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ARTICLE INFO ABSTRACT
Keywords: This paper studies the worldwide applicability of solar water disinfection (SODIS) technology through a novel
Solar Disinfection (SODIS) parameter: the SODIS potential. This parameter is defined as the inverse ratio between the required exposure

Predicted time-varying incident radiation time to achieve a four log disinfection of E. coli and the six hours recommended by the standard SODIS protocol.

The E. coli inactivation kinetics was predicted by fitting the results under different temperature and incident
radiation to a semi-empirical inactivation model, including a synergy term between bacterial stress sources
(light/heat). To estimate the SODIS potential, a solar calculator was developed based on the Sun’s position,
atmospheric extinction, cloud-cover, and elevation. The time-varying total incident radiation available at any
location worldwide was estimated for each day along the year during sunlight hours. The time-varying tem-
perature was also estimated from minimum and maximum values, introducing its dynamic variation along with
the solar exposure of the water. Both incident radiation and temperature values are input into the kinetic model
to estimate the disinfection rate. Based on these values, the number of batch disinfections that can reach the goal
of 99.99% bacterial elimination in 1 day and the minimum daily time required to achieve this goal is computed;
the latter is finally transformed to the SODIS potential. The results of the study, illustrated as contours indicating
the SODIS potential and other relevant indicators overlayed on a world map, confirm that latitude has a sig-
nificant contribution to the SODIS potential, with the highest values close to the equator. However, the results
also highlight the importance of temperature and cloud-cover, with critical differences between equal latitude
regions.

Worldwide temperature profile
Inactivation modelling

World maps

E. coli

In 2009, SODIS was in daily use by more than 4.5 million people along
55 countries in Asia, Latin America, and Africa [3].

The mechanism of action for SODIS consists of multiple processes
acting simultaneously, resulting in the inactivation of the microorgan-
isms. It is accepted that UV-B damages DNA [2], but represents only a
small contribution in SODIS inactivation of microorganisms, since 95%
of the UV-B range is absorbed by stratospheric ozone. Furthermore, the
materials of the vessels used might further reduce UV-B transmittance
[4]. Consequently, the UV-A portion of sunlight is the main inactivation

1. Introduction

Solar disinfection (SODIS) is a standard water treatment method
used by communities where access to safe drinking water is a problem
[1]. Water is exposed to sunlight radiation in a transparent container,
usually a bottle or bag (typically of 1.5 or 2 L volume) for at least 6 h
under sunny conditions. SODIS has been demonstrated to reduce
waterborne pathogens, such as bacteria, viruses, fungi and protozoa [2].
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Nomenclature

AM Air mass, thickness of the atmospheric layer to be
crossed by sunlight.

CFD Computational fluid dynamics.

CRU Climatic Research Unit of the University of East Anglia.

DHI Diffuse horizontal irradiation, contribution of the diffuse
radiation to the GHI.

DNI Direct normal irradiation, direct radiation measured
parallel to the beam direction.

GHI Global horizontal irradiation, radiation energy reaching

the Earth surface, measured as the vertical component
of both direct and diffuse irradiation.

GRG Generalised reduced gradient.

MTI Maximum theoretical irradiation, total incident radiation
under clear sky conditions, considering only the
atmospheric extinction.

NREL National Renewable Energy Laboratory.

NRMSLE Normalised root mean squared logarithmic error.

ROS Reactive oxygen species.

SODIS  Solar water disinfection.

SPA Solar positioning algorithm.

TIR Total incident radiation, photon flux crossing a point
from all possible directions. This magnitude is
referenced to a volume, while flux (or GHI) are
referenced to a surface. The chance of a photon being
absorbed by a target compound, triggering a
photoactivated reaction, is proportional to this
magnitude.

factor of SODIS [5]. UV-A light induces the production of reactive ox-
ygen species (ROS) inside the cell, whose accumulation ultimately leads
to cell-death [5-7]. Temperature also strongly affects the solar disin-
fection process, inducing a synergetic effect with sunlight that shortens
the treatment time with increased temperature values, especially for
values above 45 °C [8]. The direct effect of temperature can be related to
the denaturation of bacterial proteins [9], while the synergetic effect can
be related to faster steps in the whole mechanism of radiation damage.

