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Abstract

:

Renewable energy sources are the most useful way to generate clean energy and guide the transition toward green power generation and a low-carbon economy. Among renewables, the best alternative to electricity generation from fossil fuels is solar energy because it is the most abundant and does not release pollutants during conversion processes. Despite the photovoltaic (PV) module ability to produce electricity in an eco-friendly way, PV cells are extremely sensitive to temperature increments. This can result in efficiency drop of 0.25%/∘C to 0.5%/∘C. To overcome this issue, manufacturers and researchers are devoted to the improvement of PV cell efficiency by decreasing operating temperature. For this purpose, the authors have developed a low-cost and high-performance PV cooling system that can drastically reduce module operating temperature. In the present work, the authors present a set of experimental measurements devoted to selecting the PV cooling arrangement that guarantees the best compromise of water-film uniformity, module temperature reduction, water-consumption minimization, and module power production maximization. Results show that a cooling system equipped with 3 nozzles characterized by a spraying angle of 90∘, working with an inlet pressure of 1.5 bar, and which remains active for 30 s and is switched off for 120 s, can reduce module temperature by 28 ∘C and improve the module efficiency by about 14%. In addition, cost per single module of the cooling system is only 15 €.
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1. Introduction


Energy is the driving force of our society and its availability at reasonable prices influences countries’ development and standard of living.



At worldwide level, about one billion people out of 7.5 billion have no access to electricity. However, these people live in geographical areas, mainly sub-Saharan Africa, rich in both fossil fuels and renewable resources and characterized by the highest 2017 regional real gross domestic product (GDP) growth rate: +3.8% [1]. Despite these key factors, no access to electricity implies an extremely low standard of living, as well as living below the poverty threshold. In fact, the sub-Saharan African population is among the poorest in the world.



Therefore, the energy sector and, in particular, electricity, is essential not only for the social and economic development of the world population, but also for their quality of life. Urbanization and industrialization, as well as a high standard of living, are strictly linked to energy availability. In particular, they rely on the ability to meet an ever-growing energy demand by means of cheap energy sources, a fact still guaranteed by fossil fuels.



Ten years of primary energy consumption analysis [2] shows a world that continues to grow at a yearly average rate of 1.6%. In 2007, 11,588.4 Mtoe were consumed, while in 2017, the primary energy consumption was 13,511.2 Mtoe. The Organization for Economic Co-operation and Development (OECD) countries’ primary energy consumption has remained approximately constant over the last decade (5693.9 Mtoe vs. 5605.0 Mtoe) while non-OECD ones have risen from 5897.5 Mtoe to 7906.1 Mtoe. Thus, in the past decade, the primary energy consumption has moved geographically from OECD countries to developing ones (China chief among them).



Among the 13,511.2 Mtoe consumed around the world, about 85% came from fossil fuels. Thus, the world’s primary energy consumption is still covered by non-renewable sources.



Clearly, this is a slightly lower value compared to 2005, when it stood at 92%, but is still very high because, in 2017, oil, coal, and natural gas contributed for 34.2%, 27.6%, and 23.4%, respectively, of the world’s primary energy consumption [2].



Regarding other sources, nuclear energy stood at 4.4%, while renewable energy sources (RES) reached 10.4%: 6.8% from hydro-electricity and 3.6% from other renewables, where wind and solar represented only 0.6% and 1.9%, respectively [2].



In 2017, despite

	
The established, at worldwide level, environmental protection actions such as the Kyoto Protocol [3] and the Paris Agreement [4].



	
Skyrocketing annual development in terms of installed capacity of wind (+21%) and solar (+47%).



	
The 279.8 billion US Dollars (bil US$) of global investment in renewable power and biofuels.



	
The 70% of net additions to global power capacity coming from RES plants.








The latest estimations of global energy-related carbon dioxide (CO2) emissions have increased by 1.4%.



Environmental effects of anthropic CO2 emissions are presently of great concern at a worldwide level but the European Union (EU), due to their fossil fuel shortage and the population’s increasing awareness over global warming and fossil-based power units environmental issues, is the only region where primary energy consumption and CO2 emissions have registered a progressive reduction, from 1823.9 Mtoe to 1689.2 Mtoe (period 2007–2017) and −9.4% (period 2005–2016), respectively.



The EU primary energy consumption drop is the result of a series of environmental protection actions devoted to greenhouse gas (GHG) emission reduction, the spread of RES, and energy efficiency rise.



The process started in the early 1990s when the EU stated that spreading RES, improving energy efficiency and mitigating power system carbon footprints are actions that can help to improve energy security and abate environmental pollution. For this purpose, the EU developed directives and a roadmap which progressively fixed targets in terms of GHG emissions reduction, RES spread, and energy efficiency rise for 2020, 2030, and 2050 [5,6,7].



At the time of writing, the EU member states are working to meet the targets fixed in the Directive 2009/28/EC [5].



In Reference [5], the EU set, for 2020, a 20% reduction of GHG emissions based on 1990 levels, with 20% of energy coming from renewable energy and a rise of 20% of energy efficiency. Yearly targets are set at EU level as well as at country level for each renewable resources, while each member state, by means of its own national renewable energy action plan (NREAP), established commitments and initiatives that the country intends to put into force to develop the RES sector and fulfil the 2020 prescribed targets. In particular, each country set an overall target and targets for heating and cooling, electricity, and transport as well as the support policies.



As an example, the Italian NREAP report [8] established an overall target that in gross final energy consumption prescribes a 17% share of energy generated from renewable sources. In the electricity sector, a target of 26% of electricity demand met by electricity generated from RES is set, while in transport, the target is 10% of energy demand being met by renewables. Regarding heating and cooling, 17% of heat consumption will be met by renewable sources.



Obviously, to fulfil the above-mentioned targets’ feed-in tariffs, energy efficiency credits, renewable building hot water obligations, green certificates, quota system for electricity generated from renewable, biofuel transport quotas, tax relief for biofuels, and financial support for research and development activities [9] were put into force.



Support schemes are essential instruments that need to be put in place by governments to assist RES development and environmental protection actions, but incentive policies need also to be reviewed periodically to avoid market distortion.



