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Abstract

The use of energy in the livestock sector will rise in the years to come due to the increasing
demand for animal proteins from a word population that will reach 9.15 billion people before
2050. Livestock houses for intensive animal farming are characterized by high energy
consumption due to climate control that is needed to guarantee animals’ welfare and to
maximize their production. Currently, there are neither international standards calculation
models nor commercial tools for the estimation of this energy consumption. To fill this gap,
this paper presents a simulation model (based on a customization of the hourly model of ISO
13790) for the estimation of the energy consumption due to climate control of broiler houses.
This model provides the energy consumption for heating, cooling and ventilation and the
main indoor environmental parameters for the evaluation of the animals’ welfare. The model
was validated comparing its outputs with a dataset obtained through a monitoring campaign
carried out in a broiler house during a production cycle. This research has several practical
application: it can increase the knowledge about energy consumption in the livestock sector
and the model can be also a useful tool for agricultural engineers and farmers.

Keywords: climate control, energy consumption in livestock houses, simple hourly method,
broiler farming, energy model.

1 Introduction

The use of energy in the livestock sector will play a fundamental role in the near future
because the energy needed to meet the demand for animal proteins will rise in the years to

come. The world population is expected to increase considerably: according to UN research
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[1], the number of people that will have to be fed in 2050 will reach 9.15 billion, an increment
of about 22% if compared to 2017. This occurrence will entail an increment in animal protein
consumption that will become almost twice the current amount [2], considering the diet
changes that are expected. In particular, FAO [3] has estimated that in 2050 the consumption
of poultry will increase by 230% if compared to 2010, while the consumption of other
livestock products will increase by about 40-80% over the same period.

The rise in energy consumption is not the only issue concerning the increase in animal
production that may be investigated. Others, for example, are the increase in water
consumption, production costs and greenhouse gas emissions [4]-[7]. However, the energy
consumption issue becomes even more important if it is considered together with the shift in
technology that is expected in the agricultural and livestock sectors in the near future and that
will further increase the energy needs in these fields [8]. Considering that the price of non-
renewable energy sources is predicted to rise, the energy topic in the livestock sector becomes
crucial. For this reason, knowledge about energy performance and energy use in all the
branches of this field is fundamental to achieve a considerable energy saving and a higher
level of sustainability.

Livestock houses for intensive animal farming are of particular interest because they could
offer many opportunities for increasing energy performance. These buildings, in fact, are
generally characterized by high energy consumption for different uses and, depending on the
reared species, climate control can represent a considerable share of the total energy
consumption of the breeding farm. In dairy cow farming, the energy used for climate control
is 27.4% of the total electrical energy, an amount almost equal to the energy needed for
milking tasks (28.3%) [9]. The energy needed for climate control is higher in pig farming due
to the different climate requirements of swine. In fact, pigs and especially piglets need to be
kept warm during the coldest periods of the year. In Europe, this need entails an estimated
energy consumption between 34 and 37 kWh-m2-a* of electrical energy to provide adequate
local heating and ventilation to the animals [10], which corresponds to 48% of the total
electrical energy needed during the entire rearing process [9]. Poultry houses also need a great
amount of energy for climate control. Laying hen farming uses between 15 and 20 kWh-m?-a
! for ventilation (58.9% of the total electrical energy needed), while in broiler (chicken reared
for meat) farming almost all the energy is used for climate control (76% of the total electrical
energy and 96% of the total thermal energy). In detail, it was estimated that a typical
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European broiler house consumes between 86 and 137 kWh-m2-a’* for heating and between 4
and 11 kWh-m2-a* for ventilation [9],[10]. Different weather conditions, different features of
the animal farming (e.g. stocking density) and different building characteristics (e.g. internal
volume and U-values of the envelope) may modify these values.

Indoor climate control entails a considerable energy consumption but its presence is
fundamental in livestock houses because it strongly influences the health, growth and the
performance (e.g. production of eggs or milk) of the animals and, consequently, it affects the
farm profits. To have an acceptable level of productivity, the effective environmental
temperature inside the livestock house has to be considered. This temperature takes into
account various environmental parameters (such as dry bulb temperature, wet bulb
temperature and air velocity) and it should be in the zone of nominal losses [11], a thermal
neutral temperature range between the Lower Critical Temperature (LCT) and the Upper
Critical Temperature (UCT). In the zone of nominal losses, the energy fraction used by
animals for maintaining their homeothermy is at a minimum, therefore the animal can use
most of the energy supplied by feed for increasing its growth (meat production) and/or for
increasing the production of milk or eggs. Values of effective environmental temperature
higher than the UCT for extended periods may lead the animal to suffer from hyperthermia,
therefore the animal stops feeding. Temperature values lower than the LCT, on the contrary,
may cause hypothermia. In this situation, the animal uses the energy from feed to increase its
metabolism and, consequently, its body temperature. Therefore, when the effective
environmental temperature is outside the zone of nominal losses, the health and the
productivity of the animals are not at the optimal level, causing negative consequences for the
farm profit.

To guarantee an adequate indoor environment, it is necessary to intervene on air temperature,
moisture and Indoor Air Quality (IAQ). Temperature control is crucial for some animal
species, especially in the first period of their lives because they are very sensitive to
temperature variations (e.g. chicks and piglets). For other animal species, temperature control
is not fundamental because the range between LCT and UCT is larger (e.g. dairy cows and
sheep), thus the animal houses for these species can be operated in free running conditions
during most of the time. Moisture has to be controlled because high values of relative
humidity (RH) may increase the thermal stress of animals and cause health problems. Finally,

IAQ control plays a more important role in livestock houses than in other building types
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because many contaminants present in these buildings are biologically active (due to airborne
microorganisms), their concentration is extremely high if compared to other buildings and
they are odor carriers [12].

The principles for climate control in livestock houses are similar to those of buildings for
humans, but the peculiarity of the indoor conditions makes the climate control in these houses
even more interesting from an engineering point of view. In broiler houses, for example, the
high animal stocking density entails a sensible heat emission estimated approximately in

180 W-m™ and a vapor emission of 5.2 kgvapourrm2-day* during the last days of the production
cycle. Furthermore, in this building type, the indoor climate conditions that have to be
guaranteed depend on the animal breed and age and on the adopted type of animal farming.
For example, it is common for a broiler house to need a heat load in summer periods too, due
to the presence of chicks.

In this scenario, a model for the estimation of energy consumption due to climate control and
indoor environmental conditions (e.g. indoor air temperature and RH) is of the foremost
importance. Currently, there are neither international standards calculation models nor
commercial tools that make possible to estimate these data, considering the performance of
both envelope and systems. Such a model would be interesting for both agricultural engineers
and farmers because it could help the former in the design stage and the latter during the
management stage. In fact, through such a model the evaluation of energy saving strategies
(e.g. retrofitting actions and use of new commercial products) and a better planning of the

production process (e.g. optimization of the production costs) may be possible.

1.1 Aim of the work

The aim of this work is the development of a calculation model that allows the estimation of
the energy consumption for climate control (heating, cooling and ventilation) and the indoor
environmental parameters (air temperature and RH) in broiler houses for intensive animal
farming.

Broiler farming was chosen for the development of this calculation model because it has the
highest share of energy consumption due to climate control in the animal farming. From an
engineering point of view, broiler rearing is relevant since it is carried out in a totally closed
enclosure, which simplifies the estimation of the ventilation flow rate. Furthermore, there are

specific conditions that are uncommon in buildings for human use, such as the variable set
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point temperatures and the considerable internal thermal loads. Moreover, broilers represent
the second meat market worldwide (96.1 million tons produced in 2013) [13], therefore it
considerably influences energy consumption of the livestock sector.

To predict the energy consumption of climate control systems used in livestock houses,
dynamic simulation models are needed because they make it possible to take into account the
sudden variation of the boundary conditions [14]. In this sector, self-made and customized
calculation models are usually preferred to ready-to-use simulation tools (e.g. TRNSYS and
EnergyPlus), as shown in literature [15]-[17]. This is due to the difficulty of ready-to-use
tools to accurately define the thermal behavior of livestock houses and the boundary
conditions. Furthermore, the level of customizability of self-made models is high and, for this
reason, they proved to be more adaptable to the specific objectives of the present work.

