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Abstract: This paper proposed a new function of photovoltaic thermal (PVT) module to produce nocturnal cool water not just only generating electrical power and hot water during daytime. Experimental tests were carried out under Chiang Mai tropical climate with a 200 Wp monocrystalline PVT module having dimensions of 1.601 m × 0.828 m connected with two water tanks each of 60 L taken for hot and cool water storages. The module was facing south with 18o inclination. The electrical load was a 200 W halogen lamp. From experiments, by taking the module as a nocturnal radiative cooling surface, the cool water temperature in the cool storage tank could be reduced 2oC–3oC each night and the temperature could be reduced from 31.5oC to 22.1oC within 4 consecutive days. The cool water at approximately 23oC was also used to cool down the PVT module from noon when the PVT module temperature was rather high, and then the module temperature immediately dropped around 5oC and approximately 10% increase of electrical power could be achieved. A set of mathematical models was also developed to predict the PVT module temperature and the hot water temperature including the cool water temperature in the storage tanks during daytime and nighttime. The simulated results agreed well with the experimental data.
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Nomenclature


	APV	surface area of PVT module, m2

	Cpw	water specific heat capacity, J⋅kg−1⋅K−1

	D	diameter of riser tube of PVT module, m

	f	friction factor, dimensionless

	g	acceleration due to gravity, m⋅s−2

	H	vertical distance between inlet and outlet of the module, m

	hPV,a	heat transfer coefficient at top surface of module, W⋅m−2⋅K−1

	IT	solar radiation incidence on PVT module, W⋅m−2

	K	loss coefficient, dimensionless

	l	riser tube length, m

	Mw	water mass in storage tank, kg

	m˙w	water mass flow rate, kg⋅s−1

	n	number of data

	nr	number of riser tubes of PVT module

	ΔP	pressure drop, Pa

	Ta	ambient temperature, K

	TPVc	module temperature in the nighttime, K

	TPVh	module temperature in the daytime, K

	Tsky	sky temperature, K

	Twci2t+Δt	water temperature in cool water tank at time t+Δt, K

	Twcit	water temperature in cool water tank at time t, K

	Twci	inlet water temperature in the nighttime, K

	Twco	outlet water temperature in the nighttime, K

	Twho	module outlet water temperature, K

	Twhi	module inlet water temperature, K

	Twhit+Δt	water temperature in hot water tank at time t+Δt, K

	Twhit	water temperature in hot water tank at time t, K

	UL	overall heat loss coefficient from module to surrounding, W⋅m−2⋅K−1

	(UA)PV	overall heat transfer coefficient and area product between module and circulating water, W⋅K−1

	x	simulated and experimental values

	W˙h	pumping power, W

	ε	emittance of module surface

	σ	Stefan Boltzmann’s constant, W⋅m−2⋅K−4

	ρ	density, kg⋅m−3

	η	efficiency, %



1  Introduction

At present, photovoltaic (PV) module has been widely used to generate electrical power for many uses, as for air-conditioning, lighting and other applications, and then the electrical power from the grid-line could be reduced drastically. In Thailand, the number of the installed PV module was booming due to its low cost and the Government policy on green and sustainable energy. In some cases, for example, use of PV-air conditioner might reduce over 75% of grid electrical power for air-conditioning in office building during daytime [1–3]. However, in hot country such as Thailand, the PV module temperature might reach 70oC or more in the afternoon then the electrical efficiency was reduced significantly and only 75% or less of the power at standard condition could be generated [4–7], then many approaches to control the module temperature were presented. Sun et al. [8] and Biwole et al. [9,10] used phase change material (PCM) such as paraffin embedded at the rear surface of PV module and the module temperature was controlled and approaching to the PCM melting point during daytime. Asanakham et al. [11] and Teo et al. [12] used air forced convection at the rear surface of PV module to cool down the module temperature during daytime. Asanakham et al. [13] and Zhe et al. [14] investigated effect of water cooling through a set of water tubes or channels attached at the PV module rear surface on temperature control of PV module. However, if the working fluid was not used for other thermal applications, and since the active method consumed electrical energy to supply the air blower or water pump, then the net generated energy output might not be higher than that of the normal unit. Recently, thermoelectric generator (TEC) was conducted to increase the electricity generation or extend the electricity generation at night. Wen et al. [15] considered performance of a PVT module with PCM connected in series to a solar thermal collector (ST) with a set of thermoelectric generators (TEGs) at the ST rear surface. The ST increased the temperature of water stream exiting the PVT module while the TEGs were used to generate more electricity from the ST surface temperature. The PCM at the rear surface of the PVT module was used to reduce the PVT module temperature. Ebrahimi et al. [16] also used TEG combined with PVT-water storage tank. The TEG could extend electricity generation from the stored hot water in the storage tank during nighttime.

