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Abstract: Considered as the widespread renewable energy, solar energy is used to produce the electricity and heat for carbon peaking and carbon neutralization. However, the photo-electric conversion efficiency will decrease with the increase of cells temperature. To solve this problem, a water-type hybrid photovoltaic/thermal (PV/T) solar system has been designed and tested in Hong Kong. The outdoor experiment proceeded all days in 6 months with three different operating modes. The data of selected 33 days were used to analyze the performance of the system. The results showed that the thermal efficiencies were 33.6%, 52%, and 48.3% at zero reduced temperature, corresponding to three modes. Besides, the overall efficiencies were 43.2%, 60.9%, and 55.2% accordingly, which are higher than those of the conventional flat-plate solar collector. The average water temperature in the storage tank could reach 39.9°C, and the system could produce 0.07 kWh electric power after one-day operation, when the collector with 96 kg/m2 M/Ac installed vertically combining with external wall for each family. It is realizable to utilize the developed building integrated water-type photovoltaic/thermal (BIPVT) solar system for residential-intensive high-rise buildings in Hong Kong, satisfying the needs of hot water, and eventually reducing energy consumption of the buildings.
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Nomenclature



	Abbreviation




	PV/T
	Photovoltaic/Thermal



	BIPV
	Building Integrated Photovoltaic



	BIPVT
	Building Integrated Photovoltaic/Thermal



	PV-ST
	Photovoltaic with Solar Thermal



	PV/T-ST
	Photovoltaic/Thermal with Solar Thermal



	Symbols




	Ac
	total heat collecting area [m2]



	C
	specific heat capacity [J/(kg· K)]



	G
	measured solar radiation intensity [W/m2]



	H
	solar radiation on unit collector area [MJ/(m2· day)]



	I
	standard solar radiation [W/m2]



	H
	thermal convection [W/m· K]



	M
	mass water in the system [kg]



	m
	mass flow rate [kg/s]



	p
	electric power output per minute [W/min]



	P
	electric power output [kWh/day]



	Q
	thermal power output [kWh/day]



	S
	total superficial area of tank with insulation [m2]



	T
	temperature [°C]



	T
	time [min]



	U
	thermal loss rate coefficient



	U′
	system overall loss rate coefficient



	v
	wind speed [m/s]



	∝
	daily thermal efficiency at zero reduced temperature [%]



	∝′
	system daily overall efficiency at zero reduced temperature [%]



	δ
	temperature coefficient of PV module [%/°C]



	ηo
	overall efficiency [%]



	ηoo
	overall efficiency per minute [%]



	ηe
	electrical efficiency [%]



	ηeo
	electrical efficiency per minute [%]



	ηth
	thermal efficiency [%]



	ηtho
	thermal efficiency per minute [%]



	Subscript




	a
	ambient air



	ab
	absorber plate



	aux
	auxiliary thermal power required to meet hot water demand



	ave
	average



	bottom
	at the bottom of tank



	co
	beneath combi-panel



	f
	final in tank



	g
	cover glass



	i
	initial in tank



	in
	inlet of water tank



	inc
	inlet of collector



	loss
	energy loss



	out
	outlet of water tank



	outc
	outlet of collector



	outs
	outer surface of insulation



	pv
	PV cell



	top
	at the top of tank



	w
	water



	w1
	point 1 in tank



	w2
	point 2 in tank



	w3
	point 3 in tank




1  Introduction

With economic growth seemingly continuous, conventional energy has been consumed at such a high, unsustainable pace. Traditional energy resources come mostly from fossil fuels, such as coal, oil, and natural gas, which are non-renewable resources. Most of the consumption of fossil fuels are wasteful, and great amounts of energy are lost due to wasteful and inefficient transportation and energy generation technologies. Today, we have concerned with the disaster awaiting our future generations, taken this situation seriously, and found new energy resources. It is widely acknowledged that the development and utilization of renewable energy, including wind, biomass, geothermal energy, and solar energy, are effective methods to meet soaring demand and solve the problems caused by non-renewable resources. Furthermore, the goal of “carbon peak and neutrality” can be achieved earlier. Therefore, solar energy, an inexhaustible energy source, must be better developed.

More than 80% of the solar radiation is not converted into electricity, but either reflected or converted into thermal energy. The photo-electric conversion efficiency will decrease with the increase of cells temperature, i.e., decreases in about 1 W for every 1°C increasing [1]. To use solar energy more efficiently and reasonably, the hybrid photovoltaic/thermal (PV/T) system was first described in 1978 by Kern et al. [2]; they presented the design and performance of the PV/T system.

In recent years, PV/T has been studied from different perspectives by several researchers. From the perspective of PVT system form, Anand et al. [3] discussed the various cooling technologies that can regulate PV temperature and augment power production. Pang et al. [4] reviewed the performance of different types of flat plate PV/T under different conditions with operating media, structural designs, and climate conditions. Pathak et al. [5] reviewed the performance of PV/T using different cooling methods, including jet impingement, airflow cooling, immersion cooling using liquids, thermoelectric-based cooling, and microchannel cooling, phase change materials (PCM) based cooling, water/liquid cooling and heat pipe cooling. Javidan et al. [6] used a multi-nozzle jet impingement cooling for PV, and analyzed the temperature uniformity index of the PV panel. There were several forms of PVT systems, few of them could be used directly and conveniently for civil utilization, unlike PV systems used in residential buildings [7,8].

