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ARTICLE INFO ABSTRACT

Keywords: Large temperature fluctuations in alternative hen housing threaten poultry welfare and productivity because of
Laying hen temporary and seasonal ventilation adjustments. This study proposes an all-year sidewall inlet ventilation (ASV)
Ventilation

system with buffer spaces and constant air inlet to stabilize the incoming airflow and minimize thermal varia-
tions at the hen level. The ASV system was evaluated in a commercial multi-tier layer house housing 24,000 hens
in a temperate monsoon climate. Over 407 days, 58 sensors monitored outdoor conditions, buffer spaces,
sidewall inlets, and indoor zones (between/within colony rows), with egg production and feed intake recorded.
Results indicated without supplementary heating, indoor air temperatures ranged from 18.3 to 29.8°C, while
outdoor temperature fluctuated from -22.0 to 37.3°C. The diurnal temperature fluctuation indoors remained
within 3°C for 77.4 % of the period, peaking at 4.7°C. Average diurnal fluctuations indoors were 2.4°C (winter),
2.0°C (transition season), and 2.8°C (summer), compared to outdoors at 12.9°C, 14.0°C, and 11.6°C, respec-
tively. During a 21.9°C outdoor diurnal fluctuation, variations in buffer spaces, sidewall inlets, and indoors
measured 17.7°C, 12.2°C, and 4.7°C, showing significant gradation (P < 0.05). Summer indoor temperatures
exceeded 26°C on 112 days due to cooling-activation at 28.0°C and reduced buffer space residence times. In the
hottest month, interstitial zones between colony rows averaged 26.5 + 1.29°C and 80 % + 4.5 % RH. Micro-
climates within colony rows exhibited 1.5°C warmer and 9 % lower in RH than interstitial spaces (P < 0.05).
Longitudinal temperature gradients peaked at the rear section, whereas lateral distributions were symmetric,
with the middle column 0.7°C cooler than sides (P < 0.05). Diurnal feed intake deviation from the theoretical
curve strongly correlated with 7-day mean, maximum, and minimum indoor temperatures (P < 0.001). In
summary, the ASV system maintained indoor diurnal temperature fluctuation within 4.7°C across season,
providing an effective ventilation strategy to support the transition to cage-free systems.

Multi-tier system
Thermal environment
Welfare

Introduction

Hens are homeothermic animals sensitive to cold and heat stress. The
temperatures within layer houses are critical for their health, welfare,
and productive performance, especially for modern high-yield laying
hens (Dawkins et al., 2004; Barrett et al., 2019; Kim et al., 2023). It is
generally recommended to maintain diurnal temperature fluctuations
within 6°C, especially in the thermal neutral zone of 18-24°C. Exceeding
this temperature range can lead to environmental stress (Al-Saffar and

Appropriate scientific section: Management and Production
* Corresponding author.
E-mail address: weichaozheng@cau.edu.cn (W.C. Zheng).

https://doi.org/10.1016/j.psj.2025.105887
Received 11 March 2025; Accepted 22 September 2025
Available online 23 September 2025

Rose, 2002; Tao, 2003; Lysenko et al., 2011). Wang (2020) further
suggested that diurnal temperature fluctuations should ideally be
limited to 3°C in enclosed poultry houses. Ventilation systems are
crucial for maintaining a stable thermal environment, and tunnel
ventilation is the most commonly used method (Bjerg et al., 2002;
Lysenko et al., 2011). These systems require a lot of energy to maintain
the desired temperature range. However, previous studies have shown
that diurnal temperature fluctuations in tunnel-ventilated houses can
exceed 8°C in a temperate monsoon climate (Wang, 2012; Hui et al.,
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2018; Wang et al., 2018a, 2019), resulting in lower feed conversion
ratios compared to stable temperatures of 21°C or 23.9°C (Harris et al.,
1974; Howlider and Rose, 1987; Al-Saffar and Rose, 2002; Tao, 2003).
Nevertheless, the optimal operating mechanism by which ventilation
affects the stable temperature regulation remains to be identified.

Weather conditions, building structure, and ventilation design can
directly influence multiscale flow and heat transfer phenomena, with a
subsequent effect on the temperature across different zones (Choi et al.,
2024; Predicala and Maghirang, 2003; Tong et al., 2019; Zhao et al.,
2013). Basically, a well-considered design of the building enclosure,
including factors such as the building orientation, color of the external
envelope, thickness of insulation materials, and bonding method of as-
sembly panels, can significantly enhance thermal insulation perfor-
mance and mitigate the impact of weather on the microclimate within
layer houses (Garcimartin et al., 2007; Wang et al., 2018b). Moreover,
various studies have suggested that incorporating an air buffer space, an
air-recirculated ventilation system, or a double-duct ventilation system
can improve the air intake temperature and reduce temperature fluc-
tuations within the animal-occupied zone (Kim et al., 2022a; Kindangen
etal., 2022; Yang et al., 2021; Yeo et al., 2019). These approaches offer a
novel perspective for designing building-integrated ventilation, poten-
tially contributing to the environmental sustainability of poultry
farming. However, it should be noted that the above studies have mostly
been conducted for simulation verification under specific temperature
ranges and seasonal conditions.

