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A B S T R A C T

Water resources are under increasing pressure from ever-increasing demand from industry and society. However,
water is a limited resource that must be sustainable and protected. This problem is highlighted in desert areas,
where water quality and abundance are scarce. Solar-powered water treatment systems are an inexpensive so-
lution to ensure water quality for human consumption. This research analyzes solar ultraviolet radiation (UVR)
in three populated Chilean cities to study the potential feasibility of the solar-powered photo-Fenton process for
wastewater remediation. To generate long-term UVR values, satellite and reanalysis data and the Radiative
Transfer Model were used. Results show high daily levels of solar ultraviolet irradiation, 1299.95kJm− 2 for
Antofagasta. The shortest treatment time for summer operation was observed in Santiago (21 min), followed by
Antofagasta (34 min), and Concepción (35 min). Santiago presented the lowest volume of photoreactors during
the summer (297 L) and Antofagasta during the winter (1589 L). This is the first preliminary analysis showing the
possibilities of exploiting the potential of UVR in Chilean cities to provide tools for integrating water treatment
technologies. This research motivates further studies on spectral radiation and emerging advanced oxidation
technologies and the development of prospects for water and wastewater treatment.

1. Introduction

Solar ultraviolet radiation (UVR) data at the Earth’s surface are
essential for studying and designing water treatment systems that use
solar energy. The UVR region covers the wavelength range of 100–400
nm and is divided into three bands: UVR-C (100–280 nm), UVR-B
(280–315 nm), and UVR-A (315–400 nm) (Madronich Sasha, 1993). In
terms of irradiance (Wm− 2), the amount of UVR arriving at the surface is
lower than in the visible (VIS) and infrared (IR) ranges. However, the
intrinsic energy of the photon is inversely proportional to its wave-
length, so photons in the ultraviolet are more energetic. The high energy
of UVR photons allows them to break chemical bonds, making them a
type of ionizing radiation. This property makes UVR harmful to living
organisms [1,2] and materials that are exposed to it, which has a sig-
nificant role in many solar applications. For instance, in solar water

treatment systems, UVR is often used to initiate photocatalytic reactions
that degrade several water pollutants [3–5]. Therefore, knowing the
UVR incident on the Earth’s surface is relevant given the spectral
selectivity of UVR on many photocatalytic solar systems.

The influences of UVR on many photocatalytic solar systems have
been studied [3,4,6] mainly, using TiO2 as a semiconductor material [7,
8] or iron salts in the case of the homogeneous photocatalytic process
named photo-Fenton [3,9,10]. The principles of these processes are
mainly based on the generation of strongly oxidizing radicals, such as
hydroxyl radical (•OH), that result in the non-selective oxidation of
diverse organic compounds. The radicals are generated on the surface of
the wideband-gap semiconductor upon excitation (usually) with <400
nm UVR and the formation of an electron-hole pair in the TiO2 material,
while in the photo-Fenton process, these are generated thanks to the
reaction between iron salts and hydrogen peroxide. The ability of UVR
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to photodegrade, under catalytic conditions, a wide range of pollutants
has been extensively demonstrated in the literature, serving as an
example of Bisphenol A [11], Oxamyl [3], Oxytetracycline [12], and
Spiramycin [8]. Generally, the degradation of pollutants increases with
increasing UVR, from 20 to 30 Wm-2 (0.2–0.3 mol photons m− 2h− 1 in
the 300–400 nm) [4], showing a linear dependence. Above 30 Wm-2,
several authors have found that process efficiency reaches a plateau
[13], although this obviously will depend on different issues such as the
photoreactor, catalyst characteristics, concentration, type of waste-
water, etc. In any case and up to a certain limit, high UVR values may
enhance photocatalytic performance.

In the water/wastewater treatment process, solar energy represents a
sustainable, safe, and abundant resource and its use avoids potential
contamination associated with lamps (mercury, electric consumption,
etc.) [14]. Therefore, the integration of solar energy in the photo-
catalytic processes is an active strategy aligned with the current inter-
national concept of sustainability. UVR data is a prerequisite for the
development of solar water treatments because this information in
combination with temperature is essential in predicting solar water
treatment efficacy [15]. In general, it has been reported that increasing
the operating temperature always has a beneficial effect on the reaction
kinetics of the photo-Fenton process [4]. However, for temperatures
above 50 ◦C, iron precipitation has been observed [16]. In any case,
within normal ambient temperature ranges, higher temperatures always
lead to a higher efficiency of the decontamination process [17]. found
that the site location and ambient conditions (temperature, UVR levels,
and availability of sufficient sunlight) are determinants in the solar
photo-Fenton treatment efficiency. Dynamic models coupled to instant
solar UVR and water temperature data can be used to know when the
process has reached the treatment goal [18,19] or even can be useful to
develop optimized reagents dosage schemes [20]. When overcast con-
ditions are frequent, the availability of sufficient sunlight is scarce, and
therefore the photocatalytic process requires more time for water
treatment [11]. However [21], using the solar photo-Fenton process
found that 70 % of organic contaminants can be removed both in winter
and summer in competitive times. Considering the water pollution is-
sues in Chile [22–26], solar photocatalysis presents itself as a promising
technology for water treatment. The solar photo-Fenton process uses a
renewable and pollution-free energy source, sunlight, which is abun-
dant, particularly in certain regions such as northern Chile, receiving
over 4000 h of sunlight annually [17]. Chile’s lack of comprehensive
data regarding the distribution of UVR resources underscores the
imperative to uncover this information. The main sources for obtaining
UVR datasets include empirical models [27], radiative transfer model
(RTM) [28], remote sensing [29], and ground-based measurement [30].
Ground-based measurements using spectroradiometers provide accurate
data for local spectral radiation intensity. However, the high cost of
these devices, coupled with the necessity for high operating and main-
tenance costs limit their measurements to a few locations and/or limited
measurement campaigns [31]. Alternatively, by combining RTM, sat-
ellite, and reanalysis datasets long-term UVR data can be produced.
Among the available satellite and reanalysis data that provide atmo-
spheric products with acceptable accuracy and high spatiotemporal
continuity are Moderate Resolution Imaging Spectroradiometer
(MODIS) [32], Modern-Era Retrospective Analysis for Research and
Applications (MERRA2) [33], and European Centre for Medium-Range
Weather Forecasts Reanalysis v5 (ERA5) [34]. In Ref. [34] developed
a physical model for estimating surface solar UVR broadband in clear
sky conditions from MERRA2 reanalysis products with high accuracy
and strong robustness. Besides [35], presented a method to retrieve UVR
data based on Lookup-tables (LUTs) and satellite-derived historical data
at Ispra, Italy (45.81◦N, 8.63◦E) showing excellent results. Other authors
[36,37] have suggested that applying similar methods to retrieve UVR is
fast and has good accuracy. An RTM is a numerical solution of the
radiative transfer equation, which includes all the radiative processes
between the atmosphere and radiation, such as the scattering and

