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Abstract: The dairy sector plays a fundamental role in the economic development of numer-
ous regions by creating jobs and sustaining the livelihoods of millions of people. However,
concerns related to animal welfare and environmental sustainability—particularly green-
house gas (GHG) emissions—persist in intensive dairy systems. This study aimed to
measure and assess the presence of GHGs, such as methane (CH4) and carbon dioxide
(CO2), in a compost barn facility, using spatial variability tools to analyze the distribution
of these gasses at different heights (0.25 m and 1.5 m) relative to the animals’ bedding.
Data were collected over five consecutive days using a prototype equipped with low-cost
sensors. Geostatistical analysis was performed using R, and spatial distribution maps
were generated with Surfer 13®. Results showed elevated CH4 concentrations at 0.25 m,
exceeding values typically reported for similar systems values (60–117 ppm), while CO2

concentrations remained within the expected range (970–1480 ppm), suggesting low risk
to animals, workers, and the environment. The findings highlight the importance of con-
tinuous environmental monitoring to promote sustainability and productivity in confined
dairy operations.

Keywords: animal welfare; dairy cattle; carbon dioxide; geostatistics; methane; sustainability

1. Introduction
The increasing demand for food, combined with environmental concerns, has driven

significant changes in dairy farming to meet consumer expectations, ensure animal welfare,
minimize environmental impacts, and promote sustainability [1,2].

Dairy farming faces ongoing challenges in reconciling productivity, animal welfare,
and sustainability. As a result, confinement systems and management practices have
become essential for ensuring adequate living conditions for animals and optimizing
resources use [3]. Well-designed facilities not only provide comfort to livestock but also
directly influence productivity and economic returns for producers [4]. Environmental
challenges, combined with social and economic factors, threaten the sustainability of the
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dairy industry and demand innovative strategies to reduce impacts and ensure its long-term
viability [5].

Another relevant aspect is the contribution of the dairy production chain to greenhouse
gas (GHG) emissions. Studies indicate that livestock emissions account for approximately
14.5% of total anthropogenic GHG emissions, with dairy farming contributing around 20%
of this total [6]. Therefore, the appropriate choice of confinement systems becomes crucial
to minimizing the environmental impacts associated with this activity.

Compost barns are a promising alternative to conventional confinement systems,
offering greater animal comfort and improved environmental control [7,8]. However, as an
intensive system, the continuous decomposition of organic material and related activities
can increase GHG emissions [9], potentially affecting air quality, the health of animals and
workers, and overall sustainability.

The primary gasses emitted in dairy farming are methane (CH4), carbon dioxide
(CO2), and nitrous oxide (N2O), all of which have significant environmental impact po-
tential. The emission of these gasses intensifies the greenhouse effect and contributes to
climate change [10–12], being directly linked to the efficiency of biological processes and
environmental management practices [13].

Among GHGs, CH4 represents a greater environmental risk than CO2 due to its global
warming potential, which is 28 times higher [14,15]. This gas is produced through the
decomposition of organic waste, ruminant digestion, the metabolism of certain bacteria,
and fossil fuel extraction [16].

In livestock systems, CH4 is predominantly generated by the microbial fermentation
of cellulose material in the rumen and, to a lesser extent, in the intestines [17,18]. This
process can result in a loss of 2–12% of the gross energy ingested by lactating cows, reducing
feed efficiency, weight gain, and milk production [19–22]. Additionally, the management
and storage of organic waste contribute significantly to CH4 emissions. It is estimated
that 16–21.9% of total CH4 emissions in livestock result from the anaerobic degradation of
manure [23,24].

In comparison, CO2 is naturally present in the atmosphere, but its concentration
can increase in confinement systems due to limited air renewal, animal respiration, and
enteric fermentation [16]. Inadequate ventilation can lead to gas accumulation, intensifying
thermal stress, compromising welfare, reducing food and water intake, and negatively
impacting herd productivity [25,26]. Hence, adopting strategies to monitor and reduce
these emissions is critical to promoting more sustainable production systems.

