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Abstract

In order to improve the regional applicability of existing evaporative misting systems, a new
evaporative misting system based on photovoltaic/thermal and ventilation heat exchange is
proposed for sow farms. Compared to traditional systems, the proposed system can help to
improve their regional applicability and reduce their energy consumption. Meanwhile, its
simulation model is constructed and the reliability is verified for its core equipment. The
maximum error is less than 14.5% for the above models. Through simulation, the optimal
regulation variable ranges in the proposed system are determined for mass flow rate of work-
ing fluid (MFWF) and misting power by analysing its operating characteristics. The results
show that its optimal ranges of MFWF and misting power are 7245-9245 kg/h and 40-45
kW, respectively. The annual performance is further quantified and analysed under
different load ratios for the proposed system in Guangzhou. It can be found that the annual
exergy loss, heat exchange coefficient and solar energy benefits of the proposed system in
Guangzhou are negatively correlated with load ratio, but its annual energy consumption
and energy efficiency ratio are positively correlated. Meanwhile, the system performance
and benefits are not significantly improved by increasing device investment and sow density
when load ratio exceeds 120% in sow farms. The above conclusion can contribute to improv-
ing the existing evaporative misting systems in sow farms and guiding the operating regulation
of the proposed system.

Introduction

The intensive pig farms have become the main trend in the development of pig industries
(Ma et al., 2023a, 2023b). Under high temperature conditions, sows suffer from heat stress,
which significantly reduces their production performance (St-Pierre et al, 2003; Liu et al,
2021). Therefore, regulating the indoor thermal environment is crucial for improving sow prod-
uctivity (Johnson et al., 20164, 2016b). However, a significant amount of ventilation and energy
are required to regulate the indoor temperature through mechanical ventilation systems in
large-scale sow farms (Costantino et al., 2016; Kupchuk and Telekalo, 2022). Moreover, during
the regulation process of indoor temperature, large amounts of greenhouse gases are produced
due to energy consumption (Nakomcic-Smaragdakis et al., 2012). Therefore, developing energy-
saving temperature regulation systems is an urgent need for pig industries.

In pig farms, there are many temperature regulation systems such as traditional ventilation
systems (Tabase, 2019), ground source heat pump systems (Opderbeck et al., 2020) and evap-
orative misting systems (Romanini et al., 2008). However, poor cooling effect and high energy
consumption are the main problems of these systems (Ma et al., 2023c, 2023d). It can be found
that the energy consumption and ammonia concentration can be reduced when the optimal
supply air speeds and locations were obtained in pig farms (Tabase et al., 2020; Niu et al.,
2024). At the same time, the energy consumption was proved to be decreased by about
46% for a pig farm with an integrated geothermal heat exchanger (Krommweh et al., 2014).
However, ventilation systems in pig farms were limited due to their poor cooling effect during
long-term high temperature (Tabase et al., 2018; Costantino et al., 2020). For the sake of sus-
tainable development and system performance improvement, ground source heat pump sys-
tems were used in pig industries (Mun et al., 2021). However, there were some issues that
hindered their development, such as expensive initial investment (Mun et al., 2020), climate
and geographical limitations (Licharz et al., 2020; Blazquez et al., 2022). In pig farms with
floor cooling systems, the production performance can be improved for sows under heat stress
(Riskowski et al., 2017; Parois et al., 2018). However, local high temperature and high operat-
ing costs are the main problems when floor cooling systems were used in pig farms. Currently,
evaporative misting systems were the common temperature regulation systems in pig farms
due to their considerable economic benefits (Tajudeen et al., 2022). Specifically, the
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appropriate indoor temperature was regulated and energy con-
sumption was significantly reduced in pig farms with evaporative
misting systems (Lontoc et al, 2018; Wiegert et al., 2022).
However, under high humidity conditions, less heat was absorbed
by evaporative cooling and the cooling effect was worse for evapora-
tive misting systems (Haeussermann et al., 2007; Hu et al., 2023).
Therefore, improving the cooling effect under high humidity condi-
tions was an urgent problem to be solved for evaporative misting sys-
tems because it had a significant impact on the economic benefits of
pig industries. Dehumidification before evaporative misting was con-
sidered as one of the effective methods to improve the evaporative
cooling efficiency under high humidity conditions. However, the
feasibility of this method in pig farms needed to be confirmed
through research and the huge energy consumption of equipment
based on this method became a key concern.

With the development of solar energy utilization technology,
the evaporative misting systems based on photovoltaic/thermal
(PV/T) devices have been developed in residential buildings due
to their energy-saving advantages (Sultan et al., 2018; Ma et al.,
2022; Wang et al,, 2023). Redelinghuys et al. (2023) investigated
an adiabatic pre-cooling mechanical draft system for concentrat-
ing solar power plants in arid areas. The results indicated that
the cooling parasitic power consumption and power operating
costs can be decreased by about 5.37 and 14.19% in adiabatic pre-
cooling mechanical draft systems, respectively. In another study,
the feasibility of a solar-geothermal system used to provide the
energy and water was evaluated for a residential building
(Baniasadi et al., 2023). It can be found that the energy efficiency
was 13.27-17.25% for the proposed system. Therefore, the power
consumption of evaporative misting systems can be decreased
when PV/T devices were adopted to provide energy to the systems
(Zhang et al., 2023). In addition, some scholars concluded that
compared to some ventilation systems, the power consumption
and carbon dioxide emissions were decreased by 15-31% in
some pig farms with solar air heaters (Mun et al, 2015; Moon
et al., 2017; Yu et al., 2021). At the same time, when photovoltaic
panels were used in a pig farm, the obtained electric energy was
proved to provide 35% of the power consumption for a pig
farm (Kwak et al., 2021). The above research indicated that the
temperature regulation systems combined with PV/T devices
may reduce the energy consumption and operating costs of
these systems in pig farms. At the same time, the power consump-
tion of temperature regulation systems can be significantly
decreased in the pig farms with ventilation heat exchange
(Moon et al., 2015; Ma et al., 2021a, 2021b; Xie et al., 2024).
Specifically, the power consumption can be decreased by 46%
when the combination of ground source heat pump and ventila-
tion heat exchange was used for temperature regulation in pig
farms compared with a ventilation system (Alberti et al, 2018;
Lapertot et al, 2021). In an economic study, the energy costs
were reduced by 19.7% and an economic benefit of 12028
euros was obtained per year under this system (Deeken et al.,
2023). In conclusion, dehumidification before evaporative misting
is one of the effective methods to improve the evaporative cooling
efficiency under high humidity conditions, but it can significantly
increase system energy consumption. At the same time, PV/T and
ventilation heat exchange devices can contribute to reducing the
energy consumption of devices such as dehumidification device
and spray device in the system. The coupling of an evaporative
misting system with a PV/T system combined with a ventilation
heat exchange device may improve the regional applicability of
cooling system and produce significant benefits for pig farms.
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However, the feasibility of this system in pig farms in high-
humidity areas need to be confirmed through research. At the
same time, the regulation and optimization is difficult for this sys-
tem due to its numerous devices. Therefore, construct the pro-
posed system, develop its control strategy and quantify its
performance to promote its application and improve its benefits.

