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Abstract: Cooling the PV surface in a Photovoltaic Thermal system is a pivotal operational aspect to be taken into account to achieve optimized values of performance parameters in a Photovoltaic Thermal System. The experimental design used in this study facilitates the flow of varying concentrations of Zn-water nanofluid in serpentine copper tubing installed at the rear of the PV panel thereby preventing the PV surface temperature from increasing beyond the threshold value at which a decrease in electrical efficiency starts to occur. This fusion of solar thermal with PV devices leads to better electrical and thermal efficiency values resulting in decreased cell degradation over time and maximization of the lifespan of the PV module and the energy output from the PV system. Due to the superior thermal heat properties of nanofluids, their usage in such systems has become increasingly widespread. Life cycle metrics which include Energy Payback period, Energy Production Factor and life cycle conversion efficiency were evaluated for the PVT system by exhaustively chalking fundamental parameters such as embodied energy of the PVT setup and the total energy output from the PVT system. This research aims to be a major milestone in the evolutionary journey of Photovoltaic Thermal modules by guiding the engineers working on the theory, design and implementation of PVT systems towards its economic feasibility, environmental impact and energy sustainability.
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1  Introduction

India has massive demands of energy being one of the fastest growing economies of the world and home to a population of more than 1.3 billion people. As of 30th November 2020, there is almost 37 GW of actual installed capacity in India [1]. This figure looks impressive considering there was only 120 MW of actual installed capacity as of 31st March 2010 but research indicates a potential to generate 50 MW/km2 from Solar PV systems in India which translates to a massive potential of nearly 750 GW [2]. Hence a significant effort is underway to realize the true potential of solar PV technology but various challenges that pose a hindrance to solar energy expansion need to be identified and effective research is needed to eliminate them to realize the prospects offered by Solar Energy expansion in nation-building goals. This paper addresses one of the major problem faced in the solar PV industry wherein whenever the PV surface temperature upon receiving the solar radiations increases beyond a certain threshold, the electrical efficiency starts to decrease Components used to fabricate the PV panels such as the semiconductor Silicon and other metals to support the frame of the PVT system get warmed up beyond the threshold value at which maximum efficiency is expected to be achieved resulting in decrement of the efficiency of the photovoltaic cells usually at an alarming rate of about 0.4% to 0.6% [3]. This necessitates the use of a cooling mechanism of PV panels to prevent such a situation. Photovoltaic Thermal (PVT) systems offer a solution to resolve this issue by installing a network of conduit at the rear of the PV panels and circulating various cooling fluids in them thereby facilitating heat extraction from the overheated panels and simultaneously utilizing the heated fluid for various applications [4]. Usually, nanofluids are selected to be circulated in these conduits since they exhibit enhanced thermal conductivity and the convective heat transfer coefficient compared to the base fluid that they are mixed with [5]. In this study, serpentine copper tubing is installed at the rear of the panel and Zn-water nanofluid was chosen to be circulated in this tubing. Three types of base fluid are used in this study: Water, Ethylene Glycol and Propylene glycol. Their availability, feasibility and enhanced thermal conductivity are the reasons for our choice [6]. The primary purpose of doing this experiment is to obtain enhanced conversion efficiency for better electrical output on account of decreased PV cell temperature and secondarily for obtaining a considerable thermal output when heated fluids exit the copper tubing from the rear of the panel. The thermal output of the PV/T panels obtained by the extracted heat from the panels can contribute towards many domestic applications like use in geysers for bathing and washing purposes, kitchen applications, etc. The experimentation involves arriving at an optimal value of the combination of nanofluid mixed with the appropriate base fluid which could enhance the heat transfer between the copper tubing and the PV panels [7]. The thermal conductivity and specific heat capacity of the resulting combination will be emphasized upon. A plethora of available literature was referred to before conducting this experimental study. A main cause of concern faced using while working with nanofluids is the agglomeration problem which often arises due to the instability of the nanofluids over a long period. This has also been addressed in this research work. Furthermore, the PVT setup was also evaluated from a techno-economic and environmental perspective and a through life cycle assessment of the PV/T module was done in this study.

