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Abstract: The management of thermal environments in animal production facilities presents
significant challenges, requiring continuous adjustments to meet animals” physiological
needs. This study evaluated the effects of green roofs on the thermal environment and
comfort indices in small-scale poultry house prototypes, comparing facilities with and
without green roof installations. The research tested various roof types (ceramic, fiber
cement, and metal) combined with emerald grass (Zoysia japonica) green roof systems.
Parameters measured included air temperature, relative humidity, internal roof surface
temperature, Temperature and Humidity Index (THI), Black Globe Humidity Index (BGHI),
Human Comfort Index (HCI), and Thermal Radiation Load (TRL) under both open and
closed conditions. Results showed that green roofs reduced indoor air temperature by up
to 2.4 °C in open prototypes and 10.6 °C in closed prototypes during peak heat periods.
In combinations using green roofs with fiber cement tiles, internal roof surface tempera-
ture decreased by 24.0 °C in open prototypes and 27.0 °C in closed configurations. The
implementation of green roofs resulted in THI reductions of 2.3 and 8.1 units in open and
closed prototypes, respectively, BGHI decreases of 2.8 and 11.3 units, and TRL reductions
of 21.0 W/m? and 74.0 W/m?. HCI measurements confirmed improved thermal comfort
conditions with green roof installations in both settings. This study concludes that green
roofs effectively enhance the thermal environment by reducing bioclimatic indices during
hot periods while maintaining stable conditions during cooler weather, thereby improving
overall thermal comfort in animal facilities.

Keywords: animal ambience; animal welfare; rural constructions; thermal stress

1. Introduction

Brazilian poultry farming stands out in the animal production sector through the
continuous development and implementation of advanced technologies that enhance pro-
ductive efficiency while reducing operational costs [1]. With an accumulated growth
exceeding 1.087% in chicken meat production, Brazil has established itself as the second-
largest producer and primary global exporter, solidifying its leadership position in the
international market [2]. However, despite the robust expansion of the poultry sector,
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significant knowledge gaps persist regarding thermal conditioning in tropical poultry facil-
ities, particularly concerning energy consumption, heating and cooling systems efficiency,
animal welfare, and air quality [3]. Consequently, while addressing the increasing demand
for animal protein, the fundamental challenge of maintaining optimal thermal comfort
for animals throughout the production cycle remains paramount. Thermal comfort con-
stitutes a critical factor for both welfare and productive performance in intensive farming
systems [4,5].

In response to accelerated climate change, regions experience elevated temperatures,
increased precipitation variability, and intensified frequency of extreme weather events.
The convergence of climate change impacts and escalating livestock production demand
needs to increase production sustainably while minimizing environmental impacts [6-8].
Considering climate’s substantial influence on animal production, implementing innova-
tive construction alternatives and ambiance strategies becomes essential to ensure thermal
and energy efficiency in facilities [9,10]. These strategies encompass strategic shading im-
plementation, selection of high thermal capacity materials for heat regulation, and adoption
of advanced heating mitigation technologies. Such comprehensive measures optimize inter-
nal thermal conditions, enhancing facility sustainability while minimizing environmental
impact and energy consumption, simultaneously ensuring animal welfare. Within this
framework, agricultural facilities’ roofing emerges as a crucial element, playing an instru-
mental role in controlling solar radiation and buildings’ thermal load [4,11]. To establish
an optimal thermal environment, a comprehensive understanding of roofing materials’
thermal properties becomes essential, facilitating enhanced heat exchange dynamics in
buildings [12,13].

In this context, green roof technology represents an innovative construction approach
that has gained significant recognition in scientific research and the construction sector due
to its comprehensive social, environmental, and economic benefits [14]. Green roof systems
serve as an effective strategy for optimizing buildings’ thermal comfort, offering substan-
tial advantages in both hot and cold climates. In hot climates, these systems effectively
reduce internal thermal load, while in cold climates, they facilitate heat retention, thereby
maintaining optimal thermal comfort [15-17]. The moisture retention capacity of green
roof systems plays a fundamental role in reducing surface temperature and enhancing cool-
ing efficiency through evapotranspiration, particularly during summer periods. Cooling
efficiency is predominantly influenced by substrate thickness and vegetation cover density.
The plant canopy functions as a natural radiation shield, significantly reducing solar ra-
diation transmission to the roof surface, consequently lowering the surface temperature
and diminishing building cooling requirements. The canopy structure further modulates
heat exchange processes, as foliar surfaces reflect, transmit, and absorb solar radiation,
thereby regulating the system’s thermal dynamics [18]. Beyond its thermal insulation
properties, the green roof system orchestrates solar radiation balance through convection,
evaporation, and heat conduction mechanisms, reflecting 20% to 30% of solar radiation,
using up to 60% for photosynthetic processes, and facilitating evaporative cooling. The
system’s thermal efficiency correlates with substrate depth variations while additionally
contributing significantly to rainwater management optimization [19-22].

Evidence suggests that green roof systems possess considerable potential for mit-
igating animal production impacts within the context of global climate change while
simultaneously reducing the effects of elevated air temperatures on animal production
systems. However, existing literature predominantly focuses on green roof applications in
urban buildings [10,16,18,19,21,23-30]. This urban-centric focus constrains understanding
of green roof potential in alternative contexts, particularly animal production environ-
ments [31,32]. Implementing green roof systems in rural settings, specifically animal
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production facilities, offers significant advantages, including enhanced thermal comfort
and improved sustainability metrics. Beyond their established positive effects on building
thermal conditioning, green roof systems contribute substantially to energy conserva-
tion through reduced heating and cooling system demands. Through investigating this
technology in a relatively unexplored context, this study provides empirical evidence
demonstrating green roofs” impacts on energy efficiency and animal welfare in rural en-
vironments. Thermal comfort assessment in agricultural facilities relies on specialized
indexes that quantify comfort conditions for both animals and human operators. Among
these comprehensive measures, the Temperature and Humidity Index (THI) serves as a
primary indicator, evaluating the synergistic effects of temperature and humidity [33,34].
Additionally, the Black Globe Humidity Index (BGHI) incorporates environmental thermal
radiation measurements [35], while the Human Comfort Index (HCI) evaluates human
well-being through temperature-humidity interactions [36]. To maintain optimal occu-
pational conditions, thermal comfort parameters must adhere to standards established
by the Ministry of Labor and Employment [37]. Furthermore, the Radiant Thermal Load
(RTL) provides a quantitative measurement of direct radiation impacts on biological sys-
tems [38]. These thermal comfort indexes enable comprehensive monitoring of green
roofs’ effects on thermal comfort conditions for both animals and human operators within
production systems.

Furthermore, the utilization of reduced-scale models enables precise prediction of
thermal conditions in full-scale installations, accurately simulating environmental thermal
behavior. This scaled approach proves particularly valuable for complex investigations,
such as those focusing on thermal comfort in animal production, as it facilitates experi-
mental control, optimizes research efficiency, and enhances understanding of underlying
physical principles [13,39-41]. Thus, this research investigates green roof effects on the
thermal environment of reduced-scale poultry house prototypes, specifically characterizing
the thermal environment and thermal comfort indices in poultry house prototypes with
and without green roof systems.

