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Abstract

This article shows the possibilities of using passive air conditioning methods in real con-
ditions during the fattening of chickens in the summer with high outdoor temperatures.
On a farm in three halls with the same interior equipment, the effect of different con-
structions of walls and roofs of buildings on the internal thermal and humidity microcli-
mate was investigated. Microclimatic conditions and chickens’ performance were com-
pared in two identical lightweight panel halls (49,000 chickens each) with light aluminum
roof sheets (L* = 81.4 £ 0.4), and against conditions and results in a massive brick house
(31,200 chickens) with a dark eternit roof (L* = 35.7 + 3.5). The dark color of the roof
surfaces and parts of the walls of the brick house accelerated the increase in air temperature
in the house. The air temperature was 0.7 to 2 K higher in the house with darker surfaces,
which was also reflected in a higher THI. The duration of chickens’ stay in conditions of
higher heat stress (THI above 28.3) was 1.84 times longer in this house than in houses with
light surfaces, which had the effect of increasing water consumption by 30%. The effect
of heat accumulation of the brick structure on the attenuation of high temperature was
not significant.

Keywords: air temperature; animal performance; building; temperature humidity index;
passive air conditioning; roof; surface color; ventilation; walls

1. Introduction

Poultry fattening is an important part of agriculture and a supplier to the food
industry [1-3]. The current and expected development of demand for poultry meat shows
an increasing trend [4,5]. Along with this, monitoring the state of the microclimate and
understanding its influence on poultry is becoming more important [1,3,6-15]. In particular,
the thermal comfort of poultry and its influence on performance is at the forefront of
interest [1,9,13,14,16-25]. Due to climate change, heat stress can be more common due to
increasing air temperatures even outside warm regions [26]. The performance of chickens is
most influenced by air temperature, ventilation and genetic predispositions [13]. Summary
indicators such as the temperature humidity index (THI) or the temperature humidity
velocity index (THVI) are often used to evaluate it [7,14,20,27-32]. Stress can be caused
in chickens under certain conditions, in addition to microclimates, by stocking density,
lighting, nutrition, health status, handling and transport of fattened birds to slaughter.
Relevant to the topic is the “Better Chicken Commitment” to adhere to defined standards
in the field of animal welfare, sustainability and food quality from 2026, to which leading
food companies from across Europe have signed up [33].
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Fattening is carried out mainly in halls with a controlled environment [7,8,13,15,27,34,35].
In the Czech Republic, the standard maximum biological load on the floor area of chickens
is 33 kg'm~2. Under above-standard breeding conditions, the stocking density can be
increased to 39 to 42 kg-m~2. However, animal rights activists are calling for a reduction in
stocking density to 30 kg-m~2 due to the risk of heat stress, and stricter welfare require-
ments are also being demanded by the European Food Safety Authority (EFSA) [33]. The
design of buildings, including the spatial, structural and material properties of the halls,
directly affects the indoor environment of the halls. Its quality is ensured by the cooper-
ation of heating, ventilation and cooling systems [8,13,36-38]. The performance of these
systems changes during fattening. The formation of the indoor environment and activity is
influenced by the outdoor environment (season and weather). The indoor environment
is also influenced by the effects of gaseous pollutants such as CO,, NH3, CH, and dust
particles contained in the air or the influence of heat gains and losses [24,39-41].

High air temperatures can contribute to respiratory tract damage, making chickens
more susceptible to respiratory diseases [42]. High air temperatures also affect the quality of
poultry meat, which is also influenced by genotype and housing system [43,44]. In order to
avoid heat stress, it is appropriate to maintain air temperatures in the range of 22-30 °C [44].
Wet litter causes footpad dermatitis and systemic infections like coccidiosis [42]. The
quality of litter has a direct impact on dustiness, humidity and ammonia concentration
and is related to the condition of the skin and respiratory system of chickens [33]. For the
above reasons, it is important to ensure suitable microclimate conditions for the health
and prosperity of poultry [42]. Relative humidity in the range of 50-70% contributes to
increasing well-being and reducing the risk of respiratory diseases [44].

Chickens cool themselves primarily by breathing, as they do not have sweat glands,
and temperature and relative humidity have a significant influence on this ability. In hot
conditions, panting occurs associated with heat-calls. Vocal panting brings a thermoregula-
tory benefit to the emitter [45,46].

The most critical times for each fattening cycle are the beginning and the end of
fattening. The beginning is critical for the chickens to adapt to the new environment
and the end is critical for the air temperature due to the increasing heat production to-
gether with the live weight of the chickens [2]. The beginning and end of fattening are
usually also critical in terms of mortality [47]. As the body temperature of the chickens
increases, the risk of heat stress increases. The normal body temperature of the chickens
is around 41 °C and the respiratory rate is 60-70 breaths per minute. Significant signs of
heat stress are when the body temperature of the chickens increases by 1 K [48]. This is
accompanied by an increase in the respiratory rate (over 150 breaths per minute), changes
in feed and water consumption, reduced growth, increased mortality and reduced physical
activity [12,20,23,24,48,49]. Inmunohomeostasis, hormonal equilibrium, and inflammatory
and oxidative status are also negatively affected by heat stress [26]. In poultry, heat stress is
associated with increased cholesterol and gamma-glutamyltransferase levels and decreased
globulins, glucose, and protein levels [50]. Feed conversion ratio and growth rates are
directly affected by daily temperature stratification [44].

