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ARTICLE INFO ABSTRACT

Editor: Despo Kassinos This work analyses how to optimise efficiency in the use of solar light for different UV-based photochemical
water treatment processes. The direct use of sunlight in state-of-the-art compound parabolic collector (CPC)
photoreactors is compared with the use of solar energy for electricity generation in photovoltaic (PV) power
systems to feed LED lighting sources. Seven different solar processes (CPC, PV-UVA LED, PV-UVC LED,
CPC+TiO3, CPC+H305, PV-UVA LED+TiO; and PV-UVC LED+H0,) were investigated, both for the oxidation
of chemicals and the inactivation of bacteria. The results showed that, for the oxidation of chemicals, the best
photochemical yield (in terms of the use of photons) is achieved by the PV-UVC LED+H30; process. However,
the low electrical efficiency of current UVC LED sources makes the CPC+TiOy process the most efficient in the
use of solar light. In contrast, for bacterial inactivation, the significantly higher effectiveness of the UVC spectral
range in damaging DNA makes the PV-UVC LED+H,0, the most efficient in the use of sunlight. When costs are
considered, the PV-UVA LED+TiO, may be the most efficient process for chemical oxidation, while the PV-UVC
LED-+H30; process could be the most efficient for bacterial inactivation. These findings highlight the need to
evaluate the optimal approach in reactor engineering for applications in the water-energy nexus, since the most
efficient process for the use of solar light strongly depends on the electrical efficiency of the available PV and LED
technology, which can be expected to be largely improved in the near future.
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activated advanced oxidation processes. These processes are mainly
based on the generation of hydroxyl radicals which, through their high

1. Introduction

For decades, radiation has been used in water treatment, allowing
the inactivation of microorganisms [1-3] and the removal of chemical
pollutants [4,5]. One of the key aspects to ensure the success of the
process is the wavelength range of the employed radiation [6], with the
use of UV light being necessary in most cases. The UV spectral range can
be subdivided into UVC (100-280 nm), UVB (280-310 nm) and UVA
(310-400 nm). The efficiency of UVC light in the inactivation of mi-
croorganisms, by alterations to their DNA chains, has been widely
demonstrated [7,8]. The efficiency of UVA light is too low for this
purpose [9], with UVB being intermediate [10]. In the case of chemical
pollutants, for most compounds the single use of radiation does not
produce significant degradation, being only photolysed those with a
remarkable absorption. [11-13].

High-efficiency processes have been developed by incorporating
photochemical processes and other agents in the so-called photo-
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oxidising power, can remove a wide range of pollutants present in water,
either chemical or microbiological nature [14-17].

Among the advanced photo-activated oxidation processes, it is worth
mentioning the photo-Fenton process, which produces the decomposi-
tion of HyO, through the use of ferrous salts as a catalyst, using light in
the UVA-Visible range [18,19]. The UV/H20; process involves the for-
mation of hydroxyl radicals by the photolysis of HyOo, requiring the use
of light with a wavelength shorter than 300 nm [20,21]. Heterogeneous
photocatalysis has been widely explored with TiO, or other semi-
conductor materials, which, after irradiation in the UVA range, are
capable of producing hydroxyl radicals from water [22-24].

However, one of the major drawbacks of all the processes described
above, and the main reason for their hindered industrial development is
their high cost, due to the source of radiation [25]. In recent years, the
development of the LED industry has produced a great expansion of UVA
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LED and a similar evolution is expected for UVC LED in the forthcoming
years [26].

An alternative for driving photochemical processes is the direct use
of solar radiation, since around 6-7% of the light that reaches the earth’s
surface is within the UV range (mostly UVA and a small contribution of
UVB) [27]. To improve the efficiency of the process, it is common to use
compound parabolic collectors (CPC) to concentrate the light [28].

