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Abstract

The growing global demand for energy-efficient cooling and heating solutions, driven by
climate change and increasing energy consumption, necessitates innovative technologies to
reduce environmental impact. This work presents a comprehensive investigation into dew-point
evaporative cooling (DPEC) systems and their integration with advanced energy solutions,
focusing on thermodynamic performance, system optimization, and potential applications.

The study commences with an entropy generation analysis of a counter-flow DPEC system,
employing a dynamic mathematical model to evaluate mass and heat transfer processes. Results
reveal that inlet air conditions, geometric parameters, and operational settings significantly
influence entropy generation and system efficiency. For instance, higher inlet air temperatures
enhance heat transfer but increase entropy generation, while optimized channel dimensions,
such as smaller heights, improve wet-bulb efficiency.

Further, the research develops and evaluates an enhanced DPEC system for photovoltaic
(PV) panel cooling. Simulations demonstrate that the addition of a second wet channel
improves cooling performance, stabilizes PV surface temperatures, and elevates solar cell
efficiency by up to 16.7%. However, the system's water consumption and dependency on
ambient humidity necessitate further optimization and potential integration with pre-
dehumidification systems.

Lastly, the study explores the hybridization of DPEC, PV, and desiccant units for winter
heating applications. Results indicate the system's capability to provide air at 28°C and 45%
relative humidity, aligning with thermal comfort standards. Dynamic modeling validates its

efficiency in maintaining PV panel performance while delivering energy-efficient heating.

vi



Overall, this research highlights the DPEC system's versatility, suggesting future efforts
should emphasize experimental validation, economic feasibility studies, and innovative

integrations to enhance its practical impact and align with sustainable development goals.
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Chapter 1

Introduction

Chapter 1 Introduction

1.1 Background

Thermal comfort refers to a state in which individuals feel comfortable without
experiencing noticeable sensations of being too hot or too cold, as influenced by factors such
as ambient temperature, humidity, and airflow [1]. In a workplace environment, the suitability
of temperature and humidity directly impacts employees' concentration, mood, and physical
comfort. Experimental findings by Geng et al. [2] indicate that most occupants find a thermal
environment of 24°C satisfactory. Optimal productivity is achieved when individuals perceive
the environment as neutral or slightly cool. Enhanced thermal satisfaction positively influences
productivity. Other studies [3-6] have also demonstrated that excessively low or high
temperatures can lead to physical discomfort among employees, diverting their attention and
subsequently reducing work efficiency. An essential aspect of maintaining indoor thermal
comfort is space cooling. Studies [7-10] have demonstrated that reducing indoor temperatures
significantly enhances the comfort and health of occupants. Air conditioning, plays an
increasingly important role in maintaining indoor comfort across various buildings. Its
significance is particularly evident in hot and arid regions, where it has become an indispensable
aspect of daily life to address the growing demand for thermal comfort and efficient temperature
regulation [11,12].

However, with the intensification of global warming, summer temperatures continue to rise
yearly, leading to a significant increase in indoor cooling demand. According to a report [13]
by the International Energy Agency (IEA), the global stock of air conditioning units reached 2

billion in 2018 and is projected to double by 2050. For developing countries and emerging



Chapter 1

Introduction

economies, the accelerating pace of urbanization has resulted in an increasing reliance on
cooling systems in residential and office spaces. This trend poses two substantial societal
challenges: heightened energy consumption and increased carbon dioxide emissions.
According to the IEA report [14], energy consumption and carbon emissions associated with
space cooling have approximately tripled compared to 1990 levels. In 2022, global energy
consumption for cooling reached 7.6 EJ, while CO2 emissions totaled 1.02 Gt. Furthermore,
energy consumption for space cooling continues to grow at an annual rate of around 4%.
Given the current energy scenario, the development of more efficient air conditioning
systems demonstrates significant potential in reducing energy consumption and carbon
emissions associated with space cooling [15-21]. As shown in Fig. 1.1 [13], (a) indicates that
under the efficient cooling scenario, energy demand for cooling could be reduced by
approximately 45%. (b) further highlights that, based on the efficient cooling scenario, peak
electricity demand by 2050 can be significantly lower than the baseline projections for regions
such as the United States, China, South Korea, and the Middle East, with levels even falling
below those recorded in 2016. Conversely, for countries like Indonesia, India, Mexico, Brazil,
and South Africa, while the 2050 demand is projected to exceed 2016 levels, it is still markedly

reduced compared to the baseline scenario.
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Fig. 1.1. Energy demand for cooling based on efficient cooling scenario and baseline scenario [13].

On one hand, efforts have been focused on improving traditional air conditioning systems.

Zhang et al. [22] integrated a phase change material (PCM) to air heat exchanger into the system,
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achieving energy savings of at least 16%, with a maximum reduction of 44.7%. Sandong
Omgba et al. [23] proposed a novel solar-assisted air conditioning system, introducing a
parabolic trough concentrator sub-cycle integrated with a traditional vapor compression cycle,
which resulted in a 25.3% energy savings. Elhelw et al. [24] incorporated evacuated tubes into
a conventional cooling system, and experimental results showed a 20.3% increase in COP and
an 8.22% reduction in compressor energy consumption. Martinez et al. [25] added evaporative
pre-cooling before the condenser, demonstrating through experiments that the system achieved
a 43% reduction in energy consumption. On the other hand, a low-energy, refrigerant-free, and
simple cooling technology that utilize both sensible and latent heat [26,27], namely, evaporative
cooling, capitalizing on the water evaporation as a heat-absorption mechanism, has been
researched for several decades [28-31]. In response to the growing trends of energy
conservation and emission reduction, researchers have increasingly focused on optimizing
traditional direct and indirect cooling systems: Mao et al. [32] proposed the use of cold-mist
direct evaporative cooling to maintain an optimal working environment in data centers. This
solution successfully kept the data center temperature within 23.57-25.58°C while reducing the
cooling energy consumption by 14-41%. Khan et al. [33] introduced a hybrid system combining
direct and indirect evaporative cooling, achieving a system performance with a COP of 35.2, a
cooling capacity of 16.8 kW, and a wet-bulb efficiency of 85%, as determined through real-
time testing under operational conditions. Gao et al. [34] utilized low-temperature exhaust air
from indoor air-conditioned spaces as the working air for an indirect evaporative cooler,

enhancing the cooling effect of the IEC on primary air by 23.7%.

1.2 Dew-point evaporative cooling

1.2.1 Analysis based on the first law of thermodynamics
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Although advancements have been made in improving the efficiency and reducing the
energy consumption of traditional evaporative cooling systems, their performance is often
limited by the wet-bulb efficiency. As a result, significant breakthroughs in efficiency remain
challenging to achieve within the constraints of these systems. To address the limitations of
traditional evaporative cooling systems, an innovative technology known as Dew-Point
Evaporative Cooling (DPEC) has been introduced [35-38]. Grounded in the principles of
indirect evaporative cooling, DPEC has shown superior efficiency when compared to
conventional systems of a similar nature. As depicted in Fig. 1.2, the DPEC system utilizes a
segment of the supply air within the dry channel as the working air. The greater temperature
difference between the working air and the wet channel enhances the mass and heat transfer
processes in the adjacent wet channel. In theory, the exhaust air at the outlet of the wet channel

reaches saturation, as the supply air is able to achieve its dew-point temperature at the exit of

the dry channel.
i ‘Working air
Intake air | g Working air
>4 Water film gy ¢fm p— . - T
Supply ain Intake air Supply air Intake air

(@) (b)

Fig. 1.2. Schematic of indirect evaporative cooling: (a) traditional IEC; (b) novel DPEC.

Many researchers have conducted comprehensive analyses of this novel technology,
utilizing both experimental and simulation-based approaches from various perspectives. These
studies have focused on optimizing the DPEC system’s performance, examining factors such

as heat and mass transfer efficiency, and exploring its potential applications in different
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environments and operational conditions. From the inlet air properties point of view, Anisimov
et al. [39-41] demonstrated that DPEC systems achieve particularly high efficiency in hot and
arid climates. The system's thermodynamic performance is significantly influenced by the
temperature and humidity of the incoming air. Regarding operational conditions, Pandelidis et
al. [42] emphasized the importance of the working ratio on system efficiency, recommending
a triangular configuration for optimal regenerative exchangers. In terms of channel geometry,
Hasan [43,44] explored four DPEC configurations, concluding that the combined parallel-
regenerative cooler exhibited the highest wet-bulb efficiency. Lee et al. [45] further improved
cooling performance by incorporating fins in the wet air channel, achieving temperatures below
the wet-bulb temperature, with optimal performance at a working ratio of 0.3. Other studies
have expanded understanding of DPEC systems from various angles. Lin et al. [46] conducted
a parametric study, revealing a wet-bulb efficiency range of 0.42 to 1.46 and offering insights
into heat transfer and evaporation intensity. Gupta et al. [47] analyzed DPEC performance under
New Delhi’s climate conditions and provided an economic cost analysis. Experimental work
by Riangvilaikul and S. Kumar [48,49] achieved a dew-point efficiency of 0.92 and a wet-bulb
efficiency of 1.14. Pakari et al. [50] developed and experimentally validated one-dimensional
and three-dimensional models within a counter-flow structure, achieving a wet-bulb efficiency
of 1.25.

Although DPEC technology has been studied for decades, yielding numerous remarkable
results, the growing demand for energy and the increasing need for efficient technologies mean
that dew-point evaporative cooling continues to attract the attention of researchers. This
ongoing interest suggests that the technology still holds significant untapped potential. Table
1.1 summarizes the recent efforts by researchers in the development of DPEC systems over the

past two years. Most studies focus on optimizing the geometric configuration to achieve higher
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cooling efficiency, or on developing models with greater accuracy that enable simulation results

to more closely align with real-world engineering applications and product optimization.

1.2.2 Analysis based on the second law of thermodynamics

Thermodynamic analyses of the DPEC system have been conducted using experimental
and simulation data within the framework of the first law of thermodynamics. In contrast,
entropy generation analysis provides an effective approach to achieving a more comprehensive
evaluation of the system’s thermodynamic performance. A few studies have begun applying
second-law thermodynamic principles to provide deeper insights into various thermodynamic
systems. Thu et al. [51] applied transient entropy generation analysis to evaluate heat exchange
in adsorption-desorption processes, highlighting inefficiencies in mass and heat transfer. Mahdi
et al. [52] used an entropy generation model to optimize conditions for a heated horizontal
cylinder. Sachdeva et al. [53] investigated the ejector refrigeration cycle via exergy analysis
and conducted a parametric study. Kumar et al. [54] employed an entropy generation model to
enhance insights into absorber surfaces. For the DPEC system, entropy generation analysis is
crucial for both gaining a deeper understanding of the thermodynamic performance, as well as
for their practical engineering applications. In the context of evaporative cooling, it helps
identify inefficiencies such as heat transfer losses and non-ideal mass transfer between air and
water. By quantifying the irreversibility of the process, entropy generation highlights areas
where energy dissipation occurs as heat, ultimately impacting the system's overall efficiency.
Minimizing entropy generation allows the system to operate closer to its theoretical maximum
efficiency, leading to more effective cooling with reduced energy input. Studies applying
second-law thermodynamic analysis to the DPEC system have begun to emerge: Wang et al.
[55] developed an entropy analysis model to optimize the DPEC system structure by adjusting

parameters through system-wide entropy generation analysis. Aziz et al. [56], designed a DPEC
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system for seawater desalination, analyzing entropy generation within each system channel.
Some other studies [57-60] focus on exergy analysis, employing numerical analyses of exergy

flow and efficiency to investigate the application of dew point evaporative cooling technology.
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Table 1.1 Recent study of dew-point evaporative cooling

Year Authors Method Inlet parameters Validation Features
T:30-40°C The indirect evaporative cooling was combined with the air-cooled
~ x:30-80%RH ) thermoelectric cooling technology.
2024 Duanetal. [61] Exp/Sim Experimental data . .
r:0.2-0.8 The system performance was carried experimentally, and the
V:76.8-144q/s optimization was conducted by numerical model.
T:30-40°C A compact mixed-flow DIEC system was proposed.
x:17-50%RH 3 different water distribution system was discussed, and wick
2024 Urso et al. [62] Exp - ) ) ] )
r:0.4-0.8 materials were tested directly in the prototype experimental setup.
v:389kg/h
Pandelidis et al. ) ) The performance of the Dew-Point Cooling Tower was investigated.
2024 Exp/Sim - Experimental data o ) o o )
[63] The application potential of DPCT in different climatic was discussed.
Configuration that eliminates the U-turn of the working air was
T:33°C proposed.
Wang et al. . x:56.14%RH ] Working ratios of 0.5-0.6 shows the optimal cooling coefficients of
2024 Exp/Sim Experimental data
[64,65] r:0.5 performance.
v:556 m®h Metallic material channel prefers higher flow rates, while plastic
prefers lower flow rates.
Guzelel et al. . T:25-45°C ) 4 novel flow configurations have been compared with the traditional
2024 Sim Published data o ]
[66] X:6-269/kg [DA] counter-flow indirect evaporative cooler.
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2024

2024

2023

2023

2023

Wu et al. [67]

Xu et al. [68]

Chakraborty et
al. [69]

Wang et al. [70]

Pacak et al. [71]

Exp/Sim

Exp/Sim

Exp/Sim

Exp

Sim

r:0.2-0.8 Multiple aperture air passages have the lower water consumption per
v:1-5m/s cooling capacity and COP.
T:30-38°C The enhanced DPEC with rib-roughened dry channels was

x:12-24g/kg [DA]
r:0.2-0.8

v:2-4m/s

v:340-2380m3/h

T:26-40°C
X:50%RH

T:32-33°C
r:0.49
v:175-400m®/h

Experimental data

Experimental data

Experimental data

Published data

investigated.

