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Abstract

The estimation of the energy performance of livestock
houses is a recent research topic that is gaining interest
due to the expected increase of the energy consumption in
agriculture in the coming future. In this work, the state of
the art in the energy modelling of livestock houses is
presented. Due to the lack of shared and globally accepted
methodologies for simulating the energy consumption for
climate control of livestock houses, in the EPAnHaus
project different energy simulation methods were
compared and contrasted to find the best solution in terms
of reliability, number of input data, customizability and
calculation time.

Introduction

Climate control is of a foremost importance in intensive
livestock houses because it enables high animal stocking
density and the possibility to carry out production cycles
even with not adequate outdoor weather conditions, due
to the season and/or the geographical location of the farm.

Due to their high productivity, intensive livestock houses
represent an interesting solution for feeding the future
generations but the problem of the energy consumption
due to the control of the climate of this building type is
still open. As an example, in broiler houses, up to 140
kWh/(m?y) of thermal energy are needed for space
heating, a percentage that represents about 96% of the
total thermal energy consumption, while the remaining
4% is needed for manure treatment and disposal. In this
building type, climate control entails also a not negligible
electrical energy consumption due to ventilation and
localized heating (through electric radiant heat lamps) that
can be estimated between 4 and 11 kWh/(m?y). This
amount of energy represents about 66% of the total
electrical energy consumption of these livestock houses,
while the remaining 34% is due to feed distribution,
lighting and the collection of products (Costantino et al.,
2016).

Considering the estimated rise in agricultural and
livestock production (FAO, 2009; FAO, 2011; FAO,
2012) due to the expected demographic growth (United
Nations, 2015), the energy consumption of this sector, is
estimated to increase in the coming future. In the
framework of the limitation and the decrease of the energy
consumption of this productive sector, the assessment of
the energy consumption for climate control is of the

foremost importance and reliable energy simulation tools
are needed for this purpose.

Aim of the work

Given this picture, the EPAnHaus Project (2014-2017,
funded by the Italian Ministry of Education, Universities
and Research) (Fabrizio et al., 2017), aimed at developing
an ad-hoc energy certification scheme for climate control
of intensive livestock houses. The project faced different
issues and one of the most interesting was to find a
reliable, customizable, low time-consuming energy
simulation method for the estimation of the energy
consumption for climate control and the indoor
environmental conditions inside intensive livestock
houses. The objective of the present work is to give a
picture of the state of the art of the literature about the
energy modelling of the livestock houses and to show the
main findings of the EPAnHaus Project in this respect.

Literature analysis

Models to calculate thermal loads, energy
consumptions and indoor environment conditions in
livestock houses

In this section, the analysis of energy calculation models
that are applied at livestock houses with a totally confined
enclosure is presented. Since dairy/calf houses usually are
not completely confined enclosures, they are out of the
scope of this work. Table 1 summarizes the results of the
literature review, highlighting that few Authors have been
focusing on this specific simulation issue and even less
performed energy simulations on livestock houses.

The found steady-state energy models (mainly from the
reference handbooks in agricultural engineering) are
generally used at design conditions, also with the aim of
analysing the animal welfare using indexes for the
assessment of the heat stress, such as the THI -
Temperature Humidity Index- (Xin and Harmon, 1998).
Dynamic energy models are used for the estimation of the
energy performance of livestock houses and for the
assessment of the average (they are lumped parameter
models) values of indoor environmental conditions. To
get over these limitations, some Authors coupled dynamic
energy simulation models with Computational Fluid
Dynamics (CFD), that enables more detailed analysis of
the indoor environmental conditions because they
consider the spatial distribution of the indoor
environmental parameters (e.g. indoor air temperature
and air velocity).

Proceedings of the 16th IBPSA Conference
Rome, Italy, Sept. 2-4, 2019

4251
https://doi.org/10.26868/25222708.2019.210859



%% J} 16th IBPSA
ROME / CONFERENCE

INTERNATIONAL
BUILDING
PERFORMANCE
SIMULATION
ASSOCIATION

Table 1: Summary of the results of the literature review.