Designs of photovoltaic thermal (PVT) module to generate simultaneous electricity and heat as hot water or hot air had been presented then the overall efficiency of the module was higher than that of the ordinary PV module [17–20]. Generally, the PVT module performance was considered only for heat and electricity generation during the daytime and from our preliminary test, the PVT module temperature was found to be lower than the surrounding temperature in the nighttime so the module could be taken as a thermal radiator for generating nocturnal cool water similar to a thermal nocturnal radiator designed by Chotivisarut et al. [21]. The thermal radiator was a metal sheet attached with a set of thermosyphon heat pipes of which the evaporator part was dipped into a water tank. During nighttime, the heat pipes extracted heat from the water storage tank and the heat was rejected via the thermal radiator to the night sky then the temperature of water kept in the storage tank could be reduced and the cool water could be used for space cooling during daytime. Hu et al. [22] also showed that there was a high potential to reduce the PVT module temperature by nocturnal radiative cooling. A set of energy balance equations of PVT module components was developed and it could be found that the module temperature could be dropped down to nearly 9.5oC below the surrounding air temperature in the nighttime under Hefei, China weather data. Zaite et al. [23] presented dynamic thermal behavior of a PVT water-based module based on energy balances of its components under the hot arid climate of Ouarzazate, a city in Morrocco. The temperature of water in a 200 L water storage tank having initial temperature of 20oC could be reduced to 11.5oC–13oC during nighttime. The nocturnal cool water was used to cool down the PVT module temperature during daytime and the daily temperature could be 3◦C–5◦C reduction compared with that of the normal PVT module. The monthly gain of electrical energy could also be improved by 5.5%–6.15%. Péan et al. [24] experimentally studied on cooling performance by nighttime radiative cooling of three PVT modules in series connection under Scandinavian climate during summer. The cooling capacity per unit area was in a range of 20–75 W⋅m−2 which was possible for cooling in office and residential building.

Not many papers have presented the use of PVT for generating cool water during nighttime especially experimental studies and most of them are performed in hot and arid, or middle to high latitude regions, where the nighttime ambient temperature is rather cold and the night sky is clear.

In this paper, a potential of nocturnal cooling for generating cool water via PVT module under Chiang Mai climate which was hot and humid was carried out. A use of generated cool water to cool down the PVT module temperature at high temperature during daytime to enhance electrical performance was also investigated. In addition, a set of simplified models for evaluating the PVT module performance on electricity and hot water generation during daytime and cool water production during nighttime was developed and the results from the models were verified with the experimental data.