A novel low-Reynolds number CFD model was developed.
Convective heat transfer can be enhanced by the vortices near the ribs.
The effect of internal heat and humidity change of channel was
considered.

Actual experimental data was introduced to improve the accuracy of
the numerical model.

Study for building installation ready full-size equipment was
discussed.

Study on the impact of primary air condensation on the performance
of an M-cycle IEC was proposed.

A new configuration which aims to solve the uneven working air and
high-pressure drop was proposed.

The pressure drop can be reduced 3 times compare to the traditional
counter-flow configuration.

A novel heat exchanger geometry (with a shape optimized) was
proposed.

A CFD model focus on the calculation of air distribution and pressure

10
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drop was developed.

3. The influence of air distribution on the cooling capacity of the system
was analyzed.
T:25-45°C ) ) ) )
1. A three-dimensional CFD model of regenerative dew-point
X:6.9-26.49/kg . .
. ] evaporative cooling was developed.
2023 Zhuetal. [72] Sim [DA] Published data L ) ) )
0.3 The water distribution effects on dew- point evaporative cooling was
r:0.
discussed.
v:2.4m/s
T:30.38°C 1. A novel counter-flow tubular architecture was proposed.
' Validated by a 2. A rotating axisymmetric mathematical model based on continuity,
) x:12-20g/kg [DA] ] ]
2023 Gaoetal. [73] Sim 033 plate-type  cooler momentum and energy equations was established.
r:0.
o) data 3. The product air temperature from tubular system can be 1.6-3.0°C
v:2m/s
lower than the traditional plate type under tested condition.
1. Discusses the potential for cooling and ventilation of different type of
T:32-43°C building in European.
Comino et al. . X:6-13g/kg [DA] ) Experimental study was carried under different inlet air conditions.
2022 Exp/Sim Experimental data ] )
[74] r:0.2-0.8 Simulation model was developed based on e-NTU method.
v:3000-5000m3/h 4. Different working ratios have been proposed for office, restaurant and

auditorium application.
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1.3 Applications

While some researchers remain focused on improving the performance of DPEC systems,
others have begun exploring their applications and investigating the potential for
commercialization. As illustrated in Table 1.2, some studies target small-scale devices, such as
cooling vests for workers, thermal management modules for electronic CPUs, and battery
cooling systems. Meanwhile, others have concentrated on large-scale applications, such as
cooling systems for data centers to ensure operational safety. Puglia et al. [75] examined the
water consumption issue in DPEC systems and explored using water generated by fuel cell
chemical reactions to replenish the wet channels. To address the efficiency limitations of DPEC
systems under high-humidity conditions, significant efforts have been directed toward hybrid
systems that integrate desiccants with DPEC technology. These approaches include pre-cooling
the inlet air, optimizing geometric configurations, or introducing additional components to
enhance system performance. Among these applications, there are two specific directions that
have shown promising feasibility for practical implementation. However, these directions
remain relatively unexplored and warrant further investigation to fully understand their
potential and optimize their performance.

(1) PV cooling

Evaporative cooling, as an efficient and low-energy-consumption technology, holds great
potential for meeting the cooling demands of solar panels [76-78]. Several studies have
demonstrated its benefits. Lucas et al. [79] a used an evaporative solar chimney on the rear of
PV panels, achieving a solar cell efficiency increase from 4.9% to 7.6% on a typical summer
day in the Mediterranean. Haidar et al. [80,81] implemented an experimental setup with wetted

materials on the backside of PV panels, reducing surface temperature by up to 20 °C and
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improving efficiency by approximately 14%. Mahmood et al. [82] designed an evaporative
cooling system beneath the PV panels with cellulose cooling pads of various thicknesses and
water flow rates, achieving efficiency gains of 7.4%, 10.5%, and 11.2% with increasing pad
thickness. Zizak et al. [83] reported over 20 °C temperature reduction and a 9.6% power output
increase by supplying water to the panel’s backside. Alktranee et al. [84] compared evaporative
cooling to aluminum fins, finding a 22.3% temperature reduction with evaporative cooling
versus only 6.7% with aluminum fins. Dew-point evaporative cooling, as an advanced version
of traditional evaporative cooling, offers potential advantages for solar panel cooling. However,
its performance in this specific application remains largely unknown. Consequently, exploring
and evaluating the feasibility and effectiveness of DPEC as a cooling solution for solar panels
has become one of the primary research directions and objectives of this study.

(2) Winter heating

On the other hand, most of the applications mentioned in the literature review focus on the
cooling capabilities of DPEC. A key area of interest and research in this study is how to extend
the application of this efficient technology to winter conditions. Specifically, the objective is to
explore ways to utilize the DPEC system not only for cooling purposes, such as summer air
conditioning and electronic component cooling, but also to adapt it for effective operation in
winter. This would enable the development of a versatile, year-round operational system. For
winter heating, there are some heating systems that utilize waste heat recovery, incorporate
phase-change materials, or adopt hybrid designs with renewable sources, like solar-assisted
heating, are increasingly explored as sustainable alternatives. Kumar Sharma et al. [85]
investigated the winter performance of a transcritical CO-based air-conditioning system,
highlighting that while the system's COP surpasses summer performance, frosting issues arise

due to reduced evaporator temperatures. Qu et al. [86,87] implemented four different
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intermittent heating modes in a radiant air-conditioning system, demonstrating energy savings
of 22%-48% compared to continuous heating modes. Dong et al. [88] proposed an innovative
hybrid radiant-convection heating system, which combines the advantages of both radiant and
convective heating, enhancing heating capacity by 28.5%-58.9%. Yang et al. [89] developed a
hybrid air-conditioning system featuring two-stage energy recovery and conducted a theoretical
analysis of its winter performance, revealing energy savings of 44%. Li et al. [90] presented
experimental results for a solar PV air-conditioning system, indicating that its winter heating
performance in Shanghai's climate is inferior to conventional solar thermal collectors. Said et
al. [91] explored the coupling of phase-change materials (PCM) with air-conditioning systems,
showing a 22% increase in winter COP and a 2.8% improvement in energy savings for winter
heating.

Besides, many researchers have focused on integrating air-conditioning systems with
desiccant technologies to improve performance. Zhang et al. [92] proposed a novel system
combining two dehumidification wheels and a heat pump, designed to humidify supply air
during winter and meet year-round humidity requirements for residential applications. Results
indicated that the system performs well across various climate conditions. Ge et al. [93] studied
the winter performance of an air-conditioning system incorporating a desiccant-coated heat
exchanger, aiming to address limitations of conventional desiccant wheel systems. This
research examined the feasibility of the system under different climatic scenarios. Building
upon this, Zhang et al. [94] integrated solar energy with the system and analyzed the effects of
various environmental parameters on its performance. Additionally, Nain et al. [95] combined
solar energy with a desiccant-coated concentric tube heat exchanger to enable continuous
humidification of dry air. Performance results demonstrated that the proposed system provides

consistent heating and humidification in the dry, cold regions of northern India. The DPEC
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system combined with desiccants has demonstrated its effectiveness in enhancing cooling
performance. If such a high-efficiency system could be adapted for winter heating, it would be
intriguing to investigate whether its heating performance surpasses that of the conventional
heating systems mentioned earlier. This prospect holds significant potential and is worthy of

further exploration.
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Table 1.2 Application of dew-point evaporative cooling technologies

Year  Authors Method Inlet parameters Validation Features
1. A dew point evaporative cooling (DPEC) technique was applied to design
a cooling vest aimed at the worker's back.
. T:36°C 2. The system's impact on human thermal comfort was analyzed using a
2019 Exp/Sim  x:42%RH Experimental data cooling model coupled with a bio-thermal model.

L=el v:0.8, 1.4,2.3m/s 3.  Results demonstrated that the M-cycle cooling vest reduced the back
temperature by 1.27°C and enhanced thermal comfort for 38% of the
wearers.

T:30.4°C0 1. Anovel pseudo-4D battery model was developed to investigate the thermal
. behavior of batteries, integrating dew point evaporative cooling (DPEC)
Linetal. ~ x:10-19g/kg [DA] ) )
2023 [97] Exp/Sim +0.33.0.79 Experimental data into the battery thermal management system.
2. Utilizing the DPEC method effectively reduced battery temperatures by 3—
v:2.0-4.5m/s
13.6°C with the 8.9-28.9COP.
T:40°C 1. A micro-scale dew point evaporative cooler with a heat transfer area of 64
2021 Dizaji et al. Exp x:199/kg[DA] ] cm?2 was proposed for CPU thermal management applications.
[98] r:0.5 2. Under optimal operational and design conditions, this micro cooler
v:0.001-0.08kg/s effectively lowers CPU temperatures and enhances cooling efficiency.
puglia et al. 1. The feasibility of utilizing recovered water from hydrogen PEM fuel cell
2024 [75] Exp - - exhaust to replenish the moisture in the wet channels of a DPEC system

was investigated, and the cooling capacity of the system was evaluated.
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Results indicated that 10% of the water required for the evaporative cooling
system could be supplied by the water produced through the hydrogen

reaction.

2023

2024

2022

Ma et al.

[99] Exp

Yan et al.
[100]

Glzelel et
al. [101]

T:36°C
X:40%RH
r:0.8

v:1.5m/s

T:20-40°C
x:8-15g/kg[DA]

Published data

Published data

An innovative DPEC system was designed, constructed, and installed,
incorporating features such as high-absorbency and diffusion-capable wick
materials, an intermittent water supply, a flow-adjustable water pump, and
an optimized fan configuration. The system was tested in a real-time data
center environment.

The system demonstrated an average COP of 29.7, achieving a 90% energy
savings for the data center.

A DPEC system was proposed for data center cooling applications.

The system employed Response Surface Methodology (RSM) to correlate
eight design parameters with three evaluation metrics.

Multi-objective optimization was conducted using a Genetic Algorithm
(GA) to achieve superior cooling performance and efficiency, with results
indicating a COP exceeding 61.3.

A mathematical framework was derived to simulate the performance of a
desiccant-wheel-based air conditioning system incorporating two heat
recovery devices: DPEC and a direct evaporative cooler.

The influence of indoor air and exhaust air mixing ratios on system

performance was evaluated, revealing that the maximum COP of 0.78
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occurred in October.

2023

2024

2024

Pacak et al.
[102]

Romero-
Lara et al.
[103]

Lai et al.
[104]

Exp

Exp

Sim

T:24-40°C
x:8-14g/kg[DA]
r:0.3-0.7
v:1000-2000m%h

T:30-45°C
X:50-80%RH Published data
r:0.1-0.6

Pre-cooling the air entering the desiccant wheel using DPEC was proposed
to enhance the efficiency of the adsorption system.

Results indicated that pre-cooled air improved the dehumidification rate of
the desiccant wheel from 1.4 to 1.9. Additionally, achieving the same
dehumidification rate allowed for a 15°C reduction in regeneration
temperature.

An experimental evaluation of the combined DPEC and desiccant wheel
system was conducted, involving 64 tests to validate the system's
performance, resulting in the development of several comprehensive
empirical models.

Four performance indicators were established: (1) dehumidification
capacity, (2) dehumidification capacity per unit power, (3) dew point
efficiency, and (4) cooling capacity per unit power.

The cooling capacity and water utilization efficiency of the desiccant wheel
and DPEC system were optimized using the Response Surface
Methodology (RSM). The optimization targeted four critical parameters:
temperature, humidity, water consumption rate, and the coefficient of
performance (COP).

Under Australian climatic conditions, the optimized system was capable of

supplying air with a temperature below 19°C and humidity below 11.51
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o/kg dry air.
T:31.5°C ] ]
Chun et al. ) ) 1. Anovel dual-return-air desiccant-based DPEC system was proposed, and a
Sim x:80%RH Published data ) )
[105] corresponding mathematical model was developed.
v: 300m%/h
1. An integrated dehumidification and dew point evaporative cooler system
Ti07.35°C was developed, and the transient and steady-state behaviors of the
Chenetal. . ' ) integrated system were analyzed.
Exp/Sim x:16-21g/kg [DA]  Experimental data o ) ) o
[106] 0.5.5.5m) 2. The results indicate that the system achieved a dew point efficiency of 0.9,
v:0.5-5.5m/s
a COP of 15.9 for the DPEC, and an electrical COP of 6.43 for the integrated
system.
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1.4 Objective

The primary objective of this doctoral research is to address the research gaps in the field
of dew-point evaporative cooling (DPEC) systems. It aims to enrich performance studies on
DPEC from various perspectives, provide insights and strategies for system optimization, and
explore the potential applications of DPEC systems across different fields. Grounded in the
laws of thermodynamics, this study analyzes and characterizes the heat and mass transfer
behaviors within the system.

The entropy generation model of the DPEC system is investigated through simulations,
aiming to achieve the following specific objectives: (1) understanding the fundamental
principles of the DPEC system, including the heat and mass transfer processes within its
channels, from the perspective of the second law of thermodynamics, while exploring the
system'’s transient responses; (2) analyzing the impact of heat flows in different system layers
on entropy generation; (3) conducting a parametric study to evaluate the influence of various
input parameters on system entropy generation. This model facilitates a comprehensive analysis
of how different factors influence the thermodynamic performance, enabling the identification
of optimal operating conditions for enhanced efficiency under the second law framework.

The detailed objectives of PV panel cooling are: (1) to understand the mechanisms of the
heat and mass transfer process in the PV panel with the enhanced cooling system and explore
their dynamic behaviors in different climate conditions; (2) to explore the feasibility of DPEC
system for cooling PV panels and to predict the system performance under different design and
operating conditions; (3) to analyze the impact of input parameters on system performance.