A plethora of literature was referred before carrying out this experimental study Yahya et al. [8] performed simulations to alleviate the problem of decreasing PV panel efficiency at high temperatures by allowing forced convection of air at the rear of the PV panel in a simple channel configuration. Hussien et al. [9] investigated the impact of different Al2O3 Nano fluid concentration ratios on PV/T efficiency for different mass flow rates by using water as a base fluid. His findings revealed that when used at concentrations ranging from 0.1% to 0.5% at a mass flow rate of 0.2 l/s, the temperature decreases more substantially from 79.1°C to 42.2°C at the optimal concentration level of nanofluid (0.3 percent), leading to an improvement in solar panel electrical efficiency and thermal efficiency to 12.1% and 34.4%, respectively. Bahaidarah et al. [10] tested the performance of a PV (photovoltaic) module in hot environmental parameters by rear surface water cooling and determined that the efficiency of the PV panel is sensitive to the temperature of the panel and decreases as the panel temperature rises. The module operating temperature declined substantially to around 20 percent with an active cooling technique and an improvement in electrical efficiency of 9 percent was observed. In a comparable analysis to enhance the electrical efficiency of PV panels using the Water Hybrid Photovoltaic Thermal (PV/T) system, Hamid et al. [11] have identified that hybrid PV/T systems are one of the methods to enhance the electrical efficiency of the panels. In their analysis, due to water circulation through the collector at the back of the PV panel, the PV panel temperature declined substantially by 15–20 percent. As a result, the electrical power output of the PV/T system improved by 15 to 20 percent. Increasing solar absorption and reducing infrared emissions were the key aspects on which Cox et al. [12] focussed while conducting research on PV/T collectors. By the use of selective absorber and when PV cells cover more than around 65% of the total collector area, it reduces the thermal efficiency when used with a gridded-back cell. A PVT system was fabricated by Micheal and Inyan which involved glazing a copper sheet towards unto the PV surface while also using Copper oxide-water nanofluid to circulate in the conduits installed beneath the PV panels. A remarkable enhancement of thermal efficiency of 45.6% was noticed by them compared to the use of merely water as the circulating fluid [13]. Al-Waeli et al. [14] observed that by adding the 3 wt.% of SiC nanofluids with the water caused an increase in fluid density and viscosity by 0.0082% and 1.8%, respectively. The electrical efficiency was increased up to 24.1%. The overall efficiency of the PV/T system which was compared to the PV system was about 88.9% by using 3 wt.% of SiC as a nanofluid. Gangadevi et al. [15] investigated experimentally the effect of Al2O3/water nanofluid of 1 wt.% and 2 wt.% by circulating in a PV/T system on the thermal, electrical and overall efficiencies with the flow rate of 40L/H. The results showed that using 2 wt.% of Al2O3 with water caused an enhancement in the electrical efficiency and thermal efficiency by 13% and 45% and the overall efficiency was up to 58% as compared to water-based PV/T system. Otanicar et al. [16] investigated that a PV/thermal system using mild thermal connection could lead to an increase in efficiency. In this design, a fluid filter absorbed energy directly in the fluid below the bandgap. By using the above system, it was found that the combined efficiency had increased by up to 38%. The impact of nanofluid as a coolant on the PV thermal system and its effect on the thermal and electrical performance of the system were investigated by Sardarbadi et al. [17]. ZnO nanoparticles of 35–45 nm size were suspended in deionized water in their experiment and the concentration of nanofluid taken was 0.2 percent by weight. The results revealed a 13 percent and 5 percent increment in electrical and thermal efficiency respectively relative to the traditional PV module. Lari et al. [18] conducted experimentation using 0.5% Ag-water as the cooling fluid and concluded that the cost of electricity generation by PV/T panels proved to be 82.25% cheaper than the prices charged by electricity companies in Saudi Arabia. Moreover, upon investigating further into environmental aspects of the PVT module, it was observed that such systems could prevent emission of 16,700 tonnes of Carbon di Oxide in the atmosphere during their lifetime when compared to the environmental effects of producing similar amount of electricity by conventional sources such as burning of coal in thermal power plants and provide enhanced energy output by 13.2% as compared to conventional PV modules. Prabhakant et al. [19] presented an analysis of carbon credit earning by using a standalone PVT system by computing the credits earned as per the norms of the Kyoto Protocol. A comprehensive ROI assessment summarised that that the cost of power generated by such a system would be USD 0.14, USD 0.125 and USD 0.116 per unit respectively for life cycles of 30, 40 and 50 years and thus it will be cheaper than the cost of power generated by conventional systems.