2. Materials and Methods
2.1. Experimental Location

This investigation was conducted at the Department of Agricultural Engineering’s
(DEA) Rural Constructions and Environment Area, Federal University of Vigosa (UFV),
located in Vigosa/MG, Brazil. The experiment was carried out from 24 February to 11 March
2022 at the Research Center on Ambience and Engineering of Agro-Industrial Systems
(AMBIAGRO), positioned at latitude 20° 45" south and longitude 45° 52’ west, with an
elevation of 670 m. According to the K&ppen classification, the local climate is characterized
as Cwa, featuring a subtropical pattern with dry, cold winters and hot, humid summers.
The experimental phase was conducted during the summer season. Six scale-reduced
commercial poultry house prototypes were constructed following a 1:5 scale similarity
concept [42]. The prototypes featured identical dimensions: 2.5 m in width and 3.2 m
in length, with a ceiling height of 0.6 m and an eave of 0.5 m. These structures were
distributed in two parallel rows and positioned on level, grass-covered terrain with an
east-west orientation. The eaves of the prototypes were closed with wood.

The poultry houses’ prototypes were evaluated under field conditions, without exter-
nal environmental control, due to the open nature of the experimental area. The experiment
was conducted in two distinct phases: in the first, the prototypes were left with an open
construction design, while in the second, blue polyethylene side curtains were installed,
allowing partial enclosure of the structure. Each experimental condition was maintained
for a period of seven days, during which data were systematically collected.



AgriEngineering 2025, 7, 16

40f23

2.2. Vegetation Coverture

Emerald grass (Zoysia japonica) represents one of the predominant species used in
Brazil for landscaping applications, sports facilities, and ornamental gardens, owing to
its exceptional adaptability to tropical climate conditions [43,44]. This species demon-
strates superior resistance to foot traffic and minimal maintenance requirements, making
it extensively used for ground coverage in transportation infrastructure, public spaces,
and residential areas, where its aesthetic appeal and durability are highly valued [45].
These characteristics enhance its suitability for green roof applications [31,46], where it
contributes to thermal insulation, water retention, and resource efficiency. The increasing
implementation of ornamental grasses in urban and residential environments has estab-
lished Zoysia japonica as the primary selection for landscaping initiatives throughout the
country [43].

2.3. Irrigation Management of Vegetation Coverture

Water requirements of the grass coverage were determined based on crop evapo-
transpiration (ETc) and calculated using the Penman—-Monteith method (Equation (1)),
following Allen et al. [47]. Reference evapotranspiration (ET0) values were derived from
climatic variables (air temperature, relative humidity, atmospheric pressure, wind speed,
and radiation) obtained from INMET [48].

ETc =ETO0 x Kc (1)

where ETc represents crop evapotranspiration, ETO represents reference evapotranspiration,
and Kc represents the crop coefficient.

A Kc value of 1 was implemented for Zoysia japonica grass, as established by
Madeira et al. [49], given its utilization as a reference species in the evapotranspiration
determination model. Reference evapotranspiration (ET0) calculations incorporated cli-
mate variables from the preceding irrigation day. This estimation enabled the calculation
of crop evapotranspiration for the total grass coverage area, thereby determining daily
water requirement, which represented the volume of water applied per day accounting for
daily precipitation in the available water depth (Table 1). Manual irrigation was conducted
throughout the experimental period, initiating one day before each experimental data
collection phase and occurring at three daily intervals, 08:00 A.M., 1:00 PM., and 6:00 PM.,
in accordance with daily water requirements.

Table 1. Daily estimation of water demand for Zoysia japonica grass during the summer in Vigosa-MG,
based on crop evapotranspiration (ETc) and precipitation.

Day ETc Water Demand Precipitation
(mm) (L-m—2.dia~1) (mm)
1 451 40.59 0.20
2 4.35 39.15 0.00
3 423 38.07 0.00
4 4.39 39.51 0.00
5 4.55 40.95 8.40
6 4.46 40.14 0.40
7 4.22 37.98 0.00
8 4.81 43.29 0.00
9 4.53 40.77 0.00
10 4.45 40.05 0.00
11 4.55 40.95 0.00
12 4.50 40.50 0.00
13 429 38.61 0.20
14 4.55 40.95 0.20
15 3.29 29.61 1.40
16 4.50 40.50 0.00

Source: Authors, based on INMET data [48].
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2.4. Types of Tested Roofing Materials

The experimental treatments comprised three different roofing material combinations,
evaluated both with and without green roof systems. The roofing materials tested included
Roman ceramic tile (CT), corrugated fiber cement tile (FCT), and trapezoidal metallic tile
(MT). Three of the six prototypes incorporated each roofing material type in conjunction
with a green roof system using Zoysia japonica grass. The investigation encompassed two
experimental phases evaluating distinct building typologies: open and closed prototypes.
The closed prototype configuration featured blue polyethylene curtains installed along the
longitudinal sides of the structures (Figure 1).

Open Prototypés o Closed Prototypes

Figure 1. Representation of the positioning of prototypes in the experimental area, with different
treatments: prototype with ceramic tile (CT), prototype with fiber cement tile (FCT), prototype with
metal tile (MT), prototype with ceramic tile and green roof (CT-GR), prototype with fiber cement tile
and green roof (FCT-GR), and prototype with metal tile and green roof (MT-GR). Emphasizing the
different constructive typologies, with open prototypes and closed prototypes. Source: Authors.

Before the experimental period, ceramic and fiber cement tiles underwent thorough
cleaning procedures. Subsequently, these materials received varnish waterproofing treat-
ment to prevent moisture infiltration. The green roof installation process included the
use of a black shade cloth, which served as a support for the substrate, facilitating the
uniform distribution of the grass over the roof surface. Each prototype had a coverage area
of 9 m?, with a thickness of 8 cm/m? and a grass density of 26 kg/m?. In addition, the
fiber cement tiles used in this study had moderately darkened surface characteristics due



AgriEngineering 2025, 7, 16

6 of 23

to previous exposure, which may have increased their heat absorption capacity compared
to new materials.

2.5. Characterization of the Thermal Environment of the Prototypes

The internal thermal environment of each prototype underwent systematic monitoring
through continuous temperature and relative humidity measurements. Monitoring used
Onset® dataloggers (model HOBO UX100-03; Onset Computer Corporation, Bourne, MA,
USA), equipped with temperature measurement capabilities ranging from —20.0 °C to
+70.0 °C (accuracy: +0.21 °C; resolution: £0.024 °C) and relative humidity measurement
capabilities spanning 15.0% to 95.0% (accuracy: 4-3.5%; resolution: 0.07%). Two sensors,
positioned at each prototype’s geometric center, facilitated continuous internal environment
monitoring. Data acquisition occurred at minute intervals throughout the 24 h cycle during
the entire experimental period. One sensor recorded dry-bulb temperature (air temperature)
and relative humidity, enabling dew point temperature calculation, while a second sensor,
positioned within a black globe, measured black globe temperature. Additionally, air
velocity measurements were obtained at each prototype’s geometric center using a TAFR-
200 hot-wire anemometer (measurement range: 0.1 to 25.0 m/s; resolution: 0.01 m/s;
accuracy: 5%; Wohler Technik GmbH, Bad Wiinnenberg, Germany). For treatment analysis
evaluating various covering materials with and without green roof systems, internal surface
temperature measurements of prototype roofs were obtained using a Fluke® infrared
thermometer (model 62 MAX; Fluke Corporation, Everett, WA, USA). This instrument
featured a measurement range of —30.0 °C to +500.0 °C (accuracy: £1.5 °C; resolution:
0.1 °C). Surface temperature determination occurred from an internal geometric reference
point, measured at 0.5 m distance, with emissivity adjustments corresponding to specific
covering material (Table 2). The measurements were conducted at 3 h intervals throughout
the 24 h cycle during the experimental period.