Low-cost gas sensors have gained attention as practical tools for monitoring GHG in
livestock facilities due to their affordability, portability, and real-time operation capabili-
ties. These sensors typically detect changes in physical or chemical properties—such as
electrical resistance or voltage—when exposed to target gasses, making them attractive for
distributed environmental monitoring systems that can support animal welfare through
improved air quality control [27–29]. However, despite their advantages, low-cost sensors
still present limitations that affect measurement reliability. Commercially available models
often suffer from low selectivity and may respond to interfering gasses in the environment,
resulting in false positives [30–32]. In addition, they usually require frequent calibration
and, in some cases, high operating temperatures, which increase energy consumption and
reduce long-term stability [31,33]. To address these challenges, recent research has explored
improvements in sensor materials, design, and signal processing algorithms. These ad-
vances aim to enhance sensitivity, selectivity, and operational efficiency, pointing to a [27]
promising future for the application of low-cost sensors in livestock systems, contributing
to environmental sustainability and animal health management.
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Furthermore, understanding the spatial distribution of gasses within facilities is crucial
to optimizing management systems. Geostatistics has emerged as a valuable tool for
analyzing the spatial variability of gas emissions, enabling the identification of critical areas
and a more efficient adjustment of farming systems [34,35]. This approach supports a more
accurate evaluation of factors that interfere with the production environment, contributing
to the implementation of measures that minimize dairy farming impacts [36,37].

Thus, this study aimed to measure and assess the presence of GHGs, such as CH4 and
CO2, within a compost barn facility, using spatial variability tools to analyze the distribution
of these gasses at different heights (0.25 m and 1.5 m) relative to the animals’ bedding.

2. Materials and Methods
All experimental procedures were approved by the Animal Ethics Committee of the

Federal University of Lavras—UFLA (CEUA), under protocol n◦. 044/22.

2.1. Location Description

The study was carried out over five consecutive days in November 2023 at a dairy
cattle facility operating under the compost barn system, located in the southern region of
Minas Gerais, Brazil. The facility is located at an altitude of 920.62 m, with geographic
coordinates of 21◦15′ S latitude and 45◦09′ W longitude, and is oriented along a true
east–west axis.

Based on the Köppen climate classification, the area falls within the Cwa category,
which denotes a humid subtropical climate with dry winters and hot, rainy summers [38].

During the experimental period, the external environmental variables of the facility
were recorded, and average values were calculated based on the five days of evaluation.
The recorded thermal conditions showed an average maximum temperature of 28.56 ◦C,
minimum of 22.91 ◦C, and relative humidity (RH) of 67.39%.

The compost barn is 54 m long, 22 m wide, and has a ceiling height of 4.5 m. Of the
width, 4.0 m is allocated for the feeding corridor on the north side, as shown in Figure 1.
The roof consists of galvanized tiles with a 30% slope, featuring eaves measuring three
meters on the north and south sides and one meter on the east and west sides.

Figure 1. Three-dimensional representation of the compost barn and its dimensions (m).

The resting area is separated from the feeding corridor and includes five partitions
(3 m × 1.5 m—length × height), where MX300 water troughs (MX do Brasil, São Paulo,
Brazil) are installed to prevent direct contact between the water and the bedding. The
floor of the feeding corridor is made of grooved concrete. The compost bedding consists
of sawdust, 65 cm deep, and was turned twice daily during the season in which the
experiment was conducted.
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Ventilation is mechanical, operating in a west-to-east direction and supported by
12 axial fans (Ziehl-Abegg® model; Ziehl-Abegg SE, Künzelsau, Germany), arranged in
four rows (3 × 4) and installed 2.5 m above the bedding. These fans are high-speed, low-
volume (LVHS) devices, each with a diameter of 1.10 m, three blades, a rotational speed of
950 rpm, a power output of 0.86 kW, and an airflow rate of 23.000 m3/h.

The data collection period took place while the facility housed 86 lactating cows at
a density of 13.81 m2 per cow and an average production of 2000 L per day. The animals
in the barn were divided into three groups based on productivity: 35 high-production,
21 medium-production, and 30 low-production cows.

The farm’s standard routine was maintained throughout the entire experimental
period, following the same schedules for milking (5:00 and 16:00), feed replenishment, and
bedding turning (6:00 and 17:00). Additionally, the fans remained on throughout the data
collection period.