The developed simulation model is based on a customization of the simple hourly method
described in the ISO 13790 Standard [18] that is based on a similarity between the thermal
behavior of the considered building and a 5R1C (five resistances and one capacitor) electric
equivalent network [19]. The reliability of this calculation method has been proved by a
number of previous studies [20]-[25] and it is considered accurate in describing the thermal
behavior of livestock buildings [26]. The adopted time step of the method (one hour) is
sufficiently short to correctly consider the variations of the outdoor and indoor conditions
without weighing the calculation down with excessive iterations. The disadvantages with
respect to ready-to-use tools lie in the fact that customized models generally do not
extensively analyze the total thermal capacity of the building, the solar radiation calculations
and do not explicitly solve the radiation exchanges within the enclosure.

The presented model gives as outputs the values of the energy need for heating and
ventilation expressed as total value, a value referred to the unit of useful floor area and a value
referred to the kg of produced meat. Inputting the cost of energy, the annual costs due to
climate control can be obtained. The model also provides some environmental parameters,
specifically indoor air temperature and RH, which are useful for the calculation of
environmental indexes for evaluating the thermal conditions of the animals during the

analyzed period [27].

2 Broiler farming
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2.1 Broiler rearing

Broiler houses are quite standardized buildings. They usually have a maximum width between
10 and 15 m and a length that may exceed 100 m. The covering can be a gable roof or a barrel
vault that in the highest point reaches 4 or 5 m of height [28]. The windows and the opening
systems that are present in this building type depend on the ventilation scheme [29], but
generally they are made of polycarbonate hollow sheets adopting a guillotine or wasistas
opening system. The U-values of the envelope are usually higher than the ones that are
present in residential buildings, since, commonly, perimeter walls and roof have only few
centimeters of thermal insulation.

The production cycle carried out in a broiler house is called batch. It starts when few-days-
aged chicks are carried inside the building where they will stay during 40-50 days, until they
achieve the target weight for being slaughtered. At the end of the batch, workers handle the
sanitization of the house. This sanitary empty period could take between 7 and 14 days to be
carried out. Considering these production breaks due to sanitary needs, about 7-8 batches can
be completed during a year. The animal stocking density in intensive broiler farms typically
goes from 33 to 42 kg-m2 of live weight (as set by European Council Directive 2007/43/C
[30]) that approximately corresponds to a value between 9 and 22 birds-m [31], depending
on the aimed final live weight that generally is about 3 kg. The final live weight of the animal
does not correspond to the chicken meat that may be sold on the market: for obtaining this
value, a carcass yield (the ratio between the saleable meat obtained from the animal and its

final live weight) around 73% has to be considered [32].

2.2 Climate control in broiler houses

From the point of view of the climate control, changes that occur in broiler houses during a
batch appear interesting. The first part of the batch is characterized by the presence of few-
days-aged chicks that need high air temperatures in order to be in a state of thermal comfort.
Therefore, during the first days of batch the system heats the enclosure. The air temperature
needed for guaranteeing the health of the broilers decreases inversely with the animal age,
therefore, during the rest of the batch, the indoor air temperature set point decreases due to the
bird growth and cooling is needed [16]. The presence of older and heavier birds inside the

house during the central and last parts of the batch entails a higher ventilation flow rate that is
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required to remove their body thermal emissions and the higher concentration of contaminants
that is produced.

Heat and vapor emissions of a broiler change significantly during the batch. On the first day
of the production cycle, a total heat emission of about 1.3 W can be considered for a single
chick and this value increases until 26 W at the end of the batch (50™" day). Similarly, vapor
emission of a single animal can be estimated as 3-107 kg-s™ (at an indoor air temperature of
32.0 °C) when the batch starts, while at the end of it this value reaches 4.5-10° kg-s™* (at

16.8 °C) [33]-[35]. Those data (e.g. heat emissions and indoor air set point temperatures) are
necessary to correctly set the mechanical climate control systems. Usually, in broiler houses, a
heating system (generally gas air heater or diesel air heater) and one or more ventilation
systems are present. Air heaters are activated during the first period of the batch to guarantee
the indoor air temperature set point needed by the chicks, while ventilation has a double
purpose. In fact, two different types of ventilation systems are present: base and tunnel
ventilation. Base ventilation (Fig. 1) is required for controlling IAQ in the house. The air
composition in the closed environment where animals are hosted is influenced by many
factors. First, IAQ is affected by animal metabolism that consumes oxygen and increases the
concentrations of CO2 and vapor (a not adequate moisture level can cause respiratory
problems to birds). Second, IAQ is conditioned by animal activities and air movements that
contribute to increase the presence of contaminants in form of microscopic particles of dust
originated from bedding, feed and fecal material [36]. The decomposition of waste products
influences IAQ too, since methane, hydrogen, sulfide and ammonia are produced; in
particular, ammonia (present in broiler manure) is responsible for eyes or paws irritations and
Is the cause of other health problems for broilers. Furthermore, high ammonia concentration
can affect the health of the workers present inside the broiler house. For these reasons,
farmers usually adopt strategies for reducing the ammonia emissions inside the houses [37].
Base ventilation is useful for IAQ control, especially for gas concentration regulation (e.g.
methane and vapor), but it may not be sufficient for dust control because pockets with high
contaminant concentrations are common in animal houses and different strategies (e.g.
spraying and sprinkling) should be adopted to control dust concentration [12],[38]. To provide
base ventilation, several fans are spaced uniformly along one of the larger sides of the house
and on the opposite side or on the roof ridge various openings are present, with different inlet

configurations [28].


https://doi.org/10.1016/j.enbuild.2018.03.056

Pre-print of: A. Costantino, E. Fabrizio, A. Ghiggini, M. Bariani, Climate control in broiler houses: a thermal
model for the calculation of the energy use and indoor environemntal conditions, Energy and Buildings, Vol
169, 15 June 2018, Pages 110-126, https://doi.org/10.1016/j.enbuild.2018.03.056.

Fig. 1. Hllustration of base ventilation operating principle. Lateral fans create a negative pressure inside the house
expelling the exhaust air (brown arrows) outside. Supply clean air (green arrows) enters through the windows on
the opposite wall, creating a ventilation flow in the cross direction that guarantees IAQ control.

Due to the location of the fans and the openings, base ventilation flow rate occurs following
the cross direction [36]. Base ventilation may be a positive-pressure or negative-pressure
ventilation, depending on the scheme adopted in the house.

The second type of ventilation adopted in broiler houses is tunnel ventilation (Fig. 2) and is so
called because fans (situated in one of the two shorter sides of the building) move the air
horizontally along the entire length of the house. Tunnel ventilation fans are greater than the
ones used for base ventilation and are generally exhaust fans that work creating a negative
pressure in the animal house, letting the external air to enter inside the house. This type of
ventilation is intended to decrease the air temperature removing the thermal emission of the
animals and providing them wind-chill effect. The air speed of tunnel ventilation in the
animal areas cannot be excessive (2.5-3 m-s™ as maximum for poultry in European countries),

otherwise animals will be in discomfort.
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Fig. 2. lllustration of tunnel ventilation operating principle. The fans placed at the end of the house expel hot air
(red arrows) outside, creating a negative pressure inside the building. Due to the pressure differential, fresh
outdoor air (blue arrows) enters through the inlets placed across the longest sides of the broiler house decreasing
the indoor air temperature.

In some broiler houses, the same fans carry out both tunnel and base ventilation. In those
houses, the smaller fans in the larger sides (the ones used for IAQ control) are not present.
The constant flow rate fans at the bottom of the house perform both tunnel and base
ventilation. These fans work sequentially because a fan start working when the previous one
cannot provide the needed airflow.

When tunnel ventilation is not enough for guaranteeing the indoor air temperature set point,
evaporative cooling is activated. This strategy is commonly used in poultry houses (Fig. 3)
and can provide a supplementary cooling load to prevent heat prostration mortality during the
warmest periods [36]. This process is based on a conversion of the sensible heat to latent heat
carried out by evaporative pads. During the warmest periods, external air passes through the
pads due to the negative pressure created by tunnel ventilation fans. This process decreases
the inlet outdoor air temperature of some degrees and, consequently, also the indoor air

temperature decreases. Evaporative cooling is more effective the lower the outdoor air

humidity is.
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Fig. 3. lllustration of evaporative cooling operating principle. The negative pressure inside the house created by
tunnel ventilation fans lets the hot external air pass through the wet evaporative pads decreasing its temperature
(red/blue arrows). This air decreases the indoor air temperature and is expelled by the tunnel ventilation fans (red
arrows).

