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Abstract: Environment control systems in broiler houses utilize non-renewable electricity and fuels
as energy sources, contributing to the increase in greenhouse gases, while not providing optimal
conditions. The heat pump (HP) is an energy-efficient technology that can continuously regulate
the indoor temperature and relative humidity by combining different operation modes (heating,
cooling, and dehumidifying). The current study presents an analytical numerical model developed
in Simulink, capable of simulating the thermal loads of a broiler house and the dynamic operation of
three heat pumps to cover its needs. Outdoor climatic conditions and broilers’ heat production are
used as inputs, while all the heat exchange mechanisms with the external environment are considered.
The study investigates the energy use and performance of each HP mode under different environ-
mental conditions. A total of 7 different production periods (PPs) are simulated for a 10,000-broiler
house in northern Greece, showing total energy consumption of 18.5 kWh/m2, 43.4 kWh/m2, and
58.7 kWh/m2 for heating, cooling, and dehumidifying, respectively. The seasonal coefficient of
performance (SCOP) reaches above 3.1 and 4.8 for heating and dehumidifying, respectively, while the
seasonal energy efficiency ratio (SEER) for cooling is above 3.7. Finally, focusing on the two warmer
periods, a comparison between cooling with and without evaporative pads was performed, showing
similar energy consumption.

Keywords: broiler house modeling; heat pump model; animal house environment control; indoor
climate control

1. Introduction

The European Union (EU) is one of the world’s largest poultry meat producers and
a net exporter of poultry products. The poultry meat sector is one of the most intensive
farming systems in the EU, with an annual production of around 13.2 million tons in
2021 [1]. Intensive broiler farming is characterized by high stocking densities, fast growth
rates, very large facilities, and indoor rearing. In intensive production systems, chickens
are genetically selected for fast growth to achieve the target live weight of 2.0–2.5 kg within
35 to 45 days. This farming model accounts for around 90% of broiler production in the
EU [2].

To achieve the optimal growth rate and maximum performance of broilers, while
ensuring health and welfare conditions, an effectively controlled indoor environment is a
necessity. Among other factors, efficient space heating and cooling are of great importance.

Broilers are homeothermic animals and attempt to maintain their body temperature
at constant levels [3,4]. Too-high and too-low ambient temperatures negatively affect
their performance by (i) reducing their body weight gain and, (ii) compromising their
health and increasing their mortality [5–8]. Exposure to cold temperatures causes harm
to their digestive and immune systems [9], leading to decreased growth rate, as well as to
increased disease susceptibility. Similarly, in a high-temperature environment their feed

Energies 2023, 16, 2770. https://doi.org/10.3390/en16062770 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16062770
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-7604-5112
https://orcid.org/0000-0002-5278-4738
https://orcid.org/0000-0001-6838-458X
https://orcid.org/0000-0001-8696-1280
https://orcid.org/0000-0001-6778-3669
https://doi.org/10.3390/en16062770
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16062770?type=check_update&version=1


Energies 2023, 16, 2770 2 of 21

intake, feed efficiency, and growth rate are reduced [10]. Except for the temperature, broilers’
homeothermic regulation is also directly affected by relative humidity levels [11]. Therefore,
broilers must be housed under thermoneutral conditions in terms of air temperature and
relative humidity.

Indoor environmental control is mostly pursued by utilizing conventional technologies
and practices [12,13], such as heaters, fans, and evaporative pads. These technologies may
result in increased operational costs, high energy dependence on fossil energy sources [14],
and increased greenhouse gas (GHG) emissions. Even though the existing energy use
data on livestock systems, and—by extension—in the broiler industry, are fragmented,
characterized by multiple methodologies and considerable data gaps [15], the high energy
use for environment control in broiler houses in Europe is concluded by several studies
conducted during the last decade.

It has been indicated that the energy consumption in poultry houses is expected to
vary between 60–80 kWh/m2/year, depending not only on the location of the poultry
farm but also on the level of the technology installed [16]. It has also been reported that
the total annual thermal energy and electrical energy use in broiler houses range from
86–137 kWh/m2 and 7–16 kWh/m2, respectively [17]. Constantino et al. [18] simulated an
entire production cycle, estimating the thermal energy consumption due to heating and the
electrical energy consumption due to ventilation (not including cooling), showing a total
of 3184 kWh (an underestimation of about 10% compared with the calculations) for space
heating, and 5463 kWh (an overestimation of 7.9%, compared with the recorded) for the
electrical energy consumption. Of course, energy use calculations depend strongly on the
local climatic data and the building construction materials, as well as the heating/cooling
technology, and the automation applied [17]. Studies conducted in the Greek region at
four poultry farms located in different altitudes and with different technology adoption
levels [19] concluded that the average final energy consumption varies from 46.38 kWh/m2

(low land/“new technology”) to 89.37 kWh/m2 (mountainous/“old technology”). In the
above-mentioned study, insulated buildings with high automation-level infrastructure are
classified as “new technology”.

The most commonly used conventional technologies carry inherent limitations in
terms of regulating the indoor environment (i.e., not effective control of temperature and
relative humidity), often overlooking the strong interactions between broilers and their
environment. Moreover, when combined with low-performance, conventional control
strategies may lead to additional economic mislaying due to both higher energy use and
lower flock performance. Efforts on climate control systems for broiler and animal houses
have been made during the last years to demonstrate the requirement of the development
of new control techniques, incorporating modern control theory [20], modern supervisory
control for closed broilers’ houses [21], predictive control for temperature and humidity in
a naturally ventilated buildings [22], and optimal control [23]. Several of these approaches
are either theoretically perplexing or challenging to implement in a real poultry house
system [24]. Even though heating, ventilation, and air conditioning (HVAC) heat pump
(HP) systems have already demonstrated their capacity to precisely control the residential
buildings’ environment, their integration in animal buildings has not been adequately in-
vestigated yet. HP has been considered an expensive technology for environmental control
in animal housing compared with conventional technologies. The recent advancements
in HP’s technology, though, have led to considerable improvement in the coefficient of
performance (COP), making the technology worthy of further investigation. Furthermore,
their coupling with other renewable energy sources (RES) systems (i.e., photovoltaic and
geothermal energy systems) not only can improve HP systems’ performance but also assist
in the energy resilience of the facilities during periods of energy uncertainty. The successful
integration and adoption of HPs in broiler houses could considerably benefit EU livestock
facilities in the near future. HPs are considered an RES technology, closely following the
European Commission (EC) priorities on energy efficiency [25], and are fully in line with
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the new strict EU directives for energy performance in buildings which require reaching
nearly zero energy buildings (nZEBs) status [26] in the short term.