Despite the apparent environmental advantage of using direct sun-
light to drive the process, the availability of low-cost solar photovoltaic
panels (PV) for feeding LED systems increases the interest in alternative
solar-powered photochemical water treatment processes due to cost
reductions. However, despite the large amount of research available in
the literature about the use of solar water treatment processes and LED
photoreactors, since the early work of Bolton et al. on electrical and solar
efficiency of AOP technologies [29], to the best of our knowledge, no
studies have yet been conducted to compare the global energy efficiency
in the use of solar light in both approaches. This work presents a
comparative study of solar driven photo-activated water treatment
processes based on the use of three different lighting sources: direct solar
light in a CPC photoreactor; UVA LED and UVC LED (both of which are
powered by a PV system) photoreactors. Seven different processes
involving the potential presence of HO2 and TiO, were tested and the
efficiency of two test reactions were analysed: oxidation of methanol
and inactivation of E. coli bacteria, as representatives of water decon-
tamination and disinfection, respectively.

2. Material and methods
2.1. Photoreactors setup

A solar CPC photoreactor was used for experiments using direct solar
light. It consisted of a borosilicate tube 26 mm in inner diameter and
380 mm in length (0.2 L of illuminated volume) located in the optical
axis of a CPC aluminium reflector with 358 cm? of collection surface
area that provides 85% light reflection towards the central pipe. The
reactor operates in a closed recirculating circuit with a 1 L reservoir tank
of water, driven by a centrifugal pump at a flow rate of 12 L/min [30].
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For experiments based on LED light sources, an annular photoreactor
(15 cm long, 3 cm internal diameter and 5 cm external diameter) was
used, operating in a closed recirculation circuit with a 1 L reservoir tank,
the water being driven by a centrifugal pump with a flow rate of 36 L/
min. A schematic representation of the installation is given in [25]. As an
illumination source, two different 8-LED based systems were used. For
the experiments carried out with UVA light, LED with a maximum
emission peak centred at 365 nm (LedEngin Model LZ1-00UV00) were
used, while for the experiments with UVC light, LED with a maximum
emission peak centred at 270 nm (Sum Tang ST-POBA20) were used
(Fig. 1). The LED systems were continuously refrigerated using a liquid
cooling system (Koolance EX2-755). The LED irradiation power was
controlled by the electrical current intensity using the Eldoled LED
driver Toolbox configuration software. In each case, the total irradiation
power was calculated by potassium ferrioxalate actinometry experi-
ments. In brief, a ferrioxalate solution is exposed to radiation, being
reduced Fe®' to Fe?*. The formation of Fe?* along the reaction is ana-
lysed by colourimetric quantification after forming a yellow compound
by the addition of 1,10-phenanthroline. Known the quantum yield for
the used wavelength, the incident radiation is then calculated from the
reaction rate. Further details can be found elsewhere [31].

To power the LED system, an ATERSA GS 160 W Solar PV panel was
used, with an output voltage of 12 V and a collection area of 1 m2 The
configuration of the LED connections (serial or parallel) was made in
such a way that the total voltage was close to 12V, to avoid the
installation of a current inverter and the consequent loss of efficiency.
The PV power system was connected to a Thlevel 30 A controller,
coupled to a Ketotek voltmeter to quantify the energy produced. The
LED system was connected to an Eleksol Lead-Acid 110Ah battery, as an
alternative energy source. Although the LED system of the reactor could
be operated without a battery during the day, the use of the supple-
mentary power provides stability in the electrical supply. A schematic
representation of the installation used is shown in Fig. 2.

The experiments were carried out at Universidad Rey Juan Carlos
facilities in Mostoles, Spain (40.33° N, 3.86° W). Both the Solar CPC
reflector and the Solar PV panel were placed with an inclination angle
corresponding to the local latitude, as usually recommended for the
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Fig. 1. Relative spectral power of UVC and UVA LED measured by an StellarNet UVIS-25 spectrometer, standard AM 1.5 solar spectrum [32] and relative spectral

absorption of TiO, and H,0, [33,34].
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Fig. 2. Schematic representation of the LED reactor setup.

optimal operation of solar systems [35]. The solar irradiance was
measured using a PCE-UV34 radiometer (290-390 nm). Temperature
was monitored, not exceeding 30 °C in any experiment.