For the view of the characteristics of PVT collectors, Shahsavar et al. [9] evaluated and compared the energetic and exergetic performances of three nanofluid-based PV/T systems. They found a PV/T system with a sheet-and-grooved serpentine tube type collector with a groove pitch of 5.4 mm had better performance. Kiwan et al. [10] found that for three porous fins, five porous fins, and a porous layer of PV/T collector cases, the percent increase in efficiency was 6.73%, 9.19%, and 8.34%, respectively. One of the key factors in designing a PV/T collector is choosing the appropriate coolant fluid. Kahani et al. [11] presented a modified model of layer arrangement for a conventional PV/T panel and used different concentrations of TiO2/water nanofluid as the coolant. Junaid et al. [12] used Zn-water nanofluid in serpentine copper tubes of PVT collector and evaluated the production factor and life cycle conversion efficiency of the PVT system. The complex flow channels and nanofluids with high heat transfer performance play a good role in improving the comprehensive performance of the system. However, few studies have researched the performance improvements concerning the civil system.

In terms of the simulation and experiment of the PVT system, Nikbakht et al. [13] conducted a MATLAB code developed for techno-economic optimization of the PV/T combined CCHP system based on a one-year operation. Han et al. [14] investigated the thermal, electrical, and overall performance of the PVT-ST and PV-ST systems by simulation and verified data by references. They found the PVT-ST system had better performance. Based on the CFD analysis results, Bae et al. [15] constructed a real-scale experimental plant of PV/T with textile and capillary tube composite panels. Alomar et al. [16] experimented to analyzing the performance of PV/T in North Iraq, and the results of exergy analysis displayed that the optimum thermal and electric efficiencies in the range of (2%–7%) and (10%–18%). Kazem et al. [17] experimented and studied to evaluate the PV/T systems with a hybrid collector. Cabral et al. [18] took the electrical and thermal outdoor testing measurements on a low concentration PV/T solar collector based on a parabolic reflector geometry with a wedge PV/T receiver. Brottier et al. [19] carried out the tests of 28 PV/T solar domestic hot water installations in different locations in one year. Shao et al. [20] proposed a novel PV/T ventilated roof as a heat exchanger for a heat pump system and conducted an experiment. Different models and tests provided the basic data to improve system performance. Few types of research were aiming to test the PVT system with small capacity continuously throughout the year.

Compared with the conventional PV cells and collectors operating separately then, there are many advantages of a hybrid PV/T system, like saving in space, lowering the operating temperature, and increasing overall efficiency by generating both electricity and thermal heat from one combi-panel at the same time. Nowadays, BIPV is going to be a popular application to improve electrical efficiency and most efficiently utilize solar energy, researchers pay lots of attention to PV cells cooled by air/water being designed to be a BIPVT module and installed as a façade in consequence of limited building space, which provides architectural beauty and uniformity. Maghrabie et al. [21] discussed the challenges and introduced the future perspectives of BIPVT. They found the key factors impeding the commercialization of BIPVT systems are the implementation of the feed-in tariff, customers’ perception, national economic support, and technical considerations. Asefi et al. [22] reviewed some new and efficient technologies being employed to benefit from BIPVT systems for indoor heating and evaluated previous works on thermal management of BIPVT. Jalalizadeh et al. [23] used a TRNSYS-MATLAB co-simulator to simulate the system’s performance, and it turned out that BIPVT could reduce the cooling energy demand of the building by 36%. Gagliano et al. [24] investigated different configurations of the BIPVT plant and pointed out as a PVT facade might significantly contribute to the generation of renewable energy in the building sector. Barthwal et al. [25] proposed BIPVT as a space heating solution for the Indian montane climate, and the overall system efficiency is 70% through simulating. However, there are still many problems to be solved for applications of the BIPVT system, especially for the residential high-rise buildings without a balcony or enough space to install the oblique collector.

In this study, a water-type hybrid PV/T system was designed for a typical residential application and taken outdoor experiment under three different conditions for six months in Hong Kong. The water-type hybrid PV/T system has advantages over the air-type in tropical and subtropical areas like Hong Kong, where the annual mean daily global solar radiation is 14.46 MJ/m2·day, and residents there need water heating rather than space heating. The water-type hybrid PV/T system occupies less space due to higher water density, making it possible to be flexibly used in residential-intensive buildings. Besides, the system with natural circulation will be simpler to operate and has a longer life and lower cost, reducing carbon emissions to a greater extent. The performance of the system will be analyzed, and then improved based on the result of the analysis, making it more suitable for actual residential buildings and more acceptable for residents in Hong Kong.

2  Water-Type Hybrid PV/T System Design

2.1 Combi-Panel Design

Using photovoltaic/thermal combi-panel has such a large superiority in comparison of using traditional PV cells and flat-plate absorber collector separately. One is that an area covered with combi-panel produces more electrical and thermal energy than a corresponding area covered, half with PV cells and half with a thermal collector. The average PV cells temperature in a combi-panel is lower than a conventional one. The other is that it is particularly useful to adopt a combi-panel when the installation space is limited. Specifically, the combi-panel configurations consisted of monocrystalline silicon PV cells, TPT, EVA, silicone gel, thermal absorber, and water tubes, and the PV/T collector composed of it, encapsulated in an Al-alloy frame, are shown in Fig. 1. As designed, the combi-panel had 36 PV cells, connected in series, each with an area of 125 mm × 125 mm. The air gap and glass cover were each above the cells, and the insulation material was beneath the tubes. Besides, because of its higher cost-efficiency, selecting monocrystalline silicon PV cells, selecting monocrystalline silicon rather than other types, such as polycrystalline silicon, amorphous silicon, and film PV cell. Meanwhile, silicone gel was used between PV cells and flat-plate absorbers to combine these two parts and meet the requirement of electrical insolation and thermal conduction. Copper absorbers and tubes with good thermal conductivity were used to promote heat transfer. The specific measuring points in the water tank are shown in Fig. 2.
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Figure 1: (a) The PV/T collector, (b) The section view of the collector, including combi-panel
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Figure 2: Specific point in the storage water tank, and schematic diagram of steady heat transfer from tank to ambient air