The present study follows the preliminary work of Tyris et al. [27], where the dynamic
operation of modular HPs regulating the indoor climate of a broiler house was simulated
for two production periods (PPs). Here, a more sophisticated model of the heat pump
system is developed. First, two widely used technologies are incorporated, namely, a heat
recovery system and an evaporative cooling pads system. Furthermore, seven PPs—instead
of two—are simulated, while exhaustive results on energy use and operation time per
mode for two scenarios—with and without evaporative cooling pads—are elaborated.
Except for the accurate modeling of the HP’s components and operation, the novelty of
our study lies in the introduction of a modular HP as the main HVAC system regulating
the indoor environment of a broiler house. This was identified as the first step towards
investigating the application of this recently ascendant technology in the intensive livestock
farming industry. The model developed in this study is capable of (i) simulating the
indoor environment conditions, and (ii) estimating the heating, cooling, and dehumidifying
loads and energy use of the HVAC system, thus providing insight into its performance for
practical implementation purposes.

The seven different PPs during a typical meteorological year are considered to evaluate
the annual total electrical energy consumption. The study shows an annual energy use of
80,506.0 kWh, or 129.4 kWh/m2, with dehumidifying and cooling needs being dominant
throughout the year and exceeding the heating needs. In terms of efficiency, the seasonal
COP (SCOP) factor was estimated for heating and dehumidifying, and the seasonal energy
efficiency ratio (SEER) was estimated for cooling. SCOP can reach above 3.1 and 4.8 for
heating and dehumidifying, respectively, while SEER for cooling is above 3.7.

The present study aims to fill the gap found in the literature concerning the inves-
tigation of HP technology in livestock environments by introducing detailed modeling
of its operation in a broiler house environment. It is expected that the findings of the
present work may assist in the adoption of HVAC systems with HP in the sector of livestock
buildings, leading to more efficient energy use.

2. Modeling and Analysis

In the present study, a mathematical model is developed in the MathWorks
Simulink/Simscape environment [28,29] to simulate the thermal loads of a broiler house
and the dynamic operation of a modular HP system. The broiler house was modeled as an
open thermodynamic system within which a controlled exchange of energy and mass takes
place. The modeled HP system aims at covering the heating, cooling, and dehumidifying
needs of the facility. The model takes into consideration both the internal and the exter-
nal heat loads to (i) accurately predict the real-time internal conditions of the house, and
(ii) efficiently operate the HVAC system to create indoor conditions for optimal broiler
growth. The internal heat loads are affected by the number of broilers and their growth
stage, as their mass affects both their sensible and latent heat loads. On the other hand, the
external heat loads depend on the local climatic data and the considered heat transfer mech-
anisms. This study considers all the heat transfer mechanisms, namely, (i) solar radiation
to the roofs and external walls, (ii) convection between the outside wall and the external
air, (iii) conduction through the construction materials, and (iv) convection between the
inside wall and the internal air. Finally, the energy use of all HP modes, as well as the
overall energy consumption, are estimated and the appropriate energy efficiency indicators
(SCOP and SEER) are calculated. The flow diagram of the numerical model is presented in
Figure 1.
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Figure 1. Flow diagram of the numerical model.

The dynamic simulations performed offer a full understanding of the broilers’ inter-
action with the environment, leading to the definition of heat balances and the heating,
cooling, and dehumidifying requirements.

2.1. Broilers and Building Envelope

A total of 10,000 broilers are housed per PP in the simulated facility located in northern
Greece (Kavala area; 40.94◦ N, 24.41◦ E), with a humid climate, cold winters, and hot
summers. Values of the outdoor temperatures and relative humidities of a typical meteo-
rological year were used, while solar radiation was calculated [30]. Soil temperature at a
depth of 50 cm (Tgr,0.50) was correlated to outside air temperature (Tout−air) using functions
(Equations (1) and (2)) developed for northern Greece [31]:

Tgr,0.50 = −0.0116·Tout−air
2 + 1.4289·Tout−air − 0.3515 (from August to January) (1)

Tgr,0.50 = 0.0116·Tout−air
2 + 0.6737·Tout−air + 3.0285 (from February to July) (2)

For the modeling of walls and roofs, the thermal transmittance (U-value) for a 4 cm
polyurethane panel was used, providing a value very similar to commercial products [32].
The floor’s U-value was estimated for a floor structure consisting of 15 cm of concrete, 8 cm
of sawdust litter, a 2 cm waterproofing layer, a 2 cm concrete coating, and 25 cm of soil.
Table 1 summarizes the main building’s characteristics used for this work.

Table 1. Broiler house dimensions and envelope characteristics 1.

Value Units

Length 45.70 [m]
Width 13.61 [m]
Gutter height 3.55 [m]
Roof inclination 9.00 [deg]
Area 622.00 [m2]
Volume 2419.00 [m3]
Uwalls, Uroof

2 0.57 [W/m2K]
Ufloor 0.52 [W/m2K]

1 Adapted from Manolakos et al. [33]. 2 Thermal transmittance (U-value).

In general, modern broiler houses are characterized by simplicity in construction (i.e.,
single room, polyurethane/metal sheet walls, airtight, no considerable major machinery,
etc.). Even though these buildings are classified as “lightweight” constructions [34], the
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building’s thermal mass has been included and considered as a model input. The simu-
lation’s results are presented for seven possible PPs, 35 days each, throughout the course
of a year, with varying ambient temperature and relative humidity. The PPs that were
considered for this study are presented in Table 2. The potential influence of a shift in the
PPs’ dates on the overall energy consumption could be investigated in a future study.

