficient and competitive economy by 2050 [1].  33 

Emissions of ammonia (NH3) and greenhouse gases (GHG) from livestock sector are a relevant 34 

environmental concern due to the global warming and the negative effects on ecosystems as 35 

eutrophication and particulate matter formation [2-4]. Methane (CH4), carbon dioxide (CO2), nitrous 36 

oxide (N2O) and hydrogen sulfide (H2S) represent the main GHG produced during the enteric 37 

fermentation and manure management. The excessive concentrations of these gases represent a severe 38 

threat for the environment and for both humans’ and animals’ health [5-6]. The first step to reduce the 39 

release of gases in the atmosphere is the accurate measurement of the gases produced in the breeding 40 

environment [7]. In Europe, dairy cows are mainly housed in naturally-ventilated barns with openings in 41 
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the walls. Many countries in Europe have defined legal requirements to limit the emission of NH3 and 42 

GHGs [8], but in the Mediterranean area further efforts should be done to improve norms to control 43 

emissions. Currently, the main emission inventories (for example, the Italian Greenhouse Gas Inventory 44 

1990-2021) are based on emission factors estimated in a northern European context, where the climatic 45 

conditions and related barn facility and barn management are different compared to the Mediterranean 46 

area [9]. Studies from the literature shows that many influencing factors affects gas concentrations and 47 

emission estimation: design of the housing systems (i.e., tied stall vs free stall) [10], ventilation system 48 

(i.e., mechanically ventilated, naturally ventilated, hybrid ventilated) [11-13], floor type [14-15], feeding 49 

[16], climatic conditions (i.e., temperature, relative humidity, wind direction and velocity [17-18], animal 50 

activity and behaviour [19]. A recent study carried out by D’Urso et al. [9] described the effect of climatic 51 

conditions, animal behaviour and barn management on gas concentrations and emissions in an open dairy 52 

barn in Mediterranean context during warm periods. In the analysed case study, the barn showed an 53 

integration between the natural-ventilation system, due to the open structure, and the cooling systems with 54 

fans and sprinklers. However, no specific procedures about measurement methods and sampling strategies 55 

are available for this specific typology of open barn structure, which is typical of Mediterranean areas.  56 

Based on the literature, many technologies are available for measuring gas concentrations [20-21]. In 57 

scientific research, expensive instruments are generally used for monitoring gas concentrations, such as 58 

Fourier-transform infrared (FTIR) spectrometers and infrared-photoacoustic analysers (INNOVA) [22]. In 59 

some studies [23-25] different sampling lines were installed in naturally ventilated barns. For each 60 

measurement, the instrument provided the mean value of the gas concentration along a specific sampling 61 

line (i.e., in a high spatial resolution over a long distance). In other studies [26-27], the sampling was 62 

based on single measuring points located at different vertical and horizontal locations in the barn. The use 63 

of the instruments with multipoint measurements such as INNOVA, has the advantage to acquire data 64 

describing the gas distribution of gas concentrations in the barn. In detail, it is possible to identify areas in 65 

the barn with high variability of the gas. In the literature, the INNOVA analyser was applied mainly for 66 

scientific purposes to assess the performance of different measurement instruments [28-31] and to 67 

estimate emissions in the barn [15, 18, 25, 32-34]. In these research works on emission estimation, there 68 

is not a unique method applied to acquire data (i.e., number of sampling points, sampling frequency, 69 

number of repetitions for each measurement). Few works have been devoted to investigating data 70 

collection and parameters set-up of INNOVA for gas concentrations. Among those studies, Brehme [35] 71 

provided hints about experiment design (e.g., sampling point repetitions, tube length, heating, filter, 72 

reliability, and device starting) based on an analysis carried out in a duck farm. In the study of Hassouna 73 

et al. [33], the detection of interference bias and the reduction of uncertainty was assessed during the 74 

measurement of gas concentrations. Rom & Zhang [36] proposed some suggestions on the measurement 75 

set up of INNOVA in laboratory conditions. However, instructions on how to measure with INNOVA in 76 
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barn typologies characterized by wide openings are not available. Moreover, another relevant issue is the 77 

high-cost of the instrument and its maintenance. Since INNOVA is as precise as expensive and difficult to 78 

manage, low-cost instruments are useful tools to monitor trend of gas concentrations. In detail, the study 79 

of Wang et al. [31] carried out in a naturally ventilated barn evaluated the Ogawa passive sampler and a 80 

passive flux sampler to monitor NH3 concentrations and, thus, estimating emissions. In the study of 81 

