
Abstract
Ventilation plays a key role in the livestock buildings since it

is important to guarantee a comfortable environment and adequate
indoor air quality for the animals. Naturally ventilated barns are
usually characterized by high variability in the ventilation condi-
tions. Moreover, the ventilation efficiency can be very different in
different areas of a barn because of the different presence of the
animals. On the other hand, appropriate ventilation is an essential
requirement to ensure animal welfare and efficient and sustainable
production since a proper ventilation is the most efficient way to
remove undesirable air pollutants and to obtain a comfortable
microclimate for the welfare of the animals. In this regard, the
computational fluid dynamic (CFD) simulations represent a pow-
erful and useful tool because they can be used to assess ventilation
and microclimate conditions. In this context, the present study has
the object to assess whether different CFD modelling approaches
(i.e. model with animals modelled as obstacles with closed vol-
ume and model enriched with cows modelled as obstacles capable
of exchanging heat with the surrounding air volume) show differ-
ences in relation to the climatic conditions inside a naturally ven-
tilated dairy barn. The comparison of the results, set in terms of
indoor air temperature and air velocity contours of the two differ-
ent models, arises that if a precise definition of the microclimatic

features is necessary, in order to correlate them with production
parameters or assess animal welfare indexes, thermal simplifica-
tion is not acceptable since can lead to completely misleading con-
clusions and incorrect evaluations. Then, only adopting CFD
models considering the animal thermal behaviour is possible to
obtain effective information both for the proper barn system man-
agement and for the creation of useful tools driving the farmers’
choices.

Introduction
In livestock buildings, ventilation is an important aspect

because it is essential to ensuring a comfortable environment with
good indoor air quality (Wang et al., 2017; Saha et al., 2020).
According to Wang et al. (2018b) and (Ding et al., (2005) ventila-
tion is currently the most effective technique to get rid of unpleas-
ant air pollutants, like dangerous gas and dust, and to create a
proper microclimate for the health of the animals. The most cru-
cial indoor environmental features to track in livestock buildings
include air temperature, relative humidity, concentration of gases,
air velocity, lighting, air pressure, and noise to establish an ideal
microclimate (Li et al., 2016; Rong et al., 2016; Vitali et al., 2021;
Chantziaras et al., 2020), particularly in the animal occupied zone
(AOZ). According to Choi et al. (2011), carbon dioxide (CO2),
carbon monoxide (CO), ammonia (NH3), methane (CH4), hydro-
gen sulphide (H2S) and nitrous oxide (N2O) are the undesired gas
species that have the greatest impact on the air quality in livestock
buildings. Most of these gases are present in the nature air in very
low percentages, but if their levels rise above certain thresholds,
they can have a negative impact on both housing conditions and
animal productivity (Tomasello et al., 2019). In buildings for
intensive animal husbandry, where proper ventilation is a crucial
necessity to guarantee both animal health and effective and sus-
tainable production, these factors are even more crucial.
According to available research, air temperature and relative
humidity peak values in the hot season of the last five years in cen-
tral Mediterranean countries (Giannone et al., 2023) were signifi-
cantly greater than the critical temperature of the thermoneutral
zone for several animal species (Gonçalves de Oliveira et al.,
2021). Furthermore, if building geometry and management meth-
ods are not adequate to minimise the detrimental effects on ani-
mals, the indoor conditions could be considerably worse than the
outdoor ones in AOZ (Mossad, 2005). These are aspects that prop-
er air quality monitoring systems can help to address.
Additionally, it can be highly expensive, both technically and
financially, to monitor the air quality throughout the entire layout
of a structure with very wide domain. Moreover, because of pres-
ence of partitions and interactions with the animals, airflow inside
naturally ventilated livestock buildings typically exhibit large
variability with time and location inside the barn (Bjerg et al.,
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2000; Cao et al., 2023).
On the other hand, computational fluid dynamics (CFD) simu-

lations actually represent a powerful tool in this context because
they can be used to evaluate the ventilation conditions of specific
buildings and to obtain wind-driven solutions for various wind sce-
narios (Willits, 2002; Liu et al., 2021; Liu et al., 2008).
Additionally, the numerical models can drive the planning and,
when necessary, the evaluation of the best ventilation retrofitting
actions.