Some negative effects can be mitigated by suitable hall surroundings, which may
include passive cooling elements [36,38,51,52]. It is particularly recommended to use
thick walls, insulation, paint and suitably selected external surfaces of the building [52].
Materials with high albedo and emissivity reduce the heat gain of the objects on which they
are used [53]. The brightness or reflectivity of the surface (parameter Y), directly linked to
the L* value, is strongly correlated with the SRI (solar reflectance index), which expresses
the ability of the surface to reflect solar radiation depending on the relationship of its surface
temperature to the reference surface temperature of a black and white surface [54]. The L*
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value also strongly correlates with albedo values [55]. Gloss has a negative correlation in
relation to the specular roughness of surfaces [56].

The preferred ventilation system is forced negative pressure ventilation, which al-
lows better control of the most commonly used cooling systems (evaporative cooling
with nozzles or mats). Individual systems differ in the achieved air flow speed and its
distribution [11,13,16,27,57,58]. Longitudinal air flow in the house allows for an increase in
air flow speed and ventilation intensity in the summer [57]. This can ensure a more uniform
air temperature, CO, concentration and more effective cooling of poultry by convection in
the summer [59]. Air flow speed affects the removal of sensible heat by convection, reduces
heat stress, and affects the behavior and performance of chickens [60-64].

According to [65], ventilation during the summer period should allow an air exchange
of 5.3 m3-h~1-kg~! for medium-heavy masonry buildings and 5.9 m®-h~!-kg~! for light
buildings. Reference [66] recommends an air exchange of up to 7.5 m®>-h~!-kg! at the
end of the fattening period. Insufficient ventilation and low air flow rates can result in a
deterioration of the litter and higher NH3 production [60-62,67]. The CO, concentration
should not exceed 2500 ppm [65]. In the Czech Republic, the limit is set by decree at
3000 ppm [68].

The article aims to determine the influence of various technical solutions of fattening
houses on the quality of the indoor environment and the performance of fattening poultry
in the summer period, when chickens are at risk of heat stress. In the search for possibilities
of using passive air conditioning methods to protect animals in buildings from heat stress,
we wanted to verify the possibilities of reducing the internal temperature in the halls by
accumulating heat in the walls and reducing the heat load with suitable reflective paints on
the wall and roof surfaces. In the article, we tried to show the real situation on a large-scale
farm with three chicken fattening houses on one farm in the summer.

In summary, the aim of this study was to evaluate how the technical design of broiler
fattening halls influences indoor microclimate and productive performance and to discuss
the implications for thermal comfort and welfare of broilers.

2. Materials and Methods
2.1. Description of the Halls

The research was carried out on a farm in the southern part of the Czech Republic
at an altitude of 520 m above sea level. The area is located in a Central European climate
with a characteristic alternation of four seasons. Three fattening halls (H1, H2 and H3)
were selected for this research. A total of 129,200 Ross 308 hybrid broilers were monitored.
The measurement was carried out during a common commercial production with chickens
of the same age in all houses in the same period for 5 weeks. The basic characteristics of
the buildings are given in Table 1. External and internal views of the investigated halls,
together with an indication of the direction of air supply and exhaust and cardinal points,
are shown in Figures 1 and 2.

Table 1. Main characteristics of the investigated halls.

Hall Features H1 and H2 H3
Number of broaje;s;hlckens (day 0) 49,000 31,200
Hall axis orientation NW-SE NW-SE
Internal dimensions (I x w x h) (m) 103.2 x 23.04 x 2.5-4 99 x 153 x 3.5
Air volume (m?3) 8638 5301
Stocking density at the beginning 20.6 20.6

(pes'm 2)
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Table 1. Cont.

Hall Features H1 and H2 H3

Maximum stocking density (kg-m~?2) 39 39
Wall construction Steel, sandwich panels Masonry (Porotherm bricks)
Wall thickness (m) 0.08 Longitudinal 0.15; gable 0.30

Type of roof construction
Roof material

Natural gas heating
Heating terminal units ?
Negative pressure
ventilation—winter
Negative pressure
ventilation—summer
Evaporative cooling system b
Lighting
Feeding (feeders)
Drinking system
Litter

Two-layer roof
Sandwich panels, steel, Al sheets

Hot air heating
Direct heating units

Both sides cross

Both sides cross and tunnel

High-pressure nozzles
LED
Pan feeders
Nipples
Peat (2 cm layer)

Two-layer roof
Wooden trusses,
Eternit (corrugated asbestos cement)
Hot air heating
Direct heating units

Both sides cross

Both sides cross and tunnel

High-pressure nozzles
Fluorescent lamps
Pan feeders
Nipples
Peat (2 cm layer)

2 BIEMMEDUE SPA, Cherasco, Italy; b LUBING SYSTEM S.R.L., Campodarsego, Italy.

Figure 2. Hall H3: (a) air supply and exhaust; (b) external view; (c) internal view.

Ventilation in the halls is regulated to the optimal microclimate values corresponding to
the fattening day. A special SKOV DOL 539 computer (dol-sensors A /S, Aarhus, Denmark)
for ventilation control automatically adjusts the performance of ventilation airflow rate
based on temperature, relative humidity and CO, concentration measurements.

2.2. Data Acquisition and Processing

The research was carried out in the summer. During the entire fattening period
(5 weeks), long-term measurements were carried out with a recording interval of 15 min.
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Air temperature, relative humidity and CO; concentration in the air were monitored.
Measurements in the halls were 0.35 m above the litter in a representative location in the
middle of the halls. The outdoor sensor (DOL 114—-dol-sensors A /S, Aarhus, Denmark)
was placed in an outdoor meteorological station near the farm halls. The article presents
results only from weeks 3 to 5. Selection of data was made, because in the first 2 weeks of
fattening, chickens require a higher ambient temperature and usually the temperature is
increased by heating. The biological heat production of chickens increases relatively quickly
with the increasing weight of the chickens, but the optimal temperature for chickens is
gradually lower, which is why heat stress can occur. Another reason for not including the
first 2 weeks of fattening in the article is the scope of the article.