Arcidiacono et al. [37], NH3 concentrations were measured in two semi-open naturally ventilated dairy 82 

houses by using a portable measurement device (Dräger X-AM 5000). It was found that the NH3 83 

concentrations decreased at increasing of the height from the barn floor. 84 

Based on the current knowledge, it is challenging to identify the most suitable method to acquire data in 85 

dependence on the characteristics of the investigated barn and the measurement objectives.  86 

Therefore, this research study aimed at identifying useful information, provided hints, and contributed to 87 

the definition of guidelines in order to carry out gas concentrations measurements. In detail, this study 88 

focuses on the acquisition and monitoring of gas concentrations in the barn environment by using of two 89 

different instruments (i.e., INNOVA analyzer, and Digitron instruments) in an open barn located in a 90 

Mediterranean area. The objectives of the investigation included the parameters setting, number of 91 

repetitions for each measurement, position of the sampling points as well as assessing the use of low-cost 92 

devices as an alternative device for gas concentration monitoring. 93 

 94 

Materials and Methods 95 

2.1 Barn description 96 

The barn is located in Pettineo/Pozzilli district (37°01′ N, 14°32′ E) in the province of Ragusa (Sicily, 97 

Italy), at an altitude of 234 m a.s.l., in Mediterranean climate.  98 

The barn envelope was characterized by three completely open sides. The SW side had a continuous wall 99 

with small openings. The dairy house was about 55.50 m long and 20.80 m wide. The roof is symmetric 100 

with a central ridge vent oriented in the N-S direction. The absence of three perimeter walls and the 101 

opened roof promotes natural ventilation in the indoor environment. 102 

The barn had a solid floor with 64 head-to-head cubicles. The plan distribution was composed of three 103 

pens for lactating cows. Each pen had a resting area, a feeding area, and service alleys (Figure 1).  104 

Since heat stress can be severe for cows during warm periods, ventilation was provided by two cooling 105 

systems (i.e. fans and sprinklers in both feeding and resting areas) (Figure 1 and Figure 2). 106 

 107 

2.2 Measurement instruments of gas concentrations  108 

The research study was focused on the monitoring of gas concentrations of NH3, CO2 and CH4 in an 109 

open-sided free-stall dairy barn during warm periods. 110 
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Two different instruments were installed in the barn to continuously acquire data of gas concentrations at 111 

different sampling locations (SLs). The first instrument was an infrared photoacoustic spectroscope, 112 

widely used for scientific purposes (INNOVA, Lumasense Technology A/S, Ballerup, Denmark). The 113 

second one is a low-cost portable instrument (SKY2000-M2, Digitron Italia, Ferentino (Fr), Italy) that is 114 

tested as an alternative to the INNOVA analyser. Both instruments were calibrated before each 115 

experiment.  116 

INNOVA photo-acoustic analyzer consists of a Multigas Monitor mod 1412 i and a multipoint sampler 117 

1409/12. This device continuously measures concentrations of NH3, CH4, and CO2 at eleven sampling 118 

locations in the barn. The INNOVA is not able to perform the measurement simultaneously in all the SLs, 119 

but it measures gas concentrations in a specific SL. For each measurement in a SL, the INNOVA 120 

measures concentrations of NH3, CH4, and CO2 simultaneously, and then goes to the next SLs. For each 121 

SLs, the gas is sampled and goes through the sampling tubes in the multipoint. In the next step, the 122 

sample is moved in the monitor’s chamber to be analyzed and the instrument measures simultaneously the 123 

gas concentrations of NH3, CH4, and CO2. Then the INNOVA performs the measurements in all the 124 

eleven SLs according to a specific sequence, the cycle of measurements is repeated. The sampler system 125 

was made of AI-SI-316 stainless steel and PTFE (poly-tetrafluoroethylene tubes) with air filtration 126 

systems installed at each sampling site to maintain the sample's particle-free condition.  Each filter, made 127 

of hydrophobic PTFE, was installed at the end of each sampling tube. Based on the information declared 128 

by the manufacturer, the detection limits are 0.2 ppm, 0.4 ppm and 1.5 ppm for NH3, CH4, and CO2, 129 

respectively. In this study, three different experiments were conducted by using the INNOVA at SLs 130 

horizontally distributed in 11 points in the barn, at 0.40 m from the floor (Figure 1). 131 