Since the actions agreed upon in [5] are limited to 2020, the EU ratified the 2030 framework for climate and energy and the 2050 low-carbon economy roadmap [6,7] with the aim of continuing to foster RES after 2020.



In Reference [6], the reduction of GHG emissions for 2030 is set to 40% of 1990 levels, while targets for energy-saving and energy consumption produced from RES are set both at 27%.



The 2050 low-carbon economy roadmap [7] sets an ambitious target: a cut of 80% of GHG emissions from 1990 levels; a target achievable only if, in 2030 and 2040, the GHG emission cuts reach a 40% and 60% reduction from 1990 levels, respectively.



As mentioned above, to boost RES spread, governments have established generous financial supports (see, e.g., for the Italian PV sector Section 2) which has resulted in strong growth of on- and off-shore wind power and solar PV electricity generation.



For example, in 2017, 85% of all newly installed power capacity in the EU was of renewable origin; wind power and solar PV accounted for three quarters of the annual RES power capacity increment.



However, despite PV modules and wind turbines being able to generate electricity in an eco-friendly way, source variability and unpredictability can cause large unforeseeable fluctuations in power production at daily, weekly, monthly, or even annual level.



However, since it is essential to balance the electricity demand instantaneously 24/7, any mismatch between supply and demand can be the source of local instability, which in turn can cause local or even global grid damage, user device fault, or local and global blackouts.



Therefore, as stated in several research works (see, e.g., [10,11,12,13,14,15,16]), to prevent such damaging situations, fossil fuel power stations need to be used as back-up units, and electricity energy storage systems need to be installed.



Leaving aside the variable and intermittent nature of solar energy that causes PV production fluctuations, PV cell electricity generation is moreover affected by another parameter: the cell operating temperature.



PV cells absorb 80% of incident solar radiation, but they do not entirely convert it into electricity because PV cell manufacturing technology strongly affects the conversion efficiency. As reported in [17], PV modules reach a conversion efficiency in the range of 15–20%. However, as stated in [18], in the past 10 years, the average efficiency of commercial wafer-based silicon modules has risen from about 12% to 17% while, the cadmium telluride (CdTe) photovoltaic module efficiency has increased from 9% to 16%.



The record lab cell efficiency is 26.7% for monocrystalline and 22.3% for multicrystalline silicon wafer-based technology, while the highest lab efficiency in thin film technology is 22.9% for copper indium gallium (di)selenide (CIGS) and 21.0% for CdTe solar cells [18].



Again, in laboratory-scale applications, the best performing modules are based on monocrystalline silicon with 24.4% efficiency, while high-concentration multijunction solar cells achieve an efficiency of up to 46.0%. With concentrator technology, module efficiency of up to 38.9% can be reached [18].



These records in module and cell efficiency demonstrate the potential for further efficiency increases at the production level, even if the most efficient solar panel available on the market reaches only an efficiency of 22.2% [19].



Therefore, most of the solar irradiance is converted into heat, which results in an increment of the cell operating temperature and a reduction of the module efficiency (8–9%) [17].



Temperature increments have an extreme influence on solar cell operating parameters [20,21,22,23,24]: the open-circuit voltage is reduced by 2.0–2.3 mV/∘C, the fill factor diminishes by 0.1–0.2%/∘C, the power output cut is in the range 0.4–0.5%/∘C while only the circuit current rises, by 0.06–0.1%/∘C.



Also, irreversible damage to cell materials can occur. However, the most important consequence of temperature rise is efficiency reduction: experimental investigations observed efficiency reduction from 0.25%/∘C to 0.5%/∘C.



Therefore, to limit efficiency degradation of in-operation PV cells, there is only one feasible option: installing a cooling system. Obviously, a cooling system needs to be adaptable and easy to mount (especially to in-operation PV facilities), with high efficiency, and available with low purchase and operation costs.



In recent years, a large variety of studies have proposed methods to cool PV modules for the sole purpose of improving power output. Radiative cooling has been investigated by Safi and Munday [25] while, e.g., Moharram et al. [26], Nižetić et al. [27], and Zsiborács et al. [28] have studied water-sprayed cooling techniques. Evaporative cooling, forced air flow, and natural vaporization have been investigated by, e.g., Alami [29], Rahimi et al. [30], and Ebrahimi et al. [31] while cooling methods employing heat pipes or sprinkling techniques have been examined by Zhang et al. [32] and Bai et al. [33], respectively.



Generally speaking, PV cooling systems can be grouped as (i) consolidated technologies, and (ii) in-development techniques. Passive and active cooling methods are the consolidated and commercially available technologies, while liquid immersion cooling, cooling using Phase Change Material (PCM), colorless and lucid silicon coating, microporous evaporation foils, and thermoelectric cooling systems based on the Peltier effects, are in-development technologies [34,35,36].



Passive cooling systems act without an external source of power, while active ones require fans or pumps to operate the cooling medium, which is typically air or water. Active cooling systems are characterized by higher performance than passive ones [17,37]. In fact, experimental analyses show a temperature reduction up to 30 ∘C for active cooling methods against a reduction of up to 20 ∘C in cases of passive cooling systems. Active methods generally guarantee an electric efficiency improvement of up to 22%, compared to 15% in the case of passive methods [38,39].



The simplest passive cooling system consists of natural air circulation over and under the PV module, but in recent studies the insertion of material such as cotton wick in combination with water, Al2O3/water nanofluid and CuO/water nanofluid has been explored as a passive cooling system for flat PVs [40]. A summary of the current research related to the passive cooling system is available in [41].



A water film that flows on the module front or back or on both sides is the most studied and applied active cooling technique but in recent years innovative approaches that use converging channel heat exchangers or micro-channels have been developed and tested [42,43]. Regarding passive cooling techniques, recent advancements in an active cooling system can be found in [39].



Adopting an active cooling system guarantees performance improvements, but it is necessary to estimate its power consumption and, in the case of water active cooling methods, water consumption. Only if the extra electricity production is higher than the energy consumed by the cooling system itself is the proposed method feasible.