Therefore, the efficacy of the process is highly dependent on avail-
able solar radiation, temperature, and variables with high geographic
and seasonal variability. The irradiance incident on a horizontal surface
at ground level reduces in a cosine rate as latitude increases away from
the equator. Furthermore, variations in weather patterns have to be
considered; for example, the cloud-cover considerably affects the radi-
ation received. Consequently, a general recommendation is that, for
cloudy conditions, bottles should be exposed for two consecutive days to
solar radiation [2], rather than 6 h.

Although the efficacy of SODIS against various microorganisms has
been studied in-depth for a range of different pathogens since the 80's, to
the best of our knowledge, there are no predictive methodologies
available for the expected effectiveness of the process worldwide. No
previous attempts have been reported to correlate the disinfection po-
tential obtained in different locations based on the measured radiation
and temperature data. One reason for this is the lack of available daily or
monthly average incident radiation data, on which predictive models
can be easily applied. Available data in public databases are limited to
annual averages of direct, diffuse or global horizontal irradiation,
focused on predicting solar capacity for application in the photovoltaic
field. Cloud-cover is included in these global values, but indirectly.

Concerning the first part, the calculation of the solar vector (its
relative position to an observer on the surface of the Earth) is well
established. There are relatively simple models based on the solar vector
to estimate the incident radiation (direct and diffuse) for a specific
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location and hour of the day [10,11]. The Fair Weather Condition model,
available in some CFD tools for obtaining a prediction of the incident
and diffuse radiation [12], does not include cloud-cover, but rather the
possibility of specifying a value set by the user or approximating an
average value. Several more complex models are reported in the liter-
ature, but they are mainly based on soft computing with a high number
of parameters and terms with no physical meaning [13,14], which is
often the drawback in empirical approaches of SODIS modelling.
Moreover, it is important to establish the link between the solar irradi-
ation simulation and how well laboratory disinfection data, acquired in
controlled conditions, fit to expected SODIS efficacy in the field.

The present work reports the development of a tool for the simula-
tion of the efficacy of SODIS processes, based on the description of the
expected time-varying sunlight and air temperature at any specific
location around the world. An improved model to estimate incident
radiation is presented, which calculates the solar vector and modifies the
clear sky irradiation as a function of cloud-cover and latitude. The model
is designed to offer transient predictions depending on the time of the
day. Yearly averaged values are validated against the open maps of
direct and diffuse incident radiation available in the Global Solar Atlas,
provided by the World Bank Group. Estimation of time-varying temper-
ature is also included in the developed tool. In addition, a kinetic model
for E. coli solar disinfection is proposed, including the dependence of the
process on incident radiation and temperature, and integrated into the
previously developed tool. As a case study, a full year was modelled
using 90 timesteps per day around the world, using instantaneous values
of radiation and temperature in the developed kinetic model, in order to
predict the achieved inactivation of E. coli. Finally, the “SODIS poten-
tial” concept was introduced to analyse the results and give an indicative
value of the suitability of the process at a given location. The main
novelty and relevance of this work is not only the estimation of the
SODIS potential to assess the suitability of solar water disinfection
process to provide drinking water in a specific region of the world, but
also the development of a general and modular methodology that can be
easily customised to assess in a similar way any other solar photo-
activated process and application.

2. Model development
2.1. Kinetic modelling

Briefly, a subset of a broader design of experiments studying solar
inactivation of E. coli as a model faecal bacterial microorganism has
been used, in which the inactivation was obtained under different con-
ditions of i) solar irradiation (between 0 and 1200 W m’z), and ii)
temperature range in the microbial medium (between 20 °C and 50 °C).
Experiments were performed in duplicates as biological replicates
(separate occasions), with a standard deviation below 15%. The com-
plete experimental procedure and a detailed analysis of the disinfection
data collected from the kinetic study are available as an open dataset
[15]. This wide range of experimental conditions has been then inte-
grated into a kinetic model that can consider both the thermal effect and
the photonic effect (photolytic) on E. coli to estimate the disinfection
rate. These two variables have been previously shown to have the most
significant effect on the efficacy of the disinfection process [16].

