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This work compares the performance of three passive cooling systems in meeting thermal

and indoor air quality requirements in a poultry house located in semi-arid climate. The

first two systems are a direct evaporative cooler and a cross-flow dew point evaporative

cooler supplying air through a conventional tunnel ventilation that achieves uniform

thermal and indoor air quality conditions. The third system is a dew-point evaporative

cooler combined with a localised ventilation system to further reduce air and water con-

sumption. To achieve these objectives, a modular analysis was adopted where mathe-

matical models were developed for the evaporative coolers and the tunnel-ventilated

poultry house module. Moreover, a computational fluid dynamics model was developed

and experimentally validated for the compartment conditioned by the localised system.

The evaporative coolers were sized and the hourly variation in the required fresh air and

water supply was determined for the cooling season. Results of the economic analysis

showed that the cost of the dew-point evaporative cooler was 6.8% lower than that of the

direct evaporative cooling, with better compliance to poultry house thermal and air quality

requirements. Using localised ventilation instead of conventional with the dew point

apparatus further reduced costs by 4.7%, while achieving similar conditions of temperature

and air quality.

© 2021 IAgrE. Published by Elsevier Ltd. All rights reserved.
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Nomenclature

a discount rate (%)

A DEC/DPIEC channel area (m2)

AREC Agriculture Research and Education Centre

CFD Computational fluid dynamics

Cp Specific heat (J kg�1 K�1)

DEC Direct evaporative cooling

DPIEC Dew point indirect evaporative cooling

e DEC/DPIEC channel gap (m)

hc heat transfer coefficient (W m�2 K�1)

hm Mass transfer coefficient (m s�1)

I0 Initial investment ($)

IAQ Indoor air quality

L DEC/DPIEC channel length (m)

LCC Life cycle cost ($)
_mDEC;tunnel Supply air flow rate into the DEC þ tunnel

ventilation (kg s�1)
_mDPIEC;loc Supply air flow rate into the DPIEC þ local

ventilation (kg s�1)
_mDPIEC;tunnel Supply air flow rate into the DPIEC þ tunnel

ventilation (kg s�1)
_msupp Supply air flow rate into the poultry house

compartment (kg s�1)
_mw Supply water flow rate into the DEC or DPIEC

apparatus (kg s�1)

Nchannels Number of channels in DEC and DPIEC units

NTU Number of transfer units

Qenvelope Internal heat gain from compartment envelope

(W)

Qhens Internal heat gain from hens (W)
_QwDEC;tunnel

Water consumed by the DEC þ tunnel ventilation

(kg s�1)
_QwDPIEC;loc

Supply air flow rate into the DPIEC þ local

ventilation (kg s�1)
_QwDPIEC;tunnel

Supply air flow rate into the DPIEC þ tunnel

ventilation (kg s�1)

RHambientð%Þ Ambient relative humidity (%)

RHcompð%Þ Compartment relative humidity (%)

t time (s)

thp Holding period (years)

Tambient Outdoor ambient temperature (�C)
Tcomp Compartment temperature (�C)
th DEC/DPIEC sheet thickness (m)

Tw Water film temperature (�C)
Twb Wet bulb temperature (�C)
U Overall heat transfer coefficient (W m�1 K�1)

ud Velocity of air in DEC and DPIEC channels (m s�1)

Vspace Compartment volume (m3)

w DEC/DPIEC channel width (m)

WC Water consumption (l h�1)

usat Saturation humidity of the water film (kg kgair
�1)

Xcomp Concentration of species in the compartment

(ppm)

Xgen Species generated in the compartment (ppm)

Xsupp Concentration of species in supply air (ppm)

x x-coordinate (m)

Y Yearly cost ($)

YN Salvage value ($)

y y-coordinate (m)

Greek symbols

r Density (kg m�3)

u Specific humidity ratio (kg kgair
�1)

Subscripts

dc dry channel

i year index

out outlet

ca cooling air

s Species index (CO2, NH3, H2O)

w water

wa working air

wc wet channel

wv water vapour

b i o s y s t em s e ng i n e e r i n g 2 0 3 ( 2 0 2 1 ) 7 0e9 2 71
1. Introduction

Over recent years, the poultry industry has occupied an

essential role among agricultural industries in many parts of

the world including many countries in the Arab region

(Daghir, 2008). Lebanon alone has more than 10 large poultry

producers and around 2000 poultry farms that yield around

150 million kg of broiler meat and eggs that satisfy local and

regional needs (BLOMINVEST, 2016). Maintaining bird health

is of critical importance for a sustainable production quality

(Kocaman, Esenbuga, Yildiz, Laçin, & Macit, 2006). Their wel-

fare greatly depends on the thermal environment and indoor

air quality (IAQ) (Green,Wesley, Trampel,&Xin, 2009; Naseem

& King, 2018). Typical recommended temperatures and rela-

tive humidity (RH) fall in the range of 20e24 �C and 50e70%

respectively (Hayes et al., 2013; Poultry hub, 2020). IAQ is
mainly dependent on diluting CO2 from the hens' breathing
and NH3 emitted from their litter to limit concentrations to

safety standards of 2500 ppm and 25 ppm respectively (Hayes

et al., 2013; Poultry hub, 2020). Hot and high humidity condi-

tions in poultry houses, as well as high concentrations of

gaseous contaminants, can be detrimental to birds' and

workers’ wellbeing and to production quality. Consequently,

sustainable ventilation designs that are able to meet both

cooling and IAQ requirements in poultry houses are needed.

Conventional ventilation usually adopted in poultry

houses implements passive cooling techniques such as direct

evaporative cooling (DEC) in conjunction with different air

distribution systems (mixed ventilation, tunnel ventilation

etc.) (Naandanjain, 2020; Poultry hub, 2020; Senawong,

Winitchai, & Radpukdee, 2012; Timmons & Baughman, 1984).

DEC cools the air through water evaporation and lowers the

air temperature down to its wet bulb. DEC has shownmerit in

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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cooling poultry houses (C. Wang, Cao, Li, Shi, & Geng, 2008).

Showed that DEC lowered the temperature in poultry houses

to below 28 �C in poultry houses in China (Abdel-Rahman,

2020). Showed that DEC reduced temperatures in poultry

houses by 9 �C while consuming only 1.2 kW.day�1. However,

DEC may be insufficient in poultry houses where high heat

loads are present (e.g. hot climates) (Donald, 2000). Hence,

large amounts of fresh air may be needed to meet cooling

requirements. Moreover, in the case of humid climates where

high wet bulb temperatures are found, temperature re-

quirementsmight not be attained in the poultry house despite

increasing fresh air supply. This can increase the water con-

sumption of the DEC system, the electrical energy consump-

tion (fan power, pumps etc.) and the overall cost of the

installed apparatus (Bucklin, Jacob, Mather, Leary, & N€a€as,

2009). In addition, due to the direct contact of the supply air

with the evaporating water, humidity levels in the space may

increase and become challenging to regulate depending on

the outdoor humidity levels. High moisture levels in poultry

houses can suffocate chickens, increase ammonia NH3 pro-

duction, wet the poultry manure and harm the health and

comfort of laying hens (Liu, Wang, Beasley, & Oviedo, 2007;

Weaver & Meijerhof, 1991). (Da�gtekin, Karaca, & Yıldız, 2009)

reported that poultry house cooling using DEC in Mediterra-

nean climates can raise temperatures beyond 28 �C and hu-

midity beyond 80% during summer afternoons.