Data about chickens’ performance were collected according to standard farm method-
ology. Daily mortality and water consumption were recorded every day at 7 am. The
live weight was the performance data, which were measured weekly by weighing small
groups of chickens placed into measuring boxes using a hand digital scale in each hall.
The measured number of chickens was 50 pcs in total in each week and hall. Water con-
sumption was measured by a standard farm water meter in each hall, placed on water
supply lines. Feed conversion ratio was achieved after the fattening period. Other more
detailed behavioral or physiological indicators were not recorded due to the overall focus
of this research.

The color of the wall and roof surfaces was measured using a Konica Minolta Spec-
trophotometer CM-600d (Konica Minolta Inc., Tokyo, Japan). The color was evaluated
according to the CIELAB system, where the color properties lightness (L*), redness (a*), yel-
lowness (b*) and gloss (8° Gloss) were measured five times on each surface. The instrument
was calibrated before the measurement to a black (L* = 0) and white (L* = 100) standard. A
summary of the measuring devices and sensors used in this research is in Table 2.

Table 2. Summary of the measuring devices and sensors used in this research.

Instrument Measured Parameter Range Sensitivity Accuracy
DOL 114 2 Air temperature —40 to +60 °C 0.1°C £05°C

Relative humidity 0 to 100% 0.1% £ 2%

. 50 ppm =+ 5% of
b pp

DOL 119 CO, concentration 0 to 5000 ppm 0.001 ppm measured value
CM-600d © Surface color 400 nm to 700 nm 10 nm 10 nm
WH-A08 4 Live weight 0 to 50 kg lg 5g

ab qol-sensors A/S, Aarhus, Denmark; ¢ Konica Minolta Inc., Tokyo, Japan; d Weiheng Electronic Technology Co.,
Ltd., Guangzhou, China.

For the temperature humidity index (THI), Equation (1) was used to evaluate the
thermal comfort and condition of the chickens. Equation (1) was selected from many other
THI calculation methodologies because it was developed according to [31], on Ross x Ross
breed chickens:

THI = 0.85t4;, + 0.15t, (1)

where THI—temperature humidity index; ty,—dry bulb temperature, °C; and t,,,—wet
bulb temperature [69], °C.
Wet bulb temperature was calculated according to Equation (2) [69]:

typ = t atan [0.151977 (RH + 8.313659)%5] + atan (t + RH) — atan (RH — 1.676331)

2
+0.00391838 (RH)!5 atan (0.023 101 RH) — 4.686035 @

where t,,—wet bulb temperature, °C; t—air temperature, °C; and RH—air relative
humidity, %.
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The calculation of the required air flow rates according to [65] was according to
Equation (3):
Mymax = Y‘Z'mvmax (3)

where Mymax—total fresh air flow rate for heat removal in summer, kg-s’1 ; y—factor
dependent on the weight of the structure; Z—average number of animals, pcs; and mymax—
recommended air flow rate per animal, kg-s~!-pcs 1.

Production efficiency factor (PEF) [70] was calculated according to Equation (4):

(100 — RM)-my,
PEF = "= em—"-100 (4)

where PEF—production efficiency factor; RM—relative mortality, %; m,—average live
weight, kg; d—age, day; and FCR—feed conversion ratio, kg-kg~!.
The calculation of relative (RM) was according to Equation (5):

M

RM = JocH

-100 )

where RM—relative mortality, %; M—mortality, pcs; and NoCH—number of chickens, pcs.

The acquired datasets were processed using MS Excel, and some of the results (assess-
ing whether differences between evaluated datasets are significant or not) were verified by
statistical software TIBCO SW Data Science Workbench Statistica Version 6 (ANOVA and
Tukey’s HSD (Honestly Significant Difference) test; p < 0.05). The results presented in the
form of charts and graphs were processed in MS Excel.

2.3. Criteria for Assessing the Thermal State of the Environment

The optimal values for the thermal state of the internal environment are given in
Table 3. The values are based on the technological requirements of the Ross 308 broiler
producer [70]. Thermal status assessed by body temperature rise (Atb) and the correspond-
ing THI values according to [31] are given in Table 4.

Table 3. Optimal thermal state inside halls [70].

Age topt “°Q) RHopt (%) THIopt )
Day 15 (week 3) 24.8 60 24.0
Day 21 (week 4) 22.7 60 21.9
Day 27 (week 5) 20.7 60 19.9

Table 4. Evaluation of broiler’s thermal state via body temperature rise Atb and THI values [31].

Thermal Conditions (Atb) THI (-)
Normal (<1 K) <33.14
Alert (1-2.5K) 33.14-36.08
Danger (2.5-4 K) 36.08-39.02
Emergency (>4 K) >39.02
3. Results

3.1. Long-Term Registration Measurement of the Indoor Environment

The average values of air temperatures, relative air humidity and CO, concentrations
from the third week of fattening are shown in Table 5. There is a significant difference
between the outdoor and indoor air temperatures and THI. The highest air temperatures
and THI were in hall H3. Hall H3 had the significantly lowest relative air humidity. Hall
H2 had a lower CO; concentration compared to halls H1 and H3.
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Table 5. Average values of indoor and outdoor environment parameters in the 3rd week. t—air

temperature; RH—air relative humidity; THI—temperature humidity index.