Table 2. Simulated production periods (PPs).

Production
Period (PP) Start Date End Date Temperature [◦C]

min./max./avg.
Humidity [%]
min./max./avg.

1 1st January 5th February −5.90/14.80/4.01 37.60/99.50/80.08
2 20th February 27th March −4.60/19.90/8.25 31.80/98.70/68.99
3 11th April 16th May 3.70/23.00/13.75 32.90/97.90/70.28
4 31st May 5th July 14.00/32.80/23.50 29.60/86.80/60.91
5 20th July 24th August 18.80/34.20/25.62 19.60/80.40/51.80
6 8th September 13th October 12.40/29.60/19.87 22.40/92.70/60.45
7 28th October 2nd December 4.80/20.20/14.25 43.50/94.20/76.40

The broiler houses are characterized by broadly varying thermal loads because of the
fast growth rate and the increased population density. The recommended temperature
setpoint and relative humidity limits are a function of broiler age [35]. The broilers’ mass,
mbr (kg), at each day within a PP is given by Equation (3) below [36]:

mbr = f1·d3 + f2·d2 + f3·d + f4 (3)

The values for factors fi, i = 1 . . . 4 are given in Table 3, while the broilers’ mass during
a PP is presented in Figure 2a, reaching up to 2.2 kg on the final day of each period.

Table 3. Factors for broiler mass calculation.

Factor Value Units

f 1 −2.1164 × 10−5 [kg/day3]
f 2 +2.5608 × 10−3 [kg/day2]
f 3 −5.3002 × 10−3 [kg/day]
f 4 +7.0839 × 10−2 [kg]

Figure 2. Increase in (a) broilers’ sensible and latent thermal loads of the flock and (b) mass during a
35-day production period (PP).
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In Figure 2b, besides the increase in cooling needs, as the broilers’ mass increases, a
significant increase in latent heat is indicated. Between the 20th and 35th day of the PP, the
latent loads are more than doubled, going from 39.2 to 85.1 kW (117% increase).

A common management practice in broiler housing is to restrict the flock to one-third,
or one-half, of the building area until the 10th day. In the current model, the entire available
floor area was used to house the flock in order to simplify the envelope modeling process
in Simulink. Consequently, the necessary thermal loads over this period are overestimated
to some extent.

2.2. Heat Loads
2.2.1. Internal Heat Loads

For simplicity, the internal space of the broiler house was considered free of equipment
and appliances (e.g., feeders, waterers, mixing fans, etc.). As a result, the internal heat load
is restricted to the broiler heat loads. Practically, the broiler mass can be considered as a
heat source of polynomial varying magnitude (Equation (3)). For the calculation of the
heat produced by the broilers, the methodology followed by Manolakos et al. [33] was also
adopted in the current study.

Usually, it is practical to refer to the specific heat production unit (hpu) Φtot (1000 W of
animal total heat production) at an ambient temperature of 20 ◦C [37]. For lower or higher
temperatures, hpu is adjusted, Φ∗

tot−1000 (W), according to Equation (4):

Φ∗
tot−1000 = 1000·[1 + 4·10−5·(20 − Trm)

3] (4)

For broilers housed between 10 ◦C and 40 ◦C, the corresponding sensible heat produc-
tion at house level, Φ∗

s−1000 (W), is given by Equation (5):

Φ∗
s−1000 = 805 − 39.216·Trm + 2.2288T2

rm − 0.0438T3
rm (5)

The ratio of sensible to total heat production is given by Equation (6). When combined
with Equations (7)–(10), the heal loads of broilers can more accurately be estimated:

r =
Φ∗

s−1000
Φ∗

tot−1000
(6)

Φtot = N·10·m0.75
br (7)

Φ∗
tot−1000 = 1000·[1 + 4 × 10−5·(20 − Trm)

3] (8)

Φ∗
tot−sen = r·Φ∗

tot (9)

Φ∗
tot−lat = Φ∗

tot − Φ∗
tot−sen (10)

In the above equations, Trm is the broiler house temperature, N is the number of
broilers in the house, and mbr (kg) is the mass of each broiler. The heat produced by litter
(60% sensible, and 40% latent) was also considered, accounting for 10% of the total heat
produced by broilers [38]. As breeding days go by, heat loads from litter increase, thus
increasing the need for cooling and dehumidifying. Figure 3 illustrates the variation of
the broilers’ total heat loads during the 35 days for each PP. It is worth noticing that the
thermal load for each period increases significantly, beginning from 12 kW and reaching up
to 200 kW at the end of the period.



Energies 2023, 16, 2770 7 of 21

Figure 3. Broilers’ thermal loads increase during each PP.

2.2.2. External Heat Loads

In the case of a modern broiler house, only walls, roof, and floor are considered since no
windows, partitions, skylights, or other structures exist. For the calculation of sensible heat
flow through the external opaque surfaces of the building, the heat transfer mechanism con-
sidered is a combined convection–conduction type, Qconv−cond

i (W), shown in Equation (11),
with the addition of the solar radiation incident to each surface i, Qrad

i (W):

Qconv−cond
i = U·Ai·(Ti − Trm) (11)

where U (W/m2K) is the overall heat transfer coefficient, Ai (m2) is the area of the surface
i, and Ti (◦C) is the temperature of the wall. Since the envelope has been considered
airtight, the mass transfer takes place by mechanical ventilation, which is necessary for
carbon dioxide concentration control. Its minimum volumetric rate (m3/s) is indicated in
Equation (12) (adapted from [37]):

.
Vair−CO2 =

vi·
.

mair−CO2

[CO2i]− [CO2o]
(12)

where vi (m3/kg) is the specific volume of the inside air,
.

mair−CO2 (kg/s) is the mass
flow rate of the air, [CO2i] (ppm) is the maximum (3000 ppm) allowable carbon dioxide
concentration of the inside air, and [CO2o] (ppm) is the average (385 ppm) carbon dioxide
concentration of the outside air. The sensible and latent heat flow (W) due to ventilation
are given by Equations (13) and (14), respectively [39]:

.
QOASH = 1.23·

.
Vair−CO2 ·(Tout−air − Trm)·103 (13)

.
QOALH = 3010·

.
Vair−CO2 ·(ωout−air − ωrm)·103 (14)

ωout−air (kg of water/kg of dry air) and ωrm (kg of water/kg of dry air) is the absolute
humidity of outside air and room, respectively, representing the ratio of water mass to dry
air mass.