As with other agriculture buildings (Teitel and Wenger, 2014;
Kim et al., 2017; Molina-Aiz et al., 2017), the CFD simulations
allow for a detailed understanding of both outdoor airflow and
wind-driven indoor ventilation flow in a building, computing the
features of the interaction between animals and building (King et
al., 2017) and providing helpful guidance for the management of
openings and shadow curtains (Jackson et al., 2020) for the differ-
ent seasons.

In this study, a naturally ventilated dairy barn was chosen as
case study to analyse and assess the indoor ventilation in different
climatic conditions and wind velocity. The CFD simulations have
been realized by considering two types of models. A first model
has the animals in the barns modelled as obstacles (i.e., simple
closed volume). In a second model defined “enriched” the cows
have been modelled as volumes also capable of exchanging heat
with the surrounding air volume. The comparison between the
results of the two different models have allowed to understand the
complex ventilation patterns in the building and it provided useful
insights for a proper modelling of the animal-structure interaction
in livestock buildings also aiming to set the most precise indoor
thermal conditions.

Materials and Methods
Description of the case study building

The dairy cattle barn considered in the work is located in the
municipality of San Pietro in Casale (Emilia Romagna Region), in
a flat countryside in the northern Italy, about 25 km North of
Bologna (WGS84 coordinates: 44°42’59.2” N ;11°27’04.9” E,
elevation 17.0m asl). The barn is characterized by a rectangular
layout with dimensions of 42.2m × 80.3m (Figure 1) and has the
longitudinal axis (i.e., the longer dimension) SW-NE-oriented
( i.e., with -20° azimuth angle). The inner area of the barn serves as
the resting place. Closing fences along the symmetry axis enables
to divide the herd into two independent groups. The building ele-
vation results in a symmetrical double pitched roof without inter-
nal columns and with a ridge line running along the longitudinal
axis. It has a continuous ridge opening, a 12.15m ridge height and
a roof slope of 33% (Figure 1). To improve natural transverse ven-
tilation, for both wind-driven and stack effects, the long lateral
sides are completely open and only in case of strong wind condi-
tions the animals are protected by using shading nets. Low-pres-
sure, large-droplet water soaker lines, placed above the feeding
lanes at a height of 1.80 m from the pavement, provide additional
cooling benefits during summer season. The water soaker lines are
automatically activated when the indoor temperature, measured by
an internal probe placed in the center of the barn at a height of 2.5
m from the pavement, overpasses the 24°C. The water soaker lines
alternate 5 minutes of watering and 10 minutes of inactivity. The
building hosts about 270 Holstein Friesian cows (70 primiparous
and 200 multiparous) milked by four automatic milking systems
(AMS), and having average weight of 4.50 kN and average age of
3.5 years. The average daily milk production is 33.3 kg/cow.

                             Article

[page 168]                                            [Journal of Agricultural Engineering 2024; LV:1589]                                                             

Figure 1. Views of the case study barn and its internal organization. a) Plan view. b) Transverse cross-section view.
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Description of the air monitoring system
A customised air quality monitoring system has been tailored

and installed in the investigated barn since the available commer-
cial systems were considered not compliant with the requests of
the investigation asking for the collection of a very heterogeneous
dataset. So, before setting the numerical CFD analyses the activi-
ties started with the collection of various indoor and outdoor envi-
ronmental data. These data have allowed to:
• correlate indoor and outdoor environmental parameters;
• analyse and assess potential correlations between the data of

milk production and cow activity with the indoor environmen-
tal data;

• continuously monitor the characteristics of the barn housing
the animals and assess the welfare of animals in real time.
The smart monitoring system (SMS), depicted in Figure 2,

incorporates sensor networks that have been specifically created
into a unique system architecture. All the details about the sensors
and the architecture of the SMS can be found in Bovo et al. (2020).
The SMS has been designed and construct as a system capable of
measuring the main environmental outdoor and indoor data (T, rH,
pressure, gases concentration, wind velocity and direction, etc.)

and other quantities. It was created to enable the smart control of
the facility, to provide a diagnostic of the operating conditions and
early alarms in case of anomalies by enabling to capture, to stor-
age, to transmit, and manage massive datasets of physical and
environmental features collected in the barn and in its proximity.

Nodes, gateways, and servers are the primary elements of the
hardware that make up the monitoring system. Nodes and gate-
ways are installed in the monitored facilities, while servers are
physically located at the University of Bologna (Italy).
Additionally, the server stores data backup copies on a cloud ser-
vice to increase data availability and system redundancy. Locally
and wirelessly, nodes are linked to the gateway, which gathers data
and transmits it to the server. Each node is equipped with on-board
sensors or external sensors that can be used to collect one or more
of the physical quantities of interest. The node has the capability to
interface with the most common commercial sensors.

