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Abstract. Due to the development limitations of remote and 
non-interconnected zones related to the access to safe drinking 
water and taking into account the high electrical costs associated 
to the application of advanced oxidation processes (AOPs) for 
decontaminating water, the utilization of a photovoltaic (PV) 
array supplying the electrical needs of the technologies involved 
in the water treatment might be an alternative option. In this 
way, the current study presents the feasibility of using a PV 
array without batteries coupled to a UV/H2O2 system to treat 
surface water from a Colombian reservoir polluted with ultra-
trace levels of polycyclic aromatic hydrocarbons. Very 
promising results were obtained, with removal efficiencies near 
100% and without the formation of by-products more dangerous 
than the parent contaminants. The results were comparable to 
those ones obtained using the conventional electrical grid. 
Consequently, the PV array evaluated allows the sustainable 
decontamination of pollutants in surface water persistent to 
traditional water treatments, with the subsequent production of 
drinking water, providing the accomplishment of other regulated 
parameters, in remote and non-interconnected areas, which are 
particularly important in developing countries, such as 
Colombia.  
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1. Introduction 
 
Fresh water is an essential resource for human and living 
thing lives. Unfortunately, it accounts for only 2.5% of the 
total amount of water in the Earth. Of this percentage, 
70% is located in polar icecaps, and the rest is mainly 
present in inaccessible subterranean aquifers or takes part 
of the soil moisture [1]. Therefore, less than 1% of the 

fresh water is available. The problem of safe water 
scarcity is increased when aquatic resources are being 
more and more polluted with recalcitrant toxic substances, 
which makes necessary the application of water treatment 
processes alternative to conventional ones. Among these 
alternative treatments, advanced oxidation processes 
(AOPs) are highlighted [2-6]. In general terms, AOPs can 
be applied for the decontamination and disinfection of 
water, as well as for soil remediation. AOPs consist of the 
formation of hydroxyl radicals (HO•), characterized by 
their oxidation potential of 2.8 V [4, 7]. These chemical 
species are highly reactive and are able to non-selectively 
transform the more persistent molecules (e.g., drugs, 
pesticides, polycyclic aromatic hydrocarbons, parabens, 
etc.) into H2O, CO2 and inorganic ions [4]. Among the 
AOPs used for water decontamination, the UV/H2O2 
system has been reported as a highly efficient technology 
[2, 4, 8]. This process, in general, is cheap to install but 
usually involves high operating costs due to the input of 
chemicals and, especially, the electrical energy required 
because of the requirement of using low wavelengths for 
the oxidant to be photolyzed; being the Hg low-pressure 
germicidal lamps widely employed. Additionally, 
although in a lesser extent, electrical costs are required for 
powering other equipment, such as pumps and the stirring 
and refrigeration systems. Consequently, in order to 
reduce the costs of operation of the process, especially 
ascribed to the electricity consumption, distributed 
electrical power generation systems with renewable 
energy sources can be used [9]. Distributed generators can 
provide high reliability by providing on-site generation. 
As a result of this, many hybrid systems come in 
existence, including PV and fuel cells, wind microturbines 
and small hydro or hydrokinetic systems, among others. 
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Colombia, due to its geographical location and 
climatological conditions, is a country with a great 
potential in terms of renewable energy generation; 
particularly, from biomass, water, wind and solar 
resources. Hydropower is a Colombia´s major source of 
electricity generation, making up over 60% of its total 
electricity production [10]. In addition, as agricultural 
region par excellence, Colombia has a high potential in 
the transformation of agricultural residues, including cane 
bagasse and rice husks, in power. Nevertheless, the power 
potential estimated is less than 0.1% of the total energy 
produced. Biofuels are another promising energy 
production, particularly palm-oil based biodiesel. 
However, there is still an internal confrontation in 
agricultural areas about if land is intended to be cultivated 
for food production or energy generation [10]. On the 
other hand, Colombia has a theoretical large energy 
production potential from wind of 21 GW in La Guajira 
region [11]. Nonetheless, these renewable sources of 
energy have been regarded as sources of significant 
negative environmental impacts; specifically, concerning 
to wild life and ecosystems. Therefore, solar energy could 
be one of the best sources of energy alternative to the 
conventional one. In Colombia, thanks to its location in 
the equatorial zone, solar irradiation hits almost parallel to 
the terrestrial surface, with the subsequent high amount of 
energy per area with regard to other regions where the sun 
rays stroke more obliquely, as shown in Fig. 1a. In this 
sense, photovoltaic (PV) cells might be a good option for 
harvesting sunlight and converting it directly into 
electricity [12]; aspect particularly interesting for non-
interconnected regions to the electrical grid, which 
account for just over half the territory of Colombia and 
exhibit low density of population (about 5%). In 
consequence, the use of PV systems in these areas allows 
the production of water of quality and, subsequently, the 
development of these isolated communities. 
 