In this paper, a new evaporative misting system based on PV/T
and ventilation heat exchange is proposed and its simulation
model is constructed in sow farms. Through simulation, the
annual operating modes are obtained for the proposed system
in Guangzhou. Meanwhile, the optimal regulation variable ranges
in the proposed system are determined for mass flow rate of
working fluid (MFWF) and misting power by analysing its
operating characteristics. The annual performance variables are
further quantified and analysed under different load ratios for
the proposed system in Guangzhou.

New system construction

In this section, a new evaporative misting system based on PV/T
and ventilation heat exchange is proposed in sow farms, as shown
in Fig. 1. The number meaning of the new evaporative misting
system is listed in Table 1. The proposed system can be divided
into three sub-systems and their operating routes can be distin-
guished by three different colours in Fig. 1. In this section, the
operating process of three sub-systems is explained in detail.

The function of sub-system 1 is the conversion, transmission
and storage of thermal energy in the proposed system. In sub-
system 1, thermal energy can be obtained based on PV/T collec-
tors 1. The obtained thermal energy is absorbed by working fluid
through the first circulating pump 2 and subsequently transferred
to the working fluid in the first heat exchanger 3. To store the heat
obtained from PV/T collectors, it can be transferred to the phase-
change material (PCM) in the phase-change heat storage tank
(PHST) through the second circulating pump 4. When exhaust
air is required to be heated in the heating season, the thermal
energy stored in PCM can be absorbed by working fluid and
used to heat exhaust air through heat exchange in the second
heat exchanger 16. Otherwise, in the cooling season, the stored
thermal energy can be used to heat supply air through heat
exchange in the third heat exchanger 24. If the heat stored in
PCM cannot meet the required heat in the proposed system,
the auxiliary heater 6 can provide its heat demand to ensure the
system operation.

The function of sub-system 2 is the conversion, transmission
and storage of electric energy in the proposed system. Based on
PV/T collectors 1, solar energy can be converted into electric
energy. The obtained electric energy is converted into alternating
current through photovoltaic controller 9 and photovoltaic
inverter 10. Through the electrical cabinet 12, alternating current
is transmitted to two drive motors and other electrical equipment
in the proposed system. At the same time, the converted direct
current can be charged in the battery 11 through photovoltaic
controller 9 when the power demand is met for the proposed sys-
tem. In addition, the surplus electric energy can be transmitted to
the public electricity network for electricity sale through the elec-
trical cabinet 12. If the electric energy consumed by equipment
cannot be met by the electric energy obtained from PV/T collec-
tors, the public electricity network can provide the electricity
required by the proposed system to ensure the system operation.

The function of sub-system 3 is the heat exchange and tem-
perature regulation of exhaust and supply air in the proposed
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Figure 1. New evaporative misting system constructed in this paper.
Table 1. Number meaning in the new evaporative misting system
Numbers Meaning Numbers Meaning Numbers Meaning
1 PV/T collectors 9 Photovoltaic controller 17 Acid spray scrubber
2 The first circulating pump 10 Photovoltaic inverter 18 PH detector
3 The first heat exchanger 11 Battery 19 Absorbent adding device
4 The second circulating pump 12 Electrical cabinet 20 Supply fan
5 PHST 13 The first drive motor 21 Desiccant wheel
6 Auxiliary heater 14 The second drive motor 22 Heat exchange device
7 The third circulating pump 15 Exhaust fan 23 Spray device
8 The fourth circulating pump 16 The second heat exchanger 24 The third heat exchanger

system. In the route of supply air, if the humidity of supply air
exceeds the set humidity, it will be dehumidified by desiccant
materials in the desiccant wheel 21 and subsequently sent into
the heat exchange device 22 through supply fan 20. In the heat
exchange device 22, the heat is recovered through the heat
exchange between exhaust and supply air. Then, the air condi-
tioning mode in the proposed system is further obtained based
on the set temperature. In the cooling season, if the set tempera-
ture is higher than the temperature of supply air, the additional
heat of supply air will be eliminated through heat exchange
with cooling water in the spray device 23. In the heating season,
if the temperature of supply air is higher than the set temperature,
the heat of working fluid will be absorbed by supply air in the
third heat exchanger 24. When the temperature of supply air
meets the requirements, supply air will not be processed and
sent into a sow farm. In the route of exhaust air, the ammonia
will be absorbed by circulating water added with absorbent in
the acid spray scrubber 17. After exhaust air is eliminated from
odour, its heat is recovered through heat exchange in the heat
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exchange device 22. In the cooling season, exhaust air will be fur-
ther used for the regeneration of desiccant materials when the
supply air does not meet the requirement. Specifically, the heat
of exhaust air is obtained by exchanging heat with working
fluid in the second heat exchanger 16. The heated exhaust air
can absorb moisture from desiccant materials in the desiccant
wheel 21 to achieve the recycling of desiccant materials. Finally,
exhaust air is sent outdoors through exhaust fan 15.