2.2. Acquisition of Evaluated Variables

The thermal environment conditions—dry bulb temperature (Tdb, ◦C), dew point
temperature (tdp, ◦C), and relative air humidity (RH, %)—were recorded inside the facility
using a Hobo® MX2301A data logger (Onset Computer Corporation, Bourne, MA, USA),
with accuracies of ±0.2 ◦C and ±2.5%, respectively. Air Velocity (V, m.s−1) was measured
with a KR-835 vane anemometer, with a measurement range of 0.4 to 30 m.s−1. The gas
monitoring of CH4 and CO2 was carried out using a prototype developed and calibrated
by the University of Florence, Italy. More details on the prototype’s development can be
found in Becciolini et al. [39].

All variables were collected using an 80-point grid inside the barn, with points dis-
tributed at intervals of 3.20 × 4.00 m (length × width), as illustrated in Figure 2.

Figure 2. Indication of the 80 points where data were collected in the compost barn.

To characterize the thermal environment and the presence of gasses under conditions
similar to those experienced by organic matter in the bedding and by the animals, data were
collected simultaneously at two heights (0.25 m and 1.50 m) above the sawdust bedding, as
shown in Figure 3c. Data were recorded every 10 s for one minute at each point.

After collecting thermal environmental data, the environmental variables (Tdb, Tdp,
and RH) were used to calculate the Temperature and Humidity Index (THI) based on the
equation proposed by Thom [40], as shown in Equation (1).

THI = Tdb + 0.36
(

Tdp

)
+ 41.5 (1)
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where THI is the Temperature and Humidity Index (dimensionless); Tdb is the dry bulb
temperature (◦C); and Tdp is the dew point temperature (◦C).

 
Figure 3. Sawdust bed (a), feeding track in the compost barn (b), and the support structure used to
fix the sensors at heights of 0.25 m and 1.5 m (c).

2.3. Geostatistical Analysis of Data

The collected data were subjected to geostatistical analysis to assess the spatial variabil-
ity of thermal environmental variables (THI and V) and gasses (CH4 and CO2) using the R
statistical software, version 4.3.3, and the geoR package, version 1.9-4 [41–43]. Semivariance
analysis was applied to assess spatial dependence using ordinary kriging interpolation.
Semivariance was calculated using Equation (2), as described by Bachmaier and Backes
(2008) [44].

ŷ(h) =
1

2N(h)∑
N(h)
i=1 [Z(Xi) − Z(Xi + h)]2 (2)

where N(h) is the number of experimental pairs of observations Z(Xi), and Z (Xi + h) are
positions separated by a distance h.

The semivariance was fitted using the spherical mathematical model and the Re-
stricted Maximum Likelihood (REML) method, resulting in less biased estimates [45].
The parameters—nugget effect (C0), contribution (C1), sill variance (C0 + C1), and range
(a)—were determined based on the semivariance equation and adjusted according to the
observed in the semivariogram plots. To assess the quality of the adjustments, the degree
of spatial dependence (DSD) was calculated as the ratio of the C0 to the C0 + C1, multiplied
by 100. The classification followed these criteria: DSD values above 75% indicate weak
spatial dependence, values between 25% and 75% indicate moderate dependence, and
values below 25% indicate strong dependence [46].

Cross-validation was performed to validate the semivariogram adjustments and deter-
mine the mean error (ME), the standard deviation of the mean error (SDm), the reduced
error (RE), and the standard deviation of the reduced error (SDR) [47].

After these adjustments, the data were interpolated using ordinary kriging, enabling
the visualization of the spatial distribution patterns of the variables within the facility. The
geostatistical maps were generated using a trial version of Surfer 13 (Golden Software,
2016) [48].

3. Results and Discussion
Geostatistical analysis was employed to predict and model the spatial variability of

THI and V within the compost barn, thereby identifying the spatial dependence of these
variables within the facility, as shown in Table 1.
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Table 1. Estimated parameters using the Restricted Maximum Likelihood (REML) method and the
spherical model of experimental semivariograms for environmental variables—Temperature and
Humidity Index (THI) and Air Velocity (V) over five days.