2.2. Test reactions

For the comparison of the different treatments, two different test
reactions were used. Methanol (Sigma-Aldrich, LC-MS), widely used as
hydroxyl radical scavenger [36,37], was used as an indicator of the ef-
ficiency in the oxidation of chemical pollutants. Its organic nature turns
methanol into a model compound to quantify the potential activity of an
Advanced Oxidation Process (AOP). Moreover, oxidation of methanol to
formaldehyde by direct photolysis is negligible, so the yield can be
exclusively attributed to the photoactivated AOP. The initial concen-
tration was fixed at 100 mM and all solutions were prepared in deion-
ised water. The oxidation of methanol was followed through the
colourimetric determination of the formaldehyde produced throughout
the reaction [38], the quantitative oxidation product when methanol is
in excess [36]. On the other hand, E. coli K12 strain (CECT 4624, cor-
responding to ATCC 23631, where CECT stands for ‘Coleccién Espanola
de Cultivos Tipo’) was used as bacterial indicator for water disinfection
experiments. Fresh liquid cultures were prepared by inoculation in a
Luria-Bertani (LB) nutrient medium (Miller’s LB Broth, Scharlab) and
incubation during 24 h at 37 °C under constant stirring on a rotary
shaker. The analysis of the samples was carried out throughout the re-
actions following a standard serial dilution procedure. Each decimal
dilution was spotted on LB nutrient agar plates and incubated at 37 °C
for 24 h before counting. To ensure the statistical significance of the
results, a minimum of four replicates were carried out for all the ex-
periments. The results were analysed based on the average of the rep-
licates, using the standard deviation as a measurement of the
experimental error.

Experiments with HoO, were carried out using an initial concentra-
tion of 50 mg/L [39], ensuring a negligible depletion by using
TP01000PX (Scharlab) indicator strips. Sodium sulphite (NaxSO3) was
added in a NaySOs3-to-H30, molar ratio of 1:1 [40] after sample
collection, to stop the oxidative action of Hy05. The experiments with
H30, were not carried out in UVA radiation due to the need for a
wavelength below 300 nm, to cause the HyO, decomposition [20,21,
41].

Photocatalytic processes were studied using Evonik P25 titanium
dioxide suspensions at a concentration of 0.1 g/L, previously optimised
[25].

Dark experiments were carried out both with TiO, and H,O5 to check
if there was any interaction of these compounds in addition to the pure
photocatalytic process for any of the pollutants studied.

3. Results
3.1. Photoelectrical characterisation

Ferrioxalate actinometry experiments were carried out to quantify
the amount of radiation emitted by the UVA and UVC LED sources, as a
function of the electrical power. The results shown in Fig. 3 show the
large difference in the efficiency of electricity conversion into radiation
between both lighting systems, with the UVA system producing four
orders of magnitude more photons than the UVC system, for similar
electrical power consumption. On the other hand, in both cases, it was
possible to observe how the emission of the LED is directly proportional
to the current, as expected from previous studies [25].

For the solar CPC photoreactors, different actinometrical experi-
ments under natural sunlight were carried out on different days, to
ensure the correlation between UV photons incident to the reactor and
the cumulative radiation measured by the radiometer (Fig. 4), inde-
pendently of weather conditions or time of the day. As expected, a linear
trend with a reasonable correlation was clearly observed for the
different replicates. This relationship allowed the estimation, for the
subsequent reactions. of the radiation reaching the inside tube from the
incident radiation measured by the radiometer. The value obtained for
this relationship was 0.72 E-m%/kWh.

