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中文摘要
一般市面上的太陽能模組以矽晶為主，不僅價格昂貴，而且平均轉換效率約在
20%左右，目前的光電轉換效率仍然是偏低的，若加上環境因素影響，將使發電的
效率更差，實務上就更難以普及，在經濟成本的考量上，勢必要有提升效益的策略，
使得發電成本相對降低，因此，除了增進轉換效率外，若能適度地提升系統的發電
效率，將會帶來相當多的利益。
本研究開發一水冷式的散熱系統，並搭配無線技術來做控制，此散熱系統可有
效增加模組的發電效率。本系統可藉由氣象資訊遠端估測太陽能光電模組的輸出
功率，建立一套自動化噴水散熱機制，避免夏季時因模組溫度到達功率飽和溫度，
而輸出功率出現衰退，比較有無此項新型的產能提升技術的發電量差異，最終將達
到發電產量提升 14.9%之目的。
此自動化太陽能模組散熱系統不需要安裝溫度感測器於面板上，是在遠端控
制平台上利用氣象資訊快速且準確地計算模組溫度，而採用的無線控制技術大幅
地增加系統的便利性及可擴充性，此發明應用於大型太陽能發電廠時，節省了前端
感測器的花費及佈線的人力成本，再者，此系統可直接應用於過去已建置的既有太
陽能發電系統，而無須破壞原有的系統架構。
關鍵字：太陽能光電系統、太陽能模組降溫、無線技術
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Abstract
Multi-crystalline silicon is commonly used by photovoltaic (PV) modules in practice.
A PV module is expensive, but the average conversion efficiency of the module only
reaches about 20%, which is relatively low. The efficiency of PV power generation may
be worse after taking environmental factors into account, so the promotion of using PV
modules becomes more difficult in reality. From an economic perspective, it is necessary
to develop a strategy that improves the power generation efficiency of PV modules while
reducing the cost of PV power generation. Thus, in addition to increasing the efficiency
of the conversion, it will bring considerable benefits if the efficiency of PV power
generation can be improved.
This study develops a water cooling system for PV modules based on wireless
technology to increase the efficiency of PV power generation. This cooling system uses
weather information to estimate the output power of a PV module remotely. An automated
water cooling mechanism is established to avoid the temperature of the PV module
reaching saturation so that the power generation declines in summer. With this novel
system, the power output increases by 14.9%.
The automated cooling system does not require employing a temperature sensor.
Using weather information, the system can quickly and accurately estimate the output
power of a PV module and be remotely managed by a control platform. The costs
associated with using front-end sensors (sensor purchasing, labor, and wiring) can be
largely reduced, when the proposed system is applied to a large-scale solar generation
plant. Furthermore, this system can be directly installed on existing PV modules without
destroying the architecture of the modules.
Key words: photovoltaic (PV) system, PV module cooling, wireless technology
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Chapter 1 Introduction
1.1 Background
The rapid development of energy industries is closely related to the progress on social
and economic development, such as mass transportation improvement and industrial and
commercial growth. Since the Industrial Revolution, the demand of energy has greatly
increased, and the use of fossil fuels has led to the increase in the concentration of carbon
dioxide. Many have attributed rising global temperature and sea level and growing severe
climate to the overuse of fossil fuels. With the increasing demand on energy, fossil
shortage also emerges. According to the estimation provided by the World Energy
Council (WEC) in 2009, the petroleum, natural gas, and colliery will exhaust in 40 to 50
years, 60 to 70 years, and 200 to 300 years, respectively. The uranium of nuclear will also
run out in 60 to 70 years. The energy crisis caused by shortage, such as the shortage of
petroleum, electricity and other natural resources, might lead to higher prices of energy
and sudden economic recessions. In Taiwan, about 90% of energy sources are imported
due to the lack of domestic energy supply. With dense populations and highly developed
industries and businesses, electricity shortage sometimes occurs in Taiwan, especially
during the summer time.
Traditional ways of overcoming the problem of electricity shortage are to build new
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power plants. However, such methods are not a long-term solution, after taking negative
impacts on the environment into account. Therefore, renewable energy with distributed
power supply might be a good solution to response to the high electricity demand during
the summer time. The sources of renewable energy are the sun, winds, geothermal heating,
biomass, and ocean currents and tides (Dincer, 2000). The advantage of using renewable
energy is that the pollution will be largely reduced compared to using fossil fuels (coal,
gas, oil, etc.). According to the reports of the Renewable Energy Policy Network for the
21st Century (REN21), 19% of all energy used in the world belonged to renewable energy,
of which 13% was traditional biomass energy, 3.2% was hydropower, 2.8% was other
renewable energy (modern biomass, hydropower less than 20 MW, solar energy, winds,
geothermal heating, etc.). It is obvious that renewable energy will become the main
energy sources in the future. However, the proportion of using renewable energy is still
small in all energy use, due to the bottlenecks of upgrading power generation technologies.
But it is hard to deny the potential of renewable energy, and many renewable energy
sources are waiting for people to explore and exploit.
For example, solar energy, wind power, and biomass may play a key role in energy
supply. The solar energy absorbed by the atmosphere, oceans and lands per year worldwide is about 3,850,000 EJ (Smil, 2006). The potential of wind energy per year is 2,250
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EJ (Archer et al., 2008). The potential of biomass per year is from 100 to 300 EJ
(Renewable and Appropriate Energy Laboratory, 2012). In 2010, worldwide energy
consumption for the whole year was about 539 EJ wherein the electrical energy
consumption was about 66.5 EJ (Energy Information Administration, 2010). Based on
the above information, the generated global solar energy for an hour is approximately
439.5 EJ, which can provide worldwide energy use up to about a year. So, solar energy
is very promising in the future.
Solar energy can be directly converted into electricity via photovoltaic (PV) cells. The
restrictions on PV system installation are fewer and the negative impacts of the
installation on the environment are light. It is easy to promote PV cells to the public.
Therefore, solar energy has become an important research issue in renewable energy. In
recent years, various nations around the world have actively promoted the development
and use of solar energy and encouraged government agencies and civil groups to use solar
energy to reduce the expansion demand for power plants. The Ministry of Economic
Affairs in Taiwan, for example, has launched a project called "PV Cells on a Million
Rooftops". It aimed to promote PV installation and assist government agencies and
companies in utilizing PV systems. The promotion goal was to achieve the capacity target
of 100 MW in 2012, 1,020 MW in 2020, and 3,100 MW in 2030. It was expected that the
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project could lay out the foundation of renewable energy plans in Taiwan and increase
the supply of renewable energy. Besides, it helped to reduce the emission of carbon
dioxide.
This study focuses on improving the efficiency of solar generation by developing a
PV module temperature estimation and cooling model. The model can be used to quickly
and accurately estimate the temperature of a PV module. Besides, by using the nonlinear
dependence of voltage-current-temperature for the semiconductor, the relationship
between the declining temperature and the power output can be obtained. This novel
design that improves energy harvesting of PV systems can eventually reach an increase
in the power generation. The study also develops a water cooling system, which consists
of a front-end monitoring platform following a wireless communication protocol, and a
back-end database. These components are suitable for all kinds of PV systems. The
proposed cooling system is built on the wireless sensor network (WSN). The operational
status of a solar generation system can be quickly and accurately determined by the
remote control platform. After analyzing the data related to the PV system operation and
inspecting the varying curve of the module temperature, if the temperature is too high,
the proposed system would be activated to improve the efficiency of the power generation.
The cooling mechanism developed by this study can also be directly applied to PV
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systems which were built in the past. Engineers only need to apply the PV module
temperature estimation method and cooling technology to existing systems to achieve the
goal of enhancing the power generation of PV systems.

