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Abstract: This study aims to optimize the process parameters of the nanofluid-phase change-solar
photovoltaic thermal (nanofluid-PCM-PV /T) composite module. In particular, the organic paraffin
was selected as a phase change material, while water, CuO, and Al,O3 were selected as nanofluids.
The TRNSYS 16.0 software was employed to model and analyze the composite module. The Taguchi
method with the main effect analysis (MEA), analysis of variance (ANOVA), and the orthogonal
table were established to investigate the impact of each control factor on the power generation and
heat storage efficiency. Grey relational analysis (GRA) was adopted to obtain the parameters for
multi-quality optimization. The result showed that the power generation efficiency in this study
was 14.958%, and the heat storage efficiency was 64.764%. Meanwhile, in the conventional PV /T
module, the former was 12.74%, and the latter was 34.06%, respectively. Verification results showed
that the confidence intervals of both single-quality and multi-quality optimization parameter sets
were within 95%. The errors of the results from both theoretical simulation and real testing were
smaller than 5%. In the case of a generally small family of four members using electric/water heaters,
the rooftop module in this study was more efficient than the typical rooftop PV /T by 25.04%. The
former’s investment recovery period was lower than 0.81 years.

Keywords: solar photovoltaic thermal system; phase change material; Taguchi method; grey analysis;
energy saving efficiency

1. Introduction

Developing innovative technologies is imperative in reducing carbon footprint and
switching to renewable energy to meet the challenges posed by growing energy demands
and environmental concerns [1]. Our research is rooted in the recognition that conventional
solar photovoltaic (PV) systems are effective and have untapped potential for improving
energy conversion efficiency and thermal management. The gaps this study aims to
address are the lack of comprehensive integration between photovoltaic and thermal
systems and the need for enhanced thermal management strategies. This gap presents
an excellent opportunity for innovation in the form of the proposed nanofluidic phase
change solar photovoltaic thermal composite module [2]. Combining the advantages
of the parameter optimization of nanofluids, phase change materials, and photovoltaic
technologies improves power generation efficiency and effectively manages heat transfer
and thermal energy storage. This premise underlines the importance of our research in
advancing sustainable energy technologies.
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The liquid PV /T module [3] is equipped with collector tubes. The waste heat of the
solar panel is transferred to the collector tube through the collector plate, as shown in
Figure 1. A working fluid flows in the collector tube, which can exchange heat with the
collector tube by means of convection working fluid. After the working fluid absorbs heat
and heats up, it stores heat energy in the form of thermal fluid. Such systems are more
efficient due to heat removal from PV panels through circulating fluid /s and the utilization
of this heat for other applications [4].
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Figure 1. Structure diagram of a liquid-type PV /T module.

The PV/T system began in 1976 when Wolf [5] discovered that integrating a PV
system with a heat collector system was feasible. In 2001, Huang et al. [6] developed
a PV /T-combined horizontal water storage tank system and proposed a solar energy-
saving calculation formula. The results showed that the total efficiency is higher than the
traditional PV system and the traditional solar thermal system. Shan et al. [7] conducted
research on tube-sheet PV /T composite modules in 2013, displaying the temperature of
the inlet and outlet of the PV /T system. They found that the mass flow rate of the water
loop had a significant impact on a system’s efficiency. The correlation coefficient between
the heat conduction model and the actual situation reached 0.98. In 2019, Kuo et al. [8]
optimized the design and actual verification of the traditional PV /T system. The results
showed that the power generation efficiency of the system was 14.29%, and the heat
storage efficiency was 44.96%. Compared to the traditional PV /T system, both efficiencies
were improved.

With the continuous deepening of PV /T system research, phase change materials
(PCM) have begun to attract attention due to their many advantages. PCM has high
latent heat of phase change and can absorb or release a large amount of heat energy
under low temperature and volume change during the phase change process. Because
of its excellent heat storage capacity and high-energy density, it has a high potential in
the application of solar energy [9]. Cooling of the PCM material was first proposed by
Stultz and Wen in 1977 [10], where the solar panel was connected to a container containing
PCM, and the heat generated inside was absorbed by the melting of the PCM during the
operation of the panel. Therefore, the working temperature of the solar PV system was
reduced, and the power generation efficiency of the system was improved. Yin et al. [11]
added copper and graphite to the PCM material to reduce the thermal resistance of the
PCM. The results showed that after adding the PCM material, the operating temperature
of the PV/T system was significantly reduced, and the output power was increased by
23.52%. Carmona et al. [12] added paraffin as a PCM material to the PV/T system in
2021 and compared the new PCM-PV /T system with the traditional PV /T system. The
results showed that the PV /T system with added paraffin could reduce the solar panel’s
temperature by up to 17 °C. Compared with the traditional system, power generation
efficiency can be improved by nearly 0.98%, and at the same time, 20.45% more energy
can be utilized from solar energy. In 2021, Chaichan et al. [13] mixed organic paraffin
with petrolatum to reduce the melting point of paraffin and added this mixture as a PCM
material to the PV/T system. Experiments showed that PCM materials can effectively
reduce the temperature of solar panels. It was observed that after adding PCM materials,
the power generation efficiency of PCM-PV /T modules was increased by 13.7% and the
heat storage efficiency was increased by 39%.

Although PCM is highly suitable for use in PV/T modules, the overall heat transfer
rate of the module is not ideal after adding PCM because the thermal conductivity of most
PCMs is not high enough. Therefore, adding a nanofluid with a higher heat transfer rate
on this basis can improve the system’s heat transfer rate and working efficiency.
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Nanofluid is a new type of heat transfer medium proposed by Choi et al. [14] in 1995.
With the deepening of solar energy research, researchers found that changing the working
fluid in the system to nanofluid can further improve the efficiency of the solar energy
system. Tyagi et al. [15] theoretically analyzed the feasibility of applying nanofluids to
solar collectors in 2009. Nanofluids absorb more than nine times more heat than pure water,
and the use of nanofluids can increase a system’s heat storage efficiency by 10%. In 2014,
Sardarabadi et al. [16] tested SiO, nanofluids as the working fluid of PV /T systems and
found that the system using SiO, nanofluids was significantly more efficient than water, and
the overall efficiency of the system could be improved by 7.9% at most. Alsalame et al. [17]
evaluated the efficiency of PV /T systems in 2021. The results showed that the thermal
energy collected by the system was significantly improved after using CuO nanofluid,
and the total efficiency can reach up to 51.22%, which is higher than that of the ordinary
PV/T system. Some works with novel content about nano modeling have recently been
published. Among these, the hybrid nanofluid property from a mass-based model has been
studied by [18,19]. According to this procedure, the volume fraction of the first and second
nanoparticles was written in terms of both nanoparticles and base fluid masses.

By reviewing the previous literature, it can be found that the research on PV /T
systems often focused on the development and research of new materials, and there are
few improvements to the design parameters of PV/T composite modules. In order to
improve the overall comprehensive output efficiency, this study chooses to build on the
parameter design of the solar PV /T energy system and explores the relationship between
the parameters. Therefore, it is necessary to analyze with parameter optimization theories,
such as the Taguchi and GRA methods, which are better references when designing PV /T
composite modules.