2  Experimental Setup and Mathematical Models

2.1 Test Materials and System

A 200 Wp monocrystalline PVT module was connected to two water storage tanks each of 60 L for keeping generated hot and cool water during daytime and nighttime, respectively. During daytime, the PVT module not only generated electricity to an electrical load which was a 200 W halogen lamp, but also acted as a solar collector to supply heat to the water kept in the hot water tank. During nighttime, the PVT module was a thermal radiator exchanging heat with the night sky and the surrounding ambient. As the thermal radiation exchange with the night sky was higher than the heat convection from the surrounding air then the module temperature could be reduced and nocturnal cool water could be produced. A 28 W pump with bypass flow was used to circulate water in the system. The module temperatures, the water temperatures at the PVT inlet and outlet, the water in the storage tank, and the ambient temperatures were recorded by a set of T-type thermocouples with Huato datalogger. The experimental setup and the positions of the temperature measurements were illustrated in Fig. 1. The PVT module was tested outdoor under the climate of Chiang Mai, Thailand (Latitude 18.79° N, Longitude 98.96° E). The unit was south facing with 18o inclination. The solar radiation on the PVT plane was recorded by a Kipp and Zonen CMP3 pyranometer. The volume flowrate was observed directly by a calibrated rotameter. The electrical power from the PVT module was measured by a UNI-T UT204 multimeter. The instrument accuracies were shown in Table 1.
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Figure 1: Experimental setup and the positions of temperature measurement
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2.2 Numerical Calculation

2.2.1 Power Generation

Electrical performance of the tested PVT module in term of the generated electrical power related with the module temperature and the incident solar radiation in cold and hot seasons of Chiang Mai, Thailand could be shown in Fig. 2.
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Figure 2: Performance of the tested PVT module on the power generation related to the module temperature and the solar radiation

From Fig. 2, the correlation equation of the related parameters could be given by

P˙e=−0.984+0.214IT+(2.07×10−5)IT2−1.83Tm+(4.7×10−3)ITTm−(4.61×10−6)IT2Tm,(1)

200 ≤ IT ≤ 1,000 W⋅m−2; 30 < Tm < 60oC.

Since there is parasitic work due to water circulation in the system, therefore, the pumping power (W˙h) to feed the fluid throughout the PVT module could be calculated by

W˙h=m˙ΔPρηpump.(2)

ΔP is the pressure drop at the PVT module that could be calculated by [23]

ΔP=ρg(H+[8(m˙nr)2gρ2π2D4(flD+K1+K2)]).(3)

H is the vertical distance between inlet and outlet of the module, K1 and K2 are loss coefficients at the inlet and the outlet of the PVT module which are considered to be 0.5 and 1, respectively [25], f is the friction coefficient which is calculated from 64/Re (laminar regime) [26], D is the diameter of each riser tube in PVT module and l is the tube length.

Therefore, the net electrical power efficiency could be calculated from

ηe,net=P˙e−W˙hITA.(4)

In this study, with the flowrate of 0.018 kg⋅s−1, and pump efficiency, ηpump, of 80%, the pumping power (W˙h) was found to be 0.34 W which was rather small, and then this term was neglected for calculating the net electrical power and efficiency. However, in real practice, pump sizing should be carefully selected to get the electrical power gain from the module.

2.2.2 Daytime Hot Water Production

The PVT module was connected to a 60 L hot water storage tank and generated hot water during daytime similar to a normal solar collector. The schematic diagram of the tested unit was shown in Fig. 3. The circulating water between the module and the storage tank was 0.018 kg⋅s−1. The PVT module generated electricity to the load and at the same time, the unit acted as a solar collector that generated heat to the working fluid in the storage tank. The test was performed in the daytime between 9 am–4.30 pm.

The energy balance in numerical form for the water storage tank with adiabatic and well mixed assumptions was

MwCpw(Twhit+Δt−Twhit)=APVΔt[(τα)cIT−UL(TPVh−Ta)].(5)
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Figure 3: Control volume for hot water production during daytime

The inlet water temperature was assumed as the water temperature in the hot water storage and then from Eq. (5), it could be

Twhit+Δt=APVΔtMwCpw[(τα)cIT−UL(TPVh−Ta)]+Twhit.(6)

The outlet water temperature from the module could also be calculated by

m˙wCpw(Twho−Twhi)=APV[(τα)cIT−UL(TPVh−Ta)].(7)

(τα)c is the transmittance-absorptance product of the PVT module and UL is the overall heat loss coefficient from the PVT module to the surrounding ambient.