1.2 Motivation
The widely used type of PV modules is multi-crystalline silicon. Not only the
modules are expensive, but also the average conversion efficiency only reaches 20%.
Currently, the photoelectric conversion efficiency of PV modules is still low. The
efficiency of power generation could get worse if taking the environmental factors into
account and this hinders the promotion of PV systems in practice. With the consideration
of economic costs, it is necessary to develop a strategy enhancing the efficiency so that
the cost of power generation can be lowered. Thus, in addition to enhance the efficiency
of conversion from the manufacturing. If the efficiency is moderately promoted, it will
bring considerable benefits.
To increase the efficiency of the power generation of PV systems, many methods
have been proposed, such as improving the conversion efficiency of PV systems,
establishing solar tracking systems, employing the maximum power point tracking
technology, and using the PV module cooling technology. The improvement of the
conversion efficiency may lead to an increase in costs and a delay on the product
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development. A solar tracking system is very expensive when trying to balance the cost
and the benefit. The technology of maximum power point tracking is generally a low
price solution. But with different types of tracking methods, it is sometimes difficult to
accurately and quickly track the maximum power point and perturbing too many times
will be a waste. More importantly, it will reduce the power output. Developing a PV
module cooling method, on the other hand, might be a great way to improve the power
generation of PV systems. Sunlight has a direct impact on PV systems. PV modules
convert solar energy into DC power, but the increase of module temperature leads to the
attenuation of power generation. In order to achieve higher efficiency, in addition to
applying the maximum power point tracking technology to a PV module, the use of
module temperature estimation and cooling technology can bring greater benefit. This
study therefore proposes a novel energy harvesting improving technology for PV systems
by introducing an effective cooling system.
There is no theoretically supported and reliable cooling system for PV modules in
the market. The study intends to develop a theoretical model based on the semiconductor
theory for estimating and cooling down the temperature of a PV module. The
semiconductor theory is integrated with the heat transfer theory to develop the proposed
cooling system for PV modules. This model finds the relationship between the amount of
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cooling water and the power generation of a PV system. Furthermore, this cooling system
combined with the wireless technology to construct an automated power improving
system for PV modules. The proposed novel PV module temperature estimation and
cooling system for PV modules is expected to improve solar energy generation and
eventually help to promote the practical use of PV modules.

1.3 Purpose
The study develops a water cooling system based on the wireless technology for PV
systems. By using this system, the efficiency of the power generation can effectively
increase. The wireless technology substantially increases the convenience and scalability
of the cooling system. This system can remotely monitor the operation of the power
generation of a PV module by using weather information at that time. An automated water
cooling mechanism is established to avoid the PV module reaching the power saturation
temperature, so that the power generation may decline in summer. The contributions of
the study are mainly divided into three parts:
i.

Developing a water cooling system based on the wireless technology

ii.

Proposing a model for improving the energy generation of a PV module based
on the semiconductor theory and weather information

iii.

Proposing an assessment method to improve the performance of PV module,

7
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focusing on the variation of power generation related to daily environmental
factors in summer

1.4 Thesis Organization
The Chapter 1 provides background knowledge for solar energy, and the motivation
and purpose of the study. Chapter 2 provides some literature review on PV systems and
cooling systems. Chapter 3 introduces the proposed cooling system and the mathematical
models. In Chapter 4, the experiment results and also the methods for designing the
automatic cooling system are presented.

8
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Chapter 2 Literature Review
2.1 Factors influencing the effectiveness of PV module
A PV system is the system which converts the solar energy into electricity to supply
power to users. The PV system consists of PV modules and inverters. The PV modules
use semiconductor materials to directly convert the sunlight into electricity
(Rauschenbach, 1980; Borowy and Salameh, 1996). With the merits of easy installation
and excellent performance, PV systems have been applied to various fields (Sopitpan et
al., 2001; Takigawa et al., 2003; Close et al., 2006).
As shown in Table 2-1, PV modules can be classified based on the materials used by
the modules. PV modules can be made by silicon solar cells, compound semiconductors,
dye-sensitized solar cells, and organic semiconductors. The PV modules made by dyesensitized solar cells and organic semiconductors are not accepted by the market, due to
low conversion efficiency and high costs. Therefore, most PV modules found in the
market are made by the silicon solar cells and compound semiconductors. However,
different materials and manufacturing processes also leads to different power generation
efficiency. The conversion efficiencies of PV modules with different materials are listed
in the Table 2-2 (Green et al., 2015). These PV modules were tested under the AM1.5
standard, and the AM1.5 standard requires the test to be done when the irradiation
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intensity is 1000 W/m2 and the temperature was 25°C.

Table 2-1 Materials of PV modules
Classification

Semiconductor material

Crystalline

Crystalline

silicon

Multicrystalline

Silicon
Amorphous
Microcrystalline
silicon
III-V group

GaAs

II-VI group

CdTe

Multi-element

CuInGaSe

Compound
semiconductor

Dye-sensitized

TiO2

Organic semiconductor

Organics

Table 2-2 The efficiency for PV modules with different materials
Classification

Efficiency (%)

Si (crystalline)

25.6 ± 0.5

Si (multicrystalline)

20.8 ± 0.4
10
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Si (microcrystalline)

11.4 ± 0.3

GaAs

28.8 ± 0.9

CdTe

21.0 ± 0.4

CIGS

20.5 ± 0.6

The performance of a PV system is related to the conversion efficiency and the
effectiveness of the converter. The conversion efficiency is associated with the materials
of the PV module (Green et al., 2015). In addition, PV modules are significantly affected
by the environment where they are located. Environmental factors that influence the
performance of PV modules might include radiation intensity, temperature, angle of the
incidence, and change of the spectrum (Wang et al., 2011). Among them, the impacts of
temperature and irradiation intensity are most significant. Currently, the conversion
efficiency of PV modules is still low. Also, PV modules are vulnerable to the influence
brought by the environment, and the characteristic curve and operation point of PV
modules may also vary. The power output therefore is affected by these factors. As shown
in figure 2-1 (a), when the ambient temperature holds constant, the short-circuit current
rises and the open-circuit voltage remains stable, as the irradiation intensity becomes
larger. In other words, the power output and the maximum power point will significantly
11
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increase when the temperature decreases. The figure 2-1 (b) shows that when the ambient
temperature increases and the irradiation intensity remains stable, the short-circuit current
holds constant but the open-circuit voltage declines. Therefore, the power output and the
maximum power point will become smaller as the temperature increases. It can be seen
that the rising ambient temperature will directly hinder the power generation of PV
modules.

(a)

(b)

Figure 2-1 The characteristic curves influenced by the environmental factors
(a) irradiation intensity; (b) ambient temperature (Wang, 2011)

2.2 The introduction of cooling systems for PV modules
Many cooling technologies have been used by the researchers to reduce the thermal
degradation of PV modules. Fluid cooling systems can be divided into two types: air and
12
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liquid- cooling system (T.T. Chow, 2010). The air cooling system can be either a natural
ventilation system (Mei et al., 2003; Yun et al., 2007) or a forced ventilation system
(Bambrook and Sproul, 2012; Hegazy, 2000; Pantic et al., 2010). The architecture of the
forced ventilation system is more complex, but its cooling efficiency is superior. An air
cooling system is shown in figure 2-2 (Teo et al., 2012). The way through which it reduces
the heat from a PV module and changes the characteristic curve of the power output to
improve the efficiency of the module is using air flow, and the air flow is controlled by
the control valve in the system. The energy consumption required for the operation of the
cooling system will be compensated by the increase in the energy generation brought by
using the system. In addition, better energy generation efficiency can be achieved by
using the system.

Figure 2-2 The architecture of the air-type cooling system (Teo et al., 2012)
13
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The efficiency of PV modules can also be improved by pouring water onto the module
surface. Compared to the air cooling system, the liquid cooling system has higher cooling
efficiency, because the thermal conductivity of water (0.594 W/(m2·K)) is much larger
than that of air (0.0257 W/(m2·K)). The liquid cooling system can not only decline the
temperature of the module, but also reduce the angle of the incidence of radiation on the
module surface. A study indicates that the pouring water over the surface of the PV
module reduces the reflection losses by 2-4% (Krauter, 2004). Additionally, dust particles
on the module surface can be cleaned. The dust on the surface is one of the reasons that
contributes to the decline of the performance of a PV module (Abdolzadeh and Ameri,
2009; Kordzadeh, 2010). The figure 2-3 shows the architecture of a liquid cooling system.
The water serving as the cooling medium is supplied by the pump to reduce the heat on
the PV module.