As mentioned above, other cooling techniques include liquid immersion and cooling by means of PCM. In the first case, PV cells are covered with a thin layer of a dielectric liquid such as glycerin, isopropyl alcohol, acetone, butanol, or water. In the second case, PCMs cool the PV module by absorbing its heat, but the absorbed heat changes the PCM’s phase (e.g., from solid to liquid). Then, water is used to cool the PCM, which ejects heat into the environment. This last method of cooling PV modules is an important research topic (see, e.g., [44]) together with systems that add thins to the module [45].



For further details on commercially available cooling techniques and innovative ways of cooling PVs, refer to [46,47,48,49,50,51].



Despite the huge amount of research on PV cooling, only a few works have focused on the development and testing of an operational and low-cost active cooling method applicable to both new and in-operation PV plants without extensively modifying the module architecture.



For this purpose, the present authors have designed an active cooling system in which water is sprayed on the module front side using low-cost nozzles and pipes initially designed to irrigate soil.



The sprayed water flows from the top to the bottom of the panel and establishes a water film. Since nozzles are placed on the module top, no module changes are required in order to install the cooling system.



In the present work, the authors present a set of experimental measurements devoted to selecting the type (in terms of spraying angle) and number of nozzles, the real water flow rate vs. inlet pressure characteristic curve, the inlet working pressure of the nozzles, and the control strategy that guarantees the best compromise between water-film uniformity, module temperature reduction, water-consumption minimization, and module power production maximization. These aspects are fundamental to demonstrating the feasibility of the proposed system.



The rest of the paper is organized as follows: in Section 2, with the aim of understanding the Italian PV sector and the huge number of PV modules that can benefit from low-cost PV cooling, the authors present a feed-in tariff scheme established to spread PV systems, and the related growth trends. Then, the experimental test rig built to evaluate cooling system performance is described in Section 3, and in Section 4 the main outcomes of the experimental campaign are discussed. Finally, concluding remarks are given in Section 5.




2. Italian PV Sector: Feed-In Tariffs and Trends of Growth


In Italy, from 2005 to 2013, five feed-in tariff mechanisms devoted to PV plant support were set. Please note that the Italian government also established incentive policies for other RES. For example, an analysis of supports and trend developments of the Italian biogas sector is described in [52], while an overview of the Italian wind sector is given, e.g., on [53]. Support tariffs were established in the so-called first (I), second (II), third (III), fourth (IV), and fifth (V) “Conto Energia” (in English, “Energy Bill”).



The idea of developing a set of feed-in tariff mechanisms, including the so-called “Conto Energia”, was established at EU level with Directive 2001/77/EC [54] and then transposed to Italy by Legislative Decree 387/2003 [55]. However, “Conto Energia I” only became law on 19 September 2005, after the publication of Interministerial Decrees 28 July 2005 and 6 February 2006 [56,57]. It was the first support scheme devoted to incentivizing electricity production (revenue grants method) instead of refunding a portion (50–75%) of plant-purchasing costs (non-refundable grant financing scheme). The government also established a cap of 85 MW of installed solar power.



The feed-in tariff was guaranteed for 20 years, and only grid-connected PV plants with a design power in the range 1–1000 kW were supported. The tariff changed based on PV plant design power (Pel) and ranged from 445 €/MWh (1 < Pel < 20 kWel) to 490 €/MWh (50 < Pel < 1000 kWel).



Despite generous support, 445–490 €/MWh compared to an energy price on the day-ahead market of approximately 59 €/MWh, the PV installation rise started in 2008 with the implementation of “Conto Energia II”. Please note that the major obstacles established in “Conto Energia I” and encountered by investors were the administrative procedures and the fixed cap on power installations.



“Conto Energia II” was established with Ministerial Decree 19 February 2007 [58]. As mentioned previously, the feed-in tariff was assigned to the generated electricity (revenue grant method) and depended on PV plant design power and its grade of integration into the building. The highest tariff (490 €/MWh) was granted to plants fully integrated into building structure and with a design power range between 1 and 3 kW, while the lower (360 €/MWh) was assigned to non-integrated PV plants with a design power higher than 20 kW.



In “Conto Energia II”, with the aim of boosting PV installations, the administrative procedures were simplified and the cap on power installations was removed.



“Conto Energia II” was law from 13 April 2007 to 31 December 2010. However, the feed-in tariffs established on the Decree were applicable to plants that entered operation in the period 13 July 2007–31 December 2008. After that, (from 1 January 2009 to 31 December 2010), feed-in tariffs were reduced by 2% each year.



Please note that “Conto Energia II” truly boosted PV installations as well as aggregated costs (110 million €) [59]. In fact, when the Italian government understood the incentive growth rate, it reviewed the support scheme by means of Ministerial Decree 6 August 2010 [60].



“Conto Energia III” was applied to plants that entered into operation from 1 January 2011 and introduced specific feed-in tariffs for fully integrated PV plants using innovative technologies for concentrating PV installations.



Feed-in tariffs where cut compared to the ones established in “ Conto Energia II” but, in [60], tariffs changed depending on: design power, plant installation location, and period in which the plant started to produce electrical energy. The established reductions concerned the period (a) 1 January 2011–30 April 2011, (b) 30 April 2011–31 August 2011, and (c) 31 August 2011–31 December 2011, while for 2012 and 2013, the Decree established a yearly reduction of 6% starting with the tariffs set for period (c).



For example, the highest incentives were granted to PV plants integrated in buildings with a design power in the range 1–3 kW. In this case, the tariff was 402 €/MWh if the plant entered operation in period (a), while in the case of it starting operation in period (b) or (c), the tariffs were 391 €/MWh and 380 €/MWh, respectively.



Please note that a plant with the same rated power but not installed on a building was eligible, depending on the period in which it started operation, for the following tariff: (a) 362 €/MWh, (b) 347 €/MWh, and (c) 333 €/MWh. This means a difference of approximately 10% between plants installed or not installed in buildings.



Higher tariffs were established for plants integrated in buildings using innovative technologies for concentrating PV plants. For example, plants integrated in buildings using innovative technologies and a design power range from 1 to 20 kW were granted a tariff of 440 €/MWh, while a concentrated PV plant with a design power in the range 1–200 kW received 370 €/MWh.



Despite the tariff cut, investments continued, along with installed power and incentives that needed to be paid each year: 800 million €.