Major gaps were identified in the archival literature and various choices regarding choice of materials and methods were taken to make this work as novel as possible. Zinc/water has been chosen in this study to ensure the novelty of the work as the authors have found no literature in the past in which Zn/water was chosen for rear panel cooling of PVT panels. Moreover, Zinc with thermal conductivity of 112.2 W/m.K when combined with water (thermal conductivity of 0.593 W/m.k) has the potentially to elevate the overall thermal conductivity of Zn/water mixture to an appreciable level. The authors wish to give an intuitive insight to the researchers in the field of solar PV research by suggesting a means to alleviate the issue of overheating of PV panels which usually decreases the efficiency of the conventional PV panels due to loss of useful electrical energy in the form of heat.

2  Experimental Analysis

In this section, the experimental approach employed to conduct the performance analysis will be discussed. The total Energy output by the PVT system upon accounting for the different climatic conditions in a year will be chalked out. Furthermore, the calculations involved in performing the Techno-Economic and Environmental analysis will be elucidated in detail. The agglomeration issue concerning the nanofluids will be addressed by establishing a co-relation between the sonication time and stability period.

Firstly, the collection of data for simulating the steady state conditions in a Solar simulator was done with the help of a system consisting of 2 pyranometers, a shadow ring and a data logger box. The pyranometer with the ring measures the diffused radiations and the one without the ring measures the total solar radiation. These pyranometers consist of piles of thermocouples which produce an emf. The data logger records this emf and converts it into irradiance data which gets saved as a .csv file. In this manner the irradiance data is obtained at an interval of every 30 min between 9 am and 4 pm for 16th March 2019. Similarly the ambient temperature of the same day was calculated with the help of a dry bulb thermometer. The results obtained are shown in the Fig. 1.
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Figure 1: Ambient temperature and solar irradiance v/s time

2.1 PVT Performance Analysis

The input to the PVT system is the sum of the solar radiations incident upon it. Similarly, the output is the summation of electrical and thermal energy that can be derived from the PVT system. Eq. (1) represents the energy balance for the PVT system assuming it to be a single control volume.

(dEdt=Ein.−Eout.)(1)


It is simplified, assuming a steady-state condition in Eq. (2).

Ein=Eout(2)


which implies,

Ein.=E.eI+Eth.−Eloss.(3)


where E:in, E. el, E.th and E. loss are respectively the irradiance on the PV surface, the electrical and thermal energy yield and the energy lost during the operation.

Evaluating the total energy yield from the PVT system with respect to the input energy is useful for determining the overall efficiency of the PVT system as seen in Eq. (4).

ηpvt≅Eth+EelEin=∫t1t2⁡(AcEth′′+ApvEel′′)dtAc∫t1t2⁡(Geff′′)dt=ηth+r.ηel(4)


where Ac and Apv are the areas of the collector and PV cells respectively, and r is the packing factor defined as Apv/Ac. E’’th is the rate of output thermal energy per unit area of the collector, E’’el the rate of output electrical energy per unit area of photovoltaic cells, & G’’eff the rate of the effective incident radiation per unit area of the collector.

From Eq. (3), E.th can be calculated by a simple energy analysis as:

Eth.=mf.Cp,f.(Tf,o−Tf,i)(5)


where mf is the fluid mass flow rate through the collector, Cp,f is the fluid specific heat, & Tf,i and Tf,o represents the fluid inlet and outlet temperatures, respectively.

∅ is the volumetric ratio of nanoparticles in a suspension solution of the base fluid that can be calculated by the following:

∅=mn/ρnmn/ρn+mf/ρf(6)


where mn and mf are the mass of the nanoparticles and fluid, respectively.

The electrical efficiency can be expressed as:

ηel≡E˙elE˙in=Voc×Isc×FFG˙effxAp(7)


where Voc is the open-circuit voltage, Isc is the short circuit current and Ap is the area of the panel.

Filled factor (FF) is the ratio of actual rated maximum power with respect to the theoretical power, usually having a value greater than 0.7 for commercial solar PV modules.

FF=PmVoc×Isc(8)


Pm is the maximum output electrical power (i.e., the ideal output power) given as:

Pm=Vm×Im(9)


The total energy output from the PVT module is the summation of the electrical and thermal outputs from the PVT panel. The annual energy yield of a PVT module is reliant upon the solar irradiance which is dependent on the latitude of a place and number of days with clear sunlight throughout the year. For four climatic conditions namely a, b, c, and d have been assigned of the composite climate of Aligarh [20].