2.2 Experimental Design for Natural Circulation

2.2.1 Hybrid PV/T System

The photo of the water-type hybrid PV/T system is illustrated in Fig. 3. Based on the demand for one nuclear family, the basic parameters of the system were designed, as shown in Table 1. The water heating system is composed of one collector with a total heat collecting area of 0.86 m2, one thermal storage tank with a volume of 0.03 m3, and another 0.06 m3 for the comparative experiment, pipes, and valves. Combined with the characteristics of the buildings and residents then, the natural circulation system was adopted to reduce the cost and operational complexity of the PV/T system.

[image: images][image: images]

Figure 3: (a) The photo of the water-type hybrid PV/T system, (b) The picture of system design
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A pyranometer was used to measure the total solar radiation on the front surface of the collector. An I-V curve tracer measured the max power, short circuit current, and open circuit current. The water flow rate was measured by a flow meter. The temperature parameters included both inlet and outlet water of the collector and the tank, the back surface of PV cells, the front surface of a thermal absorber, and the external surface of the water tube. Additionally, five points were distributed equally from top to bottom in the tank, as illustrated in Fig. 2, and ambient air, which was all measured by copper-constantan thermocouples and collected by a data logger (GL820). The basic parameters of the test instruments are shown in Table 2.
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2.2.2 Operating Mode

Three situations were tested to find the more efficient operating model and efficient system for residential-intensive buildings to determine the specific parameters of the modes, these tests below were carried out under similar environmental conditions. Firstly, the collector had been tilted 20°; at this angle, solar radiation would be absorbed more effectively, according to studies in Hong Kong [10] and Ali et al. [26]. According to per capita hot water consumption, water tank volume, and the water tank volume was set as 0.03 m3. The daily result showed that the average water temperature in the storage tank could reach 52.5°C after the one-day operation, when the initial water temperature was 20°C. However, nature circulation stopped at early 14:00, and heat energy produced by PV cells might not have been fully taken advantage of even reverse-cycle with the decreasing ambient temperature, which increases heat loss and reduces system efficiency. In order to prevent this circumstance from happening and enhance overall system efficiency, a tank with 0.06 m3 volume had used using. The average water temperature in the tank of mode B reached 42.3°C at the end of the one-day operation when the initial water temperature was 20.5°C. Although the temperature difference between initial and final water temperature in the tank was lower than mode A, nature circulation stopped at late 16:00. The circulating water took more waste heat that was not converted into electricity away from PV cells, which lowered so much temperature of PV cells, leading to an increase the overall system efficiency. Then, there are many high-rise residential buildings in Hong Kong, where population density is related high. Therefore, installing the system inclining on the roof for each family or as a sun-shading board tilted above the window is impractical. The more reasonable installation is setting up the collector vertically on the exterior wall, the tank on the indoor, and other accessories hidden in the wall structure, making the system a vertical BIPVT; besides, the position of the tank should be higher than it of a collector because of height and density contrast needed for natural circulation. The advantages are obvious, the vertical BIPVT will combine with buildings perfectly instead of affecting architectural aesthetics; at the same time, the space thermal loads could be reduced both in summer and winter. What’s more, it will neither affect nature lighting nor shading mutually. Therefore, three modes were set, as shown in Table 3.
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The water-type hybrid PV/T system was experimented on the roof, facing south with 20° tilt angle, and 90° tilt angle for simulating vertical BIPV/T as contrast experiment, throughout the test period in The Hong Kong Polytechnic University. The outdoor test proceeded all day for six months, from winter to spring, and the data was recorded all day at 1-min intervals. However, due to bad weather conditions or equipment disturbances, these data might be neither complete nor precise in the test period. As a result, using the data of selected 33 days to analyze the system’s performance is more reasonable and accurate.

3  System Performance Evaluation

One of the most common methods to assess the performance of a system is using efficiency terms. Among them, the overall efficiency per minute ηoo is designed as:

ηoo=ηeo+ηtho(1)

where ηeo and ηtho are, respectively, electrical efficiency per minute and thermal efficiency per minute, defined as:

ηeo=pGAc(2)

ηtho=mC(Toutc−Tinc)GAc(3)

where Toutc and Tinc is the outlet and the inlet water temperature of the collector, respectively.