With the aim of keeping costs down, the Italian government issued a new Decree [61] in which the characteristics of the new support schemes were established (“Conto Energia IV”) in accordance with the new EU standards set in [62].



The new elements in “Conto Energia IV” were a fixed annual cap of installing power and a cap of 6 billion € as cumulative costs.



With the approach of the 6 billion € limit, the government issued a new Decree [63] (“Conto Energia V”), which partially confirmed guidelines set out in [61] but fixed a new cap of 6.7 billion € as cumulative costs.



As an example, a standard feed-in tariff for a rooftop PV plant with a design power in the range 1–3 kW was 182 €/MWh, while for the same plant ground-mounted, the tariff was reduced to 176 €/MWh. In both cases, support was guaranteed for 20 years. For the sake of clarity, Table 1, Table 2, Table 3, Table 4, Table 5 and Table 6 list the “Conto Energia V” feed-in tariffs established in [63].



Please note that for PV plant design power marked with the symbol * and listed in Table 3, Table 4, Table 5 and Table 6, the Italian company identified by the State to pursue and achieve environmental sustainability (GSE—Gestore Servizi Energetici) did not purchase the electricity produced but payed a feed-in premium that is determined as the difference between the feed-in tariff above and the applicable average electricity market price.



The feed-in premiums listed in Table 3, Table 4, Table 5 and Table 6 were further increased by the following increments:

	
20 €/MWh for plants using modules and inverters that were produced in the EU or European Economic Area if they entered operation on or before 31 December 2013.



	
10 €/MWh for plants using modules and inverters that were produced in the EU or European Economic Area if they entered operation on or before 31 December 2014.



	
5 €/MWh for plants using modules and inverters that were produced in the EU or European Economic Area if they entered operation after 31 December 2014.



	
30 €/MWh for plants with a design power up to 20 kW installed on rooftops with simultaneous complete removal of asbestos if they entered operation on or before 31 December 2013.



	
20 €/MWh for plants with a design power above to 20 kW installed on rooftops with simultaneous complete removal of asbestos if they entered operation on or before 31 December 2013.



	
20 €/MWh for plants with a design power up to 20 kW installed on rooftops with simultaneous complete removal of asbestos if they entered operation on or before 31 December 2014.



	
10 €/MWh for plants with a design power above to 20 kW installed on rooftops with simultaneous complete removal of asbestos if they entered operation on or before 31 December 2014.



	
10 €/MWh for plants with a design power up to 20 kW installed on rooftops with simultaneous complete removal of asbestos if they entered operation after 31 December 2014.



	
5 €/MWh for plants with a design power above to 20 kW installed on rooftops with simultaneous complete removal of asbestos if they entered operation after 31 December 2014.








On 5 July 2013, the Italian supports for PV units ceased because the 6.7 billion € cap was reached 30 days prior, on 6 June.



At the time of writing, PV systems can be granted tax deductions while electricity may be sold on the free market or within the regulatory system of “ritiro dedicato” (purchased by GSE at a guaranteed price) [64].



The above-mentioned set of support actions favored the PV plant spread.



In 2006, there were 14 PV plants. In 2007, there were 7647, while in 2017, PV installations reached 774,014 units (see Figure 1a). In one year (2006–2007), there was a 54,500% increase, while in 10 years (2007–2017), the number of PV units increased by two orders of magnitude and now constitute over 90% of the net additions to power generation capacity [65,66].



In terms of installed power (see Figure 1a) and annual gross electricity production (see Figure 1b), the 10-year increment is also staggering. In 2007, the installed power was 86.80 MW, with an annual gross electricity production of 39.10 GWh, while 10 years later, installed power reached 19.682 GW with an annual gross electricity production of 24.378 TWh. This means that PV plants constitute about 20% of Italian installed power and can cover approximately 7% of the Italian electricity demand. The only issue is the reduction in the equivalent operating hours per year: 1200 [66].



Based on these data, it is possible to claim that in Italy there are a huge number of in-operation PV modules that can improve their electricity production and efficiency by means of cooling technologies, which is what prompts the authors to develop and test a low-cost and high-performance cooling system.




3. PV Test Rig Layout and Measurement Equipment


The PV cooling test rig is located in the Laboratory of Fluid Machines and Energy Systems in the Department of Industrial Engineering at the University of Padova. The facility is designed to test single or multiple PV modules equipped with or without a cooling system. Both active and passive cooling methods can be tested in the facility.



The proposed cooling system is applied to a commercially available flat PV monocrystalline module composed of 60 cells with a design power and an active surface equal to 230 W and 1.6 m2, respectively. The module rating power voltage and current are 29.9 V and 7.68 A, respectively, while the open-circuit voltage and the short circuit current are 36.8 V and 8.34 A, respectively. The nominal operating cell (NOC) temperature is 45 ∘C. Technical data refers to 25 ∘C, a solar irradiance equal to 1000 W/m2, and an air mass coefficient of 1.5, which is summarized in Table 7, while in Figure 2, the module geometrical dimensions are depicted.



The PV module is located over a tilting desk as shown in Figure 3. The desk tilt angle can vary from 0∘ (perfectly horizontal) to 90∘ (perfectly vertical). Fixing the module on a rolling table allows us to set and test different tilt angles without dismantling the module, the cooling system, and the measurement apparatus. In the present work, the PV tilt angle is set to 30∘ because it is a conventional installation angle in Italy as stated in [66].



To simulate the solar radiation, two halogen lamps characterized by a design power of 1000 W, a lumen output of 33,000 lumen, and a color temperature of 3350 K, are installed over the PV module at a distance of 1 m each.



We performed experimental measurements on different days of the year under Padova’s climate conditions, and solar irradiance showed that adopting two lamps guarantees a realistic simulation of outdoor conditions in the laboratory test facility.



Figure 4 depicts the lamp illuminated area on the panel module surface and lamp inclination with respect to the module surface, while Figure 5 and Figure 6 show the adopted lamp model and the lamp installation position over the PV module.



In Figure 7, the spectral distribution of the adopted lamp is reported. Comparing the lamp spectral distribution with the solar one, it is possible to observe that both display a maximum in the visible zone. Therefore, it is acceptable to adopt this type of lamp to simulate the sun effect on the module.