Most widely used disinfection models are empirical equations based
on Chick’s law [17], or Hom’s model (a modification of Chick’s law that
considers the “shoulder” (lag phase) often present in this microbial
behaviour. Hom’s model is chosen, as the data present a shoulder even
in the logarithmic plot, and it is described as follows [18]:

C
log,, (a) = —kept" (@)

where ke, is an experiment specific kinetic constant, t is time, n is a
dimensionless global exponent of time for all experiments, and C/Cy is
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the relation between instantaneous and initial concentrations in the
experiment. The units of the constant depend on the time units so that
the global expression remains dimensionless. A seed value of n is pro-

posed for the global set, and in every experiment log;, (c%) is linearly

fitted to £". This gives a set of modelled values at every time that can be
compared to the experimental ones. The value of n is then optimised
using a GRG nonlinear algorithm to minimise the sum of squared dif-
ferences between modelled and experimental values. It must be noted
that the fitting of each experiment with its own independent value of
kexp, has a minimal error, much lower than the final model, whose global
target is to predict this ke, value from temperature and radiation.

The time exponent of the kinetic model was optimised using a
generalised reduced gradient (GRG) nonlinear algorithm [19] to mini-
mise the differences between experimental data, and a log-linear de-
pendency on time raised to the n power. An optimum solution is reached
when the partial derivatives of the objective and constraint functions
reach zero. The optimisation algorithm ensures the global optimum
identification, as the sequence of input values is monotonic. The
remaining kinetic parameters for the proposed kinetic model for E. coli
solar disinfection were optimised using linear regression, producing, in
addition, an estimation of the standard error of each parameter. The
regression of the model was minimised using the normalised root mean
squared logarithmic error (NRMSLE) for the cultivable bacteria con-
centration, obtained experimentally and predicted by the model.

kexp values were modelled as a function of radiation intensity and
temperature. The values of ke, must be explained from the combined
effect of temperature and irradiance. Experimental results showed that
inactivation occurs in dark conditions at high temperatures, indicating
that a thermal term independent of radiation must also be included. To
consider temperature dependence, ke, values in dark conditions were
fitted to the Arrhenius equation, modifying Eq. 1 to:

C —Ear i\
logyg (a)) = —kr gark€Xp (#) ! 2
dark

Where kT, dark is the Arrhenius pre-exponential factor (min™Y),

Ear, qark is the activation energy of the thermoactivated reaction (J
mol’l),

T is the temperature (K), and

R, the universal gas constant (8.314 J -K’1~mol’1).

A multi-hit approach [20] (i.e. the inactivation of a cell is the result
of many hits on specific target(s)) is selected to model the nonlinear
dependency of the inactivation rate with radiation, introducing an
exponent «a to the irradiation term. The synergy has been included using
an Arrhenius-like constant in the photo-activated term. The optical
activation of a compound is independent of temperature, as photon
energy is not dependent on it. In terms of bacterial inactivation, if the
photonic activation is only the first step in the disinfection process,
because photoactivated compounds need to collide with specific targets
in the bacteria, the probability of interactions at a given energy will
follow Arrhenius’ law (Equation 3). This could be a valid assumption,
given that inactivation is an intracellular, reactive oxygen species (ROS)-
mediated process that is initiated with the photonic inactivation of ROS-
scavenging enzymes [21].

C —E Syn —E " dark 1
o(S) = (1o (222 sy E) ) o

2.2. Radiation and temperature datasets

To complete the SODIS efficacy simulation tool and to validate the
results, yearly averaged maps of radiation were downloaded from the
Global Solar Atlas [22], provided by the World Bank Group [23].
Modelled solar and meteorological data are available for all land areas
from 60°N to 45°S. They are provided under the Creative Commons 4.0
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license, which allows users to share (copy and redistribute the material
in any medium or format) and adapt (remix, transform, and build upon
the material for any purpose, even commercially). The Solargis model
(used for all calculations behind Global Solar Atlas) has been so far
validated at 228 public sites worldwide. More than 20 different net-
works across the globe have been used by Solargis for the performance
validation of satellite-based models.