The main design and operating variables are shown in Table 2
for the applied sow farm and the proposed system. It can be
concluded that compared to the existing evaporative misting sys-
tems, the proposed system can help to improve its efficiency of
evaporative cooling under high humidity conditions due to
solar dehumidification and reduce the energy consumption of
existing systems due to solar energy benefits (SEB) and ventilation
heat exchange. In other words, the proposed system can improve
the regional applicability of existing evaporative misting systems,
and reduce their energy consumption and carbon emissions in
sow farms.
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Table 2. Main design and operating variables of the applied sow farm and the proposed system

No. Variables Value No. Variables Value
1 The inlet temperature of PV/T collectors 45°C 11 Pump power 7456 W
2 The area of PV/T collectors 878 m? 12 Regeneration temperature 40-60°C
3 MFWF in PV/T collectors 12 245 kg/h 13 Fan power 682.8W
4 The inlet/outlet temperature of PHST 55/75°C 14 The mass flow rate of supply air 42763.5kg/h
5 Phase-change temperature 63°C 15 Spray device power 54000 kg/h
6 PCM solid/liquid density 942/862 kg/m? 16 The efficiency of heat exchange device 85%
7 PCM latent heat 203.40 kd/kg 17 The sow farm area 219 m?
PCM solid-phase/liquid-phase specific heat 2.20/2.48 kJ/(kg K) 18 The sow farm volume 744.6 m®
9 PHST volume 15m? 19 The standard sow number 130 heads
10 Auxiliary heating temperature 60°C 20 The load change of sow farm 2.7-67.5 kW

Models of core equipment

Based on the new evaporative misting system, the core equipment
of the proposed system includes desiccant wheel, PV/T collectors
and PHST. To ensure the accuracy of system simulation, the core
equipment of the proposed system, including desiccant wheel,
PV/T collectors and PHST, is newly built based on the equipment
library of TRNSYS software (TESS Library Documentation, 2006;
Ma et al., 2023e). For the detailed modelling process, refer to
Appendixes A-C. The meaning of variable symbols can be
obtained in Nomenclature.

New system model

To simulate the annual operation of the proposed system, its
simulation model is constructed based on TRNSYS software, as

shown in Fig. 2. Some equipment and its variables in the pro-
posed system simulation model are shown in Table 3. The oper-
ating routes of three working media can be distinguished by three
different colours in the proposed system simulation model. In this
section, their operating process is explained in detail.

In the proposed system simulation model, the operating routes
of supply air are shown by the green line. At first, the outdoor air
temperature and humidity can be input from meteorological data
in Guangzhou. Through diverter 1, the flow route of supply air is
obtained based on the required relative humidity. If the humidity
of supply air exceeds the set humidity, supply air will be sent into
mixer 1 after being dehumidified by desiccant materials. On the
contrary, it will not be processed and sent into mixer 1. Then,
the flow route of supply air is obtained based on the set tempera-
ture through diverters 2 and 3. If the temperature of exhaust air is
higher than that of supply air in the cooling season, it will not be
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Figure 2. Proposed system simulation model based on TRNSYS software.

https://doi.org/10.1017/50021859624000492 Published online by Cambridge University Press


https://doi.org/10.1017/S0021859624000492

The Journal of Agricultural Science

Table 3. Some equipment and its variables in the proposed system simulation

model
Equipment Key variables Illustrations
Weather External files are Meteorological data in
date required in the Guangzhou is input.

Data readers

equipment

The annual load in the sow
farm is simulated in

Guangzhou.
PV/T MFWF: 12 245 kg/h The performance variables
collectors of PV/T collectors are
Sltzpe of collector: provided by local
30 manufacturers.
PHST Tank volume: 15m? Palmitic acid is selected as
PCM and its variables are
Phase-change obtained based on the
temperature: 63°C literature.
Auxiliary Required The auxiliary heater can
heater temperature: 60°C provide the additional heat
required for the proposed
system.
Desiccant Required inlet The performance variables
wheel relative humidity: of three equipment are
70% provided by local
. . manufacturers.
Heat Sensible efficiency:
exchange 85%
device

Spray device Required outlet
relative humidity:

85%

The simulated air load is
output for the proposed
system.

Load files are
required in the
equipment

Air load

processed and sent into mixer 3. On the contrary, supply air will
be sent to diverter 4 after being cooled in the heat exchange
device. If the temperature of supply air exceeds that of exhaust
air in the heating season, it will not be processed and sent into
mixer 3. On the contrary, supply air will be sent into diverter 4
after being heated in the heat exchange device. If the temperature
of supply air from the heat exchange device is still lower than the
set temperature, it will be heated to the set temperature in the heat
exchanger 2. On the contrary, it will not be processed and sent
into mixer 3. Through diverter 5, the flow route of supply air is
further obtained based on the set temperature. If the temperature
of supply air is lower than the set temperature, it will not be pro-
cessed and sent into mixer 5. On the contrary, supply air will be
sent into mixer 5 after being cooled in a spray device. The tem-
perature and humidity of supply air gathered in mixer 4 will be
changed based on the simulated air load in the sow farm.

According to the proposed system simulation model, the oper-
ating routes of exhaust air are shown by the blue line. At first, the
exhaust air temperature and humidity can be input from the air
load equipment. Then, exhaust air will be sent into the heat
exchanger 1 after being cooled or heated in the heat exchange
device. If the humidity of supply air exceeds the set humidity,
exhaust air will be heated in the heat exchanger 1. The heated
exhaust air is used for the regeneration of desiccant materials in
the desiccant wheel. On the contrary, it will not be processed
and sent outdoors through exhaust fans.

In the proposed system simulation model, the operating routes
of working fluid are shown by the red line. The annual electricity
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converted from solar energy is recorded through output 1. At the
same time, the heat converted from solar energy is absorbed by
working fluid in PV/T collectors for the heat supply air. The
heat absorbed by working fluid is transferred to PCM in PHST
through heat exchange in the heat exchanger 3. If there is a
heat demand in the proposed system, the working fluid is sent
into diverter 6 after absorbing the heat from PCM. Through
diverter 6, the flow route of working fluid is obtained based on
the set temperature. If the temperature of working fluid exceeds
the set temperature, it will not be processed and sent into mixer
6. On the contrary, working fluid will be sent into mixer 6 after
being heated by auxiliary heater. Then, the flow route of working
fluid is obtained based on the set temperature through diverter
7. If supply air needs to be heated, the heat of working fluid
will be absorbed by supply air through heat exchange in the
heat exchanger 2. On the contrary, the heat of working fluid
will be absorbed by exhaust air through heat exchange in the
heat exchanger 1. After the thermal energy of working fluid is
absorbed by exhaust air or supply air, it will be sent into PHST
for circulation.