A fourth experiment consisted in the comparison between low-cost portable instruments and the 132 

INNOVA as reference system. The three portable instruments were used to acquire concentrations of NH3 133 

and CO2. The choice of this device was based on the trade-off between cost and instrument declared 134 

accuracy and some specific features such as the availability of simultaneous measurements of gas 135 

concentrations, the user-friendly features more suitable for the farmer, the availability of data storage.  136 

The sampling system of the low-cost instrument had an internal sampling pump that draws air through a 137 

sampler tube utilising an air filter at the inlet to keep the sample clean from particles. Every filter was 138 

positioned at the end of the sampling tube made of hydrophobic PTFE (poly-tetrafluoroethylene) material. 139 

At sampling the gas goes through the sampler PTFE tube and, then, the device analyses gas by a chemical 140 

sensor for NH3 (i.e., a resolution of 0.01 ppm, range of 0-100 ppm and a precision of 2%FS) and an 141 

infrared sensor for CO2 (i.e., resolution of 1 ppm, range of 0-4,000 ppm and a precision of 2%FS). Gas 142 

sampling was synchronised for all the three devices to obtain measurements at the same time and different 143 

heights in the barn. The SLs were located at three vertical levels shown in Figure 2: near the floor, at the 144 
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manger bar and at the fans’ height. In this fourth experiment, the position of INNOVA was modified in 145 

order to locate three SLs of INNOVA in the same place of the three low-cost portable devices (Figure 2).  146 

 147 

2.3 Measurement set-up and data analysis 148 

The research work included the execution of different experiments with specific sampling methods and 149 

set-up to record gas concentrations. The experimental period was chosen to coincide with warm climatic 150 

conditions from 2016 to 2021, as this barn typology exhibits a distinct gas concentration pattern attributed 151 

to its open building design [9]. Based on data acquired, data were processed and organized in different 152 

datasets to assess data variability.  153 

Then, several statistical analyses were applied (i.e., one-way analysis of variance (ANOVA), two-way 154 

ANOVA, linear regression, and correlation analyses) by using Microsoft®  Excel and Minitab® .  155 

In detail, in a first experiment NH3, CO2 and CH4 concentrations, acquired in two different periods during 156 

the months of May and June 2016, were compared by applying two different set-ups of the INNOVA 157 

analyser. The main parameter modified during the two periods was the sample integration time (SIT). The 158 

SIT is related to speed and accuracy of the measurement and influences acquisition time for each sample. 159 

During the two periods a SIT of 5 seconds (SIT5) and 20 seconds (SIT20) were applied, respectively. 160 

Specifically, each repetitions required 1 minute and 15 seconds in a SL for the SIT5, about 4 minutes for 161 

three repetitions, and less than an hour to complete a measurement cycle (1.25 minutes x 3 repetitions x 162 

11 SLs). On the other hand, the SIT20 required approximately 2 minutes and 30 seconds for each 163 

repetition, about 7 minutes and 30 seconds for each SL, and about an hour and half for a full measurement 164 

cycle (2.50 minutes x 3 repetitions x 11 SLs). The variability of gas concentration has been expressed in 165 

percentage as the ratio between the standard deviation and the mean value of the three repetitions in the 166 

SL considered. Then, the variability of gas concentration was statistically assessed (i.e., application of the 167 

one-way ANOVA) for SIT5 and SIT20.  168 

In a second experiment, data related to NH3 concentrations acquired during the month of June 2018 by the 169 

INNOVA analyzer were assessed with regard to repetitions. Ten repetitions for each SL (i.e., situated 170 

along the manger in the central area of the barn) were executed before switching to the next SL and each 171 

repetition required about 1 minute 15 seconds. In detail, the INNOVA was set with a SIT5 and took about 172 

12 minutes to perform ten repetitions in each SL and less than one hour to measure gas in all SLs in the 173 

center of the barn. The variability of the gas concentration acquired in a specific repetition was 174 

determined by considering different NH3 concentrations as benchmark, mainly collected from the 175 

literature. In detail, the benchmark was set as each repetition of the ten and the average between the 176 

second and the third ones. Then, statistical differences were identified between the repetitions performed 177 

and each benchmark considered by using the one-way ANOVA and Tuckey-post hoc test.  178 
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In a third experiment, NH3, CO2 and CH4 concentrations were acquired during the month of May 2019 at 179 

different locations horizontally distributed in the barn. The INNOVA was set up at SIT5 and with three 180 

repetitions for each SL. Based on data acquired, the following data processing was carried out. In a first 181 

analysis, the variability related to the sampling position was statistically assessed for central SLs (i.e., SL-182 