Finally, the amount of electrical energy produced by the solar PV
panel was also quantified as a function of the solar radiation measured in
the UV radiometer. Again, measurements were made under different
weather conditions (sunny, cloudy and partly cloudy days) and at
different time of the day, with the aim of predicting the energy pro-
duction of the photovoltaic solar under a wide range of operational
conditions. Fig. 5 shows the representation of these measurements, from
which a ratio of 2.5 (Wgenerated /Wuvsolar) Was achieved for the surface of
the solar panel (1 m?).
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Fig. 3. Incident radiation measured by ferrioxalate actinometry for the UVC LED and UVA LED sources.
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3.2. Oxidation of chemicals data, as detailed elsewhere [25,30]. Fig. 6a-e shows the kinetic con-

stants for the studied processes using different independent variables

Methanol oxidation experiments were carried out, the kinetic con- such as time, incident photons, power consumption and incident solar
stant being calculated from the linear fit of the formaldehyde production radiation.
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Fig. 6a shows the kinetic constants obtained when formaldehyde
concentration is plotted as a function of reaction time. Systems with
higher oxidation rates are those based on the use of the TiO; catalyst,
either using UVA LED or solar radiation. The process using UVC LED
with HpO; shows very little methanol removal, probably due to the low
incident photon rate. For direct solar radiation, the kinetic constant
obtained when using H50- is also low due to the low absorption coef-
ficient of Hy0, at wavelengths above 300 nm [41]. In the case of using
only light at any wavelength, the oxidation of methanol is almost nil, as
expected by the negligible generation of oxidant species. It was also
verified that in the absence of radiation, neither TiO; nor HyO5 does
cause methanol oxidation.

Fig. 6b represents the kinetic constants obtained when considering
the moles of formaldehyde as a function of the actual number of photons
(E) that reached the reactor. In this case, UVC processes show a signif-
icantly higher efficiency in comparison with those based on UVA and
direct sunlight. The efficiency of the UVC+H320; process is particularly
remarkable, three orders of magnitude higher than that of the TiOy
based photocatalytic process. On the other hand, if values obtained for
the UVA LED and solar radiation are compared, it can be clearly seen
that solar UV photons were used to a greater extent than those emitted
by the LED source. In a previous work [30], it was verified that the
degradation of methanol using TiO, at a specific wavelength was
directly proportional to the absorption spectrum of TiO,. The specific
absorption coefficient of TiO,, averaged according to the solar spectrum
ASTM1.5 [32], could be obtained. Weighted calculations of the ab-
sorption of TiO, were carried out, taking into account the absorption
spectrum (Fig. S1) and the solar irradiance for each wavelength (Fig. 1).
Wavelengths up to 450 nm were considered, according to the light ab-
sorption in the actinometric ferrioxalate experiments [42]. The obtained
value for the average specific absorption coefficient of the sunlight was
6234 cm?/g whereas, for 365 nm, UVA LED was 8239 cm?/g [30]. Ac-
cording to these values, a higher kinetic constant would be expected for
the LED UVA process, which is the opposite of the experimental obser-
vations. However, another aspect to be considered is the influence of the
light distribution on the efficiency of photocatalytic processes, due to

the existence of recombination phenomena of electron-hole pairs in
highly illuminated regions when light distribution is not uniform [25].
Radiation uniformity indices were obtained for both reactors, following
the procedure published elsewhere [25]. In brief, the incident radiation
field inside the reactor was modelled using Ansys Fluent 14.5 software
and the uniformity index was calculated based on its distribution. This
index represents how the values of a variable are distributed, a value of 1
being the highest uniformity, with a homogeneous value [43].

Uniformity index values of 0.38 and 0.81 were obtained for the UVA
LED system and the solar CPC collector, respectively. Previous research
has shown how the efficiency of the photocatalytic process is propor-
tional to this uniformity parameter [25]. Therefore, this difference in
uniformity between both systems overcomes the opposite trend
mentioned for absorption coefficients, and it would explain the better
photonic efficiency obtained in the CPC system.

Fig. 6¢ shows the kinetic constants obtained for LED-based systems
when the electrical consumption is selected as an independent variable.
In this case, the UVA+TiO5 process is much more efficient than the
UVC+H302 process. The reason for this is that the unquestionably
higher photochemical efficiency of UVC photons shown in Fig. 6b is
counteracted by the very low efficiency in the conversion of electricity
into UVC radiation of current UVC LED sources.