Reference Publication year Source” House type™ Mam*** Validation
outputs

« | Albright 1990 H GH TL No
£ 8| carvalho et al. 2008 P BH ASI+IEC Yes
i 8 Esmay and Dixon 1986 H GH TL No
§ § Hamilton et al. 2016 J BH EC+IEC+TL Yes
& % Lindley and Whitaker 1996 H GH TL No
Midwest Plan Service 1983 H GH TL No
Daskalov et al. 2006 J GH IEC+TL Yes
P Daskalov 1997 J PH IEC+TL Yes
E " El Mogharbel et al. 2014 J BH EC+IEC+TL No
Y K Fabrizio et al. 2014 J PH ASI+EC+IEC No
g 2| Liberati and Zappavigna 2005 P GH AWI+IEC Yes
= Panagakis and Axaopoulos 2008 J PH ASI+IEC No
O | Seoetal 2009 J BH IEP+TL Yes
Zhou et al. 2017 P BH EC+IEC No
Blanes-Vidal et al. 2008 J BH IEC Yes
Bustamante et al. 2017 J BH IEC Yes
Fidaros et al. 2018 J BH IEC Yes
o Guerra-Galdo et al. 2015 J BH ASI+IEC No
o Kwon et al. 2015 J BH IEC Yes
Mostafa et al. 2012 J BH IEC Yes
Rojano et al. 2015 J BH IEC Yes
Zhu et al. 2012 P BH IEC No

*Journal (J), Proceedings (P), Handbook (H)
“*Generic animal house (GH), Broiler house (BH), Pig house (PH)

Hokk

Another interesting aspect that stands out from Table 1
regards the building type that is analysed: most of the
analysed works focuses on broiler houses, some works are
focused on generic livestock houses while very few of
them analyse pig houses, representing a remarkable gap
in this research area.

Steady-state energy models

In the reference handbooks of agricultural engineering
about environmental control, various Authors presented
different formulations of the steady-state heat balance that
were developed specifically for livestock houses. Those
heat balances were not addressed to the improvement of
the energy performance of these buildings, but
agricultural engineers mainly use them for sizing the
HVAC system (e.g. number of fans and heating capacity
of the air heaters) and for assessing the thermal stress risk
for the reared animals in certain periods of the year.

In literature, the reference formulation of the sensible heat
balance in steady-state conditions was provided by
Albright (1990) and reads:

bs + Om + Gso + En + Pyi = Gy + b + de +
bvo  [W] @
In Eq. (1) the term ¢ represents the sensible heat flow
from animals inside the enclosure. This term depends on
the animal species and their body mass. Data about animal
sensible heat production can be found in handbooks
(Esmay and Dixon, 1986) or in technical reports
(Pedersen and Séllvik, 2002). The term ¢ is considerably

Animal stress indexes (ASl), Energy consumption (EC), Indoor environmental conditions (IEC), Thermal loads (TL)

higher than in civil buildings: for example, in broiler
house it can reach values around 180 W/m?.

The term ¢, is the sensible heat flow from internal
sources, such as fan motors and lights. According to the
formulation of the heat balance of Midwest Plan Service
(1983), this term can be neglected in the balance of a
livestock house due to its minor relevance. This
simplification is encouraged by the current widespread
use of energy-efficient technologies (e.g. led/gas-
discharge lamps and brushless motors) that enables high
performance with a minimum overheating of the devices.

The term ¢, represents the solar heat flow, while ¢y, is
the sensible heat flow that is provided by heating system
(e.g. air heaters or heating lamps).The terms ¢,; and ¢,
are the sensible shares of the heat flows due to the
ventilation air entering and leaving the enclosure. These
terms play a fundamental role in the energy balance of
livestock houses because in these buildings high
ventilation rates are needed for removing the high
concentration of contaminants (e.g. H.S and NHj3) and to
cool the animals (Esmay and Dixon, 1986). In livestock
houses, in fact, no mechanical cooling is usually present.
The indoor air temperature is decreased by free cooling
and, in some cases, by evaporative cooling.