An advance on the DEC system would be the Maisotsenko

cycle (M-cycle) (Maisotsenko, Gillan, Heaton, & Gillan, 2007).

The M-cycle is a dew point indirect evaporative cooling

(DPIEC) apparatus that can indirectly cool the supply air below

its wet bulb, and in some cases down to its dew point, without

increasing its moisture. Therefore, it has a larger cooling ca-

pacity than the DEC system and can meet cooling and IAQ

requirements in poultry houses at a lower supply flow rate

than the DEC (Robichaud, 2007). The DPIEC system in cross

flow configuration has been previously used in the building

sector and has proven successful especially in hot and dry

climates (Zhao, Duan, Zhan,& Riffat, 2009a; Zhao, Yang, Duan,

& Riffat, 2009b). (Raza et al., 2020) compared the performance

of conventional DEC and DPIEC in cooling poultry houses in

the hot and dry climates of Pakistan. They found that DPIEC

performed better than DEC in improving the birds' thermal

sensation during the entire summer season while during

more humid summer months, DEC caused bird suffocation.

Therefore, the DPIEC is a viable system that could be used in

poultry houses located in hot and semiarid climates such as

the Beqaa region in Lebanon. Note that in the study by (Raza

et al., 2020), the reported ventilation rates did not incorpo-

rate other essential IAQ requirements such as CO2 and NH3

levels. These are critical to production quality, and birds' and
workers’ health, if left unregulated, and should be likewise

investigated when cooling poultry houses with DPIEC.

Despite the promising enhancements presented by DPIEC,

it is still an evaporative cooler. Hence, large amounts of water

are still needed to attain the load, which is a drawback in re-

gions where water sources are scarce (Robichaud, 2007).

Reducingwater consumption requires a reduction in the fresh

air supply to the poultry house. To do so without compro-

mising IAQ, the air distribution system inside the poultry

house should be carefully designed. Conventional air
distribution systems in poultry houses aim to attain homog-

enous temperature and air quality. An improvement on con-

ventional systems is a localised air distribution system. The

latter directly targets the hens' thermal comfort and fresh air

needs by supplying the air directly towards the hen-occupied

zone. Localisation of supply air in ventilation designs is a

technique that has been applied in the building sector in

small-scale occupied spaces. It has been proven to reduce

energy consumption compared to total volume ventilation

systems while meeting occupants' comfort and IAQ needs (Al

Assaad, Ghali, & Ghaddar, 2018a, 2019a; Al Assaad, Ghali,

Ghaddar, & Habchi, 2017; Al Assaad, Habchi, Ghali, &

Ghaddar, 2018b; Melikov, 2004). To the authors’ knowledge,

no research studies have combined DPIEC with a localised air

distribution system to simultaneously meet cooling and IAQ

requirements in poultry houses at minimal air and water

consumption.

The aim of this work is to compare the water and energy

consumption of DEC and DPIEC under conventional air dis-

tribution system in a poultry house located in the semi-arid

Beqaa region of East Lebanon. The performance of the DPIEC

with the conventional system are also compared to that with

the localised air distribution. The effectiveness of the com-

bined systems is assessed in terms of their ability to meet

cooling and IAQ requirements. To achieve these objectives, a

mathematical model of DPIEC and DEC systems combined

with a space model is developed to estimate the supply air

conditions (temperature, mass flow rate etc.) for the conven-

tional system. For the localised air distribution, the DPIEC

model is coupled with a 3D computational fluid dynamics

(CFD) model of a poultry house compartment. The CFD model

is adopted to predict velocity, temperature distribution, and

water vapour (H2O) and contaminants' (NH3 and CO2) con-

centrations at the hens’ level. The localised ventilation CFD

model is validated experimentally in a climatic chamber. A

case study is then simulated during the summer season,

where the performance of the three passive systems is

compared for similar requirements in the poultry house.

Additionally, an economic analysis is performed to assess the

advantages of installing a DPIEC system and localised air

distribution for poultry house ventilation.
2. System description

In this work, a poultry house located at the Agriculture

Research and Education Centre (AREC) in the Beqaa Valley,

East Lebanon, was selected. The Beqaa valley region is char-

acterised by a semi-arid climate. The poultry house had a

typical rectangular shape of dimensions (13.2 m

length � 11.8 m width � 3 m height). Its envelope (walls, floor

and ceiling) was constructed with hollow block cement with

additional polystyrene insulation added to the ceiling. The

flooringwas linedwith a layer of pine nut shavings that served

as a bedding material for the laying hens occupying the

poultry house. Table 1 illustrates the wall composition of the

poultry house from outside to inside. The poultry house was

divided into 4 compartments on each of the left and right

sides, separated by a corridor for workers. Figure 1 illustrates a

schematic of the poultry house design with its 8

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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Table 1 e Poultry house: wall composition (outside to
inside), roof and floor composition (outside to inside).

Heat transfer
coefficient

Density Specific
heat

(W m�1 K�1) (kg
m�3)

(kJ kg�1

K�1)

Wall composition

20 mm Plaster 0.18 37.20 1.00

200 mm Hollow Block

concrete

0.20 300.00 0.80

15 mm Plaster 0.18 27.90 1.00

Ceiling composition

100 mm Hollow Block

concrete

0.20 300.00 0.80

30 mm polystyrene

insulation

0.03 52.3 1.40

Floor composition

200 mm Hollow Block

concrete

0.20 300.00 0.80

50 mm Pine nut

shavings

0.11 510.00 2.30
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compartments. Each compartment in the poultry house con-

tained two pens. Adjacent compartments were separated, one

from another, using mesh walls and the two pens in each

compartmentwere separated by ameshwall. Each pen hosted

100 laying hens having an averagemass of 1.8 kg and an age of

65 weeks.

The pens were considered to be fully occupied during the

day, with each hen generating 7.51 W and 3.3 W in sensible

and latent loads respectively (Hayes et al., 2013). The hens

were located at a height of 0.2 m. Due to hens' respiratory
activities, carbon dioxide CO2, and water vapour (H2O) were

generated. According to the studies of (Shepherd et al., 2017)
Fig. 1 e Illustration of the poultry house design conditioned by th

air distribution: (1) fresh air supply to either the DEC or the cros

the required temperature.
and (Hayes et al., 2013), the CO2 andH2O generation rateswere

equal to 75.9 ± 10.5 g day�1 hen�1 and 2.1 ± 0.1 g h�1 hen�1,

respectively, during summer. Poultry manure emits an array

of harmful gases such as methane (CH4), nitrous oxide (N2O)

and ammonia (NH3) with ammonia constituting 90% of the

total emitted mass of gases. According to (Calvet, Cambra-

L�opez, Estelles, & Torres, 2011), the NH3 generation rate was

equal to 0.47 g. day�1 hen�1 during summer. To preserve the

laying hens' health, the temperature in the hens’ occupied

zone must not drop below the lowest allowable temperature

of 20 �C nor rise above the highest allowable temperature of

24 �C (Poultry hub, 2020). A temperature of 24 �C was adopted

in this work since summer conditions were considered. IAQ

requirements in the poultry house require a relative humidity

of 50e70%, and maximum NH3 and CO2 concentrations of

25 ppm and 2500 ppm respectively (Natual, 2018).