However, the efficiency recorded per minute may not properly illustrate the system’s performance. As the consequence of too many external factors, such as ambient temperature, wind speed and fluctuant solar radiation, etc., and internal factors that the inlet water temperature varies during a day because of a closed system being tested, under various climate conditions and working conditions [17], the efficiency terms should be rated based on a daily test result. Therefore, the daily electrical efficiency ηe and daily thermal efficiency ηth are described by:

ηe=PHAc(4)

ηth=MC(Tf−Ti)HAc(5)

ηo=ηe+ηth(6)

where Tf and Ti are final and initial water temperature in the tank, calculated by the average of Ttop, Tw1, Tw2, Tw3 and Tbottom at final and initial test time in one day, respectively. ηe, ηth, and ηo were calculated based on the experiment data, according to Eqs. (4) to (6), and shown in Table 4.
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For obtaining the average efficiency and thermal loss rate of the annual forecast of the system more accurate, in Huang’s et al. [27] research, a semi-empirical system efficiency model used for daily performance assessment was proposed, which is defined as:

ηth=∝−UTi−Ta,aveH(7)

ηo=∝′−U′Ti−Ta,aveH(8)

where Ta,ave is the average temperature of ambient air per day, ∝ is the overall solar-absorptance that can be taken as the daily thermal efficiency at zero reduced temperature, when Ti=Ta,ave, and ∝′ is regarded as the system daily overall efficiency at zero reduced temperature. Meanwhile, U is the coefficient of thermal loss rate, also U′ is the coefficient of system overall loss rate. It is recognized that a higher value of ∝′ and a lower value of U′ prove a more efficient system.

Considering actual utilization in residential buildings, based on the requirement of hot water, if the average water temperature in tank Tw,ave is not up to 45°C at night when users need it, the electricity auxiliary heater begins to supply thermal heat Qaux to the tank:

Qaux=MC(45−Tw,ave)(9)

For non-absolutely insulation, the heat loss of the system and the demand of auxiliary thermal heat would increase along with the time in the evening, due to the ambient temperature decreasing.

4  Performance Analysis

4.1 Daily Results

In Table 4, the daily test results of the suggested system are shown. Mode A was tested from December to mid-March, mode B was tested following mode A, and mode C was tested through May Through all modes, it can be seen that none of the daily electrical efficiencies is closed to the rated parameter. The variation of the weather, such as sunny, hazy, cloudy, and rainy days, and the solar altitude angle could explain the variation trend of efficiencies. Therefore, considering the PV cell itself, continually used for three years, the electrical efficiency would decay 2.2%–2.9%. Besides, tiny shading would significantly influence it because of connecting series. When it comes to the whole collector, the cover glass could explain that the glass reflects more than 15% of the incident solar radiation, leading to decreasing the electrical output. The other reason is the mist appearing on the inside of the cover glass; if there is unsatisfactory sealing between glass and frame, the air with high relative humidity permeates the collector. The cover glass increased PV cells’ temperature by the greenhouse effect, leading to better thermal energy conversion. So, the average daily thermal efficiency was higher than the conventional non-covered water-type flat-plate collector with the same heat collecting area.

Ti of the day was influenced by Ta of the yesterday night, Tf of yesterday, and the heat loss rate of system. The tests were carried out continually; therefore, the Ti of each day was different. Whatever Ti was, the average ΔT of mode A was 18.9°C, which was higher than that of mode B (12.9°C), based on a similar average H. However, the average Q of mode B was 1.36 times that of mode A, which were 0.90 and 0.66 kWh, respectively. The average ηe of mode B was 1.05 times that of mode A, which were 9.71% and 9.25%, respectively. The average ηth of mode B was 1.25 times that of mode A, in which were 41.35% and 31.59%, respectively. Therefore, the larger M/Ac could produce larger Q and larger η0.

When M/Ac was the same, ΔT of modes B and C increased by the increasing H. The average P and Q of mode C were smaller than mode B. In mode C, the average P and Q were 0.05 and 0.34 kWh, respectively. In addition, the electrical efficiency in mode C is lower than the other two. The reason was that the vertical collector received less direct solar radiation because of the varying solar altitude angle. Fig. 4 shows a phenomenon that the collector’s angle should decrease from winter to summer to absorb more solar radiation. The average ηo of mode C was similar to mode B, which was 51.86%. In general, the overall system efficiency of the hybrid system is higher than it of individual monocrystalline silicon PV cell or water-type flat-plate thermal collector with cover glass in a corresponding area.
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Figure 4: Daily incident solar radiation on 20° tilt and horizon surface under mode A

According to three modes, plots of ηth and ηo against Ti−Ta,aveH are shown in Fig. 5 to analyze the system efficiency based on eliminating the interference of Ti fluctuation. The regression lines are illustrated below:

[image: images][image: images]

Figure 5: Test results of the daily thermal efficiency and overall efficiency of the PV/T system, (a) mode A, (b) mode B, (c) mode C

In mode A:

ηth=0.336−0.097Ti−Ta,aveH(R2=0.4624)(10)

ηo=0.432−0.104Ti−Ta,aveH(R2=0.4808)(11)

In mode B:

ηth=0.520−0.289Ti−Ta,aveH(R2=0.8605)(12)

ηo=0.609−0.275Ti−Ta,aveH(R2=0.8209)(13)

In mode C:

ηth=0.483−0.172Ti−Ta,aveH(R2=0.5198)(14)

ηo=0.552−0.179Ti−Ta,aveH(R2=0.5066)(15)

It is obvious that mode B has the highest value of ∝ and ∝′, 0.520 and 0.609, respectively, means when Ti=Ta,ave, the system thermal efficiency is 52.0% and the overall efficiency is 60.9%. While, mode A has the lowest value of U and U′, 0.097 and 0.104, respectively, means the overall system loss rate is the least in mode A. The overall system loss rate of mode C was smaller than that of mode B. Given the above results, mode B was a more reasonable choice when users needed hotter water and more electric power, and a larger installation space. Otherwise, operating mode C is much more suitable for limited mounting space in subtropical areas, like Hong Kong.

4.2 Performance Comparison

The performance of the hybrid PV/T system has been evaluated macroscopically, and one-day performance will be assessed on three specific days with three modes. The relationships between electricity, heat, working temperatures, flow rate, solar radiation, and efficiencies will be discussed below.