On the other hand, Fig. 6d shows the kinetic constant obtained when
formaldehyde concentration is plotted against the solar UV power,
coming from the direct use of solar radiation collected in a CPC reactor
(Eq. 1), or the use of solar radiation in the PV power system to produce
electrical energy for the UV LED reactor (Eq. 2):

mol/L E mol/L
k| —L— ) =CPC, k
(kWhUV.mlar> C C(‘ff (IC‘/VhUVs.')lar/Wl2 x Area CPC (m2)> ! ( E >
@

where CPCe is the CPC concentration efficiency extracted from Fig. 4
and k is the kinetic constant referring to photons reaching the CPC
photoreactor shown in Fig. 6b.
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where PV is the solar panel efficiency calculated in Fig. 5, LED.f is the
LED efficiency obtained from actinometry experiments. and k is the ki-
netic constant referring to photons reaching the photoreactor shown in

Fig. 6b.
Regarding efficiency in the use of solar light, the UV energy har-
vested by each system is based on its collection surface (0.0358 m? for
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the CPC and 1 m? for the solar PV panel). The results show that, despite
the significant increase in the efficiency of UV LED and PV panels in
recent years, the use of direct sunlight in a CPC photoreactor is still more
efficient.

Another important aspect that must be evaluated when choosing a
technology is the cost. In the specific case of the research carried out in
this work, the price obtained by adding the different parts purchased for
the assembly of the PV+UV LED systems (including solar panel, battery,
UV LED, inverter, controller and annular reactor) was 435 € and 377.8 €

Journal of Environmental Chemical Engineering 11 (2023) 109332

for PV+UVA LED and PV+UVC LED, respectively, while the estimated
price of the solar collector extracted from a previous work was 417 €
[28]. For the calculation of the price of both systems, common elements
such as centrifugal pumps and pipes were excluded. Taking these prices
into account, new constants were calculated to reflect the installation
cost following Eqs. 3 and 4. This constant was calculated using a refer-
ence solar radiation (RR) of 30 W/m? and a reference time (RT) of 1 h.
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Cost-based results are shown in Fig. 6e, the most economic option for
carrying out the oxidation process being the PV-UVA LED system with
TiOs. It is worth noting that the costs cannot be extrapolated and may
vary significantly over time and in different markets. Therefore, this
conclusion should not be taken as absolute and calculations on current
costs for every specific application should be conducted. In any case, it is
important to note that the development of both LED and photovoltaic
technology towards more efficient systems seems to indicate that the use
of joint PV+LED systems will be the most efficient in this type of process
in the near future. This conclusion applies not only to the studied pro-
cesses, but it can be reasonably extrapolated to other technologies such
as UV/Cl; or sulphate radical based photoactivated processes.

3.3. Bacterial inactivation

k We/ecm'c

1
Solaryy_rep () = PV, LED,
oNlenr L <kWhUVwIar) d (kWUledr / m? x Area PV (m2)> ! ff(

Experiments similar to those carried out for methanol oxidation were
performed for bacterial inactivation. Kinetic constants were obtained for
each type of reaction, fitting the results to a first order kinetics to obtain
comparable parameters.

Fig. 7a shows the kinetic constants for bacterial inactivation ob-
tained as a function of reaction time. Contrary to the oxidation of
methanol, bacterial inactivation is significantly faster with UVC pro-
cesses, especially the UVC+H20, combination. UVA light alone is not
capable of causing any significant damage to bacteria and the remaining
processes have similar efficiencies. It is remarkable that there are no
significant differences between the use of direct sunlight in the CPC
reactor and the use of sunlight combined with TiOy or HyO,. The use of
sunlight alone is capable of inactivating bacteria due to the existence of
part of the light in the UVB range. However, the use of TiOy does not
produce a synergistic effect because most of the light is absorbed by the
catalyst, preventing inactivation. In the case of adding H2O3, due to the
minimal presence of light below 300 nm, its decomposition is scarce
and, therefore, its effect is negligible. Bacterial inactivation was not
observed in the presence of HyO5 alone.