The Taguchi method uses orthogonal tables to plan experiments, which not only re-
duces the number of experiments, but also the influence of uncontrollable factors. Although
the advantages of the Taguchi method are prominent, it can only be performed on the
optimization of a single-quality characteristic. Thus, this study intends to combine GRA
with the Taguchi method to conduct a multi-quality analysis.

In 2011, Kuo et al. [20] conducted an optimization study on solar flat panel collectors
in which six control factors were selected to form a mixed orthogonal table for experiments.
After using the Taguchi method to experiment on the optimization of a single-quality
characteristic, the multi-quality optimization parameters were obtained by GRA. In 2021,
Kazemian et al. [21] used the Taguchi method to design experiments for the PV /T system
and determined the multi-quality optimization parameters of the system through GRA.
The experimental results showed that the system’s overall efficiency could be increased.

The objective of this research is to optimize the multi-quality design of the nanofluid-
PCM-PV /T system to improve power generation and heat storage efficiencies.

2. PV/T System Structure and PV/T Performance Testing Software

The PV/T module used in this research is shown in Figure 2. In this study, we
considered standard photovoltaic solar panels readily available in the market. We specifi-
cally selected polysilicon solar panels as the research object. Such solar panels are widely
available in the market. The detailed specification is listed in Table 1.

The working concept of the system after adding PCM and nanofluids is shown in
Figure 3. The electronic load obtains the operating data of the PV/T module, including
the voltage, current, power generated by the working of the module and the temperature
of the water storage tank. The datalogger is used to record the data obtained during the
experiment, including ambient temperature and sunlight intensity. After these data are
collected, the PV/T module power generation efficiency and heat storage efficiency of the
test are obtained through calculation.

In the actual test, this research also uses TRNSYS [22,23] to conduct modeling based
on the physical module to analyze the working efficiency of the module. The block-based
TRNSYS can divide a whole large system into several components, and each component can
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realize specific functions. Therefore, as long as specific modular components are added and
conditions are input, this individual modular subsystem can be combined when modeling
to simulate the specific system.

(c) (d)

Figure 2. PV /T equipment diagram: (a) PV/T module; (b) Ambient temperature sensor; (c) Helio-

graph. (d) Datalogger.

Table 1. The detailed specification of the photovoltaic module.

Sun Forte-Mono 203, PM-096800

STC Output power (W) 330
STC module efficiency (%) 20.3%

STC open-circuit voltage Voc (V) 64.9

STC short-circuit current I, (A) 6.52

NOCT Battery working temperature (°C) 45

PV temperature coefficient (% /K) —0.38
Voc temperature coefficient (%/K) —0.27

La temperature coefficient (%/K) 0.06

Module size (m) 1.559 x 1.046 x 046
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Figure 3. Working conceptual diagram of the nanofluid-PCM-PV /T module.

In this study, the TRNSYS system was applied to simulate the power generation and
heat storage process of the nanofluid-PCM-PV /T composite module, and the composite
module was designed to optimize the quality characteristics. In the experiment, the pa-
rameters of the module must be changed continuously to verify the influence of different
parameter configurations on the module’s power generation efficiency and heat storage
efficiency. If this modification is carried out with physical modules, it would require much
effort, which is not conducive to the conduct of experiments. The biggest advantage of
TRNSYS is that it can simulate the working conditions of the entire module in different envi-
ronments by changing the different parameters of each component of the PV /T composite
module, including the inclination angle of the solar panel, the material of the collector
plate, and the working conditions of the entire module. The thermal conductivity and
mass flow rate of the fluid are highly suitable for Taguchi experiments and helpful for the
entire module in optimizing the design. The modeling and connection methods of this
experiment are shown in Figures 4 and 5.

g

Figure 4. Simulation model diagram of the nanofluid-PCM-PV/T module.
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Figure 5. Nanofluid-PCM-PV /T model workflow.

3. Research Methodology

In this study, the research flow chart is shown in Figure 6. Ten control parameters
were selected. First, the orthogonal table of the Taguchi method was constructed for
experiment planning. Then, TRNSYS was used to model and simulate the system, and
the experiment was completed with the actual physical system. Afterwards, GRA was
combined with the Taguchi method to solve multicriteria optimization problems in the
nanofluid-PCM-PV/T process.

3.1. Taguchi Method

The Taguchi method [20,21] is used to design the parameters (control factor and
its level value). Then, the MEA and ANOVA are employed to determine the degree of
influence of product parameters on product quality characteristics.

The Signal-to-Noise Ratio (S/N ratio) is a metric used to assess the level of process
and quality in manufacturing. Depending on the different forms of quality characteristics,
the measurement methods for the S/N ratio can be categorized into four types: “larger-the-
better”, “smaller-the-better”, “nominal-the-best”, and “theoretical nominal-the-best”.

Since this research aims to improve power generation and heat storage efficiencies,

the “larger-the-better” is used for calculation when calculating the S/N ratio:

1& 1
S/Nrrg = —10-10g;,(MSD) = —10-log, (n 3 yz> ™)
i=1Yi

where MSD is the mean square deviation from the target value, y; is a quality measurement,
and n is the total of the measurements.

3.2. MEA

The MEA describes the influence of a factor on the system effect at different levels.
After calculating the S/N ratio of each group of experiments according to the experimental
design requirements, it is necessary to calculate the average response value Fi of each factor
at each level and then calculate the main effect change value AF of each factor at each level.
Finally, these data must be turned into a main effect response table for the MEA.

Assuming that a factor has i level values in total, and each level value has m groups of
S/N ratios, then the formula for the average response value Fi and AF of each level is:

1
Fi= Lk @)
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where ¥; is the factor at this level S/N ratio and

AF = Fimax — F;min
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Figure 6. Research flow chart.
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3.3. ANOVA—That Is to Say, We Can Find the Degree of Impact on System Quality When the
Level Value of the Control Factor Changes

ANOVA discusses the relationship between the experimental data and the target value.
It can be found that when the level value of the control factor changes, the degree of impact
on the system’s quality. Unlike the MEA, ANOVA pays more attention to exploring each
control factor’s contribution to improving system quality and judges the importance of
each factor by calculating the F distribution.

ANOVA includes degrees of freedom, the sum of squares, variance, F distribution
value, and percent contribution.

1.  Degrees of freedom (DOF): It is a measure of the amount of information obtained.
Usually, the greater the degree of freedom, the more information can be obtained.

(1).  Total degrees of freedom (DOFr): It is the total number of experiments minus 1.
DOFr= (nxr) — 1 4)

(2).  Control factor degrees of freedom (DOF_factor): It is the number of levels of
the factor minus 1.
DOFjactor= Level — 1 (5)

(3).  Error degrees of freedom (DOF): The size of the error degrees of freedom is
the difference between the total degrees of freedom and the degrees of freedom
of all control factors.

2.  Total sum of squares (SSt):

SSr=Y M. (ni—m) ©)

where 7iand 7; are the S/N ratio and the average of the S/N ratio of each group of
experiments, respectively.