Table 2. Emissivity values of the surface temperature sensor of different roofing materials.

Coverture Material Emissivity (£)
Ceramic tile 0.85-0.95
Fiber Cement Roof Tile 0.92
Metal Roof Tile 0.25
Green Roof (Grass) 0.90

Source: Adapted from Baéta and Souza [11].

The characterization of the external thermal environment of the prototypes in the
experimental area was performed by determining the air temperature and relative humidity
values throughout the entire experimental period using data from the National Institute
of Meteorology [48]. Descriptive statistical analyses were performed to calculate the
mean, minimum, and maximum values of air temperature and relative humidity in the
external environment.

2.6. Characterization of Thermal Comfort Indexes

The effects of treatments, encompassing various roofing materials with and without
green roof systems, on the prototype’s thermal comfort, were evaluated using established
bioclimatological indexes. These metrics, extensively validated and widely implemented in
scientific investigations [31,36,50-56], enable precise analysis of thermal comfort conditions
for both animals and workers in animal production facilities. Their demonstrated effec-
tiveness in characterizing poultry environments underscores their relevance in assessing
covering material impacts and optimizing thermal conditions in poultry facilities. The THI
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was calculated using the model developed by Thom [33] and refined by Mader et al. [34],
incorporating air temperature and relative humidity parameters (Equation (2)).

THI = 0.8 x T4 + (RH/100) x (Tq — 14.4) + 46.4 )

where T4 represents the dry bulb temperature (°C), and RH represents the relative humidity
of the air (%).

The (BGHI) was determined using Equation (3), established by Buffington et al. [35],
using black globe temperature and dew point temperature measurements.

BGHI = Tyg + 0.36 Ty, +41.5 3)

where Ty, represents the black globe temperature (°C), and Tqp, represents the dew point
temperature (°C).

The HCI developed by Rosenberg [36] was determined and calculated using Equation (4),
incorporating air temperature, relative humidity, vapor pressure (Equation (5)), and saturated
air vapor pressure (Equation (6)).

_ (es xRH)
%= 100 (5)
75 x Tq_
es= 0.611 x 10l 27315 ] ©)

where T, represents the air temperature (°C), RH represents the relative humidity of the
air (%), e, represents the vapor pressure (kPa), and es represents the saturated air vapor
pressure (kPa).

The RTL established by Kelly and Bond [38] was determined based on the radiant ther-
mal exchanges of the roof and calculated using Equation (7) through the Stefan-Boltzmann
constant and the mean radiant temperature (MRT) values, as presented in Equation (8).

RTL = oMRT* 7)

where o represents the Stefan-Boltzmann constant, W~(m2~K4)’1, and MRT represents the
mean radiant temperature, (K).

4\ 1
MRT = 100 <2.51\/\7 (Tbg - Td) + <F1F0b(g)> ) ®)

where V represents the air velocity (m-s71), Tpg represents the black globe temperature (K),
and T4 represents the dry bulb temperature (K).

To assess the thermal comfort of animals and humans, the calculated values of air
temperature, relative humidity, THI, BGHI, and HCI were compared with the comfort
ranges described in the literature, as presented in Table 3.

Table 3. Thermal comfort ranges for broilers (air temperature, relative humidity, THI, and BGHI) and
workers (HCI).

Week of Life
Comfort Range Authors
1 2 3 4 5
Air temperature (°C) 32.3-35.0 26.4-32.0 21.6-29.0  21.6-26.0 20.0-23.0 Silva et al. [51] and Oliveira et al. [53]
Relative humidity (%) 56.90 64.40 68.50 68.50 69.20 Oliveira et al. [53]
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Table 3. Cont.

Week of Life
Comfort Range
g : ’ 3 2 5 Authors
THI 72.4-80.0 68.4-76.0 64.5-72.0 60.5-68.0 56.6-64.0 Silva et al. [51]
BGHI 81.30 74.90 69.80 69.80 68.70 Oliveira et al. [53]
HCI 20.0-29.0 * Santos [57], Souza et al. [58] and Santos et al. [59]

* Values for humans. Source: Adapted by authors.

2.7. Statistical Analyses

The entire dataset underwent statistical analysis using the Generalized Least Squares
(GLS) procedure implemented in R statistical software version 4.1.3 [59]. The analytical
framework incorporated the evaluation of multiple factors: roofing tile type, presence or
absence of green roof systems, data collection timing, and their respective interactions.
The temporal component of data collection was integrated into the model as a repeated
measure, with an evaluation of multiple covariance structures, including compound sym-
metry, heterogeneous compound symmetry, first-order autoregressive, and heterogeneous
first-order autoregressive matrices. The selection of the optimal covariance matrix structure
was determined based on the minimization of the Akaike Information Criterion (AIC). The
heterogeneous first-order autoregressive matrix demonstrated a superior fit and was subse-
quently implemented across all analyses. Mean separation procedures, when warranted
by significant effects, were conducted using Tukey’s multiple comparison test at a 0.05
probability threshold. In instances where significant interactions were detected, these were
subjected to detailed decomposition analysis.

3. Results

3.1. Open Prototyping Environments
3.1.1. External Environment

The external environment in the open prototype experimental area was characterized
using temperature and relative humidity data from INMET [48] over the seven-day experi-
mental period, allowing the characterization of external thermal variations (Figure 2). The
data revealed a well-defined daily cycle: air temperatures are lowest at dawn (16.0 °C to
19.0 °C), gradually increasing throughout the morning and reaching peak values between
26.0 °C and 30.0 °C from 12 PM. to 3 PM. Conversely, relative humidity exhibited an
opposite pattern, with the high values at dawn (95% to 98%) and decreasing to 40% to 60%
during the hottest afternoon hours (3 PM.). This inverse relationship between tempera-
ture and relative humidity indicates that the external environment becomes drier as air
temperature rises, particularly during the afternoon hours.