Hall ¢£SD(C) RH+SD(%) THI+SD()  CQ2=5D
(ppm)
External 227+63%  543+187% 2174582 -
H1 287+14>  530+£107%  277+11P 1481 4+ 5842
H2 291+17%  538+£11.6%  280+14>  1185+552°
H3 305+15¢ 48.6+9.5° 2924+13°¢ 1441 £550°

SD—standard deviation. Identical superscript letters **¢ for numbers in a column indicate that there is no
statistically significant difference between measured values.

The average values of the environmental state from the fourth week are shown in
Table 6. Outdoor air temperatures and THI were significantly lower than inside the halls.
In the halls, the values of temperatures and THI were without a significant difference.
Relative air humidity was significantly lower in hall H3 compared to other measurement
locations, where the values were without a significant difference. Significantly higher CO,
concentrations were measured in hall H1.

Table 6. Average values of indoor and outdoor environment parameters in the 4th week. t—air
temperature; RH—air relative humidity; THI—temperature humidity index.

Hall ¢£SD(C) RH+SD(%) THI+SD()  C02%5D
(ppm)
External 16.8 + 4.6 2 59.6 + 132 16.0 + 4.32 -
H1 25.6 +0.5P 582 +812 247 +04P 1791 + 6152
H2 258 +0.6P 592 +8.12 249 +05P 1417 + 556 b
H3 258 +09P 51.1 +£52P 247 +£0.8P 1368 + 295 b

SD—standard deviation. Identical superscript letters *® for numbers in a column indicate that there is no
statistically significant difference between measured values.

In the fifth week of measuring the outdoor and indoor environmental conditions
(Table 7), the outdoor air temperature and THI values were significantly lower than in the
halls. In comparison, hall H1 had significantly lower air temperature and THI values than
the rest of the halls. The relative humidity differed significantly from the outdoor air only
in hall H2. The lowest CO, concentration was measured in hall H2.

Table 7. Average values of indoor and outdoor environment parameters in the 5th week. t—air
temperature; RH—air relative humidity; THI—temperature humidity index.

Hall t+SD(C) RHZESD (%) THI+SD () €O, +SD
(ppm)
External 220+492 56.5 + 13.8 21.1+452 -
H1 255 +24P 58.2 + 10.2 @b 246 +21P 1090 + 292 @
H2 262 +26¢ 58.8 +10.5P 254 +24¢ 828 + 201 P
H3 26.5+3.3¢ 55.3 4+ 8.2 3¢ 25.6+3.1¢ 1075 + 1052

SD—standard deviation. Identical superscript letters P for numbers in a column indicate that there is no
statistically significant difference between measured values.

Table 8 shows the minimum and maximum values of the indoor and outdoor environ-
ments in weeks 3 to 5. The highest air temperatures and THI were reached in hall H3. Air
temperatures in weeks 3 and 5 exceeded 30 °C. THI values in all halls exceeded the optimal
values shown in Table 3. The chickens in the houses were exposed to a thermal state above
THI=28.3in H1 =25h,in H2 = 39.75 h and in H3 = 73.5 h (1.84 times longer than in houses
H1 and H2). In none of the houses was the limit of 33.14 exceeded according to Table 4 [31].
The RH was in hall H2 and then H3. Minimum RH values were lower than 50% and in
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week 3 they dropped to 30%. RH exceeded the 70% limit in the halls in week 5. The highest
CO; value was measured in hall H1 (2818 ppm).

Table 8. Minimum and maximum values of the indoor and outdoor environments in weeks 3 to 5.
t—air temperature; RH—air relative humidity; THI—temperature humidity index.

t(°CQ) RH (%) THI (-) CO; (ppm)
Age Hall Min. Max. Min. Max. Min. Max. Min. Max.
. External 12.6 32.0 21.7 89.8 12.4 29.9 - -
~ Hi1 27.0 32.1 30.2 67.5 26.2 30.6 734 2486
§ H2 26.8 33.2 30.0 69.6 26.1 31.7 528 2350
H3 28.3 33.9 28.3 63.5 27.3 324 833 2469
< External 8.5 24.2 37.7 82.6 8.2 229 - -
~ H1 24.2 26.7 43.7 69.5 23.4 25.5 984 2818
§ H2 24.4 27.6 44.6 71.2 23.6 26.5 751 2435
H3 239 28.1 404 60.7 23.0 26.8 924 1974
" External 12.7 30.1 30.4 81.8 12.3 28.6 - -
~ H1 22.6 30.1 38.5 76.8 22.0 28.7 794 1978
%’ H2 22.7 31.3 39.1 79.8 22.1 30.0 603 1474
H3 21.0 32.1 39.1 72.5 20.3 30.8 919 1471
3.2. Air Temperatures During Hot Summer Days
Tables 9 and 10 show the values of the average maximum and average daily tempera-
tures of warm days in the third week and fifth week, together with the average daily times
of their achievement. Only the average daily air temperatures were different between the
more massive brick hall H3 (30.5 + 0.1 °C) and the halls with sandwich panels H1 and H2
(28.7-29.1 °C) (third week). The latest maximum and average daily air temperature values
were achieved in hall H3, but the difference with halls H1 and H2 was not significant. The
exception was the faster achievement of average daily air temperatures in the fifth week,
when H3 was statistically similar to the outdoor environment.
Table 9. Average selected statistical air temperature values and their daytime in week 3. tmax—
maximum daily air temperature; Timax—time of reaching tmax; tavg—average daily air temperature;
mTayg—time of reaching tavg during morning; etayg—time of reaching tavg during evening.
Hall tmax £ SD (°C) Timax = SD (h) tavg + SD (°C) MTravg + SD (h)  eTiavg = SD (h)
External 2534+8442 16.58 +1.03 2 22740782 9.504+0.202 21.00 £0.202
H1 2934172 15.33 £0.312 287+ 02" 10.67 +0.12 P 20.254+0.352
H2 2994212 15.67 £0.77 2 29.1 +£0.2P 10.75 +0.20 P 20.33 +0.24 2
H3 31.3+2142 15.75 +0.74 2 305+0.1°¢ 10.92 +0.12° 20.58 £ 0.512
SD—standard deviation. Identical superscript letters abc for numbers in a column indicate that there is no
statistically significant difference between measured values.
Table 10. Average chosen air temperature values and their daytime in week 5. tmax—maximum daily
air temperature; Timax—time of reaching tmax; tavg—average daily air temperature; mtayg—time of
reaching tavg during morning; eTavg—time of reaching tavg during evening.
Hall tmax £ SD (°C) Timax = SD (h) tavg = SD (°O) MTivg = SD (h)  eTiavg + SD (h)
External 2954+0.842 16.17 £0.122 22040842 9.58 £ 0.12 ¢ 21.50 £1.082
H1 2934112 16.17 £0.122 255+ 04P 10.67 4 0.12 b< 20.334+0.31%
H2 305+1.172 1642 +0.242 263 +05P 10.58 + 0.31 bc 2042 +£0.24 8
H3 3144+09°2 1642 +0422 265+ 05P 10.22 4+ 0.21 @b« 2092 +£0.24 2