The basic airflow trajectory within a ventilated house follows a path
from the inlet to the exhaust fan (Randall and Battams, 1979). In pre-
sent, common inlets include sidewall inlet and evaporative cooling pads.
Cross-ventilation, which utilizes multiple exhaust fans and sidewall in-
lets, is commonly adopted during the winter and transition seasons
(Kwon et al., 2015). In the summer, a tunnel or combi-tunnel ventilation
system with evaporative cooling pads is typically used to create a wind
chill effect. Evaporative cooling pads are installed on the gable wall
and/or both sidewalls at one end of the building, and fans are installed at
the opposite end (Cheng et al., 2018; Webster and Czarick, 2000).
However, practical observations indicated that temporary and seasonal
adjustments of ventilation modes based on external weather conditions
cause significant temperature fluctuations and uneven temperature
distribution (Xu, 2022). Furthermore, computational fluid dynamic
(CFD) simulations conducted by Gebremedhin and Wu (2005) found
that varying the air-inlet can cause significant variations in the unifor-
mity of the flow-field and exacerbate turbulent pulsation within the
houses. Therefore, we hypothesized that maintaining a consistent
airflow path through a fixed configuration of air inlets and air outlets
across different seasons may enhance thermal stability within layer
houses.

Besides focusing on building structure and ventilation design,
housing systems and stocking density present significant challenges in
stable temperature regulation. This issue is particularly pertinent in light
of the industry’s ongoing transition to cage-free systems, which aim to
address welfare concerns associated with caged housing. Al-Saffar and
Rose (2002) noted that birds in cage-free housing often experience large
diurnal fluctuations in air temperature, particularly in hot climates.
Zhao et al. (2015) conducted a 27-month environmental monitoring
study that compared conventional cages, enriched colony systems, and
aviary houses. Their findings indicated that a cross-ventilated aviary
house (49,842-hen capacity) exhibited poorer indoor air quality, higher
ventilation rates, and greater supplemental heating demands under the
synergistic coupling effects of increased hen activity levels and reduced
stocking density. Similar conclusions were drawn by Li et al. (2020,
2023) and Hong et al. (2021), whose research focused on
tunnel-ventilated aviary systems. Chen et al. (2021) employed CFD
modeling to evaluate a “top-wall inlet sidewall exhaust” ventilation in a
cage-free housing system under cold weather conditions (0°C). The
simulation predicted that the house temperatures would range from 10
to 20°C at a stocking density of 0.11 m? per bird. However, this idealized
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assumption (birds are evenly distributed) contrasts with actual cage-free
operations, where lower stocking densities facilitate greater horizontal
and vertical mobility. This mobility markedly complicates the regulation
of environmental factors (Rehman et al., 2018; Yang et al., 2024; Zhao
et al., 2013). Therefore, this complexity highlights the critical need for
purpose-designed ventilation systems and thorough performance eval-
uations tailored to the specific requirements of modern multi-tier
poultry production systems.

In a previous study, our team investigated a longitudinal buffer space
ventilation system in a conventional caged layer house with a capacity
of 30,000 hens, situated in a temperate continental climate from May to
June (Wang et al., 2018a). We utilized 42 spatially distributed moni-
toring points to demonstrate the effectiveness of the system in reducing
dust deposition and mitigating diurnal temperature fluctuations. Based
on these findings, the present study developed an all-year sidewall inlet
ventilation (ASV) system featuring buffer spaces and constant air inlets.
The performance was evaluated in a commercial multi-tier layer house
throughout an entire production cycle, with regard to the flock perfor-
mance and thermal environment under various seasonal and diurnal
conditions in a temperate monsoon climate.

Materials and methods
Design of all-year sidewall inlet ventilation system

Firstly, the ASV system adopted a previously established longitudinal
buffer space design (Wang et al., 2018a), which incorporates a transi-
tional zone to mitigate the direct impact of external weather fluctuations
on the incoming airflow. To determine the optimal geometry of this
buffer space, the air within it was treated as a ventilated air layer (Sawén
et al., 2021). Under the negative-pressure ventilation, this airflow was
modeled as the forced flow of a Newtonian fluid with constant physical
properties. Based on principles of energy and mass conservation
(Sandberg and Moshfegh, 1998), the optimal width-to-height ratio
(W/H) was consequently determined to be 0.35.

Secondly, the ASV system is designed to maintain a consistent
airflow path via fixed inlet and outlet channels under all seasons and
weather conditions. In this study, sidewall inlets were utilized as the sole
constant air inlets due to their longer service cycle. To address high-
temperature conditions, evaporative cooling pads were installed on
the exterior wall of the buffer space to pre-cool the air entering through
the sidewall inlets.

In summary, the ASV system ensures the airflow consistently follows
this sequence (see Fig. 1): outdoor — evaporative cooling pad — buffer
space (fully mixed) — sidewall inlet — hen-occupied zone — exhaust
fan. This constant airflow path, combined with the thermal buffering
capacity, is intended to mitigate the impact of external weather

Exhaust Fan

Buffer Space

Evaporative
Cooling Pad

Fig. 1. Schematic diagram of the all-year sidewall inlet ventilation (ASV) sys-
tem depicting the consistent airflow path and key components.
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fluctuations and enhance the thermal stability within the layer houses.

Experimental layer house

This study was conducted in a commercial multi-tier layer house
equipped with the ASV system, located in Beijing, China (40°19" N,
117°23' E) and constructed in 2023 (see Fig. 2).

Building characteristics

The east-west-oriented layer house measured 89 m (length) x 14 m
(width) x 4.8 m (height). Two symmetrical buffer spaces (4.8 m high x
1.7 m wide x 78 m long) were installed along the longitudinal side of the
building. The main walls of the layer house were constructed with a
thickness of 150 mm using rock wool sandwich panels, while the buffer
space walls were 50 mm thick. The roof featured a double-layer system
composed of two 100 mm rock wool sandwich panels, and it was
equipped with a suspended ceiling. The cladding panels of the entire
building envelope were joined with a concealed fastener connection
system to create a smooth interior surface without any protrusions.
Additionally, critical gaps and joints were sealed with polyurethane
foam to improve airtightness. Steel columns were placed outside the
thermal insulation layer to prevent the formation of thermal bridges.