The performance of a hybrid DPEC system integrated with photovoltaic (PV) panels and a

desiccant unit for winter heating is analyzed through simulations, with the following specific
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objectives: (1) to investigate the thermal performance of the hybrid system in winter conditions,
focusing on the synergy between the DPEC-PV and desiccant units in providing effective space
heating; (2) to understand the heat transfer and energy conversion processes within the system,
emphasizing the interaction between the PV panels, DPEC unit, and desiccant unit under
varying environmental conditions; (3) to provide design recommendations to optimize the
hybrid system for specific winter heating scenarios, ensuring practical feasibility and
sustainable operation; (4) to assess the hybrid system’s overall energy efficiency and identify

optimal operating parameters that enhance heating performance.

1.5 Thesis outline

This thesis is structured into five chapters, systematically addressing key aspects of the
research on dew-point evaporative cooling (DPEC) systems. Each chapter is designed to
progressively build an understanding of the system's performance, its integration with other
technologies, and its potential applications. The organization is as follows:

Chapter 1 Introduction

Provides an overview of the current energy landscape for space cooling, emphasizing the
growing challenges of energy consumption and carbon emissions. It includes a detailed review
of literature covering advancements in traditional air conditioning systems, improvements in
direct and indirect evaporative cooling technologies, and the concept, developments, and

applications of DPEC systems.

Chapter 2 Thermodynamic and entropy generation analysis of the counter-

flow dew-point evaporative cooling
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This chapter delves into the second-law thermodynamic analysis of the DPEC system,
focusing on entropy generation and the heat and mass transfer mechanisms within the system.
The transient and steady-state responses of the system under varying conditions are explored.

Chapter 3 Dew-point evaporative cooling of PV panels

Explores the integration of DPEC technology into solar panel cooling systems. This chapter
investigates the thermal management benefits for photovoltaic (PV) systems, quantifies energy
savings, and assesses water consumption and operational feasibility under varying

environmental conditions.

Chapter 4 Combined Dew-point evaporative cooling system for winter

heating

Focuses on modeling and analyzing a hybrid system incorporating DPEC, photovoltaic, and
desiccant units. This chapter describes the temperature and humidity distribution within the
system, offering insights into its thermal performance under winter heating conditions.
Chapter 5 Conclusions and future prospects

Summarizes the key findings, highlights the contributions of this work to the field of energy-
efficient cooling and heating systems, and provides recommendations for future research
directions.

This structured approach ensures a comprehensive investigation of the DPEC system and
its hybrid configurations, addressing both theoretical and practical aspects to contribute to

sustainable energy solutions.
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Chapter 2 Thermodynamic and entropy generation
analysis of the counter-flow dew-point evaporative

cooling

2.1 Introduction

As mentioned in the literature review in Chapter 1, although some second-law analyses of
DPEC systems have been conducted, most emphasize system-environment interactions, with
limited focus on internal entropy generation, and research on transient entropy generation in
DPEC systems, in particular, remains scarce. Therefore, in this chapter, a transient entropy
generation model was developed in this chapter aiming to enhance the theoretical understanding
of the second law of thermodynamics in the context of DPEC systems and provide a clearer
insight into their thermodynamic performance. This model, based on the second law of
thermodynamics, captures the transient response of both external and internal irreversibility. It
computes the total entropy generation of the system and quantifies the contributions from

irreversible heat flows and mass transfer within each layer.

2.2 Description of the DPEC system

Fig. 2.1 illustrates a counter-flow configuration for a single-stage DPEC system, consisting
of two sets of channels: a wet air channel and a dry air channel. The system accommodates
three distinct airstreams: (1) intake air, (2) supply air, and (3) working air. Intake air,

characterized by low humidity and high temperature, is drawn from the ambient environment
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and directed into the dry air channel. Convective heat transfer between the channel plate and
the dry air reduces the intake air temperature. At the end of the dry air channel, part of the
cooled air is diverted as supply air to the workspace, while the remaining air continues into the
wet channel as working air. In the wet channel, evaporation occurs due to the moisture content
difference between the saturated water vapor near the water film and the working air. The heat
required for this evaporation is supplied by the adjacent dry channel. As a result, the supply air
exiting the dry channel is effectively cooled, approaching the dew-point temperature. From the
psychrometric chart, it is evident that when higher temperature intake air enters the DPEC
system, the heat transfer process leads to a reduction in air temperature in the dry channel, while
humidity remains constant, resulting in a horizontal curve. As the air moves into the wet channel
and becomes working air, the combined mass and heat transfer processes cause both air
temperature and humidity to rise, quickly reaching a saturated state. The working air then
continuously absorbs heat from the dry channel, leading to an increase in temperature along the

line corresponding to 100% relative humidity.

Intake air Supply air

\ — Dry channel
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Relative Humidity[%] 100 90 80 70
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Fig. 2.1. Schematic diagram of the DPEC system with a single stage.
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2.3 Methodology

2.3.1 Mathematical model

The DPEC system consists of multiple layers, further divided into numerous identical
elements using a grid meshing technique. Each element includes a dry channel layer, a water
film layer, a wet channel layer, and a channel plate layer, as shown in Fig. 2.2. To gain insight
into the thermodynamic behavior of the DPEC system, a transient model has been developed,
based on the following assumptions:

(1) Adiabatic circumstances between the channel unit and its environment.
(2) The water film within the wet channel is stagnant and saturated.

(3) The air density remains constant inside the dry channel.

(4) The characteristics remain consistent throughout the control volume.

The unsteady state mathematical model was formulated and modified based on the model
presented by Miyazaki et al. [107], and Lin et al. [46,108]. Below are the specifics of the

governing equations:

Dry channel

mq hd,x+Ax
 Se—
qd,x+Ax
L—>

my, hw,x+Ax

lnf Y Awy " Quxsax

Wet channel Ny x+Ax
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Channel plate

Water film

(b)

Fig. 2.2. Schematic diagram of each control volumes: (a) wet channel, dry channel, (b) water film

and channel plate.

(1) Dry channel
In the dry channel, the equation describing the energy balance for a layer element is as
follows:

dea dZTda dea Zada 1
PdaCp,da dt = Rda “dxZ PdaCp,dallda “dx  d (Tda - pl) @

The right-hand side expressions of Eq. (1) are the air heat conduction of the longitudinal
direction, which is resulting from the temperature differential of the input and output air of the
control volume. The second term is the advection term caused by the transport of sensible heat
by the moving dry air. The third term is the convective heat transfer between channel plate and
dry air due to the temperature different between them.

At steady state, the energy balance of dry air is written as:

de dZTd Zad
PdaCp,dallda d—xa = Kda Wga - Ta (Tda - Tpl) @

(2) Wet channel
Considerations are based on mass and energy balance in the wet channel, governing

equations are given as:
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drT, d>T, dT, 2a
PwaCpwa d_\;va = Kwa ﬁ — PwaCpwallwa d_vxva + dWa (TWf - TWG) ©)
dx d*x dx 2a
G~ mwa g Tt gy g G = ) @

The Eq. (3) encompasses the air heat conduction of the longitudinal direction, the advection
term and convective heat transfer term. While the Eq. (4) denotes the dispersion alone channel
length direction, translated mass from inlet to outlet of the control volume and, mass transfer
between the saturated air around the water film and the working air owing to the difference in
vapor density.

In a state of equilibrium, the above equations are transformed into:

dT, d?T 2a
PwaCpwalwa d_\;/a = Kwa de;a + dwa (wa - Twa) ()
dx d?x 2a
Uwa Wwa = Kmwa dx‘;]a + :ll,wa (Xsat — Xwa) (6)

(3) Channel plate

The temperature of water film and the channel plate is determined by taking into account
the temperature difference between the channel plate and air. In this scenario, the temperature
of the wet side channel plate is identical to that of the water film. The energy balance equation

is expressed as follows:

dT, k
PpiCppl d:l = Qg (Tda - Tpl) - d_e (Tpl - wa) (7
e

Here, d, is the effective thickness of water film and channel plate, which is determined by

d, = dy +dyys. k. is defined as the effective conductivity of water film and channel plate

de _ pt  Gws

are calculated by = p
e pl wf

27



Chapter 2

Thermodynamic and entropy generation analysis of the counter-flow dew-point evaporative cooling

(4) Water film
The equation that governs the behavior of the water film is as follows:

dT, k
f
PwrCpwr d—vtv = d_: (Tpl - wa) - awf(wa - Twa) - am,wfhfgpa(xsat - xwa) (8)

hsq in Eq. (8) represents the latent heat of evaporation process, computed using the CoolProp
library [109].

In the above model, the Nusselt number value is fixed at 7.45. [110] by ignoring the inlet
effect and the diffusion coefficient is given as:

am = 104.91143 x 1076 x T1744/P (If T < 80°C) 9)

5
a,, = 805.2375 x 107%/P x T2 /(T + 190) (If T > 80°C) (10)
The function used to calculate the Lewis number, utilized for computing the latent heat, is
formulated as:

Lw = 4185.5 x (751.78 — 0.5655 X T,,r) (11)

2.3.2 Entropy generation model

Irreversible losses in the thermodynamic and mass transfer processes are quantified by
entropy generation, which serves as a key indicator for evaluating the thermodynamic
performance of the DPEC system. A comprehensive analysis of these losses involves
examining the mass and heat transfer within specific control volumes: the wet channel, dry
channel, water film, and channel plate. Accordingly, the entropy generation model in this
section is divided according to the control volumes defined in Section 2.3.1.

As depicted in Fig. 2.2, for the dry channel within the control volume, the energy balance

equation can be given as:
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AU, = Gy — Gesax + Ma(Rax — haxiax) — Gay (12)
In Eq. (12), the general energy balance is determined by internal energy, encompassing
conduction and flow within the air, and external energy, involving convective heat transfer
between the channel plate and air.
The entropy generation by the irreversible heat flow inside the control volume can be

represented as [111]:

1
Sgn=—7394" VT (13)

where the entropy generation caused by the mass transfer can be simplified as [111]:

Sgm = —%Vui] (14)
the diffusive flux J can be calculated by:
J = Pwa%mwaXsar — Xwa) (15)
Base on the above Eq. (12), (13), (14), and (15), each term in Eq. (12) can be treated as
irreversible heat flow and substituted into Eq. (13) to calculate the entropy generation. Thus, in
this model, for dry air, the entropy generation within each control volume due to the heat
transfer processes can be computed. For wet air and water film, the entropy generation resulting

from mass transfer can be determined through Eq. (14) and (15).

2.3.3 performance evaluation

The wet-bulb effectiveness is a generally employed evaluation for assessing the efficacy of
the DPEC system, which is expressed as:

_ Tda,in B Tda,out

Ewb (16)

Tda,in - wa,in

The overall cooling capacity is described by:
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Q_Cooling = mda.cp,da (Tda,in - Tda,out) (17)
And the specific entropy generation can be given as:

Sg

Sg, = 18
g-spec Q_cooling ( )

2.3.4 Numerical approach

The dynamic calculation of the DPEC system involves solving the Eq. (1), (3), (4), (7) and
(8) in Section 2.3.1. The geometries of DPEC system are given in Table 2.1. The simulation is
subject to the subsequent boundary conditions:

(1) The dry channel initial conditions:

Tda_in = lambient) Xda = Xambient (19)

(2) The wet channel initial condition:

Twa_in = Tda_out: Xwa_in = Xda (20)

(3) The conditions at the boundaries of other layers in the DPEC system are described as:

dTy,
dx

_ ATy
x=0 dx

B dTy s
=L dx

B dT, ¢
=0 dx

=0 1)

x=L

The finite difference method was applied to solve the differential equations in the DPEC
model, with a non-linear optimization approach implemented in the Python environment. The
length direction was discretized into 50 elements, and the time grid was set to 30 intervals. The

simulation algorithm is shown in Fig. 2.3.
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Fig. 2.3. Simulation flowchart.

Table 2.1 Parameters of DPEC system.

Parameters Value
Air inlet temperature (°C) 35
humidity ratio (kg/kg [DA]) 0.0123
Wall thickness(m) 4.5e-4
Channel length(m) 1.0
Channel width(m) 8.3e-2
Channel height(m) 4.5e-3
Working air ratio (-) 0.5

2.3.5 Experimental validation
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Two versions of DPEC systems were fabricated to validate the developed numerical model.
Experiments were conducted in the environmental chamber, as depicted in Fig. 2.4. Setup 1 is
vertically oriented, consisting of two pairs of 1m long channels. Intake air is introduced from
the top by fans, with a portion exiting as supply air from the bottom. The remaining air,
designated as working air, flows through the wet channels and exits from the top. This setup
faces challenges such as pressure losses from the long channel length and experimental data
biases due to the limited number of channels. Air conditions were adjusted within a range of
35% to 45% relative humidity and 25°C to 35°C. On the other hand, setup 2 is horizontally
arranged with eight pairs of 0.6m long channels. Intake air enters from the right side, facilitated
by three sets of fans. After passing through the dry channels, a portion of the cooled air exits
from the left side, while the rest continues as working air through the wet channels, exiting on
the right side. Compared to Setup 1, Setup 2 has more channels and shorter lengths, reducing
pressure losses and improving the accuracy of temperature and humidity measurements. It
underwent four initial tests under the same conditions, followed by experiments with varying

inlet relative humidity, with data collected for each test.
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(@) (b)

©)

Fig. 2.4. Test experimental setup for DPEC system: for: (a)vertical flow direction; (b) horizontal

flow direction; (c) environmental chamber.

Four key parameters (moisture content and temperature of the inlet, exhaust, and supply air)
were measured using a Thermo-Hygrometer testo 605i (sensor accuracy provided in Table 2.2).