To minimize investment costs, the authors built the cooling system with a set of water nozzles initially designed for irrigation purposes (see Figure 8a). Nozzles are easy to find on the market, are available with a wide set of spraying angles (e.g., 90∘, 180∘, 360∘), are effortless to mount on water tubes, and are extremely durable. They contain features that guarantee to change the cooling arrangement in a few hours without extensively modify the test rig.



During the experimental campaign (as discussed in Section 4), the authors tested all the aforementioned spraying angles (90∘, 180∘, 360∘) but they found that the nozzle model at 90∘ is the best compromise between water consumption and film uniformity. For this reason, in Figure 8b, the authors demonstrate the 90∘ nozzle spray jet.



The adoption of this nozzle model guarantees to test several water flow rates while keeping the spraying angle constant, because flow rate is a function of nozzle inlet pressure. For example, Figure 9 depicts the 90∘, 180∘, and 360∘ nozzle inlet pressure vs. water mass flow rate characteristic.



Nozzles are mounted on an orientable plastic pipe with a diameter of 20 mm (see, again, Figure 8b), and are fed by water taken from waterworks. Before the first nozzle and after the last one, two pressure gauges (manometer 1 and 2 in Figure 10) are mounted to measure nozzle inlet pressure and the pressure drop across the nozzles.



As mentioned above, the first aim of this work is to select the nozzle spraying angle but, after that, other work aims are the allocation of the nozzle number and their operating pressure, which guarantee the compromise between cooling efficiency and water consumption. As discussed in Section 4, the best compromise is a cooling system with 3 nozzles. For this reason, in Figure 10, the system is depicted with 3 water nozzles.



A T-type thermocouple is installed after manometer 1 to measure water temperature before it is sprayed on the panel. In the water circuit, a pressure-regulating valve, a flow meter, and an ON/OFF valve are mounted to control the water pressure, to measure the inlet mass flow rate and to start/stop the water flow during cooling cycles.



To monitor the panel surface temperature, 50 T-type thermocouples are stuck up on the back side of the module. Thermocouples are placed in cell intersections because this position is the best one for measuring module temperature distribution.



Thermocouples marked with symbol “M” are placed in a specific panel area where, during preliminary spraying tests, the authors observed non-cooled zones. Those thermocouple hotspots caused by non-uniform distribution of the water film can be detected.



Air temperature is measured by means of 3 T-type thermocouples: the first is placed between the module and the desk that supports it and measures the air temperature under the module; the second is located between the lamps and the PV panel to measure the temperature increment generated by the lamps (labeled Tair in the Results section); and the third is placed in an unhindered zone of the laboratory to measure undisturbed room temperature.



Thermocouple error is ±0.3 ∘C, while manometer error is ±0.01 bar.



The open-circuit voltage is measured using an “ad-hoc” National Instruments acquisition board. Data are acquired using an NI Modular DAQ system properly managed with an “in-house” acquisition code developed in the LabVIEW environment.



Data are collected with a frequency of 1 Hz and are then saved in a matrix, which is post-processed by means of an “in-house” code developed in MATLAB.



Valve opening and closing operations are also managed via an “in-house” code developed in LabVIEW.




4. Experimental Results


The first aim of the present experiment is the test of the nozzle performance in terms of water flow rate vs. spraying pressure. This step is mandatory since nozzles are commercially available devices designed for gardening purposes.



In gardening applications, the precision with which the water flow rate vs. spraying pressure curve is derived is still quite low, because the acceptable margin of error in the sprayed water at a certain pressure can reach ±25%. It is obvious that the incentive during the design of gardening nozzles is cost minimization, and not the accuracy in terms of sprayed water.



In conjunction with water flow rate vs. spraying pressure curve, it is also necessary to estimate the pressure drop across the nozzle, because this fundamental parameter is not provided by the nozzle manufacturer.



The characteristic curve of the nozzle with spraying angle of 90∘, 180∘, and 360∘ have been experimentally derived and compared with the manufacturer-provided curve. For the sake of compactness, only the 90∘ nozzle characteristic curve is presented and discussed.



For each spraying pressure (0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75, and 2.00 bar), 3 nozzles (placed as depicted in Figure 10) are activated for 1, 2, 5, 10, and 60 min, and the sprayed water is collected in a water vessel. The collected water is weighed using a scale, and the water mass flow rate is computed. Then, the measured flow rate is compared with the one measured with the flow meter placed in the hydraulic water circuit.



Measuring the flow rate during different time periods is necessary for understanding the stability of the inlet spraying pressure and, consequently, of the flow coming from the waterworks. If tests demonstrated large instabilities or fluctuations in pressure or flow rate, the authors would have to develop a different water supply system.



The real flow rate is estimated using both flow meter and weight-control measure because, in this way, it is possible to estimate the mismatch between the two measurements. Results underline a difference of less than 1%.



Please note that during the spraying test on the PV module, the difference between the water measurement performed with the flow meter and weighing matches the water losses resulting from water evaporation and water flow that is sprayed outside of the PV panel.



Experimental measurements and data provided by the nozzle manufacturer are plotted in Figure 11 for 3 water nozzles with a sprayed angle of 90∘.



First, measured flow rates are grouped independently from the collection time. A discrepancy of less than 5% can be observed for measurements performed with different spraying time. This means that the water inlet pressure remains constant during a long spraying period (e.g., 60 min) as well as the sprayed flow rate. Both these outcomes are fundamental because they demonstrate both nozzle spraying accuracy and that water coming from the waterworks is at constant inlet pressure.



However, for pressures in the range 0.25–1.60 bar, the sprayed flow rate is higher than the declared one while for pressure in the range 1.75–2.00 bar, the flow rate is smaller than the designed one. At 0.25 bar, the measured flow rate is 3.8 times the designed one while, at 2.00 bar, the declared flow rate is 10% higher than the measured one. Around 1.6 bar, the discrepancy between the designed and measured values is less than 1%.



Concisely, comparisons among manufacturer data and the authors’ flow rate measurements show, independently of the spraying time, that design values are different from measurements. For this reason, the performed experimental campaign and its outcomes are crucial for properly estimating the water consumption of the proposed PV cooling arrangement.