Ventilation system configuration

There were 14 gable-mounted exhaust fans with shutters and dif-
fusers, including 12 constant-speed fans (1.8 kW, 47,800 m® h! ca-
pacity) and two variable-speed fans (0.75 kW, 23,300 m® h™? capacity).
On each longitudinal wall, 59 inlets with arc deflectors were installed.
Each inlet had outline dimensions of 800 x 360 mm and installation
dimensions of 770 x 340 mm. The inlet array spanned 62.3 m, with the
first inlet positioned 0.2 m from the eastern gable and the lower edge of
all inlets fixed 3.7 m above ground level. In addition, evaporative
cooling pads (0.1 m thick x 1.5 m wide x 44 m long) were vertically
installed on the exterior walls of both buffer spaces, protected by sun-
shades to mitigate rainwater intrusion and solar radiation.

Environmental control strategy

The ventilation operated in two modes: 1) Fresh air entered through
the buffer spaces and sidewall inlets, circulating through the hen-
occupied zone before being exhausted by the fans (normal mode); and
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2) air passed through the wetted cooling pads before entering the buffer
space (cooling mode, activated at indoor temperatures > 28.0°C). Sys-
tem operation was automated through an environmental control system
(Rotem Pro, Munters Air Treatment Equipment Co., Ltd., Beijing,
China), which regulated ventilation based on outdoor temperature, flock
age (in weeks), and production level. The ventilation system was
designed with minimum and maximum capacities of 0.63 m® h™! and
15.93 m>® h™! per hen, respectively. A 30-stage fan control sequence was
implemented with the sidewall inlet openings dynamically adjusted
according to the fan stage activation and building static pressure.

Multi-tier housing system and birds

The study used 24,000 Jing Ting No.6 laying hens (Beijing Huadu
Yukou Poultry Industry Co., Ltd., Beijing, China). Hens were placed in
the housing system at 12 weeks of age (23 September 2023) and
depopulated at 70 weeks of age (2 November 2024), maintaining a
stocking density of 0.064 m? per hen.

Multi-tier housing system

The system was designed and developed by the China Agricultural
University (see Fig. 3). Hens were distributed in three parallel colony
rows, each longitudinally divided by wire mesh screens into 11 pens.
The spatial distribution of colony units followed an east-west gradient:
pen 1 (8.4 m long x 2.8 m wide x 3.3 m high) contained seven full-
colony units, whereas pens 2-11 (6.0 m long x 2.8 m wide x 3.3 m
high) each contained five units, resulting in a total of 57 colony units per
row. The multi-tier colony consisted of four tiers, with the fourth tier
housing nest boxes. Each of the four tiers featured under-tier manure
belts. External feed troughs and internal nipple drinkers were installed
only on tiers 1-3 to mitigate health and welfare issues associated with
high stocking density on the top tier (Fu, 2019; Yin et al., 2024). The
second, third, and fourth tiers were equipped with galvanized steel
perches (full length 6.0 m). Unlike the aviary system currently used in
the European Union, there was no provision for litter on the floor. Hens
within each pen could freely access all colony units and migrate between
all tiers.

Management strategy
Laying hens were managed using an automated system. Feeding was

(Protected by Sunshade)

Evaporative Cooling Pad

Multi-tier System

Sidewall Inlet

Buffer Space

Fig. 2. Internal and external schematic drawings of the experimental multi-tier layer house with an all-year sidewall inlet ventilation system.
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Fig. 3. Top view (A) and side view (B) schematic drawings of a pen in the multi-tier system.

performed three times daily, and water was provided ad libitum. The
hens were fed a commercial corn-based diet (see Tab. 1), which was
formulated based on egg production, feed intake, and ingredient cost
according to five distinct phases. The photoperiod schedule, managed
according to standard commercial protocols, is listed in Tab. 2. From 12
weeks of age, the photoperiod was gradually increased from a 10-h light
and 14-h dark schedule to a 16L:8D schedule over 30 weeks. From weeks
48 to 59, the lights were turned on for one hour between 23:00 and
24:00. This strategy was designed to encourage feed intake and support
productive performance during a period of high ambient temperatures.
A centralized egg collection system was used for daily egg collection.
Manure belt removal was performed every 1-2 days, with the manure
subsequently stored in on-farm facilities.

Measurement of thermal environment

Continuous thermal environment monitoring was conducted
throughout the production cycle, from September 23, 2023, to
November 2, 2024. The spatial distribution of the monitoring points is
illustrated in Fig. 4, which shows both the top and side views of the
sensor placements.

Table 1
Changes in nutrient composition of commercial layer diet throughout a pro-
duction cycle.

Nutrient Pullet Pre-lay Peak Peak Post-
(12-14 (15-20 (21-30 (31-56 peak
wk of wk of wk of wk of (57-70
age) age) age) age) wk of
age)
Metabolizable 2734 2710 2657 2641 2629
Energy
(kcal/kg)
Crude Protein (%)  15.50 16.20 17.20 15.50 15.30
Crude Fiber (%) 8.00 7.00 7.00 7.00 7.00
Calcium (%) 0.80 2.60 3.70 3.73 3.97
Available 0.42 0.50 0.44 0.37 0.36
Phosphorus (%)
Na (%) 0.36 0.36 0.32 0.32 0.32
DLys (%) 0.68 0.74 0.81 0.68 0.65
DMet (%) 0.33 0.42 0.40 0.36 0.33
DMet+DCys (%) 0.67 0.76 0.80 0.71 0.65
DThr (%) 0.47 0.54 0.54 0.47 0.43

Table 2
Photoperiod schedule and light intensity for the experiment layer house during
the entire production cycle.