Here, Hd, H, and N are diffuse radiations, daily global radiations and sunshine hours respectively.

Hence, the net monthly electrical output can be determined by Eq. (10).

Pe={Ap∑i=0N(ηeG(t)avg)}xn(10)


where G(t)avg. is the average total solar intensity on the PV module (W/m2), Ap is the area of the PV module (m2), ηe is the temperature-dependent solar cell efficiency, N is the number of sunshine hours per day & n is the total number of days in the month.

Annual thermal output (Pth) is calculated in Eq. (11) as the product of the average irradiance (Ga) and the average thermal efficiency of the PVT system ηth.

Pth=Ga×ηth(11)


The net energy yield from the PVT system (Ptot) is calculated as the summation of the electrical and thermal output as shown in Eq. (12).

Ptot=Pe+Pth(12)

2.2 Stability Analysis

Nanoparticles have a tendency to agglomerate by adhering to each other and thus forming micron sized clumps, rendering the nanofluids to be unstable. Maintaining stability is essential for nanofluids to preserve their thermophysical properties over long duration of time [21]. The method chosen in this experimentation to ascertain the stability of a particular sample of nanofluid is the Zeta potential method. The voltage at the edge of a double layer in a colloidal solution is termed Zeta potential. The value of zeta potential determines the stability of a nanofluid by predicting the inclination of nanoparticles to agglomerate. A high magnitude of zeta potential value signifies stronger repulsive charge between the constituent particles rendering the colloid to be stable whereas a low magnitude is an indication of a colloidal solution that could congeal over time. It is commonly assumed that a zeta potential value of magnitude greater than 30 mV has adequate repulsive force to achieve enhanced colloidal stability. A zeta sizer (make: Malvern) as shown in Fig. 2 is used to carry out the Zeta potential test.
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Figure 2: Zeta sizer

An Ultrasonic bath (Made: LABMAN) as shown in Fig. 3 was used for sonicating the different nanofluid samples for stability analysis. 6 samples of each nanofluid were prepared with the first sample being sonicated for one hour and every subsequent sample was sonicated for an additional hour. Likewise, the sixth sample was sonicated for six hours. The stability comparison of the 3 nanofluids can is illustrated in Fig. 4.
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Figure 3: Ultrasonicator
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Figure 4: Stability period (days) v/s sonication time (Hours)

In the stability analysis, it was found that 0.6% Zn-water + 25% EG was the most stable of the three with the colloidal particles not settling until the 112th day. This stable nature of the nanofluid mixed with EG renders the system to become commercially viable due to low maintenance costs.

2.3 Life Cycle Assessment

2.3.1 Techno Economic Analysis

The Techno-Economic analysis of a PVT system in done on the basis on life cycle metrics. These metrics evaluate the energy performance of electricity-generating systems. There are mainly 3 life cycle metrics namely Energy payback time (EPBP), Electricity Production Factor (EPF) and Life Cycle Conversion Efficiency (LCCE). The techno-economic analysis will be carried out by evaluating the annual energy output (sum of annual electrical and thermal energy output) with respect to the embodied energy of the PVT system. Based on the calculations, an Energy Pay Back Period (or EPBP), Energy Production Factor (or EPF) and Life Cycle Conversion Efficiency (LCCE) will be determined [22–24]. The duration of time in which net energy yield derived from the PVT setup breaks even with respect to the embodied energy of the system [25]. It is calculated in years and determined using Eq. (13) as:

EPBP=PeePtot(13)


where Pee is the invested energy or the embodied energy of the system.

The Energy production factor (EPF) is evaluated by Eq. (14) as the ratio of net energy yield derived from the PVT setup during its lifespan (Ptotal lifetime) with respect to the embodied energy of the system.

EPF=PtotallifetimePee(14)


The aggregate energy producing capacity evaluated with respect to the amount of total irradiance throughout the lifespan of a PVT system is termed as Life Cycle Conversion Efficiency or LCCE as shown in Eq. (15).

LCCE=EtotxTLS−EinGxTLS=EtotG(1−EinEoutxTLS)=η(1−1EPFxTLS)(15)

The value of η is taken to be 0.13.