3. Sum of squares of control factors (SSy): It is the variation of each control factor. Suppose
a factor has k level values in total, and each level value has m groups of S/N ratios,
the SS; is calculated as:

SSs=mx Y 5 (s —7)° @)

where 7 is the average of the S/N ratio obtained from the experiment when the
factor is at the level value k.

4.  Error sum of squares (SS¢): SSt minus SS; of all factors.

5. Variance (Var): Because the size of the sum of squares is related to the experimental
test value, the sum of squares is divided by its corresponding degree of freedom in
order to eliminate the influence of the test value on the sum of squares. The result is
called the mean square, which is the variance. It is calculated as

S5

Vary = DOF, (8)
SSe

Var, = DOF, 9)

6. F-ratio: In the Taguchi experiment, the larger the F-ratio, the more important the
factor’s influence on the system. It is considered that when the F-ratio is greater than 5,
the factor has a significant impact on the system. On the contrary, when the F-ratio is
less than 1, it is regarded that the control factor has a negligible impact on the system,
which can be combined into an error term called the combined error.

Varp
F =
Vare

(10)
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7. Percent contribution (p): It is defined as the relative ability of a control factor to reduce
the influence of variation and ensure that the control factors selected in the Taguchi
design are all important factors.

_ S5

p= S5r x 100% (11)

3.4. GRA

GRA [24-26] is a quantitative analysis that explores the similarity and dissimilarity
among control factors [13]. It applies the grey relational grade (GRG) to find the correlation
degree of factors.

The steps are as follows:

Step 1: Grey relational generation: pre-process the data series for GRA and generate
grey relational data according to the quality characteristics. This study uses the larger-the-
better characteristic for the grey relational generation.

Xi (k) —min - Xl(k)

X" (k) = max - X; (k) —min - X; (k) "

Step 2: Calculate the absolute value of the difference sequence Ap;(k) between the
comparison sequence and the reference sequence. From the reference sequence, find the
minimum value, Ay, and maximum value, Amax.

Step 3: Calculate the grey correlation coefficient of each analysis sequence.

Amin+EA
i k — min max 13
o ( ) AOi(k)‘FaAmax 13)
where & is the identification coefficient, generally taking 0.5 [25].
Step 4: Calculate the GRG and arrange it from high to low as a criterion for evaluating
the importance.

1 .
= Y w0, =120 m 04

4. Results and Discussion

In this study, the power generation efficiency and storage thermal efficiency were
selected as the quality characteristics.

(1) Power generation efficiency (#e):
P
e =GA
where P is the ratio of the sum of the output electric power, G is the total incident
sunlight, and A is the solar PV module area.
(2) Thermal storage efficiency (#y,): the ratio of the thermal energy (Q) stored in the water
storage tank during the test period to the product of GA

(15)

Q VoCp (T — T)

NMth = GA — GA (16)

where Tr and T; are the final and the initial temperature of the water tank, respectively,
Cp is the specific heat capacity of water (4.18 k] /kg-°C), V is the volume of the water
tank, and p is the density of the working fluid.

In this study, the control factors and their level values for the nanofluid-PCM-PV/T
module are shown in Table 2. It includes the PCM material, working fluid type, working
fluid mass flow rate, module tilt angle, number of collector tubes, collector tube diameter,
azimuth angle, the volume of the storage tank (V) and the heat collection of the PV/T
module plate area (A) ratio, V/A ratio, collector plate thickness, and collector plate material.
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There are 10 control factors; the PCM material has two level values, and the other nine
control factors have three level values.

Table 2. Control factors and their level values.

A B C D E F G H 1 J
Control Factor Worki Collect
orking ollector
Level PCM  Working FluidMass ~ Tilt ~ o-of ~ Collector VIA  Plate  Conector
eve . . Collector Tube Azimuth . . Plate
Material  Fluid Flow Rate Angle . Ratio Thickness .
2 Tubes Diameter Material
(kg/s-m*) (mm)
1 None water 0.025 20.25 10 12 mm southeast 92 0.65 aluminum
2 paraffin  ALOj3 0.05 23.25 11 16 mm south 122 0.85 copper
3 paraffin  CuO 0.075 26.25 12 20mm  southwest 152 1.05 Stzgﬁ”

The reasons for selecting these parameters as control factors are as follows:
(1) PCM material: The control factor has two levels, namely without PCM material and
with paraffin. The purpose of categorizing the control factor is to explore whether
the PCM materials can improve the power generation efficiency and heat storage
efficiency of PV /T composite modules.
Types of working fluids: This study explores whether nanofluids affect the efficiency
of PV/T systems. Therefore, in addition to water commonly used in traditional PV/T
systems, two other nanofluids must be selected as other levels of the control factor to
conduct experiments.

@)

Our choice has been inspired by similar studies where researchers like Sohani et al. [27]
and Faizal et al. [28] have discussed the application of nanoparticles in PV /T systems.
From the work of Sohani et al. [29], Al,O3 stands out as a nano-material with remarkable
attributes in terms of reliability, energy efficiency, economic viability, and environmental
impact, boasting a relatively rapid initial capital return. On the other hand, the study by
Faizal et al. [28] demonstrated that incorporating CuO, SiO,, TiO,, and Al,O3 nanofluids
can lead to cost savings, efficiency enhancements, and reduced radiator dimensions. The
application of CuO, in particular, has the potential to minimize solar collector surface area
and thereby achieve the highest thermal efficiency. Nanofluid provides better hybrid PV /T
performances relative to pure water. Hissouf et al. [30] presented the use of Cu-water and
Al,Oz-water as working fluids to reduce a cell’s temperature by 3.6°, referred to as pure
water at 0.012 kg /s mass flow rate.

After considering the common utilization of metal oxide nanoparticles in PV /T mod-
ules, we discerned that CuO and Al,O3 exhibit superior thermal performance, offering
higher heat transfer rates and better thermal properties coupled with elevated stability.
These advantages prompted our selection of CuO and Al,O3 as our experimental materi-
als. The fundamental physical properties of CuO and Al,O3 nanoparticles are presented
in Table 3.

Table 3. The physical properties table of nanoparticles used in this experiment.

Material Specific Heat (kJ/kg-°C)  Density (kg/m®)  Diameter (nm) Color
CuO 0.531 6310 34~45 black
Al,O3 0.765 3970 30~60 white

In this experiment, CuO and Al,O3 nanofluids were selected. The density and specific
heat capacity used in this experiment are shown in Table 4.

(3) Mass flow rate: Wu et al. [29] and Moradi et al. [31] found that mass flow rate affects
thermal and electrical efficiency. Tiwari et al. [32] indicated that a high-mass flow
rate can effectively increase the heat exchange rate. However, if the mass flow rate
is too high, the cooling fluid will leave the collector tube before the heat exchange
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4)

®)

(6)

@)

®)

©)

(10)

is completed, consequently reducing the PV /T module’s storage thermal efficiency.
It was found that the optimum range mass flow rate is 0.05 kg/s m2~0.08 kg /s m2.
Considering the efficiency of the heat exchange process and the heat loss in the fluid
transport process, this study selected 0.05 kg/s-m? as the intermediate value. After
adding or reducing 0.025 kg/s-m? on this basis, the parameter values of this control
factor are 0.025 kg/s-m?, 0.05 kg/s-m?, and 0.075 kg/s-m?, respectively.