Model validation and performance evaluation
Model validation of core equipment

In this section, the core equipment models in the proposed system
are validated to ensure the accuracy of system simulation. Based
on the cited literature, the conditions adopted for verification
are listed in Table 4. The same design and operating conditions
as in the literature (Jia et al., 2006) are adopted to validate the
model of desiccant wheel. Specifically, the simulated dehumidifi-
cation capacity is compared with the experimental dehumidifica-
tion capacity in the literature (Jia et al., 2006) under different inlet
temperature conditions of desiccant wheel. Figure 3 shows the
errors between the experimental dehumidification capacity and
simulated data in the range of 18-40°C at the inlet of desiccant
wheel. It can be found that the maximum error between the
experimental dehumidification capacity and simulated data is
6.8%. At the same time, the same design and operating conditions
as in the literature (Mahmoud et al., 2005) are adopted to validate
the PV/T collector model. Specifically, the simulated outlet tem-
perature is compared with the experimental outlet temperature
in the literature (Mahmoud et al., 2005) under different inlet tem-
perature conditions of PV/T collectors. Figure 4 shows the errors
between the experimental and simulated outlet temperature in the
range of 28-40°C at the inlet of PV/T collectors. It can be found
that the maximum error between the experimental and simulated
outlet temperatures is 6.78%. When the same design and operat-
ing conditions as in the literature (Ibanez et al., 2006) are adopted
to validate the model of PHST, PCM heated to 70°C exchanges
heat with cooling water and the change of middle temperature
is tested in PHST within 30 min. The change of simulated middle
temperature is compared with that of experimental middle tem-
perature in the literature (Ibanez et al, 2006) in 30 min after
the heat exchange between PCM and circulating water. Figure 5
shows the errors between experimental and simulated middle
temperatures within 30 min after the heat exchange between
PCM and circulating water. It can be found that the maximum
error between the experimental and simulated middle tempera-
tures is 14.5%. In summary, it can be concluded that the models
of core equipment can meet the simulation accuracy.
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Table 4. Conditions adopted for verification based on the cited literature

Operating and design

Models conditions Values Unit
Desiccant The inlet velocity of wet 1-3 m/s
wheel air
The inlet temperature 18-40 °C
range of wet air
The inlet humidity range 6.77-28.44 g/kg
of wet air
The inlet flow rate of wet 775.8 kg/h
air
The inlet flow rate of 323.25 kg/h
regeneration air
PV/T The inlet temperature 28-40 °C
collectors range of PV/T collectors
Solar radiation per unit 600-1100 W/m?
area
MFWF 100 kg/h
PV/T collector area 4.9 m?
PHST PCM material Sodium acetate
trihydrate
Phase-change 58 °C
temperature
PCM diameter 8.8 cm
PCM height 315 cm
PCM capacity 5.1 L
PCM density 1.35-1.4 kg/l
Specific heat capacity of 2.5 kJ/kg
PCM
PCM enthalpy 180-200 kJ/kg
Thermal conductivity of 2.2 w/
PCM (m K)
50
30 -
i +10%
S o, .
el . * e s e . . . .
=
g . g . . L] L] L] [ ] . .
T T |
-10%
230 -
50 1 1 1 1

0.005 0.010 0015 0.020 0.025 0.030
Dehumidification capacity (kg/kg)

Figure 3. Errors between the experimental dehumidification capacity and simulated
data in the range of 18-40°C at the inlet of desiccant wheel.
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Figure 4. Errors between the experimental and simulated outlet temperatures in the
range of 28-40°C at the inlet of PV/T collectors.

Performance evaluation variables

To quantify the proposed system performance, some performance
evaluation variables are used in this paper. These variables include
the exergy loss, energy consumption, heat exchange coefficient
(HEC), energy efficiency ratio (EER) and SEB of the proposed
system. Their calculation is described in this section.

Exergy loss
In the proposed system, exergy loss is used to reflect the changes
of energy quality. It can be obtained by the following equation:

Eloss = AEin - AEout (1)

where Ej. is the exergy loss of the proposed system, kW; AE;, is
the input exergy of the proposed system, kW and AE,,, is the out
exergy loss of the proposed system, kW. The exergy composition
and calculation of the proposed system can be found in the litera-
ture (Ma et al., 2023f).

S0
+ Top temperature
*  Middle temperature
30 F
+15%
) IR P I P P I P
c\gl[}— . ..o. ,“.. X 3:...
— *
z | * e cernrnn,
S
=
210 -
-15%
30k
50 . 1 R 1 A 1 R 1 A L A
35 41 47 53 59 65 71

Temperature in PHST (°C)

Figure 5. Errors between experimental and simulated middle temperatures within 30
min after the heat exchange between PCM and circulating water.
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Heat exchange coefficient

It can be found that the electric energy is consumed and the air
heat is recovered in the heat exchange device. In this paper,
HEC is used to evaluate the heat exchange benefits of the pro-
posed system. It can be obtained by the following equation:

Qf Msup (hsup out hsup in)
HEC = — = - - 2
b, P, @

where Qg is the heat exchange between exhaust and supply air, kJ;
P, is the electric energy consumed by heat exchange device, kJ;
Mgy is the mass flow rate of supply air, kg/s and hgyps, and
hsup,out are the unit enthalpy of supply air at the inlet and outlet
of heat exchange devices, respectively.

Energy efficiency ratio

To evaluate the heating and cooling device efficiency, EER is con-
sidered as one of the important performance evaluation variables.
It can be obtained by the following equation:

Q. Q
EER,, = S b, =5 €©))
EER. = %gc = % 4)

where Q. and Q, are the cooling and heating capacity of the pro-
posed system per unit time, respectively, kW; P. and P, are the
power consumption of cooling and heating equipment per unit
time, respectively, kW; Q. and Qy, are the heat of wet air obtained
in heating and cooling equipment, respectively, kJ and P, and P,
are the electric energy consumed by heating and cooling equip-
ment, respectively, kJ.

