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ARTICLE INFO ABSTRACT

Keywords: Information on solar ultraviolet radiation (UVR) on the Earth’s surface is essential for fields such as health/mate-
Ultraviolet solar radiation rials sciences, and energy. UVR measurements are commonly taken on a horizontal plane, which is also the refer-
Solar spectral irradiance ence plane for the available database estimates. However, for many applications, such as water treatment, infor-
Water treatment mation on UVR in the tilted plane may provide more insightful results. There is a lack of studies in the literature
Tilt angles that address the problem of UVR on inclined surfaces. In this study, an isotropic transposition model was used to
Empirical models estimate UVR in tilted surfaces in six different cities along the Chilean territory with potential applications in so-
Chile lar water treatment. In this context, isotropic refers to the diffuse and direct radiation component modeling. In

addition, mathematical models were developed to forecast Chilean cities” monthly and yearly optimum tilt an-
gles. The efficiency of the solar photo-Fenton process for treating paracetamol-contaminated wastewater using a
compound parabolic collector photoreactor tilted at different angles, was evaluated through simulation. The
gains increased at the highest latitude were 30.13 % for monthly, 21.05 % for seasonal, and 9.23 % for yearly ad-
justments. The empirical models developed were found to be highly accurate (R? > 0.81, RMSE < 0.98°,
MAPE < 2.70,% SSRE < 0.01°, RSE < 0.02°, and MBE < 0.001°). Using the local latitude as the photoreactor tilt
angle (the current general design strategy) resulted in lower efficiency (m® of wastewater treated per month)
than using the optimal tilt angle for the month with the lowest UVR (winter), and the entire year. These results
highlight the importance of fine-tuning the photoreactor tilt angle locally and, consequently, the need to develop
UVR models that account for this variable.

Nomenclature Y surface azimuth angle (rad)
I} declination ()

Greek symbols 0 solar incidence angle (rad)
p albedo of the ground

B tilt angle of solar collector (°) (%) latitude (rad)

Bopt optimum tilt angle (°) ® hour angle
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AE (%) percentage gain in the availability of UVR; on an in-
clined surface

Abbreviation

UVR, global solar ultraviolet radiation on a horizontal
plane (Whm™2)

UVRyip  direct or beam solar ultraviolet radiation on the in-
clined surface (Whm™2)

UVRgyirp  diffuse solar ultraviolet radiation on the inclined sur-
face (Whm™2)

UVR;s  solar ultraviolet radiation reflected by the ground
(Whm™2)

UVR, total irradiance received on a tilted plane at an an-
gle of inclination (Whm™2)

UVRg,,.  total irradiance received on the optimum angle of
inclination (Whm™2)

UVR[H)" solar ultraviolet radiation on a horizontal plane
(Whm™?)

UVRb,n direct solar ultraviolet radiation incident on a plane
normal to the sun rays (Whm™2)

n day of the year

1. Introduction

At present, the knowledge of ultraviolet solar radiation (UVR) is of
great interest, as it has harmful effects on living beings [1], materials
[2], and on the contrary, beneficial applications in different photo-
chemical processes [3-5]. UVR corresponds to electromagnetic radia-
tion emitted by the sun within the spectral range from 100 to 400 nm. It
is subdivided into three spectral bands: UVR-C (100-280 nm), UVR-B
(280-315 nm), and UVR-A (315-400 nm). UVR-C, which is toxic to life,
is completely absorbed in the upper layers of the atmosphere by oxygen
and ozone. Meanwhile, both UVR-B and UVR-A reach the Earth's sur-
face. UVR-B is largely absorbed in the stratosphere by ozone, while
both UV-B and UV-A are further attenuated by nitrated and aromatic
aerosols, nitrated aromatic gases, and black carbon aerosol particles in
polluted urban air [6]. From an energetic perspective, although UVR
represents a relatively small fraction of the solar spectrum, at ground
level around 5 % [7], its photons are highly energetic, even ionizing.
Ionizing radiation has enough energy to remove tightly bound electrons
from atoms, thus creating ions. This ionization process can lead to
chemical reactions, which in biological systems can cause damage to
cells and tissues. This property makes excessive exposure to UVR harm-
ful to living organisms, causing issues like skin cancer, cataracts and
pinguecula [1,8]. The exposure effect of UVR on human skin is usually
based on ultraviolet erythemal radiation (UVER). The effect of UVR on
human skin is often measured using ultraviolet erythemal radiation
(UVER), which reflects skin sensitivity to different UVR wavelengths
and is linked to indices like the UV index (UVI) [9].

In addition, UVR is a powerful disinfectant that can inactivate a
wide range of harmful microorganisms in water [10-14]. Many studies
have demonstrated the impact of UVR on various photocatalytic solar
systems [2,15,16]. For instance, [16] compared the results of a study on
solar water treatment efficiency (solar photo-Fenton) in three countries
(Spain, Chile, and Qatar) concerning temperature and UVR resources.
This demonstrated the importance of considering these factors in pho-
toreactor design. Therefore, knowing the UVR resource is important for
the design of solar photocatalytic systems that could be used in water
detoxification/disinfection technologies.

In this context, the use of tilted photoreactors is a common practice.
The tilting of photoreactors is often used to optimize solar radiation ex-
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posure, improve fluid dynamics and increase treatment efficiency. Tilt-
ing allows better alignment with the sun's rays [17-19] thus maximiz-
ing the activation of the photocatalysts and efficiency of photocatalytic
reactions [20]. By optimizing sunlight exposure, photoreactors can op-
erate more efficiently, potentially reducing the need for artificial light
sources and saving energy. Furthermore, inclination facilitates oxy-
genation and prevents sedimentation of suspended particles, both of
which are crucial for effective photocatalysis. Finally, it promotes effi-
cient drainage, thus maintaining constant operation [21].

For the study of the UVR resource, the best accuracy is achieved
with well-calibrated and well-maintained ground-based measurements
made with UVR radiometers and spectroradiometers. Ground-based
measurements are important for precise monitoring of incident UVR at
a specific location, but they do not provide information on the UVR dis-
tribution for large areas. In addition, there is a lack of ground-based
UVR databases due to the financial implications associated with the
need to allocate space for instrument placement, and the acquisition,
operation and maintenance costs of such equipment.

While less accurate, physical and mathematical models based on lo-
cal atmospheric parameters for determining UVR levels offer a power-
ful alternative to ground-based measurements [22]. Physical and em-
pirical models can be used to determine the UVR levels at different tilt
angles. The tilt angle of a solar collector is the angle at which it is in-
stalled relative to the horizontal. The tilt angle can significantly affect
the amount of solar radiation that a system receives, and thus the
amount of UVR available for a specific process. This includes solar pho-
toreactors used for solar water treatment, which consist of a recircula-
tion tank connected to Pyrex glass tubes (through which water circu-
lates) placed on the focus of compound parabolic collectors (usually
known as CPCs).

Against this background, the estimation of the optimal tilt angle for
solar photoreactors is key to the performance of solar water treatments.
This should be discussed not only in terms of maximizing the energy re-
ceived throughout the year but also considering the system's operability
concerning local climate factors. Therefore, the availability of UVR data
based on the tilt angle is essential for designing efficient solar water
treatment systems that are adapted to treatment objectives and local
conditions. Shukla and co-researchers presented a comparative evalua-
tion of isotropic and anisotropic models for estimating monthly solar
radiation over the entire spectral range on tilted surfaces oriented (tilt
equal to the site latitude) to the Equator in Bhopal, India [23]. It was
found that an isotropic model gave better estimates and reduced statis-
tical errors. The Liu & Jordan model for inclined surfaces under
isotropic atmospheric conditions and the HDKR model used for the
evaluation of total solar radiation for inclined surfaces under
anisotropic atmospheric conditions have been studied in [24]. Subse-
quently, Maleki et al. showed that among isotropic models the most ac-
curate is the Liu-Jordan model [25]. Following similar lines, the re-
search reported by [26] for the estimation of UVER on several planes
also concluded that the isotropic model does not present significant dif-
ferences compared to the rest of the models despite using fewer para-
meters. The isotropic model employs the most straightforward repre-
sentation of diffuse radiation, assuming its homogenous distribution
across the sky [23]. This assumption is particularly valid in the UVR
spectral range, as several studies have shown that diffuse sky radiance
tends to be more isotropic in the UVR than at longer wavelengths. This
is mainly due to Rayleigh scattering, which dominates in the UVR and
exhibits an almost isotropic spatial distribution, unlike aerosol scatter-
ing, which is highly anisotropic and becomes more relevant at longer
wavelengths [27-29]. Conversely, as UVR undergoes the significant
scattering in the Earth's atmosphere, attributing an isotropic character
to solar radiation in this spectral range is a valid approximation.