2.3. Heat Pump Model

An HVAC system should effectively cover heating and cooling loads, reassuring the
minimum required ventilation while maintaining the relative humidity at acceptable levels.
The HP system was simulated as a dynamic model using the commercial software Simulink
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to cover the heating, cooling, and dehumidifying needs of the building. The three HPs were
modeled as air-cooled units, while R134a refrigerant was employed as the working fluid.

The HPs regulate their operation to reach the desired setpoint for the indoor tempera-
ture, while the relative humidity also needs to be kept within acceptable limits to ensure
welfare conditions for the broilers. Three HPs for heating, cooling, and dehumidifying have
been employed in the developed model. The heating mode is enabled when the indoor
temperature drops 2 ◦C below the setpoint and deactivated when the setpoint is reached.
Cooling is activated when a temperature difference of 2 ◦C between indoor and setpoint
temperatures emerges. In case this difference increases beyond 3 ◦C, a second cooling
module is activated, while both are deactivated when the setpoint temperature is achieved.
To reduce the energy use of the cooling mode, when the outdoor temperature is lower
relative to the indoor one, the outdoor air is utilized as a cooling source (free cooling mode).

Similarly, in the case of relative humidity regulation, three dehumidification modules
are enabled, while for each mode a reheating coil is enabled to avoid over-cooling of the
supplied dehumidified air. The operation is activated for each dehumidification mode
when a +1%, +2%, and +3% difference in relative humidity between the inside and fresh air
emerges, respectively.

Additionally, when the relative humidity drops below the lower limit, an auxiliary
humidifier, with a mass flow rate of 10 kg/h, is put into operation. To enhance the system
performance, an air-to-air recuperator with a total heat exchange area of 500 m2 and heat
transfer coefficient of 25 W/m2K is also incorporated to recover the heat of the exhaust air
preheating the fresh air that enters the room.

The developed model utilized Simscape blocks available in the Simulink environment.
By connecting these blocks, multidomain physical systems were assembled to model the
building environment, as well as the heat pump system. The function of the blocks of
these libraries is based on formulas considering dynamics, such as the variation of heat
and pressure losses with temperature and mass flow rates. The main Simscape blocks used
to construct the necessary physical networks for simulating the heat pump’s operation
are: (i) condenser evaporator, (ii) thermostatic expansion valve, (iii) pipe, (iv) controlled
reservoir, (v) constant chamber volume, and (vi) controlled mass flow rate source. The
above, combined with several auxiliary blocks, resulted in satisfactory modeling of the heat
pumps’ dynamic operation.

The Simcape libraries used are the Moist Air (MA) [40], Two-Phase (2P) Fluid [41],
and Thermal Liquid (TL) [42].

Main Components

The selected compressor is a Bitzer 6GE-34Y semi-hermetic reciprocating compres-
sor [43] operating with an inverter to control its frequency, a displacement of 126.8 m3/h at
1450 rpm, and a volume ratio of 3. Its mass flow rate (kg/h) and the power consumption (W)
were calculated based on the polynomial coefficients (Equation (15)) provided by the manu-
facturer [44]. The polynomials are a function of the evaporation (Tev) and condensation (Tcd)
temperatures and the mass flow rate and power consumption coefficients (c1, c2, . . . , c9, c10)
at different compressor frequencies. The mass flow and power consumption coefficients
used can be found in Tables A1 and A2 of the Appendix A, respectively.

y = c1 + c2·Tev + c3·Tcd + c4· Tev
2 + c5· Tev·Tcd + c6· Tcd

2 + c7· Tev
3+

c8· Tcd·Tev
2 + c9· Tev·Tcd

2 + c10· Tcd
3 (15)

The condenser and evaporator of the HP were modeled as plate-fin heat exchangers
with crossflow, employing the Condenser-Evaporator (TL-MA) Simscape block, where heat
is exchanged between the refrigerant and moist air. The appropriate flow and geometrical
characteristics are set to reflect the problem specifications. Heat transfer between the
indoor/outdoor air and refrigerant is calculated based on the effectiveness–number of
transfer units (ε-NTU) method, where the Gnielinski correlation is used for the subcooled
liquid or superheated vapor zones and the Cavallini-Zecchin correlation is used for the
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liquid–vapor mixture zone. The condenser has a total fin surface area of 420.2 m2, while
the evaporator surface area is 226.9 m2. The condenser and evaporator heat transfer
characteristics are presented in Table 4.

Table 4. Characteristics of evaporator and condenser.

Parameter Condenser Evaporator

Heat transfer coef. (W/m2K) 5.3 32.8
Heat transfer area (m2) 420.2 226.9

Finally, a thermostatic expansion valve, moderating the refrigerant flow, was modeled
using the thermostatic expansion valve (2 P) Simscape block. The opening of the valve was
adjusted to achieve the desired superheat at the evaporator outlet (5 K).

The model estimated the COP and EER of the heating and cooling capacity of the heat
pump, respectively, taking into consideration the power consumed by the compressor for
the rejected and provided heat, as shown in Equations (16) and (17):

COP =

.
Qheat
.