A small electronic board with limited processing and storage
capabilities serves as the node’s building block. The board controls
battery charging, photovoltaic solar energy harvesting, and the
power supply for the entire node and sensors. It is given access to
the gateway’s wireless transmission capabilities. The gateway,
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Figure 2. Pictures of the smart monitoring system (SMS) installed in the case study barn. a) View of an indoor node positioned at a level
of 2.0 m from the bedding. b) Detail of the outdoor node located at the top of the building. c) Position of the fourteen indoor nodes.
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which is an internet-connected device, controls the data reception
from the nodes and transmits data to the server. The gateway just
serves as a bridge between the cloud server and the nodes’ wireless
local area network; it has no storage capacity. The gateway needs
to be connected to the power grid because of its characteristics. As
reported above all the technical details about sensors, probes and
the architecture of the SMS can be found in (Bovo et al., 2020) and
are not reported here for the sake of brevity of the paper.

Information from the nodes is saved on a workstation that is con-
nected to internet and then made accessible through a web interface by
the server. It enables, in real time, chart consultation, dashboard control,
and data download to authorized users. Figure 2 shows some details of
the SMS installed in the case study building. One node is currently col-
lecting outdoor environmental data, whereas fourteen nodes are gather-
ing indoor data. Temperature, relative humidity (rH), air velocity, and
CO2, CH4, NH3, H,S, and SO2 concentrations are recorded by the 14
indoor nodes located at height of 2.0 m from the pavement.
Temperature, relative humidity, air pressure, wind speed, wind direction,
rainfall, and illumination are all measured by the outdoor node. In the
present work the data collected by the SMS have been adopted for the
validation of the numerical model of the building.

Description of the numerical models
The geometrical 3D model of the barn with the cows posi-

tioned inside has been realized with Autodesk Inventor 2020
(https://www.autodesk.com/eu) with software license available to
the University of Bologna. Then, two different CFD models were
developed in parallel. In a first model the cows in the dairy barn
have been considered as a simple obstacle (i.e., a closed volume)

whereas in a second enriched model, the cows have been modelled
as volumes able to exchange heat with the surrounding air volume
(for details see Figure 3). In their actual location and true geome-
try, the inside walls separating corridor from the bedding area have
been modelled as impervious obstacles. The Vento AEC software
(https://www.cspfea.net/doc_prodotti/Vento-AEC/cspfea-vento-
aec-ventilazione_naturale_vento_cspfea_3.pdf) tool, version 2024,
was used to run the simulations. The computational domain, as
depicted in Figure 3, is centred on the dairy barn and measures 630
m × 330 m × 60 m. These dimensions have been calculated starting
from the building dimensions, with the purpose of including a suf-
ficient surrounding volume to ensure a fully developed flow lee-
ward and windward. In particular, the reference dimension for the
domain has been considered the barn height equal to H=12 m at the
ridge. Then, the computational volume has characterized by a
height 5 H, as well as the distance to the ends ≥10H (upstream and
downstream of the building), equal to 24H (Oliveira et al., 2023)
(Tominaga et al., 2008). The software uses the immersed boundary
approach (Huang and Tian, 2019), which makes it possible to
quickly and easily build meshes even for complex geometries (Tu,
Yeoh and Liu, 2012). In fact, in this method, a simulation is run on
a grid that does not conform to the boundary surface, and the
immersed boundary is represented by the surface mesh itself. The
simulations have been conducted under steady state, incompress-
ible and turbulent regime. In the CFD simulations, the classic k-e
turbulence model (Launder and Spalding, 1983; Wu et al., 2012;
Wang et al., 2021) has been applied to the turbulent transport prob-
lem considering its reliable and its extensive validation in several
applications (Blanes-Vidal et al., 2008; Norton et al., 2009). Then,
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Figure 3. Views of the numerical model. a) Global top view. b) Lateral view with the details of the randomly placed cows. c) Top view
of the model of the barn.
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using Einstein’s summation notation, the mass conservation in Eq.
(1), the momentum conservation in Eq. (2), the energy conserva-
tion in Eq. (3), with the Boussinesq approximation (De la Torre-
Gea et al., 2011), are:

                                                                                                   

                                                              
(1)

                                                                                                   

                
(2)

                                                                                                   

                                                              
(3)

where: Uj is the velocity components [m s−1], xi is the spatial coor-
dinate [m], P is the pressure [Pa], ρ is the air density [kg m−3], µ is
air viscosity [m2 s−1], and µ is turbulent (eddy) viscosity [m2 s−1].
Moreover, Sj is a source term, fb is a vector which represents the
body forces, C is the specific heat, T(x,t) [K] is the temperature
field and k is the thermal conductivity coefficient.