Two passive cooling systems were installed in conjunction

with the conventional tunnel ventilation adopted by (Tong,

Hong, & Zhao, 2019). The tunnel ventilation supplied air

from inlet diffusers along the ceiling while exhaust fans were

located at the far-end west wall such that uniform conditions

of temperature and IAQ were achieved (Fig. 1). The first pas-

sive system was a DEC typically used in poultry houses. The

second passive system that can reduce energy consumption

compared to the DEC system was a cross flow DPIEC appa-

ratus. A cross flow DPIEC system was chosen due to its higher

cooling capacity compared to a counter flow design, easier

construction and commercial availability (Anisimov,

Pandelidis, & Danielewicz, 2014; Zhan et al., 2011).

The poultry house space was cooled modularly using pas-

sive systems, where each compartment formed by two pens

represented amodule. The reason for usingmodular cooling is

due to the poultry house symmetry. Note that the corner

modules were considered as they have two external walls and
e DEC/DPIEC units in conjunction with conventional tunnel

sflow DPIEC system and (2) water supply to cool it down to

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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thus the highest loads among the poultry house compart-

ments. Fresh air was supplied at (1) to either the DEC or the

crossflow DPIEC system e fed by a water tank (2) e to cool it

down to the required temperature before delivering it to each

compartment. The quantity of fresh air supplied to the space

depends on the internal load, outdoor conditions and poultry

house requirements.

To downsize the DPIEC intake air flow rate, a localised air

distribution system was proposed to replace the tunnel

ventilation. Figure 2(a) illustrates the DPIEC apparatus com-

bined with the localised air distribution system and Fig. 2(b)

shows a close-up of one compartment. For the localised sys-

tem proposed in this work, the conditioned fresh air from the
Fig. 2 e Illustration of: a) the cross flow DPIEC unit integrated wit

of one compartment (2 pens) in the poultry house.
cross flow DPIEC was delivered to a supply duct running the

length of the poultry house, as seen in Fig. 2(a). In each

compartment (Fig. 2(b)), a slot diffuser at an inclination angle

of 45� was installed. The inclined supply angle allowed for the

conditioned fresh air to be supplied directly towards the hens-

occupied zone. The air was exhausted from each compart-

ment from exhaust diffusers situated in the north and south

walls (Fig. 2(a)). The exhaust grills were located at a distance of

1 m above floor level and had a large outlet area of 0.66 m2.

This was to avoid resuspending particulate matter from the

poultry litter and bedding on the floor, as the latter can be

harmful to bird health. A velocity less than 1m s�1 is preferred

at the chicken level to maintain bird comfort without
h the proposed localised air distribution system, b) close-up

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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increased ‘windchill’ effect and to avoid any disturbance of

the poultry house floor bedding and litter (Du et al., 2019;

Michael; Czarick, 2015; “Poultry times,” 2020; Tong et al., 2019).
3. Methodology

The objective is to compare the performance of three passive

cooling systems (DEC þ tunnel ventilation, DPIEC þ tunnel

ventilation andDPIECþ localised ventilation) in their ability to

meet poultry house requirements based on the fresh air sup-

ply needed and the water consumption. For the tunnel

ventilation, requirements are evaluated in the total space due

to homogeneous conditions while for the localised ventila-

tion, these requirements are evaluated at the chicken height (z

¼ 0.2 m) due to non-homogeneous conditions.

To determine the hourly variation of temperature, internal

loads, humidity and contaminant concentrations in each

module, an appropriate model is needed for the poultry house

compartment.

For the tunnel ventilation (Fig. 1), a simplified mathemat-

ical space model was adopted. The output peak load from the

space model was used as input into mathematical models of

the DEC/DPIEC systems to size their components (channel

width, length, gap size, number of channels). After sizing, the

models are used to predict the hourly variation of the mass

flow rate, temperature and humidity content of the supply air

entering the compartment as well as the systems’ water

consumption. For the localised air distribution system, due to

the heterogeneity of the flow, a CFD model was developed for

the compartment. The boundary conditions were taken as

input from the compartment spacemodel (envelope boundary

conditions) and the DPIEC model (supply temperature,

reduced supply mass flow rate).

3.1. Compartment space model

The poultry house compartment conditioned by the tunnel

ventilation system was considered to achieve well-mixed and

homogeneous conditions of temperature, RH and IAQ. A

simplified mathematical model that solves for the energy and

mass balance (water vapour, CO2 and H2O) in the space was

developed. The model was used to determine the hourly

variation of the cooling load (sum of internal heat gains from

the hens and convective heat exchange between envelope and

compartment air), indoor temperature, relative humidity and

species’ concentration. Equations (1) and (2) represent the

energy and mass balance equations for the space:

rairVspaceCpair

dTcomp

dt
¼ _msuppCpair

�
Tsupp �Tcomp

�þQhens þ QenvelopeðtÞ
(1)

The left side of equation (1) represents the transient heat

stored in the compartment. The first term on the right hand

side represents the net convective heat flow, Qhens is the sen-

sible heat generation due to themetabolic activity of hens and

QenvelopeðtÞ is the convective heat exchange between the space

and the poultry house envelope (walls, floor, and ceiling). Note

that to solve for the walls’ inner surface temperature, the

model of (Yassine, Ghali, Ghaddar, Srour,& Chehab, 2012) was
adopted. Tcomp is the space temperature which should opti-

mally equal 24 �C. Tsupp& _msupp are the inlet supply temperature

and the mass flow rate from either the DEC or the DPIEC

apparatus. rairis the air density, Vspaceis the volume of the

poultry house and Cpair is the specific heat of air.

The mass balances of moisture, and contaminants in the

space are given in equation (2) as follows:

rairVspace
dXcomp;s

dt
¼ _msupp

�
Xsupp;s �Xcomp;s

�þ Xgen;s (2)

The terms on the left-hand side of equation (2) represent

the transient storage term for species (water vapour, CO2, or

NH3) in the poultry house space. The first term on the right-

hand side represents the net mass transfer. The second

term on the right in equation (2) represents any contaminant

generation in the space (CO2 and NH3) and moisture genera-

tion taken as input from the study of (Calvet et al., 2011).Xcomp;s

and Xsupp;s are the concentration of species s (i denotes either

CO2 and NH3 or H2O) in the poultry house space and supply air

respectively. Note that for the water vapour, Xsupp;iis taken as

input from either ambient conditions for the DPIEC þ tunnel

ventilation and from the DEC humidified air for the

DEC þ tunnel ventilation system.

3.2. DEC/DPIEC models

The DEC/DPIEC units that need to be installed for one

compartment should be sized such that they are able to

remove the peak load in the summer season. The components

of the DEC/DPIEC systems that need to be sized are the

channelwidthw and length L, channel gap size e, inlet velocity

ud in each channel and hence the number of channels Nchannels

(Fig. 3). After sizing, the DEC/DPIECmathematical models take

as input: the hourly variation of ambient fresh air conditions

(ambient temperature Tambient, and relative humidity

RHambient). Subsequently, by solving for the energy and mass

balance for the intake air inside the channels, the models

provide the hourly air supply flow rate to meet poultry house

requirements and the DEC/DPIEC water consumption.

The DEC system is composed of consecutive wet channels

equipped with cooling pads wetted with water originating

from a feeder tank. The cooling air is ambient fresh air passing

through the wet channels and that will be supplied to the

poultry house. Due to the direct contact with the cooling pads,

the cooling air is cooled due to water evaporation and its

moisture content increases (Fig. 3(a)). The DEC mathematical

model is solved based on heat and mass transfer between the

cooling air in the wet channels and the water film. It gives the

cooling air and water film temperature variations (TpaðyÞand
TwðyÞ respectively) as well as the variation of the humidity

content of the cooling air upaðyÞ in the y-direction (Fig. 3(a)).