Monthly averaged temperature and cloud coverage percentage
worldwide was obtained from the open database of the Climatic
Research Unit, University of East Anglia [24]. Version 4 of the CRU TS
monthly high-resolution gridded multivariate climate dataset was used
[24]. Data are available from 1901 to 2019. All land areas are provided
(excluding Antarctica) at 0.5 ° resolution. Table S1 in the supplementary
information summarises the different datasets downloaded from the
Atlas and the CRU.

To validate the proposed equation to include the hourly dependence
between the minimum and maximum temperature values, weather
forecast data for several days and cities in one of the most commonly
used applications have been consulted [25].

2.3. Modelling of time-varying temperatures

Monthly average temperature values were available in the CRU
database (see section 2.2 for further details). However, the nonlinear
dependency kinetics with irradiation or temperature, and the synergy
effect between them, hinder the use of average values, requiring tran-
sient data. In addition, the average temperature combined day and night
values, which for a sunlight-based process would lead to the underes-
timation of the process. Hence, the main target of this step is to obtain
time-varying values of temperature at different locations in the world.
Although the temperature values used in the model correspond to air
temperature 1.5 m above ground, the temperature of the air closer to the
ground shows minor differences with the used values [26].

General temperature trends throughout a month can be considered
approximately constant from year to year, while periods of weeks or
days seem to be too short to be used. Consequently, monthly average
values of minimum and maximum daily temperature were used for
prediction.

Daily temperature trends for different cities worldwide were studied
to define a simple model that allows estimating time-varying tempera-
ture from available data, with no empirical parameters involved.
Equation 4 shows the chosen model, a sine wave depending on sun
transit, maximum temperature and minimum temperature.

Tmnx + Tm[n Tmm B Tm

Th) === 2

" sin( 25 (h = haasn = 025 (hanses = haric))
)

Where: hgnrise and hgnser are the times of sunrise and sunset in local time,
obtained by the solar positioning algorithm, h is the local time, and Ty;,qx
and Ty are the monthly-average of daily minimum and maximum data
from the CRU database used by the function to calculate the transient
value T(h).

2.4. Solar vector and maximum theoretical radiation calculation

As stated before, time-varying radiation values are required for use in
the kinetic model. Only yearly averages of daily totals are available in
the database of Global Solar Atlas. However, photoactivated reactions
are triggered by photon absorption, and thus their kinetics directly de-
pends on the availability of photons crossing each point. Hence, the
incident radiation is estimated from the available data.

The NREL SPA algorithm [27,28] allows us to calculate the solar
vector compared to the earth surface normal for each location at any
given date-time. Using the zenith angle from the solar vector, the Young
1994 equation (Eq. 5) [29] allows us to determine the relative
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atmospheric depth crossed by sun rays (Air mass, AM).

1.002432c0s5%z, + 0.148386c0sz, + 0.0096467

AM =
cos’z; 4+ 0.149864cos?z, + 0.0102963cosz, + 0.000303978

()

AM is the depth of the atmospheric mantle crossed by the sun rays
relative to its size when the Sun is at zenith (AM 1.0). Values can vary
from 0.0 (radiation reaching the Earth’s atmosphere) to 43.0 (at dawn or
dusk) [30]. However, the most used values for estimations are AM 1.0
(midday during equinox at the equator, minimal atmosphere depth) and
AM 1.5, which corresponds to the standard atmosphere depth, used for
solar energy applications as an overall yearly average in mid-latitudes.

Spectra AM 0.0, AM 1.0 and AM 1.5 [27] were fitted to a wavelength-
specific Lambert-Beer model (Eq. 6), obtaining atmospheric extinction
coefficients with a precision of 1 nm in the wavelength, where Iy o, is the
spectra obtained from the AM 0.0.

—Kk;AM (6)

The extinction coefficients (k;) have units of AM ™!, as they are
intended to be used in conjunction with the NREL spa algorithm and the
Young equation to get the spectrum at a given location, date, and time.
Then, the spectrum is integrated over wavelength to get the total inci-
dent radiation. The whole solar spectrum is currently used, but the
developed software can be used in any wavelength interval. Afterwards,
the radiation data is adjusted using solar distance (+8% throughout the
year), also obtained from NREL’s SPA algorithm. This method gives the
maximum theoretical irradiance (MTI) values for time-varying direct
solar irradiation, but does not include cloud-cover effect. A scheme with
the calculation process before the integration of the cloud-cover is
available in Fig. 1.