2.3.2 Environmental Analysis

In this section, the environmental aspects of using PV/T technology will be studied by calculating the amount of Carbon dioxide emissions mitigated by the usage of PV/T systems. Further, the Carbon credit earned by mitigating the Carbon dioxide emission will also be calculated for the different lifetimes of the PV/T system. Approximately 0.98 kg of CO2 is released in the atmosphere for every kWh of electricity produced by coal, thus the net annual CO2 emitted (in kg) can be calculated as [26]:

CO2emissions=Peex0.98lifetime(16)


The net CO2 mitigation in tons over the lifespan of the PVT system is determined as:

NetCO2mitigation=(PtotXlifetime−Pee)x0.98x10−3(17)

The net CO2 credit earned (traded at 20 euro/ton) by the PVT system is calculated as:

CO2credit=NetCO2mitigationx20(18)

3  Experimental Setup

A hybrid PV/T module of power rating 300 W sponsored by TEQIP is used in this experiment. Copper tubes are installed at the rear of PV panels through which Zn-water nanofluid in varying concentrations and with different base fluids is circulated. A data logger is connected to five thermocouples which are used to measure temperatures at various points in the experimental setup. An I-V tracer is connected to the output of the PV module. The results recorded by the I-V tracer will be used to measure the electrical efficiency of the module. The PV surface temperature is monitored with the help of the HTC infrared thermometer model MT-4. Thermocouples are placed at the inlet and outlet of the panel are used to measure the temperature values after steady conditions are obtained. The amount of water entering the copper tubing is measured with the help of a flow meter and the mass flow rate of the fluid is kept constant at a rate of 2 litres per minute (0.033 kg/sec). The heated fluid from the outlet of the copper tubing is directed to a finned type heat exchanger where it loses some of its heat. Thermocouples are placed to record the temperature readings at the entry and exit of the heat exchanger. The fluid after being cooled from the heat exchanger is sent to a bucket where it is pumped back to the inlet of the panel and the process is thus repeated by recirculating the fluid with the help of an A.C pump. All the necessary instruments required as mentioned above are connected to the setup and shown in the form of a line diagram in Fig. 5 and the experimental setup is shown in Fig. 6.
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Figure 5: Circuit diagram showing the flow of water/nanofluids in the PV/T hybrid system
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Figure 6: Simulated radiations directed on the PV panel

When the incident solar radiations fall on the photovoltaic panels, electricity is produced by photovoltaic effect and the heat extraction process from PV panels by circulating different heat transfer fluids at the rear of the PV panels in the copper tubing installed is studied. The results recorded by the I-V tracer will be used to measure the electrical efficiency of the module. The difference in temperature at the inlet and outlet of the PV panel is used to measure the thermal efficiency of the PV/T module. A steady state of the system is assumed when the data logger shows a temperature of 27°C at the inlet of the copper tubing installed at the rear of the PV panel.

The halogen bulbs attached to the solar simulator are switched ON and the intensity is controlled by the regulators until it sets to values typically ranging between 500 to 950 W/m2 as per the available average monthly irradiance data. Hence by simulating the irradiance values of the outdoor conditions for the city of Aligarh with the help of solar simulator, realistic practical values of the performance parameter results are recorded at regular intervals of 30 min from 9 am to 4 pm.

Embodied energy of the Experimental setup

The cradle to gate approach in which the cumulative energy required for the deriving, treating, fabricating and transportation of raw materials to the manufacturing facility is termed as Embodied energy. It is also an indicator of the carbon footprint of the overall system on the environment since all these processes produce carbon di oxide during their operation. Hence, in this experimental study, the Embodied energy concept will be used to evaluate the sustainability of the PV/T panels by comparing it with the energy required to manufacture it. It is measured in Mega joules, quantifying the non-recyclable energy per unit of the raw material of the setup. A comprehensive calculation of the embodied energy of the PV/T system is tabulated in Tables 1 and 2.
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3.1 Thermophysical Properties and Preparation of Nanofluids

The thermos-physical properties of the different materials used in this experimentation are shown in Table 3.

[image: images]

A major concern while using glycols as a fluid was the increase of viscosity which might possibly contribute towards increase in pumping power thereby reducing the overall efficiency of the system. Hence the viscosity of the four samples of nanofluids were calculated across a range of temperature from 25 to 60 degree Celsius. To perform this, a standard viscometer of make Brookfield was used to determine the viscosity of different nanofluids. The results obtained for temperature range between 25 and 60 degree Celsius are depicted in Fig. 7.