Then, the turbulence equations are reported for the selected 
k-ε turbulence model, in Eq. (4a) and Eq.(4b).

(4a)

                                                                                                  

(4b)

where: k is turbulent kinetic energy [m2 s−2],  is turbulent kinetic
energy dissipation [m2 s−3], Gk represents the contribution of
velocity gradients to turbulence kinetic energy, Gb is contribution
to turbulence kinetic energy of buoyancy, and the various constants
have been assumed equal σk=1.0, σε=1.3, C1ε=1.44 and C2ε= 1.92
as suggested in Richards and Hoxey (1993). For the convergence
process, a fully implicit Gauss Seidel solution algorithm is provid-
ed to solve the linear system of equations obtaining an efficient
numerical convergence and the convergence criteria have been
defined for a threshold value equal to 10-5 for all field variables.

Each cow has been modelled as a 3D equivalent and simplified
parallelepiped volume (Mondaca and Choi, 2016) with dimensions
derived from (Bartali, 1999), in order to reduce computational time
and avoid high skewness elements (Bustos-Vanegas et al., 2019).
In the model, the animal occupied zone (AOZ) has been filled with
randomly arranged 270 simplified cows’ geometry model (CM),
instead of equivalent porous medium model (PMM) (Norton et al.,
2010; Doumbia et al., 2021).

Moreover, a logarithmic trend has been assumed for the wind
profile, considering the literature studies (Norton et al., 2010;
Rong et al., 2015; Bovo et al., 2022). The related equations for
wind profile (see Eq. 5), turbulent kinetic energy (see Eq. 6) and
turbulent dissipation rate (Eq. 7) are:

                                                         
(5)

                                                         
(6)

                                                         
(7)

where: U(z) is the horizontal velocity [m/s], u* is the friction wind
velocity has been derived from SMS collected data, k is the von
Karman’s constant (assumed equal to 0.41), z is the height above
the ground and z0 is the surface roughness (assumed equal to 0.01
for open grassland), Cµ is a coefficient used to define the eddy vis-
cosity in the models and was assumed equal to 0.09.  No slip wall
boundary condition was applied to all the walls in the domain.

As discussed in the previous section, in the work two different
modelling approaches have been considered for the cows. In fact,
in the simplified model (labelled with an “S” in the following) the
cows have been simulated as closed volume without any thermal
interaction with the surrounding environment. On the other hand,
the enriched model (labelled with a “E” in the following) has been
carried out considering the cows, not only as geometrical volume,
but also as heat sources able to thermally interact with the sur-
rounding environment so simulating the thermoregulatory process-
es of the cows allowing them to maintain a constant body temper-
ature. The comparison between the two different modelling strate-
gies has the goal to quantify the possible errors in the estimation of
the indoor climate features of interest introduced by a too simpli-
fied modelling strategy; then it aims at establishing in which cases
a simplified model can provide reliable information for the cow
welfare assessment.

The heat flux produced by a single cow, has been calculated
based on the simplified relation reported in Eq. (8):

                                                                                                    
H = 6.6 . m0.75                                                                             (8)

where: m is the mass of the animal [kg] and H is the heat emission
[W]. The average mass for a representative cow in the herd has
been assumed equal to 450 kg, and then a heat flux equal 73.1
W/m2 was considered in the simulations. The heat flux has been
considered involving the whole surface of the simplified modelled
standing cows and has been assumed constant in the analysis since
the investigated temperatures have ranged in the thermal neutrality
zone of the animals (Bartali, 1999). For both the models, simpli-
fied and enriched, the grid convergence study has been realized
using four different structural meshes. The meshes were gradually
refined, in particular progressively reducing the cell sizes in the
AOZ areas and close to the envelope walls, in four different grids,
from 6×106 cells to 16×106 cells.