Module tilt angle: Chang [33] analyzed the optimal tilt angle of solar modules in
different regions of Taiwan and proposed that the optimal installation tilt angle range
of solar modules in Taiwan is 20~25°, while the best tilt angle in Taipei area is 23.25°.
Therefore, this study chose to increase and decrease 3° on this basis and set the level
values of the module tilt angle as 20.25°, 23.25°, and 26.25°.

Number of collector tubes: Considering the load, efficiency, heat dissipation, and
operating cost of the experimental module, it was found that the PV/T module used
in this study allows the maximum number of additional collector tubes to be 12. The
original number of collector tubes in the group is 10; hence, 10, 11, and 12 were selected
as the standard values of the control factor.

The diameter of the collector tube: When choosing the size of the collector tube, the
commercialized size should be selected first because the collector tube of uncommon
size often needs to be specially customized, which will increase the cost. Therefore,
this study chose 12 mm, 16 mm, and 20 mm as the level values in the experiment.
Azimuth: It is necessary to select a suitable azimuth for the composite module to
obtain the most incident sunlight. According to the Taiwan sunshine azimuth pro-
vided by the Central Meteorological Bureau of the Ministry of Transportation and
Communications, the level values of this control factor are southeast, due south, and
southwest, respectively.

V/A ratio: Appropriate V/A ratio can effectively increase a water tank’s temperature.
The area of the PV/T module is 1.63 m?. The common 200-L water storage tank is
selected as the middle value, while the other two levels are based on 200 L, with
an increase or decrease of 50 L, corresponding to the V/A ratios of 93, 123, and
153, respectively.

Thickness of collector plate: Maleki et al. [34] found that the thickness of the collector
plate can affect the efficiency of the system; when the thickness exceeds 1 mm, the
efficiency of the system will decrease significantly. Therefore, the optimal thickness of
the collector plate for the system is between 0.5 mm and 1 mm. In this study, 0.65 mm,
0.85 mm, and 1.05 mm were selected as the experimental level.

Collector plate material: Common solar collector plate materials include copper,
aluminum, and alloys. Considering the cost and thermal efficiency, copper, aluminum,
and stainless steel were selected as the control factors. Among them, aluminum has
the lowest cost and the second highest thermal conductivity (240 W/m-K), which is
the most common heat collector plate material. On the other hand, copper has the
highest thermal conductivity (400 W/m-K), but the cost is also relatively high. The
cost of stainless steel is between those of copper and aluminum. Although it has
relatively low thermal conductivity (only 60 W/m-K), it is durable and has the longest
service life among the three.

Table 4. Density and specific heat of nanofluid.

Nanofluid Density (kg/m®) Specific Heat (kJ/kg-°C)
CuO 1210.48 3.419
ALO; 1116.88 3.694

For single-quality optimization, the experiments used the Taguchi orthogonal table

L36 (21 x 39) in the planning. The S/N ratio is calculated from the experimental values.
Employing the MEA and ANOVA, the single-quality optimal parameter combination of
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PV/T system power generation efficiency and heat storage efficiency can be determined.
The parameter combination of multi-quality optimal design can be obtained through the
GRA method. Finally, confirmation experiments are required to verify multiple quality
results and accuracy.

4.1. Power Generation Efficiency Optimization Analysis

The experimental results of the power generation efficiency of the nanofluid-PCM-
PV /T module are shown in Table 5. The corresponding main effect response table and
graph for power generation efficiency are shown in Table 6 and Figure 7, respectively.

Table 5. Experimental results of power generation efficiency.

No. 1 2 3 4 5 Average Value / .
Exp. Group (%) (%) (%) (%) (%) (%) S/N Ratio

I 1325 1327 1323 1327 1331 13.266 224547
2 1358 13.54 13.64 1351 1354 13.562 22.6463
3 13.82 13.76 13.84 13.84 13.85 13.822 22,8113
4 1327 1327 1332 1339 1334 13318 22.4886
5 1357 1359 13.54 1359 1354 13.566 22.6490
6 13.76 13.77 13.74 13.76 13.79 13.764 22.7749
7 1335 1331 1332 1334 1334 13332 224979
8 13.56 13.56 1359 13.54 1357 13.564 22.6477
9 13.83 1378 1381 13.77 13.8 13.798 22.7963
10 1329 1332 1328 1334 1331 13308 224822
11 13.44 1352 13.48 13.47 1354 13.490 22,6001
12 13.89 13.87 1391 13.84 13.89 13.880 22.8478
13 13.43 13.44 134 13.46 13.42 13.430 225615
14 13.62 13.64 13.6 13.61 1357 13.608 22.6758
15 13.69 13.67 13.67 13.63 13.65 13.662 22.7103
16 1339 13.43 1337 1337 13.41 13.394 225382
17 13.64 13.66 13.62 13.65 13.64 13.642 22.6975
18 13.72 1373 1375 13.74 13.74 13.736 22.7572
19 1415 14.19 14.18 1422 14.14 14.176 23.0310
20 1458 146 1457 14.62 1457 14.588 23.2799
21 14.79 14.84 14.81 14.86 1477 14.814 23.4134
22 1423 1424 1423 1423 1425 14236 23.0678
23 14.64 14.62 14.64 1459 14.63 14.624 23.3013
24 14.68 14.62 14.67 14.64 1471 14.664 23.3250
25 1432 1433 1436 1437 1434 14344 23.1334
26 1454 1452 145 1457 1453 14532 23.2465
27 14.9 15.01 14.9 15.04 15.08 15.010 23,5275
28 1431 1429 1433 1427 1429 14.298 23.1055
29 1453 1454 1459 14.56 1453 14.550 23.2572
30 14.76 1473 14.79 14.76 14.81 14770 23.3876




Sustainability 2023, 15, 15163 13 of 25

Table 5. Cont.

No. 1 2 3 4 5 Average Value )
Exp. Group (%) (%) (%) (%) (%) (%) S/N Ratio

31 14.28 14.30 14.27 14.23 14.32 14.280 23.0945

32 14.43 14.44 14.47 14.47 14.42 14.446 23.1949

33 14.63 14.64 14.68 14.64 14.66 14.650 23.3167

34 14.35 14.32 14.37 14.32 14.42 14.356 23.1406

35 14.47 14.52 14.49 14.43 14.48 14.478 23.2141

36 14.87 14.87 14.82 14.88 14.91 14.870 23.4462

Average 22.9478

Table 6. Main effect response table for power generation efficiency.

