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Abstract
This work evaluates the SolWat hybrid system for solar water disinfection and photovoltaic energy generation, for its implementation in tertiary treatment plants, using real wastewater directly from the effluent after its secondary treatment. Solar disinfection of E. coli, Enterococcus faecalis and Clostridium perfringens microorganisms was evaluated over the course of a complete year. Four experiments in batch mode were conducted in autumn, winter, spring and summer, and microbiological and physicochemical parameters were analysed. In addition, the kinetics of solar disinfection during 4 h were analysed, and the dose of lethal ultraviolet radiation for microorganisms established. Results showed that E. coli, Enterococcus faecalis and C. perfringens did not complete total bacterial inactivation after 4 h of treatment in the SolWat system, but that the inactivation levels achieved were sufficient as to allow for the reuse of water for various uses (urban, agricultural, industrial, etc.). Clostridium perfringens continued to be the most resistant bacteria vs. E. coli and Enterococcus faecalis. The total photovoltaic energy production in the hybrid system compared to the reference system was the same, generating both the SolWat module and the reference module identical electrical power due to the compensating effect of module water cooling vs. radiation losses.
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Highlights 
· A novel solar technology was tested as tertiary treatment in a WWTP for water reuse.
· Solar disinfection of real wastewater containing bacteria and organic matter was evaluated.
· E. coli, Enterococcus faecalis and C. perfringens inactivation levels allow water reuse.
· Hybrid system PV energy generation did not suffer major losses vs. single PV.


1. Introduction 
Energy consumption in water treatment plants is a critical part of their operation and maintenance costs, and can reach a 30 – 50 % of the total [1,2]. These costs tend to increase due to the continuous increase in the price of energy. Most of the energy consumed is electrical, used in water pumping, aerators, heat digesters, sludge dehydration or tertiary treatments such as ultraviolet disinfection and desalination, so practically throughout the entire treatment line. In this sense, tertiary treatments in wastewater treatment plants, intended to improving the quality of the final discharge into the environment (complying with EU directives 2000/60 / EC and 91/271 / EEC) [3], are one of the stages that demand most energy consumption. As they are not required by law in most treatment plants, for example in Spain is only required in populations of more than 10,000 inhabitants-equivalent in sensitive areas, RD 11/1995 [4], they are not usually included in the wastewater treatment lines due, not only to the cost of the initial investment, but to the high cost of operation and maintenance (mainly electrical costs).
In regions where the water-energy nexus has been comprehensively analysed, as for the case of California in US, findings show how 19% (water supply and treatment + end uses: agriculture, residential, commercial, etc.) of electricity was associated with water use [5].  In another study [6] covering 60,000 drinking water treatment facilities and 15,000 operational wastewater treatment facilities in the United States, the electricity consumption was evaluated as 3% of the national total, and the cost of operation of the facilities associated with energy as 10% of the total. More globally, electrical expenses are estimated at between 5 and 30% of the total operating costs in water and sewage services worldwide, reaching up to 40%. The world energy consumption that is achieved in the water cycle is 7% with variability between countries, for example; 3% in the United States and an estimated 5.8% in Spain [7]. Also, the implementation of stricter regulations (due to the increase in emerging pollutants, drugs, fragrances, cosmetics, etc.) on wastewater discharges causes increases in energy consumption due to the implementation of new technologies for disposal of contaminants [8]. Given the economic and environmental importance of energy use in wastewater treatment plants (WWTPs), the energy balance is a growing concern. 
Research is looking for new alternative solutions to improve the environmental sustainability of wastewater treatment plants as well as to reduce their energy consumption, especially in the case of tertiary treatments. Optimised and more energy efficient tertiary treatments could increase their use in wastewater treatment plants, improving the final quality of the water effluent and allowing for the possible reuse of water (RD 1620/2007, RD (EU) 2020/741) [9] [10] One idea to reduce the energy consumption of existing wastewater technologies is the introduction of renewable energies in the wastewater treatment plants. 
	
In this sense, a new technology for the disinfection of water and simultaneous electricity generation using only solar energy was proposed some years ago by our group [11]. This system combines, in a single unit, the disinfection of water and the generation of electricity through solar energy (Fig. 2). This technology, which was called SolWat, has a flat geometry and is made up of two sub-modules: the photovoltaic module and the solar water disinfection reactor. The system receives solar radiation and uses it for two different applications:
•  In the solar water disinfection reactor, the germicidal effect of UV radiation and the thermal effect of far infrared radiation drastically reduce the number of pathogenic microorganisms present in the water.
• Visible and near infrared radiation reaches the photovoltaic module that generates electricity.
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Fig. 2: Scheme of the new hybrid system for water disinfection and electricity production using exclusively solar energy (SolWat): UV and far infrared radiation contribute to the disinfection of water; and visible (VIS) and near infrared (NIR) radiation reach the silicon PV module that produces electricity.
First lab experiments consisted of testing prototypes of flat geometry using silicon solar cells under photocatalytic water reactors (using suspended TiO2) for the elimination of organic dyes (such as methylene blue) and simultaneous electricity generation [12–15]. These studies showed that both photocatalytic and photovoltaic technologies could work simultaneously producing purified water and electricity.
Then the SolWat system was studied for microbial inactivation purposes for microbiological water disinfection using this hybrid system for water disinfection and photovoltaic power generation, using surface water sources for drinking water production and treating the water for 6 h [16]. Wang et al. [17] also showed that the inactivation of bacteria and the generation of simultaneous energy could work, in this case using distilled water with cultured strains of E. coli
 and Salmonella as a water source, with a water treatment time of 3.5 h. Complete studies of up to one complete year including different climatic conditions (variations of UV radiation and ambient temperature) were also conducted [18], concluding that the ideal conditions for SolWat operation are high UV radiation and either very high or low ambient temperatures: a) high ambient temperatures and UV radiation accelerate the solar disinfection of water, b) low ambient temperatures with high levels of UV radiation are also adequate although with lower inactivation rates, but c) mild temperatures and mild / low UV radiation reduce drastically the disinfection of water. In these studies, E. coli, Enterococcus faecalis and Clostridium perfringens were used as microbial indicators for drinking water quality. All experiments used the system in batch mode (or static mode, without water flow), and a river water source (superficial source) containing wild strains of bacteria, always more resistant to water treatment than lab strains in distilled water. In general, it was found that after 3 h the disinfection levels were adequate for drinking water treatment. Regarding the electricity generation, SolWat system performance was always compared with a single conventional PV module without a water reactor on top. Results showed that solar disinfection was not affected by the PV module located under the reactor (as expected), and that the electrical production of the PV module of the SolWat system compared to the independent PV module was identical during the 6 h of experimentation. This result is very interesting since it means that the PV module of the hybrid system does not suffer major losses in relation to the module without a water reactor on top. The explanation is due to two factors: on the one hand, the solar radiation that reaches the module with the water reactor was approximately 5% lower (from experimentation), causing losses in generated electrical current; but on the other hand, the water reactor makes the operating temperature of the PV module lower in relation to the temperature of the independent module, increasing the voltage of the module and reducing the temperature losses of the independent module.
Finally, two more recent studies demonstrate the suitability of this technology for drinking water treatment and electricity generation in developing countries, the first conducted in a rural community in Oaxaca (Mexico) where the system was used to treat real water with wild bacteria strains using solar disinfection [19]. This study showed that the system can be used in developing countries to mitigate the lack of drinking water access and energy. The second study designed a complete autonomous system for water disinfection and electricity generation for a family in a rural community of a developing country, considering typical family size, electricity consumption, daily water needs, etc [20]. The system was tested for treating water in rounds of 3 h per day, and the electricity was stored in a battery connected to different loads that operated at different periods during the day simulating the real consumption profile of a household. The system operated correctly and all the needs were met, showing again the suitability of this technology for drinking water and electricity in developing countries. The advantages in the case of using the SolWat system in home treatments for water disinfection are clear: a) regarding the non-use of chlorine, which requires a continuous chemical supply and which also changes the taste of the water, usually with low social acceptance, b) the extra production of electrical energy for other uses: lighting, mobile phone charging, etc., c) the durability of the system: the PV modules have a useful life guaranteed by the manufacturer of 25 years, and d) the low environmental impact: PET bottles conventionally used for SODIS pose a waste problem by changing plastic bottles every 6 months.
	