absorption in the shortwave spectrum [38]. This model allows us to use
as input detailed information on aerosols, total ozone column, total
water vapor, surface albedo, clouds, distance earth-sun, latitude, solar
zenith angle (SZA), and altitude. Therefore, it is possible to use it with
long-term atmospheric databases for UVR estimations on a regional or
national scale since they require a detailed description of the site and the
thermodynamic state of the atmosphere.

Some radiative transfer codes are Tropospheric Ultraviolet–Visible
radiative transfer (TUV); Simple Model of the Atmospheric Radiative
Transfer of Sunshine (SMARTS2) [39]; MODerate resolution TRANs-
mission model (MODTRAN) [40], and Library for Radiative Transfer
(LibRadtran) [28,38,41,42] Among them, LibRadtran has been recog-
nized as a powerful tool, where simulations showed good accuracy in
derived UVR [28,42]. The core program of LibRadtran is the freely
radiative transfer tool UVSPEC which calculates the radiative field in the
Earth’s atmosphere [38].

In Chile, few reports have used RTM to derivate long-term UVR
values. In the south of Chile (at 39◦S) [43], used the DISORT code
(Discrete Ordinate) and analyzed the ultraviolet erythemal doses. More
recently [39], used the SMARTS code, demonstrating the importance of
knowing the local solar spectrum characteristics in areas of photovoltaic
and Concentrated Solar Power systems development. Meanwhile, [28];
and [44] used LibRadtran to develop UVR climatological maps for the
Atacama Desert. The collaboration between the Chilean Ministry of
Energy and USCAH-FCFM-Universidad de Chile [40] based on MOD-
TRAN offers spectral predictions for the north macrozone. However,
although the research provides reliable estimates of surface UVR, they
focused on northern Chile leaving out the most populated areas of
south-central Chile. Similarly, the assessment of UVR levels and their
correlation with solar photo-Fenton process efficiency, essential for
evaluating the feasibility of solar water treatment across Chile, repre-
sents a significant knowledge gap demanding attention. So, the goal of
this research is to obtain reliable long-term UVR values from RTM
simulation, satellite, and reanalysis data for populated Chilean cities
located between 23◦S and 37◦S; to characterize solar-derivate ultravi-
olet radiation values and preliminary evaluate the feasibility of
employing solar photo-Fenton process for water treatment in these
populated cities.

2. Materials and methods

2.1. Study area

Fig. 1a and b shows the geographic position of Chile in South
America, located between 17◦ 30′ and 56◦ 30′ South latitude and oc-
cupies a long coastal strip between the Andes mountains and the Pacific
Ocean in the southwestern part of South America. It has an area of
756,102 km2, where the capital and largest city is Santiago de Chile with
more than 7 million inhabitants [45]. Chile is a very privileged country
due to its solar energy potential, especially in the Northern regions that
present one of the highest levels of radiation on the planet. Chile re-
ceives between 900 and 2200 kWhm− 2 of energy per year from the sun
[46] Three Chilean cities between the latitude of − 23◦S and − 37◦S were
selected for this study. The selection includes the largest number of in-
habitants in the country, great economic, and industrial activity, and
excellent areas for solar utilization based on [47]. According to the
Köppen climate classification, Concepcion and Santiago have a
warm-summer Mediterranean climate (Csb) (Fig. 1e and f). In contrast,
in Antofagasta the cold semi-arid climate (BWk) climate predominates
(Fig. 1d). Table 1 shows the main features of the study location.