A B C D E
Control Factor . ber of
. Working . Number o
Level MI;tCel:/;al wgll;i(;;g Fluid Flow Tilt (é)n gle Absorber
Rate (kg/s) Tubes
1 22.6465 22.7997 22.9202 22.9433 22.9584
2 23.2491 22.9509 22.9516 22.9355 22.9446
3 - 23.0928 22.9716 22.9646 22.9403
Difference 0.6025 0.2932 0.05139 0.0291 0.01805
Sorting 1 2 3 5 8
F G H I ]
Control Factor beorb
Absorber
Level Al.)sorber Azimuth V/A Ratio Plate Absorben.t
Diameter . Plate Material
Thickness
1 22.9542 22.9346 22.9352 22.9366 22.9566
2 22.9424 22.9747 22.9600 22.9419 22.9433
3 22.9468 22.9341 22.9482 22.9649 22.9435
Difference 0.0118 0.04062 0.02472 0.0282 0.01327
Sorting 10 4 8 6 9
23.3000
23.2000 |-
23.1000 |-
~  23.0000 -
o 229000 -
g
;  22.8000 |
5
22.7000 |
22-6000 1 E L 1 1 1 1 E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1
A1A2 B1B2B3 C1C2C3 DID2D3 E1E2E3 F1F2F3 GIG2G3 HIH2H3 N DRB J1J32J3
Factor Level

Figure 7. Main effect response graph for power generation efficiency.

From Figure 7, the results show that the optimum factor levels for the power generation
efficiency are A2, B3, C3, D3, E1, F1, G2, H2, I3, and J1; that is, PCM materials are used,
and the working fluid is CuO nanofluid. The mass flow rate of the working fluid is
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0.075 kg/s'm?, the tilt angle of the module is 26.25°, the number of heat collector tubes is
10, the diameter of the collector tube is 12 mm, the azimuth angle is the south direction,
the V/A ratio is 122, the thickness of the hot plate is 1.05 mm, and the material of the
heat collecting plate is aluminum. Table 3 also shows that the main effect differences of
the ten control factors are ranked as A, B, C, G, D, I, H, E, ], and F, which means that the
control factor with the greatest impact on the power generation efficiency is whether using
PCM materials. The second is the type of working fluid, followed by working fluid mass
flow rate, azimuth angle, module tilt angle, collector plate thickness, V/A ratio, number of
collector tubes, collector plate material, and collector tube diameter.

From the variance analysis in Table 7, it can be seen that the most significant control
factor affecting power generation efficiency is the PCM material, and the second is the
working fluid type. The contribution rankings of the remaining factors are working fluid
mass flow rate, azimuth angle, module tilt angle, heat collector plate thickness, V /A ratio,
number of collector tubes, collector plate material, and collector tube diameter. The F ratio
of the number of collector tubes, the diameter of the collector tubes, and the material of
the collector plate is less than 1. Hence, these three control factors were combined into the
combined error.

Table 7. ANOVA for power generation efficiency.

ANOVA  Degrees of Sum of . DAt o ! Confidence
Control Factor Freedom Square Variation F-Ratio Contribution p-Value Level

PCM material 1 3.2674 3.2674 2076.1361 84.72% 0 100.00%
working fluid 2 0.5159 0.2579 163.9064 13.38% 0 100.00%
Working fluid mass 2 0.01611 0.0081 5.1197 0.42% 0.019 98.10%
flow rate kg/s-m
Tilt angle (°) 2 0.0054 0.0027 1.7279 0.14% 0.209 79.10%
Number of collector tubes 2 0.0021 0.0011 0.6784 0.06% 0.521 47.90%
Collector tube diameter 2 0.0009 0.0004 0.2741 0.02% 0.764 23.60%
Azimuth 2 0.01303 0.0065 4.1404 0.34% 0.036 96.40%
V/A ratio 2 0.0037 0.0018 1.1653 0.10% 0.337 66.30%
Thickness of collector 2 0.0054 0.0027 1.7204 0.14% 0.211 78.90%
plate (mm)
Heat collector plate 2 0.0014 0.0007 04392 0.04% 0.652 34.80%
material
Residual error 16 0.0252 0.0016
Combined error 22 0.0296 0.0013
Total 35 3.8565
In order to confirm the accuracy of the experimental results, it is necessary to carry
out a confirmation experiment on the optimal configuration. The steps are as follows:
Step 1: Calculate the total average value of the S/N ratio of 36 groups of experiments.
Step 2: Calculate the S/N ratio of the best parameter combination.
Step 3: Calculate the confidence interval (CI) of the power generation efficiency.
1 1 1 1
Cls/n = {/Fav2 x Vare X | — + - ) =, 4.3 x0.0013437 x | —— + = | = 0.05833 (17)
v neff r 5 5

Step 4: Calculate the 95% confidence interval value.
After calculation, the CI of the optimization experiment of nanofluid-PCM-PV /T
power generation efficiency is 23.4326~23.5492 db. If it is confirmed that the S/N ratio
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obtained in the experiment falls within this interval, it proves that this experiment is highly
accurate and has good performance and reproducibility.

After five confirmation experiments, as shown in Table 8, the S/N ratio of the confir-
mation experiment was calculated as 23.495 db, falling within the 95% confidence interval,
indicating that the results of this experiment are reliable and have good reproducibility.

Table 8. The nanofluid-PCM-PV /T power generation efficiency confirmation test.

onfirmationTest Average .
Control Factor 1 2 3 4 5 Value S/N Ratio

A2,B3,C3,D3,G2,H2,13 14.96 15.03 14.87 14.94 14.97 14.954 23.495

4.2. Thermal Storage Efficiency Optimization Analysis

The experimental results of the power generation efficiency of the nanofluid-PCM-
PV/T composite module are shown in Table 9. The corresponding main effect response
table and graph for heat storage efficiency are shown in Table 10 and Figure 8, respectively.

Table 9. Experimental results of heat storage efficiency.