Duration Photoperiod Schedule Light Intensity’
(week) (lux)
12~14 10L:14D 07:00~17:00 15
15~16 10L:14D 07:00~17:00 25
17 10L:14D 04:00~14:00
18 11L:13D 04:00~15:00
19 12L:12D 04:00~16:00
20 12.51:11.5D  04:00~16:30
21 13L:11D 04:00~17:00
22 13.5L:10.5D  04:00~17:30
23 14L:10D 04:00~18:00
24~25 14.5L:9.5D 04:00~18:30
26~27 15L:9D 04:00~19:00
28~29 15.5L:8.5D 04:00~19:30 30
30~47 04:00~20:00
48~59 04:00~20:00,
23:00~24:00
60 04:00~20:00,
23:00~23:45
61 161:8D 04:00~20:00,
23:00~23:30
62 04:00~20:00,
23:00~23:15
63~70 04:00~20:00

! The light intensity was measured at the feeder.

Fifty-eight Hobo Pro Series air temperature and relative humidity
loggers (Onset Computer Corp., Bourne, MA, USA) were strategically
deployed to measure outdoor, buffer space, sidewall inlet, and indoor
environments (between and within colony rows). The dataloggers of
interstitial zones between colony rows were installed in the following
directions to characterize three-dimensional thermal profiles: 1) longi-
tudinal measurements, which included three sensor distances from the
gable wall (without fans), at 17 m (front), 41 m (middle), and 65 m
(rear); 2) lateral measurements, which included three aisles across
Column 1, Column 2, and Column 3; 3) vertical measurements, which
included four heights of 1.25 m (Tier 1), 2.05 m (Tier 2), 2.85 m (Tier 3),
and 3.65 m (Tier 4), corresponding to the hen breathing heights.
Additionally, nine sensors were installed within the colony rows at a
height of 2.85 m, according to the aforementioned horizontal orienta-
tions, to reflect the microclimate at the hen level more accurately.
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Fig. 4. Schematic of the layer hen house showing the floor plan (A) and the cross-sectional view (B) of the house layout, ventilation system, and sensor locations for

the temperature and relative humidity.

Twelve sensors were installed in the buffer space and sidewall inlet,
corresponding to the three longitudinal sections mentioned above. One
sensor was placed outside to measure ambient conditions.

These loggers performed within a temperature range of —40 to 70°C
and measured relative humidity from 0 % to 100 %, with an accuracy of
+ 0.2°C and + 3 %, respectively. Each measurement was recorded at 5-
minute intervals. All measurements were recorded without interference
from commercial production. Additionally, all data loggers deployed in
this study were checked and calibrated using a National Institute of
Standards and Technology-certified Heating and Cooling Temperature
Calibrator (CL134-1; OMEGA Engineering, Inc., Norwalk, CT, USA)
before and approximately every 4 weeks during the experiment.

Measurement of production performances

Data on the daily number of eggs, feed consumption, and dead hens
were recorded from 79 (12 weeks) to 485 days (70 weeks) of age. Hen-
day egg production (%) was calculated as the daily number of eggs
divided by the number of live hens on the same day. The ages at which
the flock reached 50 % (onset of lay) and peak hen-day egg production
were determined based on these daily records. Daily feed intake (g~*
hen™!) was calculated by dividing the total daily feed consumption by
the number of live hens. The typical egg production and feed intake
curves for Jing Ting No.6 laying hens (from 12 to 70 weeks of age), as
provided in the breeder’s management guide, were used as a reference
for comparison.

Data and statistical analysis

All statistical analyses were performed using IBM SPSS Statistics
(version 25.0; SPSS Inc., Chicago, IL, USA), and graphs were created
using OriginPro (Origin Lab, Northampton, MA, USA). This study used
diurnal temperature fluctuation as the metric to assess thermal stability.

Thermal distribution was characterized by the mean + SD at different
locations. Pearson correlation analysis was used to evaluate the associ-
ation between temperature and egg production, as well as feed intake.
Significance levels were denoted as follows: *P < 0.05, **P < 0.01, and
***p < 0.001.

Thermal stability

It was first evaluated by plotting a line graph of the daily mean,
maximum, and minimum temperatures, as well as a bubble graph of
diurnal temperature fluctuation, for both the outdoor and indoor envi-
ronments (monitored via 36 sensors between colony rows) across the
entire production cycle. The ASV system was further assessed by
analyzing diurnal temperature fluctuations under different seasons and
weather conditions, as detailed below:

1) Seasonal lengths and onsets were determined according to the GB/T
42074-2022 “Division of Climatic Seasons” standard (Chen et al.,
2022), using 5-day outdoor moving average temperatures obtained
from the National Meteorological Information Center. Fixed thresh-
olds defined in the national standard were applied: 22°C for summer
and 10°C for winter. This classification enabled a detailed evaluation
of the range of diurnal temperature fluctuations controlled by the
ASV system across seasons.

To evaluate system performance under extreme weather conditions,
weeks containing the day with the highest outdoor temperature
fluctuation (11 April-17 April) and the day with the highest outdoor
temperature (4 July-10 July) were selected separately for each
operational mode (normal and cooling). During these periods,
diurnal temperature fluctuations were analyzed at different struc-
tural levels: outdoors, buffer spaces, sidewall inlets, and indoors.

2

—

Thermal distribution
The thermal environment distribution within multi-tier systems
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remains rarely characterized. The month with the highest diurnal tem-
perature fluctuation, as identified in the previous section, was selected
for detailed analysis of temperature and humidity conditions along the
longitudinal, lateral, and vertical directions, as well as inside and
outside the colony rows. These data provide foundational information
for optimizing ventilation strategies.