Mode A Dec. 13th and mode B Mar. 24th were chosen based on virtually identical circumstances of the two days, including solar radiation, initial water temperature in the tank, average ambient temperature, and wind speed. Specifically, H was 17.57 MJ/m2, Ti was 29.9°C, Ta was 20.62°C and the average wind speed was 5.2 m/s on Dec. 13th. On Mar. 24th, the corresponding parameters were 17.33 MJ/m2, 30.3°C, 21.28°C, and 4.8 m/s, respectively. The relationships of these parameters are shown in Fig. 6a. In Fig. 6b, the changing trends of both days’ ηe were analogous. The average ηe was 10.36% and 10.49%, respectively. The average ηe of mode B was higher than that of mode A, because of the larger M/AC, which means more coolant fluid took more released heat from PV cells away in mode B. So, the average Tpv of mode A was 46.86°C, that of mode B was 42.44°C. The difference was 4.42°C, therefore, ηe decreased 0.3% for every 1°C raised by PV cells. Taken a concrete consideration of ηe varying on a wide range of 6.0%–11.5% in one-day period, it can be found that ηe depends on solar radiation and working temperatures. Before 9:00 in the morning, ηe and Tpv were rather low. On Dec. 13rd, the reason was not only the low solar radiation in the early winter morning but also the hoar frost condensed on the cover glass of the collector that changed the transmissivity of the glass, which is the most common type of frost in winter In Hong Kong. On Mar. 24th, cloudy weather had an important effect on the absorption of solar radiation by the collector, leading to the fluctuation of efficiency, which can be explained by the varying sensitivity of ηe with the spectrum of solar radiation. From 9:00 to 10:00, circulation began and Tpvs rose faster on Dec. 13rd than on Mar. 24th, because of a smaller M/AC on Dec. 13rd. On both days, ηe gradually increased along with the increasing solar radiation and reached the maximum value 11%. From 10:00 to 14:00, the working temperatures increased continually; meanwhile, the solar radiation grew steadily and attained the maximum value at 13:00 on Dec. 13rd and at 13:20 on Mar. 24th, which explains the fact that the solar altitude angle changes along with seasonal replacement. Besides, ηe it remained stable most of the time in this period while changing up and down in small magnitude with the fluctuation of solar radiation because the efficient operation of the battery is within a certain temperature range. From 14:00 to 16:00, ηe began to decline, at the same time, solar radiation deceased step by step. The falling rate of ηe on Dec. 13rd was larger than it on Mar. 24th. Nevertheless, solar radiation declined at the same rate. This phenomenon occurred due to Tpv on Dec. 13rd was higher in contrast to it on Mar. 24th. Therefore, Tpv has a significant impact on ηe, and Tpv is influenced by M/AC. The average ηth of mode B was higher than that of mode A. Tw,ave began to be steady at 14:30, and started to drop down at 15:30 on Dec. 13rd, this occurrence of the reverse cycle can be interpreted by smaller M/AC. On Mar. 24th, the circulation was still on at 16:00, Tf was lower than that of Dec. 13th. However, on account of larger M/AC on Mar. 24th, the total heat gain was larger. So, to gain more energy from solar energy, mode B is much more suitable for the application.
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Figure 6: (a) Solar radiation, temperature in tank and ambient temperature on Dec. 13th (mode A) and Mar. 24th (mode B), (b) Solar radiation, PV cell temperature and electrical efficiency on Dec. 13th (mode A) and Mar. 24th (mode B)

In consideration of the influence on system performance by different collector angle, mode B Apr. 22nd and mode C May 6th were chosen. Particularly, the total daily horizon solar radiation was 15.49 MJ/m2, Ti was 29.68°C, Ta was 29.17°C, and the average wind speed was 5.8 m/s on Apr. 22nd. On May 6th, the corresponding parameters were 16.02 MJ/m2, 28.84°C, 29.66°C and 5.5 m/s. Performance comparison between modes B and C was based on these similar parameters; the relationships of them are illustrated in Figs. 7–9.
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Figure 7: Relationships among solar radiation and temperatures. (a) Apr. 22nd (mode B), (b) May 6th (mode C)
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Figure 8: Relationships among solar radiation and efficiencies (a) Apr. 22nd (mode B), (b) May 6th (mode C)
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Figure 9: Relationships among structure temperatures (a) Apr. 22nd (mode B), (b) May 6th (mode C)

As shown in Fig. 7, there were water temperature differences between the inlet of the collector and the outlet of the tank, for water heat loss by friction and heat transfer when it flows in the pipes. When the circulation began, the water temperature went up from bottom to top layer in the tank and solar radiation increased. It is because the density of water decreases while the temperature increases, which leads to hot water floating up to the top with buoyancy, concurrently, cool water sinking to the bottom. At the end of the one-day test period, Tf was 49.71°C on Apr. 22nd and 36.02°C on May 6th, although the initial environmental conditions were similar. The reason is that the inclination of the collector was different; the collector received different solar radiation H. The tile of mode B was 20°, which was 90° in mode C, so H of mode B was larger than that of mode C, and ΔT of mode B was larger than that of mode C. It is well known that the absorption of solar radiation is influenced by shading directly. In Fig. 7a, solar radiation increased relatively stable without major fluctuation before 14:00; after that, it moved up and down substantially, and cloudy weather was the primary cause. Thus, when the collector is placed vertically, the consequence of fluctuation is varied weather and neighbor constructions. In Fig. 7b, the collector was shadowed by a nearby construction in the west after 15:30. Besides, other parameters, such as efficiencies, flow rate, temperatures in different positions, and energy gain, were all affected by the variation of the absorption of solar radiation. Comparatively, ηe on Apr. 22nd was steadier and larger than it on May 6th. One reason is that the flow rate was so low in the vertical collector that circular water could not extract enough heat from PV cells, which resulted in a continued small temperature difference between PV cells and the water tube. However, temperatures were lower than them on Apr. 22nd, as displayed in Fig. 9b. The other is solar radiation changes continually with the weather. In terms of P, it was 0.285 kWh on Apr. 22nd. However, 0.069 kWh on May 6th only, under approximately equal horizon solar radiation, which means vertical collector could not receive as much solar radiation as inclined one. It can be explained that solar altitude angle changes with geographic location and seasonal variation, specifically in Hong Kong, from winter to summer, the optimal tilt changes from 35° to 20°, similar to the local latitude.