Experimental data were used to validate the current model, as shown in Fig. 2.5. The model
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demonstrated good predictive capability for the DPEC system temperature, with discrepancies
ranging from 3.5% to 15.8% for Setup 1 and 3% to 12% for Setup 2, as depicted in Fig. 2.6.
Additionally, the model was validated using experimental data from [112] for a counter-flow
DPEC system under specific supply air conditions: (a) 32.6°C and 14 g/kg, and (b) 38.2°C and
10.2 g/kg. The temperature distribution along the channel was compared with model results, as
shown in Fig. 2.7. The maximum discrepancies between the model and experimental data were
1.4°C (4%) for case (a) and 1.42°C (7.3%) for case (b). Overall, the average discrepancy
between the simulation results and experimental data confirms the model’s accuracy and

predictability.

Table 2.2 Specification of measuring devices.

Measurement
Instruments Model Parameters Accuracy
range
Thermo- Testo Temperature . +0.8° C(-20t0 0° C)
-20t0 +60° C
Hygrometer 605i ) +0.5° C(0to 60° C)
+3%RH (10%-35%RH)
+2%RH (35%-65%RH)
Relative
Thermo- Testo +3%RH (65%-
humidity 0-100%RH
Hygrometer 6051 90%RH)
(%)
+5%RH (<10% or
>90%RH)
Thermo- Testo +0.1m/s (0-2m/s)
Flow velocity 0-30m/s
Anemometer 4051 +0.3m/s (2-15m/s)
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Fig. 2.7. Model validation with temperature data presented by Lin et al. [112]. (a) case 1; (b) case

2.

2.4 Results and discussion

2.4.1 Behavior of humidity and temperature
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A dynamic analysis of the DPEC system with counter-flow configuration was performed

using prescribed inlet air conditions. The temperature of the inlet air was maintained at 35°C

with a humidity level of 12g/kg. The section focused on exploring the distribution of humidity
and temperature at different positions within the channel.

Fig. 2.8 (a) shows the temperature distribution within the dry channel, where the air
temperature gradually decreases due to continuous convective heat transfer. As a portion of the
supply air enters the wet channel and becomes working air, the temperature distribution of the
dry air and working air at the wet channel's entrance is identical. However, the temperature of
the working air decreases, as shown in Fig. 2.8 (b). This reduction occurs because, at this point,
the temperature of the water film is lower than that of the air, leading to sensible heat transfer
from the water film to the working air. The minimum temperature is reached when the air
temperature equals the water film temperature. After this point, the working air temperature
begins to rise gradually. This increase is due to the continued evaporation of the water film,
which absorbs heat from the adjacent dry channel. As a result, the water film temperature
exceeds that of the air, facilitating further heat transfer. Over time, as the outlet supply air
temperature decreases, the inlet working air temperature also decreases, leading to a decline in
the working air temperature distribution within the wet channel. The temperature distributions
of the water film and channel plate, shown in Fig. 2.8 (c) and (d), follow a similar trend to the
dry air. As the system transitions from an unsteady to a steady state, the temperatures of the
water film and channel plate at the channel entrance decrease.

Fig. 2.8 (e) illustrates the distribution of humidity ratio in the moist air across the wet
channel. Upon entering the wet channel, the working air humidity steadily increases, quickly
reaching saturation. Even when saturated, the humidity ratio continues to rise as the water film

absorbs heat from the adjacent channels, maintaining evaporation. During the transient
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response, the working air temperature is higher in the first 200 seconds, which leads to a higher
absolute saturated humidity during this period. Consequently, the humidity of the working air
at the outlet is higher during the initial 200 seconds. As the operating time progresses, the
working air temperature decreases, leading to a corresponding decrease in the humidity of the
working air.

Fig. 2.8 (a) to (e) illustrate the distribution of humidity ratio and temperature within the wet
and dry channels, water film, and channel plate. A significant change is observed during the
first 200 seconds, followed by a gradual approach to equilibrium between 200 and 500 seconds.
After 500 seconds, the supply air temperature shows minimal variation, indicating that the
system has reached a steady state, as confirmed by the air temperature and humidity data
presented in Fig. 2.9.

Fig. 2.10 depicts the heat flow distribution along the length of the channel for each layer.
This not only provides a visual representation of heat transfer through the various layers but
also serves as a reference for assessing the entropy generation associated with irreversible heat

flow.
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Fig. 2.10. Heat transfer along each element: (a) Dry channel layer; (b) Wet channel layer; (c) Plate
layer; (d) Water film layer.

2.4.2 Response of the entropy generation

1) Transient point of view

This section evaluates the dynamic entropy generation under the previously specified
operating conditions by examining entropy generation at various positions along the channels.
Fig. 2.11 illustrates the transient entropy generation at positions 0.2L, 0.4L, 0.6L, 0.8L, and 1L
along the channel length.

Fig. 2.11 (a) and (b) illustrate entropy generation at the channel's entrance region. Due to

the notable temperature difference between the channel plate and dry air upon entry, convective
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heat transfer—especially between the channel plate and dry air—dominates this area, resulting
in high entropy generation from heat transfer. As air progresses to 0.2L, the entropy generation
from heat transfer decreases with the reduced temperature gradient between the dry air and
channel plate. In Fig. 2.11 (c) to (e), entropy generation for the dry air and channel plate
continues to decline as dry air temperature drops along the channel. Before reaching steady
state (Os to 500s), approaching the dry channel exit (wet channel entrance) increases
evaporation. This intensified water vapor transfer between working air and the water film raises
entropy generation in the water film within the wet channel. Fig. 2.11 (f) shows that at the wet
channel entrance, the humidity difference between the water film and working air peaks,
driving intense evaporation and a marked rise in water film entropy generation. As the system
stabilizes, entropy generation in the wet air and water film declines. Additionally, during the
transient state, the high temperature gradient between the channel plate and dry air results in
substantial entropy generation, which then decreases as the system reaches steady state and the
temperature difference diminishes.

Fig. 2.12(a) presents the entropy generation distribution along the channel length across all
layers. Notably, entropy generation is higher in dry air than in wet air. This difference arises
primarily because, at the dry channel outlet, part of the air exits as product air (cooling source),
while the remainder moves into the wet channel. Once the system reaches a steady state, the
temperature difference between the channel plate and dry air peaks, leading to an increase in
entropy generation within the dry air and channel plate over time. The entropy generation
curves for wet air and the water film exhibit a consistent downward trend. During the transient
state, the substantial humidity difference between the wet air and water film leads to higher
entropy generation. However, as the system progresses towards steady state, this humidity

difference diminishes, resulting in a gradual reduction in entropy generation for both the wet
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air and water film. In Fig. 2.12(b), the entropy generation from mass transfer processes between
the water film and wet air is shown. The water film comprises solely water vapor, while wet air
includes both water vapor and dry air, resulting in numerical distinctions. The reduction in mass
exchange during the transition to a steady state contributes to the decreasing trend in entropy
generation. Fig. 2.12(c) illustrates the transient response of the system’s total entropy
generation. The results show that, while different heat and mass transfer processes impact
entropy generation across channel areas, the total entropy generation approximates that of dry

air and the channel plate. This suggests that the entropy generation in dry air and the channel

plate dominates the overall system’s behavior.
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Fig. 2.12. Transient response of entropy generation: (a) Entropy generation in each layer by heat
transfer; (b) Entropy generation of wet air and water film by mass transfer; (c) Total generation
of DPEC system.

2) Steady-state point of view

Fig. 2.13 (a) displays the entropy generation distribution along the channel length across
various layers. With diminishing temperature gradients, the heat transfer between layers
decreases, resulting in an overall decline in entropy generation. Fig. 2.10 (b) and (d) reveal that,
due to vigorous mass and heat transfer near the wet channel’s entrance, the entropy generation
of both wet air and the water film initially decreases and then increases along the wet channel,
reaching a minimum when the water film and working air temperatures equalize. Fig. 2.13(b)
highlights entropy generation within the wet channel from mass transfer between the water film
and wet air. Fig. 2.13 (c)-(f) illustrate entropy generation from specific heat flows within
individual layers. The figures demonstrate that, despite identical heat flows, variations in
temperature differences among layers lead to differing entropy generation levels, offering
valuable insights into optimizing the efficiency of the DPEC system.
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Fig. 2.13. Entropy generation in each element in steady-state: (a) total generation for 4 layers; (b)

by mass transfer; (c) by heat transfer within dry channel; (d) by heat transfer within wet channel;

(e) by heat transfer in Plate; (f) by heat transfer in water film.

2.4.3 Parametric analysis

This section delves into the impact of altering input parameters, encompassing inlet air

condition, operating condition and geometry on the entropy generation of the DPEC system.

1) Effect of inlet air condition

For inlet air conditions, the primary factors are air temperature and humidity. The

temperature of incoming air, ranging from 25 to 45°C, significantly affects the system’s entropy
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generation, as shown in Fig. 2.14 (a) to (d). Variations in inlet temperature impact the entropy
generation across each layer of the DPEC system. Higher inlet temperatures result in increased
temperature differentials among layers, thereby intensifying heat transfer processes within the
channel and leading to greater entropy generation. Notably, an increase in inlet air temperature
proportionally raises the entropy generation at the entrance of the water film and wet channel.
Fig. 2.15 (a) to (d) illustrates the effect of various heat flows across layers on entropy
generation. As inlet air temperature rises, enhanced heat transfer processes elevate entropy
generation across all layers. In the dry air, entropy generation is primarily influenced by
convective and advection heat transfer, with longitudinal conduction having a minor effect in
both dry and wet air. In wet air, convective heat transfer predominates due to the temperature
differences between the channel plate and air. In the channel plate, only convective heat transfer
and vertical heat conduction contribute to entropy generation. For the water film, the latent heat

of vaporization is a key factor, increasing with temperature and thus adding to the entropy

generation.
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Fig. 2.14. The effects of different inlet temperature on entropy generation: (a) Dry channel air; (b)

Channel plate; (c)Wet channel air; (d) Water film.
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Fig. 2.15. Entropy generation involved in each layer at different inlet air temperatures: (a) Dry
channel air; (b) Channel plate; (c) Wet channel air; (d) Water film.

On the other hand, the humidity, ranging from 8 to 24 g/kg, directly impacts system
performance, as illustrated in Fig. 2.16 (a) to (d). As inlet air humidity increases, the potential
for evaporative cooling decreases, weakening the evaporation-driven heat transfer between
channels. In the dry channel and channel plate, reduced temperature differentials between the
air and plate limit heat transfer, resulting in a downward trend in entropy generation. Conversely,
for wet air and the water film, the humidity difference between the air and saturated water vapor
influences entropy generation in the wet channel. With rising inlet air humidity, the air nears
saturation, which restricts mass transfer and lowers entropy generation accordingly.

Fig. 2.17 (a) to (d) further demonstrates that higher humidity reduces the evaporative
cooling potential, thereby weakening heat exchange. For dry air and the channel plates,
convective and advective heat transfer, as well as longitudinal conduction, show a declining
trend due to reduced temperature gradients. In the case of wet air and the water film, higher
inlet air humidity reduces the humidity gradient, approaching saturation and thus decreasing
entropy generation associated with mass transfer.

Fig. 2.18 (a) shows that an increase in inlet air temperature leads to higher specific entropy
generation, thereby reducing the system's wet-bulb efficiency. In contrast, as depicted in Fig.
2.18 (b), an increase in inlet air humidity has a suppressive effect on the system’s heat and mass
transfer processes. This rise in humidity lowers system efficiency, while simultaneously

decreasing irreversible heat loss due to the weakened heat transfer processes.
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2) Effect of operating condition

For the operating conditions, the primary factors influencing the airflow rate entering each
channel are the working ratio and the inlet air velocity. The investigation explores the effects
of varying the working ratio from 0.1 to 0.9 on entropy generation across different layers in the
DPEC system. The working ratio, which denotes the fraction of intake air directed into the wet

channel as working air, significantly affects the temperature and humidity distribution along
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the channel, producing complex outcomes. Fig. 2.19 (a) to (d) illustrates that a higher working
ratio corresponds to a larger volume of intake air directed to the wet channel as working air.
This increase in working air volume necessitates intensified heat and mass transfer processes,
resulting in an overall rise in entropy generation with higher working ratios. When the supply
air enters the wet channel at a lower working ratio, the supply air enters the wet channel at a
higher temperature, which results in lower relative humidity under identical absolute humidity
working conditions. Subsequent interaction with the water film intensifies the mass and heat
transfer, consequently leading to elevated entropy generation. Notably, entropy generation
peaks at r = 0.1, where limited working air fails to sufficiently cool the dry air, leading to
substantial entropy from mass transfer and evaporation processes.

As shown in Fig. 2.20 (a) to (d), increasing the working ratio leads to an upward trend in
entropy generation across all layers. For both dry and wet air, the increase in working ratio has
minimal impact on entropy generation caused by bulk flow. However, the temperature gradient
between the air and channel plates ensures that convective heat transfer remains the dominant
contributor to entropy generation. For the water film and channel plates, entropy generation
rises with a higher working ratio, though the rate of increase decreases progressively. Atr=0.3,
entropy generation linked to heat and mass transfer, as well as evaporation between wet air and
water film, reaches a minimum, indicating optimized transfer processes and minimized
irreversible heat loss.

Atr=0.1, the limited working air volume induces intense mass transfer evaporation in the
wet channel, leading to a marked increase in entropy generation compared to other ratios. This
imbalance raises the temperature gradient between the channel plate and air, further increasing

convective heat transfer entropy.
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Fig. 2.20. Entropy generation involved in each layer at different working ratio: (a) Dry channel
air; (b) Channel plate; (c) Wet channel air; (d) Water film.