Fig. 7b represents the kinetic constants obtained when considering
the moles of photons (E) reaching the reactors. In this case, considering
that the actual number of photons of UVC LED sources is much lower
than photons generated in the other processes, the photochemical effi-
ciencies are five orders of magnitude higher, as expected from the se-
lective DNA damaging mechanism. On the other hand, it was possible to
verify how direct solar processes are much more efficient than UVA LED-
based processes due to the remarkable effect of the UVB fraction of solar
light [10,44,45].

When referring to the electrical energy consumption, behaviour

opposite to that previously described for methanol oxidation can be
observed in Fig. 7c. Due to the great efficiency of UVC light in bacterial
inactivation processes, and despite the poor electrical efficiency of UVC
LED, the use of this type of radiation represented an energy improve-
ment compared to the use of UVA LED.

On the other hand, solar energy efficiency for bacterial inactivation
was obtained in a similar way as for methanol following the equations
for CPC and LED systems:

1 E !
Solar, —— | =CPC, 4w
ol cre (kWhUVs()Im) 7 (kWhUV.mlar/ m?xAreaCPC (m2)> ' <E)
5)

E/h 1
kWel(/(:!ric) xk <E> ©)

The results (Fig. 7d) showed that the use of the UVC LED+H30,,
powered by a PV system, allowed a better use of solar radiation than the
processes carried out in the CPC reactor. The sole use of UVC LED
showed slightly worse results than the sole use of sunlight in the CPC
reactor. However, it is necessary to consider that the electrical efficiency
of UVC LED is increasing exponentially, so this result could be reversed
very soon. During the development period of this study, the manufac-
turer reported that the efficiency of the UVC LED used had already
increased its maximum from 72 to 112 mw. If these new LED were now
used, the efficiency obtained with the use of UVC light alone would be
5.5-10% kWhgvsolar, already reaching the efficiency of CPC with direct
sunlight.

On the other hand, the use of UVA LED for bacterial inactivation does
not show these improvements and as seen in methanol oxidation, the use
of direct solar light is more efficient.

If the efficiency is calculated considering the cost according to Eqs. 7
and 8, the results show an even more remarkable advantage of PV-UVC
LED both with and without HoO; (Fig. 7e). Additionally, considering the
costs, the use of PV-UVA LED with TiO, is now more profitable than the
use of direct sunlight. These results highlight that the use of combined
systems with PV+UV LED should already be considered when designing
solar water disinfection systems.

To facilitate the analysis of the results shown throughout this section,
all the kinetic constants are summarised in Tables 1 and 2.

1 E kW 1
N=cprcy(— Y xRR(ZZ) xRT -
Solar <€> CPCy (kWhUV.\-uz,,,-/m2> x <m2> X RT (h) xk (E) 7
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Table 1
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Zero-order kinetic constant for methanol oxidation in the studied processes as a function of time, photons, energy consumption, solar UV radiation and investment cost.

Time
k (mol'L '-min™1)

Photons
k (molL “E™Y)

Energy consumption

k (mol-L"1-kWhglo)

Solar UV radiation

k (mol-LJ 'kWhl?\llsolar)

Investment cost
k (mol-L~1.€71)

(3.68 £ 1.05)-1073
(8.16 + 3.35)-1072
(2.23 + 0.45)-107°
(7.54 + 2.15)-1073

(9.21 + 2.61)-10°
(2.37 + 0.84)-10%
(5.58 + 2.15)-10 2
(2.50 + 0.64)-10°
(1.17 + 0.34)-10*
(7.60 + 1.35)-10%
(9.69 + 9.85)-10°

(2.76 + 0.78)-107!
(7.12 + 2.51)-10°

(1.93 + 0.74)-10~*
(8.61 + 2.22)-1072
(1.26 + 0.37)-1072
(8.64 +1.13)-107!
(8.90 + 3.29)-10~*