The estimation of the tilt angle using modelling has been conducted
by numerous researchers in countries such as India [23,30], the United
Arab Emirates [31,32], Espafa [26,33], Turkey [34,35], Saudi Arabia
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[36,37], Africa [38], Brazil [39], India [24] and Chile [40]. In contrast
to the UVR spectral range, there is an abundance of databases on solar
global irradiance at different tilt angles in the visible and near-infrared,
due to the proliferation of solar energy plants. In general terms, an ori-
entation towards the Equator and a fixed tilt angle of § (tilt) = ¢ (lati-
tude) is usually recommended [41] which yields acceptable accuracy
[42,43], but the optimal tilt angle is also influenced by the local climate
which is why it is not always equal to the latitude [44]. Generalized
rules of thumb, such as setting the tilt equal to latitude or adjusting
by = 10-20°, may not always be accurate. Kallioglu et al. [35] men-
tioned that for Mugla (37.20° N-28.37° E), Turkey found the best annual
angle was 32.25°. Therefore, on occasion, the tilt angle could be differ-
ent in some grades to latitude. Another study mentioned the optimiza-
tion of solar panel angles for maximum solar efficiency. Ref [18] fo-
cused on the impact of solar panel angles on productivity in Belgrade,
Serbia. They found that adjusting the tilt angle could lead to significant
increases in productivity, ranging from 5.98 % annually to 15.42 %
monthly. Related to the UVR band, some authors such as [26] and
[45,46] modeled UVER on inclined planes and demonstrated that the
intensity of UVR at different inclination angles is different.

Serrano et al. [47] estimated the UVI for two tilted planes with dif-
ferent orientations. They concluded that their approach provided a
good estimate of the UVI, compared to experimental values, in 99 % of
cases. Other research [33] analyzed four years of solar UVR measure-
ments performed on tilted and horizontal planes at Plataforma Solar de
Almeria, Spain, for solar water treatment. The authors demonstrated
that a photoreactor tilted to 37° (local latitude) and facing south will re-
ceive annually about 3-4 % more UVR energy than a horizontal plane.
However, they also showed that the optimal tilt angle varies between
14° (June) and 60° (December), suggesting a monthly tilt adjustment to
maximize the UVR exposure of the water treatment system.

In developing countries such as Chile, access to clean water can be a
challenge, especially in arid and semi-arid areas. Furthermore, several
studies have recognized contamination in various surface water bodies
throughout the country [48-50]. Given the importance of UVR in water
treatment and the geographical diversity of Chile, it is crucial to re-
search UVR resources and the optimal tilt angle for solar applications.
In Chile, the estimation or measurement of solar radiation, which is es-
sential for UVR water treatment, is typically done on a horizontal plane
[9,51,52]. However, few studies have reported UVR on inclined sur-
faces. In addition, there is limited work in determining the optimum an-
gle of inclination to improve the UVR gains in solar water collectors.
The country's diverse geography, ranging from the Atacama Desert in
the north to the extended forests and lakes in the south, offers a wide
range of solar radiation conditions that can be used to develop new
models to estimate the optimal tilt angle for solar collectors. This will
not only improve the efficiency of solar water treatment systems, but it
will also contribute to the country's sustainable development goals.

In this context, this study aims to address the following research
question: What is the optimal tilt angle that maximizes UVR capture in
solar photoreactors for water treatment in different regions of Chile?
Furthermore, can empirical models be developed to estimate this angle
based on local climate variables?

This research is based on the hypothesis that the optimal tilt angle
for solar photoreactors does not necessarily coincide with the site’s lati-
tude and that empirical models can provide a more accurate estimation
by accounting for geographical and seasonal variability.

Under this general perspective, the objectives of this study include
(i) to determine the monthly, seasonal, and yearly optimum tilt angles
and UVR energy gains in different cities of Chile and (ii) to develop em-
pirical models to calculate the monthly and annual optimum tilt angle
for any Chilean region, and (iii) to explore the implication of the tilt an-
gle of photoreactors on the operational flexibility and efficiency of solar
water treatments. This paper analyses the potential of solar UVR for the
integration of water treatment technologies in Chilean cities (located
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between —18.44°S and —41.41°S latitude), considering different instal-
lation configurations to improve their efficiency (UVR energy gains).
The optimization of tilt angle in solar photoreactors represents a novel
and significant contribution to the field of solar energy utilization.
Some novel contributions are: (1) By optimizing the tilt angle, solar
photoreactors can maximize the capture of UVR, which is crucial for ef-
fective water treatment processes. This enhancement in energy capture
directly translates to improved system efficiency and performance. (2)
The ability to adjust the tilt angle dynamically allows solar photoreac-
tors to adapt to changing environmental conditions, such as monthly/
seasonal variations in solar declination and local weather patterns. This
adaptability ensures consistent system performance and reliability. (3)
By maximizing solar radiation capture, optimized tilt angles reduce the
need for auxiliary energy inputs, thereby increasing the overall energy
efficiency of the system. This efficiency gain is particularly important in
regions with limited solar resources. (4) By enhancing the performance
of solar water treatment systems, optimized tilt angles contribute to en-
vironmental sustainability. These systems offer a renewable and clean
energy solution for water treatment, reducing reliance on fossil fuels
and minimizing environmental impact. So, by enhancing energy cap-
ture, improving system efficiency, and promoting sustainability, opti-
mized tilt angles offer a promising pathway for advancing solar water
treatment technologies. Continued research and innovation in this area
hold the potential to drive further advancements and broaden the im-
pact of solar photoreactors in addressing global water treatment chal-
lenges.

2. Materials and methods

This section is devoted to a detailed exposition of the fundamental
elements and procedures that were utilised in the course of the re-
search.

2.1. Locations of study

Chile is 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 (Fig. 1a). Throughout
the year, the territory receives a good amount of solar radiation, espe-
cially in the Northern regions (Atacama Desert). Generally, Chile re-
ceives from the Sun between 900-2200 kWh,/m? annually [31] For this
study, 6 Chilean communities between 18°S and 41°S South latitudes
were selected. From north to south: (Fig. 1b) Arica, (Fig. 1c) Antofa-
gasta, (Fig. 1d) Santiago, (Fig. 1e) Concepcion, (Fig. 1f) Temuco, and
(Fig. 1g) Puerto Montt. The criteria for selecting the locations were
based on adequate spacing to cover a range of latitudes including popu-
lated areas with industrial and economic activities with different en-
ergy needs in terms of access, costs, and demand. In addition, it cap-
tured the climate variations throughout the territory. Table 1 shows the
exact location of the Chilean cities, population, and climate types.

2.2. Databases

The Angstrom Beta parameter, and Water Vapour (WV, cm) and ra-
diometric UVR data were obtained from SoDa Services (https://
www.soda-pro.com/soda-products) [53,54]. This service delivers typi-
cal values for UVR-A and UVR-B based on climatological data under all
sky conditions [53]. The UVR data are derived from the HelioClim-1
and HelioClim-2 satellite databases, with HelioClim-1 covering the pe-
riod 1985-2005 and HelioClim-2 providing data from February 2004
onwards. The dataset has been validated through comparisons with
ground-based measurements from the Baseline Surface Radiation Net-
work (BSRN) and meteorological networks of the World Meteorological
Organization (WMO)] [55-57]. UVR values are available at monthly,
daily, and hourly resolutions, with a spatial resolution of approximately
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Fig. 1. (a) Location of Chile in South America with topographic profile, zoom of sites selected (b) Arica, (c) Antofagasta, (d) Santiago, (e) Concepcion, (f) Temuco
and (g) Puerto Montt. A star represents the location. The shapefiles were obtained from the Ministry of National Assets, Geospatial Data Infrastructure (IDE, http://

www.ide.cl/).