Based on the good results for drinking water treatment, the next question is whether the system would be suitable for wastewater treatment or not when using real wastewater from the secondary treatment effluent. Regarding wastewater treatment, the SolWat technology, dimensioned according to the needs of each installation, would be integrated as tertiary treatment in wastewater treatment plants allowing the safe reuse of treatment plant effluent for a new use of water (agricultural, industrial, etc.). It would replace other conventional disinfection processes that have a high use of energy (UV lamp disinfection) and chemically dependent processes (chlorination). On the other hand, the SolWat system, by integrating photovoltaic technology, would produce extra electricity from a clean and renewable energy source, favouring the efficient and sustainable management of the plants, and the reduction of the energy costs derived from the operation (pumping, aeration, management solids, etc.) from the treatment plant. Thus, the objective of this work is to study the efficacy of the SolWat system for treating real wastewater effluents and its clean energy generation.

2. SolWat system: design and materials
The SolWat system design is similar to previous studies conducted by the authors on solar drinking water treatment [21]. The system is composed by two modules, one stacked on top of the other. At the bottom is the silicon PV (photovoltaic) module, which serves as the basis for the water purification module which will contain the experimental water layer (transparent to visible and near infrared radiation). The water reactor is made of an aluminium frame with L-shaped profiles around the photovoltaic module that includes a water temperature sensor and connectors to provide water in and out of the system. The water disinfection reactor has a thin layer of water 18 mm high and a capacity of 1 L. It is covered with a 2 mm thick borosilicate glass (298 x 248 mm) allowing high transmittance for the UV spectrum (UVA-UVB), being able to reach 90% of the visible and infrared spectrum. Clear silicone was used to seal and attach the water reactor on the PV module. The water filling of the systems took place by means of a pump that propelled the water through a network of pipes.
The photovoltaic modules of the prototype were of monocrystalline cell technology (Techno Sun, Spain) formed by 36 solar cells connected in series with dimensions of 260 x 210 x 18 mm (0.028 m2 of cell area) and a nominal power of 5 W. For the study of the water disinfection process kinetics, the water will be analysed in 0 h; 1 h; 1.5 h; 2 h; 2.5 h; 3 h; 4 h of sun exposure. For this, 3 SolWat prototypes have been used (2 are used as intermediate sampling points and another as a system in which the final water is analysed - 4 h). Therefore, 3 photovoltaic modules were required for the SolWat hybrid system plus a reference photovoltaic module, the objective of which is to compare the influence of the SolWat water purification sub-module on the final energy generation. For electrical characterization, the main electrical parameters were taken outdoors under real sun conditions and then they were converted to Standard Test Conditions (STC) (*) [22]. Table 1 shows the main parameters of the electrical characterization and Fig. 3 shows the I-V curve of electrical characterization of the reference PV module.

Table 1. Results of the electrical characterization of the reference PV module in STC. The tests were carried out under real solar radiation to obtain the main electrical parameters.
	Parameter
	PV Module

	Power at Maximum Power Point @ STC - P* MOD,M (W)
	5.0

	Open-circuit Voltage @ STC - V* MOD,OC (V)
	22.5

	Short-circuit Current @ STC - I* MOD,SC (A)
	0.3

	Efficiency (%)
	15.3





Figure 3. I-V curve for the reference photovoltaic module, measured at an ambient temperature of 30.1ºC, a module temperature of 55.5ºC and under a solar global irradiance of 971 W / m2.

3. Methodology

3.1. Experimental set-up 
Tests were carried out outdoors at the rooftop facilities of the Linares Higher Polytechnic School (EPS) of the University of Jaén, in Linares (Spain), in sunny / partially sunny weather conditions in autumn (12/10/19), winter (02/24/20), spring (06/11/20) and summer (07/15/20). Linares is located at 38º 5 ’42.68’ ’N latitude corresponding to a temperate climate.
A total of 3 hybrid SolWat systems (PV + SODIS) were used in batch mode (without water circulation), plus a reference photovoltaic module (without a water chamber in the upper part) used as a control system (Fig. 4). The PV panels were placed in a structure tilted 37º facing south. The SolWat reactors were filled with water from the Linares wastewater plant effluent and exposed to sunlight for 4 h. The experimentation began around 11: 00-12: 00 p.m. at local time (2-3 hours before solar noon).
Water samples were taken at 0 h; 1 h; 1.5 h; 2 h; 2.5 h; 3 h and 4 h. Escherichia coli, Enterococcus faecalis and Clostridium perfringens were used as indicators to evaluate microbiological water quality following the Spanish legislation RD 1620/2007 for water reuse [9], which is more restrictive than the EU guidelines for water reuse (2018/0169 (COD)) [23]. Conductivity, pH, temperature, turbidity and ions (nitrate and sulphate) were measured to evaluate the main physicochemical characteristics of the water before and after the treatment with SODIS. Origin Pro 2021 Data Analysis and Graphing software from OriginLab was used for data analysis.
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Figure 4. From left to right: pyranometer, UV radiometer, anemometer, ambient temperature sensor, relative humidity sensor, 3 SW hybrid systems and a reference PV system during SODIS tests on the roof of the E.P.S. de Linares from the University of Jaén (Spain).