Equation (3) presents the energy balance between the cooling

air and thewaterwhile equation (4) presents themass balance

between the cooling air and the water.

vTca

vy
¼ hc; caA
Cppa _mpaLwc

ðTw � TcaÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
sensible

þ Cpwvvuca

Cpca vy
ðTw � TcaÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

latent

(3)

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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Fig. 3 e Schematic of: a) the DEC system and b) the perforated cross flow DPIEC system.
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vuca

vy
¼ hm;caA

Lwc _mca
ðusat �ucaÞ (4)

where usat is the saturation humidity of the water film. hc; ca is

the heat transfer coefficient of the cooling air (W m�2 K�1)

while hm; ca is the mass transfer coefficient according to Lewis

relation. _mcais the mass flow rate (kg s�1) of the cooling air,

LwcðmÞ is the length of the wet channel. Cpwv and Cpca are the

specific heat of water vapour andmoist cooling air (J kg�1 K�1),

respectively. A (m2) is the area through which the heat and
mass exchange occurs. Moreover, the energy balance of the

water film can be seen in equation (5):

vTw

vy
¼ hc; caA

_mwCpwLwc

�
ðTca �TwÞ�

�
Cpwv � Cpw

Cpca

Tw þ hfg

Cpca

�
ðusat �ucaÞ

�

(5)

where _mw is the water mass flow rate (kg s�1) into the system,

Cpw is the specific heat capacity of water (J kg�1 K�1), and hfg is

the latent heat of vaporisation of water, (J kg�1). The water

consumption of the system is shown in equation (6):

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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WC¼ _mca

rair
ðuamb �uout;caÞ� 3:6� 106 (6)

whereWC is the water consumption (l h�1) of the DEC system,

uamb and uout;ca(kg kgair
�1) are the specific humidity ratios of the

ambient air (kg kgair
�1) entering the DEC and the cooling air

discharged from the DEC, respectively.

As for the cross flow DPIEC (Fig. 3(b)), a perforated design

similar to that modelled by (Anisimov et al., 2014) was adop-

ted. It consists of dry and wet channels, where the fresh air

intake is divided into two streams of cooling and working air.

The cooling air, which will be supplied to the poultry house,

passes in the dry channels where it is sensibly cooled. The

working air is a secondary air stream that first passes in the

dry channel, where it is sensibly cooled. It is simultaneously

diverted into the wet channel through regularly distributed

perforations (Fig. 3(b)), where it absorbs the heat released from

the cooling air in the dry channel and the evaporated water

before being discharged to the ambient as hot humid air. The

DPIEC mathematical model is based on the ε-NTU method of

(Anisimov et al., 2014), and solves the heat and mass balance

equations in the dry and wet channels of the cross flow DPIEC

in a control volume defined by half length of the dry and wet

channels and the water non-permeable wall separating them.

Thus, it computes the cooling air and water film temperatures

variation in the y-direction (TpaðyÞð�CÞand TwðyÞð�CÞ respec-

tively) (Fig. 3(b)). Moreover, the model computes the working

air temperature and humidity content variation in the x-di-

rection (TwaðxÞð�CÞ and uwa (kg kgair
�1). The 2D model assumes

steady periodic conditions with adiabatic process and con-

stant thermal properties (Anisimov et al., 2014). Heat ex-

change occurs in the dry channel while both heat and mass

exchange occur in the wet channel. The energy balance in the

dry channel (along y-direction), presented in equation (7),

accounts for the sensible heat exchange between the water

and cooling air stream due to convection and conduction

through the channel walls as follows:

vTca

vy
¼ UA

_mca CpcaLdc
ðTw �TcaÞ (7)

where _mcaand Cpca are the flow rate (kg s�1) and specific heat (J

kg�1 K�1) of the cooling air, Ldcis the length (m) of the dry

channel, U is the overall heat transfer coefficient (W m�2 K�1)

and Ais the area (m2) through which the heat exchange oc-

curs. In the wet channel, mass and energy transfer take place

between the working air and the water film. The energy and

mass balance equations in the DPIEC wet channel (along x-

direction) are the same as equations (1) and (2) for the cooling

air in the DEC apparatus. However, the cooling air properties

are replaced with the DPIEC working air propertiesðTwa; uwa;

hc;wa;Cpwa Þ. On the other hand, the energy balance for thewater

film is shown in equation (8):

vTw

vx
¼ UA

_mwCpwLdc
þ hc; waA

_mwCpwLwc

�
ðTwa �TwÞ�

�
Cpwv � Cpw

Cpwa

Tw þ hfg

Cpwa

�

�ðusat �uwaÞ
�

(8)
The DPIEC water consumption was calculated based on

equation (6) for the cooling air exiting the dry channels of the

system.

Note that the energy and mass balances of the compart-

ment space model, DEC and DPIEC models were discretised

using a simplified transient numerical model code written in

MATLAB. The numerical model consisted of an implicit first-

order time integration scheme. After performing a time-step

independence test, a time step of 3600 s was adopted. A

steady periodic solution was reached following the repetition

of simulations over a number of cycle days. The convergence

criterion was set as when the residuals of the temperature

between two consecutive iterations is less than 10�5 (Al

Assaad, Habchi, Ghali, & Ghaddar, 2018c; Katramiz, Ghaddar,

& Ghali, 2020a).

3.3. CFD modelling of localised air distribution system

To solve for the non-uniform velocity, pressure and thermal

fields, as well as the concentration of the different species, a 3-

D CFD model of a poultry house corner compartment was

developed (Fig. 2). The commercial software ANSYS Fluent

version 17.2 (Ansys.com, 2015) was used to solve for the

different variables in the space. The computational domain of

the space with its different components can be seen in Fig. 4.

The hens were represented by computational 3D models ac-

quired from CGTrader library (Al Assaad, Ghali, Ghaddar, &

Shammas, 2020; CGTrader, 2020).

3.3.1. Airflow modelling
To solve the different flowfield variables, an appropriatemesh

was implemented (Fig. 4(b)). The space was meshed with an

unstructured grid with tetrahedral shaped elements. Face

sizing of 0.015 m and 0.04 mm were set for the inlet/outlet of

the ventilation system and walls respectively. Face sizing of

0.01 m and 0.0003 mwas adopted at the hens’ boundaries and

their nostrils respectively. Note that the grid had a maximum

skewness of 0.83. The grid choice ensured a mesh indepen-

dent solution with a maximum relative error of less than 5%.

The relative error was defined based on the difference of

average velocities between two consecutive mesh configura-

tions, in the crossesectional plane of the space. The different

mesh cases can be seen in Table 2. The mesh was charac-

terised by 5,352,533 elements.

Accurate prediction of the airflow pattern is essential for

correct estimations of the IAQ and temperature in the hens’

occupied zone. The RANS model and more specifically the

RNG k-ε model with enhanced wall functions was chosen as a

compromise between computational cost and accuracy. The

Boussinesq approximation was used to account for buoyancy-

driven flows (Al Assaad, Ghali, & Ghaddar, 2019b). Mo-

mentum, energy, k, ε equations were discretised using the

second order upwind scheme. As for pressure, the “PRESTO!”

scheme was used since it accounts for pressure gradients at

the boundaries (Habchi, Ghali, Ghaddar,& Shihadeh, 2015). As

for the pressureevelocity coupling, the “SIMPLE” algorithm

was chosen (Katramiz, Al Assaad, Ghaddar, & Ghali, 2020). For

a converged solution, several criteria were applied. The scaled

residuals were lower than 10�8 for the energy equation and
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Fig. 4 e Illustration of: a) compartment computational domain as seen on ANSYS and b) adopted mesh.
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lower than 10�6 for the rest of the variables (Al Assaad et al.,

2017). Moreover, the net heat flux was 1% less than the total

heat gained and mass balance was ensured in the space.