In broiler houses, cooling pads are placed on the larger sides opposite to the tunnel ventilation
fans for letting the cooled airflow cross the entire building. For this application, blocks of
corrugated materials as plastic, fiberglass or cellulose (as shown in Fig. 4) are used.
Generally, they are treated to absorb more water, increasing their efficiency. Little
information are present concerning water demand and usage of evaporative pads since this
consumption depends on the pad thickness and the climate conditions: in literature a value of

about 12.2 I-h' per unit of pad area is estimated as average [39].

[ -

Fig. 4. Example of cellulose evaporative pads typically used in broiler houses.

3 Modelling of the broiler house

10


https://doi.org/10.1016/j.enbuild.2018.03.056

Pre-print of: A. Costantino, E. Fabrizio, A. Ghiggini, M. Bariani, Climate control in broiler houses: a thermal
model for the calculation of the energy use and indoor environemntal conditions, Energy and Buildings, Vol
169, 15 June 2018, Pages 110-126, https://doi.org/10.1016/j.enbuild.2018.03.056.

3.1 Background

Works concerning the energy use in intensive animal farming are present in literature. In
particular, they regard innovative uses of renewable energy [40]-[42] and the analysis or the
monitoring of the main energy consumption in animal houses [43]-[48].

In literature are also present customized calculation models that are commonly used for
analyses and studies in the animal farming sector, with the final aim of the prediction and
investigation of various aspects not only concerning energy consumption, but also related to
energy ratio index in feed conversion [49], animal growth and mortality [50]-[52] and
greenhouse gas emissions [53]. A common application of these simulation models is the
forecasting of ammonia emissions from livestock buildings, especially in swine breeding.
Measurements of ammonia concentrations are very expensive due to the specialized
equipment required [49],[54] and the great number of environmental measurements that are
needed for a correct monitoring entails a not negligible financial cost for the farmers [55].
Using simplified but reliable models, the number of needed measurements is minimized as the
total cost of the ammonia monitoring.

Computational Fluid Dynamics (CFD) is also adopted to investigate the ammonia emissions
in livestock buildings [56], and it is also used for analyzing the airflow distribution in
mechanical ventilated animal houses [57],[58]. CFD is used for developing customized
models that deal with the homogeneity of air temperature and humidity gradients inside the
animal houses, considering the heat and vapor emission of air heaters and animals, and taking
into account also the presence of natural ventilation [59]-[61]. Similar models also exist for
pig houses [62], aimed to understand how to increase the thermal uniformity in pig breeding.
CFD models are also used for studying the convective heat transfer coefficient for a model of
a chicken [63].

ASABE (American Society of Agricultural and Biological Engineers) Standards treat various
similar issues especially concerning the design stage, such as the design of ventilation systems
in poultry and livestock houses [64][65], the design of lighting systems [66] and the
computing of electrical demand [67]. The ANSI/ASABE S612 [68] Standard deals with the
performing of the energy audit in farm buildings with the final aim to estimate the energy
savings obtainable from the adoption of alternatives in feeding, housing and processing farm
animals, but a calculation methodology for the estimation of the energy consumption for

climate control is not provided.

11
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3.2 Model structure

The calculation model presented in this work can estimate the energy consumption values for

climate control (heating, cooling and ventilation) of broiler houses. The energy model needs

as input data the main thermo-physical and geometrical properties of the house, the farming

features and the weather data. The structure of the model is based on five calculation steps as

shown in Fig. 5. These steps can be summarized as follow:

a)

b)

Boundary conditions calculation: data needed for this calculation were retrieved from
technical manuals (regarding animal physiology or environmental control) or from
broiler management guides published by broiler selling companies. Through this
calculation, the parameters depending on the reared animals are initialized and their
weight, their thermal emission, base ventilation flow rate and set point temperatures

are expressed as a function of the animal age.

Energy balance solution: the simple hourly method of ISO 13790 Standard [18] was
customized and applied to predict the indoor conditions at each time step of the
analyzed period. The set point values for indoor air temperature and the optimal range
of relative humidity are taken from calculation step a). The weather data adopted in
the model is -usually- the Test Methodological Year (TMY). Solving the energy
balance, the simulation model establishes if a heating or a cooling load is needed or if
the indoor air temperature is within the acceptability range. If no tunnel ventilation or
evaporative cooling is present at a certain time step, calculation steps d) and e) can be

applied directly, otherwise next step is calculation c).

Tunnel ventilation and evaporative cooling calculation: the theoretical cooling load
calculated at step b) is used for estimating the airflow rate of tunnel ventilation that
must be provided by the fans to cool the house for reaching the cooling set point
temperature. The presence of the evaporative cooling is also considered. In order to
develop this calculation, the model uses as input data the direct saturation
effectiveness (€) of the evaporative pads and the temperature differential (Atw) for the
activation of evaporative cooling. Knowing these data, the actual indoor air
temperature is obtained by the solution of the energy balance using the updated values

of airflow rate and supply air temperature.

12


https://doi.org/10.1016/j.enbuild.2018.03.056

Pre-print of: A. Costantino, E. Fabrizio, A. Ghiggini, M. Bariani, Climate control in broiler houses: a thermal
model for the calculation of the energy use and indoor environemntal conditions, Energy and Buildings, Vol
169, 15 June 2018, Pages 110-126, https://doi.org/10.1016/j.enbuild.2018.03.056.

d) Moisture balance solution: hourly humidity conditions are computed. Through

psychrometric equations, the RH of the air inside the broiler house is calculated. Even
though RH has not a strong influence on the energy consumption, it is a fundamental
parameter for animal welfare because if RH values are far from the optimal ones
during a remarkable span of time, broiler health and production could be seriously

compromised.

System performance: the last calculation provides actual thermal and electrical energy
consumption values. The needed input values come from calculation steps b) and c).
Considering the efficiency of air heaters, the thermal energy consumption for space
heating can be estimated. For defining the performance of each considered fan model,
two operations were carried out for. Firstly, the provided ventilation flow rate was
expressed as function of the static pressure differential between indoor and outdoor
environments. Secondly, Specific Fan Performance (SFP), that correlates the airflow
with the electrical energy consumption, was calculated. Through these functions and
the input from the previous calculation steps, electrical energy consumption due to
ventilation (both for base and tunnel ventilation) is calculated. Introducing the specific
costs of thermal and electrical energy in the model, the total cost due to climate

control can be also obtained as output from this calculation step.

Inputs ::} Calculations :‘:> Outputs

= Data from animal physiology or a) Boundary = Anirnal weight as function of the age
enwironmental controd manuals

*Geometrical and thermo-physica b] EI'IEI'E‘,I"JE'EF‘HZE‘ l::l Moisture * Indaar air temperature
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Fig. 5. Scheme of the model structure with inputs and outputs.

3.3 Input data and boundary conditions calculation

Input data concern the geometrical properties of the house (e.g. geometrical dimensions and
volume), thermo-physical proprieties (e.g. thermal transmittance) and features of climate
control systems (e.g. air heater efficiency and number and models of fans). Other needed data
concern weather conditions (e.g. external temperature and solar radiation) and animal
production features (e.g. animal stocking density and batch duration). Data regarding the
production process are necessary to calculate the yearly schedules of every variable
depending on the animals. Through these data, occupancy schedule, animal age, weight,
thermal emission and set point temperatures are estimated for each time step of the analyzed
period. The needed data used as inputs for the boundary conditions calculation come from
technical manuals (regarding animal physiology or environmental control) [33]-[35],[69] and
from broiler management guides [31],[32],[70][71].

The simulation model calculates the weight of the birds as a function of their age (in days).
This function was implemented using values provided by [32] where per each day of broiler

age, the expected weight (body mass) is presented, and reads
wp=fid*+ford*+fs-d+f, [ke] 1)

where wp (in kg) is the bird live weight and d (in days) is the bird age. Coefficients fy, f2, f3
and f4 were determined reducing the last square error from the provided data and their values

are presented in Table 1.

Table 1 - Coefficients of Eq. (1) that expresses the broiler weight (wy) as function of its age (d).