H, SL-I, SL-L, SL-M), perimeter SLs (i.e., SL-B, SL-C, SL-D, SL-E), and corner SLs (i.e., SL-A, SL-F, 183 

SL-G). The variability was calculated by using the equation for standard deviation computation applied to 184 

the three repetitions for SL and, then, it was expressed in percentage by performing normalisation of the 185 

standard deviation value by the mean value of gas concentration. In a second analysis, the gas 186 

concentration for central SLs and perimeter SLs were determined by using gas concentrations measured at 187 

different SLs in space (i.e., one, two, or three SLs). The variability of gas concentrations was determined 188 

by computing the difference between the benchmark (i.e., mean value of gas acquired at four SLs) and the 189 

gas concentration value (i.e., determined considering one, two or three SLs), and then considering the 190 

ratio between this difference and the benchmark.  Then, two-way ANOVA was applied to evaluate the 191 

influence of the position of SLs (i.e., central SLs or perimeter SLs), the number of the SLs (i.e., one, two, 192 

or three SLs) and the interaction between the position of SLs and the number of the SLs. In a third 193 

analysis, the variability of gas concentrations acquired at two SLs having a 5-meter distance among them 194 

were compared for all the combinations of SLs by the one-way ANOVA.  195 

The fourth experiment was based on the comparison between NH3 and CO2 acquired with the low-cost 196 

portable devices and the INNOVA (i.e., reference methods). Gas concentrations were measured during 197 

the month of June 2021 at the SLs of the sampling pole located at the center of the barn in the SLs 198 

showed in the Figure 2. INNOVA performed three repetitions for each measurement in each SL with a 199 

SIT5. The reference value of gas concentrations was determined by the mean value of the second and the 200 

third repetitions. The measurement error of the low-cost portable device was carried out by computing the 201 

difference between the reference value of gas concentrations acquired by the INNOVA analyser and the 202 

gas concentration value measured by the low-cost devices, and then by considering the ratio between this 203 

difference and the reference value of gas concentrations acquired by the INNOVA analyser.   Statistical 204 

analyses (i.e., one-way ANOVA, two-way ANOVA, correlation analysis) were carried out to provide 205 

suggestions for the use of the low-cost portable devices. 206 

 207 

Results 208 

Table 1 shows the results related to the measurement techniques to acquire data by INNOVA analyzer. In 209 

detail, the results related to the set-up of the SIT proved that there were no significant differences 210 

(p>0.05) between the variability of gas concentrations (i.e., NH3, CH4 and CO2) acquired with SIT5 and 211 

SIT20. In detail, the error related to NH3, CH4 and CO2 is about 8%, 18% and 4%, respectively. The use 212 

of SIT5 was found to be more suitable for the measurement of gas concentrations because this setting 213 
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allowed completing a measurement cycle in less time than by SIT20. In detail, the SIT5 required about 1 214 

minute 15 seconds for each measurement whereas the SIT20 required about 2 minutes and 30 seconds.  215 

The second experiment showed that when the NH3 concentrations were measured by the INNOVA 216 

analyzer, the number of repetitions performed for each SL had a significant influence (p<0.05) on data 217 

collection. In detail, when the benchmark was the first and the tenth repetitions, data showed the highest 218 

variability whereas the lowest was for the second and third repetitions. 219 

The analysis carried out on the trend of the gas during a day (Figure 3) for each repetition highlighted that 220 

data is influenced by changing conditions over time. The values of the gas are different from the first 221 

repetition to the tenth repetition. In fact, the graph shows that NH3 concentrations at 8:00 in the morning 222 

increased from about 12.5 ppm recorded in the first repetition to about 14.5 ppm recorded in the tenth 223 

measurement. Data had similar pattern also in other peaks recorded during the day that are related to data 224 

variability. Therefore, Figure 3 showed that gas concentrations were modified in about 12 minutes from 225 

the first to the tenth repetition.  226 

Based on these results, the value of the gas concentration in a SL can be determined by performing three 227 

repetitions. The first repetition should be removed from the dataset in order to reduce measurement 228 