Five different (horizontal) air velocity profiles outcoming from
the simulation results and encompassing the entire domain, were
considered for the grid convergence analysis. Two velocity profiles
were chosen near the building, while the other three were chosen
by intersecting the building on three different levels. Through the
calculation of the infinity norm, as shown in Eq. (9), going from
the coarsest to the finest mesh, these air velocity (v) profiles have
been utilised to assess how the results vary with the mesh refine-
ment:

                                                         
(9)

where: a refers to the single air velocity vector of the finer mesh
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and b refers to the single air velocity vector of the coarser mesh.
As an example, the main result of the grid convergence study for
the model with cows able to exchange heat are illustrated in Figure
4 in terms of average infinity norm on the five profiles of the hor-
izontal air velocity. The average of the infinity norm, resulting
from the comparison of each profile considered, has been calculat-
ed, allowing to define the proper grid dimension. The mesh with
8×106 cells has been selected for the analyses of the two models.

Ventilation scenarios
The analysis of the weather data, collected for three years by

the outdoor node of the farm, has allowed the definition of the
most frequent ventilation conditions (in terms of wind velocity and
wind direction) for winter and summer seasons. The data collected
in Table 1, are associated to characteristic temperatures of winter
and summer seasons (where C: cold refers to the winter season and
H: hot refers to the summer season) for two different wind intensi-
ties (LV, low velocity; HV, high velocity). The wind reference
velocity has been used to derive the friction velocity value of the
external wind velocity profile for the CFD simulations (Eq. 5).

So, four ventilation scenarios have been analysed via CFD
simulations: two representatives of the winter season and two for
the summer season differentiated by two wind velocities. The ven-
tilation scenarios of the winter season have been defined for sim-
plicity “cold scenarios”. Whereas the ventilation scenarios simulat-
ing the conditions during two representative days in summer sea-
son have been defined for simplicity “hot scenarios”.

For the assessment of the accuracy of the models, the compar-
ison between the in-field measurements of the horizontal air veloc-
ity, collected at 2.5 m by the anemometer sensors of the SMS, with
the results provided by the models for the four different scenarios,
have been set. The measures adopted for the estimation of the
errors have been the maximum absolute difference (MAD) and the
root mean square error (RMSE).

Climate conditions and relation with animal wel-
fare and animal production

Several papers have investigated the relation between environ-
mental conditions and one or more animal-based indicators with
the main object of modelling short- or long- term effects of heat
stress or detect poor welfare conditions. In the most of these works,
the environmental conditions have been modelled by the tempera-
ture-humidity index (THI) in the barn (Carabaño et al., 2016; Pinto
et al., 2020; Giannone et al., 2023) or indices derived by the THI,
like the heat load index (HLI), developed mainly for animals raised
outdoors and considering also air velocity and solar radiation val-
ues (Heinicke et al., 2019, 2021; Tresoldi et al., 2019). Other
authors have considered alternative measures such as the black
globe humidity index (BGHI) or comprehensive climate index
(CCI). Within the literature, it appears that THI)is the most com-
monly utilized index, despite not fully representing the thermal
conditions (Garcia et al., 2023). The THI expression considered in
the paper is the one indicated by the National Research Council
(1971):

                                                      
(10)

where:Tdb is the air dry bulb temperature (°C) and RH is the air rel-
ative humidity (%).

In the calculation of the THI value the air temperature is the
most influential feature. So, in the following THI values will be

considered as an indicator for the effects of heat stress, in lieu of
knowing the internal body temperature of animals. Following the
Eq. (10) the achieving of different threshold values indicates dif-
ferent stress level. For example, following the values reported in
(National Research Council, 1971) for dairy cows, THI values > 72
indicate slight stress level, THI > 78 indicates a moderate stress
level, THI > 88 indicates conditions of serious stress and for value
of THI > 98 dangerous level with high risk of death for animals.
For THI ≤ 72 the climate conditions do not induce heat stress on
the cows (Bernabucci et al., 2014; Berman et al., 2016; Carabaño
et al., 2016; Moretti et al., 2017; Ji et al., 2020; Müschner-Siemens
et al., 2020). Furthermore, the THI value is used for the assessment
of the possible drop in the production associated to heat stress con-
ditions (Bovo et al., 2021).

Results and Discussion
Model validation with in-field measurements

The model validation has been performed on the model with
heat exchange from animals, since it has a greater degree of com-
plexity and also takes into account the presence of the animals
inside barn,  reflecting the actual conditions of the experimental in-
field scenario, where the environmental data are collected. The
numerical results have been compared with those in the same
points, from the database collected by the SMS in a particular
moment characterized by climatic conditions similar to those of
the simulation (Table 1).