2.2. Satellite and reanalysis data

The cloud fraction (CF, %). Total column ozone (O3, DU) and total
water vapor (WV, mm) were obtained from ERA5 for more than 30 years
from 1979 to 2019. These data are available on the ERA5 website (htt
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ps://www.ecmwf.int/) with a 25 km resolution [48]. Aerosol optical
depth (AOD, nm) or atmospheric turbidity is the product of particle
density and the probability of interception of radiation, usually between
0.09 and 1 [50]. The aerosol values at 550 nm (AOD550) were found in
Modern-Era Retrospective analysis for Research and Applications

(MERRA, https://gmao.gsfc.nasa.gov/) with a spatial resolution of
approx. 50 km [33]. Gueymard and Yang (2020) evaluated the AOD550
of MERRA2. This was achieved by comparing it with values obtained at
AERONET ground-based stations around the World. For South America,
the reported RMSE was 0.113 for an average AOD of 0.152, which

Fig. 1. (a) Geographic position of Chile in South-American (b) regional division in Chile, (c) topography present from the Antofagasta to Bio region, and (d–g)
climate following Köppen classification. The elevation, distribution, and Köppen classification of regions were created using an ArcGIS analysis of a shapefile. The
shapefiles and profile elevation were obtained from IDE.
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represents a 74 % error in relative terms. The outcome is not contingent
on geographical location. Consequently, it is essential to consider local
conditions. In a previous study, Agustín Laguarda & Gonzalo Abal [49]
compared MERRA2 AOD550 with three AERONET sites in Argentina
and Brazil, which had similar latitudes to those used in the present
study. They reported an RMSE of approximately 33 % for AOD550.
While some authors have indicated that elevated uncertainty values in
the AOD do not inherently result in an augmented error in the estimation
of broadband atmospheric radiative transfer or broadband cumulative
irradiance [50,51], it is imperative to exercise caution in considering the
potential impact of this uncertainty on the ultraviolet band. Considering
the aforementioned considerations, it is imperative to corroborate the
data with ground measurements. The methodology employed in this
process is elucidated in the subsequent section.

Finally, the Global solar irradiance (IG, 0.3μm–4μm), will be ob-
tained from MODIS (MCD18A1 product) with 3 h at time resolution
(9:00, 12:00, 15:00, and 18:00 hora local LT). The IG from the
MCD18A1 product has good accuracy with an RMSE of 90 Wm-2 [52].
Currently, MCD18A1 spans 8 years: 2004–2011. Meteorological pa-
rameters, including, Temperature, relative humidity, and precipitation
(rain), were collected using official records from Dirección Meteor-
ológica de Chile (DMC, https://agrometeorologia.cl/).

2.3. Input data validation (satellite and reanalysis)

To validate the database used in this work, the AOD and WV data
provided by AERONET (https://aeronet.gsfc.nasa.gov/), last access:
October 06, 2023) were used. AERONET uses ground-based Cimel brand
sun photometers that measure direct, circum-solar, and sky spectral
irradiance every 15 min at different wavelengths (0.340, 0.380, 0.440,
0.500, 0.675, 0.870, 1.020 and 1.640 μm), including the WV absorption
band (0.940 μm). Thanks to these measurements, the optical properties
of atmospheric constituents can be characterized, as well as the content
and other characteristics. AERONET delivers three levels of data quality
[53]: Level 1.0 (raw data), Level 1.5 (cloud-filtered and
quality-controlled), and Level 2.0 (cloud-filtered and quality-assured).
Several studies endorse AERONET as a reference for the validation
and adjustment of satellite models and methods delivering AOD andWV
products [33,54–56]. For the validation of data, Level 2 observations
from 8 AERONET stations distributed in Antofagasta (2), Santiago (4),
and Concepción (1) were used (see Table 2).

α= −
ln (AOD440/AOD675)

ln (440/675)
(1)

AOD550 =AOD440(550/440)− α (2)

Following Equations (3) and (4), the WV values were calculated,
using the value of total precipitable water (pw) and the Ångström index
for the wavelength of 440 nm–870nm [58].

α= −
ln (AOD440/AOD870)

ln (870)
(3)

pw=
pw*AOD440

AOD440 − AOD870*α (4)

For ozone evaluation, was used Level-3 Aura/OMI Global Data
Products (0.25 deg Lat/Lon grids) available at https://www.earthdata.

nasa.gov/. This Level-3 global total column ozone product is derived
from OMDOAO3 which is based on the Differential Absorption Spec-
troscopy (DOAS) fitting technique that uses the OMI visible radiance
values between 331.1 nm and 336.1 nm. Studies such as [59], and [60]
have reported a strong correlation between Total Ozone Column (TOC)
data from the Ozone Monitoring Instrument (OMI) and measurements
obtained through observations using the Dobson and Brewer
spectrometers.

2.4. Simulation process

The UVSPEC/LibRadtran model is a powerful tool for simulating
atmospheric spectral radiative fluxes e. In this simulation modeling
strategy, to solve the radiative transfer equation the discrete ordinates
method was used [61], and atmospheric profiles for accurate simula-
tions [62]. To facilitate the process, a lookup table (LUT) approach, as
described by Ref. [35] was employed. This LUT is a pre-calculated table
corresponding to specific input values for atmospheric parameters and
sky conditions, which enables the derivation of a parameter K that
represents the UVR/IG surface ratio. Equation (5) depicts the relation-
ship proposed for each K estimation, depending on the solar zenith
angle, altitude, and atmospheric variables (cloud, AOD, TOC). Tables 2
and 3 provide a list of sources and atmospheric inputs employed here.
The atmospheric variables related to the other atmospheric gases are
constant according to the type of atmosphere, e.g. tropical, midlatitude,
etc. Once these tables are generated, they can be used to quickly find the
K value. Subsequently, for each value of the IG product obtained from
the MODIS (MCD18A1) every 3 h, UVR was estimated from IG*K
multiplication. The time series selected for analysis spanned the years
2004–2011. In addition to the LUTs, certain assumptions are made to

Table 1
Features of the study location.