Results

The main purpose of this paper is to determine the feasibility and
application benefits of the proposed system in high-humidity
areas. In this paper, as a typical high-temperature and high-
humidity area, Guangzhou is considered as the application area
for the proposed system. Specifically, the annual operating
modes and optimal regulation variable ranges are determined
for the proposed system in Guangzhou through simulation.
Further, the regulation suggestions will be obtained for the pro-
posed system when it is operated under high-temperature and
high-humidity conditions.

Annual operating modes and optimal regulation variable
ranges

Annual operating modes

Before analysing the annual performance of the proposed system
in Guangzhou, it is crucial to determine its annual operating
modes and optimal regulation variable ranges through simulation.
Based on the outdoor climate characteristics in Guangzhou, the
annual operating modes are obtained for the proposed system
to ensure the maximum utilization of heating and cooling devices.
Figure 6 shows the annual outdoor temperature changes in
Guangzhou and indoor temperature changes under the regulation
of the proposed system. It can be found that outdoor temperature
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Figure 6. Annual outdoor temperature changes in Guangzhou and indoor tempera-
ture changes under the regulation of the proposed system.

in Guangzhou and indoor temperature regulated by the proposed
system are in the range of 4-39 and 18-27°C throughout the year,
respectively. This indicates that the indoor temperature regulated
by the proposed system can meet the set temperature range of
18-27°C in sow farms (Santonja et al., 2017). To ensure the feasi-
bility of solar energy utilization technology in the proposed sys-
tem, the solar radiation in Guangzhou and the solar fraction of
the proposed system are analysed for a whole year in this section,
as shown in Fig. 7. The results show that in Guangzhou, the abun-
dant annual solar radiation provides a foundation for the solar
energy utilization in the proposed system. Specifically, when the
solar radiation is higher than 193.7 W/m?, it can be found that
the required heat in the proposed system can be provided by
PV/T collectors through simulation. At the same time, it can be
found that in the proposed system, the achieved monthly solar
fraction ranges from 38.17 to 48.23%. In other words, in
Guangzhou, the required heat in the proposed system can be par-
tially obtained from PV/T collectors, but the required additional
heat can be provided by auxiliary heater. Aiming at the

—— Solar radiation
—— Solar fraction
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Figure 7. Solar radiation in Guangzhou and the solar fraction of the proposed system
in the whole year.
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optimization of system performance in Guangzhou, the annual
operating modes of the proposed system are obtained based on
its simulation model. Figure 8 shows the energy consumption
of heating and cooling devices in the proposed system for a
whole year. To improve the utilization efficiency of heating and
cooling devices, the annual operating modes can be obtained
for the proposed system. It can be found that the annual operating
modes of the proposed system in Guangzhou can be divided into
heating and cooling seasons. Specifically, in the sow farm, the
heating season is from 1st January to 5th March and 31st
October to 31st December, and the cooling season is from 5th
March to 31st October. According to the annual operating
modes of the proposed system in Guangzhou, its annual operating
characteristics are analysed to obtain its annual optimal regulation
variable ranges through simulation.

Optimal regulation variable ranges

Based on the above results, the annual operating characteristics
are analysed and the optimal regulation variable ranges are fur-
ther obtained for the proposed system in Guangzhou. For the
sake of the temperature requirements of sow house, the heating
and cooling powers of the proposed system in Guangzhou are
regulated by changing its MFWF and misting power. Figure 9
shows the indoor time percentage at 18-27°C in the cooling sea-
son under different misting powers when MFWF is 7245 kg/h for
the proposed system in Guangzhou. It can be found that when the
misting power of the proposed system increases from 25 to 40 kW,
the indoor time percentage at 18-27°C in the cooling season
increases from 61.9 to 100%. However, it remains at 100%
when the misting power of the proposed system increases from
40 to 45 kW. In other words, when the misting power of the pro-
posed system is 25-40 kW, the indoor time percentage at 18-27°C
in the cooling season is positively correlated with misting power.
At the same time, the indoor time percentage at 18-27°C can be
maintained at 100% in the cooling season when the misting power
of the proposed system is 40-45 kW. Figure 10 shows the indoor
time percentage at 18-27°C in the heating season under different
MFWFs when the misting power is 40 kW for the proposed sys-
tem in Guangzhou. The results show that when the MFWF of the
proposed system increases from 7245 to 9245 kg/h, the indoor
time percentage at 18-27°C in the heating season remains at
100%. However, it decreases from 100 to 75.8% when the
MFWEF of the proposed system increases from 9245 to 155 245
kg/h. In other words, when the MFWF of the proposed system
is 9245-155 245 kg/h, the indoor time percentage at 18-27°C in
the heating season is negatively correlated with MFWE. At the
same time, the indoor time percentage at 18-27°C can be main-
tained at 100% in the heating season when the MFWF of the pro-
posed system is 7245-9245 kg/h. To sum up, the optimal ranges
of MFWF and misting power are 7245-9245kg/h and 40-45
kW for the proposed system in Guangzhou, respectively.

System performance analysis

Energy consumption and exergy loss

To determine its performance advantages in Guangzhou and
guide its operating regulation, the annual energy consumption
and exergy loss are further analysed for the proposed system
through simulation based on its annual operating modes and
optimal regulation variable ranges. At the same time, according
to the simulation results, it can be found that the indoor load
has a significant influence on the proposed system performance.
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Figure 8. Energy consumption of heating and cooling devices in the proposed system
for a whole year.

In other words, the performance changes of the proposed system
are significantly related to the indoor sow density. Therefore, the
annual exergy loss and energy consumption of the proposed sys-
tem in Guangzhou are analysed under different load ratios (sow
densities) through simulation. Figures 11 and 12 show the annual
energy consumption and exergy loss of the proposed system in
Guangzhou under different load ratios, respectively. It can be
found that in the cooling season, when load ratio changes from
30 to 140%, the exergy loss of the proposed system decreases
from 9.62 x 10* to 9.07 x 10* kW. However, in this case, its energy
consumption increases from 1.48 x 10° to 1.57 x 10° kJ. In other
words, in the cooling season, the exergy loss of the proposed sys-
tem decreases with the increase of load ratio, but its energy con-
sumption increases with the increase of that. Similarly, in the
heating season, when load ratio changes from 30 to 140%, the
exergy loss of the proposed system decreases from 6.52 x 10* to
6.18 x 10* kW. However, in this case, its energy consumption
increases from 4.73 x 10° to 4.94 x 10° kJ. In other words, in the
heating season, the exergy loss of the proposed system decreases
with the increase of load ratio, but its energy consumption