[AM./l = lpo.e
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2.5. Impact of cloud-cover on radiation

The calculated maximum theoretical irradiation (MTI) predicts
maximum irradiation on sunny days, attenuated by cloud-cover. The
Reed [31] and Angstrom models [32] are the most widely used in
literature to estimate direct normal radiation (DNI) from cloud-cover (C)
and MTI (equations 7 and 8, respectively):

DNI = (a — bC — COypon)MTI )

DNI = (a — bC)MTI ®)
Where:

a, b, c are specific parameters of the models and

Qnoons 1S the daily minimum solar zenith angle in the given latitude.

Both models were fitted with the available data (DNI), obtaining a
normalised root mean square error (NRMSE) of 28% and 22.7%,
respectively, compared to Global Solar Atlas data.

A novel variation of the Reed model has hereby been developed that
reduces the NRMSE to 20.8% in the prediction of DNI. However, the
novelty of this model is that it also fits DHI using the same variables and
allows its use in the calculation of global radiation variables, such as TIR
or GHL. It is also a simple model of three parameters, meaning that every
term has a high statistical significance. Cloud-cover factor formula for
DNI and DHI are presented in Equations 9 and 10, respectively.

DNI = (apn; — bpniC — cpyysin(4lat + 1.2) YMTI 9

DHI = (apy; — bpu C — cpmsin(4lat + 1.2) YMTI (10)

The first two terms are common with the Reed and Angstrom models,
setting the linear decrease of DNI with cloud-cover. The third term de-
scribes the dependency on latitude, similar to the term appearing in the

AMO.0 | AM 1.0 | AM L5

| Latitude Longltude | | Date | Time |

Sun light spectrum

I

Fit to Lambert-Beer
Lama = loo, 2 €xp(—AM K;)

NREL
solar positioning algortihm

I

v y

Solar vector Sun distance

Spectral extintion coefficients
K

!

AM (Air Mass)

¢ A 4

A 4

Radiation spectrum at surface

50

¥

40
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: LA

Integration over wavelength
I= f[ ldl
v

extintion
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0 1000 2000 3000
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Fig. 1. Required input (top) and algorithm steps to produce time-varying radiation data (maximum theoretical irradiation).
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Reed model but based on the global atmospheric streams. This term
reaches maximum values at the Hadley cell (latitude below 30°) and
Polar cell (latitude above 60°), with a dryer climate, and minimum
values at the Ferrel cell (latitude 30-°) with moderate to high humidity.
The function is slightly displaced to North, as it is the division between
both Hadley cells, due to the higher heating of the northern hemisphere
[33].

The data for the independent variables (MTI, C-MTL sin(4lat + 1.2) -
MTI) are produced for every location, using 90 timesteps for each day of
the year. Daily values are integrated over time and averaged over a one-
year period. The yearly averages of daily totals are linearly fitted to
equations 9 and 10, and model parameters are obtained. The parameters
can be used to obtain time-varying DNI and DHI values from corre-
sponding MTI values and day cloud-cover. A general scheme of the in-
tegrated irradiation/cloud-cover data production is present in Fig. 2.

Finally, global radiation variables can be calculated from direct and
diffuse components of solar light (Eq. 11 and 13).

GHI = DHI + DNIcosz, an

Considering diffuse sunlight as isotropic, the diffuse irradiation
contribution (DIC) to total incident radiation (TIR) is twice the DHI, as
shown in equation 12, and TIR can be estimated by adding to this value
the DNI (Eq. 13).

7o 21
DI DI
DHI = / / —Ccosadadqa _pie 12
o Jo 4w 2

Where B is the radiation intensity of diffuse light in each direction. Its
vertical component (% cosd) is integrated over all directions repre-
sented by spherical coordinates (¢ and 6).