From the comparison between the in-field measurements of
horizontal air velocity, collected at 2.5m by the anemometer sen-
sors of the SMS, with the results provided by the models for the
four different scenarios, have returned the MAD and RMSE values
summarized in Table 2 for each scenario.

It is worth noting that, according to (Zhang et al., 2007), a
good agreement is present, when the error measure is less than
10% of the average measure, and agreement is acceptable when the
ratio goes from 10% and 30%, marginal when the ratio is between
30% and 50%, and poor when ratio is greater than 50%. If we con-
sider this criterion, it is possible to conclude that the model has
acceptable agreement with measured data and can be considered
reliable for the purposes of the study
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Figure 4. Trend of the average norm considered in the grid conver-
gence study for the model with cows enabled to exchange heat.
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Air flow patterns
The air vector velocity contour resulting of the two models,

enriched and simplified, is illustrated in Figure 5. The two models
show completely different ventilation patterns comparing the CLV
(cold with low velocity) with the HLV (hot with low velocity) sce-
narios.

In fact, for the simplified model (Figure 5 a-d), the natural ven-
tilation is recognizable with a cross ventilation air flow pattern,
with inlet air entering from left side and outlet mainly from right
side and only partially from the roof openings, with very low
velocity magnitudes about 0.05 m/s. Instead, in case of enriched
model (Figure 5 e-h), the presence of expected chimney effect is

                             Article

Figure 5. Contour and vector patterns of velocity magnitude (m/s) for the eight scenarios investigated. a-d) Results provided by the sim-
plified model (neglecting the animal presence in the thermal evaluation). e-h) Results provided by the enriched model, with animal able
to exchange heat with the surrounding air.

Table 1. Boundary conditions for the considered scenarios where the scenario label is based on season and wind velocity magnitude. 

Scenario label                               Outdoor temperature (°C)              Reference wind velocity* (m/s)                    Wind direction (°)

Hot with low velocity                                                  24.0                                                                 0.1                                                           270° (NW)
Cold with low velocity                                                 8.0                                                                  0.1                                                           270° (NW)
Hot with high velocity                                                 24.0                                                                 1.0                                                           270° (NW)
Cold with high velocity                                                8.0                                                                  1.0                                                           270° (NW)
*The reference wind velocity is referred to a level equal to 10.0 m from the ground level.

Table 2. Main results of the model validation procedure where the scenario label is based on season and wind velocity magnitude. 

Scenario label                                               MAD (m/s)                       RMSE (m/s)                                                RMSE ṽ ×100 (%)

Hot with low velocity                                                   0.056                                        0.039                                                                          22.4 %
Cold with low velocity                                                  0.142                                        0.065                                                                          21.3 %
Hot with high velocity                                                  0.211                                        0.138                                                                          18.0 %
Cold with high velocity                                                 0.163                                        0.117                                                                          18.9 %
MAD, maximum absolute difference; RMSE, root mean square error.
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clearly visible, with bottom-up air circulation, inlet from lateral
openings and moving to the roof openings. In the enriched model,
the addition of the thermal behaviour of the animals significantly
modifies the indoor air velocity contour and provides a magnitude
in the range between 0.06 to 0.44 m/s. In Figure 5 d,e,g,h, charac-
terized by high wind velocity, both cold and hot weather, the
results do not show significant differences in terms indoor air flow
patterns and velocity magnitude comparing enriched and simpli-
fied model.

However, in Figure 6, some slight variations on the velocity
magnitude can be observed for the HV cases in the animal occu-
pied zone (AOZ). In fact, the heat produced by the animals influ-
ences the velocities in the AOZ, rising magnitudes, represented by
a wider green area closed to the modelled animals. This affects
positively the natural ventilations on the area. Moreover, for the
LV cases, Figure 6 highlights the chimney effect occurring in case
of thermal contribution of animals and the airflow distribution and
velocities in the AOZ. It is evident that the indoor air flow moves
from the bottom to the top and exits by the leeward right opening.