107.5

815 |-

875 F

L

775 F

67.5 | Z

Indoor time percentage at 18-27°C (%)

57.5 M 1 n 1 " 1 i 1 L
22,5 21.5 325 375 425 47.5
Misting power (kW)

Figure 9. Indoor time percentage at 18-27°C in the cooling season under different
misting powers when MFWF is 7245 kg/h for the proposed system in Guangzhou.
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Figure 10. Indoor time percentage at 18-27°C in the heating season under different
MFWFs when the misting power is 40 kW for the proposed system in Guangzhou.

increases with the increase of load ratio. Through analysis, the
above changes are because there are differences in the annual
SEB, heat exchange efficiency and EER of the proposed system.
In addition, it can be found that when load ratio changes from
30 to 120%, the annual exergy loss changes significantly, but it
changes slightly when load ratio exceeds 120% in sow farms.
This indicates that the exergy loss of the proposed system is sig-
nificantly affected by load ratio when load ratio does not exceed
120% (the indoor sow density does not exceed 0.7 heads/m” in
sow farms). At the same time, the system performance and ben-
efits are not significantly improved by increasing device invest-
ment and sow density when load ratio exceeds 120% in sow
farms. In summary, the annual exergy loss of the proposed system
in Guangzhou decreases with the increase of load ratio, but its
energy consumption increases with the increase of load ratio.
These changes are because there are differences in the annual
SEB, heat exchange efficiency and EER of the proposed system.
At the same time, the system performance and benefits are not
significantly improved by increasing device investment and sow
density when load ratio exceeds 120% in sow farms.
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Figure 11. Energy consumption and exergy loss of the proposed system in
Guangzhou under different load ratios in the cooling season.
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Figure 12. Energy consumption and exergy loss of the proposed system in
Guangzhou under different load ratios in the heating season.

HEC and EER

According to the above analysis, the differences in annual exergy
loss and energy consumption of the proposed system are because
there are differences in its annual SEB, heat exchange efficiency
and EER. In this section, the annual HEC and EER of the pro-
posed system in Guangzhou are analysed under different load
ratios through simulation to determine its energy efficiency and
heat exchange efficiency. Figures 13 and 14 show the annual
HEC and EER of the proposed system in Guangzhou under dif-
ferent load ratios, respectively. It can be found that in the cooling
season, when load ratio changes from 30 to 140%, the HEC of the
proposed system decreases from 89.58 to 85.54%. However, in this
case, its EER. increases from 4.28 to 4.53. In other words, in the
cooling season, the HEC of the proposed system is negatively cor-
related with load ratio, but its EER, increases with the increase of
load ratio. Similarly, in the heating season, when load ratio
changes from 30 to 140%, the HEC of the proposed system
decreases from 132.01 to 109.71. However, in this case, its EERy
increases from 4.11 to 4.33. In other words, in the heating season,
the HEC of the proposed system is negatively correlated with load
ratio, but its EER;, increases with the increase of load ratio.
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Figure 13. HEC and EER of the proposed system in Guangzhou under different load
ratios in the cooling season.
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Figure 14. HEC and EER of the proposed system in Guangzhou under different load
ratios in the heating season.

However, it can be found that the HEC of the proposed system is
less affected by load ratio than its EER. Through analysis, the
above changes are because the increase in sow number leads to
a significant increase in the heating and cooling capacity of the
proposed system, but a decrease in the heat exchange between
exhaust and supply air. In addition, it can be found that when
load ratio changes from 30 to 120%, the annual HEC and EER
change significantly, but they change slightly when load ratio
exceeds 120% in sow farms. This shows that the energy efficiency
and heat exchange efficiency of the proposed system is signifi-
cantly affected by load ratio when load ratio does not exceed
120% (the indoor sow density does not exceed 0.7 heads/m” in
sow farms). At the same time, the system performance and ben-
efits are not significantly improved by increasing device invest-
ment and sow density when load ratio exceeds 120% in sow
farms. In summary, the annual HEC of the proposed system in
Guangzhou is negatively correlated with load ratio, but its annual
EER increases with the increase of load ratio. However, the HEC
of the proposed system is less affected by load ratio than its EER.
These changes are because the increase in sow number leads to a
significant increase in the heating and cooling capacity of the pro-
posed system, but a decrease in the heat exchange between
exhaust and supply air. At the same time, the system performance
and benefits are not significantly improved by increasing device
investment and sow density when load ratio exceeds 120% in
sow farms.

Solar energy benefits

To determine its SEB, the annual SEB of the proposed system are
further obtained under different load ratios. The annual SEB of
the proposed system in Guangzhou under different load ratios
is shown in Fig. 15. It can be found that when load ratio changes
from 30 to 140%, the annual SEB of the proposed system
decreases from 4.72x10° and 2.39x10°k] to 2.66 x 10° and
2.07 x 10° kJ, respectively. Through analysis, the above changes
are because the increase in sow number leads to a significant
increase in the heating and cooling capacity of the proposed sys-
tem, but a decrease in the usable heat obtained by the proposed
system. In summary, the annual SEB of the proposed system in
Guangzhou are negatively correlated with load ratio. These
changes are because the increase in sow number leads to a
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Figure 15. Annual SEB of the proposed system in Guangzhou under different load
ratios.

significant increase in the heating and cooling capacity of the pro-
posed system, but a decrease in the usable heat obtained by the
proposed system.

Conclusion

A new evaporative misting system based on PV/T and ventilation
heat exchange was proposed in sow farms in this paper. Further,
the simulation model was constructed for the above system.
Through simulation, the annual operating modes were obtained
for the proposed system in Guangzhou. Meanwhile, the optimal
regulation variable ranges were determined for MFWF and mist-
ing power in the proposed system. The annual performance vari-
ables, including exergy loss, energy consumption, HEC, EER and
SEB, were quantified and analysed under different load ratios for
the proposed system in Guangzhou. The main conclusions can be
obtained as follows:

(1) Through the improvement of existing spray cooling system,
the annual indoor temperature can be maintained between
18 and 27°C and the monthly solar fraction can be main-
tained between 38.17 and 48.23% in the proposed system in
high-temperature and high-humidity areas.