[image: images]

Figure 7: Viscosity measurement of different samples across a range of temperature from 25 to 60 degrees celsius

The apprehensions of increased pumping power by using glycol base fluids were nullified when a mere miniscule increase in viscosity occurred across a range of temperatures. It can be concluded that the use of glycols as base fluids can potential lead of cleanliness of the system by being devoid of typical dirt and ambient particulate of water systems. Moreover, the lack of chemical treatment and filtration eliminate the maintenance costs in glycol systems. By keeping all equipment in mint condition, these systems ensure constant peak performance and accuracy by preventing scale formation in the conduits they are circulated in, thereby inhibiting the fouling effect of the nanofluids in the PVT conduits [33].

In this experiment, the nanofluids have been have prepared by the two step method. In this method, the nano powder is synthesised from different chemical and physical processes and then it is allowed to be mixed with the appropriate base fluids by various intensive agitation methods. The method used in this experimental study is that of ultrasonic agitation.

3.2 Uncertainty Analysis

Assuming R as a function of ‘n’ independent variables, its uncertainty can be represented as a function of the said variables in Eq. (19).

δR=(δRv1v1)2+(δRv2v2)2+…+(δRvnvn)2(19)


where δR, δvi and δR/vi are respectively the uncertainty of function R, the uncertainty of the parameter vi and the partial derivative of R with respect to the parameter vi.

Using Eq. (19), the fractional uncertainties of the solar irradiance and the voltage and current values as noted from the I-V tracer during this experiment as tabulated in Table 4, the maximum uncertainty in electrical efficiency is calculated below:

ηel=f(G,Pel)=δηelηel=±(δVV)2+(δII)2+(−δGG)2=±0.019

[image: images]

Similarly, the maximum uncertainty in thermal efficiency is calculated as:

ηth=f(G,Tin,Tout,m˙)=δηthηth=±(δTT)2+(δm˙m˙)2+(−δGG)2=±0.029


Thus, the uncertainties in the electrical and thermal efficiencies are merely 1.9% and 2.9% respectively which makes a good case for the inference that the measured data is reliable.

This uncertainty of different equipment is Table 4.

4  Results and Discussion

4.1 PV Surface Temperature

The effect of cooling effect of nanofluids was pretty intriguing and this effect can further be quantified by studying the percentage of PV surface cooling by using pure water and various nanofluids with respect to the earlier scenario when a simple PV panel was used without any rear panel cooling as shown in Table 5.

[image: images]

The variation of PV surface temperature from 9 am to 4 pm is shown in Fig. 8.

[image: images]

Figure 8: PV surface temperature v/s time for different cooling fluids

Percentage of PV surface Temperature decrement [34] by employing rear panel cooling with respect to the conventional PVT can be calculated from Eq. (20).

TliquidcooledPVT−TconvecntionalPVTTconventionalPVT×100(20)


It appears that the pure water cooled the PV surface temperature by 14.8% and Zn-water in concentrations of 0.1%, 0.3% and 0.6% respectively reduced the PV surface temperature by 19.26%, 23.45% and 28.2%, respectively. A tremendous cooling of the PV surface temperature was provided by the usage of glycol base fluids. Propylene and Ethylene glycol after being mixed with the Zn-water nanofluid decreased the PV surface temperature by nearly 28.2% and 36.25% respectively for Propylene and Ethylene glycol.

4.2 Electrical Efficiency

The rear panel cooling using pure water and various nanofluids certainly improved the electrical efficiency by reducing the overheating of the panels but the rate at which the excess heat was removed varied with the usage of different cooling fluid and the electrical efficiency results simulated at steady state can be tabulated in Table 6.

[image: images]

This trend from 9am to 4pm can be shown in Fig. 9.
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Figure 9: Electrical efficiency v/s time for different cooling fluids

4.3 Thermal Efficiency

The excess heat extracted by circulating pure water and various nanofluids in the serpentine copper tubing is utilized towards heating water for various domestic purposes and the fluctuation of thermal efficiency through the course of the day is tabulated in Table 7. An appreciable amount of thermal efficiency indicates the hotness of the exiting fluid from the PVT system which determines its suitability for use in various domestic applications.