Wcomp
(16)

EER =

.
Qcooling

.
Wcomp

(17)

For validation purposes, the results of the developed HP model were compared with
those of the software provided by the compressor manufacturer [44]. The deviations of
heating capacity and COP for steady operation at various operating points were calculated
based on Equation (18):

D =
M − S

S
· 100% (18)

In the above equation, D is the deviation (%), and M and S are the results of the model
and manufacturer’s software, respectively. Figure 4 presents the variation between the
developed model and the expected performance from the compressor’s manufacturer,
showing a deviation below 2%. Therefore, the heat pump model is considered to present
acceptable accuracy in predicting the whole system operation, presenting similar results
for the heating capacity and COP.

Figure 4. Variation of capacity and coefficient of performance (COP) between the developed model
and the expected compressor’s performance.
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3. Results and Discussion

Considering the external conditions (temperature, relative humidity, and solar ra-
diation) and internal loads, the HP system provides the necessary heating, cooling, and
dehumidifying loads to maintain the broilers’ house temperature and relative humidity
within the acceptable range. As explained above, the HPs turn on and off their operation
depending on the temperature and humidity differentials, leading to fluctuating conditions.
The indoor temperature and relative humidity profiles that resulted from simulating the
HPs’ operation for the seven PPs are presented next.

3.1. Indoor Temperature and Relative Humidity

The variation of indoor temperature and relative humidity during the 1st PP (01.01–05.02)
is shown in Figure 5. Outdoor temperature ranges between −5.90 and 14.8 ◦C (avg. 4.01 ◦C)
and relative humidity between 37.6 and 99.5% (avg. 80.1%). The indoor temperature
presents a maximum deviation of −2.5 ◦C from the setpoint, during the first 20 days, and
approximately +2.1 ◦C during the last 5 days, when the outdoor temperature increases.
The indoor relative humidity falls within the acceptable limits, exceeding the upper one by
about +2.2%, only during the last 5 days of the PP.

Figure 5. Temperatures and relative humidity variation during the 1st production period
(01.01–05.02).

The variation of indoor temperature and relative humidity during the 2nd PP (20.02–27.03)
is presented in Figure 6. The outdoor temperature ranges between −4.60 and 19.9 ◦C
(avg. 8.25 ◦C) and relative humidity between 31.8 and 98.7% (avg. 69.0%). For the largest
part of the PP2, the indoor temperature presents a maximum deviation of −2.5/+2.1 ◦C.
Except for temporary deviations (max. −13.2%), the relative humidity stays within the
acceptable range.

During the 3rd PP (11.04–16.05), the outdoor temperature ranges between 3.7 and
23.0 ◦C (avg. 13.8 ◦C), and relative humidity between 32.9 and 97.9% (avg. 70.3%). The
indoor temperature (max. deviation: −2.4/+3.0 ◦C) and relative humidity (max. deviation:
−12.0/+2.9 ◦C) show a behavior similar to the 2nd PP (Figure 7).

The variation of indoor temperature and relative humidity during the 4th PP (31.05–05.07)
is shown in Figure 8. The outdoor temperature ranges between 14.0 and 32.8 ◦C (avg.
23.5 ◦C) and relative humidity between 29.6 and 86.8% (avg. 60.9%). A maximum deviation
(+5 ◦C) between the indoor temperature and the setpoint during the last 2 days can be
observed. The HP does not seem capable of covering the cooling needs of these two days.
The deviation is caused by the high outdoor temperature during this period, in combina-
tion with the broilers’ size, which leads to increased thermal loads and high ventilation
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needs. Finally, the relative humidity only temporarily deviates from the acceptable range
(−2.2/+3.1%).

Figure 6. Temperatures and relative humidity variation during the 2nd production period
(20.02–27.03).

Figure 7. Temperatures and relative humidity variation during the 3rd production period
(11.04–16.05).

During the 5th PP (20.07–24.08) outdoor temperature ranges from 18.8 to 34.2 ◦C (avg.
25.6 ◦C) and relative humidity from 19.6 to 80.4% (avg. 51.8%). Indoor conditions exhibit a
behavior similar to the 4th PP, with temperature deviating between −2.3 and +5.7 ◦C, and
relative humidity between −5.9 and +1.5% (Figure 9).

In the course of the 6th PP (08.09–13.10), outdoor temperature ranges from 18.8 to
34.2 ◦C (avg. 25.6 ◦C) and relative humidity from 19.6 to 80.4% (avg. 51.8%). Even though
the indoor temperature profile follows a pattern similar to PP5, with maximum deviations
of −2.3 and +3.1 ◦C, the deviations from the acceptable range in the case of humidity are
greater (Figure 10). A −18.1% deviation was observed twice during the first 6 days.
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Figure 8. Temperatures and relative humidity variation during the 4th production period
(31.05–05.07).

Figure 9. Temperatures and relative humidity variation during the 5th production period
(20.07–24.08).

Finally, during the 7th PP (28.10–02.12), the outdoor temperature ranges from 4.8
to 20.2 ◦C (avg. 14.3 ◦C), and relative humidity from 43.5 to 94.2% (avg. 76.4%). The
indoor conditions’ profile is similar to those of PP1 and PP2 (Figure 11). A deviation of
−2.3/ +2.0 ◦C for the setpoint is observed in the case of temperature. Concerning relative
humidity, a −5.5/ +0.8 % deviation is noticed.

Due to the dynamic nature of the model, the HP’s response is influenced by both
the outdoor and desired indoor conditions. Principally, the modeled HP system appears
capable of covering the broiler house’s necessary loads, with the likely exception of cooling
loads, mostly during PP4 and PP5. These fluctuations are considered insignificant during a
whole year; therefore, extra modes that would increase the broiler’s house operating costs
have not been considered. The observed fluctuations and overshoot in both temperature
and relative humidity will be further discussed in Section 3.3 (“Control aspects”).
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Figure 10. Temperatures and relative humidity variation during the 6th production period
(08.09–13.10).

Figure 11. Temperatures and relative humidity variation during the 7th production period
(28.10–02.12).