E.V h Day (C0) (C1) (C0 + C1) a DSD ME SDm RE SDR

THI

0.25

1 0.00 1.00 1.00 20.45 0.00 Strong 0.002 0.459 0.001 0.990
2 0.00 1.45 1.45 31.86 0.00 Strong 0.002 0.457 0.002 0.995
3 0.00 0.88 0.88 30.77 0.38 Strong 0.003 0.360 0.004 1.002
4 0.00 0.57 0.57 24.81 0.00 Strong 0.002 0.308 0.004 0.963
5 0.00 1.17 1.17 31.64 0.00 Strong −0.002 0.397 −0.002 0.957

1.5

1 0.00 1.52 1.52 3.00 0.00 Strong 0.000 1.247 −4.5 × 1016 1.006
2 0.00 0.67 0.67 31.88 0.00 Strong −0.002 0.266 −0.004 0.845
3 0.00 0.68 0.68 36.80 0.00 Strong 0.003 0.276 0.005 0.963
4 0.00 0.55 0.55 23.44 0.00 Strong 0.003 0.288 0.004 0.887
5 0.00 1.17 1.17 31.64 0.00 Strong −0.001 0.290 −0.001 0.685

V

0.25

1 0.09 1.01 1.10 9.08 8.25 Strong −0.007 0.778 −0.004 0.996
2 0.02 0.93 0.94 7.97 1.94 Strong −0.003 0.761 −0.002 1.012
3 0.49 0.55 1.04 8.38 47.22 Moderate −0.004 0.955 −0.002 1.006
4 0.12 0.99 1.12 11.43 11.12 Strong −0.007 0.744 −0.005 1.006
5 0.24 1.10 1.34 12.67 17.74 Strong −0.004 0.826 −0.003 1.000

1.5

1 0.00 1.08 1.08 5.38 0.00 Strong −0.002 0.960 −0.001 0.977
2 0.00 0.94 0.94 5.40 0.00 Strong −0.002 0.924 −0.001 1.004
3 0.69 0.26 0.95 38.39 72.62 Moderate −0.002 0.884 −0.001 1.005
4 0.00 0.66 0.66 7.59 0.00 Strong −0.007 0.612 −0.006 0.955
5 0.00 1.21 1.21 5.50 0.00 Strong −0.005 1.024 −0.002 0.991

E.V—Environmental variables; h—height (m); C0—nugget effect; C1—contribution; C0 + C1—sill variance;
a—range; DSD—degree of spatial dependence; ME—mean error; SDm—standard deviation of the mean error;
RE—reduced error; SDR—standard deviation of reduced error.

The mean error (ME) and reduced error (RE) were close to zero, while the standard
deviation of reduced error (SDR) was approximately 1.0. Additionally, the standard
deviation of the mean error (SDm) reached its lowest possible values, indicating that the
adjustments were successfully applied to all variables at their respective heights and dates
under study [47].

The C0 for the THI exhibited a strong DSD over the five evaluated days at both heights
(0.25 m and 1.5 m), with values generally below 25%, often close to zero. The variable V
predominantly showed strong DSD values at both heights, except on the third collection
day, when the values reached 47.22% (0.25 m) and 72.62% (1.5 m), classifying them as
moderate (25% to 75%).

The range values determine the spatial dependence limit, indicating the extent to
which the variable is spatially influenced [47]. For THI, the range values exceeded 20 on all
five days at 0.25 m. A similar trend was observed at 1.5 m, except on the first day, when
the range value was only 3. For V, the range values were predominantly below 20 at both
heights, except on the third day at 1.5 m, when they reached 38.39.

The THI combines the effects of two climatic properties, Tdb and RH, to analyze herd
comfort conditions and performance [49,50].

Figures 4 and 5 illustrate the spatial distribution of the THI at heights of 0.25 m and
1.5 m, respectively, over the five evaluated days.

During the study period, THI values ranged from 67 to 78 at 0.25 m above the bedding
(Figure 4) and from 66.9 to 76 at a height of 1.50 m (Figure 5). Values below 74 indicate
ideal conditions; values between 74 and 79 suggest a warning situation; values between 79
and 84 represent a condition requiring preventive measures; and values above 84 indicate
an emergency situation [51].
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Figure 4. Spatial distribution of the Temperature and Humidity Index (THI) at 0.25 m during the five
evaluated days: (a) day 1, (b) day 2, (c) day 3, (d) day 4, and (e) day 5.