Please note that spraying tests performed for different nozzles of the same type show mismatches in terms of sprayed water flow rate of lower than 1%. This means that despite the low nozzle costs, their manufacturing accuracy guarantees an acceptable mismatch in terms of flow rate.



Pressure measurements highlighted that the nozzle introduces a pressure drop of 0.033 bar independently to the nozzle inlet pressure. As for the water flow rate vs. spraying pressure curve, the performed test is a fundamental step because proper pressure drop estimations are essential when multiple nozzles are used. Since water flow rate is a function of pressure, when nozzles are placed in series, the total mass flow rate needs to be computed taking in account the real inlet pressure of each nozzle. As mentioned previously, the difference between flow meter measurements and the collected water at the bottom part of the module guarantees to compute water losses.



After the estimation of the flow rate vs. pressure characteristic curve and nozzle pressure drops, the authors studied the behavior of the nozzle’s sprayed water depending on the sprayed angle.



As shown in Figure 12a, the authors first tested a jet sprinkler and noticed that a water-cooling system with this type of jet is not able to generate a continuous film on the module surface. Then, they tested nozzles with different spraying angles: 360∘ (see, Figure 12b), 180∘ (see, Figure 12c), and 90∘ (see, Figure 12d).



Spraying tests demonstrate that independently of inlet pressure, using nozzles with 360∘ and 180∘ do not provoke, on the one hand, a uniform film on the PV module and, on the other hand, they introduce a loss of water greater than 30% and 50%, respectively.



Since nozzles are placed on the module upper part, the higher the spraying angle, the higher the flow rate that leaves the panel over the PV edges. For this reason, nozzles with a spraying angle of 360∘ and 180∘ can be a good solution in applications where multiple modules are arranged in rows.



Based on these remarks, the authors selected the nozzle with a spraying angle of 90∘ because it is the one that can establish a water film on the panel and reduce water losses over the PV module edges.



Regarding the number of nozzles installed on the upper part of the module, several tests are performed to identify the most suitable configuration.



Spraying tests are performed with the number of nozzles varying between 1 and 9. Figure 13 depicts three spraying tests with 2, 6, and 9 water nozzles.



As shown in Figure 13a, two nozzles are unable to establish a uniform film on the panel surface and cool the upper part of the module, while 6 or 9 nozzles establish a very good water film, but the amount of water consumption is unacceptable. For this reason, and based on these tests, the authors stated that a good film can be established by adopting 3 nozzles located on the module upper part. This configuration also guarantees to reduce water losses along the module edges.



Further to previous points, it is worth remarking that 3 nozzles sprayed water at a pressure of 0.25 bar discharge 61 L/h while with an inlet pressure of 2.0 bar, water consumption becomes approximately 162 L/h. Given that the cooling system operates for at least 6 h per day during summer time, water consumptions per single PV module ranges between 368 L/day and 972 L/day. These values are unacceptable. For this reason, the authors developed a management strategy in which the cooling system operates with ON-OFF cycles. This strategy guarantees to reduce water and power consumption, but the main issue is to find the best ON-OFF time ratio.



For each water-pressure value (0.5, 1.0, 1.5, and 2.0 bar), the following cycles are tested: 30 s ON and 30 s OFF (30 s–30 s), 30 s–60 s, 30 s–120 s, 30 s–180 s, and 30 s–300 s.



As previously mentioned, the panel tilt angle is fixed to 30∘, the cooling system is equipped with 3 nozzles with a spraying angle of 90∘, and lamps are orthogonal to the panel, with their focus centered as depicted in Figure 4 and placed with a distance between the panel surface and each lamp focus equal to 1 m.



Cooling tests are performed after a PV module heating-up process as depicted in Figure 14.



In practice, the PV module is heated up by the two lamps until it reaches stability at maximum temperature. In this way, it is possible to observe the module’s temperature distribution. As clearly shown in Figure 14, the module temperature is not uniform.



Generally speaking, the PV module takes approximately 100–110 min to reach maximum temperature. Maximum temperature is observed at point 28 (T28) and ranges from 74 ∘C to 78 ∘C, while the minimum one is detected at point M1 (TM1). The mean PV temperature after heating is 55–57 ∘C, which means 32–37 ∘C above the measured air temperature between the panel and the lamps. The mean heating rate is 0.33 ∘C/min while the maximum and minimum, computed at points 28 and M1, are 0.45 ∘C/min and 0.13 ∘C/min, respectively. To be sure of reaching steady-state conditions, cooling cycles started after an additional 10–15 min.



Please note that water contained in the water pipe that feeds the nozzles is also subject to a temperature increase of 5–12 ∘C. This aspect, as discussed below, affects the cooling system effectiveness during the early spraying cycles.



During both PV heating process and cooling cycles, temperatures and water distribution are symmetric. Then, taking into account Figure 10, at each second, the measured temperature, e.g., at point 1 (T1) differs from the one observed at point 5 (T5) by less than 1%. Similarly, T4 is approximately equal to T2, and T44 is approximately the same as T42. Subsequently, to limit the number of samples, only temperatures from the left of the PV module center are analyzed due to symmetry behavior of the temperature profiles.



As depicted in Figure 15a, adopting a water pressure of 0.5 bar does not allow a flow rate that can establish a water film on the module surface. The whole module is not fully wet, particularly in the bottom part (starting approximately from the horizontal line defined by points 26–30 in Figure 10). In fact, these thermocouples registered a small temperature decrease (10–20 ∘C) compared to the ones placed in the upper part of the module (30–45 ∘C). Therefore, this pressure is not enough to cool the PV module, because it does not guarantee a uniform film on the panel surface. Despite 0.5 bar guarantees to minimize water consumption, this pressure cannot be adopted with the selected nozzle configuration.



A water pressure of 1.0 bar is also inadequate for establishing a uniform film on the panel front surface. As shown in Figure 15b, the sprayed water is not able to cool the PV module zone in which thermocouples M1–M5 are located. A specular non-wet area is observed on the panel’s right side. Also, in the central part of the module (where thermocouples 38 and 43 are placed—Figure 10) the water film is not uniform, and only a small water streams is observed on the panel surface. As with the case of 0.5 bar, 1.0 bar is also not adequate for the proposed cooling system.