Cities Latitude (◦S) Longitude (◦W) Altitude (m.a.s.l) Climate (Köppen) Region Inhabitantsa (hab)

Antofagasta − 23.59 − 70.39 150 BWk Antofagasta 607,534
Santiago − 33.49 − 70.73 500 Csb Metropolitan 7112.808
Concepcion − 36.73 − 72.46 121 Csb Biobío 2037.414

a Hab Census 2017.

Table 2
Sites selected for input data validation.

City Site Latitude
(◦S)

Longitude
(◦W)

Data
AERONET

Antofagasta Paranal_CTA 24.70 70.33 01-01-2015
to 31-12-
2019

PSDA_Chile 24.09 69.93 01-01-2018
to 31-12-
2022

Santiago Santiago 33.49 70.72 01-01-2001
to 31-12-
2003

Santiago_Beauchef_2 33.46 70.66 01-01-2016
to 31- 12-
2021

Campus_USACH 33.45 70.68 01-01-2019
to 31-12-
2021

Yerba_Loca 33.33 70.30 01-01-2020
to 31-12-
2022

Concepción UdecConcepcion-
CEFOP

36.84 73.01 01-01-2014
to 31-12-
2016

AERONET does not provide observations directly at 550 nm, the Ångström index
for the 440 nm-675nm wavelength is used to interpolate the AOD Ångström
index at 550 nm (ɑ) [57], and was obtained using Equations (1) and (2).
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simplify the model. For example, clouds’ optical and microphysical
properties are assumed to be constant, and the same base and top are
used. However, these assumptions can be refined by incorporating
MODIS cloud properties products (MOD06_L2 and MYD06_L@). We
assumed a cloud optical depth and effective radius of 10 and 11.6 μm,
respectively. It is recommended that vertical-level variables from ERA5
are not used. Instead, vertically integrated variables such as cloud op-
tical depth, integrated ozone, and WV should be employed. The result-
ing UVR data are instantaneous values in watts per square meter
(Wm− 2), which are then integrated into mean and accumulated daily,
monthly, and yearly values in kilojoules per square meter (kJm− 2) for
further analysis. A Typical Meteorological Year (TMY) was calculated
from this data.

K= f(atmospheric variables) (5)

2.5. Exploring the viability of solar-powered photo-fenton process for
cleaning up wastewater

The solar-derived UVR spectra were integrated over the full UV
bandwidth and used to get daily and monthly average values during the
mean year (8 years). To get monthly and annual values for Antofagasta,
Santiago, and Concepcion, the solar-derived UVR between 9:00, 12:00,
15:00, and 18:00 LT was used. Solar radiation is normally expressed as
“Irradiance” (incident power on a surface of a unit area, inWm− 2). Using
this data as well as temperature records in combination with the photo-
Fenton kinetic model proposed by Ref. [15] the potential viability of the
solar-powered photo-Fenton process for cleaning up wastewater in
populated Chilean cities can be analyzed. We analyzed the exposure
time estimation for water treatment by solar photo-Fenton and the photo
reactor volume needed to treat 10 m3 day− 1 of water. The simulations
were based on paracetamol-contaminated water with a concentration of
100 mg L− 1 of dissolved organic carbon (DOC) as a representative model
wastewater. The designated treatment goal was set at achieving a 75 %
removal of DOC. Further information about the model (structure, cali-
bration, and validation) can be found in Ref. [15]. In this way, it was
possible to extend the previous analysis by Ref. [17] for the city of Arica
to other populated Chilean cities.

3. Results and discussion

In advanced oxidation processes for wastewater treatment,
laboratory-scale experiments are very often conducted under constant
irradiance conditions inside a solar box. This allows for solar light
simulation, although this situation differs from pilot-scale tests under
natural solar radiation. According to measurements, solar irradiance
instantly varies during the reaction time because of conditions such as
cloudiness, rain, particles in the atmosphere, and time of day, which will
limit the incidence of UV photons on the photocatalytic system.

Therefore, the seasonal variation of some meteorological and atmo-
spheric parameters characteristic of locations under study and their
impact on the UVR and performance of solar water treatments will be
addressed below.