SD—standard deviation. Identical superscript letters P for numbers in a column indicate that there is no
statistically significant difference between measured values.
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On a selected hot day (29th day of fattening), a strong exponential dependence of the
increase in internal air temperatures on the increase in external air temperature was found
(Figure 3). The highest increase in values was observed in hall H3.

v = 18.278e00159% y = 17.87e0.0181x y =15.876e

R2=0.9495 R2=0.9693 R%=0.9732

t; (°C)

12 14 16 18 20 22 24 26 28 30 32
te (°C)
e Hl = H2 s+ H3-—Expon.(H1)——Expon. (H2)

Expon. (H3)

Figure 3. Relationship between indoor and outdoor air temperature on 29th day (from 0 a.m. to
5. p.m.).

During the morning hours of the 29th day, the increase in indoor air temperatures
followed an exponential curve. Outdoor temperatures increased in a linear trend. Trend
lines are descriptive only. A more intense increase in temperatures was observed in hall H3
(Figure 4).

y=3.0976x—7.5821

17 R2=0.9829
15 | y = 20.042g00215x y= 18.835e0:031x y= 14.11 00615
------ R2=0.9234 R2=0971 Rz=097
13
7 700 8 8.5 9 9.5 10
time (h)
—te —+—H3 o— H2 —e—HI1
......... Linear (te) oo Expon. (H3) Expon. (H2) - Expon. (H1)

Figure 4. Air temperature rise during the 29th day (from 7 a.m. to 10 a.m.).

A strong logarithmic dependence with R? > 0.96 was found for the decrease in the
intensity of growth of indoor temperatures on outdoor temperatures (Figure 5).
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y =18.756In(x) — 33.634
32 R2=0.9641

2 23 24 25 26 27 28 29 30 31
t (°C)

« HI H2 . H3 Log. (H1) Log. (H2) ——Log.(H3)

Figure 5. Relationship between indoor and outdoor air temperature on the 29th day (from 10 a.m. to
5. p.m.).

As air temperatures decreased, the values in the halls followed a negative exponential
trend (trend lines are descriptive only). The air temperatures in hall H3 decreased with the
least intensity (Figure 6).

34 1 " " s NOE
y =236.74e011x y = 291 46e-0.118x y = 161.31e0.05%
Rz=0.9319 Rz=0.9677 2=0

. e A — R -

32
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Figure 6. Air temperature decline during 29th day (from 7 p.m. to 9 p.m.).

3.3. Results of Measuring the Color of the Roofs and Walls of the Investigated Halls

The significantly darkest roof surface was measured in hall H3 with a gray eternit
roof covering from the 1980s (L* = 35.7 £ 3.5). On the other hand, halls H1 and H2 have
significantly lighter surfaces and also show significantly higher 8° gloss values (Table 11).

Halls H1 and H2 have similar very light surfaces around the entire perimeter with 8°
gloss from 14.1 to 54.5 in a slightly green and blue color combination. The highest gloss
is provided by the sheet metal cover for the air inlets H3. Hall H3 has the darkest wall
surface (Table 12). The difference in the lightness and gloss of the house surfaces with was
on average L* = 36.8 and 8° gloss = 17.15 between the surfaces of H3 and similar halls H1
and H2.

https://doi.org/10.3390/agriengineering8020051


https://doi.org/10.3390/agriengineering8020051

AgriEngineering 2026, 8, 51 11 of 20

Table 11. Evaluation of roof color by the system CIELAB. L*—lightness; a*—redness; b*—yellowness.