3.2. Climatic conditions and electrical parameters monitoring 
Climatic conditions were monitored using a Keysight datalogger (22-bit): global solar irradiance at 37º (280-3000 nm) was measured with a Kipp & Zonen CMP 21 pyranometer, UV irradiance at 37º (280-400 nm) was given by a Kipp & Zonen CUV5 radiometer, wind speed (Young anemometer), and relative humidity and ambient temperature (Young sensors). The temperature of the water within the disinfection reactors at SolWat was measured by NTC (10 K) immersion sensors, placed in the SolWat aluminium frame. The temperature of the PV modules (back of the SolWat and reference photovoltaic module) was also measured, using flat PT100 sensors. Data was recorded every 60 s.
A PV-KLA 4.4 Curve IV analyser manufactured by Ingenieurbüro was used to measure photovoltaic electrical production, recording complete I-V curves and providing the following electrical parameters: PMOD, M (maximum power), VMOD, OC (open circuit voltage) and IMOD, SC (short circuit current), measured every 60 s. One SolWat system PV module (the one that is left until the end – 4 h -  without taking water) and the reference photovoltaic module were monitored.

3.3. Water source and physic-chemical and microbiological analyses
The experimental water source was the real water obtained from the Linares wastewater treatment effluent after having being subjected to the secondary wastewater treatment. Samples were taken between 9: 00-10: 00 in the morning.
Physic-chemical analysis
Turbidity, conductivity, pH, nitrates (NO3-) and phosphates (PO43-) were measured as part of the physicochemical analysis. Regarding turbidity, according to RD 1620/2007, the maximum permissible values ​​range between 2 and 15 NTU depending on the use of reclaimed water. This parameter reflects the content of colloidal, mineral and organic matter where microorganisms tend to lodge. If the turbidity is excessive, it can protect the microorganisms from the effects of disinfection in the regeneration treatment or stimulate the proliferation of bacteria. The values ​​were measured with a turbidimeter (Lovibond TB 211 IR).
Electrical conductivity and pH were measured with HACH Sension + MM374 Multimeter + 5014 electrode (pH) + 5070 cell (electrical conductivity). Nitrates were measured using HANNA Instruments HI3874-100 reagent tests and phosphates were test using a Checker-Hanna Instruments HI706.
Other parameters such as (TS) Total Solids, TSS (Total Suspended Solids), Aluminium, Chromium, Chlorides, Copper, Iron, Phosphorus, Nitrates, Nitrites, Sulphates and Zinc were provided by the Linares wastewater treatment plant laboratory analysis[24].
Microbiological analysis
Microbiological strains of E. coli, Enterococcus faecalis and Clostridium perfringens (including spores) were used as microbial indicators of faecal contamination. The Spanish Royal Decree 1620/2007 for reused water only uses E. coli as a microbiological indicator, however in this study the concentration of Enterococcus faecalis and Clostridium perfringens were also considered. For the detection of the bacterial concentration, the membrane filtration technique was used (UNE-EN ISO 8199: 2005) [25].
The material was previously sterilized. 0.45 µm cellulose nitrate membrane filters were used. The samples were filtered in triplicate and then transferred to Petri dishes with the appropriate culture media for each bacterium, prepared in the laboratory [26]. Chromogenic Colinstant agar (Scharlau 01-695-500) prepared with the selective supplement CV coliforms (Scharlau 06-140LYO1) was used for E. coli. Petri dishes were incubated at (36 ± 2) ºC for (21 ± 3) h. Colonies from dark blue to violet were counted as E. coli. (UNE-EN ISO 9308-1: 2014). Slanetz & Bartley agar (Scharlau 01-579-500) with sterile 1% TTC solution (Scharlau 06-023) was used for Enterococcus faecalis. Petri dishes were incubated at (36 ± 2) ºC for (44 ± 4) h, followed by a step of confirming those that are considered typical red, brown or pink colonies, in the centre or throughout the colony. The membranes with those colonies were transferred, to another Petri dish with biliary esculin azide agar, preheated to 44ºC, incubated at (44 ± 0.5) ºC for 2 h. The plate was read immediately, considering that the typical brown to black colonies give a positive reaction and are counted as Enterococcus faecalis. (UNE-EN ISO 7899-2: 2000).  Clostridium perfringens used the ChromAgarTM Chromogenic Clostridium perfringens culture medium. Petri dishes were incubated anaerobically at (37 ± 1) ° C for (21 ± 3) h. Characteristic colonies produced were orange in colour. 

4. Results 
The experiments were conducted in the months of December 2019, February 2020, June 2020 and July 2020 in the city of Linares (Jaén, Spain) at the E.P.S. Linares rooftop, in different seasons of the year. The SolWat system was filled with water from the Linares wastewater treatment plant and then exposed to the sun for 4 h, taking simultaneously I-V curves to analyse the electrical performance.

4.1 Effluent water quality (Initial water)
Pathogen concentrations in the water samples from the wastewater treatment plant effluent (Fig. 5) showed slight variations that can be considered within the normal water quality of the WTTP effluent. Data present an average conductivity of 954 μS / cm. The pH is between 6.2-7.7; while the turbidity of the water varies between 6.9 and 18.5 NTU (Table 2). Physic-chemical parameters were analysed before and after the water disinfection with the SolWat hybrid system, but the values did not vary significantly after the process (Table 3). The experimental results show that the rest of analytes have an average value of < 0.2 mg/l of Aluminium, < 0.5 mg/l of Chromium, 79.5 mg/l of Chloride, < 0.5 mg/l of Copper, < 0.5 mg/l of Iron, 1.76 mg/l of Phosphorus, 2.4 mg/l of Nitrates, < 0.2 mg/l of Nitrites, 90.1 mg/l of Sulphates and < 0.5 mg/l of Zinc.




Figure 5. Concentration of E. coli, Enterococcus faecalis and Clostridium perfringens (CFU / 100 ml) from the Linares WWTP effluent water in a period of 9 months (6/11/19 to 15/07/20).