Figure 2-3 The architecture of the liquid-type cooling system
14
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The water cooling system mentioned above can also be classified into non-circulation
and circulation systems. The non-circulation system is shown in figure 2-4 while the
circulation system is shown in figure 2-5. The circulation cooling system recycles the
used cooling water, but the cost of a heat exchanger is expensive and the energy
consumption of the device is quite high. The non-circulation cooling system drains the
water immediately. It wastes some water, but the price of the wasted water is much
cheaper. Thus, the non-circulation water cooling system is suitable for being installed in
places where the water supply is abundant.

Figure 2-4 The non-circulation cooling system

15
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Figure 2-5 The circulation cooling system
(United Kingdom: Sunsbill, 2013)

2.3 Performance evaluation of cooling systems for PV modules
The performance of a PV system is affected by its operating temperature (Fesharaki
et al., 2011). According to previous literature, the module temperature rising 10 °C will
lead to the power loss by 5% (Brinkworth et al., 1997; King et al., 1997; Krauter et al.,
2000). The maximum increased power brought by the cooling system was when the
module cooled down to 25 °C from 35 °C (Brinkworth and Ameri, 2009; Hosseini et al.,
2011; Kim and Kim, 2015; Du et al., 2012; Kordzadeh, 2010; Krauter, 2004; Moharram
et al., 2013; Odeh and Behnia, 2011; Smith et al., 2014). The difference is related to the
cooling system adopted and environmental condition. In order to reduce the thermal
16
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degradation, this study used water as the cooling medium to enhance the performance of
a PV system. The following literature review presents the impact of water cooling on PV
systems.
Abdolzadeh and Ameri (2009) analyzed the effects of spraying water over a PV panel
in the laboratory. The experimental results indicated that there was an average increasing
power of 12.5% per day. In addition, according to the study done by Krauter, pouring
water over the surface of a PV panel in a sunny day could increase the output power by
8-9%. Krauter also indicated that the water pouring over the surface reduced the reflection
loss by 2-4%, and the temperature of the experimental panel was lowered to 22 °C
(Krauter, 2004).
To examine the performance of the PV module with a cooling system, Kim (2015)
used the heat transfer theory to develop a model predicting the PV module temperature
and the evaporation rate. The predicted results showed that the increased power could
reach 12%. The mathematical model used in the prediction was also verified by deploying
a PV module on the roof of a three-level building at the Kangwon National University in
Korea. Using the prediction model, the maximum error of the estimated temperature was
4 °C. Moreover, Odeh and Behnia (2011) monitored the performance of a cooling system
for a long period under desert climate in Jordan. The authors observed that the PV

17
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modules had 15% performance boost at the peak of radiation intensity. Based on local
radiation intensity and the ambient temperature, this research used a commercial software
program to simulate the transient parameters to assess the effectiveness of the cooling
system. According to the simulation results, the water cooling system stably increased the
output power under warm and dry conditions. The authors concluded that the cooling
system could accumulate a considerable amount of power in a mild environment. In
another paper, Moharram (2013) proposed a mathematical model based on the heat and
cooling rate to estimate the maximum tolerance of temperature rising for a PV module.
When the module temperature was higher than the estimated temperature, the cooling
system started to operate. The experimental site was located in the German University in
Cairo. The maximum tolerance of the temperature was at 45°C, based on the relationship
between the radiation intensity and the module temperature. Moharram also indicated that
the power generation efficiency decline 12.5% when the module temperature rose 10°C.
This study also suggested that the water cooling system must be activated every five
minutes to reduce the module temperature by 10°C.

18
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Chapter 3 Materials and Methods
This research developed a cooling system for a photovoltaic (PV) system. This
cooling system used a module temperature estimation and cooling technology to increase
overall power generating. It also used a wireless communication technology for real time
controlling. The gateway was equipped with a weather station that measured ambient
temperature, wind speed, and radiation intensity to monitor local weather conditions. To
prevent the PV module from reaching the power saturation temperature which would
decrease power generation efficiency, the gateway estimated the temperature of the PV
module based on the measured weather parameters, and then estimated the power
generation efficiency to determine whether to send a cooling command to the frontend
cooling system or not.

3.1 The proposed cooling system for the PV module
The frontend part of the proposed system consisted of a cooling system, a wireless
node, and a gateway, and the backend part of the system was a database. The architecture
of the system is depicted in Figure 3-1.

19
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Figure 3-1 The architecture of the proposed cooling systems for PV modules

A wireless node was installed on a PV module; its function was to receive commands
from the gateway to control the operation of the cooling system. When the node received
an activation packet, it started the pump and sprinkled cooling water on the PV module
to decrease the temperature of the module. The water was either tap water or from a water
tank. The gateway was an industrial PC that served as the control platform. The computer
used environment data and the semiconductor theory to estimate the output efficiency of
the module. The gateway would send a command of cooling the temperature when it
detected that the PV module was overheated and reached power saturation temperature
which significantly decreased power generation efficiency. Photos of the whole system
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are presented in Figure 3-2. The automation and wireless technology of the system could
provide the convenience and practicability for future industrial use. Furthermore, the
measured and estimation information uploaded to the backend server could provide users
for reference or be given to researchers for further data analysis.

Figure 3-2 Photos of the proposed cooling system for the PV module

3.1.1 The proposed cooling system for the PV module — gateway
The gateway collected local weather information provided by a weather station, and
the weather data included wind speed, ambient temperature, and radiation intensity. When
the gateway detected the decrease of the power generation efficiency of the PV module
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due to overheating, it would send a cooling packet to the microcontroller installed on the
PV module. The microcontroller controlled the relay to switch on and off an aqua pump.
The gateway would send a stop-cooling packet as the cooling process completed. The
sensed data would be sent to the backend server for storage via the Ethernet. Users could
browse real time and historical sensing data. The hardware components of the gateway
are described as follows:
1. Industrial PC
The gateway used an industrial PC (ARK-3360L) produced by Advantech Co., Ltd
to serve as the control platform; it measured the weather parameters by using a
weather station and communicated with the cooling system to perform different tasks
through wireless transmission technology. The photo of the industrial PC is shown
in Figure 3-3 (a). The industrial PC could operate under harsh weather conditions in
an outdoor environment. In addition, it could function normally if a voltage surge
occurred (possibly caused by unstable power supply). The industrial PC was placed
in a white wooden cabinet to protect it from some environmental effects; for instance,
the white paint used by the cabinet could deflect direct sunlight so that the ambient
temperature could be measured more accurately. The wooden cabinet also enabled
good air circulation and was water proof. The short circuit and leakage of electricity
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for electronic components could also be avoided. The wooden cabinet is shown in
Figure 3-3 (b).

(a)

(b)

Figure 3-3 (a) The industrial PC: ARK-3360L; (b) The wooden cabinet

Moreover, the weather station, the pyranometer, and the wireless communication
module were connected to the industrial PC via the USB interface for connection,
communication, and power supply. Meanwhile, the electricity of the PC was
supplied a utility company.
2. Weather station
A weather station (MFJ-196RC) was installed on the gateway. The weather station
was equipped with a wind sensor, a rain sensor, and a thermo-hygro sensor that
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measure and record wind direction, wind speed, rainfall, temperature, and humidity.
The weather station is shown in Figure 3-4. The resolution and sensing range of the
sensors are listed in Table 3-1.