TIR = DNI + DIC = DNI +2DHI (13)

2.6. Computational details and software used

Data were read from GIS format files, normalised, and/or interpo-
lated to the desired grid of 0.5° in latitude and longitude, using a
developed C** tool. It also averages CRU data of the last 8 years to a
single “average year” to minimise the deviation of the model when
required to extrapolate to any desired year.

The tool includes the solar positioning algorithm (SPA) from NREL
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[27,28] and developed functions to: i) estimate atmospheric extinction
coefficients; ii) get transient irradiation values, both theoretical
maximum at sunny days and those corrected by cloud-cover; iii) get
transient temperature; iv) generate yearly averaged values, to adjust
cloud impact parameters; v) estimate disinfection rate, a function which
can be easily replaced to use the tool in different processes or different
kinetic models; and vi) generate monthly averaged results of the disin-
fection. In this work, the results of the model predictions are analysed in
terms of the number of batches per day reaching a 4-log inactivation in
each batch (as recommended by the WHO) [34], the minimum exposure
time required to achieve this inactivation level, and the SODIS potential.

The developed code is openly available at the Github and Zenodo
repositories [35].

3. Results and discussion
3.1. Kinetic model fitting

Fitting dark reactions and values of k1 gqk and Ear, gork Separated
from irradiated experiments reduces the degrees of freedom of the
global model fitting and increases the consistency of parameters. The
linear fitting of dark experiments achieved an r? value of 0.94.

When comparing experiments in Fig. 3B, C, or D to dark experiments
(Fig. 3A), it can be seen that the differences attributed to temperature
are higher as irradiance increases, meaning that there is a synergy be-
tween both sources of stress. This kind of synergy has been previously
observed between temperature and radiation [36] and between radia-
tion and other bacterial stress sources [37]. Fig. 3(E-H) shows the same
experimental data as Fig. 3(A-D), but with experiments grouped by
temperature to observe the effect of radiation.

The modelled inactivation results are presented in Fig. 3 (lines) for
comparison with the experimental data. A summary of the calculated
kinetic parameters for the model obtained are presented in Table 1. The
fitting of irradiated experiments with the complete model shows an r?
value of 0.85. The model achieved estimations with an NRMLSE of
17.9%. The global error obtained was considered sufficiently acceptable
even though it is based on a semi-empirical model with a limited number
of parameters. Furthermore, although the inactivation experiments took
place under controlled conditions of irradiance and temperature, we
highlight that natural surface water was used (Lake Geneva water),
spiked with a wild type E. coli strain and subjected to SODIS. As a result,

(0.5 ° step)

Loop over latitude and longitude

!

Loop over time during a year

Global Solar Atlas database

(90 timesteps per day) (0.5° data grid)
¢ L
CRU database ‘ Calculation of MTI H Elevation ‘ DNI ‘ ‘ DHI ‘
(0.5 ° data grid)
f MTI Cloud dt Multivariable linear
Cloud coverage fit of DNI and DHI
Min temperature f MTIsin(4lat + 1.2) dt /

Max temperature
‘ Instant DNI and

DHI “—{ Cloud impact parameters

I

H Instant Temperature H H Instant TIR

Fig. 2. General scheme of integrated

irradiation/cloud-cover data production.
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Fig. 3. Correlation between experimental data (dots) and model predictions (lines) for the bacterial inactivation with the SODIS process. Plots are grouped by

radiation intensity (A-D) and temperature (E-H).