—e— 02262022
—-— 02/27/2022
—— 021282022
—e— 03/01/2022
—a— 03/02/2022
= 03/03//2022

8

Air temperaturae (°C)
B

B

Relative humidity (%)

a4 8 & 3 3

Month/Day/Year
—a— 02252022
—— 02267202
—— 02277202
—— 0272872022
50 { =—e= 03012022
e 03/022022
45 ] —e= 03/03//202

200

0AM 3AM 6AM 9AM 12PM 3PM 6PM 9PM
0AM 3AM 6AM 9AM 12PM 3PM 6PM 9PM

Time of the day Time of the day

Figure 2. Characterization of the external thermal environment with temperature and relative
humidity data during the experimental period with open prototypes in Vicosa-MG. Source: Adapted
from INMET [48].
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3.1.2. Thermal Environment

The open prototype experiments revealed significant differences (p-value < 0.0001)
across all analyzed variables, including air temperature, internal surface temperature, and
relative humidity, for the three types of roof tiles tested, both with and without green
roofs, throughout the observation period (Figure 3). Statistical analysis of air temperature
data showed a significant (p-value < 0.0001) simple interaction effect of time and a double
interaction effect between green roof presence and time (Figure 3A).

A B
A —e— Ceramic Tile and Green Roof (CT-GR) ® —e— Ceramic Tile and Green Roof (CT-GR)
- e~ Ceramic Tile (CT) i -~ Ceramic Tile (CT)
o Fiber Cement Tile and Green Roof (FCT-GR) R +— Fiber Cement Tile and Green Roof (FCT-GR)
- Fiber Cement Tile (FCT) ) = +- Fiber Cement Tile (FCT)
—e— Metal Tile and Green Roof (MT-GR) I —e— Metal Tile and Green Roof (MT-GR)
- e- Metal Tile (MT) 1 e i\ - e~ Metal Tile (MT)
g
Y
E
-~ I
o 53
3 2
s g
E s
g g
s &
5 ]
< 3
]

Time of the day Time of the day

©

Relative air humidity (%)

—e— Ceramic Tile and Green Roof (CT-GR)

- e- Ceramic Tile (CT)
+— Fiber Cement Tile and Green Roof (FCT-GR)
«- Fiber Cement Tile (FCT)

—e— Metal Tile and Green Roof (MT-GR)
«- Metal Tile (MT)

Time of the day

Figure 3. Behavior of air temperature (A), internal surface temperature (B), and relative humidity

(C) in open prototypes, showing different types of roof tiles, with and without the presence of a green
roof, at different times. Source: Authors.

Evaluation of internal surface temperature in open prototypes (Figure 3B) revealed a
significant simple interaction effect (p-value < 0.0001) for both time and green roof presence,
along with a double interaction between these factors. Similarly, relative humidity data
indicated a significant interaction effect (p-value < 0.0001) for time, roof tile type, and green
roof presence (Figure 3C), with additional double interactions observed between green roof
and time and between roof tile type and time. These findings demonstrate the influence
of roof tile type and green roof presence on thermal regulation and humidity levels under
open prototype conditions.

Air temperature analysis in open prototypes, both with and without green roofs,
revealed statistically significant differences at 9:00 A.M., 12:00 PM., and 3:00 PM., with
higher air temperature recorded in prototypes without green roofs (Figure 3A). This finding
highlights the substantial impact of green roofs on the thermal environment, particularly
during peak external temperature periods when increased energy consumption is typically
required to maintain optimal thermal conditions. Figure 3A demonstrates that prototypes
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(&)

Temperature and Humidity Index (THI)

©

Radiation Heat Load (RHL)

with green roofs exhibited lower air temperatures compared to those without, showing
an average reduction of 2.4 °C at both 12:00 PM. and 3:00 P.M. during the hottest parts of
the day.

Internal surface temperature data on roofing materials in open prototypes (Figure 3B)
showed statistically significant differences (p-value < 0.0001) only at 3:00 PM. and 9:00 P.M.
The highest internal surface temperature was recorded in the prototype with fiber cement
tiles without a green roof. The presence of green roofs resulted in substantial tempera-
ture reductions: 24.0 °C for fiber cement tiles, 12.6 °C for ceramic tiles, and 10.5 °C for
metallic tiles.

Relative humidity analysis open prototypes (Figure 3C) revealed statistically signif-
icant differences (p-value < 0.0001) at most time points, with the exception of 9:00 A.M.,
6:00 P.M., and 9:00 PM. The highest relative humidity values were observed in prototypes
with ceramic tiles during the cooler periods (9:00 PM. to 6:00 A.M.), while the lowest values
were recorded in prototypes with fiber cement tiles during the warmer hours (9:00 A.M. to
6:00 PM.). Notably, prototypes with green roofs consistently maintained higher relative
humidity levels, remaining above 70.0% between 9:00 PM. and 6:00 A.M., corresponding
with lower air temperatures.

3.1.3. Thermal Comfort

Open prototype experiments demonstrated significant variations (p-value < 0.0001) in
thermal comfort indexes among the three types of roof tiles tested, with and without green
roofs, throughout the observation period (Figure 4).

(B)
—e— Ceramic Tile and Green Roof (CT-GR)
-e- Ceramic Tile (CT)

«— Fiber Cement Tile and Green Roof (FCT-GR) »
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—e— Metal Tile and Green Roof (MT-GR) -
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T
Q
g
by
-l
£
2
&
£
T
2
=
o
P
8 4
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' - e- Ceramic Tile (CT)
+— Fiber Cement Tile and Green Roof (FCT-GR)
o~ Fiber Cement Tile (FCT)
—e— Metal Tile and Green Roof (MT-GR)
_____ -e- Metal Tile (MT)
Time of the day Time of the day
( ; ; D) - o
—e— Ceramic Tile and Green Roof (CT-GR) —e— Ceramic Tile and Green Roof (CT-GR)
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=
£
8
g
E
=

Time of the day Time of the day

Figure 4. The behavior of the THI (A), BGHI (B), RTL (C), and HCI (D) in open prototypes demon-
strating the effects of different types of roofing tiles, both with and without the presence of a green
roof, at various time points. Source: Authors.
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Statistical analysis of THI data in open prototypes (Figure 4A) revealed significant
effects (p-value < 0.0001): a simple interaction with times of day and a double inter-
action between green roof presence and time of day. Similarly, BGHI data analysis
(Figure 4B) showed significant simple interaction effects with time of day and double
interaction effects between green roof presence and time of day (p-value < 0.0001). RTL
data analysis (Figure 4C) identified significant simple interaction effects with time of day
(p-value < 0.0001) and double interaction effects between green roof presence and time of
day. HCI analysis in open prototypes (Figure 4D) revealed significant simple interaction
effects with time of day and green roof presence, along with significant double interaction
effects (p-value < 0.0001). These results demonstrate how temporal variation and green roof
presence influence thermal comfort indexes in prototypes. THI analysis in open prototypes
revealed statistically significant differences at 9:00 A.M., 12:00 P.M., and 3:00 PM., with
higher values in prototypes without green roofs, particularly those with fiber cement tiles
(Figure 4A). At 3:00 P.M., green roof presence contributed to a THI reduction of 2.3 across
all tile types. During nighttime hours (9:00 PM. to 6:00 A.M.), prototypes with green roofs
across all had higher average THI values than those without.

BGHI analysis in open prototypes showed that green roof presence did not produce
statistically significant differences at 6:00 PM. and 9:00 PM. However, during peak temper-
ature periods (12:00 PM. and 3:00 PM.), prototypes without green roofs exhibited elevated
BGHI values, particularly those with fiber cement tiles (Figure 4B).