50 x 50 km? for daily irradiance data prior to 2004. This service deliv-
ers typical values for UVR-A and UVR-B based on climatological data
(1961-1990) under all sky conditions [41]. A typical mean year was
used, which is relevant since the data have considerable inter-annual
UVR variability. This UVR dataset has been used by other researchers to
estimate UVR daily doses [58], and testing and validation of the new

solar models [59]. Then, the sum of UVR-A and UVR-B bands over a
horizontal plane for six Chilean cities with different climatological con-
ditions was calculated. The stratospheric ozone concentration in Dob-
son Units (DU) during the 1960-2020 period was obtained from NASA
(https://ozonewatch.gsfc.nasa.gov/). Clouds are one of the major mod-
ulators of UVR, especially in mid-latitude. For that, the cloud frequency
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Table 1
Features of the study locations.
Site Latitude Longitude Altitude Climate type” Region Populationb
@°S) W) (m.a.s.l) (hab)

Arica -18.44 -70.21 5 Cold/Hot desert Arica-Parinacota 226,068
Antofagasta -23.59 -70.39 150 Antofagasta 607,534
Santiago -33.49 -70.73 500 Mediterranean Metropolitan 7, 112.808
Concepcion -36.73 -72.46 121 Biobio 2,037.414
Temuco -38.68 -72.60 360 Araucania 957,224
Puerto Montt —41.41 -72.92 105 Temperate rainy Los Lagos 828,708

a Koppen-Geiger climate classification
b hab «Plantilla Censo 2017».

is estimated as the ratio of the number of cloudy bins to the total bins
scanned by CloudSat Calipso (Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations) satellite considering a period of ob-
servation from 1983 to 2015 [60]. The lidar is near-nadir pointing and
provides measurements at a vertical resolution of 60 m and a horizontal
resolution of 330 m. CALIPSO orbits Earth about 16 times a day and a
near-global coverage of 82°N-82°S [61].

2.3. UVR modeling on tilted surfaces and gains

The estimation of incident UVR on tilted surfaces is necessary to op-
timize the efficient use of the incoming radiation. The amount of solar
energy received on a surface depends on the local sky conditions, but
also on the latitude (¢), the day of the year (n), the tilt angle (p), the az-
imuth angle of the surface (y), the time during the day (hour angle, ),
and the solar incidence angle of the radiarion beam (0). By optimizing
the configuration factors, of the photoreactor, the amount of UVR en-
ergy received on their surface can be maximized thereby improving the
efficiency of solar energy systems. Usually, global UVR (UVRg, in
Wh/m?) is measured or estimated in a horizontal plane. To convert
UVRg to different tilt angles the methodology for broadband radiation
described in [31] was used. The total irradiance received on a plane
with given tilt (p) and azimuth (y) angles, can be expressed as the sum
of three terms: UVR direct (UVRgp), diffuse UVR (UVRyip) and re-
flected UVR by the ground (UVR;p), in the absence of nearby bodies:

UVRy, = UVRy; 5, + UVRgirp, + UVR g, €))

The first term, corresponding to the direct UVR, is given by the geomet-
ric relationship:

UVRg;. 5 = UVRy, ,cos6 2

where, UVRy, is the direct UVR incident on a plane normal to the sun
rays, and theta (0) is the angle between the direct beam of the sun and
the normal to the tilted plane of interest.. On the other hand, if the
albedo is considered isotropic on a tilted plane [62], the UVRgirg and
UVR,; are calculated as:

UVRgirp = %p - UVR, (1 + cosf) (3a)

UVR, = %p - UVR, (1 = cosf) (3b)

where, UVRq is the global UVR received on a horizontal plane and p is
the ground albedo that in this work has a constant value of 0.2. The
monthly, season and annual UVR received by a fixed surface with dif-
ferent tilts and orientations ( and vy, respectively) were calculated for
each site selected. To have enough data to allow an accurate chart, the
following scheme was conceived: The orientation corresponds to the az-
imuthal angle starting from the cardinal point north (180°) and increas-
ing clockwise from 30° in steps of 30°. The tilt angle was positioned
from completely horizontal (0°) to completely vertical (90°) and calcu-

lated every 1°. The figures were generated using the graphic software
OriginPro 2023b (64-bit) SR110.0.5.157 (Academic). The percentage
gain (AE,%) on a monthly, seasonal and annual basis was calculated us-
ing Equation 4 [30]. Relating the availability of UVRg on an optimally
inclined surface compared to the horizontal surface [30]

UVR
B lp=

AE (%) = %-1 % 100 )
T’ﬁ:OO

where i = monthly, seasonal, and annual

2.4. Correlation functions

To calculate the average optimal slope angle according to latitude and UVR data 15 empirical
models were adjusted developed. They are related to the optimization of the tilt angle for the
harvesting of higher UVR energy in several Chilean latitudes. The correlation functions developed
were subjected to statistical analysis. Seven different statistical indicators were used, coefficient of
determination (R ), mean absolute error percentage (MAPE, %), sum square relative error (SSRE,

degree), relative standard error (RSE, degree), mean bias error (MBE, degree), relative error (RE,
degree) and root mean bias error (RMSE, degree) [63]. Equatlons 5-11 represent the
statistical indicators used.

2

R = ZLI (0i _5> (Pi _F) (5)
N Zwn 2
\/Zi:l(oi - 0) Zi:l (Pi - P)

MAPE = % . Oio_ipi‘ (6)

i

n _ . 2

SSRE = )’ <0"0 P’) @)
i=1

(€))

©)

(10)

1 2
RMSE = \/;Zi=l(P,- -0) (1n

Where Pi and Oi represent the modeled and observed values, n rep-
resents the number of observations and () is the arithmetic mean of the
observations. The results obtained were compared with previous stud-
ies developed in the Southern Hemisphere.
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2.5. Kinetic model

The photo-Fenton kinetic model was originally developed by Cabr-
era-Reina et al. [64]. It is based on the reactions and mass balances of
the most relevant components of the process, and has been used for sim-
ulating solar wastewater treatment. With temperature and UVR (ambi-
ent conditions) as inputs, this model can predict the treatment time
(tireatmeny) Tequired to achieve a specific decontamination level. Thus,
since this work focuses on developing an empirical model for predicting
UVR at different tilt angles, the newly available data will enable the ki-
netic model to evaluate the impact of the photoreactor's tilt angle on
treatment efficiency. Although changes in the system's tilt angle do not
affect acquisition costs, selecting an appropriate tilt angle can enhance
the treatment efficiency and potentially reduce operational and total
costs. Additionally, available temperature records can be incorporated
into the model to adjust the kinetic constants of the reactions, following
Arrhenius-type equations. The significant impact of temperature on
photo-Fenton process efficiency is well-known: in general, increasing
the operational temperature raises the kinetic constants and, conse-
quently, the reaction rates [65]. However, there is an upper tempera-
ture threshold beyond which iron precipitation is favored, leading to re-
duced treatment efficiency [66]. Fortunately, this threshold is typically
well above ambient temperatures. This study chose wastewater conta-
minated with paracetamol at a concentration of 100 mg L! total or-
ganic carbon (TOC) as the model wastewater. The target mineralization
level was set at 75 %, and the daily treatment volume was 100 m%. UVR
data from the previous modelling was used, while temperature data

0,03 —

Solar Energy xxx (xxxx) 113521

was obtained from [64]. Once the treatment time under the correspond-
ing ambient conditions is determined by simulation, the number of
batches (Ny,,cnes) that can be processed within a given period is calcu-
lated by dividing the number of sun hours for this period (W) by the
treatment time. Finally, the photoreactor size can be determined by di-
viding the volume of wastewater to be treated during this period by the
number of batches that can be processed. Treatment capacity (TC), de-
fined as the volume of water that can be treated per month or year, can
be obtained by multiplying the photoreactor volume by the number of
batches that can be carried out during the corresponding period.