2 2 .
A)0Wm B) 400 W m Figure A to D
10° g fiff—f——f——erererm 10° =
N o k 20°C
10° A \\ T 10°1 5,
T N = |t ®* Experiments
2100 e N = 10* -
= N E Model
o )
10° 1 Y = 10% 4
S M g 30°C
= 107 1 \ = 10* ’ .
s s S = Experiments
< 1 \\ © 1
ki 10" 4 o % K 10° 1 . -==- Model
100 +————o—2— 100 ————r
01 23 4 56 7 0 2.3 4 5 6 7| 40°C
Time (h) Time (h) A Experiments
C) 800 W m? D) 1200 W m  Model
50°C
= . Experiments
B ===* Model
=
@ .
—_— 2 1 ~ N\
3 10 ¢ e\
1004 % A
= ) 2N
10° ot N
01 2 3 4 56 7
Time (h)
[¢] .
E)20°C Figure E to H
10¢
- 0W m?
107 N KR o
L - L A - ° :
o - \\ | = 10 ] ¢ *-.\. Experiments
= S E “ Model
= 10° - *s £ 10° 4 e
2, PN & ) 400 W m™
=107 N = 107 A \\ - E . ¢
s S S L xperiments
§10° 1 S i 10* 1 v ==== Model
A}
100 +———+— 10° ——
2
01 2.3 456 7 0123456 7 | 800Wm
Time (h) Time (h) A Experiments
G) 40°C H) 50°C ——— Model
10° fes 10¢
A H 2
0 { Dy " o 1200W m?
= v N - . Experiments
. IS :
3 10° ! N Z 10° ====Model
— A Y —
1001 W NN o= g 10°
3 ) A N <
= 102 4 1 Ny ozl
S ) \ 8
;100 1 ! N . 100
K ! AN
10° +—— 10°
01 2 3 456 7
Time (h)




J. Moreno-SanSegundo et al.

Table 1
Kinetic parameters obtained for the E. coli SODIS inactivation.

Kinetic Value Units Correlation with
parameter NMRSE
Kz, dark 1.14 x 10%® +8.76  min 1-34%% 4.8%
x 107
Ear, dark 189 + 47 kJ mol ™’ ~71.4%
N 1.3405 - 32.5%
ksyn 1800 =+ 140 m?w? 0.2%
min—1A3405
Eagyn 61.6 +11.2 kJ mol ! —2.7%
a 1.61 + 0.35 - 1.9%

17.9% of NRMLSE is considered a satisfactory value, including the
variability of the water source (in solids, organic matter, ions content,
etc.).

The worst predicted series are those combining low irradiation and
high temperatures. The shoulder observed in most experiments disap-
pears there, and the model predicts slower disinfection than the actual
experiments. Using two different time exponents for the thermal and
radiation terms would improve the predictions in those situations but
hinders the fitting and use of the model. However, those cases are
extremely rare, as the highest temperatures are expected just after
midday, together with high irradiation. Thus, the error in those series
can be reasonably assumed from a practical point of view.

A rigorous mechanistic model could improve the fit and increase the
extrapolation capacity of the model at the expense of a significantly
higher computational time. Therefore, for the purpose of this work,
which is the production of SODIS potential maps, this kinetic fitting is
considered sufficient as a proof of concept. In any case, the developed
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procedure is available for the future coupling of any other kinetic
approach, including other microorganisms such as viruses, protozoa,
etc.

3.2. Validation of time-varying temperatures worldwide

Fig. 4 shows the agreement between the temperature trend and the
model estimation for selected cities around the world on a specific day.
The model has been further verified for different dates throughout the
year, with similar results in various seasons (data not shown).

Table S2 in the Supplementary Information shows the NRMSE be-
tween modelled and forecasted temperatures and the improvement
using the modelled temperature values instead of a constant average
temperature. This improvement is especially relevant considering the
exponential dependence of the chemical reaction rates on temperature.
Specifically, the error is halved if a whole day is observed and reaches a
60% reduction when only sunny hours are studied. This improvement is
observed in most of the selected cities, with some exceptions in locations
such as Cartagena or Mumbai, where the temperatures remain almost
constant in a narrow range of 2-3 °C. In any case, in these places the
NRMSE is already below 4% with or without using the predictive model
for transient temperatures, hence the improvement is factual in places
where the error would be high.

The model was designed using integer or simple rational numbers
instead of fitting data to a more complex model, and thus, no statistics of
the model are shown beside the obtained NMRSE.

3.3. Validation of model predictions for global radiation magnitudes

From the above calculation, we can obtain the modelled Direct
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Fig. 4. Validation of the predictions of the temperature model in sixteen selected cities. Predicted temperature vs weather forecast, 21st September 2020.
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Normal Irradiation (DNI) and Diffuse Horizontal Irradiation (DHI)
values. Fig. 5 shows a qualitative comparison for the yearly average data
of DNI and DHI obtained from Global Solar Atlas (A) vs the model
predictions (B) using the cloud-cover proposed model. For a quantitative
comparison, Table 2 shows the values obtained for cloud-cover param-
eters in estimating DNI and DHI and the NRMSE between the model and
the validation data. The raw data used to generate the maps of Figs. 5 to
8 are available in an open dataset [38].