Coefficient Value Unit
fi -2.1164 - 10 kg - day3
f, +2.5608 - 103 kg - day?
f3 -5.3002 - 103 kg - day?
fa +7.0839 - 102 kg

In broiler farming, the best indoor climate conditions for the animals (indoor air temperature

and RH) depend on animal age. Data about ideal climate conditions are present in various
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broiler management guides. For the development of the presented energy model, data from
[71] were used and are reported in Fig. 6.

Firstly, the indoor air set point temperature tavgset Was obtained as a function of the broiler
age. From tavg,set, @ dead band in which temperature fluctuates in free running conditions was
set. The lower value of this band was assumed as heating set point temperature tn set, While the
upper one was assumed as cooling set point temperature tcset. In Fig. 6 the trends of the set
point values t set, tcset and tavgset during a production cycle are shown together with wy as a
function of the animal age. The chart shows that in the first days of the batch, indoor air
temperature set points are higher than in the following days, because animals that are present
inside the house are still chicks. During the last part of the batch, heating and cooling set

points decrease since older broilers need lower temperatures than chicks.
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Fig. 6. Trend of heating set point temperature (tnset), cooling set point temperature (tcser) and central set point
temperature (tavgser) during a batch. In the chart, animal weight (wy) is also shown.

Broiler weight calculated by Eq. (1) is used to estimate the animal total heat production. This
heat emission has a better correlation with the animal body area rather than with the body
weight, but body area per unit of volume or weight is not constant, thus the relationship
becomes more complex. For this reason, it is preferred to express the single animal total heat
production @y sens+iat @S @ function of to the weight wy [33]. A general equation was studied by
Brody, as reported in [33] and it reads

cI)b,sens+lat =k- Wl())'734 [W] (2)

where K is a coefficient that varies depending on animal species. A more recent study [34]

gives the following formulation for broilers that was used in the development of this model:
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cI)b,sens+lat =10- Wl())js [W] (3)

Eq. (3) represents the total heat emissions of a broiler, considering both latent and sensible
heat emission. The total heat emission of the flock ®ssens+iat is Obtained by multiplying

Dy sens+lat DY the number of animals n (an input data) as
q)f,sens+lat = q)b,sens+lat n [W] (4)

The share between sensible and latent heat emission depends on environmental conditions,
being the latent heat emission positively correlated with the raise of the temperature, while
sensible heat emission decreases with the raise of temperature. The sensible fraction of the
heat emission in the enclosure R, is calculated as a function of the central set point

temperature tavg,set as
R=b;- ta6vg,set + by - tgvg,set + b3 - tgvg,set + by - tgvg,set + bs - te%vg,set + be - tavgset T b; [-]

where b coefficients are reported in Table 2 and were determined reducing the last square

error on data from [34].
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Table 2 - Coefficients of Eq. (5) that expresses the sensible fraction of the heat emission (R) as function of the
central set point temperature (tavg,set)-

Coefficient Value Unit
b: +1.1570 - 10°° °C
b2 +1.1814 - 107 °C*S
b3 -5.1467 - 10°® °C*
b4 +9.7688 - 10° °C3
bs -4.8856 - 10* °C?
bs -7.2767 - 10 °Ct
b7 +6.3921 - 10 -

Knowing the fraction of sensible heat produced, the sensible @y sens and latent @y, ot heat

production of each broiler is calculated as

q)b,sens =R- q)b,sens+lat (W] (6)
q)b,lat = CI)b,serls+lat - (Db,sens [W] (7)

These values are used to obtain the sensible and latent heat emission of the flock, respectively
D sens and Dgjat, AS

q)f,sens = CI)b,sens ‘n [W] (8)
Dplar = Pplac-n [W] ©)
The vapor mass flow rate of total flock s, is calculated using the equation

(10)

) P e - 1073 kg
B 1

hv,i

where @y 15t IS the latent heat production (expressed in W), hy is the specific enthalpy of the
vapor (kJ-kg™) evaluated at tavgset and n is the flock broiler number (birds).

The high stocking densities typical of broiler houses entail a not negligible vapor production
that increases the RH of the indoor air. High levels of RH increase the thermal stress of the
animals and worsen the 1AQ, together with contaminants present in the air. Range of optimal
RH values can be found in literature [34]. In Fig. 7, the optimal RH range values considered

in this work are shown together with wy as a function of the animal age.
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Fig. 7. Optimal RH range values during a batch. In the chart, animal weight (wy) is also shown..

In broiler houses, mechanical humidification or dehumidification system are not present and
usually RH is managed through base ventilation. The air flow rate necessary to maintain an
adequate 1AQ in the house Vhase,ot is determined as a function of base ventilation flow rate per
kg of live weight Viasew. This flow rate is calculated as a function of broiler’s age d through

the equation

' 4 3 2 m’
Vbasew =91°d"+ g2+d” + g3 d*+ g,-d+ gs h-kg (11)

where g coefficients (showed in Table 3) were obtained through a regression analysis on
values from [71].

Table 3 - Coefficients of Eq. (11) that expresses the ventilation flow rate per kg of live weight (Voasew) as
function of the broiler age (d).

Coefficient Value Unit
01 +3.6000 - 107 m3 - ht.kg?-day*
g2 -6.6070 - 10°° m3 - h?.kg?- day?
Os +4.6223 - 1073 m3 - ht.kg?- day?
g4 -1.5193 - 10 m3 - h?.kg?- day?
s +2.4666 mé. ht.kg?

Knowing Vasew, total base ventilation flow rate Vhaseot is calculated as

) ) m?3
Vbase,tot = Vbase,w N Wy lTl (12)
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3.4 Energy balance

The calculation model presented in this work complies with the simple hourly method
described in ISO 13790 Standard [18] and it is based on a similarity between the thermal
behavior of the analyzed building and a resistance—capacitance (R-C) network. This similarity
allows a simplification of the heat transfer between the indoor and the outdoor environment.
The model consists of five resistances and one capacitance (5R1C), as shown in Fig. 8. Each
resistance of the network represents a heat transfer coefficient, while the nodes indicate the
various considered temperatures. The heat capacity of the entire building is concentrated in
the single capacitance of the 5R1C network.

The heating/cooling load ®wcnd is applied on the node representing the indoor air
temperature tair. The resistance representing the heat transfer coefficient by ventilation Hye is
connected to the same tair node. The heat flow rate representing thermal losses by ventilation
is calculated as a function of Hve and the temperature difference between the supply air
temperature tsup and tair. In this specific model, tsyp is assumed equal to the outdoor air
temperature te when evaporative cooling is not activated. Contrarily, when evaporative pads
are activated, outdoor air used for tunnel ventilation is adiabatically saturated and its
temperature decreases.

The heat flow rate by transmission through the building envelope depends on the temperature
difference between te and surface temperature ts, which is a mix between mean radiant
temperature and indoor air temperature and it also depends on the heat transfer coefficients by
transmission for glazed elements Hy ren and for opaque ones Hirop.

In order to correctly consider the thermal mass of the building, the coefficient Hiop is split, in
turn, into two coefficients Hiem and Hir,ms With a single concentrated thermal capacity Cm
between them, as shown in Fig. 8. In this way, the model considers that two different heat
flows occur through the opaque elements. The first one represents the heat flow by
transmission that takes place between the outdoor environment and the core of the opaque
components, where the 5R1C model considers that the building fabric effective heat capacity
Cm is located. This part of the heat flow is calculated as a function of Hirem and the
temperature difference between te and the capacitive mass node temperature tm. The second
part of the transmission heat flow through the opaque elements represents the heat transfer
that takes place between the thermal mass and the indoor environment. This quantity depends
on the heat transfer coefficient Hy,ms and on the temperature difference between tm and ts.

19


https://doi.org/10.1016/j.enbuild.2018.03.056

Pre-print of: A. Costantino, E. Fabrizio, A. Ghiggini, M. Bariani, Climate control in broiler houses: a thermal
model for the calculation of the energy use and indoor environemntal conditions, Energy and Buildings, Vol
169, 15 June 2018, Pages 110-126, https://doi.org/10.1016/j.enbuild.2018.03.056.

Temperature ts is connected to tair node through a heat transfer coefficient Hy,is, obtainable as
the product between the area of all surfaces facing the building zone At and the surface heat
transfer coefficient his.