Flock performance

Changes in egg production and feed intake over the entire cycle were
plotted against both hen age and indoor air temperature, alongside the
typical performance curve provided for the genetic strain of the laying
hens. Furthermore, Pearson correlation analysis was conducted to
examine the relationship between the deviation of actual production
performance from theoretical values and the corresponding 7-day
average daily temperature, daily minimum temperature, daily
maximum temperature, and diurnal temperature fluctuation.

Results and discussion
Thermal performance over the production cycle

Fig. 5 illustrates the variations in the indoor, target room, and out-
door temperatures over 407 consecutive days (23 September 2023 to 2
November 2024). The outdoor temperature exhibited substantial fluc-
tuations from —22.0 to 37.3°C, averaging of 12.5 + 12.14°C. Under
these conditions, the indoor temperatures ranged from 18.3 to 29.8°C,
with an average of 23.1 £+ 2.36°C, fluctuating around the target room
temperature, without supplementary heating.

Comparing it with the operational ranges reported in other aviary
systems. Oliveira et al. (2020) observed that temperatures within fan
banks and hallways ranged from 20.3 to 30.9°C, while the ambient
temperature varied from 3.4 to 28.9°C, with a floor space of 0.064 m?
per bird. Zhao et al. (2015) surveyed air temperature during a complete
production cycle. They reported an average temperature of 26.9 + 1.2°C
at hen level, compared with 9.9 + 10.6°C at the ambient level, with a
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system in this study, a more insightful approach is combined with
examining the environment’s short-term stability, which is less influ-
enced by absolute set points and more reflective of the system’s per-
formance to buffer external disturbances.

Thermal performance on the seasonal scale

Exploring the applicability of the ASV system across different seasons
was a core objective of this study. Over the 407 days, seasonal distri-
bution based on outdoor temperature was as follows: winter (128 days),
summer (136 days), autumn (88 days, in two segments), and spring (55
days). Seasonal outdoor and indoor temperature statistics are summa-
rized in Table 3.

In winter, the indoor temperature ranged from 18.3 to 24.3°C,
averaging 21.2 + 0.93°C, while the outdoor temperature ranged from
—22.0 to 17.4°C, with an average of —0.4 + 8.55°C. These results were
achieved under minimal ventilation (0.63 m® h! per bird) and no
supplemental heating. During the transitional seasons, indoor temper-
atures ranged from 19.2 to 27.6°C, averaging 22.1 + 1.78°C, whereas
outdoor temperatures showed a wider range, from —3.1 to 29.7°C, with
an average of 13.8 + 7.10°C. In summer, indoor temperatures ranged
from 20.4 to 29.8°C, with an average of 25.3 £+ 1.92°C, while outdoor
temperatures ranged from 6.2 to 37.3°C, with an average of 25.0 +
6.07°C.

The optimal temperature range for laying hen productivity and
welfare is 18-26°C (Garcimartin et al., 2007; Olgun et al., 2007; Wang,
2020). The ASV system maintained temperature within this range for
295 days (72.5 % of the study period), primarily during winter and
transitional seasons. This performance can be attributed to the enhanced
building envelope tightness, effective insulation, and thermal buffering

Table 3
Seasonal statistical summary of indoor and outdoor temperatures.

Temperature (°C)

Seasons Locations

floor space of 0.066 m? per bird. Their target temperature was 25.6°C, Average  Maximum  Minimum  Standard
and supplemental heating was triggered at 22.8°C. Similarly, Hayes Deviation
et al. (2013) monitored temperatures ranging from 19 to 32°C (four Winner Outdoor ~ —0.4 17.4 —-22.0 8.55
sensors near fans) over 19 months in lowa, USA. However, direct com- " Indoor 21.2 24.3 18.3 0.93
. £ absolute t t £ limited 1 d t Transitional Outdoor 13.8 29.7 -3.1 7.10
parisons of absolute temperature ranges are of limited value due to PN Indoor 021 276 192 178
differences in climate conditions, targeted temperature, sensor layout, s Outdoor  25.0 37.3 6.2 6.07
stocking density, and especially supplementary heating. Furthermore, in rmmer Indoor 25.3 29.8 20.4 1.92
the absence of a side-by-side comparison with a traditional ventilation
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capabilities.

Unlike conventional negative-pressure buildings, which lose heat
directly through their envelope, the ASV system establishes a stable
conductive gradient: Warm Indoor Air — Inner Wall — Buffer Space Air
— Outer Wall — Outside. This reduces the thermal difference across the
main building envelope. In winter, incoming cold air is pre-warmed as it
lingers in the buffer space and circulates over the warm inner wall
surface before entering the animal-occupied zone. Turner et al. (2022)
reported higher liquefied petroleum gas consumption (5.890 L per tonne
of eggs) in Canadian multi-tier layer houses compared with conventional
cages (0.079 L per tonne of eggs). Therefore, the ASV system may lead to
net positive outcomes in cold weather by passively pre-warming
incoming air through structural design.

However, exceedances above 26°C occurred on 112 days (27.5 % of
the period), mainly in summer. This highlights a limitation under high
heat load conditions. While the cooling activation threshold was
intentionally set to 28.0°C to assess passive resilience, future operational
iterations could optimize this set point. Further research is also war-
ranted to monitor the wind chill effects of the ASV system.

Stability performance with diurnal temperature fluctuation

The diurnal temperature fluctuation was used as the thermal stability
coefficient, where a lower value indicated greater stability in the ther-
mal environment (Albright and Scott, 1974; Han et al., 2024). Fig. 6
illustrates the diurnal temperature fluctuations inside and outside the
house over a year. The indoor diurnal fluctuation ranged from 0.7 to
4.7°C, with an annual mean of 2.5°C, compared to an outdoor range of
1.3 to 21.9°C and a mean of 12.8°C.