3.3.2. Boundary conditions
The four supply slots were considered as velocity inlets with

constant supply velocity, temperature, turbulence intensity

(5%) and hydraulic diameter (0.1 m). The supply CO2 concen-

tration was equal to that of the ambient fresh air (400 ppm),

while that of NH3 was equal to 0 ppm. The H2O concentration

was equal to that of the ambient fresh air, which is the same

as the DPIEC cooled air output since the latter does not affect

the moisture content of the supplied air. The exhaust was

selected as a pressure outlet with zero-gauge pressure, spec-

ified turbulence intensity (5%) and hydraulic diameter

(0.37m). The laying henswere assigned aswalls with constant

heat flux (total of 11 W. hen�1). The hens' nostrils were

assigned as velocity inlets (574 ml min�1e0.01 l s�1e0.6 m s�1
given a small nostrils' area of 1.67 � 10�5 m2 (Nascimento,

Maia, Gebremedhin, & Nascimento, 2017)) generating CO2

and H2O at constant rates (equivalent to concentrations of

81,600 ppm and 0.086 kg kgair
�1 respectively (Hayes et al., 2013;

Shepherd et al., 2017)). The CO2 and H2O mass fractions were

calculated by dividing the upper limit of their emission rates

by the hens’ breathing ventilation rate (Nascimento et al.,

2017). Hen respiration was simplified to a steady state exha-

lation due to the small nostril area. The walls, ceiling and floor

were considered as walls with constant room-side surface

temperature taken as an input from the space model during a

typical day of each summer month. Note that the floor was

assumed to be generating a diffusive flux of NH3. The internal

net walls were considered as symmetry walls.

3.3.3. Localised system experimental validation
To validate the localised ventilation CFD model, experiments

were conducted in a climatic chamber

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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Table 2 e Grid independence test using five different
mesh cases.

Face sizing hens/
walls (m)

Number of
elements

Relative error
between two
consecutive
meshes (%)

Mesh

0

0.1/0.5 355,125 e

Mesh

1

0.05/0.25 1,376,076 55.4

Mesh

2

0.03/0.1 4,094,100 38.9

Mesh

3

0.02/0.08 5,159,593 33.3

Mesh

4

0.02/0.06 5,278,144 28.4

Mesh

5

0.015/0.06 5,281,408 17.4

Mesh

6

0.015/0.04 5,292,233 10.1

Mesh

7

0.01/0.04 5,352,533 4.8
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(2.5 m � 2.75 m � 2.6 m), with dimensions similar to that of

one pen in the poultry house and equipped with a localised

ventilation system (Fig. 5). CFD predictions were validated

using just temperature and velocity measurements at

different spatial locations in the space. The validation of the

flow and thermal fields was conducted for a CFD configuration

similar to that of the climatic chamber. Since the gaseous

species (H2O, NH3 and CO2) are passive, their concentrations

in the space are directly correlated with velocity and thermal

fields. Therefore, the validation measurements were done

based on the experimentally measured data of the velocity

and temperature as has been reported by other researchers in

literature.

The localised system was served by its own air handling

unit. It was characterised by an inclined supply diffuser with

three slots (2.2m� 0.03m) delivering conditioned recirculated

air at an angle of 45� and a flow rate of 0.3 kg s�1 (1.2m s�1) and

a supply temperature of 17.6 �C. The air was exhausted

through a diffuser (2m� 0.2m) at the oppositewall at a height

of 1 m from the floor (Fig. 5). The climatic chamber was

equipped with a thin heated metal plate (1.63 m � 1.78 m)

placed at the height of the chickens in the occupied zone

(z¼ 0.2m). The plate was insulated from the bottom and sides

using polystyrene foam insulation (U-value of 0.11Wm�2 K�1)

such that the heat is dissipated in the upwards vertical di-

rection only. A uniform heat flux of 188 W m�2 equivalent to

77 hens (similar occupancy density per m2 of floor area: 17

hens m�2) was generated across the plate. The walls in the

room were nearly adiabatic having a small U-value of

0.3 W m�2 K�1. Hence, the load in the room was attributed

mainly to the occupancy.

Temperature and velocity were measured using SWEMA03

anemometers having a temperature measurement accuracy

of ±0.1 �C and velocity measurements ranging between

0.05 m s�1 and 3 m s�1 with an accuracy of ±4%. Measure-

ments were made at several locations on the supply diffuser
and taken as input into the CFD configuration of the experi-

mental room. The heat flux from the heat source was taken as

an input into the CFD model, which was simulated until

convergence. Measurements were made in the experimental

chamber at 9 different measurement columns (Columns I to

IX) and five different heights from the occupied zone towards

the diffusers’ height (0.25 m, 0.8 m, 1.2 m, 1.6 m and 1.9 m

close to the supply diffusers). The exact location of measure-

ment columns can be seen in Fig. 5. These measurement lo-

cations were to demonstrate how the supply flow drops to the

occupied zone upon its delivery due to buoyancy effects, how

it spreads in the occupied zone and heats up due to the heat

source at 0.2 m, and finally, how it is exhausted from the

room.

3.3.3.1. Experimental protocol. The experimentswere initiated

by turning on the air conditioning system in the room as well

as the heat source. After 2 h of running the experiment, the

airflow field reached steady state conditions, and the hot

wires were then used to conduct the velocity and temperature

measurements at the different locations in the space. The

measured values were subsequently compared with the pre-

dicted value by the CFD model.
4. Solution methodology

The presented mathematical and CFD models were coupled

one with the other according to the flowchart in Fig. 6. The

compartment space model takes as input the geometrical and

thermal properties of the building envelope, hourly outdoor

conditions, indoor set point, as well as the generation rate of

contaminants from hens and manure. It outputs the hourly

cooling load for the five months of the cooling season as well

as the minimum required fresh air supply flow rate to remove

the peak load and meet thermal and IAQ requirements. The

latter were taken as input into the DEC/DPIEC models, along

with the outdoor conditions and water supply flow rate to size

the system components to remove the maximum peak load

found during summer. After sizing, the DEC/DPIEC model

solves for the hourly variation of the air supply flow rate,

_mDEC;tunnelðtÞand water consumption, ( _QwDEC;tunnel
ðtÞ and

_QwDPIEC;tunnel
ðtÞ; such that thermal and IAQ requirements are met

at all times. According to (Tong et al., 2019), poultry houses

with tunnel ventilation during summer can reach amaximum

air change rate of 85 h�1 to provide the chickens with a

comfortable thermal environment without exceeding velocity

guidelines at the chicken level. This corresponds to a supply

flow rate of 1.26 kg s�1 in the case of the poultry house

considered in this work. To check this value for the current

design, additional CFD simulations of the tunnel ventilated

space were conducted for one module. Results showed that a

maximum flow rate of 1.1 kg s�1 can be allowed for the ve-

locity at the chicken level to stay below 1m s�1. Therefore, the

lower bound of 1.1 kg s�1 will be set as the upper flow rate limit

that can be supplied from the tunnel ventilated system.