Eq. (7) could be rewritten as

m˙wCpw(Twho−Twhi)ITAPV=(τα)c−UL(TPVh−Ta)IT,(8)

(m˙wCpw(Twho−Twhi))/ITAPV is the instantaneous thermal efficiency which can be plotted as a function of (TPVh−Ta)/IT then (τα)c is the intercept on the efficiency axis and -UL is the slope of the performance curve. The tests were carried out similar to those of solar thermal collector when the solar radiation was over 850 W⋅m−2 and the circulating water flow rate was 0.018 kg⋅s−1 [27]. From our experiment, (τα)c and UL values were 0.478 and 8.43 W⋅m−2⋅K−1, respectively.

Since the water circulating through the PVT module extracted solar heat from the PVT module surface similar to heat transfer in a heat exchanger. The outlet water temperature Twho could be calculated from [28]

Twho=Twhi+(TPVh−Twhi)(1−e((−UA)PVm˙wCpw)).(9)

(UA)PV is the heat transfer coefficient and area product between the PVT module surface and the circulating water. This term could be evaluated by

(UA)PV=m˙wCpw(Twho−Twhi)LMTD(10)

where

LMTD=(TPVh−Twhi)−(TPVh−Twho)ln⁡[(TPVh−Twhi)(TPVh−Twho)].(11)

(UA)PV from Eq. (10) could be taken from the measured experimental data of the related temperatures and flow rate and in our study the average value was found to be 18.54 W⋅K−1 at the water flow rate of 0.018 kg⋅s−1. Then Twho in Eq. (9) could be taken as a function of TPVh and after substitution into Eq. (7), TPVh at any solar radiation and ambient temperature including inlet water temperature and flow rate could be found out. Finally, the water temperature, Twhit+Δt, from Eq. (6) could be evaluated. The calculation step was shown in Fig. 4.

2.2.3 Nocturnal Cool Water Production

In the nighttime, cool water in the cool storage tank was circulated through the PVT module and there was heat radiation rate from the front surface of the module to the sky, Qrad , and heat convection rate between the ambient air and the module surface, Q˙conv. When the radiation term was higher than that of the convection, the water temperature in the storage tank could be reduced. It could be noted that the back surface of the PVT module was well-insulated.

The energy balance at the storage tank as described in Fig. 5 (nighttime) could be performed as

Q˙storagec=Q˙conv−Q˙rad.(12)

With assumptions that the storage tank was well mixed and well-insulated including Twc=Twci, then

MwCpw(Twcit+Δt−Twcit)=APVΔt[hPV,a(Ta−TPVc)−εσ(TPVc4−Tsky4)].(13)

The inlet cool water of PVT module can be calculated by

Twcit+Δt=APVΔtMwCpw[hPV,a(Ta−TPVc)−εσ(TPVc4−Tsky4)]+Twcit.(14)

[image: images]

Figure 4: Calculation step for hot water production and electrical power generation in the daytime

The outlet water temperature could be calculated by

m˙wCpw(Twco−Twci)=APVhPV,a(Ta−TPVc)−εσAPV(TPVc4−Tsky4),(15)

where σ is the Stefan Boltzmann’s constant, σ = 5.67 × 10–8 W⋅m−2⋅K−4.

The wind speed on the top surface of PVT module, v, was taken to be 1.4 m⋅s−1 similar to the average wind speed of Chiang Mai, Thailand and the convective heat transfer coefficient can be found as [29]

hPV,a=2.8+3v,(16)

where ε is the surface emittance of the PVT module which equals 0.918 in this study [30].

[image: images]

Figure 5: Control volume of PVT module and storage tank for cool water production in the nighttime

Since there is a heat exchanging between the module surface to the cool water circulating in the ducts at the rear surface of the module, the outlet water temperature could also be calculated by [28]

Twco=Twci+(TPVc−Twci)(1−e(−(UA)PV,wm˙wcpw)).(17)

The term (UA)PV,w could be estimated from the experimental data of the related parameters and in our study, the average value was about 5.20 W⋅K−1 at the water flow rate of 0.018 kg⋅s−1.