Seasonal analysis further demonstrated the system’s effectiveness. In
winter, the average indoor temperature fluctuation was 2.4°C, ranging
from 1.2°C to 3.9°C. Outdoors, the average diurnal fluctuation was
12.9°C, with values ranging from 2.1°C to 20.3°C. During the transi-
tional seasons, indoor fluctuations averaged 2.1°C, varying between
0.7°C and 4.0°C, while the average outdoor fluctuation was 14.0°C, with
a range of 3.2°C to 21.9°C. In summer, the average indoor fluctuation
increased to 2.8°C, with a span from 0.9°C to 4.7°C, compared to an
outdoor average of 11.6°C and fluctuations ranging from 1.3°C to
21.8°C.

The increased variability observed in summer is primarily
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attributable to higher ventilation rates, which reduce air residence time
within the buffer space and diminish its thermal buffering capacity, as
Ruzal et al. (2011) noted. This led to greater susceptibility to transient
cooling effects and infiltration of ambient conditions.

Throughout the study, it was observed that the indoor diurnal tem-
perature variation remained within 3°C on 77.4 % of days and never
exceeded 4.7°C, regardless of seasonal or weather changes typical of a
temperate monsoon climate, thereby achieving a primary goal of envi-
ronmental control, which helps ensure the health and productivity of
hens (Mueller 1961; Al-Saffar and Rose, 2002). The temperature fluc-
tuations were particularly stable during the winter and transitional
seasons, consistently remaining below 4.0°C. However, real-time
changes in ventilation rates and static pressure (Chen et al., 2016;
Zhao et al., 2015), important parameters for optimizing the ASV system,
particularly during summer, were not monitored.

Stability performance under extreme weather conditions

The efficacy of the ASV system was critically assessed under two
characteristic extreme weather scenarios: a period of maximum diurnal
fluctuation (normal mode) and a period of peak heat (cooling mode).

Normal mode

Fig. 7A illustrates the temperature variations across different build-
ing levels during the week containing the maximum daily ambient
fluctuation. Throughout this week, the outdoor temperature fluctuated
significantly, ranging from 4.2 to 27.1°C. This wide range is due to the
low specific heat capacity of dry air, which leads to rapid temperature
changes during Beijing’s transitional seasons (Luo et al., 2021). As
shown in Fig. 7B, there were significant differences in temperatures
across all building levels (P < 0.05). The standard deviation of weekly
temperature progressively decreased across these structural boundaries:
5.06°C (outdoor), 4.56°C (buffer space), 3.15°C (sidewall inlet), and
1.37°C (indoor). This trend highlights a strong buffering effect on
thermal variability, underscoring the critical role of the buffer space.
This finding aligns with prior reports of reduced temperature fluctua-
tions in buffer spaces (Wang et al., 2018a).

The system’s buffering capacity was clearly demonstrated on the day
with the highest outdoor temperature fluctuation (16 April, 21.9°C).
Diurnal temperature fluctuations were recorded at 17.7°C in the buffer
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space, 12.2°C at the sidewall inlet, and only 4.7°C indoors. This pro-
gressive attenuation of external thermal shocks highlights the system’s
effectiveness in maintaining a stable hen-occupied environment despite
severe external conditions.

Cooling mode

Fig. 8 illustrates the temperature and relative humidity across
different building levels during the week containing the hottest ambient
temperature. This week, outdoor temperatures ranged widely from 20.0
to 37.3 °C, while relative humidity fluctuated between 28 % and 96 %.
Significant temperature and relative humidity differences were observed
across all building levels (P < 0.05, Fig. 8B and 8D). Temperatures
exhibited a clear gradient: outdoor temperatures averaged 26.8 + 4.7
°C, decreasing to 22.7 + 2.34 °C in the buffer space and 23.3 + 2.52 °C
at the sidewall inlets, before stabilizing at 26.4 + 1.45 °C indoors. A
similar progressive stabilization occurred in relative humidity, with
outdoor relative humidity averaging 68 + 18.3 %, increasing to 82 +
11.2 % in the buffer space and 88 + 5.0 % at the sidewall inlets, and
moderating to 78 + 6.0 % indoors. Cooling was primarily achieved
through evaporative pads, which pre-cooled incoming air. However, the
nearly overlapping temperature and humidity profiles between the
buffer space and sidewall inlets indicate reduced air residence time
within the buffer space under high ventilation rates, thereby diminish-
ing its thermal buffering capacity.

On the hottest day recorded, with an outside temperature of 37.3°C
and a relative humidity of 28.0 % + 1.6 %, we evaluated the cooling
efficiency of the evaporative pads. The maximum theoretical cooling
achievable by these pads is based on the difference between the dry-bulb
and wet-bulb temperatures (Hui et al., 2018). According to the
enthalpy-humidity diagram, the outdoor wet-bulb temperature was
found to be 22.6°C. The measured temperature in the buffer space,
which approximates the temperature of the air after passing through the
pads, was 23.9 £ 0.26°C. This indicates a high cooling efficiency of 91.2
%. The external sunshade structure significantly contributed by
reducing solar radiation and preventing rainwater intrusion, which
allowed the pads to operate close to their theoretical maximum
efficiency.

In summary, the ASV system demonstrated effective thermal buff-
ering against extreme diurnal temperature fluctuations and achieved
high cooling efficiency under extreme high-temperature conditions.
These results confirm its ability to maintain indoor thermal stability
under various climatic challenges, supporting its applicability in sus-
tainable, climate-resilient poultry production.

Thermal distribution of the multi-tier system

Analysis for this section focused on July to assess the most chal-
lenging thermal conditions. July was the hottest month and exhibited
the largest indoor diurnal temperature fluctuation. The combination of
heat stress and uneven environment during this period may present a
substantial risk to production performance (Webster and Czarick, 2000),
making it critical to evaluate spatial thermal distribution. Longitudinal,
lateral, vertical, and within/between colony rows spatial dimensions of
temperature and relative humidity are summarized in Table 4.