[image: images]

This trend can be represented in the Fig. 10.
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Figure 10: Thermal efficiency v/s time for different cooling fluids

4.4 Life Cycle Assessment

The life-cycle assessment parameters have been chalked out and noted for an entire year and have been calculated from 14th September 2018 to 14th September 2019. The calculation for the monthly electrical energy output is done by substituting the values of the variables mentions in Table 1 relevant to the Climatic condition and month in Eq. (10). The net monthly annual electrical outputs are thus calculated in Table 8.

[image: images]

Similarly, the thermal energy output for each month is calculated in the Table 9 (From Eq. (11)).

[image: images]

Hence, from Eq. (12), the total annual power output can be calculated for the hybrid PV/T panel as 1374.33 kWh. Similarly, the Energy Payback Period EPBP from Eq. (13) can be calculated to be 2.82 years. Based on the discussion in Section 2.3 and from Eqs. (15)–(18), the important Life Cycle Assessment parameters can be summarized in the Table 10.
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5  Conclusions and Future Scope

In this experimental study, an inverse relationship between elevated PV cell temperatures and electrical efficiency has been studied. Using nanofluids as heat transfer fluids due to their superior values of thermal conductivity and specific heat capacity can result in enhanced performance parameters of the PVT modules. The role of glycol base fluids towards bettering the performance of nanofluid based PVT systems was studied leading to ascertaining of its desirable qualities while the optimization of the quantity in which they are required to be added to the nanofluids. This is evident by the fact that while circulating 0.6% Zn-water+25%EG in the rear copper tubing, an electrical and thermal efficiency enhancement of nearly 41% and 75% respectively was observed at the peak value as compare to water based PVT system. If the concentration ratio decreases below 0.6% for Zn/water nanofluid, the PV temperature will increase because of the decrease in the proportion of cooling effect causing Zn-nano powder per unit volume of the resulting nanofluid. Pertinent literature has indicated that the effect of cooling for the nanofluid based PVT systems at usually this concentration whereupon an increase in the agglomeration tendency is observed as the concentration is increased leading to poor stability and overheating issues.

Moreover, the effect of sonication time on the stability period of nanofluid solutions is studies in this study and this is a major step towards achieving stable nanofluid solutions thereby solving the conundrum related to nanofluid agglomeration. Upon analysing the life cycle assessment parameters, far reaching implications of PVT systems in terms of environmental sustainability and economic viability can be derived from this study. The scope of this experimental investigation was not limited to analysis of energy output from the PVT systems, it was also focussed towards highlighting the cost competitiveness of the PVT systems which can possibly lead towards widespread deployment of this technology. The future prospects regarding research on PVT systems are certainly bright and a lot can be done in this field due a lot of possibilities it creates by solving the overheating problem of the PV panels. Concentrations and mass flow rates can be varied to check their role in the optimization of the PVT performance. Moreover, research on building integrated nanofluid based PV/T system could be an advantageous prospect. The use of ETFE (Ethylene Tetrafluoroethylene) layer as a front coating on PV panels can be investigated. Numerical simulations on software like ANSYS and COMSOL Multiphysics can simulate many different cases and scenarios and perform a comparative analysis between them leading to negligible experimentation with reliable results. Intelligent data analytics and smart meters are needed to smoothen the peaks in the production of electricity from photovoltaic technology which can provide a closed loop feedback to factorise the effect of wind, dust and clouds which can signal the regulation of the flow of circulating fluid to the panels as per these weather parameters.
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Table 3: Specification of the material used
Materials used

Properties
Specific heat (J/kg.K) Density (Kg/m3) Thermal conductivity (W/m.K)
Zinc powder 376.81 7140 112.2
Ethylene glycol 337 1110 0.285

Propylene glycol 323 1051 0.147
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Table 8: Monthly electrical energy output for different Climatic conditions

Climatic
condition a
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Climatic
condition ¢

17.994
19.102
26.621
22.996
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Note: Hence the Total Electrical Output from the PV/T System is 319.355 kWh.