variability; and, finally, the NH3 concentration in a SL should be computed as the mean value of the 229 

second and third repetitions. When this latter value is considered as the benchmark, the R2(adj) is equals 230 

to 90%. On the contrary, when the benchmark was the first or the tenth repetition, the R2(adj) was equals 231 

to 82% and 87%, respectively. From the fourth repetitions data variability increases due to the time 232 

required by the instrument to perform all the measurements as well as the different modification of the 233 

gas concentration in the barn. For this reason, it is recommended to avoid a high number of repetitions 234 

and to keep within five minutes acquisition. 235 

Based on the results of the two-way ANOVA, the position of SLs, the number of the SLs, and the 236 

interaction between the position of SLs and the number of the SLs had p lower than 0.001. The outcomes 237 

related to the third experiment showed that the position of SLs and the number of the SLs affect the 238 

variability of the gas distribution when the mean value of the gas concentration is computed (Figure 4.a). 239 

The variability is reduced under the 10% in central zone and 16% in the perimeter one when three SLs 240 

samples air. Moreover, a 10 meters distance between two SLs reduced significantly (P<0.05) NH3 241 

variability more than when SLs have a distance of 5 m (Figure 4.b). 242 

In the fourth experiment, the results of the two-way ANOVA related to NH3 showed a significant 243 

influence of the device (P<0.001), the position of SLs at different height from the floor (p<0.001) and the 244 

interaction between the device and the position of SLs (P<0.001). The NH3 ranged from 1.3 ppm to 7.5 245 

ppm, 0.9 ppm to 3.7 ppm and 0.9 to 5.6 ppm at SLA, SLB and SLC, respectively, whereas the CO2 246 

ranged from 457 ppm to 2,266 ppm, 450 ppm to 785 ppm, 452 ppm to 1,036 ppm at SLA, SLB and SLC, 247 

respectively. 248 
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The gas concentrations acquired by INNOVA showed significant differences (p<0.05), compared to those 249 

acquired by Digitron instruments, at different heights from the floor for NH3 and CO2. The highest values 250 

of NH3 and CO2 were measured by INNOVA close to the floor. Based on the interaction plot (Figure 5), 251 

when the data acquired by INNOVA were used as reference, NH3 concentrations measured by the low-252 

cost device were overestimated in SLA and underestimated in SLB and SLC. Since the correlation 253 

coefficient between NH3 acquired with portable device and NH3 acquired by INNOVA was found 254 

significant only in the SL close to the floor (r>0.70), the best SL to acquire data with the low-cost 255 

instrument is that close to the floor.  256 

In detail, Figure 6 showed the daily trend of NH3 at different SLs and device. There is high similarity rate 257 

in the NH3 acquired by INNOVA and Digitron at SLA. With regard to CO2, the portable devices were not 258 

accurate in the measurement of the gas concentrations and for this reason they were proved to be 259 

unsuitable for monitoring gas concentrations in the barn environment. 260 

 261 

Discussion  262 

The measurement strategy depends on many factors related to the choice of the instrument (i.e., the 263 

parameters’ settings, the measurement frequency, and the number of repetitions for each measurement) 264 

and the position of the SLs in the barn with effect on the variability of each measurement.  265 

Knowledge on the instrument set-ups could optimize time measurement length not only in laboratory 266 

experiment [36] but also in field conditions. In fact, in this study the set-up influenced the duration of a 267 

measurement in the specific sampling location with effects on the duration of all the measurement cycle.  268 

The best measurement strategy should make possible to perform more than one measurement cycle (i.e., 269 

measurement in all SLs) within an hour. In fact, when gas concentrations are measured in a SL, gas 270 

concentrations in the other SLs are not available because they are not measured at the same time. 271 

Therefore, it is of interest to optimize the measurement strategy. The set up with SIT5 is more convenient 272 

than SIT20 because INNOVA acquires the same data in all SLs in half time. Obtaining many values for a 273 

specific location in an hour is useful not only to monitor concentrations but also for emission estimation. 274 

In fact, the estimation is generally done by using mean values of gas concentrations for each hour [18,19, 275 

23, 38]. 276 

Since the gas distribution is not uniform in the barn environment [27, 39], the monitoring of gas 277 

concentrations in the barn should be based on many sampling points in the different breeding areas. In 278 

this barn typology, the open envelope requires more measurement points both vertically and horizontally 279 

distributed. Based on the literature, a long-time interval for each measurement is required. In detail, Von 280 