This work was conducted with the purpose of evaluating 
the performance of the UV/H2O2 system powered by 
sunlight provided by a PV array operating without 
batteries for the efficient treatment of surface water 
containing a mixture of polycyclic aromatic hydrocarbons 
by comparing the obtaining results with those ones 
achieved using the conventional electrical grid. 
Additionally, the feasibility of operation of the assessed 
system in isolated and non-interconnected areas, so that 
these regions can profit from having safe water, was 
analysed.  
 
2.  Experimental 
 
A. Reagents, chemicals and feed water 
 
The following reagents were used: anthracene (AN) 
99.5% and benzo[a]pyrene (BaP) 96%, both HPLC grade 
and purchased from Alfa Aesar (Ward Hill, MA, USA), 
were used for the photodegradation assays. Additionally, 
hydrogen peroxide (H2O2) 30% w/w, provided by J.T. 
Baker (Ecatepec, Estado de Mexico, Mexico) was used as 
oxidizing agent at a level of 10 mg/L. All the chemicals 
were utilized as received. 

 
Surface natural water coming from a Colombian reservoir 
characterized by its low content on anions and organic 
matter, and spiked with AN and BaP at a concentration of 
12 and 3 µg/L, respectively, was used for conducing the 
photochemical experiments. 
 
 
 
B. Experimental assembly and operational conditions 
 
A PV system without batteries and composed of 9 PV 
modules of 250 Wp each was utilized to supply the 
electrical needs required during the implementation of the 
UV/H2O2 process. Each PV cell was 1640x992x40 mm 
and had an efficiency of 15.1%. The PV array also 
contained a regulator or controller, an inverter and loads, 
as represented in Fig. 1b. The modules were connected in 
parallel. In turn, the photoreactor used through the 
implementation of the UV/H2O2 process consisted of a 
jacketed multilamp annular photoreactor operated in batch 
mode and with irradiance between 0.17 and 0.46 mW/cm2 
corresponding to the use of 1 and 3 UV-C Hg low 
pressure lamps, respectively. The photochemical reactor 
had an effective volume of 2 L and contained a 
refrigeration system allowing keeping constant the 
temperature within the bulk. 
 
The experiments were performed in triplicate.  
 
C. Measurement methods 
 
A CM 6B solar radiation meter (Kipp & Zonen B.V., 
Delft, The Netherlands) was used to measure the solar 
irradiance. The radiometer was placed at the same angle 
of the PV array and was located in University of 
Antioquia, Medellín, Colombia (6°15'39.7"N 
75°34'03.5"W). 
 
The target compounds were analysed using an Agilent 
high-performance liquid chromatography system series 
1100/1200 (Palo Alto, CA, US) equipped with a 
fluorescence detector and operated in reverse phase 
according to the conditions specified elsewhere [13]. Total 
organic carbon (TOC) was quantified using an Apollo 
9000 series TOC analyser provided by Teledyne Tekmar 
(Mason, OH, USA). 
 
3. Results and discussion 
 
Considering the high costs associated to the operation of 
water treatment processes with conventional energy 
sources, and taking into account the development 
limitation of remote areas and non-interconnected zones, 
which are of especial interest in developing countries, the 
performance of the UV/H2O2 system directly driven by 
solar light was evaluated for the degradation of surface 
natural water containing persistent pollutants. For this 
purpose, a PV array was designed and manufactured 
according to the functional requirements needed and the 
solar radiation variation in University of Antioquia 
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(Medellín, Colombia), where the experiments were carried 
out. 
 
A. Design of the PV array tested 
 
One of the main parameters to be considered when 
designing a PV array, particularly, if no batteries are used, 
is the radiation intensity reaching the area where the PV 
array is located since the current produced by the solar 
panels is directly proportional to the solar irradiance [14]. 
In the current case, the solar irradiance variation was 
evaluated during 2015 in University of Antioquia. It was 
found that for a typical day from rainy and dry seasons, 
the average of the solar irradiance within 9.30 and 15.30, 

hourly range where radiation intensity is maximal, was 
273.7 W/m2. This value constituted the trigger point of the 
output power of the PV system designed. On the other 
hand, it was found that 4.33 kWh/m2/day constituted the 
average value of the solar insolation received. The 
referred values were used for designing purposes of the 
PV array tested in order to supply the electrical 
requirements of the component of the water 
decontamination system described above; i.e., for meeting 
the electrical demands required for the treatment of about 
1333 mL/h of water using 1 and 3 UV-C lamps, the 
pumping and stirring systems, and the fan employed in the 
water refrigeration system. 