In Eq. (1), heat losses due to transmission through the
building envelope is split into two terms, ¢,, that is the
heat losses through the walls and roof, and ¢; that
represents the heat loss through the floor. Even though ¢,
and ¢y represent transmission heat flows through the
building envelope, various Authors (Albright, 1990;
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Panagakis and Axaopoulos, 2008) separated these terms
because the heat transfer via the ground represents a
challenging issue due to its complexity especially in
livestock houses, as highlighted by Albright, L.D. (1990)
Panagakis and Axaopoulos (2008) and Costantino et al.
(2017). In pig houses, for example, the presence of
ventilated pits (below-grade structures) for the manure
collection complicates the estimation of the heat transfer
via the ground. Panagakis and Axaopoulos (2008) solved
this problem calculating firstly the heat transfer
coefficient of the pit walls as reported in CIRA (1982) and
then the heat transfer coefficient of the pit floor. For this
calculation, they applied a series of thermal resistances for
the various layers (namely, the air inside the pit, the
manure and the pit floor) that divide the thermal zone
from the ground.

The term ¢, represents the sensible heat flow that is
needed to evaporate the water inside the enclosure,
considering for example the presence of waterers, feed
and slurry. In literature, there is not a common agreement
on how to consider ¢.. Hamilton et al. (2016) developed
a steady-state model for broiler houses with the final aim
of demonstrating the considerable energy savings that can
be achieved through the thermal insulation of the house.
In their steady-state energy balance, they considered this
term. Pedersen and Séllvik (2002) in their formulation of
heat production at house level accounted ¢, directly in
the share of heat produced by the reared animals
considering, for instance, the evaporation of water from
waterers and feed. On the contrary, according to Midwest
Plan Service (1983), ¢, can be considered negligible due
do its minor relevance.

To resume, the steady-state heat balance of Eq. (1) can be
simplified neglecting the terms ¢, and ¢,, as stated in
Midwest Plan Service (1983). In addition, it is possible to
integrate the Eq. (1) with other terms that are present in
the formulation of the heat balance by other Authors. In
particular, Daskalov et al. (2006), Carvalho et al. (2008),
and Panagakis and Axaopoulos (2008) take into account
in their works the presence of the term dy,,, that represents
the sensible heat flow due to the fog system installed
inside the building. In certain livestock houses (especially
growing-finishing piggeries), fogging and sprinkling
systems are installed to mitigate the heat stress of the
animals. Panagakis and Axaopoulos (2008) introduced
the Boolean variable yg,, to take into account the
possibility that the system is turned off, or not present at
all, (yeog = 0) or present and turned on (y¢og = 1).

Liberati and Zappavigna (2005) underlined the
importance of considering the sensible heat exchange
between manure (especially when it is collected in pits)
and the air inside the enclosure. For this reason, in the
formulation of a steady-state heat balance, the term ¢ .,
could be considered, especially in the large-scale
growing-finishing pig houses that are equipped with pits
where manure is not frequently removed through
flushing. Even in this case, the Boolean variable yyan
may be used: Y., Will be equal to one in livestock houses
where ¢, IS considered significant.

Considering all the previously mentioned aspects, the
energy balance of Eq. (1) can be rewritten as

bs + dso + Op + Gy = by + dr + by +ong'¢fog+
+Yman * Pman [W] (2)

Due the considerable production of water vapour that
characterizes this building type, also the mass balance
should be considered. In literature, the formulations of
mass balances of livestock houses are widespread because
they are also used to study the concentration of the
contaminants (e.g. H2S and NHz3). Albright (1990) reports
the usual steady-state mass balance for a generic material
of interest

mp + mvi = mvo [%] (3)
where m, represents the mass flow that is produced
within the space, m,; and m,, the mass flow that is
carried into and carried out of the enclosure by ventilation
air. A specific formulation for the moisture balance can
be found in Esmay and Dixon (1986) and Midwest Plan

Service (1983). It can be considered the mathematical
development of Eq. (3) and reads

. . . . k;
(man + mev) + (mair ’ xvi) = (mair ' xvo) [?g] (4)
where m,, is the water vapour from animals, m,, is the
water vapour from surfaces water evaporations (and
fogging), m,;, is the ventilation rate and x,; and x,,, are
the specific humidity of the incoming and exhaust air.