Table 2. Concentration of E. coli, Enterococcus faecalis and Clostridium perfringens (CFU / 100 ml), pH, turbidity and conductivity of the water from the Linares WWTP effluent in a period of 9 months (6/11/19 to 15/07/20).
	Date
	E. coli (CFU/100 ml)
	Enterococcus faecalis
(CFU/100 ml)
	Clostridium perfringens (CFU/100 ml)
	pH
	Turbidity (NTU)
	Conductivity
(μS/cm)

	06/11/2019
	1.5E+06
	3.2E+05
	1.3E+04
	7.4
	8.8
	943

	10/12/2019
	2.6E+05
	1.2E+05
	2.7E+04
	7.2
	18.5
	847

	22/01/2020
	5.4E+05
	1.9E+05
	3.5E+04
	6.2
	7.9
	980

	18/02/2020
	1.5E+06
	2.8E+05
	4.3E+04
	6.2
	10.5
	980

	24/02/2020
	1.3E+06
	2.5E+05
	5.0E+04
	6.5
	14.1
	910

	11/06/2020
	1.8E+06
	2.3E+05
	4.1E+04
	7.7
	9.0
	1033

	15/07/2020
	8.9E+05
	9.2E+04
	2.0E+04
	7.7
	6.9
	982

	Average
	1.1E+06
	2.1E+05
	3.3E+04
	7.0
	10.8
	954




Table 3. Summary of the physic-chemical analysis carried out at the beginning of the experiments in autumn (10/12/19), winter (24/02/20), spring (11/06/20) and summer (15/07/20) to determine the initial characteristics of the water.
	Experiment (date and season) / Initial water quality
	(10/12/19) Autumn
	(24/02/20) Winter
	(11/06/20) Spring
	(15/07/20) Summer

	Turbidity (NTU)
	18.5
	14.1
	9.0
	6.9

	Conductivity (μS/cm)
	847
	910
	1033
	982

	pH
	7.2
	6.5
	7.7
	7.7

	NO3- (mg/l)
	<10
	<10
	<10
	<10

	PO43- (mg/l)
	3.5
	--
	4.7
	4.0

	DQO (mg/l)
	47
	78
	76
	57

	DBO5 (mg/l)
	--
	14
	--
	12

	TSS (mg/l)
	12
	18
	22
	14

	TS (mg/l)
	357
	453
	403
	360



4.2 Solar disinfection
Table 4 shows the meteorological conditions during the four experimental tests conducted, along with the water temperature in the SolWat system. Solar global irradiance ranged from average values of 896 W/m2 to 1007 W/m2, being always in sunny, clear days. UV irradiance values were minimum in the autumn experiment as it was closer to the winter solstice (10/12/19), with a maximum of 33 W/m2, vs the higher values of the spring experiment (closer to the summer solstice – 11/06/20), with a maximum of 52 W/m2. This led to UV doses ranging from 58.7 Wh/m2 to 92.3 Wh/m2. Regarding ambient temperature, it varied from a maximum of 18.9 ºC in the autumn experiment (mild temperature) to 37.9 ºC in summer (high temperature), corresponding to a continental climate and therefore strongly affecting the water temperature reached within the SolWat system.
Water inside SolWat system reached maximum temperatures of 34.9 ºC (autumn), 43.5 ºC (winter), 34.8 ºC (spring) and 52.4 ºC (summer) during the 4 h- experiments, with corresponding average temperatures of 28.4 ºC, 36.8 ºC, 31.7 ºC and 45.9 ºC. 

Table 4. Climatic conditions: solar global irradiance, UV radiation, ambient temperature, relative humidity, wind speed, and water temperature in the SolWat system for the experiments conducted along the different seasons of the year (autumn, winter, spring and summer). 
	Experiment (date and season)
	(10/12/19) Autumn
	(24/02/20) Winter
	(11/06/20) Spring
	(15/07/20) Summer

	Solar global irradiance (W/m2)
	Average
	896
	1007
	902
	920

	
	Maximum
	960
	1069
	1080
	977

	UV irradiance (W/m2)
	Average
	29.2
	40.4
	39.5
	44.9

	
	Maximum
	33
	44
	52
	49

	UV radiation dose
	(Wh/m2)
	58.7
	81.2
	92.3
	91.6

	
	(kJ/m2)
	211.3
	292.3
	332.3
	329.8

	Ambient temperature (ºC)
	Average
	16
	21
	24
	34

	
	Maximum
	18.9
	24.9
	26.6
	37.9

	Water temperature in SolWat (ºC)
	Average
	28.4
	36.8
	31.7
	45.9

	
	Maximum
	34.9
	43.5
	34.8
	52.4

	Relative humidity (%)
	Average
	46.8
	31.3
	43.1
	32.7

	
	Maximum
	60
	46.8
	53.9
	41.9

	Wind speed (m/s)
	Average
	6.4
	4.2
	7.5
	3.7

	
	Maximum
	10
	8.8
	11.4
	5.7



Table 5 shows the inactivation results for Escherichia coli, Enterococcus faecalis and Clostridium perfringens, including maximum water temperature and UV dose, along with Fig. 6 that shows the kinetics of each microorganism (CFU/100 ml) vs. time, including the water temperature profile and the UV irradiance during the 4 h-experiment. 
In the autumn experiment, E. coli achieved 1-log reduction (95.83 % reduction), with a maximum water temperature of 34.9 ºC and UV dose of 58.7 Wh/m2. In the winter experiment, it reached 2-log reduction (99.61 % reduction), with higher maximum water temperature and UV dose, 43.5 ºC and 81.2 Wh/m2. The spring experiment shows also a 2-log reduction for E. coli, with lower maximum water temperature, 34.8 ºC, and a slightly higher UV dose, 92.3 Wh/m2. The highest inactivation occurs in summer, with an UV dose similar to the spring experiment, 91.6 Wh/m2, but with higher water temperatures, reaching a maximum of 52.4 ºC and accelerating the disinfection process. Inactivation reached 3-log reduction (99.98 %).
Regarding Enterococcus faecalis, maximum inactivation was achieved also in summer, with 2-log reduction (99.23 %), vs. the 1-log reduction in spring and winter (97.24 % and 95.96 %, respectively). In the autumn experiment it only reached 87.73 % reduction (< 1-log reduction). Clostridium perfringens seems to be the most resistant bacterium of those analysed, because it showed a lower concentration reduction than the other indicators, with inactivation levels ranging from 72.62 % to 79.60 %, always below 1-log reduction. The highest inactivation for Clostridium perfringens corresponded to the winter experiment, and the lowest to the summer one. Total bacterial inactivation was not achieved in any of the cases, but the reached inactivation levels allow the re-use of the treated water for different uses as we will discuss later.
Fig. 6 shows the microorganisms concentration vs. time . It is observed the synergistic effect between UV irradiation and water temperature when water temperature exceeds 45 ºC E. coli and Enterococcus faecalis solar disinfection: while in spring and summer the UV dose is similar (around 90 Wh/m2), the summer experiment achieved higher inactivation levels as water temperature rose to 52.4 ºC, when the inactivation rate increased rapidly. 