 

 
Fig. 1. (a) Portion of the average global daily irradiation map in Colombia; (b) photovoltaic experimental system and (c) abatement results 
of anthracene (AN), benzo[a]pyrene (BaP) and total organic carbon (TOC). [AN]0= 12 µg/L; [BaP]0= 3 µg/L; [TOC]0= 2.04 mg/L; 
irradiance = 0.17 and 0.46 mW/cm2 (equivalent to the use of 1 and 3 UV-C lamps, respectively), [H2O2]0= 10 mg/L, pH= 7.35; T= 25 ± 1 
ºC. 
 
B. Evaluation of the experimental assembly 
 
Once the PV array has been designed, it was coupled to a 
UV/H2O2 system and the removal extent of the polycyclic 
aromatic hydrocarbons of interest was evaluated. The 
obtained results were compared to those ones found using 
the conventional electrical grid, also carried out in the 
same dependency. It was found that similar findings were 
obtained [15]. Consequently, the use of only solar energy 
as power allowed almost the complete removal of AN and 
BaP, with elimination efficiencies near 100% and 
mineralization percentages of the natural organic matter 

present in the water of study higher than 45% by using 1 
and 3 UV-C lamps, combined the latter one with 10 mg/L 
of H2O2, respectively, as illustrated in Fig. 1c. It is 
important to note that under these working conditions no 
degradation by-products more harmful than the parent 
compounds were found. 
 
C. Feasibility in the implementation of the evaluated 
system  
 
One of the main problems the communities inhabiting 
rural and remote areas non-interconnected to the electrical 
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grid, especially those ones in developing countries, must 
tackle is the lack of safe water, essential resource for their 
development. In order to improve life and health 
opportunities of these communities, decentralised systems 
can be an alternative to connect these regions to the 
electrical grid due to the associated problems widely 
reported in the literature [16]. In this work the feasibility 
of the implementation of a PV system composed of 9 PV 
modules and a UV/H2O2 process has been evaluated. 
 
Theoretically, the coupled system can be performed with a 
system storing the excess of energy produced. Although 
this kind of systems could be reasonable in remote and 
non-interconnected regions, the use of storage batteries 
has several drawbacks ascribed. Indeed, the high 
investment costs associated is a main limitation. As a 
matter of fact, 81.05% and 69.72% correspond to the 
initial investment costs of a PV system with 2 or 1 day of 
autonomy, respectively, operating 6 h per day. 
Additionally, the rechargeable batteries have short lifetime 
and low energy density; therefore, the costs associated to 
the replacement and maintenance of the batteries are 
highlighted, as well as the environmental costs related to 
their final disposal [17]. Another option able to store the 
surplus of energy produced is the system power to gas. 
This system accumulates that surplus as hydrogen, which 
can be converted into electricity when needed. However, 
the utilization of a power to gas system is also costly. 
 
By using a PV system without batteries, the environmental 
concerns and costs are avoided, and the initial investment 
costs are reduced. Furthermore, the return of the 
investment costs under the conditions specified in the 
current study would be obtained after 5 years of operation, 
while for the same PV system using batteries with 2 and 1 
days of autonomy, the return of the investment would be 
after 14 and 9 years, respectively. Moreover, a 
PV/UV/H2O2 system without batteries has the advantage 
of generating energy close to the water treatment plant, 
reducing technical losses in the system, as well as the 
electricity costs. Other benefits associated to the use of PV 
arrays without batteries are higher flexibility, improved 
power quality, higher system efficiency and greater 
reliability. 
 
In this sense, the use of the PV array without batteries 
seems to be the most environmentally friendly option, in 
comparison with other systems, to be implemented in 
isolated non-interconnected zones, particularly important 
in developing countries such as Colombia. 
 
4.  Conclusion 
 
It was evidenced that the integrated PV system used was 
able to achieve an efficient removal of the pollutants of 
interest and mineralization of the organic matter naturally 
present in the water of study under the evaluated 
conditions without the production of compounds more 
dangerous than the original toxics. These results are 
comparable to those ones obtained for the same operating 
conditions but using the conventional electrical grid.  
 

Consequently, this study probes the feasibility of the 
implementation of the tested PV array without batteries 
coupled to the UV/H2O2 system for obtaining water of 
quality, avoiding the economic and environmental costs 
associated to the use of energy storing systems; 
nonetheless, further researches evaluating the performance 
of the system for treating larger water volumes are 
required. The system, therefore, allows the access of 
communities inhabiting remote and non-interconnected 
zones to drinking water, with the subsequent improvement 
of their health problems, development and definitely, their 
lives.   
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