Climatic
condition d
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Table 4: Equipment used in the experiment and their uncertainty

Equipment and model Measurement section Accuracy
Digital multimeter Voltage +(0.5%+1) V
Digital multimeter Current +(0.8%+1) A
Solar power meter Incident solar radiation +10 W/m?2
Infrared thermometer PV surface temperature 0.14°C
Thermocouple Fluid temperatures +0.15-0.25°C
Hg thermometer Ambient temperature +0.5°C

Flowmeter Mass flow rate +1 kg/hr
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Table 9: Monthly thermal energy output values

Month
January
February
March
April

May

June

July
August
September
October
November
December
Total

Thermal energy output (kWh)

72.25
78.56
86.22
84.31
102.35
112.21
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105.89
82.11
75.66
70.13
69.86
1054.97
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Table 7: Thermal efficiency values at different time intervals
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Table 1: Different climatic conditions and conditions

Climatic condition Day (Hg/H)

a Clear day (blue sky) Less than 0.25

b Hazy day (fully) Between 0.25 and 0.5
c Hazy and cloudy (partially) Between 0.5 and 0.75
d Cloudy day (fully) Greater than 0.75

wonwe 7
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Table 6: Electrical Efficiency values at different time intervals

Time Simple Pure 0.1% 0.3% 0.6% 0.6% 0.6%
PV water Zn- Zn- Zn- Zn- Zn-
panel water water water water+ water+

25% 25%
PG EG

09:00 6.07 6.96 7.72 7.95 8.75 8.985 9.95

09:30 6.89 7.89 8.47 8.89 9.88 10.26 10.89

10:00 7.29 8.7 9.22 9.69 10.58 10.87 11.83

10:30 7.77 8.94 9.42 9.94 11.2 11.25 12.03

11:00 8.55 9.66 10.23 10.66 11.32 11.88 12.71

11:30 8.4 9.9 10.24 10.90 11.85 12.00 1297

12:00 9.24 10.25 10.54 11.24 11.79 12.02 13.01

12:30 9.15 10.05 10.59 11.05 11.87 12.25 12.72

13:00 9.22 10.15 10.57 11.15 11.66 12.10 12.49

13:30 8.68 9.64 10.14 10.64 11.27 11.78 123

14:00 8.77 9.34 9.99 10.34 11.23 11.54 11.94

14:30 7.81 8.91 9.46 9.75 10.33 10.79 11.27

15:00 7.38 8.12 9.15 9.35 9.89 10.04 10.79

15:30 6.75 7.85 8.46 8.97 9.65 9.89 10.16

16:00 6.46 7.15 8.13 8.75 9.21 9.33 9.92





OEBPS/Images/logo.png





OEBPS/Images/table-2.png
Table 2: Embodied energy calculation of the PV/T system

S. Materials Energy Actual Total References
No. density weight (kWh)
(kWh/kg)  (kg)
1 PV module 887.1 [22-24,27]
2 Amron Battery of 100 1710 [28]
AH capacity
3 Fibre sheets 25.64 1.5 38.46 [29]
4 Iron Sections [29]
4 angles of 6.389 21.44 136.98 [29]
dimensions 914 mm
x 40 mm x 5 mm
4 angles of 6.389 30.28 193.45 [29]
dimensions 1219 mm
x 40 mm x 5 mm
4 angles of 6.389 48.8 311.78 [29]
dimensions 1828 mm
x 40 mm x 5 mm
5 Zn Nanofluid 168.33 0.3 50.5 [30]
6 Ethylene glycol 4.72 3.75 17.7 [31]
7 Copper tubes 19.61 5.2 101.972 [32]
8 Glass wool 22.6 28 235.48 [32]
9 Heat exchanger [32]
Galvanised Iron 9.67 2.5 24.175 [32]
Copper 19.61 0.8 15.688 [32]
10 Pump [32]
Plastic 19.44 0.12 2.33 [32]
Copper wire 19.61 0.15 2.945 [32]
11 Fittings [32]
Hinges 32.29 0.25 8.07 [32]
Nut bolts and screws 25.1 0.88 22.1 [32]
Total Total 3758.73
12 Installation (3% of 112.76 [32]
the total)
Gross embodied energy 3871.5
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Table 10: Values of different LCA parameters projected for different lifetime

Description Lifetime

20 years 30 years 40 years
Energy Production Factor (EPF) 7.099 10.649 14.199
Life Cycle Conversion Efficiency (LCCE) 0.12908 0.1295 0.1297
CO> mitigation (in Tons) 23.142 36.611 50.079

CO; credit (in Indian Rupees) 36,330 57473 78,618
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Table 5: PV surface temperature values at different time interval
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