w

Nbatches = (12)
Ttreatment
V. .
objective
Vphotareactor = N, (13)
batches
TC=N, batches * Vphotoreactor 14

3. Results and discussion
3.1. Atmospheric parameters

UVR values depend on local atmospheric and weather conditions,
making it crucial to study the specific characteristics of the location of
interest. Fig. 2 illustrates the resulting values of the beta Angstrom pa-
rameter (beta, without units), stratospheric ozone content (in Dobson
Units, DU), and water vapor (WV, in cm) for the study sites: Arica,
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Fig. 2. Climatological values of (a) Beta, (b) Stratospheric ozone content, (c) Water vapour, and (d) Cloud frequency including height in km for each location under

study.
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Antofagasta, Santiago, Concepcién, Temuco, and Puerto Montt. It also
shows the frequency of cloud occurrence, including height in km, as a
function of latitude from 15°S to 55°S. Please note that the range of lati-
tudes considered in this study is from —18.5° in Arica to —41.41° in
Puerto Mont. As illustrated in Fig. 2d, there is a marked increase in the
presence of clouds south of —30°. This coincides with the boundary of
the Atacama Desert. Below —30°, the frequency of occurrence of cirrus,
cirrostratus, and cirrocumulus above 5 km increases. Their presence is
approximately 35 %. The presence of clouds increases for more
southerly latitudes, as well as their occurrence at lower altitudes. It
should be noted that stratus, stratocumulus, and cumulus clouds form
below 2 km with a frequency of occurrence of more than 60 % at lati-
tudes around 55°S. However, this latitude corresponds to the Magal-
lanes and Antarctic region, which is outside the scope of this study.

As illustrated in Fig. 2d, the Atacama Desert, located north of —30°
latitude, experiences a scarcity of clouds, except for formations below
one kilometer. These clouds are of the stratus and stratocumulus variety
and are formed in the coastal zone. The orography of the Atacama
Desert in Chile coastal mountains at west and Andes mountains at the
east, acts as a climatic screen, preventing these types of clouds from
passing into the interior of the desert [67]. The coastal and Andes
Mountain ranges exert a significant influence on the low cloud presence
and high solar resource of the Atacama Desert, with an annual solar re-
source of over 2500 kW h/m? [68]. The values of the Angstrom beta,
ozone, and water vapor parameters shown in Fig. 2 a, b, and c, respec-
tively, demonstrate seasonal behavior. In general, stratospheric ozone
levels (Fig. 2 b) are lower in the northernmost locations, especially in
Arica and Antofagasta, located in the Atacama Desert, with a minimum
of 220 DU. This corresponds to higher levels of UVR. These values in-
crease during the spring months and exceed 315 DU at sites in Concep-
cién, Temuco, and Puerto Montt. Atmospheric turbidity, indicated by
the values of the Angstrom beta parameter (Fig. 2a), shows its mini-
mum values in winter, close to 0, with the highest values always for the
localities of the Atacama Desert, reaching values of 0.16 in Arica in
summer. The atmospheric water content has maximum values in sum-
mer, 3.6 cm and 2.6 cm for Arica and Antofagasta, respectively. It
shows its minimum values in winter, reaching 1.2 cm for Puerto Montt
in July.

3.2. Monthly horizontal analysis

Selecting North-facing for all cities, the UVRﬁ=0° values in Whm™2
per month under all sky conditions on the horizontal surface (§ = 0°)
were calculated. This data can be used as a baseline to compare UVR
values on tilted surfaces. Table 2 shows the data of UVR obtained. It is
seen that the summer season (Dec, Jan, Feb) in Arica receives a huge
amount of UVR with a maximum value observed in January (436
Whm™2 month). The minimum values are reported in the winter season
(Jun, Jul, Aug) in Temuco obtained in June/July (68.78 Whm ™2
month). Arica, which likely has a location closer to the equator receives
a high amount of UVR. This makes sense as the sun is at its highest point
in the sky during these months, leading to more direct sunlight and thus
more UVR. In the south-central regions of Chile, such as Santiago and

Table 2
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Concepcion, UVR levels can also be high (411.00 and 417.51 Whm™2
month), especially during the summer months. However, during the
winter months, UVR levels are usually lower for Puerto Montt (70.47
Whm~2 month) and Temuco (68.78 Whm~2 month). The factors pre-
sented in section 3.1 stratospheric ozone, clouds, and latitude deter-
mine the spatial-temporal distribution of UVR at the surface, and the
results presented here are influenced by these factors.

3.3. Optimum monthly, seasonal, and annual tilt angles

Table 3 and Fig. 3 shows the monthly, seasonal, and annual opti-
mum tilt angles for the selected locations. The optimum angle varies
depending on the geographical location and the time of year. In Chile,
these adjustments are significant due to the country's wide range of lat-
itudes. The data from Chilean cities shows that the optimum tilt angle
is different across the country. In the southern cities, the sun is lower in
the sky and the days are shorter in winter, which means that a steeper
tilt angle is needed to capture as much sunlight as possible. This is re-
flected in the data, which shows higher optimum tilt angles in the
southern cities during the winter months. Monthly optimum angles in
winter months ranged from 30°-38° (Arica) to 35°-44° (Puerto Montt).
The annual optimum angle for each city was 25° (Arica), 27° (Antofa-
gasta), 29° (Santiago), 30° (Concepcion), 28° (Temuco), and 31°
(Puerto Montt). Interestingly, the data suggests that in the northern
cities of Chile, the annual optimal tilt angle is close to the local latitude
— 4°, as seen in Antofagasta. However, in the southern cities, the differ-
ence between the optimal tilt angle and the latitude increases, with
Puerto Montt showing a difference of + 10°. This could be due to the
increased incidence of cloud cover and lower solar radiation levels in
the southern regions.

3.4. Monthly, season and yearly UVR values using optimum tilt angles and
gains

Table 4 shows the UVR estimated for NW-facing surfaces using
monthly, seasonal, and annual optimum tilt angles. After analyzing the
results, it is evident that adjusting the solar collector tilt angles based
on the specific month, season, and yearly can optimize the benefits of
UVR. The values of UVR at monthly, seasonal, and annual using opti-
mum tilt angles were observed to be maximum from October to Febru-
ary for all cities. These months correspond to the spring and summer
seasons in the Southern Hemisphere when the sun is at its highest point
in the sky and solar radiation is at its maximum. The city of Arica pre-
sented the highest monthly, seasonal and annual maximum values of
UVR, corresponding to 447.45 Whm™2, 430.86 Whm™2 and 357.62
Whm™2, using what is considered to be the optimum tilt angle for Janu-
ary, Summer and yearly. The lowest maximum monthly UVR values of
82.69 Whm™2 and 91.71 Whm™2 (June month) were estimated for
Temuco and Puerto Montt. If considering fixed yearly optimum tilt an-
gle the maximum values of UVR with fixed yearly optimum tilt angle
were observed in Arica (356.85 Whm™2), Antofagasta (327.32 Whm™2),
Concepcién (265.91 Whm~2) and Santiago (264.41Whm~2-), with the
lowest value observed in Temuco (273.91Whm~2month) and Puerto

Monthly UVRﬁ:(f values in Whm ™2 under all sky conditions in the horizontal surface at North-facing.