3.1. Atmospheric conditions in selected locations

Fig. 2a–d shows the seasonal variability of several parameters,
including cloud fraction (CF), total ozone column (O3, DU), Water Vapor
(WV, mm), and aerosol (AOD550, nm) for each study site. Other pa-
rameters such as Temperature, Accumulated Rain, Relative Humidity,
and Global irradiance are shown in Table SI1. The minimum tempera-
ture was 9.7 ◦C (Concepcion) in the winter to a maximum of 21.9 ◦C
(Antofagasta) in the summer. The maximum RH (82.3 %) was observed
in Concepcion in July, while the minimum record (44.8%) was observed
during the summer in Santiago. The accumulated precipitation
maximum (rainfall) was found in Concepcion with a value of 347.8 mm.
The driest period was observed during the summer for Santiago and
Antofagasta cities, which did not report any rainfall. Similarly, IG is
inversely related to CF. The maximum (725.20 Wm-2) and minimum
(246.64 Wm-2) of IG were observed in Antofagasta and Santiago,
respectively. Comparatively, the major conditions of CF predominate in
Concepcion, with the cloudiest period of the year between April and
October. It is important to note that the cloudy conditions increase (CF
≥ 0.34) in the summer months as shown in Fig. 2a for Antofagasta city,
which is related to the desert climate with a predominant daily cycle of
clouds and greater presence during the night and at sunrise [63]. The
maximumWV (26.97 mm) shown in Fig. 2c was observed in Antofagasta
in July, while the minimum record (44.8 %) was observed during Spring
in Concepcion (10.06 mm). The higher AOD550 was found at Antofa-
gasta (AOD550 ≈ 0.23 nm) during February (Fig. 2d). This relatively
low value is found between values reported by Refs. [28,31,39]. The
maximum daily O3 value (327.10 DU) was observed in Concepcion
during September and the minimum value (248.53 DU) was registered
during March in Antofagasta Fig. 2b). For all cities, the months between
January and May had an O3 ≤ 276 DU. The O3 has a greater impact on
the UVR than on global solar radiation [64], which shows higher UVR
values may reach the Earth’s surface during the summer and autumn in
these cities.

3.2. Validation (satellite and reanalysis data)

Previous studies have demonstrated the satisfactory agreement be-
tween AERONET and MERRA-2 [33,51,55,56]. In our case, the daily
correlation coefficients between AOD and the Antofagasta, Santiago and
Concepción measurements range from 0.82 to 0.89. The AOD values
from MERRA-2 agree with those from AERONET. These values show an
RMSE of less than 0.06 nm for Antofagasta and Concepción and an RMSE
of 0.13 nm for Santiago de Chile. In the case of Santiago and Concepción,
MERRA-2 underestimates the atmospheric aerosol content, with MBE
values of 0.029 and − 0.028, respectively. This is due to the high
pollution present in the city and the climatic and geographical condi-
tions of the location that favor the occurrence of a stable pollution layer
over the city. While high uncertainty values in the AOD do not inher-
ently result in increased error in the estimation of broadband atmo-
spheric radiative transfer or broadband cumulative irradiance [31,51],
special care must be taken in how this uncertainty affects the ultraviolet
band. Because of this, future campaigns to measure solar irradiance in
the ultraviolet range are needed to validate the estimates. Similarly, the
WV and O3 values match those of the AERONET databases. The corre-
lations were found between 0.90 and 0.98 and between 0.96 and 0.99
for WV and O3, respectively. The RMSE values indicate that the
maximum deviation in the O3 data occurred in Santiago with a value of
7.77 DU, which is relatively low in absolute terms. For the WV values,
the maximum deviation occurred in Concepción with a value of 3.40
mm (see Fig. 3).

Table 3
The input atmospheric parameters and their ranges used UVSPEC/
LibRadtran simulations for clear and cloudy conditions.

Input data LUTs range

Aerosol optical depth (AOD, nm) 0.1–0.6
Amstrong parameter (AMS, nm) 0.86–2.2
Water vapor (WV, cm) 1.0–6.5
Total ozone column (O3, DU) 229–369
Integrated Surface albedo 0.11–1.00
Altitude (km) 0.2–6.0
Cosine of solar zenith angle (CSZA) 0.1–1
Cloud optical depth (COD) 10
Effective radius (cloudy) (um) 11.6
Spectral range (nm) 250–4000
Cloud fraction (CF) 0–1
Cloud base (m) 800
Cloud top (m) 2000

L. González-Rodríguez et al.
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Fig. 2. Daily climatology of (a) CF, (b) O3, (c) WV, and (d) AOD550 parameters for each study site.

Fig. 3. Daily values of O3, AOD550, and WV for each study site. The dashed black line is the 1:1 line. Red lines indicate the fitting using the least-squares regression
method. Linear regressions are constrained to pass through the origin (0.0).
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3.3. Spectral irradiance

Fig. 4 shows solar spectra samples estimated at noon (14:00 LT) from
UVSPEC/LibRadtran. Total or global solar radiation measured on a
surface is the sum of the beam (direct), reflected, and diffuse radiative
components. Direct solar radiation is the solar radiation received from
the sunbeam without having been scattered by the atmosphere. The
fraction of solar radiation scattered from the sun’s beam by the atmo-
sphere is incident on surfaces from the entire sky and is defined as
diffuse solar radiation. The main absorption bands correspond to O3, O2,
and H2O atmospheric gases. The effect in the spectral distribution is
shown in Fig. 4.

3.4. Solar-derived UVR values in irradiance terms

During the summer season, for all the cities studied, the UV irradi-
ance increased until reaching values above 37.67 Wm-2. The monthly
UVR minimum values of 15.27 Wm-2 and 15.85 Wm-2 were found in
June for Santiago and Concepcion, respectively. Similar results were
found by Ref. [44]. The annual average of solar-derived UVR for each
city was 32.81 Wm-2 (Antofagasta), 30.07 Wm-2 (Santiago), and 28.88
Wm-2 (Concepcion). These annual average values are almost double the
annual average, for example, in east-southern Spain at Plataforma Solar
de Almería (PSA, 37.09◦N, − 2.36◦E, 500 m.a.s.l), or the North of
Portugal (41◦N, − 9.14◦W, 104 m.a.s.l) where the first pre-industrial
plant for leachates treatment from a sanitary landfill is located (Silva
et al., 2016). The annual values of UVR reported for these sites were
18.60 Wm-2 [65] and 17.00 Wm-2 [66], respectively. Therefore, the
solar-derived UVR indicates that for 8 months the values of UVR are
systematically larger than 20 Wm-2 for Santiago and Concepcion, while
in Antofagasta this value is exceeded each month. These are promising
results for the potential application of solar water treatments in the cities
under study.