The heat gains due to solar ®so and internal sources ®int are considered split into three
different shares (®ia, ®m and ) as visible in Fig. 8. Each one acts on a different node of the
R-C network. In the tair node, the ®ia heat flow is present, represents the convective part of the
heat gains and is equal to half of the heat gains from internal sources. ®m represents the heat
flow that affects the mass temperature node tm. It is a function of the total radiative heat gains
(solar and internal) and of the fraction between the effective mass area of the building Am and
the area of all surfaces facing the enclosure At. The remaining part of the radiative internal
and solar gains is @s. It acts on the ts node and depends on the same parameters of ®m, and
also on the transmission heat transfer coefficient of the windows Hy fen.

At each time step, the actual heating/cooling load ®ricnd that has to be provided directly to
the building to reach the heating/cooling set point temperature thic set is calculated. The sum,
during the analyzed period, of the hourly heating/cooling load gives as a result the total
heating/cooling energy need Qnic,nd. Even though this method makes possible to calculate the
cooling energy needs to decrease the indoor air temperature until the cooling set point, in this
specific work these data were used only as input to calculate the tunnel ventilation air flow
Vi, because mechanical cooling usually is not present in broiler houses.
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Fig. 8. Representation of the simple hourly model.

To proceed to the calculation of the hourly energy heating/cooling load ®wcnd applied to the
tair node, a time discretization is done following a Crank-Nicholson scheme which analyzes
the 5SR1C model with an hourly time step. At each time step tair is calculated and compared
with set point temperatures thset and tcset and the total heat flow ®mtot, that considers all the
heat flows occurring in that time step, is calculated. To do it, coefficients Hi 1, Her2, Hir 3 are
needed and are calculated as a function of Hir fen and Hve. The full set of equations needed for
these calculation steps and for the entire calculation of the model, can be found in paragraph
C.3 of Annex C of ISO 13790 Standard.
Knowing all the previous quantities, the capacity mass node temperature tm is calculated, at
each time step 1, as

et [3¢85 = 0.5+ (Hirs + Hisem)| + Pmot

tme = C.

m + 05 ' (Htr,3 + Htr,em)

[°C] (13)

where Cr, is the building fabric effective heat capacity (expressed in J-K) and ty .1 is the
capacitive mass node temperature that was calculated at the previous time step.
Capacitive mass temperature tm, surface temperature ts and indoor air temperature tir of the

enclosure are calculated at each time step as
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t + ty -
t = mtfmtl [°C] (14)
Do + Py/cnd

Htr,ms "ty + Py + Htr,fen “le T Htr,l ’ (tsup + laH—Ve/n> (15)

ty = [°C]

: Htr,ms + Htr,fen + Htr,l
. Htr,is “ts + Hye - tsup + &, + cI)H/C,nd o (]_6)
Lair = [ C]

Htr,is + Hve

where ®wycnd IS the actual heating/cooling load. At each time step, tair is calculated twice,
considering firstly no heating/cooling load obtaining tair,o and then an heating/cooling load
equal to 10 W-m (®ryc,nd20 Obtaining tair,10). The actual heating/cooling load ®wc g is

determined as

tint,H/C,set - tair,o [

®y/cnd = PH/cnd,10 W] (17)

tair,10 — Lair,0

Two different conditions that can occur in the broiler house have to be considered at each
time step. The first one happens when tairo falls between the heating tHset and cooling set point
temperatures tcset, therefore the building does not need neither heating nor cooling (®H/c,ng=0)
and the temperature is in free-floating conditions. The second condition happens when tair0
falls out of the range fixed by the two indoor air temperature set points and a heating/cooling
load ®H/cng IS registered. Considering all the hourly heating/cooling loads (given by Eq. (17)),
the total energy needs during the considered period are obtained. The heating load is stored
for calculation of the heating energy use, while the cooling load is simply theoretical and it is

used for the following tunnel ventilation calculations.

3.5 Tunnel ventilation and evaporative cooling

As reported before, mechanical cooling is not present in broiler houses, but free cooling can
be activated to decrease the indoor air temperature through the tunnel ventilation.

From the previous calculation steps, the building loads and the boundary conditions at each
time step are known. The model considers that tunnel ventilation is activated when all the

following conditions are fulfilled:

a) broilers are present in the house;
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b) the house has to be cooled (tair>tc set and ®Hicnd IS Negative);

) teis sufficiently lower than tc set.

The last condition has to be imposed because for cooling the indoor environment through
tunnel ventilation, te has to be lower than tc st Of a certain temperature differential Aty. This

condition can be expressed as
tC,set - te = Attv (18)

where Aty is the minimum difference between tc set and te for activating tunnel ventilation.
This parameter is set in the climate control unit and generally varies between 0.5 and 3 °C. In
the presented model Aty is a constant value that is input at the beginning of the simulation.
When all the previous conditions are verified, the tunnel ventilation flow rate 74 is calculated

as

Vtv =

[®cnal 3600 lm3l 9

Cair * (tC,set - te) Pair T

where Cair is the specific heat capacity of the air and pair IS air volumetric mass density.

Aty is also a condition that guarantees the feasibility of the ventilation, as it stands out from
Eq. (18). If the difference between tc st and te is close to zero, the requested ventilation flow
rate increases, reaching excessively high values that are not feasible or that entail air
velocities not adequate for the welfare of broilers. In general, for a given value of cooling
load, small values of Aty entail a maximum flow rate of tunnel ventilation larger than the one
that may be obtained assuming greater values of Atyy.

The maximum value of the tunnel ventilation flow rate Vi, max is

|¢C,nd,max 3600 l l
Cair (tC,set t ) Pair

Vtv,max -

(20)

where ®c nd,max is the maximum cooling load needed. Knowing Vi.max and the geometrical
dimensions of the house, the maximum air velocity in the house due to ventilation is
calculated. This parameter is useful for analyzing the animal welfare during the batch.
During the warmest periods, te may rise above the cooling set point temperature tc set,
therefore Eq. (18) is not fulfilled. When this situation happens, tunnel ventilation cannot

maintain the indoor air temperature set point and high temperature peaks may be reached. To
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guarantee the animal health and to safeguard the production in these periods too, direct
evaporative cooling is activated. This strategy reduces the supply air temperature and it cools
the enclosure.

The model considers that direct evaporative cooling is activated when all the following

conditions are verified:

e Dbroilers are present in the house;
e acooling load is needed;
e the condition of Eq. (18) is not fulfilled (te is not sufficiently lower than tc set);

e the livestock house is equipped with evaporative pads.

When evaporative cooling is activated, evaporative pads cool the outdoor air that passes
through them by adiabatic saturation. The tsy value is determined as a function of te, the
outdoor humidity (expressed through the wet-bulb temperature) and the direct saturation
effectiveness ¢ of the cooling pad. Saturation effectiveness indicates the extent to which
complete saturation is approached [11], that is the percentage of the closeness between the
dry-bulb temperature of the air leaving the cooling pad tsup,db and the wet-bulb temperature of
the entering air tewb. Generally, € varies between 70 and 95% as a function of the air velocity
through the pad (values between 1.0 and 1.4 m-s** produce the highest efficiencies [36]), the
thickness of the pad (between 10 and 30 cm) [11] and the maintenance (dust, particles and

algae decrease the efficiency). In a generic cooling pad, & can be expressed as

edb tsup,db

e =100 [%] 21)

te,db - te,wb

where te gp IS the dry-bulb temperature of the entering air.

When evaporative cooling is activated, the model determines tsyp as
tsup,db = tledp — € (te,db - te,wb) [OC] (22)

and the tunnel ventilation flow rate Viec is updated as

Vtv,ec -

) 3
|Pcnal 3600 [mTl -

Cair * (tC,set - tsup) Pair
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The indoor air temperature calculations at each analyzed time step is updated (reduced) and
the equations concerning the energy balance (Eq. (13) and following) are recalculated
considering the tunnel ventilation flow rates with/without the evaporative cooling.

After this last step, the model is able to report the correct values of tair also in those time steps

in which ventilation and evaporative cooling are activated.

3.6 Moisture balance

The energy model solves the humidity mass balance, for each analyzed time step. This
balance considers humidity ratio of indoor air x; and supply air Xsup and the vapor production
flow rate of the flock iy, as shown in Fig. 9. The properties of moisture storage of the
envelope, the animals’ plumage and the straw present in the litter are not considered in the

present work. The humidity mass balance can be expressed as
' j o [Xev 24
Vet * Pair * (xsup - xi) +mgy - 3600 =0 T ( )

where Vet is the effective ventilation flow rate inside the house, equal to Phase ot When only
base ventilation is activated, 7w when tunnel ventilation is activated and Vivec When
evaporative cooling is activated. The balance expressed in Eq. (24) is solved in order to
determine xi.