Roof Hall L*+ SD a*+ SD b* + SD 8° Gloss
Al sheet . I ‘\ H1 and H2 814+042 —-07+0.0°% 63+0.32 234 +222
Eternit H3 35.7 +3.5P 1.1+01° 414+06° 2.7 +40P
SD—standard deviation. Identical superscript letters *® for numbers in a column indicate that there is no
statistically significant difference between measured values.
Table 12. Evaluation of wall color by system CIELAB. L*—lightness; a*—redness; b*—yellowness.
Wall % of Hall L* + SD a* + SD b* + SD 8° Gloss
Surface
Metal sheet — 33 Hland H2 843 +0.12 ~12 40024 51402 54.5 4 1.1 2bd
Sa;‘::;d‘ 33 Hland H2  842+03%  —07+01%¢  55+032 141+ 1430
Metal sheet \ \‘ W ’l I 34 Hland H2  84.840.12 ~134+0.02Pd 43+022 258 +0.52P
Cement- e T
bonded . 16 H3 65.6 £ 3.0 0.4 + 0.1 bee 524062 12.7 4+ 13.5ab
particle board .‘
E—
E—
Metal sheet — 8 H3 558 £ 0.6 ¢ —21+002d —15401P 166.6 + 12.5 24
Plaster 76 H3 547 £72°¢ 1.6 +=0.5%¢ 107 +1.4°¢ 344292b

SD—standard deviation. Identical superscript letters **<9¢ for numbers in a column indicate that there is no
statistically significant difference between measured values.

In Tables 11 and 12, the values (a*) and (b*) indicate the saturation of the color hue.
Positive values (a*) indicate the redness of the measured color, while negative values (—a*)
indicate the greenness of the surface. Positive values (b*) indicate the yellowness and
negative values (—b*) indicate the blueness of the surface color.

3.4. Ventilation Capacities

The ventilation air flow of the installed fans in the halls meets the requirements for the
summer period according to the CSN 73 0543-2 standard [65], but they do not reach the
recommended capacity according to [66] (Figure 7).

3.5. Productivity of Ross 308 Broilers

Relative mortality and water consumption in selected periods of 3-5 weeks are shown
in Figures 8 and 9 and in Tables 13 and 14. In the third week of fattening, the relative
mortality was the same in all houses. In the fourth week of fattening, a significantly lower
relative mortality was recorded in house H3 and, conversely, a significantly higher water
consumption compared to houses H1 and H2. In the fifth week of fattening, the same
relative mortality was found in all houses. Water consumption was significantly different
between houses H2 (the lowest consumption) and H3 (the highest consumption).
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Figure 9. Daily values of chicken’s water consumption.

Average live weight gains of chickens are shown in Figure 10. The live weight of
chickens was measured in small groups of chickens (50 chickens in total in each hall);
therefore, the results are mainly illustrative, with imprecise determination of data variability.
In the warm summer weeks, chickens in house H3 had the lowest weight gains compared
to the other houses. Conversely, in the 4th, colder week, chickens had the highest gains.
The opposite trend was observed in house H1 compared to the other houses.
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Table 13. Average daily values of chicken’s relative mortality in the 3rd, 4th and 5th week. RM—
relative mortality.

RMyeek3z £ SD

RMyeeks £ SD

RM,ceis + SD
Hall (%-d-1) (%-d-1) (%-d-1)

H1 0.075 + 0.006 ° 0.058 & 0.004 7 0.048 + 0.015 7
H2 0116 4 0,024 ° 0.067 & 0.006 ° 0.085 4 0.021 2
H3 0.091  0.030 ° 0042 + 0.008 0.075 + 0.021°

SD—standard deviation. Identical superscript letters #° for numbers in a column indicate that there is no
statistically significant difference between measured values.

Table 14. Average daily values of chicken’s water consumption in 3rd, 4th and 5th week. W—water

consumption.

Hall wweek3 + SD Wweek4 +SD WweekS + SD
(mL.b—l.d—l) (mL.b—l.d—l) (mL.b—l.d—l)
H1 190 + 192 257 + 132 309 + 37 abe
H2 185 + 152 243 + 132 292 +22ab
H3 246 4+ 21P 299 +21P 368 + 20 ¢

SD—standard deviation. Identical superscript letters #P< for numbers in a column indicate that there is no
statistically significant difference between measured values.
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Figure 10. Average values of chicken’s live weight gain.

Table 15 shows the final performance values of the investigated fattening. Hall H3 had
worse results compared to halls H1 and H2 only in water consumption and production
efficiency factor (PEF).

Table 15. Summary of final production performance parameters of the fattening period.

Performance Parameters H1 H2 H3
Number of chickens day 0 (pcs) 49,000 49,000 31,200
Average live weight (kg) 2.08 1.94 2.10
Weekly live weight myq + SD (g-ks~1-7d 1) 373 £2232 323 + 1862 350 £+ 2172
Feed conversion ratio (FCR) (kg-kgfl) 1.54 1.47 1.53
Relative mortality (%) 2.76 3.40 3.20
Daily relative mortality + SD (%-d™1) 0.074 £ 0.044 2 0.084 +0.044 2 0.061 £0.0342
Water consumption (L-kg 1) 3.25 3.12 4.09
Daily water consumption 4 SD (mL-pc~d 1) 176 £ 952 171 £ 932 224 + 1122
Production efficiency factor (PEF) (-) 396 405 385
Slaughter age (day) 32.2 31.5 34.5
Fattening duration (day) 36 34 37

SD—standard deviation. Superscript letter # for numbers in a column indicates that there is no statistically

significant difference between measured values. The age and length of fattening vary due to the pre-selection of
selected chickens.
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4. Discussion

The aim of the research was to evaluate how the technical design of broiler fattening
halls and possibilities of using passive air conditioning methods influence indoor microcli-
mate and productive performance, and to discuss the implications for thermal comfort and
welfare of broilers during real operation conditions in the summer period. Ensuring animal
welfare is important in terms of the requirements for compliance with prescribed animal
welfare parameters and is also important for effective fattening results. Modern measure-
ment and evaluation technology allows for a detailed analysis of microclimatic conditions
and provides prerequisites for finding options for improving the current situation.