A uniform water film is given when the nozzle inlet pressure is 1.5 or 2.0 bar. However, spraying water at 2.0 bar instead of 1.5 bar increases water consumption and losses over the edges by 20% and 16%, respectively.



As depicted in Figure 15c, with 2.0 bar, water streams coming from the nozzles reach the module center (approximately concomitantly with points 21–25) and, since water is arriving at high velocity, part of the flow rate directly leaves the PV module surface from the right and the left module edge. Therefore, part of the water flow rate is lost. However, if the PV module is part of a module stream, this flow rate can be used to cool the module placed next to it. Therefore, in the future, experimental measurements with 2.0 bar will be performed using a stream of PV modules.



However, since the authors’ aim is to evaluate the cooling system performance in the case of a single PV module, the working pressure that guarantees a compromise between spraying uniformity, wet module area, water consumption, and water losses for the proposed configuration is 1.5 bar.



Therefore, in the following section, the authors analyze the temperature profile in the case of different ON/OFF cycles for a water-spraying pressure equal to 1.5 bar.



Figure 16 depicts temperature trends in the hottest and coldest point of the panel, the average PV surface temperature (Tmed,PV), and the air and the water temperatures for different ON/OFF cycles at a pressure of 1.5 bar.



During the heating process, the water contained in the adduction pipe increases in temperature by up to 5–12 ∘C (see Figure 14). Therefore, during the first few spraying cycles, the water contained in the pipe is sprayed, and a new one, which is not subject to lamp flux, laps the water thermocouple. Thus, water temperature starts to decrease in the system.



Detecting water temperature increment caused by sunlight or, as in the present study, by lamps, is interesting because the higher the water temperature, the lower the cooling effect. In addition, the longer the OFF time, the longer the time required for water to reach waterworks temperature.



Please note that increasing OFF time from 30 to 300 s increases the time in which water remains in the tube before being sprayed. In fact, the comparison between the Figure 16a water temperature trend and the one depicted in Figure 16e clearly underlines that with 30 s–300 s ON/OFF cycles, water has time to warm up in the tube before being sprayed and, therefore, the cooling effect is reduced.



The detection of this important issue demonstrates the test rig’s capability of simulating the real system behavior because, in real applications, pipes that fed the cooling system are subject to sunlight. Therefore, the water temperature rises into pipes when the cooling system is turned off.



Adopting 30 s–30 s cycles (Figure 16a), the PV mean temperature reduction is equal to 35 ∘C but requires 40 minutes to reach stability; with 30 s–300 s cycles (Figure 16e), the PV mean temperature reduction is equal to 22 ∘C but it does not reach stability, and continues to cycle. Note that in Figure 16 the line markers are reduced (1 marker every 100–500 samples) to better depict temperature trends, but data are collected with a frequency of 1 Hz.



A switched-off period of 300 s instead of 30 s helps to reduce the sprayed water by 5 times, but as shown in Figure 16e, increases temperature fluctuations in both upper and lower parts of the module surface as well as the sprayed water one. In addition, during the 300 s in which the cooling system is switched off, a formation of limestone is observed on the module surface.



Similar temperature behavior is observed in the case of 30 s–180 s cycles. Therefore, 30 s–30 s, 30 s–180 s, and 30 s–300 s cycles are not suitable options because, in the first case, the water consumption is really high, while in second and third cases, limestone formations are observed.



The comparison between Figure 16b and Figure 16c shows PV mean temperature reduction equal to 29 ∘C in the case of 30 s–60 s and of 28 ∘C in the case of 30–120 s. Neither limestone formations on the module surface nor water temperature increase are observed. Therefore, these two cycles represent a good compromise between temperature reduction, film uniformity, and water consumption.



Considering a summer period in which the cooling system works in ON/OFF mode from 10 a.m. to 4 p.m., the sprayed water is reduced by 60% if 30–120 s cycle is adopted instead of 30–60 s cycles. Therefore, the best compromise for the proposed configuration is to adopt a spraying pressure of 1.5 bar and a 30 s–120 s ON/OFF cycle.



In terms of PV module efficiency, the proposed cooling system and management strategies guarantees to improve the efficiency from 12.2% to 13.9%. For a single module, the investment cost for pipes, nozzles, and support devices is lower than 15 €.



In this investigation, the authors consider feeding the system with water coming from waterworks but, in real applications, there is a need to adopt a pumping system. Regarding feed-pump consumption and management strategy, it is possible to claim that a pump cannot work for 30 s and then be off for 120 s, because this is not efficient. Therefore, to reduce pump energy consumption it is necessary to insert a pressurized water reservoir between the pump and the spraying system.



In this manner, the pump works only when the reservoir level drops under a certain level and stops pumping when the water tank is refilled. Obviously, in this case, the pump works at a higher efficiency than in the ON/OFF cycle mode, but its energy consumption depends on the water tank volume and the time to fill it.



Based on these remarks, at time of writing, the authors are working on a tank design and pump management optimization. Despite this aspect, preliminary calculations show that a water tank can reduce pump energy consumption by at least 30%.



Finally, it is also important to remark that the proposed active cooling system is, on the one hand, able to cool the module surface well, but on the other hand, still characterized by high water consumption. Therefore, additional investigations need to be done to additionally reduce the water usage in ground PV applications where the system can be easily applied in the present form to floating PV applications.




5. Conclusions


In the present work, the authors experimentally tested a low-cost PV module cooling system based on the sprayed water concept. Three water nozzles were placed in the upper part of the PV module. They are commercially available devices as well as connecting pipes and support devices. Water pressure and temperature, and air and PV module temperatures, were monitored using manometers and thermocouples directly managed with a LabVIEW code. Nozzle type and number, inlet nozzle pressure, and characteristic curve in terms of inlet spraying pressure vs. mass flow rate, as well as ON/OFF cycle ratio were the research findings.



Preliminary tests showed that nozzle characteristic curve in terms of inlet spraying pressure vs. flow rate differed from the manufacturer one. Nozzles with spraying angle of 180∘ and 360∘ were unable to establish a water film on the PV module surface while avoiding water losses over the module edges. Therefore, the first important result of the present investigation is the nozzle spraying angle needs to be 90∘.