RTL data analysis in open prototypes revealed statistically significant differences
(p-value < 0.0001) at 12:00 P.M. and 3:00 PM. Prototypes showed that green roofs showed
higher RTL averages during peak heat periods (9:00 A.M. to 3:00 PM.), particularly those
with fiber cement roofing (Figure 4C). During nighttime hours (6:00 PM. to 6:00 A.M.),
ceramic tiles with green roofs provided superior thermal insulation, maintaining higher
RTL values compared to other treatments.

HCI analysis in open prototypes showed significant differences (p-value < 0.0001) at
9:00 A.M., 12:00 PM., and 3:00 P.M. regarding green roof presence. For tile type, significant
differences (p-value < 0.0001) were observed at 3:00 P.M. Prototypes without green roofs
exhibited higher average HCI values during peak heat periods, with fiber cement tiles
showing the highest HCI (Figure 4D). During nighttime (6:00 P.M. to 6:00 A.M.), ceramic
tiles with green roofs demonstrated enhanced thermal insulation, maintaining higher HCI
averages than other treatments.

3.2. Closed Prototyping Environments
3.2.1. External Environment

The external environment in the closed prototype experimental area was character-
ized using temperature and relative humidity data from INMET [48] over the seven-day
experimental period, enabling the description of external thermal variations (Figure 5).
Air temperature data showed minimum values at dawn, ranging from 17.5 °C to 21.2 °C,
while peak values occurred in the afternoon between 26.1 °C and 30.0 °C. Relative hu-
midity reached its highest levels in the early morning hours, ranging from 92% to 98%,
and decreased throughout the day, reaching minimum values of 47% to 66% during peak
temperature periods (12 PM. and 3 PM.). These data demonstrate an inverse relationship
between temperature and relative humidity, where temperature increases correspond to
decreases in relative humidity levels.
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Figure 5. Characterization of the external thermal environment with temperature and relative
humidity data during the experimental period with closed prototypes in Vigosa-MG. Source: Adapted
from INMET [48].
3.2.2. Thermal Environment
The closed prototypes showed significant differences (p-value < 0.0001) across all
analyzed thermal variables, including air temperature, internal surface temperature, and
relative humidity. These differences were observed among the three types of roof tiles, both
with and without green roofs, throughout the observation period (Figure 6).
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Statistical analysis of air temperature data from the closed prototype experiment
(Figure 6A) revealed significant simple, double, and triple interactions (p-value < 0.0001).
Similarly, internal surface temperature analysis (Figure 6B) showed significant effects
(p-value < 0.0001) across all interaction types. The relative humidity data analysis
(Figure 6C) also demonstrated significant interactions (p-value < 0.0001) among all vari-
ables. Consequently, each interaction was examined individually to thoroughly investigate
significant effects across different time points.

In closed prototypes (Figure 6A), significant interactions (p-value < 0.0001) were
observed among all variables regarding internal air temperature values. The presence of
green roofs resulted in substantial reductions in mean air temperature, particularly during
peak heat periods. At 12:00 P.M., temperature reductions were 10.6 °C for fiber cement
tiles, 5.1 °C for metallic tiles, and 3.8 °C for ceramic tiles. While no statistically significant
temperature differences were found at 12:00 A.M. and 6:00 A.M., green roofs provided
thermal damping during cooler periods (9:00 PM. to 6:00 A.M.), with notable effects at
3:00 A.M., particularly in prototypes with metal tiles.

Surface temperature analysis in closed prototypes (Figure 6B) revealed significant
interactions (p-value < 0.0001) at 9:00 A.M. and 3:00 P.M. Green roof presence significantly
reduced surface temperatures at 3:00 PM.: 24.6 °C for fiber cement tiles, 8.0 °C for metallic
tiles, and 11.9 °C for ceramic tiles. While no significant differences were observed at
9:00 PM., 12:00 A.M., and 6:00 A.M., green roofs exhibited a damping effect during cooler
hours, with a statistically significant difference at 3:00 A.M.

Relative humidity analysis in closed prototypes (Figure 6C) showed significant inter-
actions (p-value < 0.0001) among all variables, with statistically significant differences at all
time points. Green roof presence led to substantial increases in mean relative humidity, par-
ticularly at 3:00 PM.: 18.7% in prototypes with fiber cement tiles, 9.2% with metal tiles, and
8.5% with ceramic tiles. These increases can be attributed to the prototypes’ closed lateral
sides, which limited natural ventilation and consequently affected thermal exchanges.

3.2.3. Thermal Comfort

The closed prototype experiments revealed significant differences (p-value < 0.0001) in
thermal comfort indexes across all three roof tile types, both with and without green roofs,
throughout the observation period (Figure 7).

Statistical analysis of THI data (Figure 7A) showed significant simple, double, and
triple interaction effects (p-value < 0.0001) across nearly all analyzed variables. Similarly,
BGHI data analysis (Figure 7B) revealed significant effects (p-value < 0.0001) from simple
interactions with time, double interactions between tile type and time, green roof and time,
as well as triple interactions among time, tile type, and green roof presence. RTL data
analysis in closed prototypes (Figure 7C) demonstrated significant effects (p-value < 0.0001)
in simple, double, and triple interactions across all tested variables. HCI data analysis
(Figure 7D) also demonstrated significant simple, double, and triple interaction effects
(p-value < 0.0001) among all variables. Each interaction was analyzed separately to evaluate
effects across different times of day.

In closed prototypes (Figure 7A), significant interactions were observed across almost
all analyzed variables. At 3:00 P.M., green roof presence led to substantial THI reductions:
7.0 for fiber cement tiles, 3.8 for ceramic tiles, and 3.5 for metal tiles. Prototypes without
green roofs exhibited the highest average THI values at 12:00 P.M. and 3:00 P.M., particularly
those with fiber cement and metal tiles, attributed to the thermal properties of these
materials. Conversely, prototypes with green roofs maintained lower THI values, especially
those with ceramic tiles.
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Figure 7. Behavior of the THI (A), BGHI (B), RTL (C), and HCI (D) in closed prototypes, demonstrating
the effects of different types of roofing tiles, both with and without the presence of a green roof, at
various time points. Source: Authors.

Closed prototype analysis (Figure 7B) revealed significant interactions (p-value < 0.0001)
among almost all variables. Green roof presence resulted in substantial reductions in average
BGHI values, particularly at 3:00 PM., with the most pronounced reductions in prototypes
with fiber cement tiles. During cooler times (6:00 PM. to 06:00 A.M.), green roofs provided
BGHI damping effects, though values remained higher compared to prototypes without
green roofs. RTL analysis in closed prototypes (Figure 7C) showed significant interaction
effects (p-value < 0.0001) among all variables. Green roof implementation reduced average
RTL values during peak daytime temperatures, providing enhanced protection against
incident solar radiation. HCI analysis in closed prototypes (Figure 7D) demonstrated
interactions (p-value < 0.0001) among all variables. Prototypes with green roofs maintained
lower HCI values and superior thermal conditions between 09:00 A.M. and 6:00 P.M.
compared to those without green roofs.