For the DPIEC þ localised ventilation, ideally, the CFD

model should be simulated for each hour of a representative

day for each summer month to determine the DPIEC supply

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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Fig. 5 e Illustration of the experimental chamber and measuring equipment (SWEMA03 hot wire anemometer).
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conditions. However, this increases computational time and

cost and a simplification of the problem was made by aver-

aging, for consecutive hours of each month, similar ambient

outdoor conditions that require similar supply conditions

from the DPIEC and ensure similar compartment and wall

surface temperatures and IAQ. The average outdoor condi-

tions can then be taken as input into the sized DPIEC model

along with the reduced air supply flow rate _mDPIEC;loc. The

model determines the DPIEC supply temperature into the CFD

model, and the water consumption _QwDPIEC;loc
of the localised
system. Subsequently, _mDPIEC;loc and _QwDPIEC;loc
can be compared

with the averaged _mDPIEC;tunnel and _QwDPIEC;tunnel
respectively.
5. Case study

The performance of the three systems was studied during the

cooling season:May to September. Theweather data and solar

radiation for each of the summer months were extracted ac-

cording to typical metrological year (TMY) weather data set in

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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Fig. 6 e The adopted numerical methodology flowchart.
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the Beqaa Valley. TMY is defined as a representative year

which sums up all the climatic information in the specified

location. TMY is considered as a representative year since

results of weather data (dry bulb temperature, relative hu-

midity) were averaged over a period of 10 years. The use of

TMY weather data has been shown to be a good representa-

tion for the Middle East region (Kalogirou, 2001; EU Science

Hub). Figure 7 illustrates the ambient temperature, relative

humidity RHambient as well as wet bulb and dry bulb temper-

atures for a representative day of each considered summer

month in Beqaa.
6. Results and discussion

In the following section, the CFD model validation results will

be presented and the performance of the three proposed

systems will be evaluated and compared.

6.1. CFD model validation

Figure 8 shows a comparison of experimental and predicted

values of velocity and temperature at the different measure-

ment locations (Columns I to IX). For Columns I to III, which

are beneath the supply diffusers (Fig. 5), velocities increased

with height from a value of 0.3 ± 0.05 m s�1 at the occupied

level to 1.2 ± 0.11 m s�1 nearest to the diffusers, while tem-

perature decreased from 23.75 ± 0.1 �C to 19 ± 0.1 �C. This
shows that the airflow dropped from the supply diffusers to-

wards the occupied zone due to buoyancy effects removing

the load from the heated plate. In the columns further from

the diffusers (Columns IV to IX), velocities were highest in the

occupied zone (0.25 m < z < 1 m) and decreased in the upper

space level. On the other hand, temperatures were lowest in

the occupied zone and increased in the upper levels. For

example, at Column VII, velocities decreased from

0.5 ± 0.05 m s�1 at z ¼ 0.25 m to 0.15 ± 0.05 m s�1 at z ¼ 1.90 m

and temperatures increased from 24 ± 0.1 �C to 25.1 ± 0.2 �C.
This is because the localised cool air flow penetrates to the

lower occupied zone while the air in the upper space is

quiescent. Note that velocities at heights below 1 m for Col-

umns VII,VIII and IXwere higher than those in Columns IV, V

and VI, due their proximity to the exhaust diffuser (z ¼ 1 m,

Fig. 5). Good agreement was found between predicted and

measured values of velocity and temperature with maximum

relative errors of 11.1% (Column I, z ¼ 1.60m) and 7% (Column

II, z ¼ 1.60 m).

6.2. DEC/DPIEC units sizing

After obtaining the cooling loads for each month from the

compartment space model, it was found that the peak loads

were reached during themonth of July. The cooling load in the

poultry house had a daily average of 128 W m�2 during July,

which is a typical cooling load found in poultry houses in hot

Mediterranean climates (Ahachad, Belarbi, Bouaziz, & Allard,

https://doi.org/10.1016/j.biosystemseng.2021.01.002
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Fig. 7 e Hourly variation of the ambient temperature Tambient (
�C), RHambient and Twb (�C) for a representative day of each

summer month.

b i o s y s t em s e n g i n e e r i n g 2 0 3 ( 2 0 2 1 ) 7 0e9 282
2008; Daghir, 2008). Following the flow chart presented in

Fig. 6, the DEC/DPIEC units were sized based on the minimum

required supply fresh air (1.1 kg s�1 and 0.7 kg s�1 for DEC and

DPIEC respectively) needed to remove the compartment peak

load (3222W) found during July while simultaneouslymeeting

RH (%) and IAQ requirements. Table 3 represents the

geometrical characteristics of the DEC and DPIEC units.

6.3. Performance of the DEC/DPIEC þ tunnel ventilation

Simulations were performed for the cooling season to deter-

mine the variation in the fresh air supply needed to meet

poultry house requirements in each compartment. Figure 9

illustrates the hourly variation of the air supply flowrate and

water consumption for the DEC and DPIEC systems for a

representative day of each summer month. The indoor

compartment conditions (temperature Tcompð�CÞ, RHcomp, CO2

and NH3 concentration (ppm)) hourly variations are depicted

in Figs. 10 and 11.

According to Fig. 9, during May, DEC would operate from

8:00 to 15:00 at low air and water rates of 0.25 ± 0.06 kg s�1 and

3 ± 0.8 l h�1 respectively. It was bypassed for natural ventila-

tion from 16:00 till 7:00, with air flow rates of 0.17 ± 0.09 kg s�1.

This is because the outdoor air temperature was low enough

to meet the cooling load without or with minimal DEC assis-

tance (Fig. 7, Fig. 9). The daily average Tcompð�CÞ, RHcomp, and

Xcomp; CO2 (ppm), Xcomp;NH3 (ppm) were equal to 24.1 ± 0.2 �C,
57 ± 6%, 1229 ± 400 ppm, 15 ± 5 ppm respectively e compliant

with poultry house requirements (Figs. 10 and 11). For June,

which is slightly hotter than May, DEC would operate from

4:00 till 20:00 at higher air and water rates of 0.7 ± 0.3 kg s�1

and 9 ± 6.4 l h�1. It was bypassed for natural ventilation only

from 21:00 till 3:00 at air supply rate of 0.32 ± 0.08 kg s�1 (Fig. 7,

Fig. 9). During the DEC operation, Tcompð�CÞ, Xcomp; CO2 (ppm),

Xcomp;NH3 (ppm) were 24 ± 0.1 �C, 673 ± 200 ppm, 5 ± 3 ppm e

compliant with requirements while RHcompð%Þ was equal to

79.4 ± 6% slightly above acceptable levels due to high outdoor

humidity (Figs. 10 and 11). During natural ven-

tilation, Tcompð�CÞ, RHcomp, Xcomp; CO2 (ppm), Xcomp;NH3 (ppm) were

equal to 24.2 ± 0.1 �C, 55 ± 5%, 842 ± 123 ppm, 10 ± 3 ppm

respectively e compliant with requirements. DEC operation

and natural ventilation during September was similar to June.

However, supply air and water were ~37% lower in September

due to cooler outdoor conditions (Fig. 7, Fig. 9). September was

compliant with poultry house requirements except for RHcomp

during DEC operation (Fig. 10).