Regarding mass flow rate, as shown in Fig. 8b, the determination of the relationship between flow rate and solar radiation was preceded. On Apr. 22nd, the flow rate remained zero from 8:00 to 10:00 due to the low solar radiation. Afterward, the flow rate had the same variation tendency with solar radiation, increased until noon, particularly sharply from 0 to 8.5 kg/h in 10 min after 10:00, achieved the maximum value 14 kg/h at 13:00, and then decreased gradually, declined to zero when the circulation stopped, that is, Tw,ave reached stabilization. This is because the temperature difference between collector inlet and outlet enlarged rapidly at first, and tended to steady gradually after 15:00, which can be seen in Fig. 7a. Also, Fig. 8a showed that the maximum ηtho of the system presented at the time when the temperature difference between the inlet and outlet of the collector was largest, and the mass flow rate got maximum. Therefore, for the natural circulation system, the temperature difference is an essential factor that drives the working medium flow, affecting the system efficiency. The variation of temperature difference is affected by external uncontrollable environmental factors and the difference between Ti and Ta. In order to obtain a large temperature difference to start circulation earlier, Ti should be reduced as much as possible, so as to improve the system efficiency. The method is to stop the auxiliary electric heater after users use water at night, and makeup water in the tank to reduce Tw,ave, then Ti of tomorrow will be reduced.

One of the key factors in thermal performance is the quality of thermal contact and insulation among the components of the system. As illustrated in Fig. 9, the temperatures of PV cells, silicone gel, absorber plate, the surface of the water tube, back of the frame, cover glass, and ambient air were tested in a vertical line. It was found that the PV/T collector has good thermal contact; in this regard, the heat transfer of the thermal absorber was better than that of PV cells due to the copper bond between absorber and tube enhancing heat transfer. The silicone gel played an important role as not only a heat transfer medium but also an insulator. What’s more, the large average temperature difference was 10.8°C between the tube and back surface of insulation material, as shown in Fig. 9a, as well as illustrated in Fig. 9b, the average temperature difference between ambient air and back surface of insulation material was 3.8°C on both days, indicated that the thermal insulation materials performed well. Among them, the temperature of the cover glass, which fluctuated by the common influence of the temperatures of ambient air and PV cells, was approximately equal to the temperature of PV cells on May 6th, but on Apr. 22nd was lower. In addition, the temperature differences among the components were larger on Apr. 22nd than on May 6th, leading to higher thermal efficiency on Apr. 22nd. These phenomena occurred mainly because of the mass flow rate. The mass flow rate was smaller on May 6th, so the water could not take away as much heat produced by PV cells as that on Apr. 22nd. The water in the vertical collector of mode C needed to overcome the gravity of the longer process than that in the collector with an inclination of 20° of mode B. Therefore, even if the temperature difference for driving circulation is close in modes B and C, the mass flow rate of mode C will be smaller.

For practical application, the electric auxiliary heater in the tank should begin to work if the average tank water temperature is below 45°C when users needed. Assuming that hot water would be needed between 16:00 and 00:00, as shown in Fig. 10, Tw,ave would decrease gradually with time in the evening without extra heat suppling, with the non-absolute insulation of the tank. Therefore, an auxiliary heater, used to keep the temperature 45°C during the use period, should be installed in the tank. In terms of temperature declining, as shown in Fig. 10a:

[image: images]

Figure 10: Relationship between average water temperature in the tank and auxiliary heat needed (a) Apr. 22nd (mode B), (b) May 6th (mode C)

Tw,ave=49.51−0.013t(R2=0.9982)(16)

and in Fig. 10b:

Tw,ave=35.88−0.0053t(R2=0.9951)(17)

The deceasing rate of water temperature and the temperature difference between water in the tank and ambient air were smaller on May 6th, which leads to lower heat loss from the system. It is further proved that the system loss in mode C was less than that in mode B. The heat loss from the tank could be designed as:

Qloss=h⋅(Touts−Ta,ave)⋅S(18)

where Qloss is the heat energy loss from the tank, Touts is the temperature on the outer surface of insulation, assuming that is a steady-state heat transfer process and neglecting radiation heat transfer. This equation explained that water temperature in the tank decreased faster and the heat loss was larger on Apr. 22nd, although external meteorological conditions were similar on both days. As a result, if the storage tank is installed in an air-conditioning environment, the heat loss will be larger in summer and smaller in winter than mounted outdoor. Besides, it is noted that the storage electrical power could meet this extra demand on Apr. 22nd, even considering the conversion loss. On the contrary, the storage electrical power was far from enough for the auxiliary heater on May 6th, leading to needing outside sources. Mode C needed much more auxiliary heat. So, mode B should be chosen if there is enough space to install; otherwise, mode C with an auxiliary power source is much more suitable for the application.