(2) The annual operating modes of the proposed system in
Guangzhou mainly include heating and cooling seasons.
Specifically, in the sow farm, the heating season is from 1st
January to 5th March and 31st October to 31st December,
and the cooling season is from 5th March to 31st October.
Meanwhile, the optimal ranges of MFWF and misting
power are 7245-9245 kg/h and 40-45kW for the proposed
system in Guangzhou, respectively.

(3) The annual exergy loss, HEC and SEB of the proposed system
in Guangzhou are negatively correlated with load ratio, but its
annual energy consumption and EER are positively correlated
with that. At the same time, the HEC of the proposed system
is less affected by load ratio than its EER. These changes are
because the increase in sow number leads to a significant
increase in the heating and cooling capacity of the proposed
system, but a decrease in the usable heat obtained by the pro-
posed system and the heat exchange between exhaust and

supply air.


https://doi.org/10.1017/S0021859624000492

The Journal of Agricultural Science

(4) The exergy loss, HEC and EER of the proposed system is sig-
nificantly affected by load ratio when load ratio does not
exceed 120% in sow farms. Meanwhile, the system perform-
ance and benefits are not significantly improved by increasing
device investment and sow density when load ratio exceeds
120% in sow farms.
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Nomenclature. g half height of air channels, m

A cross-sectional area of air channels, m*

Apottom Surface area at the bottom of PHST, m>

Acqges surface area at the edges of PHST, m?

Aqop surface area at the top of PHST, m?

A, surface area of adsorbent in the wheel per unit volume, m*/m?

b half width of air channels, m

B, proportion of the airflow area to the total cross-sectional area of wheel
on the airflow section

c, specific heat capacity of air, kJ/(kg K)

Cmat Specific heat capacity of matrix material, kJ/(kg K)

Cmean Mean specific heat capacity of fluid in PHST, kJ/(kg K)

Cpem Specific heat capacity of PCM in the actual heat transfer process, kJ/
(kg K)

cpf specific heat capacity of supply air, kJ/(kg K)

Cp.fluid specific heat capacity of fluid in PHST, kJ/(kg K)

cp.hx Specific heat capacity of fluid in the immersed heat exchanger, kJ/
(kg K)

¢s specific heat capacity of desiccant material, kJ/(kg K)

cu specific heat capacity of water vapour, kJ/(kg K)

¢y specific heat capacity of water, kJ/(kg K)

d,q moisture content of air at the surface of adsorbent, g/kg

Aexh,in Moisture content of exhaust air at the inlet of desiccant wheel, g/kg

dm, moisture content of desiccant material, g/kg

dpro dehumidification capacity of process air, g/kg

pro
dproin Moisture content of process air at the inlet of desiccant wheel, g/kg

P

dyec moisture content of exhaust air, g/kg

dq,p moisture content of supply air, g/kg

D, diffusion coefficient of water vapour, m*/s

Ejoss exergy loss of the proposed system, kW

fmar mass of matrix material per unit length, kg

fsg mass of desiccant material per unit length, kg

hy convection heat transfer coefficient between air and desiccant material,
W/(m* K)

h.q convection heat transfer coefficient between air and adsorbent, W/
(m* K)

hup.in enthalpy of supply air at the inlet of heat exchange device, J/kg

hup.out enthalpy of supply air at the outlet of heat exchange device, J/kg

k, air thermal conductivity, W/(m K)

k, thermal conductivity of PCM, W/(m K)

K,q mass transfer coefficient between air and adsorbent, kg/(m2 s)

K, mass transfer coefficient between air and desiccant material, kg/(m2 s)

L, perimeter of air channels, m

Mexn mass flow rate of exhaust air, kg/s

Mpxin mass flow rate of fluid flowing into the immersed heat exchanger,
kg/h
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Mg, mass flow rate of supply air, kg/s

Miank,in Mass flow rate of fluid flowing into PHST, kg/h

#1,, mass flow rate of air per unit cross-sectional area of wheel, kg/(m” s)

Nu Nusselt number

Pa air pressure, kPa

pr wheel pressure, kPa

Pws saturated water vapour pressure, kPa

P, electric energy consumed cooling equipment, kJ

P, electric energy consumed heating equipment, k]

P, electric energy consumed by heat exchange device, k]

P, power consumption of cooling equipment per unit time, kW

Pp, power consumption of heating equipment per unit time, kW

q solar irradiance received by PV/T collector, W/m?

gs relative amount of water in desiccant material, kg/kg

Q. heat of wet air obtained in cooling equipment, kJ

Qexn heat obtained by exhaust air in desiccant wheel, W

Qs heat exchange between exhaust and supply air, kJ

Quow heat transfer rate of fluid flowing into PHST, kJ/h

Qp heat of wet air obtained in heating equipment, k]

Quy heat transfer rate of fluid flowing into the immersed heat exchanger, kJ/h

Qinank heat transfer rate of fluid at the inlet of PHST, kJ/h

Qiossbottom heat transfer rate between PHST and the ambient temperature at
the bottom of PHST, kJ/h

Qioss.edges heat transfer rate between PHST and the ambient temperature at the
edges of PHST, kJ/h

Qiosstop heat transfer rate between PHST and the ambient temperature at the
top of PHST, kJ/h