Exp. No. 1 2 3 4 5 Average Value )
Group (%) (%) (%) (%) (%) (%) S/N Ratio

1 38.63 38.77 38.20 38.84 38.63 38.6140 31.7345
2 53.48 53.46 53.44 53.53 53.48 53.4780 34.5635
3 56.92 56.76 57.02 56.91 56.92 56.9060 35.1031
4 40.72 40.42 40.61 40.54 40.72 40.6020 32.1708
5 51.27 51.14 51.14 51.08 51.27 51.1800 34.1820
6 53.84 53.76 53.91 53.86 53.84 53.8420 34.6224
7 39.92 40.12 40.04 40.24 39.92 40.0480 32.0515
8 50.83 51.23 51.06 50.96 50.83 50.9820 34.1482
9 54.21 54.18 54.25 54.24 54.21 54.2180 34.6829
10 36.25 36.67 36.73 37.14 36.25 36.6080 31.2704
11 50.39 50.44 50.36 50.48 50.39 50.4120 34.0507
12 57.77 57.97 58.07 57.84 57.77 57.8840 35.2511
13 4213 42.32 41.82 4221 4213 42.1220 32.4900
14 49.47 49.44 49.23 49.39 49.47 49.4000 33.8745
15 54.74 54.76 54.79 54.80 54.74 54.7660 34.7702
16 39.24 38.88 39.06 38.42 39.24 38.9680 31.8134
17 49.63 49.71 49.54 49.88 49.63 49.6780 33.9232
18 55.49 55.66 55.48 55.51 55.49 55.5260 34.8899
19 47.84 48.07 47.79 47.76 47.84 47.8600 33.5994
20 56.18 56.31 56.04 56.19 56.18 56.1800 34.9916
21 63.68 62.97 62.84 62.79 62.68 62.9920 35.9853
22 47.57 47.54 47.49 47.54 47.57 47.5420 33.5415
23 56.27 56.39 56.32 56.40 56.27 56.3300 35.0148
24 60.27 60.44 60.94 60.03 60.27 60.3900 35.6190
25 46.39 46.44 46.36 46.43 46.39 46.4020 33.3307
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Table 9. Cont.
Exp. No. 1 2 3 4 5 Average Value )
m (%) (%) (%) (%) (%) (%) S/N Ratio
26 57.23 57.37 57.17 57.20 57.23 57.2400 35.1540
27 62.79 62.46 62.66 63.01 62.79 62.7420 35.9511
28 45.07 45.04 44.99 45.02 45.07 45.0380 33.0716
29 57.84 57.74 57.73 57.77 57.84 57.7840 35.2361
30 63.18 63.03 63.41 62.53 63.18 63.0660 35.9956
31 45.32 45.23 45.37 45.40 45.32 45.3280 33.1273
32 56.19 56.36 56.23 56.51 56.19 56.2960 35.0095
33 59.87 60.02 60.96 60.08 59.87 60.1600 35.5856
34 50.02 50.27 50.18 50.08 50.02 50.1140 33.9991
35 55.04 55.12 55.02 55.14 55.04 55.0720 34.8186
36 61.69 61.66 61.97 61.44 61.69 61.6900 35.8042
Average value 34.2063
Table 10. Main effect response table for heat storage efficiency.
A B C D E
Control Factor P
. Working . Number o
Level MI;tCel:/;al wl(:)lrukilclllg Fluid Flow Tilt (12)11 gle Absorber
Rate (kg/s) Tubes
1 33.6440 32.6834 34.0592 34.2175 34.2359
2 34.7686 34.5806 34.3104 34.2540 34.1501
3 35.3550 34.2494 34.1474 34.2329
Difference 1.1244 2.6717 0.2513 0.1065 0.0858
Sorting 2 1 4 8 9
F G H I J
Control Factor oot
Absorber
Level Al.)sorber Azimuth  V/A Ratio Plate Absorbenf
Diameter . Plate Material
Thickness
1 33.9770 34.1039 34.1681 34.2499 34.2187
2 34.2137 34.3518 34.1753 34.2468 34.2425
3 34.4282 34.1632 34.2755 34.1223 34.1577
Difference 0.4512 0.2478 0.1074 0.1276 0.0848
Sorting 3 5 7 6 10

From Figure 8, it can be seen that the optimum factor levels of heat storage efficiency
are A2, B3, C2, D2, E1, F3, G2, H3, I1, and J2; that is, PCM material is used, and the working
fluid is CuO nanofluid. The mass flow rate of the working fluid is 0.05 kg/s-m?, the title
angle of the module is 23.25°, the number of collector tubes is 10, the diameter of the
collector tube is 20 mm, the azimuth is south, and the V/A ratio is 152. In addition, the
thickness of the heat collecting plate is 0.65 mm, and the material of the heat collecting
plate is copper.

The variance analysis In Table 11 shows that the most significant control factor affecting
heat storage efficiency is the type of working fluid, and the second is PCM material. The
contribution rankings of the remaining factors are collector tube diameter, working fluid
mass flow rate, azimuth angle, collector plate thickness, V/A ratio, title angle, number of
collector tubes, and collector plate material. The F ratio of the title angle, the number of
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collector tubes, and the collector plate material are less than 1. Hence, these three control
factors were combined into the combined error.
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Figure 8. Main effect response graph for heat storage efficiency.

Table 11. Variance analysis for heat storage efficiency.

ANOVA  Degrees of Sum of Variation F-Ratio Contribution p-Value Confidence
Control Factor Freedom Square Level

PCM material 1 11.3824 11.3824 283.2320 19.03% 0 100.00%
Working fluid 2 453481 22.6741 564.2072 75.84% 0 100.00%
Workh;ft leklg /‘1“;121;5’ flow 2 0.4122 0.2061 5.1282 0.69% 0.019 98.10%
Tilt angle (°) 2 0.0704 0.0352 0.8756 0.12% 0.436 56.40%
Number of collector tubes 2 0.0569 0.0285 0.7084 0.10% 0.507 49.30%
Collector tube diameter 2 1.2226 0.6113 15.2116 2.04% 0 100.00%
Azimuth 2 0.4024 0.2012 5.0061 0.67% 0.02 98.00%
V/ A ratio 2 0.0864 0.0432 1.0754 0.14% 0.365 63.50%
ThiCk;ziz ?Ifn Cril)lecmr 2 0.1272 0.0636 1.5829 0.21% 0.236 76.40%
Heat fﬁg;crg plate 2 0.0459 0.0230 0.5714 0.08% 0.576 42.40%
Residual error 16 0.643 0.0402
Merge error 22 0.8162 0.0371
Total 35 59.7976

4.3. Confirmation Experiment

The five confirmation experiments for heat storage efficiency are shown in Table 12.

Table 12. Confirmation experiment for heat storage efficiency.

nfirmation Test 1 2 3 4 5 Average S/N
Control Factor Value Ratio

A2,B3,C2,F3,G2,H3,11 64.76 65.39 65.32 65.19 65.47 65.226 36.2882

The heat storage efficiency confidence interval is:
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1 1
Cls)n = \/ Fa1,v2 X Vare x (neff + r) = .| 4.3 x0.037102 x (

1

1+13

1
— + 5) = 0.3065

(18)

After calculation, the optimal experimental confidence interval of the heat storage
efficiency of the PV /T composite module was 36.1951~36.8081 db. After five confirmation
experiments, the S/N ratio of the confirmation experiment calculated from the obtained
data was 36.2882 db, falling within the 95% confidence interval, indicating that the results
of this experiment are reliable and have good reproducibility.

4.4. Multi-Quality Optimization Parameter Analysis

Based on the Taguchi method, this study uses the GRA method to determine the multi-
quality optimization process parameters of nanofluid-phase change-PV /T composite modules.
From GRA, step 1 to step 4, as shown in Equations (12)-(14), the GRG of power

generation efficiency and heat storage efficiency is shown in Table 13.