At any value of Twci including the value of m˙w, the values of TPVc and Twco could be evaluated from Eqs. (15) and (17) then the temperature of cool storage tank after time lapse Δt, Twcit+Δt, from Eq. (14) could be calculated. The calculation step was given in Fig. 6.

2.2.4 Uncertainty of the Experiment

From the accuracies of all the instruments, the uncertainty of each output could be evaluated by [31]

R=f(x1,x2,…xn),(18)

ωR=[(∂R∂x1⋅ω1)2+(∂R∂x2⋅ω2)2+…+(∂R∂xn⋅ωn)2]1/2,(19)

where R is the output, x1,x2,…xn are the measured parameters, ω1,ω2,…,ωn are the measured parameters accuracies, and ωR is the output uncertainty. In the study, the maximum uncertainty for the electrical power efficiency of PVT module was less than 4%.
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Figure 6: Calculation step for cool water production of PVT module in the nighttime

2.2.5 Validation of Models

To characterize the difference between experimental and simulation results, the root-mean-square deviation (RMSD) method is employed [22] as

RMSD=∑[(xsim,i−xexp,i)/xexp,i]2n,(20)

where xsim,i and xexp,i are respectively the simulated and experimental values; n denotes the number of measurements.

3  Results and Discussions

3.1 Electricity Generation and hot Water Production during Daytime

Figs. 7–9 showed the experimental results of the generated electrical power, the temperatures of PVT module and hot water in the storage tank including the electrical efficiency on a clear sky day when the water circulating flow rate in the PVT module was at 0.018 kg⋅s−1. The PVT module temperature followed the value of the solar radiation level and reached maximum value around noon at 60oC and the generated electrical power was about 159 W which was less than that at standard condition. It could be seen that at this condition, the electrical efficiency of the PVT module dropped to be about 10% due to its high module temperature. For hot water temperature in the storage tank, the value was increased from approximately 30oC to the maximum one around 50oC in late afternoon. It could be noted that the simulated results on the PVT module temperature, the generated electrical power and the hot water temperature in the storage tank agreed well with the experimental data. The RMSDs for the PVT module temperature, hot water temperature and generated power were less than 3.5%, 4%, and 10%, respectively.
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Figure 7: Hot water temperature in hot water storage tank on a clear sky day
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Figure 8: Power generation of PVT module in the daytime on a clear sky day
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Figure 9: PVT module efficiency during daytime at flow rate of 0.018 kg⋅s−1

3.2 Cool Water Production during Nighttime

Fig. 10 showed the experiment results of cool water production via PVT module in the night time. The circulating water flow rate in the PVT module was 0.018 kg⋅s−1. It was found that the PVT module temperature could be lower than that of the surrounding ambient due to the higher radiative heat transfer from the PVT module to the sky than the heat convection from the surrounding air. The cool water temperature in the cool storage tank could be reduced approximately 2oC–3oC each night and the temperature could be reduced from 31.5oC to 22.1oC within 4 consecutive days. The temperature reduction was rather low compared with that of Zaite et al. [23] where the tests were performed in hot and arid climate. It was also noted that the simulated results of the cool water temperature fitted very well with the experimental data. The RMSD was less than 2%.
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Figure 10: Temperature histories of module temperature and water temperature in storage tank in 4 consecutive days