Figure 3-4 The weather station (MFJ-196RC) and its components
(Rim-Tai Radio Communications Corp., 2000)

Table 3-1 The specifications of the weather station (MFJ-196RC)
Type of sensor

Unit

Range

Resolution

Temperature

°C

−29.88 ~ 69.88

0.1111

Relative Humidity

%RH

1 ~ 99

1

Rainfall

mm

0 ~ 999.99

0.254

Wind Speed

m/s

0 ~ 49.97

0.044
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Wind Direction

degree

0 ~ 337.5

22.5

Air Pressure

hPa

300.03 ~ 1098.88

0.34

3. Pyranometer
The pyranometer used in this study was LP PYRA 03 made by Delta Ohm
Company. This specific pyranometer was chosen because it is reliable when
operating in an outdoor environment for a long period of time. It also performs
well as a mobile device in different monitoring tasks. The measured wavelengths
range from 305 to 2800 mm; the measured radiation intensity ranges from 0 to
2000 W/m2. The sensitivity of the pyranometer is 10 μW/m². This product is
robustly built, reliable and stable. It was bought in February, 2016 and its
instability is less than ±2.5% after a year. Therefore, it was considered to be a
highly accurate sensing device. The pyranometer LPPYRA03 used in this study
is shown in Figure 3-5.
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Figure 3-5 The pyranometer: LP PYRA 03

4. Resistance thermometer
A resistance thermometer, PT100, was used by this research to verify the model
of temperature estimation for the PV module. The resistance thermometer
attached to the PV module behind

is shown in Figure 3-6 (a), and the

thermometer is shown in Figure 3-6 (b). The PT100 is a thermocouple, which is
a contact temperature sensing device. The thermocouple is most widely used
device to measure temperature. The PT100 wasis able to measure a wide range
of temperatures (ranging from -200 °C to 850 °C). It wasis stable, easy to install,
and with low cost, but its output wasis nonlinear. However, nowadays the
temperature readings provided by PT100 can be easily obtained by using the
apparatus with a linear electric circuit to record the output voltages.
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(a)

(b)

Figure 3-6 (a) The resistance thermometer attached to the center of the PV module
behind; (b) The resistance thermometer PT100

5. Wireless communication module
The wireless technology was used to control the proposed cooling system in this
researchstudy. The advantages of using the wireless control technology are
significantly increasing the convenience and expandability of the system and
saving the expense ofon purchasing frontend sensing devices and the cost of
human labor when applying this design to solar power plants. Furthermore, this
technology could be directly applied to existing solar power systems without the
demolition of the original system structure. The wireless sensor node has been
well developed due to the advance of communication technology and
improvement of hardware technology. There are many well developed products
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available nowadays, for example, the Tmote-Sky developed by Sentilla and
Imote2 developed by Crossbow, as shown in Figure 3-7 (a) and (b). Many
domestic research agencies also devoted their time/money in developing
wireless sensing network technology. For example, the Ministry of Sciences and
Technology has sponsored research projects on developing wireless sensor
networks, which led to two successfully developed wireless sensor nodes based
on the ZigBee protocol:. There arethe Octopus II developed by the department
of computer sciences at National Tsing Hua University and the SuperNode
developed by the department of electrical engineering at National Taiwan
University (shown in Fig. 3-7 (c) and (d)).
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Figure 3-7 Photos of different types of wireless communication modules:
(a) Tmote-Sky by Sentilla; (b) Imote2 by Corossbow;
(c) Octopus II by Department of Computer Sciences at National Tsing Hua University;
(d) SuperNode by Department of Electrical Engineering at National Taiwan University
(Taiwan: Wireless Sensor Network Center, 2007b)

The Octopus II was used in this study. It provided original codes for
firmware development, and also had an advantage of low power consumption.
The Octopus II preserved several digital I/O pins for additional external use. It
was also equipped with an analog to digital converter (ADC), so it was capable
of directly obtaining data for further analysis through the pins. Different sensors,
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such as temperature sensor, humidity sensor, illumination sensor, vibration
sensor, pressure sensor, and acceleration sensor, could be added to the Octopus
II for different purposes (Japan: Sensirion, 2010). The wireless communication
module used a wireless communication chip to receive and transmit information.
In order to lower energy consumption, lower the cost, and meet the demand of
using a large amount of sensor nodes, most sensor nodes used the EEE 802.15.4
and the ZigBee communication protocol (Baronti et al., 2007), and the Octopus
II was one of them.

3.1.2 The proposed cooling system for the PV module — wireless node
and cooling system
This study used the semiconductor theory to develop a simplified control system to
increase the output power of a PV system. In the system, when the gateway detected that
the power generation of a PV module declined, it would send a cooling command to the
microcontroller installed on the frondend sensor nodes. The microcontroller controlled the
relay that switched on and off of the aqua pump. The gateway would also send out a stopcooling packet as the cooling process completed. This system was designed to enhance the
power output at the maximum power point of a PV module. The hardware components in
the frontend of the proposed cooling system are described as following:
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1. Microcontroller capable of wireless communication
The wireless node used in the cooling system was the Octopus II developed by a
Tsing Hua University research team. Figure 3-8 shows the photos of the Octopus II
and the sensor board. The Octopus II has an external board with several digital pins
to expend its functions. For example, the relay was added to the system to switch on
and off of the aqua pump. The microcontroller of the Octopus II, MSP430F1611, is
capable of computation, and the node uses the Zigbee communication protocol for
wireless transmission. The rated voltage is set as 5 V, and the maximum power
consumption is 0.094 W.

Figure 3-8 Octopus II: (a) Sensor board; (b) Octopus II
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2. Relay
A relay is an electronic controller. It is commonly used in automatic control circuits.
It serves as an automatic switch that uses a smaller circuit to control a larger circuit.
In this study, a wireless node and a relay were paired to control an aqua pump. The
relay operates with a 5 V voltage; its maximum power consumption is 0.36 W. The
photo of a relay, srd-05vdc-sl-c, used in this study is shown in Figure 3-9.

Figure 3-9 The relay: srd-05vdc-sl-c

3. Aqua Pump
The aqua pump used in this study was NEU Aqua Pump 1200 made by RIO. The
pump has to be completely submerged in the water. It can be used in the salt
water and freshwater. Its distinctive features are capable of dealing with a high
quantity of flow, energy-use efficient, quiet, and easy to cool down. The core of
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the aqua pump is made with ceramic materials to prolong its life. The maximum
rate of flow is 20 L/min. The power consumption for activation is 4 W. It is
superior to regular pumps in the market, when energy saving and efficiency are
taken into account. The photo of the NEU Aqua Pump 1200 is shown in Figure
3-10.

Figure 3-10 NEU Aqua Pump 1200

3.1.3 The automatic cooling mechanism for the PV module
The flow chart of the automatic cooling process for the PV module is shown in
Figure 3-11. The gateway sensed and collected local weather information, including
radiation intensity, ambient temperature, and wind speed. These weather parameters were
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used to estimate the temperature of the PV module. The gateway would send a cooling
packet to the node when it detected that the temperature of the PV module was over the
power saturation temperature indicating the decline of power generation. The
microcontroller would then activate the aqua pump to pump water. When the estimated
module temperature was lower than the power saturation temperature, the gateway
continued to sense PV module temperature without sending any packets. Additionally,
the gateway would send the weather information to the backend server for further analysis.

Figure 3-11 The flow chart of the automatic cooling process for the PV module
based on the wireless communication technology
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3.2 The mathematical model
This study developed a mathematical model to estimate the temperature of a PV
module by using local weather information to determine whether the module temperature
was too high and thermal degradation has started, and then to use cooling water to lower
the temperature of the module. This study established a mathematical model for the
cooling system and power output of the PV module.