Then, in terms of velocity magnitude values, the simplified
model gives reliable results only in case of high wind velocity,
with cross ventilation effect that plays the main role in the natural
ventilation efficiency of the building. In fact, in a wind dominated
regime, other studies about natural ventilation efficiency have been

modelling the structure without internal heat sources or with a sim-
plified model related to occupants (i.e., cattle, pigs) (Norton et al.,
2010; Bustos-Vanegas et al., 2019; Saha et al., 2020; Doumbia et
al., 2021; Xin et al., 2022). In fact, some authors performed CFD
simulations with a validated model, which provided useful infor-
mation on airflow characteristics at cow height, using similar
methodology and model, only in case of wind driven ventilation
(Saha et al., 2020).

However, this approach could lead to less precise results, espe-
cially if the area of investigation of major interest is the AOZ
(Doumbia et al., 2021). This aspect is of fundamental importance
because in naturally ventilated livestock buildings, only a precise
definition of air flows and air speed patterns allows the proper
evaluation of the air exchanges necessary to guarantee the healthi-
ness of the air in which the animals are housed. Moreover, in the
hot season, the indoor air velocity can have an important influence
on the mitigation of heat stress problem and so, the precise calcu-
lation of the velocity patterns is a fundamental requisite for the
proper assessment of the thermal comfort in the barn. Moreover, in
other works (Wang et al., 2018a), the authors focused on this
important aspect of CFD modelling, thanks to a method to analyse
the heat-transfer, underlined the fact that the airflow speed has a
positive effect on the convective heat-transfer of a cow, independ-
ently from its position. In particular, from the results obtained, it
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Figure 6. Contour maps with velocity isolines of velocity magnitude for the eight scenarios investigated. a-d) Results provided by the
simplified model (neglecting the animal presence in the thermal evaluation). e-h) Results provided by the enriched model, with animal
able to exchange heat with the surrounding air.
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was clear that the airflow in AOZ should be increased as much as
possible, to ensure cooling effect on cows under hot conditions.

Indoor temperature assessment
As discussed in a previous section, another important feature

for the judgement of the quality and suitability of the microclimate
conditions in which cows are housed, is the indoor air temperature.
Figure 7 shows for the first 4 meters of height of the barn, the con-
tour of the differences between indoor temperature provided by
enriched model and simplified model for the four investigated sce-
narios. With reference to the area occupied by the cows for most of
the time, i.e., the resting area, it is wort to note as for the scenarios
HLV and CLV the error in the temperature assessment spans from
about 2°C to peak values of 7°C, with an average value of about
4°C. From the Eq. (10), assuming an average relative humidity
value of 75% as recorded by the SMS, the estimation of the THI in
the barn for the HLV scenario is affected by a non-negligible error
of 4-5 points. In fact, the correct value of THI equal to 77 is con-
siderably underestimated, leading to the erroneous conclusion that
the animals are not in conditions of heat stress (THI ≤ 72).

Similar conclusions can be draft for the scenario CHV with
temperature error ranging from 2°C to 10°C and average value
about 5°C in correspondence of the AOZ. This brings to an error
on the THI even higher than previous case with expected conse-

quences potentially more dangerous for the animal health. In this
case in fact, the underestimation of the THI can reach, assuming a
relative humidity value of 75%, peak values of 9-10 points (i.e., 73
points instead of the correct 82 points).

It is worth to note that this inaccurate assessment of the tem-
perature in the AOZ has important consequences also in the esti-
mation of the drop production induced by not adequate indoor cli-
mate conditions as in case of heat stress. For example, using the
well-known relations provided in (Baêta et al., 1987), if we assume
the HLV scenario, for a relative humidity value of 75% and a tem-
perature of 24°C, it is expected a production decrease of about 5%.
Instead, by considering the correct temperature values, ranging
from 26°C and 31°C the production decrease goes from 10% to
30%, values much more similar to those that are usually found in
the literature and confirmed by interviews the authors had with the
local farmers. So, as expected, the adoption of a poor thermody-
namic model provides results also in terms of animal welfare and
animal production very different from those actually measured in
the farm and can lead to completely misleading evaluations and
incorrect conclusions.