Dynamic energy models

The use of steady-state models can be a reliable and
effective solution at design conditions. When the aim of
the simulation is the assessment of the energy
performance of the livestock houses, dynamic models are
needed. An important aspect that has to be considered in
the dynamic models is the heat capacity stored in the
building elements. Even though the heat balance proposed
by Lindley and Whitaker (1996) was in steady-state
conditions, they introduced the term ¢, indicating the
heat stored in the building materials and equipment. This
term was not added in Eq. (2) because the heat storage
capacity of the building should be considered only in
dynamic or quasi-steady state energy balances.

Panagakis and Axaopoulos (2008) introduced the lumped
effective building capacitance in their time-dependant
equation for defining the energy balance inside a pig
house. This work concerned the development of a
simulation model for assessing the performance of two
different fogging strategies inside pig houses to decrease
the heat stress of the reared animals. The model was based
on two time-dependant equations for the calculation of the
indoor air dry-bulb temperature and relative humidity
(RH). In this work, no estimation of the energy
consumption was carried out, but two heat stress indices
(regarding duration and intensity) were used. These
indexes together with the THI (Xin and Harmon, 1998)
can be implemented in the simulation models to provide
useful information about the welfare of the reared
animals.
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Liberati and Zappavigna (2005) presented a dynamic
simulation model that is based on two time-dependant
equations for describing the energy and the mass balance
inside a livestock house. In this work, each term of the
heat balance (both sensible and latent) is explicitly
described focusing on detailed aspects, such as the
manure-air heat exchange calculation and floor
modelling. The model was validated against real
monitored data with good results.

In literature, the use of BES (Building Energy Simulation)
tools for carrying out dynamic simulations can also be
found. Fabrizio et al. (2014) used a BES tool (EnergyPlus)
to simulate the indoor climate conditions and the energy
consumption of a sow farrowing room. In this work, the
BES tool was used for performing dynamic simulations to
compare different solutions in terms of HVAC system
(e.g. presence of variable flow fans and free cooling) and
building envelope (e.g. different materials and thermal
insulation). The final aim was to find out the best solution
from the point of view of energy consumption (heating,
cooling and primary energy) and animal welfare (index of
overheating) for the analysed sow farrowing room.

Zhou et al. (2017) carried out a similar analysis using the
same BES tool (EnergyPlus) focusing on a broiler house
in New South Wales (Australia). The analysis aimed at
decreasing the energy consumption and the operating
costs for heating and cooling of the analysed broiler
house, considering also an optimization in the operational
plan of the farm, by varying the starting dates of the
production cycles.

Seo et al. (2009) coupled BES with CFD with the aim of
improving the ventilation system of a naturally ventilated
broiler house. CFD evaluated the indoor air temperature
and the ventilation efficiency, while BES model
computed the heating load. Through this model, various
types of openings were analysed to find the best solution
in terms of energy consumption.

Even EI Mogharbel et al. (2014) coupled an energy model
with CFD to evaluate the performance of an innovative
localized solar-assisted heating system for broiler
brooding. CFD was used to simulate the air flow rate and
the supply air temperature inside the house, while the
performance of the components (e.g. collector-tank
system and solar concentrator) was simulated through a
set of time-dependant equations.

Finally, Daskalov (1997) adopted a different approach to
the problem of the energy simulation of livestock houses,
developing a dynamic discrete auto-regressive moving
average model. The model investigates the main indoor
environmental parameters (e.g. indoor air temperature
and relative humidity) that have to be considered inside a
livestock house and the main findings of this work were
used in Daskalov et al. (2006) for designing a non-linear
proportional integral control to be applied to the climate
control system of animal buildings.