3.2.1 The temperature estimation model for the PV Module
In this study, the measured PV module temperature and weather information would
be used to modify the existing formulas largely based on the rule of thumb. According to
previous studies, the temperature of a PV module and the temperature of internal PV cells
were assumed to be the same, because the gradient of temperature in the PV module was
very low (King et al., 1997). The temperature of a PV module was considered as a
function of various environmental factors, such as ambient temperature, radiation
intensity, and wind speed (King et al., 2002; Lasnier et al., 1990; Krauser, 2004;
TamizhMani et al., 2003; Cooper, 1981; King, 1997). This study thus used local weather
information to estimate the temperature of a PV module, and the estimated temperature
was then used to modify existing formulas related to power generation efficiency.
Specifically, the temperature of a PV module Tc (°C) is affected by many
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environmental factors, such as ambient temperature Ta (°C), radiation intensity GT
(W/m²), relative humidity RH

(%), and wind speed Vw (m/s). The PV module

temperature is denoted as the Eq. (3-1):

Tc  f (Ta , GT , RH ,Vw )

(3-1)

Based on the neural network model that described the linearity of PV module temperature,
Tamizh Mani et al. (2003) found that ambient temperature Ta , radiation intensity GT ,
and wind speed Vw could sufficiently estimate PV module temperature. Therefore, the
four parameter model (including ambient temperature Ta , radiation intensity GT ,
relative humidity RH , and wind speed Vw ) was replaced with a three parameter one
(including ambient temperature Ta , radiation intensity GT , and wind speed Vw ), which
was a linear temperature estimation model. In this simplified model, the effects of the
energy exchange between the PV module and the environment as well as the relative
humidity were not taken into account, because these effects are far smaller than those of
other environmental factors (TamizhMani et al., 2003). Currently, a number of
temperature estimation models for PV modules have been proposed. For example, Lasnier
et al., (1990) proposed an Eq. (3-2):

Tc  1.14 Ta  25  0.0175 GT  300  30.006

(3-2)

Krauser (2004) proposed an Eq. (3-3):
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Tc  Ta  0.03GT 

(3-3)

When adding the wind speed effect, the models are presented as follows. The Eq. (3-4)
proposed by Tamizhmani et al., (2003) is:

Tc  0.943Ta  0.028GT 1.528Vw  4.3

(3-4)

King (2002) proposed an Eq. (3-5):
 GT 
2
 0.0712Vw  2.41Vw  32.96
1000



Tc  Ta  





(3-5)

Cooper (1981) proposed an Eq. (3-6):


0.32 
 GT
 8.91  20Vw 

Tc  Ta  

(3-6)

The coefficients in these equations that presented above were estimated by local weather
conditions. Based on the equations mentioned above and the long term weather and PV
module data, a model that suited for the PV module used in this study was developed.

3.2.2 The environmental factor based model for the PV Module
PV modules convert solar energy into electric power based on the photovoltaic effect.
Since the I-V characteristic curve of a PV module is non-linear, there is an operational
point which coincides with the maximum power output. The non-linear correlated
characteristics of voltage, current, temperature and radiation intensity for a PV module
could be accurately described by the semiconductor theory. In order to improve power
generation efficiency of the module under the influence of certain environmental factors,
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this study evaluated the effects of environmental factors based on the semiconductor
theory. The equivalent circuit of a PV module is depicted in Figure 3-12.

Figure 3-12 The equivalent circuit for a PV Module (Wang et al., 2011)

Based on the semiconductor theory, the output current Ipv (A) of a PV module is:
I  I pv  I g  I d  Vd / Rsh

(3-7)

where Ig is the light-generated photocurrent (A); Rsh the parallel resistance (ohm); Id and
Vd the current (A) and voltage (V) of the p-n junction diode. The Eq. (3-8) represents the
relationship between Id and Vd.

Vd  V  IRs  Vpv  I pv Rs

(3-8)

where Rs is the series resistance (ohm); Vpv (V) the output voltage of the PV module. The
forward current Id of the p-n diode could be obtained by Eq. (3-9)

 qV
I d  I sat exp  d
 nkT


 
  1
 

(3-9)
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where Isat is the reverse saturation current (A); n the ideality factor of the diode, and its
value is between 1 and 2; q the electron charge (C); k the Boltzmann’s constant (eV·K-1);
and T the absolute temperature of the module (K). Replacing Vd and Id in Eq. (3-7) with
the Eqs. (3-8) and (3-9), the I-V characteristic curve for PV modules would be derived as
Eq. (3-10).


 q(Vpv  I pv Rs )  

 Vpv  I pv Rs
I pv  I g  I sat exp 
  1 
nkT
Rsh


 



(3-10)

Generally speaking, the various in Rsh has few effects on the solar-electricity conversion
rate for PV modules. However, a small change in Rs would significantly affect the
characteristic curve of the PV output current and power output. Most commercial PV
modules are connected in series, so the series resistance Rs becomes an important factor.
By contrast, the parallel resistance is assumed to be infinite large. The I-V characteristic
curve for the simplified model is:


 q(Vpv  I pv Rs )  

I pv  I g  I sat exp 
  1
nkT


 



(3-11)

After rearranging Eq. (3-11), the equation of the I-V characteristic curve for PV modules
is also shown as:

 nkT
 I  I  I 
Vpv  
 ln  g sat pv    I pv Rs
I sat


 q

(3-12)

The photocurrent Ig and reverse saturation current Isat are both influenced by the material
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of a module, the radiance, and the module temperature. The photocurrent is determined
by the radiation intensity and the operation temperature of the PV module, and it is
represented as the following equation:
I g   I SC  K I T  TRef  GT /1000

(3-13)

where ISC is the short-circuit current (A) under the standard test condition (1000 W/m²,
25 °C); KI the temperature coefficient of short-circuit current (A/°C); TRef (298 K) the
reference temperature; GT the radiation intensity. Besides, the reverse saturation current
Isat (A) varies with the module temperature and is derived as:

I sat

 T
 I RS 
T
 Ref

3
 qE  1

1 
 
 exp  G 
 nk  TRef T  


(3-14)

where IRS is the reverse saturation current (A) under the standard test condition (1000
W/m², 25 °C); EG the band gap of semiconductor (eV). Thus, from Eqs. (3-13) and (3-14),
we can replace the photocurrent Ig and reverse saturation current Isat in Eq. (3-11). The IV characteristic curve for a PV module based on the material, radiance, and module
temperature is shown as Eq. (3-15). Figure 3-13 shows the characteristic curves
influenced by the environmental factors.

I pv   I sc  K I T  TRef   GT /1000
3
 qE  1
 T 
 q(Vpv  I pv Rs )  
1   
 I RS 
exp  G 
   exp 

  1
T 
nkT
 nk  TRef T   

 
 Ref 

(3-15)
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(a)

(b)

Figure 3-13 The characteristic curves influenced by the environmental factors
(a) irradiation intensity; (b) ambient temperature (Wang, 2011)

The power generated from the PV module is

Ppv  Vpv  I pv

(3-16)

In order to operate at the maximum power point (MPP), PV systems are usually installed
with the maximum power point technology. The power slope β with respect to the voltage
variation of a PV system can be expressed as Eq. (3-17). The I-V and P-V characteristic
curves under different radiances are shown in Figure 3-14.



dPpv
dV pv

 I pv 

dI pv
dV pv

 V pv

dI pv


 q(V pv  I pv Rs )   qI sat
 q(V pv  I pv Rs )  
1

 Rs V pv
 I g  I sat exp 

1

exp





dV pv
nkT
nkT

  nkT





(3-17)
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Figure 3-14 The I-V and P-V characteristic curves under different radiation intensities
(TSMC SOLAR, 2011)

The maximum utilization efficiency and maximum power are achieved when the power
slope   0 and Eq. (3-17) can be further simplified to

 q(Vmp  I mp Rs )   qVmp qVmp Rs dI pv
I g  I sat  I sat exp 
 1  nkT  nkT  dV
nkT
pv