3.2. Energy Use

For all PPs, the energy use (kWh) of each HP’s mode, energy use per square meter
(kWh/m2), as well as operation time (h) are presented in Table 5. Additionally, seasonal
energy efficiency indicators for each mode were also calculated. These are the SCOP for
heating and dehumidifying and SEER for cooling, which are largely dependent on ambient
(outdoor) temperature and the required indoor conditions. When more than one module of
the same mode is employed, an average value is estimated.

The overall energy use is calculated at 80,506.0 kWh, or 129.4 kWh/m2, yearly. PP4 and
PP5 appear to be the most energy-intensive periods, with 19,745.8 kWh and 18,359.8 kWh,
respectively, mainly due to the increased cooling needs. Cooling is higher during PP5
(11,884.5 kWh), while dehumidifying is higher during PP4 (8859.0 kWh). Concerning the
cooling mode, SEER ranges from 7.0 (PP7) to 3.7 (PP4), largely depending on the outdoor
temperature. Similarly, dehumidifying mode’s SCOP ranges from 7.9 (PP2) to 4.8 (PP4).
In terms of heating, PP1 is the most demanding, followed by PP2 and PP3. The heating
mode’s SCOP does not vary considerably, ranging from 3.5 to 3.1, showing that the HP
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performance is improved when the ambient temperature is higher. Free cooling and CO2
ventilation energy use are more or less the same throughout the year. It is worth mentioning
that, in addition to the operation of HP, the humidifier consumes a total of 5194.3 kg of
water during 973.2 h of operation.

Table 5. Energy use and energy efficiency indicators of each operation mode per production period.

Production
Period (PP) Operation Mode Energy Use

[kWh]
Energy Use per m2

[kWh/m2]
Operation Time

[h]

Average
SCOP/SEER

1
(01.01–05.02)

Heating 4378.2 7 272.4 3.1
Cooling 36.1 0.1 3.4 5.9
Dehumidifying 3607.5 5.8 301.8 7
Free cooling 133.2 0.2 151.1 -
CO2 Ventilation 384.3 0.6 436 -
TOTAL 8539.3 13.7 - -

2
(20.02–27.03)

Heating 3018.5 4.9 170.3 3.1
Cooling 671.5 1.1 79.5 6.4
Dehumidifying 1549.8 2.5 135.4 7.9
Free cooling 349.5 0.6 320.4 -
CO2 Ventilation 382.5 0.6 350.6 -
TOTAL 5971.8 9.6 - -

3
(11.04–16.05)

Heating 1762.2 2.8 64.5 3.2
Cooling 1509.1 2.4 110.7 5
Dehumidifying 4932 7.9 334.5 5.6
Free cooling 478.3 0.8 366 -
CO2 Ventilation 381.1 0.6 291.6 -
TOTAL 9062.7 14.6 - -

4
(31.05–05.07)

Heating 539.7 0.9 17.9 3.4
Cooling 9596.7 15.4 398.8 3.7
Dehumidifying 8859 14.2 522.2 4.8
Free cooling 371.8 0.6 205.1 -
CO2 Ventilation 378.5 0.6 208.7 -
TOTAL 19,745.8 31.7 - -

5
(20.07–24.08)

Heating 191 0.3 6.3 3.5
Cooling 11,884.5 19.1 525.2 3.7
Dehumidifying 5377.9 8.6 328.8 4.8
Free cooling 528.9 0.9 302.9 -
CO2 Ventilation 377.6 0.6 216.2 -
TOTAL 18,359.8 29.5 - -

6
(08.09–13.10)

Heating 382.1 0.6 12.6 3.4
Cooling 2806 4.5 172.9 4.6
Dehumidifying 6561.3 10.5 405.2 5.1
Free cooling 669 1.1 435.8 -
CO2 Ventilation 379.7 0.6 247.3 -
TOTAL 10,798.2 17.4 - -

7
(28.10–02.12)

Heating 1236.1 2 42.5 3.3
Cooling 507 0.8 66.4 7
Dehumidifying 5627.6 9 388.9 6.2
Free cooling 276.3 0.4 270.6 -
CO2 Ventilation 381.5 0.6 373.6 -
TOTAL 8028.5 12.9 - -

As shown in Table 6, dehumidifying is the most energy-consuming HP mode year-
round (36,515.1 kWh), followed by cooling (27,010.9 kWh). It must be noted that the energy
use data provided above also include the operation of reheating. The dehumidifying to
reheating load ratio varies depending on the needs of each PP, ranging from 2.81 (PP2) to
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7.28 (PP5). Heating (11,507.8 kWh) comes third, with less than half of the cooling’s energy
use, since, for a significant period, the broiler’s thermal load covers a large percentage of
the heating needs. Free cooling and CO2 ventilation present comparable energy use (2807.0
and 2665.1 kWh, respectively). A total average daily energy use is calculated at 2300.2 kWh,
yearly, while the total energy use per m2 is 129.4 kWh/m2.

Table 6. Total energy use and average energy efficiency indicators yearly.

Operation Mode Energy Use
[kWh]

Operation Time
[h]

Energy Use
per m2

[kWh/m2]

Average Daily
Energy Use

[kWh]

Average
SCOP/SEER

Heating 11,507.8 586.5 18.5 328.8 3.3
Cooling 27,010.9 1356.8 43.4 771.7 5.2
Dehumidifying 36,515.1 2416.9 58.7 1043.3 5.9
Free cooling 2807.0 2051.8 4.5 80.2 -
CO2 Ventilation 2665.1 2124 4.3 76.1 -
TOTAL 80,506.0 - 129.4 2300.2 -

Two facts render the comparison of the obtained results with recent literature difficult.
First, there is no available energy use data, simulated or real, for HPs incorporated in broiler
houses. Second, as discussed in Section 1, there is a gap in the study of energy use data in
general [15] and consequently for energy use climate control. The total energy consumption
per m2 in Table 6 refers to the regulation of the indoor environment undertaking a fully
featured approach, using different operation modes of HP. Since there are no similar
data available, only the thermal energy provided for heating can be used as a reference
point. As shown in Table 7, the obtained results for year-round heating (58.7 kWh/m2) are
comparable to the ranges found in [16,17]:

Table 7. Comparison of simulated thermal energy use for heating with literature data.