Table 13. Grey correlation grade of power generation efficiency and heat storage efficiency.

tem Gelr)::e‘:;:on Heat Storage GRG
Grey Relational Data Efficiency Efficiency

Xo 1 1 1
X1 0.3333 0.3567 0.3450
X 0.3784 0.6226 0.5005
X3 0.4282 0.7258 0.5770
Xy 0.3405 0.3818 0.3612
X5 0.3791 0.5657 0.4724
X 0.4161 0.6324 0.5243
X7 0.3425 0.3746 0.3586
Xs 0.3787 0.5612 0.4670
Xo 0.4231 0.6428 0.5330
X10 0.3391 0.3333 0.3362
X11 0.3664 0.5485 0.4575
X12 0.4410 0.7604 0.6007
Xi3 0.3570 0.4026 0.3798
X14 0.3864 0.5269 0.4567
X5 0.3962 0.6585 0.5274
X16 0.3515 0.3610 0.3563
X17 0.3926 0.5327 0.4626
Xis 0.4105 0.6812 0.5458
X19 0.5193 0.4965 0.5079
Xa0 0.6842 0.7018 0.6930
X21 0.8246 0.9956 0.9101
X2 0.5385 0.4905 0.5144
Xo3 0.7034 0.7066 0.7050
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Table 13. Cont.
fem Gel;(:a‘:;i;on Heat Storage GRG
Grey Relational Data Efficiency Efficiency

Xo4 0.7260 0.8625 0.7942
Xo5 0.5764 0.4700 0.5232
Xog 0.6562 0.7373 0.6968
Xoy 1 0.9815 0.9907
Xog 0.5597 0.4469 0.5033
Xo9 0.6649 0.7567 0.7108
X390 0.7931 1 0.8965
Xa1 0.5533 0.4517 0.5025
X3 0.6173 0.7055 0.6614
X33 0.7179 0.8521 0.7850
X34 0.5809 0.5420 0.5615
X35 0.6312 0.6675 0.6493
X36 0.8683 0.9250 0.8967

After obtaining the GRG, the MEA was used to get the response table and the response
graph, as shown in Table 14 and Figure 9, respectively.

Table 14. The main effect response table of the GRG.

A B C D E
Control Factor . ber of
. Working . Number o
Level MI;tCel:gal wglﬁ?g Fluid Flow Tilt (é)n gle Absorber
Rate (kg/s) Tubes
1 0.4592 0.4375 0.5747 0.5857 0.5899
2 0.6946 0.5780 0.6023 0.5561 0.5755
3 0.7151 0.5536 0.5888 0.5653
Difference 0.2354 0.2776 0.0487 0.0326 0.0246
Sorting 2 1 4 5 9
F G H I ]
Control Factor ——
Absorber
Level A!asorber Azimuth V/IA Plate Absorben.t
Diameter Compare . Plate Material
Thickness
1 0.5914 0.5591 0.5599 0.5670 0.5695
2 0.5758 0.6105 0.5868 0.5698 0.5928
3 0.5635 0.5610 0.5839 0.5938 0.5684
Difference 0.0279 0.0515 0.0269 0.0268 0.0244
Sorting 6 3 7 8 10

The factor response table and response graph show that the multi-quality optimal
factor levels are A2, B3, C2, D3, E1, F1, G2, H2, I3, and J2; that is, the PCM material is used,
the working fluid is CuO nanofluid, the mass flow rate of the working fluid is 0.05 kg/s m?,
the title angle is 26.25°, and the number of collector tubes is 10. In addition, the diameter
of the collector tube is 12 mm, the azimuth angle is south direction, the V/A ratio is 122,
the thickness of the heat collecting plate is 1.05 mm, and the material of the heat collecting
plate is aluminum. The control factor with the greatest impact on the composite module
is the type of working fluid, and the second is whether to use PCM material, followed
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by azimuth angle, mass flow rate of working fluid, module tilt angle, heat collector tube
diameter, V/A ratio, heat collector plate thickness, number of heat collector tubes, and heat
collector plate material.
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Figure 9. The main effect response graph of the GRG.
Confirmation Experiments
The nanofluid-PCM-PV /T module confirmation experiment for heat storage efficiency
and power generation efficiency are shown in Tables 15 and 16, respectively.
Table 15. The confirmation experiment for heat storage efficiency.

- ——Confirmation Test 1 2 3 4 5 Average S/N
Control Factor Value Ratio
A2,B3,C2, D3, EL, F1, G2, 64.74 64.81 64.86 64.69 64.72 64.7640 36.2267

H2, 13, ]2
Table 16. The confirmation experiment for heat storage efficiency.
nfirmation Test 1 2 3 4 5 Average S/N
Control Factor Value Ratio
A2,B3,C2, D3, EL, F1, G2, 14.98 14.96 14.94 14.94 14.97 14.958 23.4975

H2,13,]2

The results showed that the multi-quality optimization PV /T composite module’s
power generation efficiency is 14.958%, and its heat storage efficiency is 64.764%.

According to the confirmation experiment calculation, the S/N ratio of power genera-
tion efficiency is 23.4975 db, and that of heat storage efficiency is 36.2267, both of which fall
within the 95% confidence interval of single-quality optimization (the confidence interval
of power generation efficiency is 23.43257~23.549233 db, and the confidence interval of
heat storage efficiency is 36.1951~36.8081 db). This finding proves the accuracy and repro-
ducibility of the optimal parameter results obtained by the grey relational analysis method.

4.5. Comparison of Results and Discussion

In order to verify the benefits of parameter design optimization for nanofluid-PCM-
PV /T modules in this study, the optimization results were compared with those of tradi-
tional related PV /T modules, as shown in Table 17.

It can be found that the efficiency of PV/T modules was improved after adding PCM
or nanofluid and with the continuous improvement of materials. Although the system’s
power generation efficiency was improved, the improvement was small, which is also
related to the material of the solar cell. In addition, the heat storage efficiency was greatly
improved with the improvement of materials, so the overall efficiency of the module could
be continuously improved.
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Table 17. Comparison between the results of this study and the literature.

Comparison Power Generation Heat Storage Overall
Literature Efficiency (%) Efficiency (%) Efficiency (%)
Air type PV /T module tested by Ahn in 2021 [35] 6.4 37.1 43.5
Traditional liquid PV /T module [8] 12.74 34.06 46.80
Liquid PV/T module optimized by Kuo in 2019 [8] 14.29 44.96 59.25
PCM-PV/T module tested by Chaichan in 2021 [13] 13.7 39 52.7
Nanofluidic-PV/T module tested by Yin in 2019 [11] 13.44 36.66 50.1
Nanofluidic-PV/T module tested by Alsalame in 2021 [17] 12.49 35.96 48.45
Nanofluidic-PCM-PV/ T module tested by Hosseinzadeh 14.05 51.66 65.71
in 2018 [36]
Module optimized for this study 14.958 64.764 79.722

According to Table 17, due to the low heat transfer efficiency of air, the power gener-
ation efficiency and heat storage efficiency of air-type PV /T are not high compared with
other modules; its application fields are mainly dryers, and there are no extensive liquid-
type PV/T modules. In contrast, the power generation efficiency of the traditional liquid
PV/T module is 12.74%, the heat storage efficiency is 34.06%, and the overall efficiency
is 46.8%. After the optimized design by Kuo et al. [8], the power generation efficiency is
increased by 14.29%, the heat storage efficiency is increased by 44.96%, and the overall
efficiency is achieved by 59.25%.

Based on traditional liquid-type modules, Chaichan’s [13] module added PCM, and Al-
salame [17] used nanofluids. The efficiency of their modules has been improved compared
to the original module.

In the modules used in this study, the power generation efficiency is increased by
14.958%, the heat storage efficiency is increased by 64.764%, and the overall efficiency is
achieved by 79.722% after adding and optimizing PCM material and nanofluid. Compared
with other existing modules in the literature, there is a significant improvement in the
performance of the related air, liquid, PCM, and nanofluidic PV/T type modules.