V pv Vmp





(3-18)

or
I g  I sat
I sat

 q(Vmp  I mp Rs )   qVmp qVmp Rs dI pv
 exp 
 1  nkT  nkT  dV
nkT
pv



V pv Vmp





(3-19)

where Imp and Vmp represent the current and voltage of a PV system operated at the MPP.
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On the other hand, the output current Ipv is zero when the load disconnects, and the opencircuit voltage Voc can be calculated by Eq. (3-20)
I g  I sat
I sat

 qV 
 exp  oc 
 nkT 

(3-20)

or
Voc 

nkT  I g  I sat 
ln 

q
 I sat 

(3-21)

From Eqs. (3-19) and (3-20), we can obtain the characteristic equation that represents the
operation of PV arrays at the MPP, which can be expressed by

1

qVmp
nkT



qVmp Rs dI pv

nkT dVpv

V pv Vmp

 q

 exp 
(Voc  Vmp  I mp Rs ) 
 nkT


(3-22)

For a parallel-connected PV power conditioning system with a line connection, the
effective line power Ps can be written as
Ps  VS  I S cos   VS  IT

(3-23)

where VS is the root-mean-square (rms) value of the line voltage (V); IS the rms value of
the line current (A); θ the angle of the line current (radians); and IT  I S cos  the rms
value of the line current (A). The dc power Ppv generated from the PV system is calculated
by

Ppv  I pv Vpv

(3-24)
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From the law of power conservation, the generated dc power Ppv, considering the power
conservation efficiency, should be equal to the effective line power such that

 Ppv  Ps

(3-25)

Where η is the power conservation efficiency of the generated dc power. From Eqs. (323) to (3-25), the dc current Ipv of the PV system can be estimated as

I pv 

VS IT
V pv

(3-26)

Combining Eq. (3-22) with Eq. (3-26) gives

1

q
q
Vmp 
nkT
nkT

 VS IT

 Vmp

 q 
VS IT


 Rs  exp 
 Voc  Vmp  V Rs  
mp


 nkT 

(3-27)

In order to estimate the MPP, the voltage Vmp at the MPP can be expressed as proportional
to the open-circuit voltage Voc (Wang et al., 2011).

Vmp  mVoc

(3-28)

Eq. (3-27) can be modified by substituting the assumption of Eq. (3-28) into Eq. (3-27),
and yields
1

q
q
mVoc 
nkT
nkT

 q
 V I 
  S T  Rs  exp 
  mVoc 
 nkT

VS I T


Voc  mVoc   mV Rs  

oc


(3-29)

In general, the power conservation efficiency η can be as high as 99% for the parallel44
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connected PV power conditioning system with a line connection. Hence, in this study, the
power conservation efficiency η will be considered as constant and η is set as 99%.
Therefore, from Ed. (3-29) we can evaluate the m value and then estimate the Vmp at the
MPP of the PV system by using Eq. (3-28). According to Wang et al., 2011, the
proportions of Vmp / Voc and Imp / Isc are almost constant under different radiation intensities
and the values are 0.8144 and 0.933, respectively. The variations are shown in Figure 315. Under different operation temperatures, Vmp / Voc is 0.8 and Imp / Isc is relatively
significant in variation. The variations are also shown in Figure 3-16. Thus, Vmp can be
expressed as proportional to Voc. The Imp can be derived by the I-V characteristic curve.

Figure 3-15 The characteristic ratios of Vpm / Voc and Ipm / Isc under
different irradiation intensities (Wang et al., 2011)
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Figure 3-16 The characteristic ratios of Vpm / Voc and Ipm / Isc under
different operation temperatures (Wang et al., 2011)

From Eq. (3-11), when the output voltage Vpv is zero, the short-circuit current Isc is given
by

 q( I R )  
I sc  I g  I sat exp  sc s   1
 nkT  


(3-30)

and the current Imp at the MPP is given by


 q(V  I R )  
I mp  I g  I sat exp  mp mp s   1
nkT


 
 q(V  I R ) 
 q( I R ) 
 I sc  I sat exp  sc s   I sat exp  mp mp s 
nkT
 nkT 



(3-31)

Substituting Eqs. (3-20) and (3-30) into Eq. (3-31), Imp is expressed by

 q(Vmp  Voc ) 
 q( I mp Rs )  
I mp  I sc 1  exp 
 exp 

nkT


 nkT  


(3-32)

or
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 I
ln 1  mp
I sc



q
(Vmp  Voc )  I mp Rs 

 nkT

(3-33)

Thus, using Eqs. (3-13), (3-14), (3-21), and (3-30), the open-circuit voltage Voc and shortcircuit current Isc in a specific environmental condition can be derived. With the above
values, the output voltage Vmp and current Imp at the MPP can be calculated by Eq. (3-28)
and Eq. (3-32), respectively. Thus, the maximum power for a PV system is

Pmp  Vmp  I mp

(3-34)

Note that, the series resistance Rs is associated with the slope values near the MPP on the
I-V characteristic curve. The series resistance Rs can be derived by

Rs 

Vmp
I mp



nkTRef
q



q
exp  
Vmp  I mp Rs 

 nkTRef


(3-35)

In this study, the performance of a PV module is analyzed by these equations. The
automatic cooling system estimated the output power based on the environmental factors
and the specification of the PV module. The details are further discussed in Chapter 4.

3.2.3 The cooling model for the PV module
As mentioned earlier, PV modules convert solar energy into electricity. However,
part of the energy not able to be converted becomes the heat, which leads to a temperature
rise of the PV module. The temperature of the module is mainly affected by the irradiation
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intensity and weather conditions. In this study, the dynamics of the PV module
temperature was estimated based on the thermal model proposed by Jones and
Underwoods (2001), and the module temperature was used to examine the performance
of the cooling system. The thermodynamic model considered the radiation energy, heat
conduction, and heat convection. The equation of the PV module temperature can be
expressed as:
mCTc  QRad  QEnv  QConv  QCooling

(3-35)

where mC is the thermal mass (J/°C) which is the product of the mass and specific heat;
QRad the heat of radiation energy absorbed by the PV module (W); QEnv the heat of long
wave radiation interacting with the sky, ground, and surroundings (W); QConv the thermal
convection of the air (W); and QCooling the heat taken away by the cooling system (W).
For a PV module, the absorbed heat of radiation energy relates to the irradiation intensity,
the surface area, and the absorption rate of the PV module. It can be expressed as:

QRad   GT Apv

(3-36)

where α is the absorption of solar heat, which is about 77% for a silicon-based PV module ;
GT is the radiation intensity (W/m²); and Apv is the surface area of the PV module (m²),.

The heat of long-wave radiation is related to the ambient temperature. It can be estimated
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as:
QEnv   Apv pv Ta 4  Tc 4 

(3-37)

where σ = 5.67×10-8 W/(m² K4) is the Stephen-Boltzmann constant; εpv = 0.9, which is
the emissivity of the PV module; Ta and Tc the ambient temperature and PV module
temperature (°C),, respectively.

The thermal convection of the air and the heat taken away by the cooling system can be
described as Eq. (3-38) and (3-39).
QConv  hair Apv Tc  Ta 

(3-38)

QCooling  hwater Apv Tc  Twater 

(3-39)

where hair and hwater are the heat transfer coefficient of air and water, respectivly. Note
that hair and hwater are 0.0257 W/(m2·K) and 0.594 W/(m2·K) at 20 °C.

Thus, Eq. (3-35) can be used to describe the dynamics of the PV module temperature and
the performance of the cooling system.
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Chapter 4 Results and Discussion
4.1 Estimation coefficients of the Model for PV module temperature
A PV system was set up on the roof of the building of Dept. of Bio-industrial
Mechatronics Engineering at National Taiwan University (25°01'04.5"N, 121°32'34.3"E).
The PV module used in the experiment was a multi-crystalline module. The module
temperature Tc (°C) was assumed to be related to the ambient temperature Ta (°C),
radiation intensity GT (W/m²), and wind speed Vw (m/s). The empirical formulas that
determined the PV module temperature are mentioned in section 3.2.1 and listed below.