First-order kinetic constant for bacterial inactivation in the studied processes as a function of time, photons, energy consumption, solar UV radiation and investment

Energy consumption

k (KWheeo)

Solar UV radiation

k (KWhgVsotar)

Investment cost
k€D

UVA (3.14 £ 0.89)-10~* (7.58 + 2.15)-107!
UVA + TiO, (6.96 + 2.45)-107° (1.68 + 0.69)-10*
uve (7.14 + 2.75)-10°° (3.76 + 1.45)-10%
UVC + Hy0, (3.20 £ 0.82)-10~* (1.68 + 0.43)-10*
CPC (2.00 + 0.63)-10~* (5.85 + 1.70)-107!
CPC + TiO, (9.15 + 2.41)-10°2 (3.79 + 0.53)-10"
CPC + Hy0, (3.21 £ 1.58)-10~* (2.26 + 0.61)-10°
Table 2
cost.
Time Photons
k (min™1) kKE™D
UVA (4.20 + 4.24)-103 (1.01 + 0.10)-10"
UVA + TiO, (4.71 £ 0.35)-102 (1.13 £ 0.08)-10%
uve (4.53 £ 0.91)-1071 (2.39 + 0.48)-107
UVC + Hy0, (9.70 £ 0.13)-107* (5.11 + 0.67)-107
CPC (8.10 + 1.12)-102 (2.77 + 1.02)-10?
CPC + TiO, (8.31 +1.18)-102 (2.97 + 0.55)-10%
CPC + H20, (9.81 +1.14)-102 (2.57 + 0.67)-10%

(4.92 + 0.50)-102
(5.65 + 0.33)-107*

(1.42 + 0.29)-10°
(3.04 + 0.40)-10°

(1.23 + 0.12)-10?
(1.38 £ 0.10)-10°

(3.54 £ 0.71)-10°
(7.59 + 0.99)-10°
(5.52 + 2.04)-10°
(5.93 £ 1.09)-10°
(5.13 £ 1.34)-10°

(3.69 + 0.37)-10°
(4.13 £ 0.31)-10!
(1.22 + 0.25)-10%
(2.62 + 0.34)-10%
(5.93 + 2.19)-10°
(6.37 £ 1.17)-10°
(5.51 + 1.43)-10°

1 K Wele('lri('
S l p — = P lc v
olar.y (€> P\ W | 1 x Area PV (m?) x PV Cost (5)

4. Conclusions

UVC photons have a higher photochemical efficiency than UVA and
solar photons, both for the inactivation of bacteria and the oxidation of
chemicals. However, the low electrical efficiency of current UVC LED
sources leads to a limited global efficiency in the use of solar light by its
integration with PV power systems. For the oxidation of chemicals, the
CPC-+TiO; process showed a higher efficiency, followed by the PV-UVA
LED+TiO, system. The reason is that, in all cases, the underlying
mechanism is essentially the same, based on the generation of unselec-
tive oxidising hydroxyl radicals. In contrast, for bacterial inactivation,
the high selectivity of the DNA damaging UVC LED mechanism,
compared to the rest of the processes, makes the PV-UVC LED+H>0,
process the most efficient alternative. These conclusions, based on the
efficiency of currently available PV and UV LED technologies, will
definitively make their case for future applications if their electrical
efficiency (especially of UVC LED), increases as expected and their price
in the market progressively decreases. In fact, if costs are considered for
the systems used in this work, the use of PV-LED UVA + TiO, and PV-
UVC LED+H,0; are already the most cost-effective alternatives for
chemical oxidation and bacterial inactivation, respectively. Although
the conclusions of this work are obtained from specific systems and
could slightly vary with other reactor designs of different light distri-
bution, from a qualitative point of view they can be certainly extrapo-
lated to the analysis of future application of solar water treatment
processes.

E

x LED (LM> xRR <%> xRT (h) xk <l) (8

k Welem‘ir
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