Jasmund et al. [40] reported the need of 30 min for each measurement and Rom and Zhang [36] reported 281 

measuring periods of 12.5 to 25 minutes. These recommendations derive from studies carried out only in 282 

laboratory conditions without any assessment in field conditions. In dairy barn, gas concentrations have 283 
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high variability for interval between the first and the tenth repetition (Figure 3), especially in open 284 

structures. Based on the results, data variations were recorded in the morning after the first milking and 285 

the cleaning of the barn floor (i.e., about 8:00 a.m.) and after the second milking at 5 p.m. Moreover, the 286 

changing conditions related to the third milking carried out at 11:00 p.m. influenced the trend of the gas 287 

from the first to the tenth measurement. It was possible to record these variations due the frequent 288 

measurement intervals. The variability is related to the various influencing factors on gas concentrations 289 

previously investigated in the literature in this barn typology (i.e. the number of milkings, the cow routine, 290 

and the activation of the cooling system) [41-43]. If we had used a wider frequency range, we would have 291 

lost information on data.  Therefore, having just one measurement within a long period will increase the 292 

uncertainty due to the lack of data related to the variation. Another issue is related to the number of 293 

measurements within each hour when the device requires from 12.5 to 30 minutes for one measurement. 294 

Only one value of gas concentrations could be recorded for a measurement in maximum three or four 295 

locations without any repetitions. In alternative, only three or four repetitions of gas concentrations could 296 

be recorded for one SL in the barn. Since in field conditions gas concentrations are not uniform in field 297 

conditions, it is of upmost importance to increase sampling frequency, perform repetitions for each 298 

measurement in each SLs, and perform measurement at different SLs in the barn.  299 

Moreover, a higher number of repetitions increased time required by the instrument to perform the 300 

measurement cycle. The consequence is that the gas concentrations could be modified in the barn 301 

environment due to different conditions (e.g. activation of the cooling system, different animal behaviour, 302 

and milkings). Therefore, the acquisition of representative data is also related to the number and position 303 

of SLs. Other relevant factors are the barn typology and dimensions. When the study is carried out in a 304 

dairy barn with reduced plant dimensions, the number of SLs could be reduced and the number of 305 

repetitions for each SL could be increased with a significant improvement in data quality. When the barn 306 

has large dimensions the resulting measurement strategy is a compromise between the optimal sampling 307 

distribution in the barn and the real number of SLs that could be monitored.  308 

The identification of adequate positions for SLs depends on the aims of the monitoring campaign and the 309 

specific barn structure. When the aim of the monitoring is to identify whether gas concentrations are high 310 

in a barn with an open structure, the optimal point to measure NH3 is near the floor. At that location, it is 311 

possible to better identify peaks in the gas production and verify whether the highest values are lower 312 

than the thresholds for operator safety. On the other hand, if the aim of the monitoring is to estimate 313 

emissions, it is necessary to verify the optimal locations in this kind of buildings depending on the 314 

method applied for the estimation. In the literature, several research studies applied the CO2 mass balance 315 

method that uses the CO2 as tracer gas to estimate the ventilation rate [13, 45]. This method was 316 

confirmed by the VERA [46] protocol as the reference method in naturally ventilated dairy barns, but 317 

specific information for open structures is not provided. However, further studies are needed to verify 318 
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whether some aspects of the VERA protocol suit with the barn typology analyzed in this study. For 319 

instance, the VERA protocol suggests measuring gas concentrations at three meters from the floor for 320 

emission estimation. This is in line with a specific study carried out by Mendes et al. [29] to identify the 321 

right height to measure concentrations. However, this result was found for a mechanical ventilated dairy 322 

barn that has a different gas distribution compared to other barn typologies, such as open barns. On the 323 

other hand, a recent study of Doumbia et al. [44] showed that the best height to measure gas 324 

concentrations is between 1.5 m and 2.5 m in a naturally ventilated barn, highlighting that measuring gas 325 

concentrations at 3 meters from the floor need to be further investigated and, consequently, procedures 326 

and protocols should be improved. Another relevant aspect is the limitation method used for the 327 

estimation. In detail, when the CO2 is used for the estimation, a limitation method to the difference of 328 

indoor and outdoor CO2 concentrations is valuable to reduce the influence of adverse climatic conditions 329 