So, in the context of the simulation and prediction of micro cli-
mate of livestock buildings, models that do not consider the ther-
modynamic interaction between animals and the surrounding envi-
ronment could be acceptable only if a rough estimate of the fea-
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Figure 7. Contour of the temperature differences provided by enriched model and simplified model for hot with low velocity (a), cold
with low velocity (b), hot with high velocity (c), and cold with high velocity (d) scenarios, where the scenario is based on season (cold or
hot) and wind velocity magnitude.
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tures that characterize microclimatic conditions, with relation par-
ticularly with air speed and temperature, is needed. On the oppo-
site, if the objective of numerical simulations is to precisely define
microclimatic conditions, in order to correlate them with produc-
tion parameters or assess indicators for animal welfare assessment,
such simplification is not acceptable. In addition, simulations that
consider the enriched model do not require much more computa-
tional effort than those performed on the simpler models. In partic-
ular, in this case it is possible thanks to the immersed boundary
methods which allows to reduce the costly meshing process, and
the issues related to large deforming grids. This method con-
tributes to enhanced computational efficiency by simplifying
domain composition and load balancing in parallel processing
within a Cartesian mesh framework. In fact, for the resolution of
the simulations of this work, the authors recorded an increase,
ranging from 10% to 15%, of the computational time necessary to
solve the analysis until convergence, which goes from 16-17 s to
20-21 s for iteration.

Finally, if we consider that solutions provided by fluid dynam-
ic models are becoming increasingly used as tools for the manage-
ment of barn systems or for the generation of alerts in automation
processes or in decision-support to farmers’ choices, it is authors’
opinion that the simulation models adopted for these purposes can-
not be the simplest ones but must be the enriched models. All this,
in order to ensure adequate welfare for the animals, helps to
achieve the highest levels of production, make the optimal use of
the systems in the barn in order to increase the overall sustainabil-
ity of the sector.

Although the results reported here are very encouraging and
confirm that CFD analyses are a useful and reliable tool, further
improvements are still to be desired. In fact, future lines of
research will have to improve the calibration of biological models
of animals in order to estimate more precisely the interaction
between animals and the environment. In addition, the study of a
larger number of case studies will allow to evaluate the applicabil-
ity of these analyses also to other livestock buildings and in other
ventilation scenarios so to obtain more general outcomes. On the
other hand, the possibility of introducing sources of gaseous emis-
sions into the models will make it possible to estimate the micro-
climatic conditions in the barn, also considering the concentrations
of undesired gases in the areas occupied by the animals.

Conclusions
In this study, the main microclimate features in a naturally ven-

tilated dairy barn hosted dairy cows have been numerically inves-
tigated by comparing two different modelling approaches: in a first
model the animals are modelled as obstacles with closed volume
elements, whereas in a second enriched model, the cows were
introduced as obstacles with volume able to exchange heat with the
surrounding air. The main conclusions of the paper can be summa-
rized as in the following:
• the two model classes showed in general very different values

of indoor air velocity and the simplified model gives reliable
results only in case of high wind velocity, when the cross-ven-
tilation effect plays the main role in the natural ventilation of
the building;

• anyway, in general, the adoption of the simplified model brings
to a less precise assessment of the indoor air velocity values,
especially in the area occupied by the animals of major inter-
est.

• with reference to the air temperature assessment, in the resting
area, in case of low wind velocity, the error in the temperature
spans from 2°C to 7°C, with an average value of about 4°C.
Instead, in case of high wind velocity, the temperature error
ranges from 2°C to 10°C with average value of about 5°C. The
inaccurate estimation of the temperature range in the area
occupied by the animals, can provide non-negligible error of
underestimation of the THI in the barn, all this leading to the
erroneous conclusion related to animal welfare and milk pro-
duction trends;

• simulations that consider enriched model showed an increase
of the computational time necessary to solve the analysis until
convergence ranging from 10 to 15%, so not considerable.

For these reasons, it is the authors’ opinion that the models
adopted for purposes of animal welfare assessment or animal pro-
ductions forecast or again driving decision-support systems, can-
not be the simplest ones but must be the enriched models. In gen-
eral, despite several papers in literature make use of models that do
not consider the thermodynamic interaction between animals and
surrounding environment, this simplification seems not justifiable
if the focus is the thermal comfort of housed animals. 

This work represents the first attempt to provide useful guide-
lines for a proper modelling of buildings for livestock and further
analyses, modelling improvements and applications to other case
studies will be necessary, in order to create a more robust frame
driving the modelling choices of researchers, software developers
and developers of tools for farmers. Future works must improve
the biological behaviour of animals in order to estimate more pre-
cisely the interaction with the environment and in addition, the
study of a larger number of case studies will allow to evaluate the
applicability of these analyses also to other livestock buildings and
in other ventilation scenarios so to obtain general outcomes useful
in a wider range of applications.
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