CFD
For the detailed analyses that concern the estimation of

the indoor environmental conditions, CFD is preferred to
lumped parameter energy models. This preference is

because CFD can analyse more in detail the entire spatial
domain of the enclosure, enabling the assessment of the
spatial distribution and gradient of indoor environmental
parameters, such as indoor air temperature and velocity.
2D or 3D CFD models are applied to livestock houses
especially for:

o the prediction of the indoor environmental conditions;
o the assessment or improvement of ventilation;

o the evaluation of the emissions of contaminants.

An accurate and complete prediction of the indoor
environmental conditions inside livestock houses is
fundamental because the breeds that had been selected for
rearing inside intensive livestock houses lost their
adaptability to the environment variations and are more
sensitive to the thermal stress (Sandoval et al., 2006). For
this reason, adequate indoor environmental conditions
should be guaranteed and CFD is suitable for this task
(Kwon et al., 2015; Rojano et al., 2015) also when
evaporative pads for the mitigation of the heat stress are
present (Fidaros et al., 2018). CFD is also able to estimate
in detail the thermal and humidity gradients of the entire
domain (Mostafa et al., 2012) also focusing on of the
disadvantageous spots of the enclosure, such as the areas
near windows.

The use of CFD is spread in literature also for analysing
ventilation and the effects that it has on indoor air quality,
energy efficiency and animal thermal comfort (Guerra-
Galdo et al., 2015). CFD is used for the assessment of the
air velocities inside livestock houses (Bustamante et al.,
2017; Blanes-Vidal et al., 2008) also with different
building configurations (Guerra-Galdo et al., 2015).

Finally, in many works CFD is used to investigate aspects
such as ammonia emissions (Bjerg et al., 2013) and the
removal of gaseous pollutants (Zhu et al., 2012). This
need is due to the high cost that characterizes the
measurements of ammonia concentration. To obtain
reliable results, in fact, specialized measurement tools
(Decock et al., 2009) and a considerable number of
samples are needed, entailing a not negligible financial
cost (Hendriks et al., 2001). The advantage of CFD
models relies on the possible combination with
experimental campaigns, enabling the extension of the
performed measurements to the entire enclosure.
Furthermore, CFD enables more reliable results because
the entire domain of the enclosure is deeply analysed and
the measurements by agent (that may cause distort
outputs) are minimized Furthermore, CFD can analyse
also experimental solutions without the need of adopting
real test sites (Blanes-Vidal, 2008).

EPANHaus results

Application and validation of the simple hourly
method to livestock houses

The literature review showed that few Authors focused on
the topic of the energy simulation of the energy
performance for climate control of livestock houses with
dynamic models, and fewer Authors validated the
obtained results against real data. Another aspect that was
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found is the lack of a shared methodology to be adopted
for the energy modelling of the livestock houses.

For this reason, an energy simulation model in
compliance with the simple hourly method of 1ISO 13790
(2008) was developed for broiler houses and the results
were validated against monitored data. The simple hourly
method (SH) of I1SO 13790 (2008) is based on the
thermal-electrical analogy between the livestock house
and the equivalent 5R1C (5 resistance and 1 capacitance)
electrical network. This calculation method is considered
appropriate for this purpose because its time step (one
hour) is sufficiently short to correctly consider the
variations of the boundary conditions without weighing
the calculation down. This method is high customizable
and for this reason is adequate to model the HVAC system
of livestock houses. The full set of equations of this model
can be found in Costantino et al. (2018).

The energy simulation model was developed specifically
for broiler houses because is a quite standardized building
type that is characterized by high consumption of energy
for climate control. The length of broiler houses can
exceed 100 m, the maximum width generally is around
15 mand the covering can be a barrel vault or a gable roof.
The windows are polycarbonate hollow sheets adopting a
guillotine or wasistas opening system. The envelope has
U-values that are higher than the ones that of residential
buildings, since only few centimetres of thermal
insulation are present. The production cycle (batch) starts
when chicks are carried inside the house and will remain
there until they achieve the target weight for being
slaughtered (40-50 days). At the end of the batch, the
sanitization of the house could take between 7 and 14 days
to be carried out. During the first days of the batch, the set
point temperature is around 32 °C because chicks need
higher indoor air temperatures than during the last days of
the batch, when the set point temperature is around 17 °C.
To guarantee these indoor environmental conditions, air
heaters are used for space heating, while fans deal with
ventilation for free cooling and for the indoor air quality
control. During the warm season, also evaporative pads
are used for cooling the reared animals.