Tc  1.14 Ta  25  0.0175 GT  300  30.006

(3-2)

Tc  Ta  0.03GT

(3-3)

Tc  0.943Ta  0.028GT 1.528Vw  4.3

(3-4)

 GT 
2
 0.0712Vw  2.41Vw  32.96
1000



Tc  Ta  







0.32 
 GT
 8.91  20Vw 

Tc  Ta  

(3-5)
(3-6)

The experimental data were collected from March 29 to May 29, 2016, and the sampling
rate for the pynarometer, resistance thermometer, thermometer, and wind sensor that
measured the environmental parameters was every minute. A regression analysis method
was used to analyze the experimental data to estimate the coefficients in the above
mentioned equations. Some data were excluded from the experimental data, because they

50

doi:10.6342/NTU201602748

were largely caused by system malfunction. The module temperature data were included
only when the radiation intensity was higher than 0 W/m²and during the daytime, because
this research aimed to design a cooling system for the PV model with high module
temperature caused by the radiation. The measured data were used as the independent
variables, and the coefficients in the equations were unknown parameters. The
approximate solution for the coefficients was then obtained by using the regression
analysis. The modified formulas are presented as below.

Tc  1.1286 Ta  25  0.02 GT  300  28.2549

(4-1)

Tc  Ta  0.0203GT  2.508

(4-2)

Tc  1.1275Ta  0.02GT  0.0774Vw  5.8902

(4-3)

 GT 
2
 0.0367Vw 1.2999Vw  21.3001  2.5498
1000



Tc  Ta  








0.187
 GT  2.5081
 9.2  0.0000087Vw 

Tc  Ta  

(4-4)
(4-5)

Figure 4-1 shows the estimated module temperature versus actual module temperature at
20 °C, 25 °C, 30 °C, 35 °C, 40 °C, 45 °C, 50 °C, and 55 °C. The quartiles of the set of
estimated values are presented. A quartile is a type of quantile. The quartiles of a set of
data values are the three points that divide the data set into four equal groups, each group
comprising a quarter of the data. The minimum and maximum of the set of the estimated
values are also presented.
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(a) Eq. (4-1)

(b) Eq. (4-2)

(c) Eq. (4-3)

(d) Eq. (4-4)

(e) Eq. (4-5)

Figure 4-1 The estimated module temperature versus actual module temperature
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The coefficient of determination (R2) for the estimated module temperature and actual
module temperature is shown in Table 4-1. Also, the mean absolute error (MAE) and the
root mean squared error (RMSE) are presented. The RMSE is a frequently used measure
that shows the differences between the values predicted by a model or an estimator and
the values actually observed. The RMSE of estimated temperature Tˆc for time t of a
regression's dependent value Tc is computed for n different estimations as the square
root of the mean of the squares of the deviations:
n

RMSE 

 (Tˆc  Tc )2

t 1

(4-6)

n

Moreover, Tˆc  Tc is the MAE for the estimated and actual temperature.

Table 4-1 The R2, MAE, and RMSE of the modified models
R2

MAE

RMSE

Eq. (4-1)

0.7656

2.5059

3.3541

Eq. (4-2)

0.7637

2.5489

3.3703

Eq. (4-3)

0.766

2.5048

3.3511

Eq. (4-4)

0.7681

2.5228

3.3384

Eq. (4-5)

0.7637

2.549

3.3703
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The R2 of all estimation models ranges from 76.37% to 76.81%, which shows a good fit
for the proposed model. Also, the RMSE ranges from 3.3384 to 3.3703, which signifies
high accuracy in the estimation of the coefficients determined by the outdoor data.
Compared to the original formulas, the coefficients of wind speed for the modified models
are smaller, which means an insignificant impact on the module temperature, so the wind
speed is ignored in this research and is not adopted by Eqs. (4-3), (4-4), and (4-5). The
former shows that the R2, MAE, and RMSE for Eq. (4-1) is better than those for Eq. (42). Thus, the module temperature was estimated by Eq. (4-1) in this research.
The experimental data were also examined by the original formulas. The coefficients
of the statistics are given in Table 4-2. The R2 of Eqs. (3-2), (3-3), and (3-5) is relatively
high, which shows a high correlation between the models. The MAE is lower for Eq. (32), and the mean error between the estimated and actual temperature is ± 3.2217 °C. In
addition, RSME shows the degree of dispersion between the estimated and actual values,
and the RSME for Eq. (3-3), (3-4), (3-5), and (3-6) is quite large, which indicates low
accuracy in module temperature estimation.

Table 4-2 The R2, MAE, and RMSE of the original models
R2

MAE

RMSE
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Eq. (3-2)

0.7633

3.2217

3.9236

Eq. (3-3)

0.7431

4.9249

6.2358

Eq. (3-4)

0.6648

6.4262

7.5941

Eq. (3-5)

0.7448

5.2259

6.5982

Eq. (3-6)

0.5995

4.835

6.3111

With the data of radiation intensity and ambient temperature, the module
temperature can be accurately estimated by Eq. (4-1). Although the high radiation
intensity increases the power output, the thermal degradation may attenuate the power
generation. The module temperature significantly rises due to the high radiation intensity
in summer. In order to determine the variation of the module temperature, the variation
of the daily radiation intensity in summer was examined. According to the radiation data
measured by the meteorological stations in Taiwan, the average radiation intensity from
11:30 a.m. to 12:30 p.m. in July and August in Taipei is 570 W/m² and 590 W/m². The
experimental data collected from March 29 to May 29, 2016, were excluded from the
analysis if the radiation intensity was below 570 W/m². The selected data were averaged
to show the variation of daily radiation intensity and ambient temperature. Figure 4-2
shows the daily radiation intensity, ambient temperature and estimated module
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temperature in summer.

Figure 4-2 The estimated module temperature, daily radiation intensity, and
ambient temperature in summer

4.2 The thermal degradation of the power output for PV modules
The performance of PV systems is significantly greater in summer due to the high
radiation intensity. As indicated in the section 3.2.2., however, the power output of a PV
model declines as the module temperature increases in summer due to the thermal
degradation. In this section, the thermal degradation of a PV module is examined. First,
the specifications of the PV module used in the experiment are listed in Table 4-3. The
environment factors, such as the radiation intensity and ambient temperature, were
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collected in the experimental site.

Table 4-3 The specifications of the PV module AJP-M660 used in the experiment
Characteristics

Spec.

Maximum Power (Pmax) (W)

250 ± 3%

Maximum Power Voltage (Vmp) (V)

30.52

Maximum Power Current (Imp) (A)

8.19

Open Circuit Voltage (Voc) (V)

37.86

Short Circuit Current (Isc) (A)

8.8

Reverse Saturation Current (IRS) (A)

2.62 ×10-17

Module Efficiency (%)

15.4

Pmax Temperature Coefficient (%/°C)

-0.43

Vmp Temperature Coefficient (%/°C)

-0.34

Isc Temperature Coefficient (%/°C)

0.08

Dimensions of the Module (W×H×D) (mm)

1632 × 995 × 40

Ideality Factor

1.025

band gap (EG) (eV)

1.14

※ Under the standard testing condition (1000 W/m², 25 °C)
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The PV system was equipped with a maximum power point tracker. Therefore, the power
output of the PV module was at the maximum power point. Based on Eqs. (3-13) and (314) in section 3.2.3, the photocurrent Ig (A) and reverse saturation current Isat (A) under a
specific weather condition can be determined. The series resistance Rs can be derived by
Eq. (3-35). With the specifications of the AJP-M660, the solution of Eq. (3-35) can be
derived by iteration. Thus, the series resistance Rs is 3.73 (ohm). With the values
mentioned above, the open-circuit voltage Voc (V) and short-circuit current Isc (A) under
a specific weather condition can be determined by Eqs. (3-21) and (3-30). The voltage
and current at the maximum power point are determined by Eqs. (3-28) and (3-32). The
power, in terms of the maximum power Pmp (W), is then estimated by

Pmp  Vmp  I mp

(34)

Figure 4-3 shows the estimated power output and the actual power output, and the
minimum, maximum, quartiles of the set of the estimated values are presented. The R2,
MAE, and RMSE of the estimated and actual power are listed in Table 4-4. The R2 is
significantly high, which shows a high correlation with the model. The MAE is 11.2286,
and the mean error between the estimated and actual power is ± 11.2286 W. The RSME
shows the degree of dispersion between the estimated and actual values, which indicates
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a good accuracy with the power output. Hence, the model accurately estimates the power
output based on the environmental factors.