in the estimation process [11, 31]. 330 

In this context, the aim of the monitoring is of utmost importance because it represents the basis for the 331 

choice of the instrument, which is generally selected mainly based on its measurement principle and 332 

concentration ranges. Multipoints devices are very expensive, complex to manage and mainly used for 333 

research purposes [31]. Low-cost instruments could be of interest for farmers to help them in monitoring 334 

the quality of the air in the barn. In fact, they could control the level of gases in the air and, in case of the 335 

levels are too high, they could apply strategies in the barn to improve barn management as well as the 336 

safety of operators. On this basis, research requires more efforts to identify suitable instruments to these 337 

purposes. 338 

 339 

Conclusions 340 

In Mediterranean area, the dairy barns are usually characterized by an open structure which affects the 341 

variability of gaseous concentrations and related emissions.  342 

In order to obtain representative data of gas concentrations, environmental monitoring is the first step. 343 

This research study provided with statistical evidence hints to acquire and process data of gas 344 

concentrations in the specific structure of an open dairy barn. The design of a sampling strategy through a 345 

specific sampling frequency, number of sampling locations, position of sampling locations, set-up of the 346 

instrument was proved to be suitable to optimize the monitoring of gas concentrations. In detail, specific 347 

practical recommendations, and good practices for the use of a specific detection device were provided in 348 

this research study: 349 

- It is recommended to have frequent measurement intervals since substantial changes of the gas 350 

concentrations in-field conditions occurs within about 5 minutes for each position. 351 

- It is recommended to measure gas concentrations at different locations in the barn and for each position 352 

it is recommended to perform some repetitions for each measurement. 353 
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- When an INNOVA instrument is used for monitoring gas concentration, it is recommended to use a SIT 354 

of 5 s to increase data frequency and to be able to perform three repetitions for each measurement. The 355 

most representative value of NH3 concentration measurement is the mean value of the second and third 356 

repetitions. 357 

- It is recommended to use a device based on the purpose of the monitoring (i.e., measurement of gas, 358 

emission estimation, or assessment of mitigation strategies).  359 

  360 

Based on the outcomes of this work, it would be beneficial for the knowledge in this field to improve the 361 

measurement techniques for measuring gas concentrations and estimating emissions in Mediterranean 362 

context with severe warm climatic conditions. In these contexts, there is the need to update emissions 363 

inventories. In addition, alternative methods, especially those making use of smart technologies, should 364 

be further investigated to provide adequate instrument and protocols for farmers and stakeholders to 365 

perform environmental control.  366 
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Tables and Figures 531 

 532 

Figure 1. Plan of the barn with the distribution of sampling locations (SLs). 533 

 534 

 535 

 536 

537 ACCEPTED



 

20 

 

Figure 2. Indoor view of the barn, position of SLs in the vertical spots (i.e., red points), and box containingINNOVA 538 

and Digitron sampling systems and air filters. 539 

 540 
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 542 
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Figure 3. Daily trend of NH3 (ppm) for each repetition (i.e., from the first repetition to the tenth repetition). NH3 544 

concentrations have been measured at SL-L on 22/06/2018. 545 

 546 

547 
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Figure 4. Interaction plots of gas concentrations in relation to: a) gas, position, and number of SLs; and (b) distance 548 

among SLs. 549 
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Figure 5. Interaction plot between the position of SLs and the devices used for the measurement of NH3. 555 
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Figure 6. Daily trend of NH3 acquired by INNOVA (reference) and Digitron at SLA, SLB and SLC. 559 
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Table 1. Measuring strategies to acquire data in an open dairy barn by using the INNOVA analyser. 562 

Sample integration time (SIT) 

NH3, CO2, and CH4 

Time required for measurement of all the gases at one SL: 

SIT5 SIT20 

1 minute and 15 seconds  2 minutes and 30 seconds  

Number of repetitions  

NH3 

 It is suggested to: 

- perform three repetitions in each SL; 

 - consider the mean value of the second and third repetitions 

as the estimated value of NH3 concentration determined at 

each SL;  

Sampling location (SL)  
 

Position  Central area of the barn 
 

Number  

Two SLs reduced the 

variability of the 

concentrations below 15%  

Three SLs reduced the 

variability of the 

concentrations below 10%  

 

Distance between two SLs 
A 10-meters distance between two SLs reduced data 

variability of NH3 concentration below 10% 
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