The case study that was monitored for the model
validation has 1200 m? of useful floor area. The walls
have a mean U-value of 0.81 W/(m?K), the windows of
3.60 W/(m?K) and the roof of 0.81 W/(m?K). The floor
has a U-value of 0.94 W/(m?K). Batches of 50 days of
duration are carried out and the final live weight of the
bird is 3.7 kg. The animal stocking density is
12 broilers/m?2. The HVAC consists in ten belt-driven fans
(1 hp power and 37,000 m3/h of maximum airflow at 0 Pa
of pressure differential), with evaporative pads and five
gas air heaters (50 kW of total heating capacity).

The acquired data for the model calibration and validation
regarded environmental and energy measurements and
were acquired during a production cycle from May to
June (50 days, 1200 hours). The period was adequate
because all the equipment for climate control were used
and different outdoor weather conditions occurred.
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Figure 1: Comparison between the monitored and
estimated indoor air temperature and RH (daily values).
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The model was validated considering both hourly and
daily values for the estimation of the indoor
environmental conditions. The hourly values were
successfully validated according to ASHRAE Guideline
14 (2002). In Figure 1, the trend of indoor air temperature
and relative humidity (RH) from the monitoring campaign
and from the model are shown on a daily basis. The indoor
air temperature estimated by the model (Omodet) has a
similar trend with the monitored data from both the data
loggers (6pL) and climate control unit (6ccu). The RMSE
errors of indoor air temperature estimation are 0.99 °C
and 0.78 °C considering the monitored values from data
loggers and from climate control unit, respectively. A
different trend characterises the indoor RH, being the
estimated value (RHwmoder) more similar to the one from the
climate control unit (RHccu, RSME=4.21%) than the one
from data loggers (RHpL, RSME=7.59%).

The model reliability was also evaluated regarding the
energy consumption. The space heating entailed a
monitored energy consumption of 3551 kWh, while the
model estimation was 3184 kWh, meaning an
underestimation by about 10%. The monitored electrical
energy consumption due to ventilation was 5061 kWh,
while the model estimated 5463 kWh, meaning a slight
overestimation by about 8% (Costantino et al., 2018).

Comparison between detailed dynamic, simple
hourly and quasi-steady-state simulation methods

The validation proved that the model provides good
results in terms of energy consumption and evaluation of
the indoor environmental conditions. Other two
simulations were performed using the monthly quasi-
steady-state (QS) method and the detailed (hourly)
dynamic (DD) method (developed in EnergyPlus), from
ISO 13790 (2008). The three methods were applied to
case study presented in Costantino et al. (2017) and the
results are compared. Hourly boundary conditions (e.g.
set point temperatures and weather data) were used for
DD and SH simulations, while average monthly values
were used for QS model.

The vyearly energy needs for heating and cooling
estimated by the three models are reported in Table 2.
Comparing the energy needs, it stands out that the heating
energy need estimated by QS model is the highest one
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among the three models. On the contrary, the cooling
energy need estimated by the QS model is the lowest one,
while the cooling energy load from the SH model is
highest one. The results of DD model fall within the
values obtained by QS and SH models for both heating
and cooling energy needs. The differences between the
estimated heating energy needs are considerable.
Assuming the results of DD model as reference, SH
model underestimates the heating need by 17% (17.0
kWh/m?), while QS model overestimates the same energy
use by 66% (66.9 kWh/m?) if compared with DD model.
On the contrary, the values of cooling needs are quite
similar: QS model underestimates the cooling energy
need by 9% (18.2 kwWh/m?), while SH model value
overestimates it by 3% (6.7 kWh/m?), if compared with
the output of DD model (Costantino et al., 2017).