In general, indirect evaporative coolers perform optimally at lower air velocities. In this
section, the inlet air velocity is adjusted between 0.6 and 2.2 m/s, leading to notable changes in
both the Nusselt and Reynolds numbers. As the velocity increases, the entropy generation in
each layer of the DPEC also rises. Notably, the entropy generation in the wet air and water film
is considerably higher than that in the channel plate and dry air, especially near the wet channel
entrance. This observation highlights that the velocity of air entering the wet channel plays a
crucial role in enhancing mass transfer processes, as depicted in Fig. 2.21 (a) to (d).

Fig. 2.22 (a) to (d) illustrates that as airflow velocity increases, the heat and mass transfer
processes become less effective. This results in reduced heat loss for dry air and less heat gain
for wet air, leading to a smaller temperature drop in the dry air and a milder temperature increase
in the wet air. The diminished temperature difference between the inlet and outlet air reduces
longitudinal heat conduction within the control volume. Conversely, the temperature difference
between the air and channel plates within the channel increases, causing a rise in entropy

generation from convective heat transfer. Additionally, the higher airflow velocity introduces
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more unsaturated air into the control volume, further enhancing entropy generation due to mass
transfer and evaporation processes.

As shown in Fig. 2.23 (a), system efficiency increases steadily with higher working ratios,
though the efficiency gains diminish at elevated ratios. Fig. 2.23 (b) demonstrates that as inlet
velocity rises, specific entropy generation also increases, leading to a decline in the system'’s
wet-bulb efficiency. These observations underscore the importance of optimizing inlet air

velocity to enhance the operational efficiency and performance of the DPEC system.
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Fig. 2.21. The effects of different air velocity on entropy generation: (a) Dry channel air; (b)
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3) Effect of geometry

For the system's geometric dimensions, the effects of channel height and length on system
performance are commonly analyzed. The system's entropy generation exhibits a higher
sensitivity to variations in channel height, which ranges from 2.5 mm to 6.5 mm in this section.
As shown in Fig. 2.24 (a) and (b), a smaller channel height results in a more significant
temperature drop in the dry air, promoting stronger convective heat transfer and heat conduction,
which leads to an increase in entropy generation. In contrast, as depicted in Fig. 2.24 (c) and
(d), a larger channel height enhances the airflow rate, thereby reducing the effectiveness of heat
and mass transfer processes within the channel. Consequently, at the entrance of the wet
channel, the entropy generation of both wet air and the water film increases significantly with
higher channel heights. Fig. 2.25 (a) further illustrates that an increased airflow rate improves
convective heat transfer between the air and channel plate, but the reduced temperature gradient

diminishes heat conduction in the dry air.
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This section investigates the effect of channel length on system entropy generation, with the
length ranging from 0.6 to 1 m. As illustrated in Fig. 2.26 (a) to (d), the influence of channel
length on entropy generation across the dry air, plate, wet air, and water film layers is minimal,
with no significant deviation in the overall trend. Furthermore, Fig. 2.27 (a) to (d) examines the
effect of channel length on entropy generation in relation to the heat flow within each layer. As
depicted in Fig. 2.28 (a), within the tested range, a shorter channel length correlates with
improved system performance. Conversely, Fig. 2.28 (b) shows that increasing the channel

length within the 0.6 to 1 m range leads to enhanced system performance.
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Fig. 2.26. The effects of different channel length on entropy generation: (a) Dry channel air; (b)
Channel plate; (c) Wet channel air; (d) Water film.
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Fig. 2.28. The wet-bulb effectiveness and the specific entropy generation at: (a) different channel
height; (b) different channel length.

2.5 Conclusions

A dynamic mathematical model for a counter-flow DPEC system has been developed to
comprehensively analyze the mass and heat transfer processes, enabling a detailed second-law
thermodynamic analysis. The model is specifically designed to generate transient entropy
generation data for dry air, channel plates, wet air, and water film. This capability allows for a
thorough assessment of methods to improve system efficiency. The parametric effects on the
DPEC system have been systematically explored, offering valuable insights into optimizing the
system's performance. Key findings from this study include:

(1) Higher inlet air temperatures lead to a greater temperature differential across the DPEC
system. As the inlet temperature increases from 25°C to 45°C, the wet-bulb efficiency
slightly decreases from 1.277 to 1.268. Despite this small decrease, the larger temperature
difference results in a significant increase in heat loss. Elevated inlet temperatures notably
affect the entropy generation in both dry air and the channel plate, emphasizing the
importance of optimizing the inlet temperature to sustain efficient system performance.

(2) Higher inlet humidity limits the evaporation potential within the wet channel. For instance,
at 30°C with 24 g/kg humidity, the wet-bulb temperature reaches 28.4°C, which, despite
lower entropy generation, does not satisfy cooling requirements. In contrast, reducing the
humidity to 16 g/kg improves the wet-bulb efficiency (1.24) and reduces heat loss,
highlighting the importance of aligning humidity levels with cooling needs for optimal

system performance.
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(3) Anincreased working ratio results in higher airflow to the wet channel, enhancing both heat
and moisture transfer while lowering the supplied air temperature. However, this also leads
to an increase in entropy generation. Optimal system performance was observed at a
working ratio of 0.3, which strikes a balance between cooling efficiency and air supply
volume, thus preventing excessive heat loss and maintaining a wet-bulb efficiency of 1.13.

(4) Lower inlet air velocities promote improved mass and heat transfer within the channels,
leading to reduced entropy generation. In contrast, higher velocities exacerbate entropy
generation and decrease wet-bulb efficiency. A lower velocity (0.6 m/s) enhances system
performance and minimizes thermal losses, although it requires more time to reach the
desired cooling effect.

(5) Increasing the channel length from 0.6 m to 1.0 m enhances wet-bulb efficiency from 1.107
to 1.275, improving system performance, albeit at the cost of increasing the system's size.
Conversely, channel height has a significant impact on entropy generation. Lower heights,
such as 2.5 mm, promote more efficient heat and mass transfer, resulting in a higher wet-
bulb efficiency (1.432) and reduced heat loss. However, smaller air volumes may place
additional strain on meeting cooling demands.

This section's entropy generation analysis, grounded in the second law of thermodynamics,

provides a deeper understanding of the dew point evaporative cooling (DPEC) system. Further

efforts could focus on conducting economic analyses to better connect these findings with

practical engineering applications.
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Chapter 3 Dew-point evaporative cooling of PV panels

3.1 Introduction

The rapid increase in non-renewable energy consumption presents a significant challenge
to global energy and environmental sustainability [113-116]. Renewable energy has emerged
as a primary approach to addressing these issues, has been developed with the aim of creating
a sustainable future [117]. Among these sources, solar energy stands out due to its wide
availability, environmental benefits, and versatile applications, offering substantial potential for
large-scale utilization [118-121], by two main solar energy technologies: (1) solar thermal
collectors which directly transforms solar radiation into thermal energy; (2) photovoltaics (PV)
which can convert solar radiation into electrical energy via the photovoltaic effect [122,123]. A
significant challenge for PV panels is their low conversion efficiency, which generally remains
below 13% [124]. Most of the solar radiation absorbed is dissipated as heat, raising the surface
temperature of PV cells and further diminishing their solar-to-electric conversion efficiency.
Thus, implementing effective temperature control for PV panels is essential to boost energy
conversion efficiency and extend the lifespan of PV cells, ultimately making solar energy more
practical and affordable for communities worldwide.

Cooling methods for PV panels are generally categorized into active and passive systems
[125,126]. Active cooling uses external fans or pumps to circulate coolant over the PV cells,
while passive cooling relies on natural convection and does not require additional power.
Studies on air-cooled PV panels have shown temperature reductions of around 15 K, enhancing

output efficiency compared to uncooled panels [15-18]. However, the cooling capacity of air-



Chapter 3

Dew-point evaporative cooling of PV panels

based systems is often insufficient to meet the heat dissipation requirements of PV panels
effectively.

The DPEC system, an advanced form of indirect evaporative cooling, is capable of reducing
air temperature below the wet-bulb level, demonstrating high performance and promising
potential for PV panel cooling applications. Extensive studies have focused on the
thermodynamic performance of DPEC systems, yet their application in PV cooling remains
unexamined. Most current evaporative cooling designs for PV panels rely on conventional
direct evaporative cooling, which provides limited effectiveness and cannot achieve
temperatures below the wet-bulb threshold. Therefore, in this chapter, a novel PV panel cooling
system using an enhanced DPEC configuration is developed. The proposed system includes a
dedicated dew-point evaporative cooler that supplies near-saturated air to wet air channels
attached to the back of the PV panels. System performance is compared with that of a PV panel
cooled only by sensible air from a standard DPEC outlet. The enhanced system aims to improve
cooling efficiency and heat removal from the PV panel. A numerical model is developed to
analyze the system's transient performance, investigating dynamic behavior under historical

hourly solar irradiance data.

3.2 Description of system

Fig. 3.1(a) illustrates the proposed configuration for cooling a PV panel using an enhanced
DPEC. The system features a separate DPEC that supplies near-saturated cooled air to a wet
channel attached to the back of the PV panel, where additional evaporative cooling occurs for
optimal performance. The system incorporates two wet channels: one within the DPEC and the
other at the back of the PV panel. To evaluate its superior cooling efficiency and resulting

improvement in PV energy performance, the proposed system was compared with a traditional
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DPEC-based PV, which uses air from a DPEC for sensible cooling, as shown in Fig. 3.2(b).

The cooling processes of both systems are depicted on the psychrometric chart in Fig. 3.2(c).
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Fig. 3.1. Schematic diagram for solar PV cooling system: (a) enhanced DPEC using two wet

channels; (b) traditional DPEC-based air sensible cooling; (c) temperature and humidity profiles

for two systems on the psychrometric chart.

3.3 Methodology

3.3.1 Mathematical model

The PV module, comprising multiple layers [127], as shown in Fig. 3.2, is divided into
identical elements using the grid meshing technique. Each element consists of a glass layer, PV
cell layer, channel plate, water film, and wet channel. A transient model of the PV module with
evaporative cooling is developed to analyze its dynamic behavior, based on the following
assumptions:

(5) The thermal properties of each solid layer are assumed to be constant.

(6) The boundary of wet channel is well insulated thus the boundary thermal loss is negligible.
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(7) Water on the wet channel surface is saturated and stagnant.

Environmental parameters, including solar irradiance, ambient air temperature, and wind
speed, are obtained from Fukuoka, Japan’s weather data with a one-hour temporal resolution.
These data are fitted to analytical equations and utilized in the simulations. The proposed
system consists of two components: a cooler unit and a PV unit, both of which are modeled in
this chapter. The dynamic mathematical model for the DPEC is based on the work of Miyazaki
et al [107], while the model for the PV unit follows the framework established by Guarracino

et al. [128,129], as outlined below:

I e Glass Ty

Air gap

Glass
EVA
I pr PV Cell Tpv

$ Seva EVA
[} Tedlar

‘Wet channel

Fig. 3.2. Schematic diagram for each layer of PV module.

(5) Top glass

The energy balance equation for each glass layer element is given as:
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2
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The terms on the right-hand side of Eq. (1) represent the conductive heat flux, radiative heat
loss, convective heat loss to the ambient, convective and radiative heat transfer to the PV cell,
and the heat absorbed from solar radiation, respectively. The radiative heat loss term requires
the sky temperature, which is calculated using Eq. (2) as [130]:
Tsiey = 0.0522T7 @

The convective heat loss to the ambient is governed by the surrounding temperature and the
convective heat transfer coefficient, h,,, as given in Eq. (3) [131]. The heat transfer
coefficient for forced air flow, h,,, is determined by the wind speed, as shown in Eq. (4) [132].
The heat transfer coefficient for free convection, hg,.., is calculated using Eq. (5) which is
related to the Nusselt number Nu in Eq. (6), where Ra, = 108,y = 45° [133]. Ra is

expressed in Eq. (7) with g = 3.22 x 1073 [134].

h?op = hgv + h?ree 3)
h, =3v,, + 2.8 4
Nusreek
hfree = % ®)
PV
Nugree = 0.56(Raccosy®?> + 0.13(Ra®333 — Ra2-33%)) (6)

9B(T; — Ty)Lpy®
T V2

Ra =P (7
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The thermal resistance R, between the top glass and PV cell is expressed in Eg. (8) and the

convective heat transfer coefficient h,g,, is calculated in Eq. (9).

o) 1 o) 0 0
9 4 9 EVA PV

Ry =~
990 = 2k hgap | Ky Kaya | 2kpy ®

kair
hgap = 5= Il +1.44 (1 —

1708 )*<1 1708(sin1.8y)1'6>
gap

Racosy Racosy

©)

Racosy 033 "
+H(Ger) -1
5830

In Eq. (9), the value of the term with superscript “*’ is equal to zero when they are negative.

(6) PV panel

The energy balance for each PV cell element is expressed as:

& &

dTpy 0%Tpy 1 o 1 Tapy G
—=k - — (T4, -TH)+— (T, - T,

PpvCpy dt PV 2 i+ 1 1 5PV( pv g) + Spy - Rgap( g pV) + Spy
g

(10)

pv

1
8pv * Rag

(Tov = Tpt) = %

The right-hand side of the equation accounts for the conductive, radiative, and convective heat
transfer to the top glass, the heat absorbed by the top glass, the heat conduction to the channel
plate, and the electrical energy conversion. Due to the multiple layers between the PV cell and
channel plate, the lumped thermal resistance model for these layers is used, as expressed in Eq.

(11).