Study Thermal Energy per m2

[kWh/m2]

Current study 58.7

M. de Vries and I. J. M. de Boer [16] 60–80
Costantino et al. [17] 86–137

3.3. Incorporation of Evaporative Cooling Pads

Since the overall cooling needs have been determined to be considerably high, the
investigation of the performance of a system incorporating evaporative cooling pads was
also considered. Evaporative cooling is a conventional cooling selection using air’s enthalpy
to vaporize water, resulting in a reduced air temperature and increased humidity. These
systems constitute a common practice in poultry houses, especially during summer months,
due to their low operational costs. For our purposes, evaporative pads with a saturation
efficiency of 75% were incorporated into the model for the 4th and 5th PP, which present
the highest cooling requirements.

Compared with the simulations without evaporative cooling pads, the results for
PP4 present similar temperature deviation (Figure 12), while relative humidity is slightly
improved, deviating from −0.0 to +3.1%. Finally, in PP5 (Figure 13), temperature deviation
shows no difference compared with the system without pads, while relative humidity (–0.0
to +1.7%) is improved (−5.9 to +1.5%).
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Figure 12. Temperature and relative humidity without and with evaporative pads for the 4th
production period (31.05–05.07).

Figure 13. Temperature and relative humidity without and with evaporative pads for the 5th
production period (20.07–24.08).

The simulations for these two PPs also provided information about the energy use for
each mode (Table 8). As expected, a significant decrease in the energy used for cooling is
observed for the two periods, accompanied by a significant increase in energy for dehu-
midifying. Overall, the total energy use of the HP is slightly reduced for PP4 (−65.3 kWh,
or −0.3%) and increased for PP5 (+482.4 kWh, or +2.6%).

The operation of the evaporative cooling system requires the use of a water recircula-
tion pump. The energy use of a such pump is not included in the above results (Table 8).
When a pump of 1.1 kW power, and 90% efficiency, is introduced, the total energy use
increases by 237.6 kWh during PP4, and 363.0 kWh during PP5. Despite the rise in energy
use in this scenario, the potential enhancement of animal welfare could still compensate for
the increased costs. Nonetheless, this shortcoming could be mitigated by following a more
sophisticated approach in the operation of the free cooling mode, associating the activation
of the evaporative cooling with indoor relative humidity.
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Table 8. The energy use of each operation mode for the warmest production periods when evaporative
pads are also incorporated.

Production
Period

Operation Mode
Energy Use [kWh]

With ev. Pads per m2 without per m2 Diff. (%)

4
(31.05–05.07)

Heating 539 0.9 539.7 0.9 −0.1%
Cooling 6526.3 10.5 9596.7 15.4 −32%
Dehumidifying 12,085.3 19.4 8859 14.2 36.4%
Free cooling 150.5 0.2 371.8 0.6 −59.5%
CO2 Ventilation 379.5 0.6 378.5 0.6 0.3%
TOTAL 19,680.5 31.6 19,745.8 31.7 −0.3%

5
(20.07–24.08)

Heating 190.8 0.3 191.0 0.3 −0.1%
Cooling 6485.7 19.1 11,884.5 10.4 −45.4%
Dehumidifying 11,495.6 8.6 5377.9 18.5 113.8%
Free cooling 290.8 0.9 528.9 0.5 −45%
CO2 Ventilation 379.4 0.6 377.6 0.6 0.5%
TOTAL 18,842.2 29.5 18,359.8 30.3 2.6%

3.4. Control Aspects

In the present study, a PID-controlled inverter was used to actuate the HP com-
pressor, as opposed to “On/ Off” control strategies which are employed in most appli-
cations. Depending on the measured difference between the setpoints and the indoor
conditions, the control system adapts the compressor’s speed to match the necessary heat-
ing/cooling/dehumidifying loads. This speed variation allows the system to meet the
indoor space requirements, achieving higher overall efficiency. The control system could
be improved to lead to an even better climate control, as in many cases the fluctuating
outdoor conditions lead to short picks or drops of indoor conditions, outside the broilers’
comfort zone. A more meticulous tuning of the PID controller, actuating both HPs and
the humidifier, could mitigate this issue. This is identified as a non-trivial task since all
different operation scenarios should be taken into consideration, but it could allow even
better efficiency and yearly energy use.

In a future work, more advanced control methods, such as model predictive control
(MPC), could be also considered. Through this approach, the satisfaction of different sets
of constraints could be investigated (e.g., thermal comfort conditions, RES energy use),
while the ability to anticipate future events (e.g., weather conditions and energy price
fluctuations) could offer additional flexibility to the system.

4. Conclusions

The current study presents a dynamic numerical model in the Simulink environment
capable of predicting the thermal needs of a broiler house and simulating the performance
of a heat pump (HP) system that adjusts the indoor climate to the desired conditions.
The modeled HP is a modular system employing different modules for heating, cooling,
and dehumidifying. The climatic conditions as well as the broilers’ heat production are
used as model inputs. Furthermore, all the heat exchange mechanisms with the external
environment (i.e., convection, conduction, and radiation) were considered. The paper’s
main goal was to investigate the energy use of each HP mode under different environmental
conditions. To this end, seven different representative production periods (PPs) were
simulated based on a typical meteorological year, first by operating the HP alone, and then
by also incorporating evaporative cooling pads.

The study estimated overall energy use of 80,506.0 kWh, or 129.4 kWh/m2, yearly,
with energy needs for dehumidifying (36,515.1 kWh) and cooling (27,010.9 kWh) exceeding
those for heating (11,507.8 kWh) by a great amount. The maximum energy used for
dehumidifying is 8859.0 kWh during the 4th PP (31.05–05.07), and for cooling 11,884.5 kWh
during the 5th PP (20.07–24.08). Maximum heating requirements are 4378.2 kWh during
the winter months (PP1). It has been shown that the seasonal coefficient of performance
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(SCOP) can reach above 3.1 and 4.8 for heating and dehumidifying, respectively, while the
seasonal energy efficiency ratio (SEER) for cooling is above 3.7.