Through standard psychrometric formulations, the model provides as output the RH of the
indoor air. This parameter is of the foremost importance in broiler farming because it makes
possible to understand if the base ventilation flow rate is adequate to guarantee the animal
comfort avoiding too high or too low levels of RH that can cause animal stress and diseases
[72].

Fig. 9. Humidity mass balance solved by the simulation model.
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3.7 Systems performance

In the previous sections, the calculations for the estimation of the energy needs for heating,
cooling and ventilation were shown. For obtaining the thermal and electrical energy
consumption due to climate control, the performance of the systems installed in the house has
to be computed.

Air heaters carry out the heating task. They are equipped with a fuel burner with a certain

conversion efficiency n. The heating energy consumption is calculated as

Een = Qaina 1 [KWh] (23)
where Qund IS the energy needs for heating, calculated as the sum of the heating load for each
time step of the analyzed period.

To estimate the electrical energy consumption of the fans for both base and tunnel ventilation,
the model considers the static pressure p in the house (calculated as the difference between the
outside air pressure and the inside air pressure) at each analyzed time step.

Three different situations may occur. The first one includes those time steps in which the
tunnel ventilation is not activated. In this situation, the static pressure of the air into the broiler
house corresponds to the static pressure due to the base ventilation pps, @ parameter input by
the user, therefore

P = Pps [Pa] (26)

The second case contemplates the tunnel ventilation as activated, while the evaporative
cooling is not activated: in this case, static pressure pyw is calculated as a function of the air
velocity v and the length of the broiler house L as [70]

p=py=(257-102-v2+31-103 v+ 6-1073) - L [Pa] (27)

When evaporative cooling is activated, the static pressure is calculated as in Eq. (27), but a
further pressure drop of 20 Pa due to the presence of the evaporative cooling pads has to be
added to the final result.

In this work, different commercial fans were considered both for base and tunnel ventilation.
All those products were tested by laboratories. Through those tests, the air flow rate and the

specific electrical consumption of the fans are expressed as a function of the static pressure
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inside the broiler house (from 0 to 60 or 75 Pa). For estimating the hourly ventilation flow
rate Vran OF a fan present in the house, the following equation is adopted
3

. 2 m

Vtan = B2 *p* + By "p + By [Tl (28)
where p is the static pressure value and Bo, B1 and B2 are regression coefficients obtained from
laboratory test data, different for each fan model.
To calculate the electrical energy consumption due to ventilation, a Specific Fan Performance
(SFP) curve, typical for each fan, is implemented. The SFP curve expresses the energy

consumption per each m? of airflow provided by the fan and is a function of the static

pressure p as
m3

where So, S1 and S» are regression coefficients different for each fan.

The model considers that when a base ventilation flow rate Vhaset Or a tunnel ventilation flow
rate Vi is needed, the first fan assigned to that specific task (base or tunnel ventilation) starts
to work providing the ventilation flow rate calculated through Eqg. (28). If the ventilation flow
rate needed is greater than the one provided by the first fan, the model allocates the remaining
ventilation flow rate sequentially to the following fans. For calculating the global electrical
energy consumption due to ventilation Ee in the broiler house, the sum of the energy
consumption of each fan has to be considered and it has to be integrated on the considered

interval of time steps t as

0, n
J ( <Z";‘F‘,:>-1o-3> dt [kWh] (30)

where n is the number of fans that are present inside the broiler house.
Through these calculations, the thermal and electrical energy consumption due to climate

control in the broiler house are finally obtained.

4 Validation of the model
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The presented model was calibrated and validated by a comparison with a real dataset
obtained through a measurement campaign carried out in a real broiler house. The monitoring
campaign lasted an entire production cycle.

4.1 Case study description

The analyzed case study is a gable roof broiler house located in North of Italy. The building
has a useful floor area of 1200 m?, being 120 m long and 10 m wide. The height of the house
is 4.4 m at the ridge level and decreases until 2.1 m at the eave level. The useful volume is
about 3900 m3. The main orientation of the building is East-West due to its longest axis is
aligned on the north-south direction.

Walls are prefabricated sandwich panels made up of a double layer of prepainted steel sheets
with a high density spread polyurethane layer (0.04 m of thickness) interposed. The mean U-
value of walls is 0.81 W-m2K-L, This value is obtained considering that a part of the opaque
envelope (about 6% of the north and south walls) is made of corrugated cellulose evaporative
pads that are characterized by a higher U-value. The windows are polycarbonate alveolar
panels with a U-value of 3.60 W-mK. The roof is composed by the same prefabricated
panels used for the walls, but the interposed polyurethane layer is 0.02 m thick, thus giving a
U-value of 1.17 W-m2K™L. The floor is a reinforced concrete screed above a waterproofing
sheet in direct contact with the ground. The effect of the ground was taken into consideration
by adding a 1.5 m layer of soil to the original construction of the floor and adopting the
outdoor air temperature as the outdoor boundary condition. The internal heat capacity of the
opaque elements was calculated following 1SO 13786 Standard [73]. The main thermo-

physical properties of the analyzed broiler house are summarized in Table 4.
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Table 4 — Main thermo-physical properties of the analyzed broiler house.

U-value Ki
Element
[W-mZK1] [kJ'm?2-K7]
Walls 0.81 47
Roof 1.17 4.0
Floor 0.94 79.9
Windows 3.60 -

The batches carried out in the house have a duration of 50 days and the average final live
weight achieved by the bird is 3.7 kg. The mean animal stocking density is 12 broilers per
square meter of usable floor area, meaning that about 14,500 animals are reared per batch.
The ventilation system consists in ten fans of the same model that are located on the south
wall and deal with both IAQ control (base ventilation) and tunnel ventilation. In Table 5, B
and S coefficients (Egs. (28) and (29)) of the adopted fan model are reported. Five gas air
heaters placed on the north wall of the house provide the space heating. Each gas heater has a

10 kW heating capacity.

Table 5 - Coefficients B and S of the fans used in the analyzed broiler house.

Coefficient Value Unit
B -0.0007 m3-Pa2-Wh?
B, -0.2116 m3-Pat-Wh
Bo +34.481 m3-wh?
Sz -0.8644 m3-Pa?-h?
S1 -135.04 m3-Pal-ht
So +42088.5 m3-ht

4.2 Monitoring system description

The dataset used for the model calibration and validation concerns both environmental and
energy measurements obtained during a single production cycle carried out in May and June
that lasted 50 days (1200 hours). The considered period results adequate for the model
validation and calibration because during the analyzed batch all the equipment for climate
control were used (gas air heaters, fans and evaporative pads) and quite different outdoor air

conditions were registered.
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The environmental data were collected using portable data loggers, which provide the
following outputs (accuracy noted in brackets):

1. Indoor air temperature (£0.21 °C);

2. Relative humidity (£2.5%).
The considered broiler house was equipped with two data loggers: the first one placed at the
beginning of the house (DLHead) and the second one placed at its end (DLgottom). Both the
devices were installed at 35 cm of height from the floor level. The data acquisition time step
was set to 2 minutes.
Other environmental data were obtained from the climate control unit (CCU) of the house that
measures indoor air temperature and RH values with the aim of regulating the fan operations.
The maximum (CCUwmax), minimum (CCUwmin) and medium (CCUwmeq) daily values of indoor
air temperature and RH that are stored by the climate control unit were also used for the
calibration and validation stage.
Outdoor air temperature and RH were obtained through a portable data logger (DLout)
arranged outside the broiler house. Hourly solar radiation values were derived from a weather
station located near the broiler house.
The monitoring of the energy use for climate control was done as follows. To monitor the
thermal energy for heating, the daily working time of each gas air heater was retrieved from
CCuU. Electrical energy data were obtained through meters for three phase electrical systems
that were installed in the electrical line the fans, thus providing the cumulative electrical

energy consumption. In Table 6, the dataset obtained through the monitoring campaign is

summarized.
Table 6 — Dataset obtained during the monitoring campaign.
Name Description Number of samples Logging time step
DLHead Indoor air temperature and RH 36,000 2 minutes
DLgottom Indoor air temperature and RH 36,000 2 minutes
DLout Outdoor air temperature and RH 36,000 2 minutes
CCUwmax Indoor air temperature and RH 50 1 day
CCUwmin Indoor air temperature and RH 50 1 day
CCUmed Indoor air temperature and RH 50 1 day
Working minutes (gas heaters)  Working time of single gas heater 250 1 day
Energy consumption Energy consumption of fans 1 50 days (cumulative)
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From the whole dataset presented in Table 6, the parameters needed for the calibration and
validation of the presented model were obtained. First, the average hourly air temperatures
and RH inside the house (DLaveragethy) Were obtained as hourly mean between DLnead and
DLgottom. DL Average(d) Was obtained as daily mean of the values of DLaverageth). Among the
parameters obtained from CCU, only CCUweq Was used for the validation on a daily basis

because it represents the average daily conditions inside the analyzed broiler house.