Cities Month
Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
Arica 428.74 436.13 407.04 360.70 328.11 235.91 206.41 210.54 251.02 314.60 389.71 435.78
Antofagasta 418.36 415.72 374.25 353.22 260.95 198.30 176.22 183.76 223.18 281.76 353.07 405.84
Santiago 411.00 411.73 354.07 284.82 196.15 115.20 77.94 95.64 135.37 172.68 291.19 373.45
Concepcion 417.51 415.51 345.69 281.73 182.41 104.25 82.06 86.49 136.06 211.63 304.05 364.38
Temuco 366.50 378.93 352.82 265.34 158.98 89.68 68.78 74.44 115.96 176.48 264.23 314.93
Puerto Montt 366.84 348.97 299.95 234.39 151.66 84.19 70.47 74.87 116.57 180.27 262.90 316.74
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Table 3
Monthly, seasonal, and annual optimum tilt angles for the selected locations.
Cities Months

Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
Arica 8° 14° 18" 28" 30° 33° 38 34° 30° 27° 21° 14°

Antofagasta 16° 14° 19° 27° 30° 39° 40° 38 31° 28 22° 14°
Santiago 21° 22° 31° 35° 37° 37° 36° 35° 30° 24° 21° 19°
Concepcion  22° 24° 30° 37° 38 37° 38 36° 31° 24° 21° 21°

Temuco 22° 24° 31° 34" 32° 31° 30° 33 29° 24° 22° 21°
Puerto 21° 22° 24° 33° 37° 39° 44° 42° 35° 33" 24° 22°
Montt
Seasons

Summer Autumn Winter Spring
Arica 14° 29° 34° 21°
Antofagasta  14° 31° 36° 21°
Santiago 14° 31° 36° 21°
Concepcion  21° 33° 36° 24°
Temuco 21° 33° 36° 24°
Puerto 22° 35° 40° 24°
Montt
Annually
Arica 25°

Antofagasta 27°
Santiago 29°
Concepcion  30°

Temuco 28°
Puerto 31°
Montt

Montt (227.82 Whm™2). This discrepancy may be attributed to the
varying geographical locations and climatic conditions of these cities
(see Fig. 2). Additionally, the findings indicate that the estimated an-
nual average UVR at the optimal seasonal and annual tilt angles is
lower than the estimated annual average UVR at the optimal monthly
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tilt angle. This implies that adjusting the tilt angle of solar panels on a
monthly basis could potentially enhance the UVR harvest.

Table 5 shows the percentage change (AE, %) upon monthly, sea-
son, and yearly tilt adjustments. It is evident from the results shown in
Table 5 that the monthly adjusted tilt angle provides the highest aver-
age energy gain followed by the seasonal adjustments. The study also
found that the yearly tilt adjustment provided the least amount of en-
ergy gain. This is because the yearly tilt adjustment does not consider
the changes in solar radiation throughout the year, leading to less effi-
cient use of solar energy. The percentage gain in annual average total
UVR on monthly optimum tilt angle in comparison to a horizontal sur-
face ranged between 1.83 %-30.13 % for Arica and Puerto Montt.
This is due to the large diffuse component in the UVR range, a product
of large Rayleigh scattering and aerosol absorption. It is therefore rec-
ommended that, whenever possible, the tilt angle of the solar photore-
actors should be adjusted according to the monthly or seasonal tilt an-
gles to make the best use of the available solar energy. This recom-
mendation is further substantiated by the findings of [33].

3.5. Correlation functions

Twelve mathematical relations have been developed to provide the
monthly optimum panel tilt angle specific to the Chilean territory. The
optimum tilt angle (fopt.) is obtained from the relationships between
latitude and UVR. This functional dependency is usually best expressed
by multivariate non-linear equations [69]. The equation developed
analyses two independent variables in the form of quadratic nonlinear
regression equation. Different correlation functions were derived by ap-
plying multiple regression analysis to obtain a regression plane for the
two-dimensional case. As illustrated in Fig. 4, the monthly correlation
graphs of the models developed for the estimation of the monthly panel
tilt angle for Chilean territory are displayed. The sharp transitions in
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Table 4
Total UVR values in Whm ™2 for North-facing surfaces at monthly, seasonal, and annual optimum tilt angles.
Arica Antofagasta Santiago
Monthly Seasonal Annual Monthly Seasonal Annual Monthly Seasonal Annual
Dec 5.51 433.42 356.85 432.63 423.09 327.32 429.08 414.81 264.41
Jan 447.45 435.57 434.67
Feb 421.92 392.37 377.02
Mar 394.39 385.07 386.20 306.25 320.88 229.45
Apr 379.79 298.15 229.59
May 273.36 236.65 137.90
Jun 241.71 255.59 211.08 226.67 95.38 121.77
Jul 242.34 215.60 114.15
Aug 286.19 253.89 154.95
Sep 344.29 424.03 314.07 368.25 194.65 206.53
Oct 408.33 372.35 312.65
Nov 443.74 424.49 395.21
Concepcién Temuco Puerto Montt
Monthly Seasonal Annual Monthly Seasonal Annual Monthly Seasonal Annual
Dec 434.69 418.77 265.91 378.99 388.13 273.91 381.85 359.24 227.82
Jan 439.62 399.65 365.86
Feb 378.04 385.48 326.89
Mar 314.96 219.17 300.82 198.11 265.79 182.13
Apr 215.58 186.50 177.64
May 126.85 106.64 102.83
Jun 97.18 119.70 82.69 102.06 91.71 106.84
Jul 104.01 89.49 94.40
Aug 157.19 133.37 133.91
Sep 237.01 317.07 196.70 271.36 206.02 274.78
Oct 329.70 285.01 286.03
Nov 384.09 331.90 331.93
Table 5
The percentage change (AE, %) upon monthly, season, and annual tilt adjusted.
Arica Antofagasta Santiago
Monthly Seasonal Annual Monthly Seasonal Annual Monthly Seasonal Annual
Dec 3.91 2.09 7.08 3.41 5.04 7.89 4.40 5.40 8.91
Jan 2.60 4.78 5.57
Feb 3.66 4.81 6.48
Mar 9.11 11.72 9.33 13.08 12.66 15.45
Apr 15.75 14.26 17.05
May 15.87 18.83 19.70
Jun 17.10 14.70 19.78 16.60 22.38 17.94
Jul 15.11 19.78 19.36
Aug 14.01 13.76 14.46
Sep 9.44 2.83 11.47 6.33 12.72 10.65
Oct 4.78 5.46 7.37
Nov 1.83 4.61 5.83
Concepcién Temuco Puerto Montt
Monthly Seasonal Annual Monthly Seasonal Annual Monthly Seasonal Annual
Dec 4.12 6.16 9.04 3.41 5.89 9.01 4.09 5.70 9.23
Jan 5.80 5.47 4.84
Feb 9.36 9.25 8.98
Mar 11.79 15.63 13.37 15.54 13.40 16.15
Apr 18.18 17.31 17.13
May 21.69 18.91 22.14
Jun 18.42 17.64 20.21 17.87 30.13 22.12
Jul 20.26 20.22 26.09
Aug 15.53 15.01 14.88
Sep 11.99 8.04 11.46 7.67 14.28 8.43
Oct 8.44 7.86 8.79
Nov 5.41 5.39 4.79

the graph are due to the sudden changes in the optimum tilt angle in the validity of these results extends to all the regions that have been stud-
geographical region where the calculations are made. Specifically, fluc- ied..

tuations in the optimum panel tilt angle at certain latitudes can be at- The second-order multiple quadratic equations developed for Janu-
tributed to solar declination and the regional distribution of solar radia- ary to December are shown below respectively.

tion, which is contingent on atmospheric conditions. The analyses con-
ducted permit the estimation of the monthly optimum tilt angle be-
tween latitudes —18.44°S and —41.41°S. It is important to note that the

Popr. = —861.6 — 10.77 () + 3.311 (UVR) — 0.01898 (@)

14
— 0.003097 (UVR)? + 0.02133 (¢) x UVR a9
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Fig. 4. Correlation functions provide monthly optimum tilt angles for Chilean territory. a) December, b) January, c¢) February, d) March, e) April, f) May, g) June, h)
July, i) August, j) September, k) October, and 1) November.