Qoutrank heat transfer rate of fluid at the outlet of PHST, kJ/h

Qpro heat obtained by process air in desiccant wheel, W

Q. cooling capacity of systems per unit time, kW

Q,, heating capacity of systems per unit time, KW

r distance from the central axis of PHST, m

Re Reynolds number

RH relative humidity of desiccant material, %

Sh Sherwood number

t time, s

t,p temperature of photovoltaic panel, °C

t.ps desiccant material temperature, K

t,q adsorbent temperature, K

t.n air temperature at the inlet of cooling equipment, °C

feout ir temperature at the outlet of cooling equipment, °C

tenvbottom ambient temperature at the bottom of PHST, °C

fenv.edges ambient temperature at the edges of PHST, °C

tenviop aMbient temperature at the top of PHST, °C

thin air temperature at the inlet of heating equipment, °C

thoue Air temperature at the outlet of heating equipment, °C

tinnx temperature of fluid flowing into the immersed heat exchanger, °C

tingank temperature of fluid flowing into PHST, °C

t, ambient temperature, K

touthx temperature of fluid flowing out of the immersed heat exchanger, °C

toem PCM temperature in the actual phase-change process, K

t solar radiation temperature, K

tank Mean temperature of PHST, °C

tyin inlet temperature of PV/T collector, °C

twout OUtlet temperature of PV/T collector, °C

u air flow velocity, m/s

Ubottom heat loss coefficient at the bottom of PHST

Uedges heat loss coefficient at the edges of PHST

Usop heat loss coefficient at the top of PHST

vy vertical velocity of PCM under gravity, m/s

W humidity ratio of wet air, g/lkg

W, humidity ratio of desiccant material, g/kg

W, humidity ratio of isothermal wet air containing desiccant material, g/kg

Greek letters

AE,, input exergy of systems, kW

AE,,,,; output exergy of systems, KW

AEj solar radiation, kJ

AH, latent heat of water evaporation, kJ/kg
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AH,,,, latent heat in the actual phase-change process, k]/kg
AH, adsorption heat of desiccant material, kJ/kg

Thx heat transfer efficiency of immersed heat exchanger, %
P, air density, kg/m’

ps PCM Density, kg/m®

o angular velocity of wheel, rad/s
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Appendix A

In this paper, the model of desiccant wheel is built based on some assumptions
(Ma et al., 2023a, 2023b, 2023c, 2023d, 2023¢, 2023f). The simplified model-
ling process of desiccant wheel is as follows:

The perimeter L, and cross-sectional area A of air channels can be
obtained by the following equation:

- > S[3+ (2b/aw)2]
L, = 2b+2,/b* + (am) [44 T Qbjany? (AD)
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The mass balance between desiccant wall and air can be obtained as
follows:

U+ 60— =0 (A2)

(A3)

The mass transfer equation of desiccant materials can be obtained by the
following equations:

D
a—t‘“+ 0(Wy — W) =0 (A4)

2K, pr
0, =—F (A5)
2 fsg

The energy balance between air and desiccant wall can be obtained by the
following equations:

aT aT 0T abs
o + ug + 6; o

= 0,(W — W) (A6)

fsg(cs + Dma) +fmatcmat

6, =
’ 2Ap,(ca + Wey)

(A7)

K,p.AH,

=t (A8)
Ap,(ca + Dicu)

4

The heat transfer equation of desiccant wall can be obtained as follows:

0 Tabs
ot

+ 05(Taps — T) + 65(Wy — D) + 6,(Wy — Du)(T — Tars) = 0 (A9)

2hyL
s = . (A10)
fsg(cs + Dma) +fmatcmat
05 = 2K,AH, (A1)
6~ fsg(cs + Dmcw) +fmatcmat
2K, prcy
0 = yPeé (A12)
fsg(cs + Dma) +fmatcmat
NuK,L,
hy = Al3
w A (A13)
ShD, L,
K =p (Al4)
2.256 (t, +273.13\ "
D, = 226 (fat 27513 (A15)
Pa 256
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The adsorption heat of desiccant materials can be obtained by the follow-
ing equation:

Q = AH,(1 + 0.2843¢10-284) (A16)

The correlation between humidity and relative humidity can be obtained
by the following equation:

0.62188RH,
Dy=—F—"— (A17)
Pa/Pws - RHs

Appendix B

In this paper, the model of PV/T collectors is built to ensure the simulation
accuracy. The energy conduction is ignored along the surface of photovoltaic
panel and the energy balance equation at any point on the surface of that can
be obtained by the following equation:

tph — lab

J— hpe(tph — ten) — ara(tph - tsky) - =0 (B1)

Among them, h,, and ] can be obtained as follows:
hra = 80(toh + tay) (b, + 1) (B2)
J= InaimGS(l - nph) (B3)

Among them, 7}, is photovoltaic efficiency and obtained by the following
equations:

nph = T)StthempBrad (B4)
Btemp =1+ nt(tph — tie) (B5)
Brad =1+ ‘fls(Gs - Gstc) (B6)

The output electric power AP, can be obtained as follows:

AP& = InaimGsApv/tnph (B7)

According to the literature, the outlet temperature of PV/T collectors can
be obtained by the following equation:

& N k e
twout = | bwjin 7 - Lw -7 B8
out ( in + k) eXP(mtch 0 > k (B8)

The heat absorbed by PV/T collectors can be obtained by the following
equations:

th = mtcpw(tw,out - tw,in) (B9)
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Qe

B10
i (B10)

M =

Appendix C

In this paper, the PHST model of desiccant wheel is built based on some
assumptions (Ma et al., 2023a, 2023b, 2023c, 2023d, 2023e, 2023f). The
enthalpy of PCM can be obtained by the following equation:

h = Cpem(tpem — 273.15) + AHpem (C1)

According to the energy conservation, the heat transfer equation of PCM
can be obtained by the following equation:

koo ( o\ T (r, t)
T or (?) = Py ©

The heat transfer equation of PHST can be obtained by the following

equation:
ah ah 9 ot 19 ot
— —=— A=)+ (rA— C3
ozt+vyay 8y( 8y>+r8r(r 3r> €3

The thermal balance equation of PHST can be obtained by the following
equation:

dttank _ Qin,tank — Qout,tank

— C4
dt Cmean ( )

The above equation can be further expressed as
dttank _ Qﬂow + th — Qloss, top — Qloss, bottom — Qloss, edges (CS)

dt cmean

The heat transfer rate of fluid flowing into PHST can be obtained as
follows:

Qflow = mtank,incp,ﬂuid(tin,tank - ttank) (Co)

The heat transfer rate of fluid flowing into the immersed heat exchanger
can be obtained by the following equation:

Qn = nhxmhx,incp,hx(tin,hx - ttank) (C7)
The outlet temperature from the heat exchanger can be obtained as follows:
Qnx = mhx,incp,hx(tout,hx - in,hx) (C8)

The heat transfer rate between PHST and the ambient temperature at the
top, edges and bottom of PHST can be obtained by the following equations:

Qloss,top = Atop Utop(ttzmk — lenw, top)
Qloss,bottom = Abottom Ubottom(ttank — lenv, bottom) (C9>
Qloss,edges = Aedges Uedges(ttank — fenv, edges)
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