4.3 Model reliability

The case study previously described was simulated to validate and calibrate the presented
model. In Fig. 10, daily estimated values from the model (tmodei@) and RHwmodei()), monitored
values from the monitoring system (toLaverage(d) @ RHbLAverage(a)) and climatic control unit
values (tccumed and RHccuwmeq) are displayed with outdoor air temperature and RH values
(toLout(g) and RHbLoyta)).

Analyzing the trend of the daily outdoor air temperatures, the considered period results
relevant for the model validation, as previously said. The first part of the batch is
characterized, in fact, by lower outdoor air temperatures (the minimum value is 15.7 °C,
measured on the 18" day of the batch). This value, jointly with the presence of the few-days
old chicks in the house, entails a heating need for maintaining the required set point
temperatures. During the second part of the analyzed batch, the higher outdoor air
temperatures (the maximum value is 29.0 °C measured on the 31% day of the batch), together
with the increased heat production of heavier birds, entails the necessity to cool the animals
through the activation of both tunnel ventilation and evaporative cooling. The trends of indoor
air temperatures are similar between them, while some differences between RH trends stand
out. In particular, RH values estimated by the model (RHwmodei(a)) are higher than the monitored
values (RHbLaverage(), RHccumed) during 49 out of 50 days of the monitoring campaign (the
only exception is day 22). Considerable differences between monitored and estimated values
of RH stand out especially in the second part of the analyzed batch, when cooling is needed.
For this reason, the deviation between the trends of RH may be due to the evaporative pads
modeling. This cooling system has a considerable influence on the RH because saturates the
incoming air, increasing its vapor content. In the model, € values from the datasheet provided
by the manufacturer were used. This value represent the saturation effectiveness of a new pad

and tends to decrease over its lifetime as a result of the degradation of the material due to
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factors as dust, solar radiation and chemical components that are present in the water used to

wet the pad. Considering those aspects, saturation effectiveness may be used as a calibration

parameter.
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Fig. 10. Trends of daily air temperature and RH of monitored values (tor ayerage(d) RHDLAverage(), tccumed and
RHccuwmeq) and estimated values (tmodei) and RHmodei(@)). In the chart, the monitored outdoor conditions (toLoy)
and RHpi o) Of air temperature and RH are also shown.

In Fig. 11 the hourly trend of indoor air temperature and RH estimated by the model tmodei(h
and RHwmodel(n) are compared with the monitored values toraveragetny @ RHDLAverage(n)- 1N the
same chart, the hourly total ventilation flow rate (base ventilation plus tunnel ventilation)
estimated by the model is also presented. During the first days of the batch, the ventilation
flow rate is at a minimum level because only base ventilation is activated (for guaranteeing an
acceptable level of IAQ). Base ventilation flow rate is a function of the animal weight (as
shown in Egs. (11) and Eq. (12)), therefore during the first days of the batch low flow rates
are expected because in that period tiny chicks are present in the house. As time goes on, the
ventilation flow rate increases because heavier birds require higher air flow rates for the IAQ

control and because free cooling is needed due to the higher outdoor air temperature values.
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chart, the monitored outdoor conditions (toioyyny and RHbLo) OF air temperature and RH are also shown. The

Fig. 11. Trends of hourly indoor air temperature and RH of monitored values (tovaverage(ny @Md RHoL average(ny) @nd
estimated values (tmodeihy and RHwmodeitn)) @) from batch start to hour 600, b) from hour 601 to batch end. In the

ventilation flow rate estimated by the model is presented.
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The goodness-of-fit of the presented model is numerically evaluated using as statistical
indexes the Root Mean Square Error (RMSE), the Mean Bias Error (MBE) and the
Coefficient of variation of the Root Mean Square Error (Cv(RMSE)), as done in similar

works [74][75],[77]. These statistical indexes are calculated as

Nj L C)2
RMSE = 2i=y(Mi ~ 51) (31)
N;
N.
(M =S,
MBE:W 100 [%] (32)
i=1 Mi
Cv(RMSE) = RMSE 100 [9
VRMSE) =g~ 100 %] (33)
ﬁizi=1Mi

where M; and S; are respectively measured and simulated data at instance i and N is the count
of the number of values used in the calculation (1200 hourly values, 50 daily values). RMSE
IS used because measures the error between simulated and measured data. MBE and
Cv(RMSE) are also used for the calibration because their values can be compared with
threshold limits provided by ASHRAE Guideline 14 [78] on calibration of building energy
models that are equal to +10% for MBE and 30% for Cv(RMSE) in case of hourly
calibrations.

Applying Egs. (30), (31) and (32), RMSE, MBE and Cv(RMSE) values for indoor air
temperature and RH were calculated using hourly values (DL averageth)). RSME is 2.01 °C for
indoor air temperature and 16.00% for the RH. MBE for indoor air temperature calculated on
hourly basis is 1.30%, while Cv(RMSE) is 7.76%. The same indexes calculated for RH result
to be -20.49% (MBE) and 25.85% (Cv(RMSE)). Comparing these values (MBE and
Cv(RMSE)) with the reference ones provided by [78], they result to be plenty below the
threshold limits concerning the indoor air temperature, but the same situation does not happen
for MBE referred to RH values, as shown in Table 7 (columns 3-5, rows 2-4).

On daily interval only RMSE is calculated because ASHRAE Guideline 14 [78] does not
provide threshold limits of MBE and Cv(RMSE) for daily calibrations. RMSE on daily basis
can be calculated considering as measured data both values from data loggers (DL average(d))
and from climate control unit (CCUwmed), (Table 7, columns 3-5, rows 5-8).

The analysis based on statistical indexes provides useful information: first, the model can be

considered reliable concerning its previsions about indoor air temperature; the discrepancies
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of RH may be explained calibrating the saturation effectiveness of the evaporative pads. Then,
the RMSE shows that the model outputs are more similar to the values provided by the CCU
than the ones monitored through portable data loggers.

4.4 Model Calibration

For increasing the reliability of the model, especially concerning the RH values, the direct
saturation effectiveness of the evaporative pads was calibrated. This calibration makes it
possible to take into account the saturation effectiveness decay of the pads as effect of the
variation of the inlet air speed and the deterioration of the materials, as said in the previous
section. For the calibration of this parameter, an optimization-based calibration [74] through a
GRG (Generalized Reduced Gradient) nonlinear algorithm was adopted for minimizing the
RMSE varying the value of €. The algorithm provides a new value of € equal to 0.60, instead
of 0.87 (initial value) that means a decay of performance by 30%.

In Fig. 12 andFig. 13, the same trends and values of Fig. 10 andFig. 11 are compared adopting
the saturation effectiveness obtained through the calibration process. In both the hourly and
daily charts, in facts, the RH values estimated by the model better fit with the measured data.
This change can be noticed only in the second part of the batch because evaporative pads

were used only during those days.
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Fig. 12. Trends of daily air temperature and RH of monitored values (tor ayerage(d) RHDLAverage(), tccumed and
RHccumeq) and estimated values (tmodei@) and RHmodei(ey) after the model calibration. In the chart, the monitored

outdoor conditions (toLoyyq) and RHbLoyq) Of air temperature and RH are also shown.
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Fig. 13. Trend of hourly indoor air temperature and RH of monitored values (tor ayeragetny aNd RHDLAverageqn)) @Nd

estimated values (tmodeichy and RHwmodein)) after the model calibration a) from batch start to hour 600, b) from hour

601 to batch end. In the chart, the monitored outdoor conditions (toLoytn) and RHowoy) OF air temperature and
RH are also shown. The ventilation flow rate estimated by the model is presented.