Table 5. Water disinfection results for the different experiments after 4 h of sun exposure including the main parameters: microbiological content, water temperature, and UV dose.
	Experiment (Date and season)
	(10/12/19)    Autumn
	(24/02/20) Winter
	(11/06/20) Spring
	(15/07/20) Summer

	UV dose (Wh/m2)
	58.7
	81.2
	92.3
	91.6

	Maximum water temperature (ºC)
	34.9
	43.5
	34.8
	52.4

	E. coli
(CFU/100 ml)
	Time: 0 h
	2.6 x 105 ± 3 x 104
	1.3 x 106 ± 2.8 x 105
	1.8 x 106 ± 2.7 x 105
	8.9 x 105 ± 1.6 x 105

	
	Time: 4 h
	1.1 x 104 ± 1.8 x 103
	5.0 x 103 ± 5 x 102
	3.6 x 103 ± 4 x 102
	1.9 x 102 ± 6 x 10

	
	Inactivation (%)
	95.83
	99.61
	99.80
	99.98

	Clostridium perfringens 
(CFU/100 ml)
	Time: 0 h
	2.7 x 104 ± 7 x 102
	5.0 x 104 ± 4 x 103
	4.1 x 104 ± 8 x 103
	2.0 x 104 ± 11 x 104

	
	Time: 4 h
	7.0 x 103 ± 7 x 103
	1.0 x 104 ± 5 x 102
	1.1 x 104 ± 1.5 x 103
	5.6 x 103 ± 1.0 x 102

	
	Inactivation (%)
	73.92
	79.60
	73.95
	72.62

	Enterococcus faecalis
(CFU/100 ml)
	Time: 0 h
	1.1 x 105 ± 2 x 103
	2.5 x 105 ± 1.0 x 105
	2.3 x 105 ± 9 x 104
	9.2 x 104 ± 1.2 x 103

	
	Time: 4 h
	1.4 x 104 ± 1 x 103
	1.0 x 104 ± 9 x 102
	6.4 x 103 ± 1.9 x 103
	7.1 x 102 ± 6.1 x 102

	
	Inactivation (%)
	87.73
	95.96
	97.24
	99.23






   



Figure 6. Variation of the concentration of the microorganisms E. coli, Enterococcus faecalis and C. perfringens (in CFU/100 ml) vs. time. UV irradiance (W / m2) and water temperature (ºC) during the experiments are also shown along with maximum values. 







Figure 7. Concentration of E. coli, Enterococcus faecalis and C. perfringens vs. UV dose (Wh/m2) during the experiments.

Figure 8 shows each bacteria vs. UV dose for all the experiments so the effect of climatic conditions and water temperature is more clearly observed. The inactivation constant kUV has also been calculated for each experiment and bacteria to analyse the inactivation kinetics (Table 6). Following a first-order decay model, log N = -kUV·UVdose, where N is the bacteria concentration, kUV is the inactivation constant and UVdose is the cumulative UV radiation (Wh/m2); the inactivation rate for E. coli reached a maximum of -0.04158 in the summer experiment, probably due to the synergistic effect of water temperature (> 45 ºC) and UV irradiation, vs. the lower values in the rest of the seasons. For Enterococcus faecalis, the inactivation rates followed  the same trend as for E. coli, with the maximum in the summer experiment too although values are generally lower. Finally, Clostridium perfringens was the bacteria less affected by the UV irradiation and temperature, not showing any synergistic effect with water temperatures over 45 ºC, as the inactivation rates are practically the same over the year (actually slightly lower in the spring and summer experiments). 

Table 6. Inactivation rates of the three bacteria studied over the seasons. E. coli and Enterococcus faecalis show higher inactivation rates in summer due to the synergistic effect of temperature (> 45 ºC) vs. Clostridium perfringens that does not follow this trend.
	 
	E. coli
	Enterococcus faecalis
	Clostridium perfringens

	Date
	k
	R2
	k
	R2
	k
	R2

	10/12/2019
	-0.01546
	0.99648
	-0.01767
	0.99912
	-0.01122
	0.99956

	24/02/2020
	-0.02587
	0.99443
	-0.01334
	0.99805
	-0.0113
	0.99846

	11/06/2020
	-0.02245
	0.99527
	-0.01231
	0.99741
	-0.00657
	0.99993

	15/07/2020
	-0.041581
	0.98003
	-0.02417
	0.99756
	-0.00588
	0.99954



It is observed that inactivation rates for E. coli are in general higher than for Enterococcus faecalis and Clostridium perfringens, only in the autumn experiment the inactivation rate for Enterococcus faecalis is slightly superior (-0.01757 vs. -0.01546), so E. coli is more sensitive to solar radiation than the other two bacteria. On the other hand, Clostridium perfringens exhibits always lower inactivation rates in comparison with the other two bacteria, therefore reaching always lower inactivation levels when exposed to the solar irradiation.
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Figure 8. Concentration of E. coli, Enterococcus faecalis and C. perfringens vs. UV dose (Wh/m2) during the experiments, showing each bacteria separately in all seasons to analyse the inactivation under different climatic conditions (UV dose and water temperature).

4.3 Electrical performance
Table 7 shows the electrical results of the SolWat PV system and the reference - single PV system. They presented an energy generation of 16.1 Wh and 17.0 Wh in the autumn experiment, 16.8 Wh and 18.2 Wh in winter, 15.1 Wh and 16.3 Wh in spring, and 15.0 Wh and 16.2 Wh in summer. This means that the energy production losses in SolWat were 5.4% (autumn), 7.3% (winter), 7.1% (spring) and 7.8% (summer) in comparison with the reference photovoltaic module. Fig. 9a shows the Pmp (W) in the SolWat PV module and compares it with the Pmp in the reference one for the summer experiment as an example. The difference in the production of the photovoltaic modules is due to several factors: a) slight differences in their initial efficiency from manufacturing: 7.5% SolWat and 7.8% reference PV module, with the SolWat module at STC already at a 3.9% less efficient than the reference module, b) solar radiation losses in the SolWat module due to the water reactor on top, which causes radiation losses that translate into lower electrical current, and c) differences in the temperature of the PV modules, in this case being a positive effect that the SolWat module is cooled and has lower module temperatures, which generate higher electrical voltage values.