3.3 Use of Nocturnal Water for PVT Module Cooling

From Fig. 11, the generated electrical power initially increased with the solar radiation level and after 10 a.m. the trend slightly declined due to high module temperature as shown in Fig. 12. Around noon, the module temperature was rather high then a test on the use of generated cool water in the storage tank to cool down the PVT module was carried out. The cool water at around 23oC with a flow rate of 0.018 kg⋅s−1 was fed to the PVT module and the module temperature dropped rapidly from around 55oC to 50oC. The temperature reduction was also within the same range of the simulated result performed by Zaite et al. [23]. The generated power and the electrical efficiency could be up from 136.9 W to 150.1 W and 11% to 12%, respectively. By the simulation, the increase of electrical energy with nocturnal water cooling was approximately 38 Wh compared with the normal PVT while the energy consumption for circulating water during nocturnal cooling was approximately 3 Wh/night (theoretical pumping power at 0.34 W and the operating hours of 11 h/night). It could be noted that there was a high potential to use nocturnal cool water for PVT cooling during daytime. However, in real practice, the pumping power was higher than the theoretical value, then the pump sizing should be carefully considered to get positive net electrical energy output after PVT cooling in the daytime.
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Figure 11: Power generation of PVT module of PVT module during daytime with cool water feeding and flow rate of 0.018 kg⋅s−1
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Figure 12: PVT module efficiency during daytime with cool water feeding and flow rate of 0.018 kg⋅s−1

It could be noted that the cool water after cooling down the PVT module and returning back to the storage tank (Storage tank 2), the water temperature in the storage tank at the end of the daytime could reach around 40oC which was high enough for bathing or washing as shown in Fig. 13. After that the new amount of water was replaced and the new cycle for nocturnal cooling could be performed.

From the study, it could be found that there is a high potential to generate cool water during nighttime even the area is in tropical climate. The temperature of water volume at 60 L could be reduced approximately 2oC–3oC each night via a PVT module having dimensions of 828 mm × 1,601 mm. and the temperature could be reduced from 31.5oC to 22.1oC within 4 consecutive days. With a big number of PVT modules such as solar farm, high amount of cool water could be generated and used for PVT cooling when the module temperature is high to enhance the power efficiency or for space cooling in that area during daytime.

[image: images]

Figure 13: Water temperatures in hot water storage and cool water storage

4  Conclusions

A study on nocturnal cool water production as a new function of PVT module was carried out both experimentally and theoretically. The findings of this paper are as follows:

•   The PVT module not only generated electrical power and hot water generation during daytime but also produced cool water during nighttime. In the tropical climate area such as Chiang Mai, from the experiment, the temperature of 60 L of water in a storage tank could be reduced approximately 2oC–3oC each night via the PVT module having dimensions of 828 mm × 1,601 mm.

•   A set of models for predicting PVT module temperature and generated electrical power including hot and cool water storage temperatures was developed and the simulated results agreed well with the experimental data. The RMSDs for the nocturnal water temperature, PVT module temperature, hot water temperature and generated power were less than 2%, 3.5%, 4%, and 10%, respectively.

•   There was a high potential to use generated nocturnal cool water in the storage tank to cool down the PVT module when the unit temperature was high which resulted in higher generated electrical power and electrical efficiency.

•   This concept could be applied in the case of solar farm with high number of PVT modules for generating high amount of nocturnal cool water that can be used for space cooling during daytime.
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Table 1: Details of measuring instruments and equipments

Equipment

Details

Photovoltaic/thermal (PVT) module (Solimpek:

Power Volt)
Pyranometer (Kipp and Zonen CMP3) with

Expert: EX9018 Data-logger
Multimeter (UNI-T UT204)

Flow meter (Blue Point: Z-Dummy)

Hot water storage tanks
T-type thermocouples (Omega)

Data-logger (Huato: S220-T8)
Flow meter (Blue Point: Z-Dummy)

Hot water pump (Xindu)

200 Wp monocrystalline having
dimensions of 828 mm x 1,601 mm x

90 mm.

Measuring range of 0 to 1,500 W-m~ with
accuracy of +3.4%.

Accuracies of +0.8% for measuring DC
voltage and £2% for measuring DC
current.

Float-type flow meter, vertically upward
flow direction, measuring rang of 0 to

100 L-h~" with accuracy of £5%.

Stainless steel tanks each of 60 L wrapped
with 2-inch Aeroflex rubber insulation.
Measuring range of —270 to 370°C with
accuracy of +0.5°C.

Accuracy of +0.5%.

Measuring range of 0 to 100 L-h~' with
accuracy of +5%.

Power consumption of 28 W (AC pump).
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