3.5. Solar-derived UVR values in irradiation terms

Fig. 5 shows the annual evolution of the daily UVR values for the
cities from UVSPEC/LibRadtran. The seasonal variation in the mean
values of UVR and IG is mainly caused by astronomical factors (sun
declination). However, the variation of UVR and IG of the median,
minimum value, and maximum value is probably strongly affected by
climate (cloud, RH, precipitation) and environmental conditions (O3
tropospheric, AOD). The mean daily annual values of IG and UVR were
21.78 ± 4.24 MJm− 2, 21.22 ± 2.39 MJm− 2, 19.56 ± 2.39 MJm− 2 and
1406.34 ± 273.70kJm− 2, 1300.84 ± 231.00 kJm− 2, 1224.14 ±

242.30kJm− 2, for Antofagasta, Santiago, Concepcion, respectively. The
maximum UVR values occurred during the summer (January) when O3
and CF are minima (Fig. 2b–a), even in Antofagasta which presents a
very high CF during summer (Fig. 2a) ranging from 1714.66 ±

273.51kJm− 2 until 1791.32 ± 335.98 kJm− 2. In contrast, the minimum

values of UVR occurred during the winter months when CF is maximum
and O3 increases towards spring maximum (Fig. 2e–d). The average
daily values of IG ranged from a minimum of 9.07 MJm− 2 in Concepcion
(June) to a maximum of 31.20 MJm− 2 in Santiago (January). During
winter the air pollution conditions deteriorate in Santiago and Con-
cepcion when the aerosol concentration and other trace gases (nitrogen
dioxide and sulfur dioxide) increase [67,68] attenuating the solar ra-
diation beam and contributing to reducing UVR and IG that reaches the
surface.

Table 4 shows the most representative statistical indices (mean,
median, maximum, minimum, standard deviation (σ), 1st and 3rd
quartiles (Q1 and Q3), and 5th and 95th percentiles (P5 and P95) of UVR
(in kJm− 2) for eachmonth. Themedian values are mainly slightly higher
than the mean; the maximum standard deviation occurs in the October/
November months, while the lowest values are in the winter months, so
higher stability is observed in these months. The differences between the
Max and P95 values are small, for instance, they are smaller than 134.61
kJm− 2. However, a large difference between the minimum values and
the P5 percentile is more noticeable in the summer. It can be suggested
that the absolute minimum values cannot represent the UVR and
correspond to outliers. Similar results have been obtained by Ref. [69].

3.6. Exploring the viability of solar-powered photo-fenton process for
cleaning up wastewater

Since photochemical reactions depend on the received energy
instead of time, UVR data in combination with temperature records can
be used to preliminarily evaluate the performance of solar water treat-
ments at different locations or even to calculate the photo reactor sur-
face (process scalability). Fig. 6a illustrates the treatment time needed to
achieve the 75 % removal of the dissolved organic carbon (DOC) con-
tained in paracetamol-polluted water by solar photo-Fenton resulting
using UVR (TMY) and temperature monthly average values at each
location (Antofagasta, Santiago, and Concepción). The lowest treatment
times were during the summer months when the highest UVR and
temperature values were reached (Fig. 6a). The shortest treatment time
for summer operation was observed in Santiago (21 min), followed by
Antofagasta (34 min), and Concepción (35 min). The higher local tem-
perature in Santiago, compared to the other two cities, plays a key role
in enhancing photo Fenton process performance. However, this order of
performance was not the same for winter operations. In winter, which
exhibited the highest treatment times in June and July for Concepción,
the shortest treatment time was achieved in Antofagasta (62 min). This
duration is approximately half the time needed in Concepción, which
stands at 120 min, and roughly two-thirds of the time needed in San-
tiago, 89 min. The consistent solar radiation stability throughout the
year in Antofagasta, even during winter, coupled with its mild temper-
ature during the winter period, accounts for the advantages found for
Antofagasta. Certainly, the difference between the maximum and min-
imum treatment times in Antofagasta was notably narrow, amounting to

Fig. 4. Solid lines correspond to spectra irradiance derived by the UVSPEC/LibRadtran radiative transfer model for an (a) clear and (b) cloudy day at 14:00 LT.
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only 28 min (34–62 min). In contrast, this difference expands consid-
erably in Santiago, where it reached 68 min (21–89 min), and even more
so in Concepción, where it reached 85 min (35–120 min). Indeed,
Concepción always presented the highest treatment time independently
of the selected month. These results show that the treatment of pollut-
ants by solar photo-Fenton is possible in assumable times, with the UVR

recorded in the three cities of Chile.
The treatment time required to achieve the decontamination goal is a

crucial factor in evaluating process performance. However, it is essential
not to overlook the availability of sunlight at each specific location. By
dividing the annual or monthly sun hours available at each location by
the corresponding treatment time, the number of batches that can be

Fig. 5. Seasonal variation of daily values of (a) IG and (b) UVR in Antofagasta, Santiago, and Concepcion.

Table 4
Statistical indices of solar-derived UVR (kJm− 2) in Antofagasta, Santiago y Concepcion for the TMY.