Figure 4-3 The estimated power output versus actual power output

Table 4-4 The R2, MAE and RMSE of the estimated and actual power output

Statistics value

R2

MAE

RMSE

0.9496

9.2844

10.9337

In order to analyze the thermal degradation of the power output, the correlation between
the daily module temperature, radiation intensity, and ambient temperature were analyzed.
Figure 4-4 shows the variation of the estimated daily power output, and module
temperature in summer.
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Figure 4-4 The variation of the estimated daily output power, and
module temperature in summer

From Figure 4-3, it can be seen that the power holds almost constant from 8:52 A.M. due
to the interaction of the module temperature and radiation intensity. The module
temperature is over 40 °C in the duration period from 8:52 A.M. to 1:28 P.M. and the
average output is 99.7 W. According to the chapter 2, the thermal degradation occurs at
the temperature from 40 °C to 50 °C. Thus, the module temperature at 40 °C is defined
as the power saturation temperature. Using the cooling method, water was poured onto
the surface of the PV module when the temperature reached 40 °C to avoid the thermal
degradation. The increased energy by using the cooling system will be discussed in
section 4.3.
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4.3 The performance of the cooling system
Figure 4-5 shows the variation of the generated power, module temperature, and
radiation intensity during the experiment. The goal of the experiment was to examine the
effect of using the cooling system with the cooling model on decreasing the module
temperature. As the cooling model was established, it would be combined with the
module temperature estimation model to determine the temperature during the cooling
process or under a general condition. A resistance thermometer was used to measure the
actual module temperature before the cooling model was established.

Figure 4-5 The variation of the radiation intensity, and module temperature during the
cooling experiment
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Based on Eq. (3-35) in section 3.2.3, the variation of the module temperature Tc (°C) is
caused by QRad the heat absorbed by the PV module (W); QEnv the long-wave radiation
interacting with the sky, ground, and surroundings (W); QConv thermal convection of the
air (W); and QCooling the heat taken away by the cooling system (W).
mCTc  QRad  QEnv  QConv  QCooling

(3-35)

In the experiment, the variation of the module temperature Tc caused by QRad, QEnv,
QConv, and QCooling was measured. To examine the performance of the cooling system, the
variation of the module temperature after activating the cooling system was measured.
The variation of the module temperature Tc in the cooling process can be presented as
mCTc  QCooling  hwater Apv Tc  Twater 

(4-7)

where the surface area of PV module Apv is 1.632 × 0.995 m2, the heat transfer coefficient
of water hwater is 0.594 W/(m2·K), the temperature of the water Twater is 27.8 °C, and the
variation of the module temperature Tc is 16.8 °C/s. The thermal mass mC (J/°C) is
calculated by

mC 

hwater Apv  (Tc  Twater )dT

(4-8)

Tc

Thus, the thermal mass mC is 5.4946 (J/°C), and the average heat taken by the cooling
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system during this period is 0.1709 W/s. After the cooling operation, the module
temperature was heated by the environment (such as QRad, QEnv, and QConv). Since the
coefficients of Eq. (3-35) vary over time, the variation in temperature is difficult for
evaluation. Thus, the steady state temperature is considered to determine the variation in
module temperature. Figure 4-6 shows the variation of the module temperature with and
without employing the cooling system. The module temperature without using the cooling
system is estimated by Eq. (4-1).

Figure 4-6 The variation of the radiation intensity, and module temperature
with and without cooling

The transient variation of the module temperature Tc from 13:09 to 13:26 can be
calculated by
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Tc 

henv Apv Tc ' Tc 

(4-9)

mC

Where henv is the heat transfer coefficient of the environment; and Tc ' the estimated
module temperature. The henv is 0.3698 W/(m2·K) derived by Eq. (4-10) and the
experiment data.

henv 

mCTc

(4-10)

Apv  Tc ' T dT

From the results above, the module temperature changed during the cooling process,
under a general condition (without employing the cooling system), and the time that the
module temperature recovered to the previous level (affected by radiation intensity and
ambient temperature) after cooling down could be calculated.

Figure 4-7 The variation of the daily module temperature in summer with
the cooling system
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From Figure 4-7, it can be seen that the cooling system is activated when the temperature
reached 40 °C. The module temperature is in a thermal equilibrium of 27.8 °C after the
cooling system is activated. According to the chapter 2, the maximum increased power
by using a cooling system was when the module cooled down to 25 °C to 35 °C. The
difference is related to the adopted cooling system and the environmental condition.
During the cooling process, it took 8 and 14 minutes to reach 31 °C and 27.8 °C from 40
°C, respectively. Because the cooling down to 27.8 °C might require more energy and
waste more water, the stop cooling temperature was set at 31 °C. The cooling system
stopped when the module temperature reached 27.8 °C, and the module temperature rose
and then achieved a thermal equilibrium after 32 minutes. The variation of the module
temperature and output power by using this cooling mechanism is presented in Figure 48.
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Figure 4-8 The variation of module temperature and output power by
automatic cooling system

Furthermore, the average power increased by using the cooling system was 13.2682 W·h
for 286 minutes. The power increased during the operations was 14.9%. The cooling
method operated 13 times in a day, and the average duration for module temperature
lowering and rising to the steady state temperature were 7 and 15 minutes, respectively.
Thus, the proposed cooling system can efficiently increase the power generation of PV
systems. In addition, the automatic cooling mechanism can also be applied to other PV
systems set up in different fields.

4.4 The assessment of the performance and cost of the cooling system
Although the proposed cooling system effectively increases the power generation of
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a PV module, the power consumption of the aqua pump and the node circuit needs to be
examined. The power consumption of the aqua pump NEU-A600 was 4 W, and the
maximum power consumption of the microcontroller and the relay in the node circuit
were 0.094 W and 0.36 W, respectively. The actual increased power can be given by

W  WCooling  WPump  WNode

(4-11)

where the average increased power caused by the cooling system WCooling was 13.2682 W
per operation. For every cooling operation, the activated time for the aqua pump was 7
minutes and the power increase lasted for 22 minutes. These results show that the
increased power output is much larger than the energy consumed by the cooling system,
and the net average increased power is 11.5415 W per operation. The total power
increased in a day was 11.5415 W for 286 minutes. In the future, the cooling system and
the automatic operating mechanism proposed by this research would be applied to solar
power plants, and using the proposed cooling system might bring remarkable benefits to
PV system improvement.
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Chapter 5 Conclusions
This research develops a cooling system based on the wireless technology for PV
systems. The cooling system and the automatic operating mechanism proposed by this
research can be applied to other PV systems set up in different fields. In this study, the
cooling system is activated when the temperature reaches 40 °C, and it stops when
temperature lowers to 31 °C. The power increased during the operations is 14.9%, and
the power increased by the cooling system is 13.2682 W·h for 286 minutes per day in
summer.
This study establishes a cooling method to avoid the thermal degradation in power
generation for PV modules. The proposed mechanism is based on the variation of daily
radiation intensity, the ambient temperature, the module temperature, and the power
output in summer. For other fields, the environment factors in summer should be collected
to modify the proposed models and methods. Moreover, when the modified automation
mechanism is established, the proposed automatic cooling system and the cooling system
can be directly applied to solar power plants without destroying the architecture of PV
systems.
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