Laterally, Columns 1 and 3 showed symmetrical temperature profiles
(P > 0.05), which may be attributed to the external sunshade structure.
Column 2 had an average temperature 0.7 °C lower than the sides (P <
0.05). This observation aligns with the findings of Trokhaniak et al.
(2023) and Tian et al. (2024), the downward deflection of inlet jets
following roof impingement at the center creates a localized
low-temperature zone in the middle column, enhancing the airflow
circulation within the animal-occupied zone.

Longitudinally, no significant temperature variations were observed
between the front and middle sections (P > 0.05). The rear section
exhibited 0.4°C higher average temperature than the front and middle
regions (P < 0.05). This difference can be explained by the placement of
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Table 4
Spatial distribution (mean + SD) of indoor temperature and relative humidity
during July 2024.

Locations Temperature (°C) Relative Humidity (%)
Front 26.1 +1.67° 80 +3.6°¢
Middle 26.2 +1.62° 82+ 457
Rear 26.5 +1.73° 81+49°
Column 1 26.7 +1.61° 83+37°?
Column 2 26.0 +1.69 ° 82+4.2°
Column 3 26.7 +£1.44° 80+5.1°¢
Tier 1 26.4 + 1.70 80 +4.5°¢
Tier 2 26.1 +1.66 ° 83+35%°
Tier 3 26.5 + 1.65 ° 82+46°
Tier 4 25.7 +1.48°¢ 83+4.1°
Between 26.5 + 1.29 80 +£ 5.5
Colony Rows
Within 28.0 + 1.62 71 +5.9

Colony Rows

Note: The different superscript letters (“a”, “b”, and “c”) indicate that the means
(+ SD) in the same column (along the longitudinal, lateral, and vertical direc-
tion, respectively) differ (P < 0.05); the same were no significant differences.

the evaporative cooling pads in the front two-thirds of the buffer space,
which directly influenced the intake temperature. Additionally, fan
extraction in the rear section partially suppressed the Coanda effect of
airflow, leading to increased air turbulence (Babadi et al., 2022).

Vertically, temperatures within the housing system ranked from
highest to lowest as follows: Tier 3 > Tier 1 > Tier 2 > Tier 4. The heat
produced by the birds is a significant driver of the microclimate inside
the house, meaning that the distribution of birds across different tiers
can influence temperature variations (Chepete et al., 2004). In a
multi-tier housing system, bird distribution is highly uneven and not
static.

Tier 4, which contains egg-laying boxes, exhibits significantly lower
temperatures compared to the other tiers (P < 0.05), with a maximum
mean temperature difference of 1.1°C relative to Tier 3. This lower
temperature is primarily due to reduced bird occupancy, caused by the
removal of feeders and drinkers (Yin et al., 2024). Furthermore, the
lighting regimen (see Table 2) contributed to the thermal pattern by
influencing hen movement. For instance, after the morning laying peak,
hens vacated the top-tier nest boxes due to the lack of feed resources,
leading to a rapid decline in local biotic heat production. After lights-off,
the relocation of most hens to floors and perches further reduced oc-
cupancy and heat generation on the upper tiers. Moreover, we observed
aggressive behaviors (e.g., pecking) from dominant hens on higher tiers,
preventing hens from lower tiers from moving upward, which reinforced
the stratification of bird density. Furthermore, we noted aggressive be-
haviors, such as pecking, from dominant hens on the higher tiers. This
aggression prevents hens on the lower tiers from moving up, thereby
reinforcing the stratification of bird density. Another important factor
contributing to these temperature differences is the cooler incoming air
introduced near the top tier. The longitudinal airflow tends to move
through the space near the roof, which has lower ventilation resistance,
resulting in higher wind speeds at the top tier (Cheng et al., 2018).

Temperatures within the colony rows were significantly higher (28.0
+ 1.62°C) and exhibited greater variability than those found in the
interstitial zones between the colony rows (26.5 + 1.29°C), with an
average difference of 1.5°C. This temperature gradient may be influ-
enced by increased airflow resistance and the hens’ direct exposure to
their own metabolic heat and humidity (Tong et al., 2019; Zheng et al.,
2020). However, it is important to note that while temperature and
relative humidity were monitored at multiple levels, airflow velocity
measurements—which are essential for comparing airflow resistance
and evaluating actual heat stress across different farming systems—were
not included in this study.
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Fig. 9. (A) Egg production and (B) feed intake of Jing Ting No.6 hens in relation to indoor temperature throughout the production cycle (12-70 weeks).

Flock performance in relation to thermal environment

Fig. 9A compares the weekly laying rate against the theoretical curve
provided by the breeder for Jing Ting No.6 hens from 12 to 70 weeks of
age. The overall trend of actual egg production broadly aligned with the
benchmark curve. Hens commenced laying at 22 weeks of age (50 %
production), reached a peak lay of 94 % at 27 weeks, and maintained a
laying rate above 85 % until 57 weeks. Weekly feed consumption, as
shown in Fig. 9B, followed the expected physiological trend, increasing
to a peak of 120.0 g per hen per day at 40 weeks before declining to
105.3 g per hen per day by week 54. The higher activity requirements in
the multi-tier system likely increased maintenance energy demands,
except during heat stress, when reduced feed intake was observed (De
Andrade et al., 1977; Marsden and Morris, 1987; Lin et al., 2016).