Figure 5. Spatial distribution of the Temperature and Humidity Index (THI) at 1.5 m during the five
evaluated days: (a) day 1, (b) day 2, (c) day 3, (d) day 4, and (e) day 5.

In the maps (Figures 4 and 5), areas with bluish hues indicate lower THI values,
suggesting that animals experienced environmental conditions closer to thermal comfort.
Conversely, some regions of the barn marked with reddish colors exhibited THI values
near 78, indicating a warning situation. These elevated THI values can have significant
implications for animal welfare, as environments with high THI are associated with thermal
stress, potentially compromising production and animal health.

According to Silva et al. [52], thermal stress reduces milk production, increases somatic
cell counts (SCC), and affects milk quality. These effects are likely due to reduced dry matter
intake and alterations in animal metabolism, expressed by changes in milk composition,
including reduced fat, protein, and lactose levels, indicating nutritional imbalances [53–55].

Furthermore, animals exposed to environments with THI above 74 may experience
reproductive efficiency challenges, including difficulty detecting estrus, higher abortion
rates, and prolonged intervals between calving [56–59].

In this study, the days with observed elevated THI values, as evidenced by the reddish
areas of the barn, indicate that the animals were at risk of negative impacts that potentially
affect herd productivity.

In response to the challenges of thermal stress in intensive facilities, mechanical
ventilation and evaporative cooling systems have been implemented to provide improved
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thermal conditions for confined dairy cows, aiming to reduce thermal stress and maintain
milk production [60]. However, for this type of housing, water-based cooling systems, if
not properly designed, can present challenges due to increased bedding moisture within
the facility [61]. Alternatively, various methods have been employed, such as increased
water availability and access, and nutritional strategies to help reduce thermal stress and
improve herd zootechnical indices [62].

Regardless of the confinement system adopted, air circulation is essential, whether
natural, mechanical, or combined. In compost barn systems, ventilation is necessary as it
facilitates the dissipation of heat and moisture generated by the animals and the composting
process, while also aiding in the removal of gasses [63,64].

The spatial distribution of V at a height of 0.25 m can be observed in Figure 6.

Figure 6. Spatial distribution of the Air Velocity (V, m.s−1) at 0.25 m over the five evaluated days:
(a) day 1, (b) day 2, (c) day 3, (d) day 4, and (e) day 5.

Over the evaluated period, V at 0.25 m above the bedding ranged from 0 to 3.87 m.s−1.
In Figure 6, the dark blue areas on the map indicate regions with higher V (values close to
or above 2.5 m.s−1), while the lighter areas represent regions with lower V (ranging from 0
to 2 m.s−1).

The feeding corridor on the northern side of the barn showed the lowest V, registering
values below 1.5 m.s−1. Higher V is observed in the southern part of the barn, mainly
due to the airflow directed toward the resting area, where the animals spend most of their
time. In compost barn confinement systems, maintaining uniform airflow throughout the
facility is essential to ensure consistent air circulation across the barn. During thermal
stress, animals tend to gather in areas with higher airflow, leading to the accumulation
feces and urine on the bedding, which increases moisture levels in the resting area [65].

In this type of system, the bedding’s surface temperature is influenced by the ambient
conditions, rising or falling according to the recorded Tdb in the facility [66]. Adequate
ventilation within the barn helps dissipate heat from the bedding surface and facilitates
moisture evaporation [67]. Ventilation systems should be designed to achieve a V of
approximately 3 m.s−1 to meet the animals’ needs, ensure ventilation efficiency, and
maintain bedding moisture at appropriate levels [68]. According to [69], stress effects
caused by high Tdb and RH intensify when V is below 1.5 m.s−1. Properly designed
ventilation systems promote health, thermal comfort, and immunity, and help remove
moisture from the bedding surface [70].

As V increases, the efficiency of heat dissipation by the animals improves, reducing the
sensation of heat, especially under high RH conditions [69,71]. This effect is essential for the
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thermal comfort of dairy cattle, as proper ventilation facilitates sensible heat loss through
convection and sweat evaporation, thereby mitigating the impacts of thermal stress.