) 6 )
__ OEeva TED | Ogl (11)

R , =
T keya  krep kgl

Here, Sgya, d7pp and &g, are the thicknesses of encapsulant, tedlar and adhesives layers,

respectively. The electricity conversion term in Eq. (10) depends on the conversion efficiency,

1, which can be commonly calculated as [135,136]:
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nr = Uref[l — Bov(Tpy — Tref)] (12)
The temperature coefficient Sp, in Eqg. (12) is normally given the value of 0.0045 while the

standard solar cell efficiency 7, isaround 0.17, and the reference temperature is 25 °C [137].

(7) Channel plate

In the wet channel case (Fig. 2(a)), the conductive heat transfer occurs between the plate
and the water film, while in the dry channel case (Fig. 2(b)), the convective heat transfer
happens between the channel plate and the air stream. The energy balance equation of the
channel plate is expressed as follows.

Wet channel case:

0Ty 1 k.
Ppipl=5, = 81 - Rag (TPV - Tpl) + 5,15, (wa - Tpl) (13)
Dry channel case:
0Ty, 1 haq
Poipt 5 = 5 - Ra (Tpy = Tp1) = 3 (Tpr = Taa) (14)

Here, p is the density, c is the specific heat, Ra is the Rayleigh number, £ is the thermal

conductivity and / is the convective heat transfer coefticient.

(8) Water film

The energy balance equation of water film is given as:

awa ke hwa
PwrCnl 3¢ = 5,5, (Tor = Tws) + Br (Twa = Twy)
(15)
pwahmhfg
————— (%wr — %wa)
Owr
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hsg in Eq. (15) is the latent heat of water evaporation which is calculated by CoolProp

library [109].

(9) Channel air
As both heat and mass transfer processes are involved inside the wet channel, the energy

and mass balances for the wet air can be given by:

aT, 0°T, h aT,
PwaCwa % = Rwa Wvga + WWZ (wa - Twa) — UwaPwaCwa a—:a (16)
dx 0%x 0x h
ot = Do gz ~twa gy g (s ~ ) an

For the mass balance, there is a mass transfer between the water film and the wet air while the
humidity of the water film, x,,(, is considered saturated and can be obtained from the CoolProp
library [109]. The mass transfer coefficient, h,,, is computed using an empirical equation. The
heat transfer coefficient, h,,,, is calculated by the analogy of Nusselt number and Sherwood
number. The latter is related to the mass transfer coefficient.

Heat transfer inside the dry channel case only involves sensible heat and the energy balance
equation of dry air is given by:

0Taq 0Taa  haa

PdaCpda T = ~UgaPdaCpda W + 54 (Tpl - Tda) (18)
a

3.3.2 Performance evaluation

The electrical output of the system can be evaluated by the energy conversion efficiency
that is given in Eg. (12) and the cooling improvement can be expressed by the air temperature
difference of the supply air under two different cooling methods, with the equation given as

below:
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mcair (Tair_ec - Tair_ac) (19)
GA

Newn =

Here, G represents the solar irradiance and A is the area of the PV panel.

3.3.3 Simulation scheme

Numerical simulations of the evaporative cooling system are performed by solving Egs. (1),
(10), (13), (15), (16), and (17), while the air-cooling system is modeled using Egs. (1), (10),
(14), and (18) as described in Section 3.3.1. The geometric parameters of the PV module are
provided in Table 3.1, and the optical and thermal properties are listed in Table 3.2. The
following boundary conditions are applied in the simulation:

(4) The inlet conditions of dry channel 2 for air-cooling system:
Taa_in = Tsuppiy Xaa = Xa (20)
where the supplied air temperature T,y is the air temperature supplied by the DPEC

system.

(5) The inlet condition of wet channel 2 for evaporative cooling system:

Twa_in = Tsupply'xwa = Xq (21)

(6) The boundary conditions for other layers of the PV module are given as:

d& _ d& _ dTpy _ dTpy _ ATy _ ATy _ dT, ¢
dxly=0 dxly= dx ly=o dx ly=L dx ly=o  dx ly=t dx ly=0
(22)
_ dTy s _ 0
dx =t

The finite difference method was employed to solve the partial differential equations in the

PV model using a Python-based nonlinear optimization approach. The DPEC model was
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validated against experimental data from Miyazaki et al [107] and Yang et al [138]. The length

direction was discretized into 50 elements, with the time step determined by the weather data.

Table 3.1 Geometrical parameters of PV module.

Parameters Value
Glass thickness &, (mm) 4
PV cell thickness &p,(Mmm) 0.35
EVA thickness &gy 4(mm) 0.5
Tedlar thickness &7gp(mm) 0.05
Adhesive thickness §,,(mm) 0.05

Channel plate thickness &,,(mm)  0.125

Wall thickness(mm) 0.45
Channel length(m) 0.6-2.2

Channel width(mm) 83

Channel height(mm) 3.0-9.0
Working air ratio 0.5

Table 3.2 Optical and thermal properties of layers.

Layer Parameters Value Unit Refs.

Glass o 750 JkgK  [139]
kg 1.8 W/m K [140]
&g 0.9 - [140]
Ta, 071 - [141]
Py 2500 kg/m® -

PV cell Cpy 677 JkgK  [140]

kpy 149 W/mK [140]
Epy 09 - [140]
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Tap;, 084 - [142]

EVA kpva 035  W/mK [142]
Tedlar krep 0.2 WimK [142]
Adhesive kg 085 W/mK [142]
Channel plate Cpi 1100 JkgK -

Ppi 1200  kg/m® -

3.3.4 Ambient condition

The ambient conditions, including solar irradiance, wind speed and ambient temperature,
are inputs to the model. They are based on the weather data of Fukuoka, Japan with one-hour
temporal resolution. Several studies [82,143] have highlighted the advantages of using fitted
equations: (1) they can be easily modified to accommodate different operating conditions, (2)
they help smooth irregular data, making trends more apparent, and (3) they reduce model
complexity, saving computation time. Consequently, a set of fitted equations is employed as
the initial conditions in this chapter. The hourly data distribution and fitted equations are shown

in Fig. 3.3, and an example of the fitted equations for the weather data on the 1% August is as

follows:
G = ! 19¢ 23
~0.0000372(t — 13.3)2 + 0.000698 23)
u,, = 0.00000114¢~1.02t+7.82t°° | 5 54 (24)
(logt—2.56)2
T, = 6.07e" -0203 + 29.7 (25)

tin Eq. (23), (24) and (25) represents the current time of 1% August.
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Fig. 3.3. Comparison of local weather data on the 1st June and 1st August with the fitted
equations: (a) solar irradiance, (b) ambient air temperature; (c) wind speed.

3.3.5 Model validation

The proposed transient model was validated against experimental data from the literature.
Mahmood et al. [82] conducted an experimental study on a hybrid photovoltaic evaporative
cooling system utilizing a cellulose cooling pad. Various local weather parameters, including
solar irradiance, ambient temperature, wind speed, and supply air temperature, were used to
assess the system's cooling performance. The model was validated using their experimental
data from July 2nd and 3rd, as shown in Fig. 3.4. The results indicate that the model predicts
PV panel temperature with a discrepancy ranging from 2.6% to 7.8%. However, several
challenges remain for this model, such as: (1) reliance on simplified assumptions regarding the
physical system, (2) potential inconsistencies in the boundary conditions for the partial
differential equations, and (3) the lack of experimental data for the proposed system, despite
validation of the DPEC and direct evaporative cooling models. Nevertheless, the model

demonstrates reasonable accuracy in predicting PV panel performance.
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Fig. 3.4. Model validation with local weather data from Mahmood et al. [82]: (a) July 2"%; (b) July
3rd,

3.4 Results and discussion

3.4.1 Comparison of evaporative cooling and air-cooling system

The dynamic behaviors of the PV panels with two different cooling configurations are
shown in Fig. 3.5. Based on the hourly data from 1 June from 8:00 to 18:00 h, The temperature
distribution of the PV panel generally follows the solar irradiance pattern. With the proposed
cooling system (enhanced DPEC with two wet channels), the PV panel achieves higher
efficiency than with the sensible DPEC cooling (using air from a DPEC), as its maximum
temperature remains at 47 °C, compared to 75 °C in the latter. Minimum temperatures are 28 °C
and 36 °C for the enhanced and sensible DPEC systems, respectively.

Efficiency curves show a maximum solar cell efficiency of 16.7% on June 1%,
approximately 16.4% higher than with sensible air cooling. The minimum efficiency is 15.3%,
1.9% higher than that of the sensible air-cooled case. Enhanced evaporative cooling improves

PV efficiency, as illustrated in Fig. 3.6, where efficiency is plotted against the reduced
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temperature T, = W As the value of Tr increases, the temperature difference

between inlet air and ambient narrows, resulting in reduced heat transfer effectiveness and

lower efficiency. However, the enhanced DPEC cooling shows less efficiency drop compared

to sensible cooling, indicating superior performance. Additionally, PV efficiency is higher in

June, driven by lower surface temperatures associated with reduced solar irradiance.
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(b)

Fig. 3.5. Comparison of temperature and solar cell efficiency of PV based on hourly irradiance

data with evaporative cooling and air cooling: (a) 1st June; (b) 1st August.
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Fig. 3.6. Solar cell efficiency of two cooling configurations based on: (a) 1st June; (b) 1st August.

Fig. 3.7 illustrates the thermal efficiency gains when replacing sensible air cooling with the
proposed evaporative cooling. The key distinction between the two systems lies in the air
temperature within the PV panel's air channel. Thermal efficiency improvement is defined as
the difference in heat removal between evaporative and sensible cooling, relative to the panel’s
heat gain from solar energy. Using data of 1% June (from Fig. 3.5), he maximum and minimum
temperature differences between the cooling methods reach 25.45 °C and 3.96 °C, respectively.
Under evaporative cooling, air temperature ranges from 26.73 °C to 40.24 °C throughout the
day. This results in a thermal efficiency increase of up to 19.9%, with a minimum improvement
of 13.7%, demonstrating that the proposed DPEC system provides notable efficiency

enhancements.
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Fig. 3.7. Thermal efficiency improvement based on the weather data of: (a) 1st June; (b) 1st
August.

Additionally, the performance of the proposed enhanced DPEC system with dual wet
channels is compared with two other cooling methods: direct evaporative cooling and no
cooling, based on Mahmood et al. [82] as shown Fig. 3.8. The enhanced DPEC system achieves
a PV panel temperature reduction of approximately 15 °C compared to direct evaporative
cooling and around 30 °C relative to the uncooled system, demonstrating the DPEC's superior

cooling effectiveness for PV panels.
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Fig. 3.8. Comparison of the PV temperature with different cooling methods and the weather data
of: (a) July 2"9; (b) July 3.

3.4.2 Temperature distribution along the air channels

Fig. 3.9 (a) and (b) show the temperature profiles along the channel length of the DPEC and
PV module. The PV panel's temperature decreases significantly upon activation of the cooling
system, especially near the panel’s air inlet, where cool air from the DPEC unit enters. A notable
temperature gradient between layers occurs at the panel inlet, diminishing along the channel as
heat transfer balances the temperatures across layers.

Fig. 3.9 (c) and (d) present the humidity distribution along wet channels 1 and 2. Continuous
heat transfer from the dry channel to wet channel 1 and from the PV panel to wet channel 2
drives water evaporation, raising air humidity. In wet channel 2, where substantial heat transfer
from the PV panel intensifies evaporation, air humidity increases from 0.018 to 0.13 kg/kg
[DA]. Another point worth noting is the system's water consumption due to the intense
evaporation occurring in wet channel 2. Water consumption is calculated based on the humidity
difference between the inlet and outlet of the wet channels. As shown in Fig. 3.9 (c) and (d),

the humidity difference in the DPEC unit (for air saturation) is 0.008 kg/kg [DA], while in the
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wet channel behind the PV panel, it reaches 0.11 kg/kg DA. For a 10-hour daily operation, the
DPEC unit consumes approximately 0.07 kg of water, and the wet channel at the PV panel’s
back requires an additional 0.72 kg, totaling around 0.79 kg of water consumption for the

proposed system.
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Fig. 3.9. Temperature and humidity ratio distribution of systems based on the weather data of
13:00, 1st June: (a) DPEC; (b) temperature of each layer of PV module; (c) humidity distribution
for DPEC dry channel and wet channel 1; (d) humidity distribution for wet channel 2 in PV

module.
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3.4.3 Effect of cooling system parameters

This section examines the impact of varying input parameters (channel length, height, inlet
air velocity, and working air ratio) on system performance, which is critical for system design
optimization. The analysis is based on weather data at 13:00, 1% June 2022. Table 3.3 lists the
nominal parameter values, serving as the reference case. ldentical channel lengths and heights
are used for both the DPEC and PV panel. Solar cell efficiency is calculated using Eq. (12), and
thermal efficiency improvement is defined as the difference in heat removal between the

modified and reference systems relative to the heat gained from solar energy.

Table 3.3 Nominal parameters of the reference system.

Parameters Value
Channel length(m) 1.0
Channel height(mm) 4.5
Inlet air velocity(m/s) 1.4
Working air ratio 0.5

1) The effect of channel length

Channel length, varied from 0.6 to 2.2 m, has a notable impact on operating temperature, as
shown in Fig. 3.10, due to changes in the contact surface area for heat and mass transfer. Longer
channels result in higher PV operating temperatures; for instance, at a length of 2.2 m, the
temperature reaches 64 °C, which is 15 °C higher than at 0.6 m. Both solar cell efficiency and
thermal efficiency improvement decrease as channel length increases. While the channel length
may be limited by the PV panel dimensions in practice, desired channel dimensions could still

be achieved by optimizing cooler design parameters.
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Fig. 3.10. The effects of different channel lengths on (a) The temperature distribution of the PV
panel; (b) The solar cell efficiency and the thermal efficiency improvement.