Since the cooling needs proved to contribute significantly to the energy consumption of
the broiler house, the HP system was combined with evaporative cooling pads, commonly
used in such applications. Simulations were run for the 2 hottest periods of the year,
namely, the 4th and 5th PPs. When evaporative pads were introduced in the PPs with the
highest cooling requirements, a significant decrease in the energy used for cooling was
observed, accompanied by an increase in the necessary energy for dehumidifying. The
HP’s consumption was reduced during June–July (PP4) and increased during July–August
(PP5). The overall energy use was proven to be slightly higher when the operation of the
necessary water-recirculating pump was taken into consideration.

The developed model constitutes the first attempt to simulate the dynamic operation
of an HP in a broiler house. Its robustness is expected to be enhanced after calibration
based on experimental results. The model can be adapted to cover other livestock building
cases, serving as a tool for (agricultural) engineers during the pre-study phase of HVAC
systems in livestock facilities. Furthermore, it can be useful for both sizing purposes and
providing the farmer with energy use and cost data. The simulation results presented in
this study reveal the great potential of HP applications in livestock facilities. The precise
regulation of the indoor environment of broiler houses with the use of HPs can lead to
financial benefits due to lower energy use and enhanced welfare conditions and reveals the
need for further investigation into the field of livestock farming.
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Appendix A

The coefficients used for calculating the compressor’s mass flow rate (kg/h) at different
compressor frequencies are given in Table A1 below:

Table A1. Mass flow coefficients at different compressor frequencies.

Compressor
Frequency [Hz]

Mass Flow Coefficients

c1 c2 c3 c4 c5

25 855.03777430 32.97821384 −0.51148901 0.48433874 −0.04501182
30 1032.75016000 39.83245726 −0.61779769 0.58500446 −0.05436715
35 1211.98482500 46.74541396 −0.72501700 0.68653248 −0.06380261
40 1391.53507800 53.67054270 −0.83242510 0.78823927 −0.07325469
45 1569.74359800 60.54392169 −0.93903056 0.88918603 −0.08263614
50 1744.50242900 67.28424858 −1.04357240 0.98817870 −0.09183598
55 1913.25298500 73.79284047 −1.14452006 1.08376796 −0.10071953
60 2072.97561700 79.95635926 −1.23221931 1.17408353 −0.10974069
65 2220.58147000 85.63806057 −1.33472200 1.25662712 −0.11910551
70 2352.41306900 90.64197225 −1.49523401 1.32859978 −0.12652211

Compressor
Frequency [Hz]

Mass Flow Coefficients

c6 c7 c8 c9 c10

25 −0.03762171 0.00276231 −0.00136993 −0.00040052 0.00003715
30 −0.04544107 0.00333644 −0.00165466 −0.00048377 0.00004487
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Table A1. Cont.

Compressor
Frequency [Hz]

Mass Flow Coefficients

c6 c7 c8 c9 c10

35 −0.05332740 0.00391548 −0.00194183 −0.00056773 0.00005266
40 −0.06122762 0.00449554 −0.00222950 −0.00065183 0.00006046
45 −0.06906881 0.00507126 −0.00251502 −0.00073531 0.00006820
50 −0.07675821 0.00563585 −0.00279502 −0.00081717 0.00007580
55 −0.08418324 0.00618102 −0.00306539 −0.00089622 0.00008313
60 −0.09165046 0.00671447 −0.00330414 −0.00095883 0.00009514
65 −0.09839886 0.00723777 −0.00347734 −0.00098950 0.00010864
70 −0.10262291 0.00775414 −0.00354423 −0.00099996 0.00010871

The coefficients used for calculating the compressor’s power consumption (W) at
different compressor frequencies are given in Table A2 below:

Table A2. Power consumption coefficients at different compressor frequencies.

Compressor
Frequency [Hz]

Power Consumption Coefficients

c1 c2 c3 c4 c5

25 1766.37051400 −103.01710710 185.35068290 −2.72354684 6.01686790
30 2202.26592500 −130.80922570 234.28253400 −3.53204273 7.74371841
35 2640.30392700 −158.73122640 283.44584440 −4.34412559 9.47837012
40 3081.39973600 −186.84146910 332.94336190 −5.16149335 11.22444945
45 3526.46857100 −215.19831360 382.87783420 −5.98584393 12.98558284
50 3976.42564800 −243.86012000 433.35200910 −6.81887527 14.76539674
55 4432.18618500 −272.88524810 484.46863450 −7.66228530 16.56751757
60 4894.47810500 −302.28312230 536.47148270 −8.52074749 18.38457715
65 5372.31938200 −332.37471430 588.65708990 −9.40007229 20.22354832
70 5863.60114500 −363.89016750 640.98191400 −10.30278299 22.12884828

Compressor
Frequency [Hz]

Power Consumption Coefficients

c6 c7 c8 c9 c10

25 −0.67356199 −0.02101796 0.03304488 −0.01986356 −0.00214472
30 −0.94926763 −0.02750087 0.04375963 −0.02597327 −0.00254993
35 −1.22601772 −0.03401196 0.05451978 −0.03210958 −0.00295749
40 −1.50439147 −0.04056487 0.06534784 −0.03828533 −0.00336824
45 −1.78496806 −0.04717318 0.07626631 −0.04451335 −0.00378304
50 −2.06832670 −0.05385053 0.08729769 −0.05080646 −0.00420273
55 −2.35504658 −0.06061054 0.09846449 −0.05717751 −0.00462817
60 −2.65358853 −0.06715410 0.11009755 −0.06341993 −0.00496922
65 −2.94402933 −0.07292106 0.12276427 −0.06943275 −0.00537774
70 −3.21320416 −0.07793220 0.13658606 −0.07567771 −0.00602051
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