However, actual production consistently remained slightly below
theoretical values. While the reasons for this discrepancy are unclear, it
may be related to management adjustments to the new housing system
and behavioral issues, such as pecking and crowding within larger group
pens. These factors have been previously linked to lower productivity in
multi-tier systems compared to conventional cages (Yilmaz Dikmen
et al., 2016; Decina et al., 2019; Erek and Matur, 2024; Shoji et al.,
2025). Additionally, although the Jing Ting breed is known for its high
production levels, our observations suggest it may be more vulnerable to
stress in complex aviary environments.

Pearson correlation analysis confirmed that air temperature plays a
significant role in influencing the productivity and feed consumption of
laying hens (see Table 5), which aligns with established literature
(Payne, 1966; Arieli et al., 1980; Peguri and Coon, 1991; Kim et al.,
2022b; Li et al., 2024). A positive correlation was found between de-
viations in egg production and the average daily temperature over the
past three days (P < 0.05), with the highest correlation coefficient
observed for the current daily maximum temperatures. Additionally,
feed intake deviations exhibited even stronger negative correlations
with thermal parameters. Significant relationships were noted with
average daily temperature, maximum temperature, and minimum
temperature (P < 0.001), and substantial correlation persistence was
observed for up to a week after the measurements. Interestingly, diurnal
temperature fluctuations on the same day showed only a moderate
correlation with feed intake (P < 0.05) and no significant correlation
with egg production (P > 0.05). This lack of correlation may be due to
the effective performance of the ASV system, which maintained daily
temperature variations within 4.7°C throughout the production
cycle—well below the 6°C threshold recommended to minimize pro-
ductivity loss (Al-Saffar and Rose, 2002). These findings emphasize the
importance of implementing thermal management strategies that
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Table 5

Pearson’s correlations among the 7-day daily average temperature, minimum
and maximum temperatures, diurnal temperature fluctuations, egg production,
and feed intake.

Egg Production’ (%) Feed Intake? (g per hen)

Item

r P-value r P-value
Thn  0.525%%%  0.000 ~0.789*** 0,000
Thax  0.540%%%  0.000 ~0.769***  0.000
Current Day T  0.518%*  0.000 —0.795%**  0.000
AT 0212ns 0153 ~0.314% 0.032
Toin  0.458%%  0.001 ~0.799%** 0,000
priorDa Tmax  0.427%%  0.003 —0.752 0.000
v Tag  0.429%%  0.003 ~0.784*** 0,000
AT 0.149ns  0.317 ~0.276ns  0.060
T 0.365* 0.012 ~0.754*%* 0,000
) Tmax  0.383%%  0.008 0.000
Two-Day Prior—p " o.361% 0.013 0.000
AT 0.240ns  0.104 0.103
Toin 027705 0.060 0.000
T, 0.328* 0.024 ~0.664*** 0,000

Three-Day Pri max
reebay FHOr e 0.207% 0.042 —0.698%**  0.000
AT 0.283ns  0.054 —0.202ns  0.173
Tmin  0.276ns  0.060 ~0.677%%* 0,000
T, 0.288* 0.050 ~0.585*** 0,000

Four-Day Pri max
ourbay FHor 1. 0.252ns  0.088 ~0.643*** 0,000
AT 0.182ns  0.220 ~0.137ns  0.359
Tpin  0.206ns  0.165 ~0.608***  0.000
' . Tmax  0.229ns 0121 ~0.533%**  0.000
Five-Day Prior we  0.186ns 0212 —0.577%% 0,000
AT 0176ns  0.237 ~0.141ns  0.344
Tpin 01260 0.400 ~0.540%** 0,000
. _ Tmax  0.149ns  0.319 —0.484%*%  0.001
Six-Day Prior Tag  0.102ns 0.496 ~0.497%%%  0.000
AT 0131ns  0.382 ~0.153ns  0.306

Note: The deviation of actual production performance from theoretical values;
2The deviation of actual feed intake from theoretical values; >The Pearson’s
correlation; *The daily minimum temperature; °The daily maximum tempera-
ture; ®The daily average temperature; “The diurnal temperature fluctuations;
*P < 0.05; **P < 0.01; ***P < 0.001; ns, no significant (P > 0.05).

consider both immediate and delayed effects of temperature, particu-
larly in controlling cumulative heat load to reduce declines in feed
intake and subsequent egg production.

Conclusion
An ASV system with buffer spaces and constant air inlets was

developed to stabilize the incoming airflow and minimize the temper-
ature fluctuation under diverse seasonal and weather extremes. The
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following conclusions were based on a comprehensive evaluation con-
ducted in a 24,000-hen commercial multi-tier layer house under a
temperate monsoon climate over a full production cycle:

1. The ASV system maintained indoor temperatures within 18.3-29.8°C
throughout the production cycle, with daily temperature fluctuation
controlled within 3°C for 77.4 % of the time and never exceeding
4.7°C regardless of seasonal variations.

2. The system kept the indoor temperature at 18.3°C without supple-
mental heating when outdoor temperatures dropped to —22.0°C,
while maintaining a stocking density of 0.064 m? per hen.

3. The ASV system demonstrated effective progressive thermal buff-
ering (P < 0.05), reducing a 21.9 °C outdoor diurnal fluctuation to
17.7 °C in the buffer spaces, 12.2 °C at the inlets, and only 4.7 °C
indoors.

4. Spatial analysis revealed significant thermal variation: longitudi-
nally, higher temperatures in the rear section; laterally, a 0.7°C
cooler central column; vertically, the highest temperature on Tier 3
and the lowest on Tier 4; and a 1.5°C temperature increase with 9 %
lower relative humidity within colony rows (P < 0.05).

5. Diurnal feed intake deviation strongly negatively correlated with 7-
day mean, maximum, and minimum indoor temperatures, whereas
egg production deviation showed a strong positive correlation with
the current day’s mean, maximum, and minimum temperatures (P <
0.001).
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