4.6. Benefit Analysis of Power Generation Recovery

In this study, the comparison of the cost payback period of a 1 kW solar photovoltaic
system, PV /T system, and optimized nanofluid-PCM-PV /T system is analyzed in the
case of a generally typical family of four people using electric/water heaters, as shown in
Table 18. The construction cost of a solar photovoltaic system with a capacity of 1 kW in
Taiwan is USD 1782 (ground type) and USD 1716 (roof type), which are affected by the cost
of the metal used in the construction type. Meanwhile, the PV /T system is due to initial
cost increases of 68% (ground type) and 70% (roof type) by adding heat collector tubes,
water storage tanks and controllers, and initial cost increases of 3.3% (ground type) and
3.4% by adding a nanofluid-PCM-PV /T system (roof type). In addition, the typical thermal
collector is added in Table 17 because it only has a roof type, and its heat storage efficiency
is 75%, which is 10.2% higher than the optimal PV /T heat storage efficiency of 64.8% in this
study. Although conversion can increase by 243 MJ per year thermal energy, the typical
thermal collector cannot generate additional electricity.
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Table 18. Benefit analysis of power generation recovery.
Typical . .
. . This Study Optimized
Typical PV Thermal Typical PV/T Nanofluid-PCM-PV/T
Category Collector
Benefit Analysis Ground Rooftop Rooftop Ground Rooftop Ground Rooftop
Type Type Type Type Type Type Type
. Collector
PV system capacity (kW) 1 1 plate 1 1 1 1
Implementation
cost (USD) 1782 1716 2000 2994 2928 3094 3028
Electric energy (M]/ Year) 350 350 NA 367 367 399 399
Heat energy (M]/year) NA NA 1826 1218 1218 1583 1583
Selling electricity and
thermal (USD/ year) 157 231 365.2 409 486 496 580
Cost recovery (year) 11.34 7.44 5.48 7.33 6.03 6.24 522
20 years net profit of
clectricity (USD) 1362 2898 5304 5178 6787 6822 8563

For the calculation of power generation of a 1 kW solar photovoltaic system, taking
Taipei as an example, the annual average daily sunshine duration is 2.7 h, and the annual
power generation of a traditional photovoltaic system can reach 350 (M]/year) without
considering shading. The PV/T system reduces the temperature of the solar module due to
the increase in the thermal conductivity of the system and the power generation efficiency
increase of 5%. In addition, the PV /T system provides more heat energy by 1218 (M]J/year).
By incorporating a nanofluid-PCM-PV /T system, the power generation efficiency benefit
brought by temperature reduction in the experiment test is further increased by 8.57%, and
the heat energy provided in the experiment test reaches 1583 (M]/year).

For the electricity sales calculation of the 1 kW solar photovoltaic system, Taipei was
taken as an example, and the single purchase rate of various renewable energy electric
energy in 2023 issued by the Bureau of Energy was referred to. Furthermore, the additional
rate premium of power generation equipment was employed. The northern Taiwan base
rate is additive and has a multiplicative of 15%.

The electricity purchased by the Taiwan Power Company is 2.373 USD/kWh for
rooftop types and 1.617 USD/kWh for ground types. The cost can be recovered in the
eighth year (rooftop type) and the twelfth year (ground type). At present, the warranty
period of PV is 20 years, and the net profit of electricity sale of PV system power generation
for this period can be USD 2898 (rooftop type) and USD 1362 (ground type). In addition to
the electricity sales income of the PV /T system, the heat energy provided can be reused,
and the compound income can recover the cost in the seventh year (rooftop type) and the
eighth year (ground type). It shows that the net profit of the PV/T system power generation
for 20 years is USD 6787 for roof types and USD 5178 for ground types. Considering the
nanofluid-PCM-PV /T system, the compound revenue can be recovered in the sixth year
(roof type) and the seventh year (ground type). It shows that the net profit of the nanofluid-
PCM-PV/T system power generation for 20 years is USD 8563 for roof types and USD
6822 for ground types. Therefore, it has a better investment profit and energy conversion
efficiency than typical PV and typical PV/T.

Our findings show that this composite module has excellent potential for improving
the efficiency of power generation and heat storage for various applications, including
electricity and hot water supply for households.

In the case of a small family of four members using electric/water heaters, this study is
more efficient than the typical rooftop PV /T by 25.04%, whose investment recovery period
is lower than 0.81 years, respectively. In addition, for 20 years of net profit of electricity,
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this rooftop nanofluid-PCM-PV /T module is larger than typical PV/T 26.16% and typical
PV 195.47%.

Moreover, Taiwan is located at 23 degrees north latitude, with plenty of sunlight. The
PV /T module used in this study has an area of 1.63 m?, and a common 200-L tank is
selected. The highest heat storage efficiency in the actual test is 64.764%. Taking the solar
collector system commonly used in households as the three collector panels, it is equivalent
to the area of three solar panels, similar to the volume of the 1 kW solar photovoltaic system
in this study. The planned collector tank is 300 L, which does not exceed two rainy days,
and hot water is enough for general household use. However, if it rains for more than two
days, the reality requires an additional heater.

5. Conclusions

In this study, the parameter optimization of the power generation efficiency and heat
storage efficiency of the nanofluid-PCM-PV /T module was carried out, and the TRNSYS
software was used to predict the performance of various control parameter combinations. In
order to realize the optimal PV /T system parameter design, the Taguchi method and GRA
were used for multi-quality optimization analysis. The final multi-quality optimization
parameter configuration is as follows: PCM material is used, CuO nanofluid is selected as
the working fluid, the mass flow rate of the working fluid is 0.05 kg/s-m?, the tilt angle
of the module is 26.25°, the number of heat collecting tubes is 10 pieces, the diameter of
the collector tube is 12 mm, the azimuth is in the south direction, the V/A ratio is 122, the
thickness of the heat collecting plate is 1.05 mm, and the material of the heat collecting
plate is aluminum. Finally, a confirmation experiment was carried out according to this
configuration. It was found that the power generation efficiency of the nanofluid-PCM-
PV/T composite module after optimization was 14.958%, the heat storage efficiency was
64.764%, and the overall efficiency was 79.722%. At the same time, under this configuration,
the S/N ratio of power generation efficiency is 23.4975 db, and the S/N ratio of heat storage
efficiency is 36.2267 db, both of which fall within the 95% confidence interval. This finding
can prove that the optimal parameter results obtained by the grey correlation analysis
method are accurate and reproducible. In addition, in the case of a general small family of
four people using electric/water heaters, for 20 years net profit of electricity, this rooftop
nanofluid-PCM-PV /T module is larger than typical PV /T 26.16% and typical PV 195.47%.

In the future, by adopting controllers based on fuzzy logic and event-triggering
mechanisms [37], we can devise strategies to ensure the optimal operation of photovoltaic
systems under intermittent solar radiation and varying load conditions. Simultaneously,
combining self-adjusting control strategies with real-time communication mechanisms
based on fuzzy logic can enhance the system’s ability to withstand disturbances and
fluctuations. Furthermore, we recommend employing active cooling methods, such as fan
systems, during module construction to enhance power generation efficiency, even if it
might come at the cost of reducing heat storage efficiency.
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