4. Discussion

Given the characteristic climatic conditions at the experimental site and the varying ex-
perimental conditions of the prototypes (Figures 2 and 5), there is a clear need to adjust the
thermal environment of the facilities to meet animal requirements, ensuring their thermal
comfort and well-being [60]. Maintaining appropriate thermal comfort conditions is funda-
mental for efficient broiler production, requiring continuous adjustments in environmental
variables [61,62]. Thermal management must adapt to both bird development and regional
climatic variations. During the initial weeks, birds undergo environment acclimatization,
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while in later growth stages, increased body mass elevates the internal temperature of the
shed, necessitating more stringent thermal control [62].

Furthermore, it is important to highlight that the ambient temperature is influenced
not only by the roof but also by the walls of the installation. The characteristics of the
walls, such as material and thickness, impact the retention and dissipation of heat, affecting
the internal thermal environment. The side curtains of the prototypes, by functioning
as a barrier to natural ventilation, allow the evaluation of treatments under controlled
ventilation, providing a more precise analysis of the impact of thermal control on the
internal environment.

When evaluating the broiler’s life cycle in a real facility, it can be seen that the air
temperature inside the prototypes (Figure 3A) remains at thermal comfort levels (Table 3)
throughout the day, especially in the prototypes with the green roof. This configuration
proved to be effective in mitigating heat gain, contributing to more stable indoor conditions
suitable for animal welfare. On the other hand, at the hottest times of the day, the prototypes
with fiber cement roofs had internal temperatures above the comfort limits, showing
the unfavorable thermal impact of this material. Fiber cement roof tiles have intrinsic
characteristics that limit their thermal performance, such as a thickness of 0.008 m, a specific
heat of 0.84 k] /kg.K, a density of 1900 kg/m?* and a heat capacity of 12.77 k] /(m?.K) [63].
These factors result in lower thermal inertia, leading the material to absorb and transfer
heat quickly, in contrast to ceramic and metal tiles, which have greater thermal stability.
In addition, the aging of fiber cement intensifies this effect since the darkening of the
material increases its solar radiation absorption coefficient from 0.45 in new tiles to 0.80 in
aged tiles [4,64]. This increase in heat absorption increases thermal discomfort, especially
in environments with high solar incidence. During the critical hours of the day, the air
temperature data in the open prototypes (Figure 3A) confirmed that fiber cement had the
highest values, surpassing ceramic and metal tiles. This trend is attributed to the lower
thermal inertia of fiber cement, which contributes significantly to the thermal instability
observed [65].

The results observed in this study align with those found by Barnabé et al. [66], who
reported similar air temperatures in prototypes with fiber cement roofing during peak heat
hours, ranging from 32.0 to 35.0 °C between 12:00 PM. and 3:00 PM. This is consistent with
the findings in northeastern Brazil, where they recorded maximum air temperatures of ap-
proximately 31.8 °C in calf housing with fiber cement roofing. Likewise, Oliveira et al. [53]
evaluated fiber cement roofing in reduced-scale poultry house models and observed air
temperatures around 33.0 °C, further confirming the trend observed in the present study.
However, when comparing different roofing materials, Oliveira et al. [53] found that ce-
ramic tiles provided superior solar radiation interception, with temperatures ranging from
30.6 °C to 31.6 °C, compared to fiber cement and metal tiles without additional roof pro-
tection. This supports the notion that ceramic tiles are more effective at functioning as
thermal barriers, contributing to lower internal temperatures during peak heat periods. The
findings from Oliveira et al. [53] and the present study emphasize the role of ceramic tiles
in improving thermal comfort in animal production facilities, offering better insulation and
minimizing temperature fluctuations, which can enhance animal welfare and productivity.
In contrast, the higher air temperatures observed in prototypes with fiber cement roofing
during peak heat hours suggest that this material is less effective in providing thermal
insulation. This discrepancy may be attributed to the material’s heat absorption properties,
which are influenced by factors such as color, surface texture, and thermal mass. As a result,
adjusting roofing materials or integrating additional protective measures, such as green
roofing or reflective coatings, could be beneficial in improving the thermal performance of
fiber—cement roofs and reducing internal temperatures.
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Air temperature results in prototypes with lateral enclosure using ceramic tiles and
green roofing (27.7 & 0.5 °C), measured at 12:00 PM. (Figure 5), were comparable to those
reported by Carneiro et al. [31]. In their evaluation of green roofs in Pernambuco state
using prototype poultry sheds with Zoysia japonica grass and peanuts (Arachis repens), they
observed average internal air temperatures of approximately 27.7 °C for both plant species.
Emphasizing the decisive role of selecting roofing materials that meet thermal comfort
requirements is crucial, as they directly affect the internal microclimate and, consequently,
the well-being and productivity of the animals housed. Green roofs, in particular, excel at
stabilizing temperature fluctuations. By creating a more consistent indoor environment,
they mitigate heat stress and provide optimal conditions for animal production, even under
reduced ventilation. The comparison with the study by Carneiro et al. [31] reinforces
the potential of green roofs as a sustainable and effective solution for improving thermal
regulation in animal housing facilities.

In the present study [31], air temperature varied between 18.0 = 0.3 °C and
30.5 £ 0.2 °C over the period of study in open prototypes with green roofing (Figure 3A),
enabling an environment suitable for adult birds, which ranges between 18.0 and 28.0 °C
in summer conditions with natural ventilation [11]. However, it is important to emphasize
that the ideal thermal comfort conditions vary with the age of the birds. The selection
of roofing materials must take thermal requirements into account in order to guarantee
a favorable internal microclimate, directly impacting animal welfare and productivity.
It should be noted that between the third and fourth week of production (Table 3), the
comfortable air temperature range is 23.0 to 29.0 °C [67,68]. In this context, the green roof is
an effective construction technique, promoting thermal comfort and internal temperature
during these production phases.

The elevated air temperature inside the prototypes with side closure (Figure 6A) results
in reduced air exchange between internal and external environments. This reduction allows
the energy from incident solar radiation to increase internal air mass temperature, which
remains trapped due to the lateral enclosures’ limitation of air exchange. However, green
can significantly reduce internal air temperature [69], as the vegetative cover minimizes
temperature gains during periods of solar exposure.

Abreu et al. [67] established representative thermal comfort ranges for poultry through-
out their reproductive cycle (Table 3): 29.0 to 32.0 °C in the second week and 20.0 to 23.0 °C
in the fifth week. These ranges align with those observed in the present study, with the
lowest values recorded in prototypes featuring green roofing and ceramic tiles. Air tem-
perature analysis in prototypes revealed variation between 16 °C and 44 °C over the 24 h
observation period (Figures 3A and 6A). The green roof prototypes maintained temperature
within human comfort limits, according to La Roche et al. [16], who categorize thermal
comfort in human dwellings into three levels: below 21.1 °C (cold), between 21.1 °C and
25.5 °C (comfortable), and above 25.5 °C (warm). The recorded temperature values indicate
an environment with adequate thermal comfort for workers, conforming to Ministry of
Labor and Employment standards [37].