2) The effect of channel height

The impact of channel height on system performance is evaluated by varying it from 3 to 9
mm. As shown in Fig. 3.11, temperature variation along the channel is more pronounced at
smaller channel heights. However, the minimum temperature at the channel entrance rises with
increasing channel height. In general, greater channel height enhances solar cell efficiency,
though this improvement diminishes beyond a certain height. Channel height significantly
influences system performance by directly affecting the heat and mass transfer coefficients.
Increasing channel height allows more unsaturated air into the PV panel, enhancing heat and

mass transfer, reducing operating temperature, and thus improving solar cell efficiency.
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Fig. 3.11. The effects of different channel heights on (a) The temperature distribution of the PV
panel; (b) The solar cell efficiency and the thermal efficiency improvement.

3) The effect of inlet air velocity

For indirect evaporative coolers, lower air velocities are generally preferred when the dry
channel outlet air is considered the useful effect. In this part, the inlet air velocity to the cooler
varies from 1.0 to 3.0 m/s, affecting both Reynolds and Nusselt numbers. With increasing
velocity, the DPEC supply air temperature rises, while the wet air temperature in the wet
channel of the PV panel decreases, maintaining a lower PV panel temperature. As shown in Fig.
3.12, higher inlet velocity lowers the PV panel's operating temperature and enhances solar cell
efficiency. Increasing inlet air velocity can reduce PV temperature by up to 12 °C, though the

effect is less significant compared to changes in geometric parameters.
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Fig. 3.12. The effects of different inlet air velocities on (a) The temperature distribution of the PV
panel; (b) The solar cell efficiency and the thermal efficiency improvement.

4) The effect of working air ratio

The working air ratio of the DPEC, r, is defined as the ratio of the mass flow rate of air
entering wet channel 1 to that entering the dry channel. Consequently, (1-r) represents the
percentage of air directed to wet channel 2 in the PV panel. As shown in Fig. 3.13, increasing
the working air ratio reduces the airflow to wet channel 2, leading to a lower mass transfer rate

within the PV panel. This results in decreased solar cell efficiency and thermal efficiency

improvement.
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Fig. 3.13. The effects of different working air ratios on (a) The temperature distribution of the PV

panel; (b) The solar cell efficiency and the thermal efficiency improvement.

3.5 Conclusions

This chapter presents a novel cooling approach for PV panels utilizing an enhanced Dew
Point Evaporative Cooling (DPEC) system. In addition to the conventional DPEC, the proposed
system further improves evaporative cooling by incorporating an additional wet channel at the
rear of the PV panel. A comparative analysis between the proposed system and a conventional
sensible cooling system with DPEC was performed. The results demonstrate that the proposed
system offers superior cooling performance, maintaining higher solar cell efficiency in the PV
panel. The impact of the enhanced DPEC system on solar efficiency was investigated, along
with the influence of geometric parameters on the system’s performance, providing valuable
insights for optimizing the system design. Key findings from this study are summarized as
follows:

(6) Under various climatic conditions, the proposed enhanced cooling system demonstrated
superior cooling performance and maintained higher PV panel efficiency compared to
uncooled, direct evaporative cooling, and DPEC-based sensible cooling systems.

(7) The proposed system maintained an efficiency exceeding 15% under two summer
environmental conditions. The maximum solar cell efficiency reached 16.7%, representing
a 16.4% improvement compared to the sensible DPEC system. The cooling performance
improvement between the two systems ranged from a maximum increase of 16.5% to a
minimum of 11.4%.

(8) The cooling performance of the system is influenced by various geometric parameters. A

shorter channel length and larger channel height enhance cooling performance, leading to
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higher PV panel efficiency. Conversely, a higher inlet air velocity and working air ratio

further optimize system performance.

However, the proposed system has some limitations: (1) the addition of a second wet
channel increases water consumption. In a 10-hour operation, the traditional sensible cooling
system requires 0.07 kg of water, while the proposed system consumes 0.79 kg, with 0.72 kg
used by the second wet channel; (2) being based on evaporative cooling, the system's
performance is limited by the humidity of the surrounding air. Under high humidity conditions,
cooling potential may be reduced, requiring pre-dehumidification. Further experimental studies

will assess the feasibility of the enhanced cooling system.
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Chapter 4 Combined Dew-point evaporative cooling

system for winter heating

4.1 Introduction

Winter indoor heating remains a critical energy demand due to the harsh cold conditions in
many regions, leading to significant challenges in maintaining comfortable indoor temperatures
while managing energy efficiency[144-146]. During winter, people's thermal comfort needs
are shaped by the desire to maintain a balance between body heat production and environmental
heat loss to achieve a comfortable indoor environment[147-149]. Thermal comfort is
determined by factors such as air temperature, humidity, air velocity, clothing insulation, and
metabolic activity. HVAC systems enhance winter comfort by optimizing these parameters to
maintain a balanced and efficient indoor environment[150,151]. Traditional heating systems,
such as electric and gas heaters or air conditioners, are energy-intensive and often fall short in
sustainability due to their reliance on fossil fuels. These systems generally offer limited
adaptability for optimizing energy consumption, frequently resulting in overheated spaces or
uneven temperature distribution. Such inefficiencies not only increase operational costs but also
contribute to higher greenhouse gas emissions, exacerbating environmental concerns. This
underscores the need for innovative solutions that address both the energy efficiency of heating
systems and their environmental impact[152,153].

Current research highlights gaps in conventional heating technologies, particularly their
inability to integrate renewable energy sources efficiently or to address thermal comfort

comprehensively under diverse conditions.
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Many researchers have begun to explore the development of novel DPEC systems
integrated with desiccant technology. These efforts aim to enhance the versatility of this highly
efficient cooling method and expand its applications across broader cooling domains. However,
limited research focuses on the year-round operational feasibility of these systems. Most studies
emphasize their cooling performance while neglecting potential heating applications. To date,
Anisimov et al. [154] is among the few researchers to address the dual functionality of DPEC
systems. His study proposed a cross-flow system that functions as an evaporative cooler during
summer and a heat recovery unit in winter. Simulation-based analyses conducted in his work
provided insights into the heat and mass transfer mechanisms underpinning year-round
operation. These findings highlight the potential for all-season systems to achieve energy-
efficient performance, aligning with global sustainability goals and environmental imperatives.
Building on these developments, this chapter introduces an innovative system that combines
desiccant technology, photovoltaic modules, and a DPEC unit. The focus is on evaluating its
feasibility for winter heating, with the goal of maintaining high cooling efficiency in summer
while ensuring indoor thermal comfort during winter. This analysis is performed using detailed
simulation modeling, targeting a balanced and sustainable approach to year-round thermal

management.

4.2 Description of system

Fig 4.1 illustrates the proposed configuration for heating a working space using a hybrid
system that integrates a PV panel, DPEC, and desiccant unit. The system operates with a
standalone DPEC where outdoor is cooled to near its dew point temperature. The cooled, dry
air is then directed into a wet channel situated behind the PV panel. Here, an additional

evaporative cooling process occurs, allowing the air to absorb latent heat and become nearly
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saturated, which raises its temperature due to heat exchange with the PV panel. The humidified
air then enters the desiccant unit, where dehumidification occurs as moisture is adsorbed by the
desiccant material. This adsorption process releases heat, raising the air’s temperature. Upon
exiting the desiccant unit, the air is both dehumidified and moderately warmed, achieving a
balanced temperature and humidity level. This conditioned air is subsequently delivered to the

working space, ensuring a stable and comfortable indoor environment.
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Fig. 4.1. Schematic diagram for the hybrid system for winter heating: the DPEC with PV panel

and desiccant.

4.3 Methodology

4.3.1 Mathematical model

The proposed system comprises three main components: the DPEC unit, PV unit, and
desiccant unit, each requiring detailed modeling in this study. The dynamic mathematical
models for the DPEC and PV units were developed in Chapter 3, where each element was
analyzed from the perspective of air and water vapor interactions within the desiccant material,

as shown in Fig. 4.2. To capture the transient behavior of the desiccant module, a time-
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dependent model incorporating both adsorption and regeneration processes was developed
based on the following assumptions:

(8) The thermal properties of each desiccant layer are assumed to be constant.

(9) The boundary thermal loss is negligible.

Ambient parameters, including air temperature, humidity, and wind speed, are derived from
weather data for Fukuoka, Japan. The proposed system integrates three main components: a
cooler unit, PV unit, and desiccant unit. Dynamic mathematical models for the DPEC and PV
modules were developed in Chapter 3, while the desiccant unit model follows the framework

established by Miyazaki et al.[155], as outlined below:

Qy+/.‘.y
mw,y+ﬂ
————k

mw.zx"l
; o Ay

: m".f\,nz+.£\z

l—'

Fig. 4.2. Schematic diagram each control volume for air and desiccant.

(10) Air channel
Based on the mass balance, the stored water vapor in each element within air channel can

be calculated by:
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0xq . . . .
paAyAz ot =My, — My z4pz T My y — My, yiay D

By writing into mass flow term:

0%x,

. 2)

dx, dx,
paAyAzW = —pauaAyAzE + pa Dy AyAz 3y

The terms on the right-hand side of Eq. (2) represent the mass flow alone z-direction, and the

mass diffusion in y-direction. The average of air humidity x, in y-direction was defined by

integral form: x, = di fod“ x,dy. The eq. (2) can be transformed into:

__, 9% 3
ot | YaTgg 5z Y @)

ox, ax—a+D_Wfdaazxa
da Jo y?
The diffusion behavior in eq. (3) can be simplified by mass transfer coefficient h,, term, thus

the eq. (3) can be expressed as:

O __ % hn
a5, T d,

e (x; —xg) 4)

Here, x; represents the interfacial value of water vapor humidity.

The energy conservation of the air in the air channel is influenced by flow in the z-direction

and diffusion in the y-direction. Thus, the energy balance can be expressed as follows:

aT,
pan,aAyAZa—; =0Q; — Qznz + Qy - Qy+Ay ()

In terms of the heat flow term:

2

aT, 0°T,
= —pacp,auaAyAzE + k,AyAz 3y

aT,

Jt

PaCp,adyAz (6)

Similarly, the average of air temperature T, iny-direction was defined by integral form: T, =

di fod“ T,dy. The eq. (6) can be transformed into:

92



Chapter 4

Combined dew-point evaporative cooling system for winter heating

oT, oT,  hy, _

—2=_ T, —T
at ua aZ +pan‘ada( l a) (7)

Here, T; represents the interfacial value of air temperature.

(11) Desiccant layer
Based on the mass balance, the stored water vapor in each element within desiccant layer

was.

dp : : : . .
SAyAZa_tW =Myy — My yray T My z — My 7407 — Mag (8)

The right-hand side of the equation accounts for the diffusion of water vapor in the y-direction,
diffusion in the z-direction, and water vapor gain/release due to the adsorption/desorption
process.

The adsorption behavior was described by linear driving force model as:

aWb

5 = kn (W — wp) )

Here, k,, isthe mass transfer coefficient of adsorption, which can be calculated by 1ifs. The
14
mass transfer by adsorption can be expressed as:
, owy,
Maq = ps(1 — E)AyAZW (10)
From the mass flow perspective, Eq. (8) can be written as:
apw apw azpw aWb
eAyAz? = —uAyAZW + D, AyAz Fyraie ps(1— e)AyAz¥ (12)

The water vapor flow inside the porous media can be described by Darcy’s law and the

calculation of partial pressure can be defined by ideal gas law:
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_ kap -
u = i (12)
P = pRT (13)

Thus, by applying egs. (12), (13), eg. (11) can be shown as:

0 kRT, 02 02 ow,
Pw _ PwlT b AyAz P + DbAyAzanw - ps(1— e)AyAZa—tb

14
ot U dy? 2 (14)

eAyAz

Here, the diffusion coefficient of water vapor in desiccant layer can be definedas D, = PwkRTp

The average of the density of water vapor in desiccant layer p,, iny-direction was defined by

integral form: p,, = d—lb fod” pwdy. The eq. (14) can be transformed into:

dpw _ Dy fdbazpwd +Db02m ps(1 — &) dw,
0

= = - 1
ot _edy ), ay? 0T e 922 e ot (15)

The distribution of p,, iny-direction was assumed as parabolic. The eg. (15) can be simplified

as.

9pw _ 3Dy D, 0%p, ps(1—2¢)ow,

For water vapor within the adsorbent material, as illustrated in Fig. 4.2. Energy conservation
is governed by three factors: diffusion of water vapor in the z-direction, diffusion in the y-
direction, and heat release/gain due to the adsorption/desorption process. Therefore, the energy
balance equation can be formulated as follows:

aT,
ps(1— S)Cp,bAyAZa_tb = Qz = Qz4nz + @y — Qysay + Qaa (17

The heat flow inside desiccant layer element was described by heat conduction. Thus the eq.