The main subject of this article is a comparison of microclimatic conditions and per-
formance results in three houses with the same interior equipment but different building
construction on one farm during the same period in summer. The conditions and perfor-
mance in two identical lightweight panel houses with light aluminum roof sheets were
compared with the conditions and results in a massive brick house with a dark eternit roof.

The average and minimum air temperatures and heat index (THI) (Tables 5-8) in the
houses in weeks 3 to 5 exceeded the optimal values according to [70] (Table 3). In the warm
weeks 3 and 5, the temperature in all houses exceeded 30 °C.

Signs of heat stress (increased body temperature, increased respiratory rate and re-
duced performance) were observed in a study [48] in 17-31 day old Ross 308 chickens
already in environmental conditions of t = 29 °C and RH = 66% (THI = 28.3). A signif-
icant decrease in performance and heat stress was observed in an environment with a
temperature of t = 33 °C and relative humidity = 60% (THI = 32.1).

The THI value of 28.3 was exceeded in all houses in weeks 3 and 5, when the maximum
outdoor air temperatures reached 32 and 30.1 °C. The maximum THI values in week 3
were THI = 30.6 in house H1, THI = 31.7 in house H2 and THI = 32.4 in house H3. In week
5, the maximum value in house H1 was THI = 28.7 in house H2, THI = 30 in house H3 and
THI = 30.8 in house H3. The time when the THI = 28.3 was exceeded in house H1 lasted
25 h, in house H2 39.75 h and in house H3 73.50 h. In addition, in house H3, the chickens
were kept for 3.25 h in conditions of THI = 32.1-32.4 (day 17; week 3).

According to [13], heat stress in chickens is monitored on average at an air temperature
of 32.5 °C. The air temperature exceeded the stated value on the 17th day of fattening in hall
H2 for 4.75 h and in hall H3 for 6.75 h. Hall H3 reached significantly higher temperatures
and THI values in week 3, i.e., the warmest week, compared to halls H1 and H2. In week 5,
it differed significantly only from hall H1.

The higher temperature and THI values were influenced by the properties of the
materials and surfaces of the roofs and external walls. The light panel halls H1 and
H2 with light aluminum roof sheets had higher reflectivity (L* = 81.4 & 0.4) and gloss
(8° gloss =23.4 £ 2.2) compared to the roof of the massive brick hall with a dark eternit
roof (L* =35.7 £ 3.5; 8° gloss = 2.7 £ 4.0). The same trend was observed also for external
walls. The dark color of the roof surfaces and parts of the walls of the brick hall accelerated
the increase in the air temperature in the hall (Figures 3 and 4). The air temperature was 0.7
to 2 K higher in the hall with darker surfaces, which was also reflected in the higher THI
(Table 8).

The color of the roof, or rather its ability to reflect solar energy, can affect the surface
temperature of the roof by 8 °C [71]. This can have a significant effect on the increase in air
temperature inside. Up to 60% of heat gains pass through the ceiling [49]. A positive effect
was observed with appropriate thermal insulation of the roof [49,72]. Houses with good
roof insulation achieved higher weight gains, higher feed intake, lower feed conversion
and lower mortality compared to houses without thermal insulation [72].
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The lowest average RH values of 48.6-55.3% were also observed in hall H3. In weeks
3 and 4, H3 differed significantly from the average values of halls H1 and H2, which did
not differ significantly from the outdoor environment. Low values below 50% RH are
unfavorable and can cause drying of the litter associated with increased dustiness and
related problems [42].

The highest average values of RH were found in hall H2 (53.8-59.2%). A significant
difference in the average RH in hall H2 from the outdoor environment was recorded only
in week 5.

On the contrary, high RH values above 70% cause wet litter associated with increased
NHj concentration, which can cause respiratory damage to the chickens [42,73]. Poor litter
conditions negatively affect the health of chicks’ feet [60]. As RH increases, the cooling
capacity of chickens through respiration also decreases [49]. RH higher than 70% was
measured in all halls in week 5 and in hall H2 also in week 4. The maximum RH value was
in hall H1 = 76.8%, in hall H2 = 79.8% and in hall H3 = 72.5%.

Despite significant differences in average air temperatures in the houses in the warm
third and fifth weeks of fattening, a significant difference in relative mortality was observed
only in the cold fourth week. House H3 had significantly lower mortality in week 4
than houses H1 and H2. The effect of increasing air temperatures on increased mortality
between 20 and 35 °C was not observed in chickens aged 21-49 in a study [74]. There was
a significant difference in RH values between house H3 and houses H1 and H2 during
the given period and CO, concentration reached higher levels also in houses H1 and H2
than in house H3. In colder week 4, CO, concentration exceeded the limit of 2500 ppm
set by [65] in house H1 (2818 ppm), but the limit (3000 ppm) set by [68] was not exceeded.
In the house H1, CO, concentration differed significantly from the other houses. With
the exception of week 4, house H2 had the lowest average CO; concentration values in
comparison to other halls.

In the H3 house, significantly higher water consumption was observed compared to
the H1 and H2 houses. Only in the fifth week was the water consumption in the house
H3 comparable to the consumption in house H1. The high air temperatures in the third
and fifth weeks also influenced the live weight gain values of the chickens. During this
period, the gains in the H3 house were the lowest compared to the H1 and H2 houses. On
the contrary, in the colder fourth week, the highest gain was achieved in the H3 house.