Table 7. Electrical results of the SolWat PV module and the reference PV module after 4 h of sun exposure in autumn (10/12/19), winter (24/02/20), spring (11/06/20) and summer tests (15/07/20) conducted in Linares (Spain).
	Experiment (date and season)
	(10/12/19)   Autumn
	(24/02/20) Winter
	(11/06/20) Spring
	(15/07/20) Summer

	Global irradiance (W/m2) 
	Average
	896
	1007
	902
	920

	
	Maximum
	960
	1069
	1080
	977

	Ambient temperature (ºC) 
	Average
	16
	21
	24
	34

	
	Maximum
	18.9
	24.9
	26.6
	37.9

	Generated Energy (Wh)
	SolWat PV system
	16.1
	16.8
	15.1
	15.0

	
	Single PV system
	17.0
	18.2
	16.3
	16.2

	SolWat energy losses vs. the single PV system (%)
	SolWat Energy/Single PV Energy
	5.4
	7.3
	7.1
	7.8

	Single PV module temperature (ºC)
	Average
	32.6
	48.3
	37.6
	50.3

	
	Maximum
	39.9
	56.6
	41.1
	61.9

	SolWat PV module temperature (ºC)
	Average
	30.7
	40.5
	35.3
	48.7

	
	Maximum
	37.5
	46.8
	38.5
	55.3

	Temperature difference between the SolWat PV module and the Single PV module (TSolWat – TSingle)  (ºC) –  Degrees that the SolWat PV module is cooler than the single PV system
	Average
	-1.9
	-7.8
	-2.3
	-1.6

	Isc (A)
	SolWat PV system
	Average
	0.25
	0.27
	0.20
	0.25

	
	
	Maximum
	0.27
	0.28
	0.29
	0.26

	
	Single PV system
	Average
	0.26
	0.30
	0.22
	0.27

	
	
	Maximum
	0.28
	0.32
	0.30
	0.29

	SolWat Isc losses (vs. the single PV system – Equivalent to radiation losses (%)
	Isc SolWat/Isc Single, Average
	5.0
	10
	6.7
	9.4






(a)


(b)
Figure 9. a) Comparison of the Pmp (W) in SolWat and the reference single photovoltaic module during the summer experiment (15/07/20) for the 4 h solar exposure, showing the total losses on energy production. Maximum values of main meteorological parameters are indicated, b) Comparison of the Isc (A) in SolWat and the reference single photovoltaic module during the summer experiments showing the solar radiation losses produced by the water reactor on top of the PV module (SolWat system).

Regarding solar radiation losses in the SolWat systems, as the current intensity is directly proportional to the received solar radiation, when a water reactor is placed on top of the PV module the water reduces the solar radiation transmission (mainly in the UV and FIR) and therefore the module produces less electrical current than a single PV module without water on top. In addition, the water turbidity levels also affect the solar radiation transmission, with higher values reducing the electrical performance due to light scattering in the water reactor. Table 7 also shows the Isc reductions in the SolWat system, which correspond to radiation losses with respect to the single photovoltaic module, reaching average values ​​of 4.8 % (autumn), 10.0 % (winter), 6.7 % (spring) and 9.4% (summer). Turbidity values were: 18.5 NTU (autumn), 14.0 NTU (winter), 9.0 NTU (spring) and 6.9 NTU (summer). Fig. 9b shows the ISC current of the SolWat PV module and the single PV module for the summer experiment, where it is observed the lower irradiance received by the SolWat module.
On the other hand, the water layer actually reduces the PV module temperature, which has a positive effect on the electricity production as lower operation temperatures increase the PV module output voltage. This means that having the water layer on top has a compensating effect vs. the solar radiation losses in current. As seen experimentally, the average module temperature reached in the single PV system was: 32.6 ºC (autumn); 48.3 °C (winter); 37.6 ºC (spring) and 50.3 ºC (summer), while the SolWat PV system operated at lower temperatures: 30.7 ºC (autumn); 40.5 ºC (winter); 35.3 ºC (spring) and 48.7 ºC (summer). The maximum temperature difference occurred in the winter test with 7.8 ºC less in the PV SolWat module with respect to the reference module, with values of only about 2 ºC less for the rest of experiments. 

5. Discussion

5.1 Solar Water Disinfection 
[bookmark: _Toc50552148][bookmark: _Toc50556189][bookmark: _Toc50916849]The effluent of a wastewater treatment plant (after secondary treatment) was directly subjected to solar water disinfection with the purpose of obtaining treated water that can be reused according to the different uses established by the Spanish legislation for water reuse: agricultural, industrial, etc. Physic-chemical parameters were analysed before and after solar disinfection (pH, conductivity, turbidity, NO3- and PO43-) and did not vary significantly, according with previous results from N. Pichel et al. [21,27]. 
In this research the water source was directly the Linares wastewater treatment plant effluent vs. previous studies that used natural water (spring and river) [27,28]. In both cases wild strains of E. coli, Enterococcus faecalis and C. perfringens were analysed. In this case the initial bacterial concentrations are higher due to the origin of the wastewater, which is the effluent after secondary treatment in the wastewater plant. On the other hand, the selection of an experimental sun exposure of 4 h was based on the demonstration that the faecal microbial indicators were completely deactivated at 3 h in previous research [21], reducing the treatment of conventional SODIS reactors (6 hours) by half.
Results show that solar disinfection was effective in all the seasons of the year under different climatic conditions, but complete inactivation was not achieved. C. perfringens was the most resistant bacteria of those analysed, since it showed a lower concentration reduction than the other indicators. Although no complete bacterial inactivation was reached, high reductions in the concentrations of microbial indicators were achieved that allow the use of reclaimed water for different uses. Other studies reached complete bacteria inactivation but no real wastewater effluent was used. For example, Pichel et al. did obtained complete inactivation after 3 h of sun exposure but they were using river samples with less concentration of bacteria, of the order of 102 CFU/100 ml vs. our 104-106 CFU/100 ml levels  [21]. The water used in these studies presented also lower turbidity values (3.5 NTU-10.7 NTU in previous works vs. 6.9-18.5 NTU in our study), which improves the penetration of solar radiation and enhances the solar disinfection treatment. On the other hand, S. Giannakis [29] also achieved complete inactivation of the faecal indicators E. coli and total coliforms after 3 h of sun exposure, under high UV levels and water temperatures above 45ºC for more at least 1.5 h, in this case using a synthetic effluent. 
Another reason for the different inactivation rates in different seasons is also the irradiation intensity, since it has been reported that the validity of the reciprocity law between light dose and irradiation intensity is challenged, and also in other solar disinfection studies have been reported the different inactivation rates starting the experiment at different times of the same day, so with different starting initial irradiation intensity. For example, Vivar et al. [30]demonstrated that solar disinfection starting with higher irradiation intensities lead to higher inactivation rates for the same UV dose.
Giannakis et al. [29], Vivar et al. [31] and N. Pichel et al. [21] suggested that the effect of temperature on SODIS could lead to synergistic and / or antagonistic effects between temperature and UV disinfection. In this sense, solar disinfection depends largely on the water temperature, especially if the water sources are natural with strains of wild bacteria and with nutrients. Low temperatures (water temperature below optimal bacteria growth: <20ºC) do not affect the UV disinfection process; mild temperatures (optimal microbial growth range: 20-45ºC) can enhance microbial growth and slow down the disinfection process; and for temperatures above the optimal temperature for bacterial growth (> 45ºC), synergistic effects are triggered between temperature and UV that accelerate the treatment. Optimum growth temperature for E. coli is 37 ºC, for Enterococcus faecalis 35 ºC, and for Clostridium perfringens 43-47 ºC [32,33]. Our experiments agree with these studies, as the solar disinfection experienced a slowdown for E. coli when the water temperature was in the range of mild temperatures, as well as for Enterococcus faecalis (time lapse 2-3 h between 40-43ºC). On the other hand, in the summer test when the water temperature exceeded 45ºC the disinfection rate accelerated due to the combined effect of temperature and UV radiation, for example for E. coli (time span: 3.5-4 h between 50-52ºC). Other studies [27,28] corroborate also these results showing higher levels of disinfection when the water temperature exceeded 45ºC or was below 20ºC (below the optimal temperature for bacterial growth). In our experiments, however, this synergistic effect was not observed for Clostridium perfringens, as for the experiments in which the water temperature exceeded 45 ºC the inactivation rate did not increase at all. In fact, we observed that the inactivation rate for the summer experiment was even lower than for the winter or autumn experiments (-0.00588 in summer vs. -0.0112 or -0.0113 in winter and autumn). 