The previously highlighted differences could be
explained analysing the monthly energy needs (Figure 2).
In the cool season, QS model considerably overestimates
the heating energy needs, especially in January, February
and December. Furthermore, using QS model is not
possible to take into account the simultaneity of heating
and cooling energy needs in the same month, except for
those months in which heating and cooling seasons
change, as it occurs in October due to the fact that QS
model uses average monthly data as boundary conditions.
For this reason, QS model underestimates the energy
needs during some months, such as February and April.
For these reasons, QS method cannot be considered a
reliable tool for the energy simulation of livestock houses
(Costantino et al., 2017).

In Figure 3, the heating and cooling loads during a batch
(from February to April) that were estimated by SH and
DD models are shown. Before the of production cycle
start, neither heating nor cooling loads are needed because
the livestock house is still empty and the indoor air
temperature fluctuates in free-range conditions. When the
chicks are carried to the broiler house, a peak in the
heating load is estimated, because an adequate high
indoor air temperature should be provided to the chicks.
As shown in Figure 3, both the models estimate this peak,
but with some differences during the first hours (about up
to hour 1250), while, later, the trends of the heating loads
are similar. During the first half of the production cycle,
the heating loads decrease because elder animals need
lower set point temperatures than the young chicks.

The Root-Mean-Square Error (RMSE) for the heating and
cooling loads between the SH and DD models was
calculated over all the 936 h of the batch. The RMSE for
the heating load is 22.0 kW, while for the cooling load is
8.1 kW. If the first days of the batch (when peak is
present) are not considered in the RMSE calculation, the
RMSE for the heating loads decreases to 7.3 kW
(Costantino et al., 2017).

Once the batch is ended, no set point temperature is no
more required: the indoor air temperature fluctuates in
free-running conditions. Just after the system shut off, the
trends of the indoor air temperatures are quite different,
maybe due to the heat capacity estimation of the floors in

the two models. After some days, the air temperature
trends that are estimated by the models are similar.

Table 2: Comparison between the outputs of the models.

Heating Cooling
[KWh/m?] [KWh/m?]
QS model 168.1 187.5
SH model 84.2 205.7
DD model 101.2 199.0
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Figure 2: Heating and cooling energy needs on a
monthly basis (QS model: full colour columns; SH
model: striped columns; DD model: dotted columns).
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Figure 3: Trends of heating and cooling loads during a
batch (February — April).
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Figure 4: Trends of indoor air temperatures at the end
of the batch (about at hour 2175) and over.

This analysis showed that both DD and SH methods are
reliable for the simulation of the indoor environmental
conditions and energy consumption of livestock houses.
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In the framework of EPANnHaus Project SH method was
preferred and used as basis for the energy certification
scheme because is highly customizable and new solutions
and technology can be easily evaluated through it.
Furthermore, in SH models, it is easier to define the
boundary conditions (e.g. variable set point temperatures
and heat emissions) and to provide other indexes (e.g. heat
stress indexes and specific consumption per unit of final
products).

Conclusions

In this work, the state of the art on the energy and indoor
environment modelling of livestock houses was provided,
especially regarding pigs and poultry houses. This state of
art has been the basis of the EPAnHaus project of which
the main findings are also reported.

Currently, very few works were focused on this topic and
most of them are more related to the estimation of the
indoor environmental conditions than on the energy
performance for climate control. Among the works that
assess the energy performance of those buildings, it was
not possible to find a shared methodology.

For filling this gap, the simple hourly method of the ISO
13790 (2008) was applied to livestock houses and was
validated against monitored data. Simple hourly method
is considered the best solution for this specific application
also when compared with other energy simulation
methods (quasi-steady-state and detailed dynamic ones),
because it provides reliable results, it needs a limited set
of boundary conditions, it is high customizable and the
calculation time is considerably reduced if compared with
a detailed simulation tool.

Further investigations could compare the simple hourly
method of ISO 13790 (2008) with the new simple hourly
method in compliance with ISO 52016-1 (2017). The aim
of this comparison may be to evaluate if the increased
complexity of the new method entails results that are
considerably more accurate.

Nomenclature

¢ heat gain (W]
Y Boolean variable (-]
m mass flow rate [%
% humidity ratio [kig—“]
0 temperature [eC]
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