Bopr = 34.66 — 11.60(¢) — 1.471 (UVR) — 0.1302 (¢h)>

(15)  Porr=4351 + 1464(¢) ~ 1937(UVR) + 1.225 (>
+ 0.002762 (UVR)? + 0.006037 () X UVR

+ 0.02137 (UVR)? — 0.3335($) X (UVR) an
Bopr = 6467 + 154.1 (¢) — 26.54 (UVR) + 0.9011 ()2 (16)  Porr.=19526 + 698.1(¢) ~ 130.6(UVR) + 6.182 (@)? as)
+ 0.02706 (UVR)? — 0.3234 (¢) x UVR + 0.2102 (UVR)? — 2.387 (¢) x (UVR)

10



L. Gonzdlez-Rodriguez et al.

Bopr =331.9 + 30.02($) + 5.143 (UVR) + 0.4607 ()

— 0.01941 (UVR)? + 0.03451 (¢) X (UVR) 19

Bopr = —46.41 + 4.460 () + 2211 (UVR) + 0.1076 () 20)
— 0.006516 (UVR)? + 0.01306 () X (UVR)

Bopr. = 1222 + 44.68 (¢) — 6.166 (UVR) + 0.4151 () @1
+ 0.007921 (UVR)? — 0.1166 (¢) x UVR

Bopr. = =52.29 + 26.54(¢) + 5.823 (UVR) + 0.4055 (¢h)> 22)
~ 0.01309 (UVR)? + 0.01812 () X (UVR)

Bopr. = —10881 — 266.4 (¢) + 41.84 UVR — 1.659 ()2 23)
— 0.04033 (UVR)? + 0.5048 (¢) X (UVR)

Bopr. = —125.0 — 6.672 () + 0.07195 (UVR) — 0.04613 (¢)> 24
+ 0.000343 (UVR)? + 0.008186 () X (UVR)

Bopr = —209.1 + 22.44($p) + 3.326 (UVR) + 0.07374 () (25)

— 0.006352 (UVR)? — 0.04396 (¢) X (UVR)

In this study, statistical methods were employed to examine the re-
lationship between the prediction results of the models developed for
the Chilean region and the calculated values, which were derived from
satellite data. This analysis aimed to assess the accuracy and reliability
of the models by comparing their outputs with empirically obtained
values, thereby providing a comprehensive evaluation of their predic-
tive performance. As demonstrated in Table 6, all models exhibit R? val-
ues that are closely approximately by 1 signifyng a high degree of com-
patibility. Conversely, the remaining statistical methods demonstrate a
proximity to 0, indicating that they are generally at statistically accept-
able levels.. The best and the worst monthly prediction models were
found for July-Eq.20 and May-Eq.18, respectively.

Table 7 shows that all models have a high predictive power when
analyzed regionally. Temuco (—38.68° S) has the closest results to the
calculated values with an error rate of 1.26 %, while Antofagasta
(-23.59° S) has the worst representativeness with an average of
3.97 %. However, the annual average relative error rates for all regions
are less than 5 %, which is ideal.

There is limited work in the Southern Hemisphere to statistically
compare monthly values. However, the optimal annual tilt angle value
can be obtained by comparing other models in the literature. Then, to
generalize the results, correlations have been formulated for the annual
optimum tilt angle in the six Chilean communities under study. Annual
optimum tilt angles can be represented as a function of the latitude as
shown in Fig. 5. Equations 26 to 28 represent linear, second-degree
polynomial (quadratic) and third-degree polynomial (cubic) mathemat-
ical models, respectively.

Bopr. = —1.2404(d) + 20.473 26)
Bopr, = 0.0024($p)* + 0.3844(¢p) + 18.512 @27)
Bopr. = —0.0011($)> = 0.101(¢p)* — 3.2647(P) + 8.1762 (28)

Using these mathematical models, it is possible to determine the opti-
mum tilt angle on an annual basis.
The mathematical models have been verified using various statistical tools and the

results are presented in Table 8. Equation 28 provides the most appropriate results in
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2
terms of R with a value of 0.8308. Equations 26 and 27 follow with lower R

values, respectively. Thevaluesofotherstatisticalresultsareclosetozeroandatreasonabledesirablelevels.
Several equations have been developed in the literature to deter-

mine the optimal tilt angle for solar panels based on latitude
[35,42,70]. The purpose of these equations is to calculate the annual
average optimal angle according to latitude data. Table 9 compares pre-
vious studies in the Southern Hemisphere with the values obtained in
the current study. Table 9 shows that the difference between the cur-
rent study's yearly optimum tilt angle and the reference values is in-
significant. The smallest deviation between the developed models and
the reference values was found in South Africa (Pretoria) with 0.18° us-
ing the quadratic model, while the largest deviation was found in Brazil
(Sao Paulo) with 10.06° using the cubic model. Therefore, when com-
paring the models developed with the previous reference values, the de-
viation was within an acceptable range for all regions.

3.6. The influence of photoreactor tilt angle selection in solar water
treatments

In the field of solar water treatment, the most extended system is the
tubular photoreactor including CPCs. These systems are often designed
with the CPC’s fixed tilt angle equal to local latitude, to maximize the
solar radiation captured for extended periods of operation. While this
design strategy is widely accepted and supported by scientific evidence,
as extensively described in [74], this study presents new data that al-
lows for a more comprehensive analysis.

The challenge of scaling up photoreactors has previously been ad-
dressed through simulation using kinetic models in which UVR and
temperature data as model input [5]. This helps predict process effi-
ciency in terms of treatment time, reagent consumption, and other key
factors [64]. Selecting the appropriate photoreactor size to treat a daily
volume of wastewater is challenging, as it depends on solar radiation
availability, which fluctuates significantly throughout the year [16]. Al-
though the system design can be based on the average annual UVR
value, this approach results in an oversized photoreactor for the spring/
summer months when more wastewater can be treated, and an under-
sized one for the autumn/winter months, leading to untreated waste-
water accumulation until the sunnier periods return. Alternatively, a
more conservative scale-up strategy involves designing the photoreac-
tor based on the lowest UVR month. While this simplifies plant opera-
tion — since only cloudy or rainy days would disrupt the process — it
also significantly increases the process costs, as the required photoreac-
tor size would be much larger (higher acquisition costs).

The use of UVR estimation models capable of predicting UVR at dif-
ferent tilt angles offers a powerful tool for optimizing photoreactor de-
sign on a local scale. Rather than using the local latitude as a fixed tilt
angle for solar CPC photoreactors, adjusting the tilt to the optimal angle
for months or seasons with lower UVR levels could improve treatment
efficiency during less favourable conditions. Although this approach
may slightly reduce efficiency during periods with the highest UVR, it
can help maintain more consistent treatment capacity, minimizing fluc-
tuations that could negatively affect the scale-up process of photoreac-
tors. In this context, four design alternatives for tilt angles are analyzed
using Arica city as an example: (i) the optimal tilt angle for June, the
month with the lowest average UVR of the year, (ii) the optimal tilt an-

Table 6
The outcome of the statistical indicators of the monthly mathematical models developed to estimate the optimal angle.