5.2 Uses of water according to RD 1620/2007 and European Regulation (EU) 2020/741 
It should be noted that although we have studied E. coli, Enterococcus faecalis, and Clostridium perfringens, which are usually used as faecal indicators, regulations for reclaimed water (both Spanish and European) only have limitations for E. coli. Furthermore,  Enterococcus is used as indicator faecal contamination of recreational water around the world; and EU, USA and the World Health Organization (WHO) recommend it to be adopted as a faecal indicator of recreational water quality [34]. But a complete study including Enterococcus faecalis and Clostridium perfringens allow us to have more information of the performance of our system and its comparison with previous results using other water sources. Regarding strictly reclaimed water regulations, Table 8 shows a summary of the uses for which the water quality obtained after the experimentation would be suitable, based mainly in the concentrations of E. coli, total suspended solids and the turbidity of the water.
The autumn test exceeds the turbidity limit (18.5 NTU) according to RD 1620/2007, and also presented 1.1 x 104 CFU / 100 ml of E. coli. Therefore, this water would be suitable for non-restrictive uses of reclaimed water. In the winter, spring and summer tests, the water could be used as reclaimed water for various uses, since the final concentration of E. coli was 5 x 103 CFU / 100 ml, 3.6 x 103 CFU / 100 ml and 1.9 x 102 CFU / 100 ml, respectively. In the framework of the RD1620/2007, the water from the autumn test would be suitable for environmental uses (Quality 5.3 and 5.4); the water from the winter and spring tests for agricultural uses (Quality 2.3), industrial uses (Quality 3.1 “a” and ”b”), recreational uses (Quality 4.2) and environmental uses (Quality 5.3 and 5.4); and the water from the summer test would be indicated for urban uses (Quality 1.2), agricultural uses (Quality 2.2 and 2.3), industrial uses (Quality 3.1 “a” and “b”), recreational uses (Quality 4.1 and 4.2) and environmental uses (Quality 5.1, 5.3 and 5.4). 
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Table 8. Uses of reclaimed water based on the maximum admissible values ​​(bacteriological limits) established in RD 1620/2007 [9]. * No limit is set
	Spanish Regulations / Experiment (Date and season of the year)
	10/12/19   Autumn
	24/02/20 Winter
	11/06/20 Spring
	15/07/20 Summer

	Urban use
	Quality type
	E. coli
(CFU/100 ml)
	TSS  (mg/l)
	Turbidity
(NTU)
	
	
	
	

	QUALITY 1.2: SERVICES
a) Irrigation of urban green areas (parks, sports fields). b) Street washing. c) Fire-fighting systems. d) Industrial washing of vehicles.
	B
	≤ 200 
	20
	10
	
	
	
	Yes

	Agricultural use
	

	QUALITY 2.2 
a) Irrigation of products for human consumption with a water application system that does not prevent direct contact of the reclaimed water with the edible parts, but the consumption is not fresh but with a subsequent industrial treatment. b) Irrigation of pastures for consumption of milk or meat producing animals. c) Aquaculture.
	C
	≤ 1,000 
	35
	*
	
	
	
	Yes


	QUALITY 2.3
a) Localized irrigation of woody crops that prevents the contact of regenerated water with the fruits consumed in human consumption. b) Irrigation of ornamental flower crops, nurseries, greenhouses without direct contact of the regenerated water with the productions. c) Irrigation of non-food industrial crops, nurseries, silage forages, cereals and oilseeds.
	D
	≤ 10,000 
	35
	*
	
	Yes
	Yes
	Yes

	Industrial use
	

	QUALITY 3.1
a) Process and cleaning waters except in the food industry. b) Other industrial uses
	
	≤ 10,000 
	35
	15
	
	Yes
	Yes
	Yes

	c) Process and cleaning waters for use in the food industry
	C
	≤ 1,000 
	35
	*
	
	
	
	Yes

	Recreational use
	

	QUALITY 4.1
a) Irrigation of golf courses.
	B
	≤ 200 
	20
	10
	
	
	
	Yes

	QUALITY 4.2
 a) Ponds, bodies of water and ornamental circulating flows, in which public access to water is prevented.
	D
	≤ 10,000 
	35
	*
	
	Yes
	Yes
	Yes

	Environmental use
	

	QUALITY 5.1 
a) Recharge of aquifers by localized percolation through the land.
	C
	≤ 1,000 
	35
	*
	
	
	
	Yes

	QUALITY 5.3 
a) Irrigation of forests, green areas and of another type not accessible to the public. b) Forestry.
	E
	*
	35
	*
	Yes
	Yes
	Yes
	Yes