When the air temperature increases above 20 °C, by each degree the feed intake
decreases by 1.5% while maintaining constant water consumption. Water consumption
increases only when the air temperature increases above 30 °C, and together with the
reduced feed consumption leads to diarrhea [49]. The decrease in feed consumption
and the increase in water consumption associated with the increase in air temperature is
confirmed by [74].

The results presented in Tables 9 and 10 and Figures 3-5 show a slight but statistically
insignificant effect of a more massive brick structure on the delay of increases and decreases
in air temperatures in the house caused by heat accumulation in the structure. There is also
a more intense increase in air temperatures due to solar radiation caused by significantly
darker and less shiny surfaces of the roof and external structures. Day 29 was chosen
as a representative warm day, as one of the warmest days of fattening in the last phase
of fattening, which is critical in terms of air temperatures and also due to increased heat
production from the chickens [2].

Air exchange in hall H3, thanks to the installed ventilation capacity, is possible up
to 58.8 h™!, and in halls H1 and H2 even 64.2 h~!. Such high ventilation intensities
cause significant heat gains through ventilation during the summer period. The influence is
supported by the strong exponential dependence of internal air temperatures on external air
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temperatures (Figure 3) and the intensive growth of air temperature values in the morning
hours (Figure 4). Ventilation capacities are comparable in both types of halls with respect
to the types of buildings and meet the requirements of the CSN 730543-2 standard [65]
(Figure 7). However, in none of the halls is the ventilation capable of achieving the air flow
rate of 7.5 m3-h~!-kg~! recommended by reference [66].

The increase in temperature values in the houses was also affected by the orientation
of the poultry houses to the cardinal points. The current NW-SE orientation (the same for
all houses) is not recommended throughout the literature. The east-west orientation of the
house axis parallel to the longer side walls has the lowest solar radiation exposure [49,51].
Furthermore, due to the all-day exposure of the side walls to sunlight, a 30% rotation of the
longitudinal axis relative to the north-south orientation of the house (southwest-northeast)
is recommended for this variant [51].

The results of the research show that the use of shiny and light materials for the
roof and perimeter structures of chicken fattening houses reduces the thermal load of the
building in the summer, which is reflected in the reduction in the risk of heat stress. In
practical terms, this is reflected in the improvement of production parameters and the
reduction in water consumption.

A significant positive effect of the massiveness of the structure has not been con-
firmed, but in further research, it would be appropriate to verify other variants of the
materials used.

Future research should focus on heat accumulation due to the massiveness of the
building, given the expected changes in legislative regulations for poultry fattening, when
the maximum permitted number of chickens per m? will be reduced. Reducing the biologi-
cal load will allow air flow to be reduced, which will make the effect of heat accumulation
in massive brick buildings more pronounced.

In addition, we recommend focusing on the effect of RH on litter quality, NH3 produc-
tion and dustiness in relation to chicken performance. We also recommend verification of
the assessment of thermal status using the THI summary indices and determination of a
suitable methodology for assessing thermal status in chickens up to 35 days of age. Further-
more, we recommend determining the degree of influence of high air exchange intensity in
houses on heat gains and investigating possible methods of reducing the influence of the
outdoor environment on the thermal status in houses.

5. Conclusions

This study analyzed the effect of various technical solutions for broiler houses on
the quality of the indoor environment and performance of the chickens, with the aim
of identifying the possibilities of reducing the heat stress of the chickens by passive air
conditioning methods. The effect of the massiveness of the structure on the attenuation of
air temperature and the effect of surface materials and their color on the reflectivity of solar
radiation in these buildings were verified. During the third to fifth week of broiler fattening
period (Ross 308 hybrid broilers), microclimatic conditions and performance results were
analyzed in three houses with the same indoor equipment but different building construc-
tion on one farm in the same period in summer, when outdoor temperatures reached up to
32°C.

The results of temperature, relative humidity and CO, concentration measurements
were measured and registered over a long period of time throughout the fattening period at
15 min intervals. This article summarizes the results of datasets from the most demanding
period of the last 3 weeks, when there is a risk of heat stress for chickens in the summer.
The conditions and performance in two identical light fattening houses (49,000 chickens
each) with light aluminum roof sheets (L* = 81.4 & 0.4) were compared with the conditions
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and results in a massive brick fattening house (31,200 chickens) with a dark eternit roof
(L*=35.7 & 3.5). The dark color of the roof surfaces and parts of the walls of the brick
house accelerated the increase in air temperature in the house. The air temperature was 0.7
to 2 K higher in the house with darker surfaces, which was also reflected in a higher THI.
THI values in all halls exceeded the recommended optimal THI values and the threshold at
which heat stress occurs, THI = 28.3.

Chickens were exposed to a thermal state above the value at which heat stress (reduced
performance, higher water consumption, malaise) is manifested in panel houses with light
roof sheets for 25 and 40 h and in a brick house with a dark roof for 73.5 h, which is
1.84 times longer than in light houses. Higher temperatures and THI values resulted in
smaller gains and an increase in water consumption by 30%. The effect of heat accumulation
of the brick structure on the attenuation of high temperature was not significant.
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ANOVA  Analysis of Variance
EFSA European Food Safety Authority

FCR Feed Conversion Ratio

HSD Honestly Significant Difference
LED Light-Emitting Diode

NW Northwest

PEF Production Efficiency Factor
RH Relative Humidity

RM Relative Mortality

SD Standard Deviation

M Mortality

NoCH Number of Chickens

SE South East

SRI Solar Reflectance Index

THI Temperature Humidity Index
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