Statical Analysis Eq.14 Eq.15 Eq.16 Eq.17 Eq.18 Eq.19 Eq.20 Eq.21 Eq.22 Eq.23 Eq.24 Eq.25
R’ 0.9802 0.9956 0.9702 0.9801 0.9901 0.9945 0.9902 0.9976 0.9908 0.9924 0.9951 0.9911
MAPE 0.4165 0.3272 4.4092 1.8291 6.2816 0.3740 0.2100 0.9869 0.7483 3.9913 0.2030 0.9457
SSRE 0.0001 0.0001 0.0427 0.0021 0.0935 0.0001 0.0001 0.0006 0.0005 0.0127 0.0001 0.0006
RSE 0.0030 0.0032 0.0597 0.0134 0.0883 0.0028 0.0015 0.0070 0.0063 0.0325 0.0017 0.0068
MBE 0.0839 0.0555 —2.6938 -0.6106 4.4754 —-0.1407 0.0758 —-0.3051 —-0.2010 0.8859 —-0.0324 —-0.1659
RMSE 0.0868 0.0866 2.6963 0.6212 4.5151 0.1505 0.0773 0.3054 0.2430 1.0586 0.0356 0.1702
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Table 7
Relative error (%) and predicted monthly optimum tilt angles of the developed equations for six Chilean regions.
Cities Months
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
RE P RE P RE P RE P RE P RE P RE P RE P RE P RE P RE P RE P
Arica 0.3 14.0° 0.9 17.8° 8.9 30.5° 2.8 30.8° 16.6 27.5° 0.6 38.2° 0.3 33.9° 1.0 30.3° 1.6 27.4° 4.4 20.1° 6.7 13.1° 1.3 8.1°
Antofagasta 0.4 13.9° 0.6 18.9° 9.7 29.6° 8.9 32.7° 18.3 31.9° 0.5 40.2° 0.2 37.9° 0.9 31.3° 1.2 28.3° 5.9 20.7° 0.3 14.0° 0.8 16.1°
Santiago 0.4 21.9° 0.2 31.0° 7.7 37.7° 3.9 35.6° 8.5 33.9° 0.3 36.1° 0.2 34.9° 1.0 30.3° 0.4 24.1° 0.0 21.0° 0.2 19.0° 0.8 21.2°
Concepcion 0.4 23.9° 0.1 30.0° 7.5 39.8° 1.5 38.6° 7.1 34.4° 0.3 38.1° 0.2 35.9° 1.0 31.3° 4.8 25.2° 1.6 21.3° 4.6 20.0° 1.4 21.7°
Temuco 0.4 23.9° 0.1 31.0° 8.2 36.8° 1.6 32.5° 0.2 31.0° 0.3 30.1° 0.2 32.9° 1.1 29.3° 0.4 24.1° 1.7 21.6° 0.1 21.0° 0.9 222°
Puerto Montt 0.5 21.9° 0.2 24.0° 8.5 35.8° 1.4 37.5° 10.3 35.0° 0.2 44.1° 0.2 41.9° 0.9 35.3° 0.3 33.1° 6.4 22.5° 0.1 22.0° 1.0 21.2°

P: Predicted monthly optimum tilt angles.
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Table 8 gle for the entire winter period, (iii) the optimal tilt angle for the entire
Statistical analysis of the developed annual mathematical models. year, and (iv) the tilt angle corresponding to the local latitude (18°S),
Statistical Indicators Eq.26 Eq.27 Eq.28 which serves as the baseline for comparison, reflecting the current de-
sign strategy. The treatment time required to achieve a 75 % reduction

R 0.8059 0.8083 0.8308 in the initial TOC concentration of paracetamol-contaminated waste-

MAPE 26977 24735 3957 water under the four design alternatives described above was obtained

SSRE 0.0066 0. 0.0098 through simulation using the corresponding monthly UVR and temper-

RSE 0.0234 0.0231 0.0286 & § the corresponcing Y P

MBE —0.0011 0.0228 0.7220 ature average values, as outlined in Section 2.4.

RMSE 0.9782 0.9723 1.2342 The monthly variation in treatment time throughout the year is
shown in Fig. 6. As expected, regardless of the selected design strategy,
the treatment time fluctuates throughout the year, increasing during
the winter months and decreasing during the summer months. The re-
sults indicate that using the local latitude as the tilt angle leads to the

Table 9
Optimum tilt angle reported by previous studies and current research for South latitudes.
Location Previous Study Developed Models Previous Model
Country City Lat. Long. Reference Bopt: Linear Quadratic Cubic [42] [71] [35]

Brazil Brasilia -15.78 —47.89 [72] 20.00 24.27 23.98 22.51 17.72 17.94 12.37

Chile Arica -18.44 -70.21 Present Study 25.00 24.91 24.78 24.58 19.82 19.75 14.72

Brasil Sdo Paulo -23.54 —46.65 [72] 17.00 26.13 26.23 27.06 23.40 23.22 19.23

Chile Antofagasta -23.59 —-70.39 Present Study 27.00 26.14 26.24 27.07 22.00 23.25 19.27

South Africa Pretoria -25.74 28.18 [70] 27.00 26.66 26.82 27.70 24.80 24.72 21.18

Australia Brisbane —27.40 153.02 [73] 26.00 27.06 27.24 28.08 25.80 25.85 22.64

South Africa Vryheid -27.82 30.49 [70] 29.00 27.16 27.35 28.16 26.05 26.13 23.02

Richtersveld —28.56 16.76 26.00 27.34 27.53 28.31 26.48 26.64 23.67
Bloemfontein -29.11 26.18 28.00 27.47 27.67 28.41 26.80 27.01 24.16
Durban —29.87 30.97 29.00 27.65 27.85 28.54 27.24 27.53 24.83
Van Rhynsdorp -31.61 18.73 27.00 28.07 28.26 28.85 28.22 28.71 26.37
Graaff-Reinet -32.48 24.58 29.00 28.28 28.47 29.00 28.70 29.30 27.14

Chile Santiago -33.49 -70.73 Present Study 29.00 28.52 28.69 29.20 29.25 29.99 28.03

South Africa Stellenbosch -33.92 18.86 [70] 27.00 28.63 28.79 29.29 29.48 30.28 28.41

Chile Concepcion -36.73 —72.46 Present Study 30.00 29.30 29.39 29.99 31.00 32.19 30.90

Temuco —38.68 -72.60 28.00 29.77 29.79 30.65 32.05 33.52 32.62
Puerto Montt -41.41 ~72,92 31.00 30.43 30.31 31.93 33.54 35.38 35.04
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Fig. 6. Variation throughout the year in the treatment time required to decontaminate paracetamol-contaminated wastewater and the number of batches that can
be processed monthly, using the optimal tilt angles for June, winter, and the entire year, as well as the tilt angle corresponding to the local latitude.

highest treatment times for each month compared to the other design
options (specifically, between 0.04 and 0.07 h longer). The differences
among the other three design alternatives are minimal, with slight vari-
ations that do not significantly favour any one option. In this regard,
the small differences in UVR values have a reduced impact on process
efficiency due to the influence of temperature, which also plays an im-
portant role. The calculation of the number of batches processed each
month (available sun hours divided by treatment time, as shown in Eq.
12) follows a similar trend, though the differences between the local
latitude design option and the other alternatives become more pro-
nounced. Annually, while 2,520 batches can be processed with the local
latitude tilt angle, this number increases to 2,617, 2,620, and 2,625
batches for the designs based on the optimal tilt angles for June, winter,
and the entire year, respectively. Consequently, the importance of fine-
tuning the photoreactor tilt angle at the local level is demonstrated, un-
derscoring the value of developing accurate UVR models as the ones of
this work.

The next step was to calculate the monthly treatment capacity (m3
of wastewater that can be treated during a month) based on the selected
tilt angle and compare it to the treatment objective (m® of wastewater
that needs to be treated in the same month). The treatment capacity is
determined by multiplying the number of batches that can be carried
out by the photoreactor volume (Section 2.4). Two different methods
for calculating the photoreactor volume are available, as described in
the second paragraph of this section: (i) using the average annual UVR
value, or (ii) using the lowest average monthly UVR value. Since the
photoreactor volume also depends on the selected tilt angle, because it
affects the UVR values, but the comparison of treatment capacities re-
quires a fixed photoreactor size, the average photoreactor volume for
all four options was used to calculate the data presented in Figs. 7 and
8. Consequently, the photoreactor volumes were determined to be
14.1 m® when using the annual UVR value and 17.4 m® when using the
lowest average monthly UVR value.
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Using the photoreactor volume based on annual averages results in
scaling-up failure when the local latitude is used as the tilt angle (Fig.
7). This is the only design option where the balance between the excess
treatment capacity from October to April is significantly lower than the
reduced treatment capacity from May to September, leading to a waste-
water treatment deficit of more than 1,000 m>. Therefore, discarding
the local latitude as a tilt angle, the focus shifts to the June, winter, and
annual optimal tilt angles. While the differences between these options
are not very significant, there are some noteworthy aspects. The annual
balance between periods of excess and reduced treatment capacity
favours the design based on the optimal annual tilt angle. In this case,
424 extra batches are available compared to 354 and 312 extra batches
for the winter and June optimal tilt angles, respectively. On the other
hand, when comparing the difference between the highest and lowest
treatment capacities, the June optimal tilt angle is more favourable.
This suggests that fluctuations in treatment capacity are slightly
smoother with the June optimal tilt angle, followed by the winter opti-
mal tilt angle, and then the annual optimal tilt angle. This would lead to
a reduced need for wastewater storage during the winter period.