Internal surface temperature analysis in the prototypes (Figures 3B and 6B) demon-
strates that green roofing can significantly reduce thermal load in facilities, promoting a
more suitable thermal environment for livestock. Pragati et al. [70] corroborate this finding,
indicating that surface temperatures in buildings with green roofs are approximately 5.17%
lower compared to conventional buildings without greening systems. Carneiro et al. [31]
observed surface temperatures of approximately 36.7 °C on green roofs with Zoysia japonica
grass, demonstrating the thermal efficiency of this vegetation cover compared to the present
study’s findings. Conversely, the elevated internal surface temperature (Figures 3B and 6B)
in prototypes with fiber cement tiles without green roofing can be attributed to material
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darkening, which increases heat absorption from the external environment [64]. Addition-
ally, Sampaio et al. [51], in a summer study conducted in southern Brazil, recorded lower
fiber cement tile temperatures than those observed in this study without green roofing.
This discrepancy can be explained by variations in climatic conditions, such as regional
differences in temperature, humidity, and solar radiation, as well as the physical condition
of the fiber cement roof tile. To optimize thermal performance in different climates, it can
be beneficial to adjust or combine roofing materials, such as integrating green roofing or
reflective coatings, to increase heat dissipation.

Beyond variations in internal surface temperature, it is crucial to relative humidity’s
impact on facility conditions. In the open prototype, relative humidity ranged between
40.8% and 74.3% (Figure 3C). These values are lower than those reported by Santos et al. [71],
who documented monthly average relative humidity levels above 83.0% in poultry produc-
tion environments in Sergipe. This difference can be attributed to their region’s more humid
coastal climate compared to the present experiment’s location. Notably, prototypes with
fiber cement roofing exhibited the lowest relative humidity levels during peak temperature
periods between 12:00 P.M. and 3:00 P.M. (Figures 3C and 6C). This low relative humidity
results from elevated air temperatures [72]. The green roof’s substrate moisture retention
likely contributed to increasing the relative humidity during peak heat periods, thereby
improving environmental production conditions during these times. Relative humidity
directly influences the thermal comfort and health of the animals. In the prototypes with
green roofs (Figure 6C), humidity increased during the coldest hours due to evapotran-
spiration from the plants [70]. In prototypes closed on the sides, humidity exceeded 70%,
regardless of the type of roof, which impairs the animals’ transpiration, which can cause
heat stress and respiratory diseases in the animals. Although green roofs improve the
thermal conditions of the environment, it is necessary to balance the humidity when it
is excessive. Ceramic tiles and fiber cement tiles have different characteristics: ceramic
tiles dissipate heat better due to their greater thermal inertia [73], but they can retain more
moisture, which favors condensation. Fiber cement tiles, on the other hand, absorb more
heat, affecting the internal microclimate. Therefore, the combination of roofing materials
and humidity control is fundamental to guaranteeing animal welfare. When well planned,
the use of green roofs can promote a more balanced and healthier environment for animals.

The relative humidity values in the ceramic tile prototypes, both with and with-
out green roofs, are particularly noteworthy (Figure 6C). Ceramic tiles” porosity enables
environmental water absorption, contributing to their natural thermal performance by
prolonging heat transmission [73]. However, this study’s results indicate that ceramic
tiles combined with green roofs promote higher relative humidity, which is potentially
problematic in hot climates where it may compromise or impede air cooling processes. The
disparity in mean values of relative humidity between the open and closed prototypes can
be attributed to reduced ventilation in the internal environment and the effect of external
airspeed, which removes heat from the surface of the tiles. Bollman et al. [15] reported
similar findings, noting relative humidity changes due to water retention in green roof
substrate, resulting in reduced internal building temperature. Despite variations, relative
humidity values in green roof prototypes remained within the recommended range for
poultry production (40.0% to 70.0%), as specified by Tinoco [52] and Ferreira [74]. Addition-
ally, Bollman et al. [15] reported results similar to the present study (Figure 4), highlighting
artificial reflective shadowing effects on relative humidity, with averages of 51.6% during
the day and 72.7% at night in a tray system with a green roof in Corvallis, USA.

The results obtained in this study, when evaluating the thermal environment in proto-
types with different types of roofing, made it possible to define thermal comfort indices
(THI). In the prototypes with green roofs (Figure 4A), the average THI values provided
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optimal thermal comfort conditions, not only for the birds in the first week of life but
throughout the production cycle, ranging from 72.0 to 80.0, as indicated by Silva et al. [50].
These values indicate that green roofs are effective in maintaining a comfortable environ-
ment for birds at different stages of growth [50]. In the prototypes without green roofs
(Figure 7A), the THI approached the upper limit of this ideal range, with the fiber cement
tile prototype exceeding the recommended range for broiler production [50]. This suggests
that fiber cement roof tiles, because they do not have efficient thermal properties, contribute
to an increase in internal temperature, compromising the birds” comfort, especially in
warmer periods. This increase in temperature can lead to heat stress, negatively affecting
the birds” performance [50]. These findings demonstrate that combining ceramic tiles with
green roofing can enhance THI and consequently provide superior thermal comfort in
the prototypes’ internal environment. Passini et al. [75] identified average THI values
similar to those found in the present study (Figures 4A and 7A), reaching an average of
77.0. Their study examined a broiler facility using reflective white paint on the external roof
surface combined with artificial ventilation. However, the present study demonstrates that
green roofing represents an effective alternative for promoting thermal comfort conditions;
green roofs offer significant environmental and economic benefits, including reducing
environmental impact through carbon sequestration and improving air quality. They also
help retain moisture, reduce the need for irrigation, and reduce energy consumption by im-
proving thermal efficiency and reducing reliance on artificial cooling systems. In economic
terms, green roofs can reduce operational costs for ventilation and extend the life of the roof
tiles, resulting in lower maintenance costs. This sustainable solution can, therefore, offer
long-term benefits to producers, with potential government incentives and an appreciation
of environmental commitment.

The thermal comfort analysis in reduced models demonstrates that green roofing can
create a more thermally suitable environment for broilers, with results comparable to con-
ventional methods such as combining white reflective paint with artificial ventilation [75].
However, Carneiro et al. [31], studying green roofs on reduced models of livestock facilities
in Pernambuco state, observed average THI values around 26.0 for both peanut grass
(Arachis repens) and Zoysia japonica grass. These values differ from the present study’s
findings, likely due to regional microclimatic variations.

These findings indicate that green roofing represents an effective construction tech-
nique with potential application in full-scale facilities. However, further detailed studies
are needed to evaluate its practical implications for improving thermal conditions in animal
production environments. As a sustainable alternative to conventional techniques, green
roofing can significantly contribute to thermal comfort, reinforcing its value as an efficient
and environmentally responsible solution.

Investigating green roof effects on BGHI during nighttime hours (6:00 P.M. to
06:00 A.M.) highlights the remarkable thermal insulation capacity of ceramic tiles with
green covering, maintaining average BGHI values above other treatments (Figure 4B). The
green roof’s influence on BGHI is particularly evident during peak heat hours (9:00 A.M. to
3:00 PM.), where average values in prototypes with this roofing reached 68.0 and 81.0 at
12:00 P.M. and 3:00 P.M. respectively, within the established thermal comfort range for
broiler chickens, according to Oliveira et al. according to Oliveira et al. [52].