For June and August when outdoor conditions are hotter,

DEC would operate during the entire day. The supply fresh air

needed from the DEC (and hence water consumed) was min-

imal from 21:00 till 7:00 (night-time and early morning) due to

the lower outdoor temperatures (Fig. 7). In July, the average air

supply and water consumption were 0.26 ± 0.07 kg s�1 and

2.9 ± 1.8 l h�1 and in August, 0.34 ± 0.1 kg s�1 and 3.1 ± 1.8 l h�1

e slightly higher due to more humid conditions. Tcompð�CÞ,
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Fig. 8 e Comparison of experimental and predicted values of velocity and temperature at the different measurement

locations (Columns I through IX).

Table 3 e Geometric and operational parameters of the
DPIEC unit.

Parameter DEC DPIEC

Channel length (m) 1 1

Channel width (m) 1 1

Channel gap thickness (m) 3 � 10�3 3 � 10�3

Sheet thickness (m) 0.5 � 10�3 0.5 � 10�3

Number of channels 113 96

Ratio of working to cooling air e 0.5
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Xcomp; CO2 (ppm), Xcomp;NH3 (ppm) were compliant with poultry

house requirements. In July, they were equal to 24.2 ± 0.3 �C,
933 ± 135 ppm and 11 ± 3 ppm respectively and in August to
24 ± 0.2 �C, 831 ± 127 ppm and 9 ± 2 ppm. RHcomp was 69 ± 5%

and 74 ± 5% in July and August, respectively, slightly higher

than the acceptable upper limit of 70%

For the time interval between 8:00 and 22:00 (morning and

afternoon), the needed supply fresh air and water from the

DEC increased due to the increase in outdoor temperatures

(Fig. 7) and in cooling power. During July, the average air

supply and water consumption were 0.83 ± 0.3 kg s�1 and

13.6 ± 7 l h�1 respectively and 0.9 ± 0.2 kg s�1 and 14 ± 7 l h�1

during August. During this period, Tcompð�CÞ, Xcomp; CO2 (ppm),

Xcomp;NH3 (ppm) were compliant with poultry house re-

quirements. In July, they were equal to 24.3 ± 0.2 �C,
575 ± 61 ppm and 4 ± 1 ppm respectively and in August to

24 ± 0.2 �C, 555 ± 54 ppm and 3 ± 1 ppm. However, RHcomp was

82 ± 4% and 83 ± 2% in July and August, respectively,
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Fig. 9 e Hourly variation of the air supply flow rate and water consumption for the DEC and DPIEC systems for a

representative day of each month.
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significantly higher than the acceptable upper limit of 70%.

This is due to the direct humidification of the supply air and

the upper limit on the DEC supply air flow rate. Similar results

have been obtained by (Da�gtekin et al., 2009), when studying

the performance of a DEC in a poultry house under Mediter-

ranean climates. They reported that the DEC systemwasmost

effective during mornings and evenings while during the af-

ternoon, indoor RH reached a maximum of 88%. In addition

(Raza et al., 2020), reported that, during the month of July, the

DEC was not able to meet the cooling load in the poultry

house, and RH reached maximum of 85% causing a compro-

mise to production.

The DPIEC operation time was similar to the DEC for all

summer months with smaller supply fresh air and water

consumption needed, especially from 7:00 to 19:00 (Fig. 9). For

example, during that period for July, the average fresh air

supply and water consumption were 0.51 ± 0.18 kg s�1 and

7.3 ± 3.3 l h�1 respectively, 35% and 48% smaller than the ones

needed in the DEC due to the higher cooling capacity of the

DPIEC. This is because the DPIEC apparatus can reach lower

supply temperatures than the DEC. All indoor conditions

including RHcomp were compliant with poultry house re-

quirements. For example, for July during this time interval,

the average Tcompð�CÞ,RHcomp, Xcomp; CO2 (ppm), Xcomp; NH3 (ppm)
were equal to 24.2 ± 0.3 �C, 59 ± 7%, 720 ± 188 ppm and

6 ± 3 ppm respectively. Therefore, DPIEC is able to satisfy the

thermal and IAQ requirements of the poultry house at all

times using less power than the DEC. Note that throughout the

entire day, CO2 and NH3 concentrations were slightly higher

for DPIEC and this is due to its slightly smaller supply fresh air

compared to DEC (Raza et al., 2020). Reported that the DPIEC

was able to meet temperature and RH at all times while being

cost-effective unlike DEC, which needed additional dehu-

midification apparatus. Therefore, the use of DPIEC is benefi-

cial than DEC for applications such as poultry house

ventilation.

Additionally, infiltration rates into the poultry house

through cracks and crevices can increase the cooling load,

depending on the outdoor weather conditions. Note that the

effect of infiltration was included in the mathematical space

model with air change rates varying between 0.2 h�1 (tight

envelope) and 2 h�1 (loose envelope) (Y. Wang, Li, Liang, &

Zheng, 2020). Results showed that increasing the infiltration

rates from 0 h�1 to 2 h�1 increased the cooling load by a

maximum of only 6%. Similar results were obtained by (Y.

Wang et al., 2020) when investigating the effect of envelope

tightness on the dynamic cooling loads in a poultry house in

China with similar weather conditions to Beqaa.
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Fig. 10 e Hourly variation of the compartment temperature Tcompð�CÞ, relative humidity RHcomp using DEC and DPIEC for a

representative day of each month.
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6.4. Performance of the DPIEC þ localised ventilation

The DPIEC þ localised ventilation was simulated for each

summer month for average outdoor conditions for consecu-

tive hours during the day. The DPIEC model was simulated

using a reduced fresh air intake and compared to the

DPIECþ tunnel ventilation. The reduced flow rate of air and its

corresponding lower supply temperature, taken as input into

the CFD model, should be able to achieve the same indoor

conditions as the DPIEC þ tunnel ventilation. Figure 12 shows

a comparison of the air and water needs for the

DPIEC þ tunnel ventilation and the DPIEC þ localised venti-

lation systems for a representative day of each month, and

shows the average outdoor conditions for each month for the

CFD simulations.

According to Fig. 12, during night-time and early morning

(19:00e7:00), similarly to DPIEC þ tunnel ventilation, the

DPIECþ localised ventilation fresh air andwater consumption

needs were minimal. For example, for July, the average air

supply and water consumption were 0.2 ± 0.11 kg s�1 and

1.74 ± 0.6 l h�1. Therefore, during night-time and early

morning, the DPIEC þ localised was able to reduce fresh air

intake and water consumption compared to the

DPIEC þ tunnel ventilation by 23% and 22.3% respectively for

July. This trend was consistent from May to September
(Fig. 12). This reduction is justified by the localisation of the

supply fresh air directly towards the hen occupied zone

instead of fully mixing with the compartment space. as is the

case with conventional air distribution. During this peri-

od, Tcompð�CÞ, RHcomp, and Xcomp; CO2 (ppm), Xcomp;NH3 (ppm) were

compliant with poultry house requirements. For example, for

July, the average Tcompð�CÞ, RHcomp, Xcomp; CO2 (ppm),

Xcomp; NH3 (ppm) were equal to 24.3 ± 0.2 �C, 57 ± 3%,

1000 ± 60 ppm and 14 ± 2 ppm respectively.