Using the photoreactor volume based on the lowest monthly UVR
values results in a similar analysis. While no advantage can be identi-
fied in using the local latitude as the photoreactor tilt angle, the differ-
ences among the other options are not significant. However, given that
no buffer tank (wastewater storage) is needed during the winter period
when using this photoreactor volume, the yearly optimal tilt angle
proves to be the best option. It provides an extra treatment capacity of
9,166 m°, compared to the 9,080 m? and 9,028 m® obtained with the
winter optimal tilt angle and June optimal tilt angle, respectively.

4. Limitations and future recommendation
As it was seen, the tilt angle determines the amount of UVR that the

photoreactor receives, which in turn influences the amount of energy it
can harvest. Therefore, finding the optimal tilt angle is essential for
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Fig. 7. Variation throughout the year in the difference between the monthly and annual treatment capacity and the objective treatment volume for the same period,
using the optimal tilt angles for June, winter, and the entire year, as well as the tilt angle corresponding to the local latitude (photoreactor volume: 14.1 m®).

maximizing the photochemical efficiency of solar photoreactors. The
results of this study contribute to the existing literature on the optimal
tilt angle for solar water collectors. Provides practical guidelines for in-
stalling solar-based technologies in different regions of the Southern
Hemisphere. However, it is important to note that the optimal tilt angle
can vary depending on other factors such as atmospheric conditions, lo-
cal weather patterns, and the specific design of the solar photoreactor
system which were not considered in this study and could potentially
influence UVR values.

In addition, modeling UVR using isotropic models involves several
limitations that can affect the accuracy of the results. For example, the
assumption does not consider the variability in atmospheric conditions,
such as cloud cover, aerosols, and atmospheric composition, which can
significantly alter the intensity and distribution of UVR. These factors
can cause spatial and temporal variations in UVR levels that isotropic
models may not accurately capture. Related to this, model input data
requirements may be based on simplified data inputs, which may limit
their ability to incorporate detailed environmental and atmospheric
data. This may result in models that are less sensitive to local variations
and specific conditions. Furthermore, assume that UVR is uniformly
distributed in all directions, which is a simplification that may not cap-
ture the complexities of real-world scenarios. Isotropic models fail to
account for the anisotropic nature of UVR. In reality, UVR is not uni-
formly distributed; it is often more intense in specific directions due to
factors such as the position of the sun, atmospheric conditions, and sur-
face reflections. This can lead to inaccuracies in predicting UVR expo-
sure, particularly in environments where directional distribution plays
a significant role.

To address these limitations, more sophisticated modeling ap-
proaches, such as radiative transfer models, anisotropic models or ma-
chine learning [5,24,44], can be employed. These models incorporate
detailed information about the directional distribution of UVR, atmos-
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pheric conditions, surface properties, and temporal variations, provid-
ing more accurate and realistic assessments of UVR exposure. Addition-
ally, validation against observational measurements can help refine
isotropic models and improve their reliability in specific applications.
Future research could focus on developing more sophisticated models
that consider other factors, such as the sun's angle [35], ground reflec-
tivity, topography [75] or atmospheric parameters that influenced the
UVR levels [52].

The result shown here assesses that the tilt angle affects the amount
of light that reaches the photoreactor, influencing the rate of the solar-
driven chemical reactions such as photocatalysis. For instance, it would
be interesting to investigate practical strategies for adjusting tilt angles
and how this could be incorporated into the design of adjustable solar
photoreactor systems. For smaller-scale or budget-constrained opera-
tions, manual adjustments can be a viable strategy. This involves peri-
odically changing the tilt angle based on the position of the sun and the
specific requirements of the photoreactor. In the case of large-scale, au-
tomated tracking systems can be employed to continuously adjust the
tilt angle of photoreactors to maximize light exposure throughout the
day. Systems combining automated and manual strategies can also offer
a balanced solution, providing some level of automation while keeping
costs manageable. In this regard, it is recommended to evaluate the po-
tential efficiency gains against the costs of implementing automated
systems. In the case of large-scale operations, the increased efficiency
may justify the higher costs. Also, ensure that the chosen system is reli-
able and that resources are available for its maintenance. Automated
systems require skilled maintenance, while manual systems rely on pe-
riodic human intervention. Therefore, the strategy selection for adjust-
ing tilt angles in photoreactors will depend on a comprehensive analy-
sis of the specific process requirements, cost considerations, and local
conditions.
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Additionally, further studies could explore the impact of different
solar photoreactor technologies on the optimal tilt angle. As photoreac-
tor designs and applications become increasingly diverse [76], under-
standing the interplay between technology-specific characteristics and
environmental factors is crucial for optimizing performance. The opti-
mal tilt angle for a photoreactor is influenced by factors such as light
capture efficiency, reactor geometry, and the specific photochemical or
photobiological processes involved. For example, CPCs generally have
higher light capture efficiency due to their concentrating ability, which
allows them to perform well even with suboptimal tilt angles. Raceway
reactors, on the other hand, benefit from maximizing surface exposure,
making tilt angle adjustments more critical. CPCs offer more flexibility
in terms of installation and operation due to their broad acceptance an-
gle. Raceway reactors require more careful consideration of tilt angles
to optimize light exposure and minimize shading effects. Adjusting tilt
angles in CPC systems may involve more complex mechanisms due to
their concentrating optics, whereas raceway reactors can be adjusted
more simply but may require more frequent changes to account for sea-
sonal variations. In this regard, studies are recommended to determine
the optimal tilt angles for both CPCs and raceway reactors in different
geographical locations, considering variations in solar path and inten-
sity. In addition, explore the potential of integrating CPCs with raceway
reactors to combine the benefits of concentrated light and large surface
area exposure. This could involve hybrid systems that adjust tilt angles
dynamically based on real-time solar conditions. By considering tech-
nology-specific characteristics, seasonal and geographical variability,
and the integration of advanced tracking or manual technologies, re-
searchers can develop innovative solutions that maximize energy con-
version efficiency across different times of the year. This research not
only contributes to the advancement of solar energy technologies, but
also supports the broader transition to sustainable energy systems.

5. Conclusion

This research addresses a significant gap in our understanding of
how to optimize UVR gains for systems water treatment (photocatalysis
or solar disinfection process) in diverse geographical conditions. These
findings are significant in several ways.

First, estimation of incident UVR on tilted surfaces is provided for
different Chilean latitudes. This is fundamental data for the design and
installation of solar systems.

Second, the research shows that the gains in UVR can be signifi-
cantly increased at higher latitudes through monthly and seasonal ad-
justments. This suggests that the efficiency of solar water treatment sys-
tems can be improved even in regions with less optimal solar radiation
conditions.

Third, the proposed correlations for calculating the optimal tilt an-
gle are highly accurate (R? > 0.81, RMSE < 0.98°, MAPE < 2.70,%
SSRE < 0.01°, RSE < 0.02°, and MBE < 0.001°). The research has pro-
duced a series of practical models for estimating the optimal tilt angle
for regions in the Southern Hemisphere, spanning from —18.44°S to
—41.41°S. These models can be reliably used in academic and industrial
settings to optimize the design and operation of solar water treatment
systems.

Finally, the comparison of paracetamol-contaminated wastewater
treatment in a CPC photoreactor with different fixed tilt angles demon-
strated the importance of locally fine-tuning this inclination. According
to the simulation, using the local latitude as the tilt angle (baseline) re-
sulted in lower treatment capacities throughout the year compared to
using the optimal tilt angle for the month with the lowest average UVR,
for the winter period, and the entire year. This is influenced not only by
UVR levels but also by operating temperature, which plays a critical
role in the efficiency of the photo-Fenton process.

In conclusion, this research provides valuable insights and practical
tools for optimizing the use of UVR in solar water treatment systems.
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These findings can be used to improve the efficiency of these systems,
thereby enhancing access to clean water and contributing to sustainable
development goals in Chile and other countries with similar geographi-
cal conditions.
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