(17) can be transformed into:
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0%T, 0Tb
dy? 62

aWb
+ qaaps(1 — E)AyAZW (18)

oT,
ps(1 —&)c, pAyAz—— 3t kbAyAz<

The average of the temperature of desiccant layer T}, in y-direction was defined by integral
form: T, = di fod” T,dy, and the distribution of T, in y-direction was assumed as parabolic.
b

The eq. (18) can be transformed into:

aﬁ _ 3k ( ) kb aZT_b dad aWb 19
at _pscp’b(l €)d,* : psCpp(1—¢) 022 cp) Ot (19)
By applying the definition of thermal diffusivity of desiccant layer «a; = Ts) the eq. (1)
can be simplified as:
aT_b 3ab azT_ dad aWb
5t gz lim T +a baz+cp,b at (20)

b

The calculation of the interfacial value T;, x;, p; is carried by the conservation of energy

and mass:
I aTb| _ aT, )
—k, — = —k, =2
ay y=db ay y=0
dpw 0xgq
_Db_| —paD (22)
ay y=db o d y=0

4.3.2 Simulation scheme

Numerical simulations of the evaporative cooling system are performed by solving Egs. (4),
(7), (9), (16), and (20), as described in Section 4.3.1. The geometric parameters of the desiccant
module are provided in Table 4.1, and the ambient properties are listed in Table 4.2. The

following boundary conditions in z-direction is applied in the simulation:
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_ T,

daT,
z=0 dx

dx

_ %Pw
z=L dx

_ %Pw
z=0 dx

=0 (24)

z=L

The finite difference method was applied to solve the partial differential equations in the
desiccant model, utilizing a Python-based nonlinear optimization approach. The channel length
was discretized into 50 elements, with a time step spanning 3600 intervals. The simulation

algorithm is shown in Fig. 4.3.

Table 4.1 Input parameters of desiccant module

Parameters Value
Desiccant thickness d;,(mm) 0.3
Porosity of desiccant &(-) 0.9

Density of desiccant p,(kg/m?3) 1500

Specific heat of desiccant 805
Cp,b (\]/kg K)

Thermal conductivity of

_ 0.33
desiccant kj,(W/m K)
Diffusion coefficient of
. 0.0001
desiccant D, (m?/s)
Air channel length(m) 0.4
Air channel height(mm) 1.7

Table 4.2 Input winter weather parameters used in simulation

Parameters Values
Ambient temperature (°C) 13.2
Solar irradiance (W/m?) 586
Wind velocity (m/s) 2.5
Relative humidity (%) 45

Inlet air humidity (kg/kg DA) 0.0042
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Fig. 4.3. Simulation flowchart.

4.3.3 Model validation

97

The proposed transient model was validated against experimental data from the literature.
Priyadarshi et al. [156] coated the heat exchanger tubes with desiccant material (silica gel) and
experimentally investigated its performance, obtaining outlet air temperature data. This data
serves to validate the accuracy of the desiccant unit's simulation model presented in this chapter.
As shown in Fig. 4.4, the results indicate that the current model accurately predicts the temporal
variation of outlet air temperature from the desiccant unit. The maximum discrepancy between
the simulation and experimental data is 6.2%, with an average error of 1.24%. However, the
validation of the current model faces several challenges, requiring further experimental studies

to verify its accuracy. This is particularly important as the system comprises three components,
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with dynamic environmental conditions influencing the DPEC, PV, and desiccant units.
Comprehensive experiments on the entire system are necessary. Overall, at this stage, the

desiccant unit provides reasonably accurate predictions for the adsorption/desorption processes.
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Fig. 4.4. Model validation with experimental data from Priyadarshi et al. [156].

4.4 Results and discussion

4.4.1 Comparison of evaporative cooling and air-cooling system

Fig. 4.5 presents the temperature and humidity profiles of air within the channels of the
various components in the proposed system under winter operating conditions. The weather
data used for the analysis were obtained from Fukuoka, Japan, between 12:00 and 13:00 on
December 12, 2022. Figs. 4.5 (a) to (d) highlight the thermal and humidity performance of the
integrated DPEC and PV system. During winter conditions, ambient air, characterized by low
temperature and low humidity, is initially cooled by the DPEC to 8°C, which is below the wet-
bulb temperature, as shown in Fig. 4.5 (a). Upon entering the air channel of the PV unit, the air

undergoes an additional dew point evaporative cooling process, absorbing substantial heat from
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the PV panel. As a result, the air temperature rises to 26°C, while the surface temperature of the

PV panel is maintained at 31.2°C, as depicted in Fig. 4.5 (c). At this point, the air exiting the

PV unit has its humidity increased to 22 g/kg[DA], reaching saturation under the given

conditions. The warm, moisture-laden air exiting the PV unit subsequently flows into the

desiccant unit. Within this unit, the air undergoes an adsorption process, during which air

moisture is removed and adsorption heat is released. As shown in Figs. 4.5 (e) and (f), this

process further elevates the air temperature to 28°C and reduces its humidity to 13 g/kg[DA|],

preparing it for delivery to the working space.
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Fig. 4.5. Air temperature and humidity distribution of each unit: (a) temperature of DPEC; (b)
humidity of DPEC; (c) temperature of PV panel; (d) humidity of PV panel; (e) temperature of
desiccant unit; (f) humidity of desiccant unit.

Fig. 4.6 (a) illustrates the configuration of the PV panel system with natural air cooling,
while Fig. 4.6 (b) depicts the temperature distribution of the PV panel surface and the cooling
air under this setup. Under winter conditions, ambient air appears capable of meeting the
cooling requirements of the PV panel. However, simulation results reveal that in the natural air
cooling system, the surface temperature of the PV panel exceeds 30°C near the air inlet and
rises above 50°C at the air outlet. Similarly, the cooling air used for the PV panel reaches a
temperature exceeding 50°C at the outlet.

Fig. 4.7 compares the temperature and humidity changes of supply air across different
components in the proposed system and the natural air cooling system using a psychrometric
chart. From the perspective of PV panel efficiency, the excessively high surface temperature
under natural air cooling significantly hinders efficiency retention. On the other hand, from a
thermal comfort standpoint, as indicated by the dashed box in Fig. 4.7, this represents the indoor
thermal comfort range for winter conditions under some studies [1,157]: a metabolic rate of 1—

1.2, clothing insulation of 0.3-0.6, and an air velocity of 0—0.5 m/s. While natural air cooling
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can raise the air temperature to over 50°C, its heating-only approach drastically reduces the
relative humidity to around 5%. In contrast, the proposed system increases the air temperature
to 28°C and maintains a relative humidity of 45% after passing through the desiccant unit,
placing it well within the thermal comfort range. These results demonstrate the potential of the

proposed system to deliver thermally comfortable air under winter conditions.
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Fig. 4.6. PV panel system with natural air cooling: (a) schematic of system; (b) temperature
distribution.
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Fig. 4.7. Comparison of the air temperature and humidity change with different system.

4.4.2 Temperature and humidity behavior of air during the

adsorption/desorption process

Fig. 4.8 illustrates the dynamic temperature and humidity profiles of inlet air along the
channel under both adsorption and desorption modes. As shown in Figs. 4.8(a) and (b), during
the adsorption process, air absorbs adsorption heat from the desiccant material, resulting in an
increasing temperature trend along the channel. This increase is particularly rapid during the
initial 100 s, as the air temperature rises sharply. Over time, as the water content in the desiccant
material increases, its adsorption capacity diminishes, leading to a reduced heat release.

Consequently, the temperature rise along the channel becomes less pronounced, while the
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temporal trend shows a rapid initial increase followed by a gradual decline. In terms of humidity
distribution, the air exhibits an overall decreasing trend along the channel, with a slower
reduction in the latter half. Temporally, the humidity first drops sharply and then gradually
increases. Figs. 4.8(c) and (d) depict the temperature and humidity profiles during the
desorption process. Ambient air is first heated to 55°C by a heat coil, achieving an absolute
humidity of 4.2 g/kgDA and a relative humidity of approximately 5%. This heated air is then
used for regeneration. Initially, the desiccant material rapidly releases moisture, but as its water
content decreases, the rate of moisture release declines. Accordingly, Fig. 4.8(c) shows a sharp
drop in air temperature during the first 100 s, after which the temperature remains relatively
high. Fig. 4.8(d) demonstrates that the air gains significant moisture during the initial 100 s,
followed by a gradual reduction in the rate of moisture uptake. Fig. 4.8(e) illustrates the
dynamic changes in water uptake by the desiccant material. The first 3600 s correspond to the
desorption process, followed by the adsorption process. Temporally, water uptake initially
decreases and then increases. Along the channel direction, the uptake consistently declines due
to the increasing or decreasing moisture content in the desiccant material, which directly affects
its ability to absorb or release water.

Fig. 4.9 shows the dynamic temperature and humidity profiles of air at the outlet of the air
channel. During desorption, the air removes heat from the system. As the process progresses
and high-temperature air is no longer required to supply heat to the desiccant material, the
temperature exhibits a rapid initial decrease, followed by a gradual stabilization. For humidity,
the air initially absorbs a significant amount of moisture, but the rate of moisture absorption
decreases over time. After 3600 s, the adsorption process begins, where the saturated air at 26°C

exiting the PV unit enters the desiccant unit. Here, the air loses moisture and gains adsorption
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heat, resulting in a sharp initial increase in temperature followed by a slower rise, while the

humidity first decreases rapidly and then gradually declines.
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4.5 Conclusions

This section investigated the performance of a proposed hybrid system integrating DPEC,
PV, and desiccant units under winter conditions, focusing on its potential to enhance thermal
comfort and energy efficiency. On the other hand, the system demonstrated the capability to
warm and dehumidify air effectively while maintaining the PV panel's efficiency in the winter
season. Simulations revealed that the DPEC unit initially cooled ambient air to below wet-bulb
temperature, which then absorbed heat from the PV panel, increasing its temperature to 26°C
and stabilizing the PV panel surface at 31.2°C. The desiccant unit further processed the high-
humidity air, raising its temperature to 28°C and reducing its humidity to 13 g/kg[DA], thus
delivering air within the comfort range defined for winter conditions.

Compared to a naturally ventilated PV system, the proposed system maintained a stable PV
surface temperature and produced supply air with balanced temperature and humidity. While
natural ventilation increased air temperature to over 50°C, it reduced relative humidity to below
5%, leading to discomfort. In contrast, the hybrid system produced air at 28°C with a relative

humidity of 45%, aligning with thermal comfort standards. Dynamic modeling and analysis of
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adsorption/desorption processes validated the system's ability to manage temperature and
humidity effectively. Results indicated the proposed system'’s significant potential to provide
energy-efficient and thermally comfortable air in winter, with room for further optimization
through experimental validation.

At this stage, the key findings of the chapter can be highlighted as below:

1. A hybrid DPEC-PV-desiccant system effectively balances air temperature and

humidity, achieving thermal comfort under winter conditions.
2. The proposed system enhances PV efficiency by stabilizing surface temperature and

delivers energy-efficient air at 28°C and 45% relative humidity.
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Chapter 5 Conclusions and future prospects

5.1 Conclusions

This study has systematically explored the potential and performance of dew-point

evaporative cooling (DPEC) systems and their integration into advanced energy systems under

various operational scenarios. The findings highlight the versatility and efficiency of DPEC

technology in addressing cooling and heating challenges, offering significant implications for

sustainable energy solutions. The following key insights have been derived from the

comprehensive investigations:

1)

2)

In the context of entropy generation analysis, a comprehensive dynamic model was
developed to investigate the thermodynamic behavior of a counter-flow DPEC system.
Key insights from this analysis demonstrated the critical influence of inlet air
conditions, working ratios, airflow velocities, and channel geometries on system
performance. Higher inlet air temperatures and reduced humidity levels enhanced the
system's cooling potential but increased entropy generation in specific components,
necessitating careful optimization. The study revealed that an optimal working ratio
and lower air velocities improved heat and mass transfer efficiency, striking a balance
between cooling performance and system entropy. This foundational understanding
lays the groundwork for further optimizing DPEC systems for energy-efficient cooling.
The application of an enhanced DPEC system for photovoltaic (PV) panel cooling was
evaluated. By introducing an additional wet channel, the system achieved superior
thermal management compared to conventional cooling methods. It maintained PV
panel efficiencies exceeding 15% under extreme summer conditions, with notable
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improvements in cooling performance. However, the study also acknowledged the
trade-offs, such as increased water consumption and limited efficacy under high
humidity conditions. These findings emphasize the need for integrated strategies,
including pre-dehumidification, to overcome climatic constraints.

The hybrid DPEC-PV-desiccant system was analyzed for its winter heating
performance. The system demonstrated the capability to effectively warm and
dehumidify air while stabilizing the PV panel surface temperature, ensuring thermal
comfort. The integration of desiccant units facilitated precise humidity control,
delivering supply air at optimal conditions of 28°C and 45% relative humidity.
Comparative analysis highlighted the system's advantages over natural ventilation,
including enhanced energy efficiency and improved thermal comfort under winter

scenarios.

Overall, this research underscores the adaptability of DPEC systems in diverse applications,

from cooling PV panels to hybrid heating systems for winter. By leveraging thermodynamic
principles and advanced modeling techniques, it offers valuable insights into system design and

operational strategies.

5.2 Future prospects

Future work in the field of dew-point evaporative cooling (DPEC) systems should address

several key areas to enhance their applicability and performance in real-world settings. First,
experimental validations are essential to confirm the theoretical findings and model predictions.
While simulations offer valuable insights, experimental setups provide real-world data that can
refine system design and ensure that the models accurately represent the complexities of

operational environments. Second, economic analyses are crucial for assessing the cost-
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effectiveness of DPEC systems in commercial applications. While DPEC offers energy-
efficient cooling solutions, factors such as installation, maintenance, and water consumption
need to be evaluated in terms of operational costs and energy savings over time. A cost-benefit
analysis can guide decision-makers in industries such as data centers, solar panel cooling, or
even residential applications. Finally, innovative integrations of DPEC with other technologies
hold significant promise. For instance, combining DPEC systems with renewable energy
sources, such as solar thermal collectors or wind energy, could lead to highly efficient, low-
carbon cooling and heating solutions. Furthermore, integrating DPEC with desiccant materials
for hybrid systems can improve both the cooling efficiency and humidity control, particularly
in applications requiring both temperature and moisture regulation. These future research
directions will be critical to advancing DPEC systems from laboratory settings to widespread

practical applications, ultimately optimizing energy usage and environmental sustainability.
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