After that, the number of nozzles that needs to be used was investigated. Results showed that a good compromise was guaranteed by 3 nozzles placed on the module upper part.



Subsequently, water-spraying pressures and five ON/OFF cycles were tested. Results demonstrated that a good compromise was reached using 1.5 bar as nozzle spraying pressure, and a 30 s–120 s ON/OFF cycle, because these settings guaranteed to reduce water consumption and improve PV efficiency from 12.2 to 13.9%. In addition, the investing cost for the cooling system is less than 15 € per single PV module.



Finally, it is possible to claim that the proposed water-spray cooling technique can potentially increase the PV panel performance due to an evaporation and self-cleaning effect, which is of great benefit in PV applications.



In addition, this type of cooling system can be easily applied to floating PV installations because, in that case, the water consumption is not an issue since PV modules are located on lake, sea, or river surface. The cooling water is sucked from, e.g., the lake and, after it cools the module, it returns to the lake. No water is wasted and, since water mixing is established, this helps to introduce more oxygen into the water.



Obviously, more investigations need to be performed to estimate pump consumptions and establish whether the benefit in terms of additional PV production is higher than the energy consumed by the pumping system.
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Figure 1. Trend of Italian PV (a) installed power and number of plants, (b) generated electricity. Source: [66]. 
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Figure 2. PV module dimensions in millimeters. 
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Figure 3. PV module installation. The module is fixed on a tilting desk. 
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Figure 4. Lamp illuminated area on the panel module surface (left) and lamp inclination with respect to module surface (right). Dimensions are expressed in millimeters. 
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Figure 5. Adopted lamp: Osram SLV1000 (by courtesy of [67]). 
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Figure 6. Lamp installation position over the PV module. 
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Figure 7. Lam spectral distribution. By courtesy of [67]. 
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Figure 8. (a) Nozzle used to spray the water, (b) 90∘ nozzle spraying angle. By courtesy of [68]. 
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Figure 9. Inlet pressure vs. water mass flow rate characteristic for one nozzle with a spraying angle of 90∘, 180∘ and 360∘. By courtesy of [68]. 
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Figure 10. Hydraulic water circuit and thermocouples position on the PV module. Numbers refer to thermocouple name and position on the PV module. 
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Figure 11. Measured and design flow rate sprayed from 3 nozzles with a sprayed angle of 90∘ and placed as depicted in Figure 10. 
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Figure 12. (a) Jet sprinkler, (b) Nozzle with 360∘ of spraying angle, (c) Nozzle with 180∘ of spraying angle, (d) Nozzle with 90∘ of spraying angle. By courtesy of [68]. 
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Figure 13. Spraying test with (a) 2 water nozzles, (b) 6 water nozzles, (c) 9 water nozzles. 






Figure 13. Spraying test with (a) 2 water nozzles, (b) 6 water nozzles, (c) 9 water nozzles.



[image: Energies 12 01448 g013]







[image: Energies 12 01448 g014 550]





Figure 14. PV module heating-up process. Temperature trends of air, water, and PV module points during heating process. 
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Figure 15. Water maldistribution on PV module with a spraying pressure of (a) 0.5 bar, (b) 1.0 bar and (c) 2.0 bar. 
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Figure 16. Trends of air, water, and PV module point temperatures during (a) 30 s–30 s, (b) 30 s–60 s, (c) 30 s–120 s, (d) 30 s–180 s, and (e) 30 s–300 s cycles. 
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Table 1. Standard feed-in tariff established in [63].
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Size

	
Rooftop Incentive

	
Ground-Mounted

	
Term




	
[€/MWh]

	
[€/MWh]

	
[years]






	
1–3 kW

	
182

	
176

	
20




	
3–20 kW

	
171

	
165

	
20




	
20–200 kW

	
157

	
151

	
20




	
200 kW–1 MW

	
130

	
124

	
20




	
1 MW–5 MW

	
118

	
113

	
20




	
>5 MW

	
112

	
106

	
20
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Table 2. Standard self-consumption tariff established in [63].
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Size

	
Rooftop Incentive

	
Ground-Mounted

	
Term




	
[€/MWh]

	
[€/MWh]

	
[years]






	
1–3 kW

	
100

	
94

	
20




	
3–20 kW

	
89

	
83

	
20




	
20–200 kW

	
75

	
69

	
20




	
200 kW–1 MW

	
48

	
42

	
20




	
1 MW–5 MW

	
36

	
31

	
20




	
>5 MW

	
30

	
24

	
20
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Table 3. Standard tariffs for PV plants using innovative technology established in [63].
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Size

	
Incentive

	
Term




	
[€/MWh]

	
[years]






	
1–20 kW

	
240

	
20




	
20–200 kW

	
231

	
20




	
>200 kW *

	
217

	
20
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Table 4. Self-consumption tariffs for PV plants using innovative technology established in [63].
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Size

	
Incentive

	
Term




	
[€/MWh]

	
[years]






	
1–20 kW

	
160

	
20




	
20–200 kW

	
149

	
20




	
>200 kW *

	
135

	
20
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Table 5. Standard tariffs for concentrating PV plants established in [63].
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Size

	
Incentive

	
Term




	
[€/MWh]

	
[years]






	
1–20 kW

	
215

	
20




	
20–200 kW

	
201

	
20




	
>200 kW *

	
174

	
20
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Table 6. Self-consumption tariffs for concentrating PV plants established in [63].






Table 6. Self-consumption tariffs for concentrating PV plants established in [63].





	
Size

	
Incentive

	
Term




	
[€/MWh]

	
[years]






	
1–20 kW

	
133

	
20




	
20–200 kW

	
119

	
20




	
>200 kW *

	
92

	
20
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Table 7. PV module technical data. Values are 25 ∘C, a solar irradiance equal to 1000 W/m2, and an air mass coefficient of 1.5.
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	Parameter
	Value
	Unit





	Number of cells
	60
	



	Design power
	230
	W



	Active surface
	1.6
	m2



	Rating power voltage
	29.9
	V



	Rating power current
	7.68
	A



	Open-circuit voltage
	36.8
	V



	Short circuit current
	8.34
	A



	Nominal operating cell temperature
	45
	∘C
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