	QUALITY 5.4 
a) Other environmental uses (maintenance of wetlands, minimum flows and the like).
	F
	The minimum quality required will be studied case by case
	The minimum quality required will be studied case by case
	The minimum quality required will be studied case by case
	Yes
	Yes
	Yes
	Yes
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To assess the microbiological quality of the effluents and disinfection efficiency, indicators or indices of organisms are usually used. WHO differentiates between these two aspects, being an index of organisms the one that indicates the existence of pathogens in a sample; while an indicator is used to measure the effectiveness of a treatment, for example disinfection [35]. This is the reason why, in addition to control the parameters indicated in the RD 1620/2007, it is convenient to measure other adequate indicators of disinfection such as Clostridium perfringens. On the other hand, in the class A for the RD (EU) 2020/741 (which is the quality class of reclaimed water with the most requirements) validation controls are performed to evaluate the fulfilment of the performance objectives. Control involves monitoring of microorganisms that are associated with a group of pathogens, such as Clostridium perfringens spores (performance objectives in the treatment chain: ≥ 4 log10 reduction) for protozoa. Agricultural uses 2.1 and 2.2 and industrial use 3.1 request the absence of microorganisms, therefore the RD requires the detection of “Presence/Absence” of pathogens. Any type of microorganism could be used as a pathogen, for example: Enterococcus faecalis, Salmonella or Legionella; however, it is recommended to use Coliphages or Clostridium perfringens.
Finally, the European regulation is less restrictive in microbial contamination, and we could use the water for winter, spring and summer tests for the water quality type D within the category of reclaimed water for agricultural (without having a turbidity limit), and the water from the summer test could go under type C of the same category (see Table 9). 
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Table 9. Uses of reclaimed water based on the maximum admissible values ​​(bacteriological limits) established in the RD (EU) 2020/741 [23].  * No limit is set.

	European Regulations / Experiment (Date and season of the year)
	(10/12/19)   Autumn
	(24/02/20) Winter
	(11/06/20) Spring
	(15/07/20) Summer

	Agricultural use.
Crop category:
	Minimum quality class of reclaimed water
	E. coli
(CFU/100 mL)
	DBO5
(mg/l)
	TSS
(mg/l)
	Turbidity
(NTU)
	
	
	
	

	Food crops that are consumed raw when the edible part is grown above ground level and is not in direct contact with reclaimed water, processed food crops, and non-food crops, including crops for feeding meat-producing animals and milk.
	C
	≤ 1,000
	In accordance with Directive 91/271/EEC
	In accordance with Directive 91/271/EEC
	*
	
	
	
	Yes

	Crops for industry and for the production of energy and seeds.
	D
	≤ 10,000
	
	
	*
	
	Yes
	Yes
	Yes




5.3  Electrical production
The SolWat photovoltaic module operated globally at 7.8ºC less than the reference photovoltaic module. The highest energy production, with 16.8 Wh, was obtained in the winter test, with a maximum ambient temperature of 24.9ºC and a maximum water temperature of 43.5ºC. In contrast, the largest difference in energy production took place in the summer test, where the SolWat system presented 7.8% less than the reference system. This may be due to the higher radiation absorbed by the module and the high temperatures reached in it.
The lower operating temperature in the PV SolWat module compensates for the reduced radiation received due to the SolWat top water disinfection reactor vs. a single reference PV module, as showed by N. Pichel et al. [28].
[bookmark: _Toc50552152][bookmark: _Toc50556193][bookmark: _Toc50916853]The main mechanism that causes losses in the SolWat system is the lower irradiance received caused by the absorption and scattering of sunlight in the water disinfection reactor (water + borosilicate glass) that is on top of the PV module, causing a lower Isc. On the other hand, the temperature reduces the electrical output with higher temperatures, which causes losses in the photovoltaic module [36]. Thus, although the SolWat PV module received less solar radiation, the presence of water reduced the operating temperature of the solar cells during the SODIS treatment, improving the efficiency of power generation and compensating for the differences in radiation received in the reference module that worked at higher temperatures. Therefore, our findings agree with N. Pichel et al. [19,27,28], concluding that the water disinfection reactor located on the photovoltaic module minimally affected the final energy production, generating between 5 - 7.5 % less. In addition, it must be considered that the SolWat PV module was already 3.9 % less efficient than the reference module at manufacturing, so the losses are actually even lower, and both modules (SolWat vs. single PV) achieved practically the same energy losses.

6 Conclusions
The SolWat system was subjected to a microbial kinetic study to apply optimizations in the system both in the solar exposure time (improved from 6 to 4 h) and in the final application of water disinfection, for the use of reclaimed water instead of drinking water. 
The results obtained showed that E. coli, Enterococcus faecalis and C. perfringens did not complete total bacterial inactivation after 4 h of treatment in the SolWat system. However, the favourable disinfection results obtained allow the use of water for various uses (urban, agricultural, industrial, etc.). It is also highlighted that, in comparison with other investigations [37], synthetic water is not used, but wastewater from secondary treatments. Normally when effluent water samples are used, they are diluted in natural water with less nutrient content, facilitating disinfection. That is why in this work the solar disinfection process is difficult due to the high bacterial concentrations.
The production of electrical energy in the SolWat system is favoured, because the disinfected water in the disinfection sub-module reduces the temperature of the photovoltaic module. Thanks to the cooling produced, it was possible to compensate the irradiance losses (Isc losses) caused by  the water disinfection sub-module. Finally, it did not affect the total energy production in the hybrid system compared to the reference system, generating both the SolWat photovoltaic module and the reference module practically the same electrical power.
While it is true that the legislation only limits E. coli and does not make clear the influence and limitations of the other microorganisms such as C. perfringens, this latter can be used as a good indicator of disinfection. The rest of the faecal microorganisms have been analysed in order to see their behaviour and for future research. All the water samples analysed in the four experimental tests were able to be used for urban, agricultural, environmental uses. In conclusion, based on the good results obtained that meet the initial objective of reusing wastewater for other uses, it is intended to improve the quality of the water for more restrictive uses. Studies must continue to be carried out (due to the parameters that affect the solar disinfection process: location, climate, materials, water quality, and so on) to determine the UV dose necessary to achieve the disinfection levels required according to the normative. 
This hybrid system for solar water disinfection and photovoltaic solar energy generation can be implemented in tertiary systems of treatment plants  and replace current disinfection technologies (chlorination, UV lamps that use toxic mercury, and so on). In this way, the safe reuse of the effluent for subsequent uses (urban, industrial, agricultural, and so on) and the generation of clean energy will be allowed, favouring an efficient and sustainable management, to reduce energy costs of operation in the treatment plant.
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