4.3 Cost and Life Analysis

The cost and life of the BIPV/T system for a nuclear family in Hong Kong were estimated and is provided in Table 5. The corresponding manufacturer provided the average life and cost of the water tank, electricity auxiliary heater, structure, battery, and converter. The cost of the collector included the cost of PV cells, cupper tube, absorber plate, frame, and assembling. The average life of a PV panel is 25 years given by PV panel manufacturers [8,28]. δ was 0.45%/°C [29].

[image: images]

Temperaturederating(%)=(TPV−pv−TPV/T−pv)×δ(19)

Temperature derating was 12.6% in the BIPV/T case (mode C), which means BIPV/T resulted in 3.15 years increase in the life of PV. So, the life of a BIPV/T collector would be 28.15 years. During its lifetime, the stability of BIPV/T is important, which is affected by the usage habits and the operational hours depending on the surrounding environment, including solar radiation, temperature, and wind speed etc.

BIPV/T system costed $543, whereas for conventional standalone-PV system costing approximately $319. Based on the results of the experiment, for one BIPV/T system (mode C) on each day of the year, the average Tf was 36.1°C when the average Ti was 22.5°C, the average H was 4.98 MJ/m2, the average P was 0.31 kWh, and the average Q was 2.09 kWh. Therefore, in the whole year, the BIPV/T system could produce 113.3 kWh electricity and 763.8 kWh heat, which converted into $129.5 according to the electricity price of Hong Kong, and 775.647 kg CO2 according to the National Standard of the People’s Republic of China [30]. Generally, there are 120 households in one building in Hong Kong, the whole building could reduce CO2 emissions by 9.31t throughout the year, and the payback period is 4.19 years.

5  Conclusions

The cost-efficient hybrid photovoltaic/thermal system is favorable for improving the overall utilization efficiency of solar energy by getting both electricity and thermal heat simultaneously. A hybrid water-type flat-plate PV/T system was designed and taken outdoor tests with three different modes from winter to spring. The results show that the thermal efficiency at zero reduced temperature of each mode was 33.6%, 52.0%, and 48.3%, respectively. Meanwhile, the overall efficiency was 43.2%, 60.9%, and 55.2%, respectively. Besides, the average electrical efficiency was 9.97% for mode A, 10.5% for mode B and 7.5% for mode C. It is obvious that all modes had higher overall efficiency than the conventional water-type flat-plate solar collector with the identical area and MAc. Peculiarly, mode B converted solar radiation into electricity and heat energy most efficiently with angle of 20° and MAc of 96 kg/m2. The system’s performance was susceptible to weather conditions and surrounding buildings, especially installation on the high-rise residential-intensive buildings. Despite this, an acceptable final water temperature in the tank of all modes could be achieved after the one-day operation. Given practical application in residential buildings, mode C is more suitable than others due to limited space to install and the intensive high-rise buildings shading mutually in Hong Kong. Installing the collector vertically as a part of the external wall, which is a kind of BIPVT (mode C) as shown in Fig. 11, has many advantages:

[image: images]

Figure 11: Vertical BIPVT system installed in the residential building

•   Vertical BIPVT is particularly useful when the mounted space is limited, because the tilted one needs more space, although total energy is produced a little bit more than the vertical one;

•   Vertical BIPVT collector, installed combining with external wall, could reduce temperature of internal wall in summer and increase it in winter, leads to lowering cold/heat load of the building;

•   Vertical BIPVT system, $543 initial investment and 4.2 years payback period, is perfect for residential buildings aging 30–40 years in Hong Kong;

•   The storage tank of vertical BIPVT system, installed indoor and using electric auxiliary heater instead of gas, is much safer and energy-saving than the traditional water heater in Hong Kong;

•   The structure of vertical BIPVT system is simpler without vibrating equipment, and the life the system is increased;

•   Vertical BIPVT not only provides architectural uniformity on the external wall, but also has no influence on natural lighting or shades other collectors;

•   Vertical BIPVT system is easy to operate. Meanwhile, it can reduce CO2 emissions by 775.647 kg throughout the year for one nuclear family.

On the whole, the vertical BIPVT system proposed in this study is suitable for civil utilization and encouraging to be applied in high-rise residential-intensive buildings in Hong Kong.
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Table 3: Characteristics of three operating modes

No. Tank volume (m*) M/A. (kg/m?)  Tilt (°)
Mode A 0.03 48 20
Mode B  0.06 96 20
Mode C 0.06 96 90
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Table 4: The daily test results on selected days

Date No. T;(°C) AT (°C) Ty (°C) T,(°C) HMJ/m2) P (k&Wh) Q(kWh) n.(%) 04 (%) 1, (%) Mode