Figure 7 depicts the spatial distribution of V (m.s−1) at a height of 1.5 m over the five
evaluated days.

 

Figure 7. Spatial distribution of the Air Velocity (V, m.s−1) at 1.5 m during the five evaluated days:
(a) day 1, (b) day 2, (c) day 3, (d) day 4, and (e) day 5.

Similarly to the observations at 0.25 m, the lowest incidence of air circulation at 1.5 m
was recorded on the northern side of the barn, specifically in the feeding corridor, a region
without mechanical ventilation. This condition is represented by the white coloration in
Figure 7a–e.

At this height, the V values exceeded the maximum recorded at 0.25 m (3.87 m.s−1),
reaching 4.47 m.s−1, as indicated by the dark blue color in Figure 7.

Inadequate ventilation within facilities can reduce internal air exchange, increasing
humidity, odors, and gas concentrations in the barn, thereby exposing animals to uncom-
fortable and unhealthy conditions [23,72].

Environmental variables are crucial for understanding gas dynamics within facilities,
as they directly influence animal welfare and behavior. Factors such as Tdb, RH, and V affect
gas dispersion, impacting air quality and, consequently, animal health and comfort [73].

To analyze the distribution of CH4 and CO2 within the facility (Table 2), geostatistics
was utilized. The estimated semivariogram parameters followed the same evaluation
standards, using the spherical mathematical model as the basis for adjustment and applying
the REML method for fitting.

The results for ME and RE for CH4 and CO2 gasses were low, either null or close
to zero. The standard deviation of SDR was approximately 1.0. Regarding the standard
deviation of the SDm, only CH4 measurements taken at 0.25 m over the five days exhibited
low values, also close to 1.0.

The C0 for CH4 measured at 1.5 m consistently indicated DSD across all sampling
days; however, at 0.25 m, the results varied, with moderate DSD observed on the third
and fifth sampling days. For CO2, the DSD values were predominantly moderate at 1.5 m,
except on the third sampling day [46].
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Table 2. Estimated parameters using the Restricted Maximum Likelihood (REML) method and the
spherical semivariograms model for the gasses—methane (CH4) and carbon dioxide (CO2) over
five days.

Gasses h Day (C0) (C1) (C0 + C1) a DSD ME SDm RE SDR

CH4

0.25

1 0.00 0.88 0.88 3.00 0.00 Strong −1.1 × 10−14 0.951 −1.1 × 10−14 1.006
2 0.00 0.72 0.72 3.00 0.00 Strong −6.6 × 10−14 0.858 −7.7 × 10−14 1.006
3 0.28 0.67 0.95 29.61 29.70 Moderate 0.004 0.668 0.003 1.006
4 0.00 2.59 2.59 3.00 0.00 Strong 7.1 × 10−15 1.629 4.4 × 10−15 1.006
5 1.20 1.22 2.43 34.37 49.61 Moderate 0.002 1.253 0.001 1.011

1.5

1 93.85 949.26 1043.11 24.20 9.00 Strong 0.040 17.164 0.001 1.004
2 0.00 673.90 673.90 3.00 0.00 Strong −1.4 × 10−14 26.288 −5.4 × 10−16 1.006
3 0.00 624.32 624.32 22.21 0.00 Strong −0.079 10.678 −0.003 0.971
4 85.24 702.07 787.31 19.15 10.83 Strong −0.179 16.522 −0.005 1.004
5 0.00 706.37 706.37 18.54 0.00 Strong 0.060 13.047 0.002 0.997

CO2

0.25

1 149.79 1044.15 1193.94 7.68 12.55 Strong −0.096 28.706 −0.002 1.000
2 407.62 983.48 1391.10 7.74 29.30 Moderate −0.174 33.393 −0.003 1.004
3 0.00 1143.54 1143.54 9.091 0.00 Strong −0.257 23.803 −0.005 1.001
4 128.99 777.12 906.11 8.21 14.24 Strong 0.048 24.977 0.001 1.010
5 674.02 1368.08 2042.10 10.47 33.01 Moderate 0.205 38.937 0.003 1.017