Month Mean Median Max Min σ Q1 Q3 P5 P95

Antofagasta
Jan 1791.32 1822.91 2153.95 647.67 335.98 1722.95 2016.72 1166.44 2142.35
Feb 1744.32 1833.76 2137.04 927.96 298.58 1659.71 1958.32 1256.68 2062.54
Mar 1647.85 1745.46 1948.78 585.33 312.66 1596.47 1843.15 1051.62 1943.46
Apr 1292.83 1414.82 1655.30 648.92 269.38 1209.20 1536.32 808.73 1629.98
May 1123.77 1164.36 1340.86 768.47 134.13 1027.45 1217.19 876.50 1272.62
Jun 1024.92 1074.82 1163.16 773.70 112.78 949.46 1098.37 811.00 1151.06
Jul 1070.54 1096.06 1281.78 591.59 145.56 1026.34 1150.44 829.66 1242.49
Aug 1208.43 1290.15 1520.60 603.98 238.99 1064.10 1348.20 741.73 1485.49
Sep 1322.95 1346.41 1876.50 631.19 331.41 1105.27 1589.62 731.21 1800.69
Oct 1442.36 1516.91 2097.53 784.87 372.16 1252.26 1674.16 819.48 1962.91
Nov 1492.20 1491.30 2149.88 732.02 459.27 1075.27 1872.34 763.04 2140.22
Dec 1714.66 1720.83 2211.72 1180.59 273.51 1573.76 1901.17 1298.89 2116.41
Annual 1406.35 1459.82 1794.76 739.69 273.70 1271.85 1600.50 929.58 1745.85
Santiago
Jan 1856.56 1888.23 2180.33 785.06 260.32 1722.50 2009.96 1680.93 2128.86
Feb 1708.48 1754.79 1953.51 479.98 276.38 1645.79 1865.74 1440.50 1941.51
Mar 1483.52 1487.08 1783.09 788.78 211.32 1374.68 1632.98 1134.68 1754.02
Apr 1053.02 1107.02 1339.30 481.46 214.69 994.74 1252.55 665.54 1332.43
May 759.83 725.16 1009.93 475.49 148.65 657.03 869.71 545.27 992.16
Jun 655.21 700.83 769.20 456.86 98.55 586.36 725.39 477.02 747.66
Jul 720.60 753.63 900.30 410.36 119.44 687.86 798.03 517.59 884.81
Aug 903.41 918.71 1264.29 397.06 228.12 729.46 1037.73 579.97 1252.08
Sep 1218.93 1351.91 1589.52 413.52 318.27 1030.43 1439.26 637.20 1550.89
Oct 1496.15 1586.19 2016.28 826.69 324.09 1272.32 1742.81 875.57 1883.50
Nov 1809.04 1940.14 2149.14 485.73 383.45 1806.88 2043.46 1081.51 2102.80
Dec 1945.32 1987.09 2179.52 1400.89 188.72 1861.49 2072.02 1565.14 2167.31
Annual 1300.84 1350.06 1594.53 616.82 231.00 1197.46 1457.47 933.41 1561.50
Concepción
Jan 1939.38 1978.58 2115.14 1610.56 138.28 1847.01 2039.02 1692.23 2111.32
Feb 1719.38 1786.14 2011.54 788.92 293.85 1701.05 1896.19 1075.54 2000.10
Mar 1351.87 1398.86 1682.05 543.94 263.49 1296.51 1513.99 778.69 1664.64
Apr 946.96 975.84 1311.00 640.37 190.70 892.47 1106.58 646.49 1273.39
May 679.94 669.72 879.96 421.15 111.61 600.26 763.12 522.05 840.72
Jun 564.23 567.32 709.54 361.87 81.37 525.64 626.93 436.60 668.91
Jul 616.98 613.58 773.07 447.36 97.11 543.49 702.48 466.46 762.70
Aug 787.48 775.52 1178.82 491.28 180.98 658.93 903.26 523.63 1077.61
Sep 1135.93 1215.12 1614.60 587.82 285.86 970.26 1317.04 631.96 1523.54
Oct 1382.25 1575.03 1957.96 335.47 440.14 1128.91 1694.33 631.40 1887.21
Nov 1713.39 1896.75 2046.87 584.59 390.54 1559.94 1963.59 772.42 2018.84
Dec 1851.94 2056.31 2214.29 432.34 433.69 1767.04 2109.19 966.60 2162.70
Annual 1224.14 1292.40 1541.24 603.81 242.30 1124.29 1386.31 762.01 1499.31
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conducted per year or month can be determined. This approach allows
an estimate of the required photo reactor volume for an application, as
outlined by Ref. [15], by dividing the treatment volume aim in a certain
period by the number of batches that can be conducted during the same
period. It is important to note that the size of the photo reactor is directly
linked to the investment cost and, consequently; it is a critical factor in
assessing the feasibility of the overall process. Fig. 6b shows an esti-
mation of the photo reactor volume needed to treat 10 m3 day− 1 of
paracetamol-polluted water. This estimation is derived from the
monthly and yearly average values of UVR, and temperature extracted
from the TMY dataset. The trends in Fig. 6a and b are quite similar, i.e.
Santiago still presents the lowest photo reactor volume during summer
(297 L) and Antofagasta during winter (1589 L), with Concepción pre-
senting the highest photoreactor volume throughout the year
(498–5412 L). The differences between cities became more pronounced
in winter and decreased during summer. The primary contributing fac-
tors to this phenomenon are, on one hand, the significantly greater
abundance of sunlight in Antofagasta during the winter months con-
cerning Santiago and Concepción, and the previously discussed daily
cloud cycle during the summer months in Antofagasta. This cloud cycle
is associated with the desert climate and results in a reduction of
available solar hours for treatment. Determining the most suitable
month for process scalability demands thorough research. However,
UVR datasets are of utmost importance since they offer in-depth insights
into process performance and help to make critical decisions, such as
selecting the ideal location of a pilot plant or industry.