Dec.13 299 21.92 51.82 20.62 17.57 0.3137 0.7672 1036 2535 3571
Dec.27  23.10  27.02 50.12 17.68 19.41 0.3437 0.9457 10.28  28.29  38.57
Jan. 28 17.52  35.12 52.64 19.45 18.85 0.3413 1.2292 10.51  37.86  48.37
Feb. 12 20.94 17.18 38.12 16.91 10.46 0.1766 0.6013 9.80 3338  43.18
Mar. 1 1692 54 22.32 16.49 3.477 0.0479 0.189 7.99 31.56  39.56 A
Mar. 2 2032 287 49.02 23.76 17.83 0.3116 1.005 10.15 3271  42.86
Mar. 4 21.44 496 26.4 17.29 4.210 0.0635 0.1736 8.78 2394 3271
Mar. 5 22.15 15.61 37.76 23.18 7.899 0.1336 0.5464 9.82 40.16  49.98
Mar. 10 1538  4.98 20.36 14.28 3.096 0.0437 0.1743 8.20 32.69  40.89
Mar. 18 26.7 28.16 54.86 29.89 19.07 0.3104 0.9856 9.45 30.01 39.46
Mar. 24 30.3 15.86 46.16 21.81 17.33 0.3132 1.1102 10.49  37.20  47.69
Mar. 25 3392 14.14 48.06 23.03 17.88 0.3145 0.9898 1021 32,14 4236
Mar. 29 35.26 15.62 50.88 25.61 17.45 0.3088 1.0934 10.28  36.38  46.57
Mar. 31 32,12 7.5 39.62 26.04 9.33 0.1584 0.525 9.86 32,67  42.53
Apr. 1 31.26 12.38 43.64 22.72 13.84 0.2448 0.8666 10.27 3636  46.63
Apr. 3 31.22 14.32 45.54 28.89 11.82 0.2012 1.0024 9.88 4224 5913 B
Apr. 7 2126 5.62 26.88 21.55 4.03 0.0571 0.3934 8.23 56.68  64.91
Apr. 9 24.92 13.94 38.86 25.52 9.74 0.1496 0.9758 8.92 58.17  67.09
Apr. 10 31.54 19.3 50.84 27.09 17.03 0.2770 1.351 9.44 46.06  55.51
Apr. 18 25.06 292 27.98 22.49 3.62 0.0514 0.2044 8.24 3279 41.03
Apr.22  29.68  20.03 49.71 29.17 18.43 0.2853 1.4021 8.99 44.17  53.16
May 2 3244 748 39.92 33.32 5.625 0.0785 0.5236 8.10 54.05  62.15
May 4 3278 494 37.72 32.24 4.267 0.0482 0.3458 6.56 47.06  53.61
May 6 28.84  7.18 36.02 29.66 5.683 0.0688 0.5026 7.03 5135  58.38
May 10 34.71 3.85 38.56 30.22 5.140 0.0497 0.2695 5.61 3044  36.06
May 12 2984 472 34.56 28.23 4.330 0.0486 0.3304 6.55 44.31 50.82
May 13 31.22 44 35.62 30.55 3.355 0.0381 0.308 6.60 53.31 59.89 C
May 14 3236  4.98 37.34 32.77 4.186 0.0420 0.3486 5.83 4835  54.18
May 17  30.58 4.2 34.78 29.91 3.975 0.0463 0.294 6.76 4295 4971
May 21 30.24 4.6 34.84 28.95 4.951 0.0565 0.322 6.63 37.76  44.39
May22  30.52  4.26 34.78 28.87 4.452 0.0509 0.2982 6.64 38.89  45.53
May23 3034 3.6 33.94 28.09 3.884 0.0441 0.252 6.59 37.67  44.26

May 27 2946  5.58 35.04 29.43 4.029 0.0492 0.3906 7.09 56.29  63.38
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Table 1: Basic parameters of the hybrid PV/T system

Components

Parameters

Combi-panel Monocrystalline
silicon PV cells

Silicone gel
Thermal absorber

Water tube

Collector Cover glass

(including Air gap thickness

combi-panel) Thermal
insulation

Water tank

Electricity auxiliary heater

Overall structure

Storage battery

Converter

Cell unit size: 125 mm x 125 mm
Solar cell energy conversion
efficiency: 16% (T, = 25°C,

I = 1000 W /m?, without cover
glass)

Max power: 100 Wp

Max power voltage: 17.5V
Max power current: 5.77 V
Open circuit voltage: 21.5V
Short circuit current: 6.28 A

2 mm-thick thermal conductivity
0.8 W/(m-K)

Absorber material: Copper
Absorber thickness: 3 mm

6 rises, internal diameter of

14 mm

2 headers, internal diameter of
20 mm

Material: Copper

5 mm thick-toughened glass

16 mm

25 mm thick; glass fiber

Type: cubic

Water storage capacity: 30 and
60 kg

Thermal insulation: 20 mm thick
Rated power: 1 kW

Dimensions (L x W x H):

1.59 m x 0.54 m x 0.005 m
Al-alloy frame

Rated voltage: 12V

Capacity: 65 Ah

Units: 4, each two in series, then
in parallel

Rate input voltage: 24 V DC
Rate output voltage: 220 V AC
Efficiency: 80%
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Table 2: Basic parameters of the test instruments

Instrument Model Range Accuracy

Pyranometer MS-80 0~4000 W/m?* +10 uV/W/m?

I-V curve tracer MP-170 Voltage: 10~1000 V Voltage: 0.1%
Current: 1~20 A Current: 0.1%
Power: 10~10000 W

Flow meter LWGY-FMT 0.01~0.6 m*/h 0.2%

Thermocouple T-100 —40°C~125°C +0.1°C
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Table 5: Cost and life of BIPV/T system

Equipment Quantity  Per unit Life (years) Total ($)
price ($)
Collector (including 1 199 28.15 199
combi-panel)
Water tank 1 30 15 30
Electricity auxiliary heater 1 16 15 16
Mounting structure 1 29 25 29
Storage-battery 1 45 4 45
Converter 1 75 12 75
Pipes/Valves/Wires/Breakers 1 70 70
Manufacturing/Assembling/ 1 79 79

Installation
Total cost 543
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