1.5

1 224.57 192.05 416.62 12.85 53.90 Moderate −0.025 18.347 −0.001 1.007
2 157.66 312.47 470.13 14.46 33.54 Moderate −0.017 16.903 0.000 1.000
3 69.60 240.83 310.43 9.73 22.42 Strong −0.089 14.111 −0.003 1.000
4 205.87 261.11 466.98 19.06 44.09 Moderate −0.032 17.717 −0.001 1.012
5 212.32 160.55 372.87 17.84 56.94 Moderate 0.017 16.899 0.001 1.004

h—height (m); C0—nugget effect; C1—contribution; C0 + C1—sill variance; a—range; DSD—degree of spatial
dependence; ME—mean error; SDm—standard deviation of the mean error; RE—reduced error; SDR—standard
deviation of reduced error.

The smallest recorded range value was 3.00, observed on the first and second sampling
days for CH4 at 0.25 m and on the second day for CH4 at 1.5 m. The highest range value,
34.37, was obtained for CH4 at 0.25 m on the fifth sampling day.

Figure 8 illustrates the spatial distribution of CH4 at a height of 0.25 m over the five
days of data collection.

 

Figure 8. Spatial distribution of the methane (CH4) at 0.25 m during the five evaluated days: (a) day
1, (b) day 2, (c) day 3, (d) day 4, and (e) day 5.

Measurements of CH4 inside the facility at a height of 0.25 m ranged from 235 to
246 ppm (Figure 8). On the fifth evaluation day, a higher concentration of gas was observed
on the western side of the facility, with readings between 245 and 246 ppm of CH4, as
indicated by the red coloration in Figure 8e. The CH4 levels recorded during this period
exceeded the reference range of 60 to 117 ppm established by Jungbluth et al. [74] for
dairy production emissions, although they were not associated with negative impacts on
the animals.
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Figure 9 illustrates the spatial distribution of CH4 at a height of 1.5 m above the
bedding, with concentrations ranging from 32 and 196.33 ppm, represented by violet and
red colors, respectively.

 

Figure 9. Spatial distribution of the methane (CH4) at 1.5 m over the five evaluated days: (a) day 1,
(b) day 2, (c) day 3, (d) day 4, and (e) day 5.

The highest concentration of CH4 at a height of 1.5 m was recorded on the first
sampling day (Figure 9a), reaching nearly 196.33 ppm, indicated by the red color. This
measurement was taken on the northern side of the barn, in the feeding corridor adjacent to
the first water trough, oriented along the west–east axis. This area was characterized by a
lack of mechanical ventilation and low air circulation, relying solely on natural ventilation,
which was insufficient to provide adequate airflow and thermal comfort for the animals.

In dairy cow farming systems, CH4 emissions are influenced by several factors, in-
cluding breed, diet, production levels, and lactation stage [75]. Additionally, ventilation
plays a critical role in determining gas concentrations within the environment.

Excessive CH4 production may negatively impact animal productivity, the gross
energy lost during the enteric fermentation process, energy that could otherwise support
growth, milk production, or weight gain, is diverted to CH4 production [19,20]. Beyond
reducing production efficiency, CH4 emissions contribute significantly to global warming
as one of the primary GHG driving climate change. Although CH4 has a relatively short
atmospheric lifespan compared to gasses like CO2, its capacity to trap heat is substantially
greater, making it a particularly potent warming agent over the short term [76,77].

The spatial distribution of CO2 was analyzed at two heights above the bedding, 0.25 m
and 1.5 m (see Figure 10 and Figure 11, respectively). At 0.25 m, the minimum recorded
value was 451 ppm, indicated by plum hue, whereas the maximum value was 697 ppm,
depicted in black (Figure 10).

The spatial distribution of CO2 at 0.25 m, as observed in Figure 10e, revealed a
dispersion pattern within the facility. Some points exhibited high concentrations (651 to
691 ppm), indicated by dark red to black coloration. These high-concentration points
were recorded exclusively on the fifth day of evaluation and did not appear on the other
days. On that day, two regions in the barn showed concentrations above 651 ppm: one
on the western side and another on the eastern side. The western side, characterized
by greater natural airflow and irregular accumulation of organic matter due to uneven
bedding management, likely contributed to higher CO2 concentration in this area. In
contrast, the eastern side, influenced by a natural wind barrier and located at the endpoint
of the mechanical ventilation flow, exhibited distinct distribution patterns.
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Figure 10. Spatial distribution of the carbon dioxide (CO2) at 0.25 m during the five evaluated days:
(a) day 1, (b) day 2, (c) day 3, (d) day 4, and (e) day 5.