Similarly during morning and afternoon (8:00e18:00), the

DPIEC þ localised ventilation fresh air and water con-

sumption needs increased. For example, for July, the

average air supply and water consumption were

0.41 ± 0.1 kg s�1 and 5 ± 2.2 l h�1. Therefore, during daytime,

the DPIEC þ localised was able to reduce fresh air intake and

water consumption compared to the DPIEC þ tunnel venti-

lation by 19.6% and 20.6% respectively. This trend was

consistent from May to September (Fig. 12). During this

period, the Tcompð�CÞ,RHcomp, and Xcomp; CO2 (ppm),

Xcomp;NH3 (ppm) were compliant with poultry house re-

quirements. For example, for July, the average Tcompð�CÞ,
RHcomp, Xcomp; CO2 (ppm), Xcomp; NH3 (ppm) were equal to

24.2 ± 0.3 �C, 60 ± 5%, 750 ± 60 ppm and 5 ± 2 ppm respec-

tively. These values are lower than the ones obtained during

night-time, due to the higher fresh air supply.
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Fig. 11 e Hourly variation of the compartment CO2 and NH3 concentration (ppm) using DEC and DPIEC for a representative

day of each month.

b i o s y s t em s e n g i n e e r i n g 2 0 3 ( 2 0 2 1 ) 7 0e9 286
The effect of localised air distribution can be seen more

clearly in Fig. 13 and 14. Figure 13 illustrates the contours of

velocity, temperature, and Fig. 14 illustrates CO2, NH3 con-

centrations and specific humidity ratio for: a) the lowest flow

rate 0.09 kg s�1 (May, early morning), b) the middle flow rate

0.3 kg s�1 (September, afternoon) and c) the highest flow rate

0.53 kg s�1 (July, afternoon) at the x ¼ 0.6 m, 1.5 m and 2.7 m

planes. For all flow rates, the supplied fresh air drops due to

its lower temperature and sweeps over the hen-occupied

zone, cooling the hens and cleaning the zone of contami-

nants from the hens’ respiratory flows and diffusive flux

from the floor, to be exhausted through the diffuser at the far

end of the compartment. Cooling and contaminant dilution

is most effective at the level of the first 100 hens due to their

proximity to the supply diffusers and decreased moving

away from the supply (Figs. 13 and 14). However, the average

conditions in the occupied zone were equal to that of the

tunnel ventilated space. It is worthy to note that at low flow

rates (Fig. 13(a), Fig. 14(a)), despite the low velocities found in

the occupied zone (0.21e0.48 m s�1), an average temperature
of 24 �C was achieved in the occupied zone. This is due to the

low load (1067 W) imposed by the envelope in the early

morning and due to the low supply temperature (12.8 �C)
from outdoors. Dilution of contaminants during early

morning was less effective than at higher flow rates during

the afternoon (Fig. 14). This effect was also seen with tunnel

ventilation (Fig. 11). At higher flow rates (Fig. 13(c)), the high

velocities in the occupied zone (0.6e0.7 m s�1) cooled the

hens through forced convection. Velocities in the occupied

zone were lower than 1 m s�1, avoiding wind chill effect

(Fig. 13(c)).

6.5. Economic analysis

To confirm the advantage of DPIEC þ tunnel ventilation over

the DECþ tunnel ventilation and the advantage of using DPIEC

with localised ventilation rather than tunnel ventilation, an

economic feasibility study was conducted for the three sys-

tems. For this reason, the life cycle cost (LCC) including initial

investment and yearly operational and maintenance costs of
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Fig. 12 e Illustration of: a) averaged outdoor conditions, b) Comparison of cooled air flow rate and water consumption

between localised and tunnel ventilation for DPIEC on the middle day of each month during the summer season.
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the three passive systems were computed based on equation

(9):

LCC¼ I0 þ
Xthp
i¼1

Yi

ð1þ aÞi
� YN

ð1þ aÞN (9)

where I0 is the initial investment (year 0) made for each sys-

tem ($), including the investment and installation cost of the

DEC ($1760 � 8 units for 8 compartments) or the DPIEC

($1850 � 8 units). The yearly costs Yi (i denotes the year index

and thp is the system holding period¼ 50 years in this case) for

the three systems include the electric power consumption
(kWh) of the fans that supply and exhaust fresh air to and

from the poultry house and pumps that supply water to the

DEC/DPIEC units. The latter was multiplied by the electricity

tariff in Lebanon (0.13 $ kWh�1) to obtain the yearly electricity

costs of the three systems. The yearly electricity costs for

system operation were equal to $738, $511 and $411 for the

DEC þ tunnel, DPIEC þ tunnel and DPIEC þ localised respec-

tively. Note that Yi included the maintenance costs of the

evaporative cooling systems (pumps, fans, system regular

cleaning for corrosion prevention, pad replacement or clean-

ing, air filter inspection and replacements). Maintenance costs

were assumed to constitute 2% of the initial investment cost
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Fig. 13 e Illustration of the velocity and temperature contours at x ¼ 0.6 m, 1.5 m, 2.7 m planes for: a) the lowest, b) middle

and c) highest flow rates.
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Fig. 14 e Illustration of the CO2, NH3 concentrations (ppm) and the specific humidity u ðkg kg�1
airÞ at the x ¼ 0.6 m, 1.5 m and

2.7 m planes for: a) the lowest, b) middle and c) highest flow rate.
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of each system: $35.2 � 8 units for DEC and $37 � 8 units for

DPIEC (FIXR, 2020; Allout.com, 2014). Note that the change in

local currency value over the holding period was accounted

for using the discount rate a,which varies between 0 and 10%.

A typical value of 5% was considered in this study (Dvorak,

2016). YN is the salvage cost of the systems ($) after 50 years,

which needs to be deducted from the LCC. Its value is taken

such that the depreciation rate of the systems does not exceed

90% at the end of its useful period of operation. Figure 15 il-

lustrates the yearly variation of the LCC ($) for the three
systems. According to Fig. 15, the DEC þ tunnel system had

lower LCC (Claimspages, 2020) than the DPIEC þ tunnel and

DPIECþ localised for the first 5 years and 3 years, respectively.

After these years, using DPIEC systems was less costly (6.8%

reduction in LCC) and achieved better performance inmeeting

the poultry house cooling and IAQ needs throughout the

summer season.Moreover, using a localised system instead of

the conventional tunnel ventilation further reduced LCC by

4.7% while providing similar indoor conditions (temperature

and IAQ) in the poultry house.
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Fig. 15 e Comparison of the LCC yearly variation for the DEC þ tunnel ventilation, DPIECs þ tunnel ventilation and

DPIEC þ localized ventilation systems.
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7. Conclusion

In this work, the power consumption of three passive

ventilation systems were compared in terms of their ability

to meet temperature and internal air quality requirements in

a poultry house located in Beqaa Valley, Lebanon. The first

two systems to be compared consist of either a DEC or DPIEC

systems coupled with a conventional tunnel ventilation

system. The third system was a DPIEC coupled with a local-

ised air distribution system for further reduction in power

consumption. A modular analysis was adopted, where each

poultry house compartment consisting of two pens was

considered. Mathematical models were developed for the

DEC/DPIEC systems and the compartment conditioned by

the conventional tunnel ventilation as homogeneous condi-

tions of temperature and IAQ were considered. 3D CFD

modelling was adopted for the compartment space model

conditioned by the localised system. The compartment space

model was used to size the DEC/DPIEC units for peak load

removal found during themonth of July. The hourly variation

of the air þ water supply were then computed for the two

systems. A similar analysis was conducted for the localised

system using the CFD model to determine the further

reduction in fresh air intake and water consumption. Simu-

lation results and a simple economic analysis showed that

the DPIEC system under conventional ventilation was more

economical (4.3%) than the DEC system, while achieving

better thermal environment and IAQ. On the other hand,

using localised ventilation instead of conventional tunnel

ventilation was 10% more economical, while achieving

similar conditions of temperature and IAQ.
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