The increased goodness-of-fit of the model is also proved by the variation of the statistical
indexes previously calculated (Table 7, columns 6-9, rows 2-4). Adopting the updated values,
the RSME for hourly values of indoor air temperature decreases until 1.65 °C and decreases
until 9.38% for RH (logger accuracy was £0.21 °C for temperature and £2.5% for RH). The
new values of MBE and Cv(RMSE) calculated for indoor air temperature and RH confirm
that the reliability of the model has increased, even if the MBE calculated for RH is slightly
above the threshold limits, as shown in Table 7. Daily RMSE are also updated (Table 7,

columns 6, rows 5-8).

Table 7 — Comparison between the statistical indexes calculated for evaluating the goodness-of-fit of the model
and of the calibrated version considering measured (M;) and simulated values (S;). The table shows also the
threshold limits fixed by ASHRAE Guideline 14 [78].

Model (e=0.87) Calibrated model (e =0.60)

M > RMSE MBE Cv(RMSE) RMSE MBE CVv(RMSE)
©  Dlaeeen thiodel(r) 201°C  1.30% 776% | 165°C  -151%  6.35%
é; RHoLawengm ~ RHwveeey ~ 1600%  -2049%  2585% | 9.38%  -11.73%  1519%
§ Threshold [78] - +10% 30% - +10% 30%

toL Average(@) tiodelc) 1.46°C - - 0.99°C - -
é RHbLAverage(d) RHuwmogeld) 13.47% - - 7.59% - -
2 tooume tvodei) 113°C - - 0.78°C - -
° RHccupmed RHwiocei(@) 9.44% - - 4.21% - -

In order to explain the performance of the model as regard to the RH estimation, an analysis
of the residual values (ARH) calculated as the hourly difference between Si and Mi was done,
and is shown in Fig. 14. This distribution has its peak translated on the right part of the chart,
meaning that the model constantly overestimates the RH, in fact, 88% of the hourly estimated
values (RHwmodei(n)) are greater than monitored values (RHbLaverage(ny)- This distribution
suggests a sort of systematic error of the model that may be due to the hygric material
property. The model, in fact, does not take into account that the vapor content present in the
air is partially absorbed by the animal plumage and the bedding straw, decreasing the vapor

content of indoor air. Further developments of the model may take into account the
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hygroscopicity of the indoor environment for obtaining a better prediction of the indoor air
RH.
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Fig. 14. Frequency and cumulative frequency of the residual values between the simulated values (S;) and
monitored values (M;) concerning indoor air RH calculated on hourly basis (1200 values).

4.5 Reliability of the energy consumption estimation

The last part of the model validation concerns the energy consumption for heating (thermal
energy) and ventilation (electrical energy).

The monitored working times of each gas heater of the house are reported in Table 8. The
dataset shows that gas heaters | and V are the ones that were more activated each day, since
they are located at the head and bottom of the house where the thermal losses due to

transmission and infiltration are greater.

Knowing the working times and the heating capacity of each gas heater, the total energy
consumption for space heating is calculated to be 3551 kWh. The energy consumption for
space heating estimated by the model is 3184 kWh. These values indicate that the model

slightly underestimates the thermal energy needed to heat the house by about 10%.

Cumulative frequency
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The monitoring campaign recorded 5061 kWh as electrical energy consumption of the ten
fans for both base and tunnel ventilation. The presented model estimates that the electrical
energy consumption is 5463 kWh, with a slight overestimation by about 7.9%.
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Table 8 — Monitored working times (in minutes) of the five gas heaters in the monitored broiler house. Space
heating results to be activated during the first 25 days of the batch.

Gas heater monitored working time (minutes)
Day of the batch

I Il v \Y
1 365 125 8 9 386
2 712 264 8 7 600
3 612 307 12 9 566
4 574 315 3 6 571
5 506 256 3 0 525
6 435 224 0 3 441
7 370 212 0 0 407
8 290 285 0 0 369
9 181 232 0 0 274
10 169 208 0 0 179
11 415 496 27 239 452
12 444 408 8 2 509
13 201 229 4 1 321
14 160 189 5 30 246
15 128 197 0 0 52
16 145 187 14 197 181
17 190 251 0 0 210
18 422 401 34 355 93
19 380 393 66 653 48
20 132 155 8 1 3
21 95 100 3 40 25
22 56 81 1 328 155
23 25 14 0 45 0
24 11 6 0 0 1
25 6 4 2 0 0
26 0 0 0 0 0
27 0 0 0 0 0
28 0 0 0 0 0
29 0 0 0 0 0
30 0 0 0 0 0
Tot. 7024 5539 206 1925 6614

5 Conclusions
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In the present work, the simulation model for the estimation of the energy consumption for
climate control in broiler houses was presented. This model is based on a customization of the
simple hourly method of ISO 13790 Standard. Solving the energy balance, the moisture
balance and calculating the fan performance, the developed simulation model can estimate the
thermal energy consumption due to heating and the electrical energy consumption due to
ventilation (both for IAQ control and free cooling). Furthermore, the presented model
provides the main indoor environmental parameters, specifically indoor air temperature and
relative humidity. The validation and calibration of the developed model was possible through
a dataset of real data from a monitoring campaign that concerned an entire batch carried out in
a broiler house.

This model aims to be a useful tool for engineers that may use it to evaluate different design
alternatives and retrofit measures from the point of view of the building envelope and the
climate control systems. Farmers may also benefit from the use of this model because it can
provide data (e.g. costs associated to energy and indoor environmental parameters) for
improving the management of the animal farming.

The model has proven to be reliable from the points of view of both the environmental
parameters and the energy consumption estimation. Room for improvement lies in the relative
humidity prediction. Future developments of the model should, in fact, take into account the
properties of moisture storage of the enclosure and a fine-tuning of the evaporative pads
modeling, considering the decay of the evaporative effectiveness due to both the inlet air
speed variation and the degradation of the material as a consequence of usage.

The model was developed in an electronic spreadsheet environment but a further
improvement could be a more user-friendly interface. Future plans include upgrading to
consider more aspects such as, for example, the calculation of the thermal humidity velocity
index (THVI), for estimating hourly the conditions of thermal stress of the birds.

Finally, due to the considerable differences that farming of various animal species presents,
similar simulation models should be developed for the animal species that are usually reared
in livestock houses in developed countries (e.g. fattening pigs, dairy cows and laying hens).

The final aim should be to increase the information about the use of energy in animal farming.
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7 Nomenclature

7.1 Symbols

A area of all surfaces facing the building zone [m?]

B coefficient [-]

b coefficient [-]

C building fabric effective heat capacity [J-KY

c specific heat capacity [J-kgt-KT]
d animal age [days]

E energy consumption [KWh]

f coefficient [-]

g coefficient [-]

H heat transfer coefficient [W-K1

h specific enthalpy [kJ-kg™]
his surface heat transfer coefficient [W-m2.K1
k coefficient [-]

L length of the building [m]

n animal number [broilers]
1 mass flow rate [kgs]

p pressure [Pa]

Q energy need [Wh]

R sensible fraction of heat emission [-]

S coefficient [-]

SPF  Specific Fan Performance [m3kwh]
t temperature [°C]

v air velocity [m-s™]

14 ventilation volume flow rate [m3h]
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W animal weight

X humidity ratio

At temperature differential
() heat load, heat flux

€ saturation effectiveness of cooling pad
n gas heater efficiency

p volumetric mass density
7.2 Subscripts

a, air air

avg average

b broiler

base, bs base ventilation
C cooling

db dry bulb

e external, outdoor
ec evaporative cooling
el electrical energy
eff effective

f flock

fan fan

fen fenestration

H heating

i, int internal, indoor
lat latent heat

m mass related
max maximum

nd need

op opaque

sens sensible heat

S surface

set set point temperature

[kal
[kQvaporKgair ]
[°C]

[W]

[-]

[-]

[kg'm™]
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sol
sup
th
tot
tr
tv
v
ve
w
whb
T

0
10

solar

supply

thermal energy

total

transmission

tunnel ventilation

vapor

ventilation
animal-weight related
wet bulb

time step

0 W-m heat load related
10 W-m™ heat load related
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