Figure 11. Spatial distribution of the carbon dioxide (CO2) at 1.5 m during the five evaluated days:
(a) day 1, (b) day 2, (c) day 3, (d) day 4, and (e) day 5.

At a height of 0.25 m, the CO2 concentration remained below the critical range estab-
lished by Jungbluth et al. [74] for dairy production (970 to 1480 ppm). The values observed
in this study, ranging from 451 to 697 ppm, were significantly below 1000 ppm, a threshold
at which [78] suggest that symptoms such as drowsiness and shortness of breath may occur.

Figure 11 shows the CO2 concentrations at a height of 1.5 m above the compost
bedding. At this level, the concentration ranged from 362 to 504.33 ppm, represented by
plum and black colors, respectively.

At a height of 1.5 m, CO2 concentrations were lower than those recorded at 0.25 m.
Because CO2 is denser than air, it tends to accumulate in the lower layers of facilities,
particularly in environments with limited ventilation [23]. Such accumulation can pose
health and welfare risks to animals. High CO2 concentrations may cause respiratory tract
irritation, compromise welfare, and threaten the sustainability of the dairy industry [25].
This situation underscores the importance of an efficient ventilation system to renew air
and prevent high gas concentration zones.

Higher CO2 concentrations were observed in the feeding corridor located on the
northern side of the facility on the first and fifth days, as shown in Figure 11a and Figure 11e,
respectively. According to Bewley et al. [79], feeding alleys can retain approximately 25–30%
of animal waste, contributing to higher gas concentrations in these regions. Furthermore,
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both mechanical and natural ventilation play fundamental roles in dispersing gasses,
influencing their distribution. Variations in ventilation patterns (Figures 6 and 7) across the
sampling days likely influenced gas dynamics, as shown by the changes in gas dispersion.

It is important to note that pollutant gas emissions within the facility can be influ-
enced by environmental variables, which are strongly associated with constantly changing
climatic conditions [73]. Measuring these environmental variables, such as Tdb, RH, and V,
can help interpret the spatial variability and dispersion of gasses within the compost barn.

Based on the identified spatial dispersion patterns within the compost barn facility,
this study reinforces the need for research to understand the impacts of CH4 and CO2

emissions on animal welfare, human health, and environmental sustainability. Elevated
gas concentrations can compromise indoor air quality, reduce productivity, and threaten
thermal comfort, while also posing risks to workers. Additionally, because CH4 and CO2

are key contributors to global warming, understanding their dispersion is essential for
developing effective mitigation strategies, such as improved facility management, enhanced
ventilation systems, and the adoption of sustainable technologies.

4. Conclusions
The results of this study highlight the importance of spatial analysis in the dispersion

of environmental variables, such as the THI, V, and GHG (CH4 and CO2) within compost
barn systems. Data interpolation through kriging enables the visualization of the spatial
distribution of these parameters at different heights (0.25 m and 1.5 m), revealing distinct
patterns within the facility.

The recorded THI values indicated a warning condition (74–79), highlighting the need
for mitigation measures to reduce thermal stress and prevent adverse effects on the animals’
productivity. Additionally, V measurements revealed that while ventilation at 1.5 m
exceeded comfort levels (greater than 1.5 m.s−1), potentially cause stress to the animals,
the values at 0.25 m were adequate for maintaining composting without compromising
herd welfare.

Considering the GHG results, CH4 concentrations measured at 0.25 m above the bed-
ding ranged from 235 to 246 ppm, surpassing the literature-reported values (60–117 ppm).
Conversely, CO2 levels (451 to 697 ppm at 0.25 m and 362 to 504.33 ppm at 1.5 m) remained
below the critical limits established in the literature (970 to 1480 ppm), alleviating concerns
about its accumulation within the facility’s environment.
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