Hence, it has been established that the availability of solar radiation
data is essential for solar water treatments. However, it is equally crucial
to underscore the critical significance of the solar spectrum in simulating
solar water treatments [70]. Presently, a multitude of studies are
focusing on the development of novel photocatalysts with a wide range
of optical properties [8,71–73]. Given that each photocatalyst possesses
a unique absorption spectrum, it becomes imperative to grasp the var-
iations in the solar spectrum across various locations. Solely depending
on a single UVR value may lead to substantial disparities in the pre-
diction of Solar photo-Fenton process performance. Furthermore, envi-
ronmental factors like water turbidity, color, and dissolved substances
can exert an influence on the transmission and absorption of UVR in
column water. Higher turbidity or the presence of organic matter can
diminish the amount of available UVR, consequently affecting the effi-
ciency of the Solar photo-Fenton process. Moreover, radiation alone
does not contribute to the best performance of solar technologies, since
other operating parameters, e.g., catalyst concentration, pollutant con-
centration, pH, temperature, etc., must be also considered. Additionally,
it is worth noting that certain authors mention UVR without providing

specific details, such as the wavelength range encompassed by the
measurement, the duration of the measurement, or the radiometric
equipment utilized. This lack of precision can potentially result in sig-
nificant errors. The significance of this study is underscored by its pre-
liminary assessment of the spectral UVR effects on the performance of
outdoor Solar photo-Fenton experiments for the Chilean region.

4. Limitations

Despite the benefits of the approach presented in this study, there are
some limitations and challenges that should be addressed. To improve
the K ratio, it is necessary to consider site characteristics, e.g., land use
or albedo [74]. It is important to stress that, since these are solar-derived
UVR values from the UVSPEC/LibRadtran model, having ground-based
measurements for validation is a current limitation. Therefore, valida-
tion of the performance of the LibRadtran model will be carried out
through further investigation using UVR ground-based measurements.
However, the present contribution can be considered the basis for future
studies related to spatiotemporal distributions of solar UVR in Chile.

5. Conclusions

The analysis showed the possibilities of exploiting the potential of
Solar photo-Fenton in populated Chilean cities to provide tools for the
integration of solar energy in water treatment technologies.

1. The UVSPEC/LibRadtran RTM was applied in three Chilean cities
with different climatic zones, to obtain solar-derivate UVR values.
The input data for the model include altitude, latitude, CF, O3, WV,
and AOD parameters.

2. Based on the analysis performed, it can be concluded that solar
photocatalysis is indeed feasible in competitive treatment times for
most of the cases reported in this study, with the UVR values reached
between latitudes (− 24◦S until − 37◦S). Antofagasta, owing to its
solar radiation stability, high number of solar hours, and mild
climate, stands out as a location offering exceptional conditions for
the implementation of solar water treatment applications.

3. This research motivates further studies on spectral radiation and
emerging advanced oxidation technologies and the development of
prospects for water and wastewater treatment.

Data availability

Solar-derived UVR data used in this study are available on request to
Lisdelys González-Rodríguez.

Fig. 6. (a) Estimation of the treatment time needed to reach 75 % degradation of paracetamol polluted water, (b) Estimation of the photo reactor volume needed to
treat 10 m3 day− 1 of polluted water based on UVR and temperature monthly and yearly average values got from the TMY.

L. González-Rodríguez et al.



Renewable Energy 233 (2024) 121078

10

CRediT authorship contribution statement
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[59] J.L. Gómez-Amo, V. Estellés, A. di Sarra, R. Pedrós, D. Sferlazzo, M.P. Utrillas, J.
A. Martinez-Lozano, A comparison of Microtops II and satellite ozone
measurements in the period 2001-2011, J. Atmos. Sol. Terr. Phys. 94 (2013) 5–12,
https://doi.org/10.1016/j.jastp.2012.12.012.

[60] A. Sharma, N. Ojha, A. Pozzer, K.A. Mar, G. Beig, J. Lelieveld, S.S. Gunthe, WRF-
Chem simulated surface ozone over south Asia during the pre-monsoon: effects of
emission inventories and chemical mechanisms, Atmos. Chem. Phys. 17 (2017)
14393–14413, https://doi.org/10.5194/acp-17-14393-2017.

[61] K. Stamnes, S.-C. Tsay, W. Wiscombe, K. Jayaweera, Numerically stable algorithm
for discrete-ordinate-method radiative transfer in multiple scattering and emitting
layered media, Appl. Opt. 27 (1988) 2502, https://doi.org/10.1364/
ao.27.002502.

[62] G.P. Anderson, S.A. Clough, F.X. Kneizys, J.H. Chetwynd, P. E, Shettle, AFGL
Atmospheric Constituent Profiles (0.120 Km), 1986.

[63] P. Osses, R. Escobar, C. del Rio, R. Garcia, C. Vargas, El clima desértico costero con
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