Furthermore, analysis of BGHI behavior in green ceramic tile prototypes without green
roofing revealed values similar to those with metallic tiles and roofs (Figure 7B). Comparing
this study’s BGHI values with those documented by Oliveira et al. (2006) suggests that
green roofing may enhance animal thermal comfort based on established BGHI values for
adult-phase animals. Moreover, Sampaio et al. [51] observed an average BGHI value of
approximately 80.2 in poultry house prototypes with lateral enclosures using ceramic tile
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roofing at 12:00 P.M., exceeding the animals” comfort range. This value closely mirrors the
BGHI value obtained from identical tiles in the present investigation [73] Oliveira et al.
(2006) [51] (Figure 7B).

Sampaio et al. [51], researching scaled-down animal production facility models, assert
that vegetative roofing can induce cold stress, with an average BGHI of 70.0 varying by
time of day and season. This contrasts with the higher mean BGHI values observed in
green roof prototypes in the present study, which promote thermal comfort conditions
(Figures 4B and 7B). Buffington et al. [35] establish that BGHI values up to 74.0 indicate
comfort, while values above 84.0 signal emergency conditions for animal production,
including poultry, cattle, and swine. The present study’s results demonstrate that green
roofs can provide a thermal environment conducive to animal requirements, potentially
facilitating natural thermal conditioning within facilities [35].

Similarly, research by Sampaio et al. [51] reported that animal production facilities
could achieve approximately 40.0% air temperature reduction during peak heat periods,
consistent with this study’s findings. However, green roofing led to even greater air tem-
perature reductions (Figure 4C). The effectiveness of air temperature reduction varies with
tile type when combined with green covering due to differing physical characteristics and
thermal properties of materials. In enclosed prototypes (Figure 7C), green roofing also
reduced average RTL values during peak heat periods, providing enhanced protection
against incident solar radiation. The RTL values obtained in this study for prototypes with
ceramic tiles and green roofs under both open and closed conditions (Figure 1) were com-
parable to those reported by Sampaio et al. [51]. They documented RTL values in Southern
Brazil ranging from 406.7 to 479.2 W/m? for ceramic-tiled prototypes during winter and
summer. Passini et al. [75] observed that white-painted roofing with artificial ventilation
could reduce RTL by approximately 6.4 W/m?. However, the current study demonstrated
more substantial reductions in green-roofed prototypes. Notably, in enclosed prototypes
with fiber cement tiles, the difference between those with and without green roofs was
74.0 W/m? at 12:00 PM. and 69.0 W/m? at 3:00 PM. (Figure 7C) [51,75]. The combination
of ceramic tiles with a green roof has proven to be the most efficient in regulating the indoor
microclimate, providing a significant improvement in thermal conditions. The combination
of fiber cement tiles with a green roof, although less effective, still presents considerable
benefits in mitigating heat. The use of green roofs combined with tiles with adequate
thermal characteristics constitutes an effective strategy for optimizing thermal comfort and,
consequently, animal welfare in production facilities, promoting a more stable environment
that is favorable to productive performance.

Worker thermal environment assessment is essential, as it directly impacts health,
well-being, and productivity [37]. This index provides a scientific basis for monitoring
and adjusting environmental conditions within ideal comfort limits for specific activities,
ensuring an adequate and safe workspace. In open prototypes, average HCI values without
green roofing (Figure 4D) were higher during peak heat hours (9:00 A.M. to 3:00 PM.), with
notable peaks in fiber cement tile prototypes. However, during nighttime hours (6:00 P.M.
to 6:00 A.M.), ceramic tiles with green covering demonstrated superior thermal insulation
capacity, maintaining HCI above other treatments (Figure 4D).

Treatment disparities can be attributed to roofing materials’ thermal properties [64].
Tiles without green covering protection tend to absorb more heat compared to covered tiles,
which directly intercept solar radiation. This variation is crucial, particularly during peak
heat hours when average HCI values approach 40.0 (Figure 7D), indicating uncomfortable
worker conditions. Considering average HCI values in green-roofed prototypes, regardless
of tile type (Table 2), this feature clearly provides comfortable worker conditions. This



AgriEngineering 2025, 7, 16

20 of 23

finding emphasizes green roofs’ importance in promoting thermal comfort for both animals
and facility workers.

5. Conclusions

Green roof implementation in animal production facilities has proven effective in
enhancing the internal thermal environment, reducing temperature peaks, and promot-
ing comfort—essential factors for animal welfare. This study’s results demonstrate that
green roofing, regardless of tile type, reduced indoor air temperature by up to 2.4 °C in
open prototypes and 10.6 °C in closed prototypes during peak heat hours (3:00 PM.). A
significant reduction in the internal surface temperature of fiber cement tiles was also ob-
served, reaching up to 24.0 °C in open prototypes and 27.0 °C in closed ones. The thermal
comfort indexes (THI, BGHI, and RTL) also showed reductions, indicating green roofing’s
effectiveness in heat mitigation. The HCI for both types of green roof prototypes indicated
comfortable conditions, complying with Ministry of Labor and Employment legislation.

Green roofs’ natural thermal insulation reduces artificial cooling system requirements
and represents a sustainable alternative for mitigating climate change effects on production
facilities. Despite technical and financial challenges, including installation and maintenance
costs, the environment and thermal comfort benefits justify increased investment and
research to adapt this technology to agricultural applications, particularly in hot climates
where thermal control is essential for animal production.

This study makes an innovative contribution by demonstrating, through experimental
data, the thermal benefits of green roofs in reduced-scale poultry house prototypes. Green
roof application in animal production facilities offers a viable solution for improving
thermal conditions in these environments. The results provide valuable insights for future
green roof implementation in the agricultural sector and can serve as a foundation for
further research focused on enhancing thermal comfort and mitigating climate change
impacts in rural animal production facilities.

Finally, carrying out analyses on reduced models of agricultural facilities is essential to
assess the feasibility and performance of innovative technologies, such as green roofs, under
controlled conditions before large-scale implementation. This approach enables a better
understanding of thermal impacts, refinement of design parameters, and more precise
estimation of costs and benefits, facilitating informed decisions that optimize thermal
comfort and sustainability in animal production facilities.
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Symbols and Abbreviations

W-(m?2-K*)~!—watts per square meter per kelvin to the fourth power, m-s~!

—meters per
second, K—kelvin, %—percent, kPa—kilopascals, °C—degrees Celsius, mz—square meters, Air
Temperature—(AT), Relative Humidity—(RH), Temperature and Humidity Index—(THI), Black
Globe Humidity Index—(BGHI), Human Comfort Index—(HCI), Radiant Thermal Load—(RTL),
Ceramic Tile—(CT), Fiber Cement Tile—(FCT), Metal Tile—(MT), Ceramic Tile with Green Roof—
(GCT), Fiber Cement Tile with Green Roof—(GFT), Metal Tile with Green Roof—(GMT), Crop

Evapotranspiration—(ETc), Reference Evapotranspiration—(ETO0).
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