The model shows a better fitting for diffuse irradiation due to its low
variability with longitude, but has a high dependency on the latitude
factor (cpyr absolute value is six times cpyj, despite the values of DHI
being lower). The value of apy; shows that there is a minimal diffuse
light, scattered by the atmosphere even on sunny days. The change in
the sign of c parameters means that the latitude effect works similarly to
that of cloud-cover, probably based on the humidity of clouds
(increasing or decreasing their scattering and absorption). The standard
error of parameters also reflects a good fitting and high statistical rele-
vance of the chosen independent variables.

Using the parameters in Table 2, the time-varying values of total
radiation (GHI and TIR) can be used to obtain yearly averaged values
and thus allow to validate the model against the data available in the
Global Solar Atlas. In each timestep, the zenith angle of the Sun was used
to calculate the maximum theoretical horizontal irradiation, to allow an
estimation of GHI using equation 11.

As GHI values are also available in Global Solar Data, the results were
compared (Fig. 6), obtaining an NRMSE of 10.2%. The error is lower
than those obtained in DNI or DHI, meaning that the main differences
come from the distribution between direct and diffuse light, and not
from total irradiation.

Equation 13 was applied in both the measured and estimated values
(Fig. 6) to estimate TIR values. Results were also compared, obtaining an
NRMSE of 8.3%. Once again, this value is lower than the individual
errors of DNI and DHI, showing that the model accuracy in total radi-
ation is better than in diffuse fraction of light.

Once temperature and radiation maps are calculated, the kinetic
model can be applied to calculate the disinfection potential for each
region.

o' - !
¥ Vs
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Table 2
Parameters for cloud impact calculation and NRMSE obtained for DNI and DHI.

DNI NRMSE 20.5% DHI NRMSE 12.6%

Cloud impact Value Cloud impact Value

parameter parameter

apn; 0.726 + 1.5 x aprr 0.182 + 3.6 x
1073 107

bonr —5.55 x 1073 + bprr 9.26 x 107 +
2.6 x 107° 6.4 x 107

CoNT -1.08 x 107* + Cpur 6.77 x 10 + 2.4
9.9 x 107 x 107°®

R? 0.958 R? 0.985

3.4. SODIS inactivation of E. coli

The guidelines for SODIS require an exposure time of 6 h to achieve
“protected” drinking water; this could be practically translated as the
need to achieve a 4-log inactivation of bacterial pathogens [2]. As the
inactivation kinetics are usually considered a first-order reaction rate,
the target of 4-log is theoretically independent of the initial concentra-
tion. The transient values of temperature and irradiation were used in
the kinetic model at all the locations in the 0.5° grid, every 90 timesteps
per day, from sunrise to sunset, covering a full year. Three different
indicators were considered to evaluate the inactivation results at every
location: i) the daily number of batches (where a batch is considered the
process of achieving 4-log inactivation); ii) the daily minimum SODIS
time (required for complete a batch); and iii) the SODIS potential,
calculated as the ratio between the standard 6 h requirement and the
calculated minimum SODIS time. Although the validation of the radia-
tion calculations was done between 60° North and 45° South to allow
comparison with Global Solar Atlas reports, this study was extended to
cover the region between 67.5° North (Arctic polar circle) and 55.5 °
South (latitude of Cape Horn).

To calculate the daily total number of batches, inactivation is inte-
grated over time until it reaches a 4-log inactivation, starting again from
that instant until sunset is reached. Then, a monthly average of this
value is calculated and stored. For the minimum SODIS time,

Diffuse Horizontal Irradiation
(yearly average of daily totals, kWh m2)

.

00 05 1.0 1.5 20

Direct Normal Irradiation
(yearly average of daily totals, kWh m2)

e —
0.0 2.5 5.0

7.5 10.0

Fig. 5. World maps of yearly average daily totals. Left) Direct Normal Irradiation, Right) Diffuse Horizontal Irradiation. A) Global Solar Atlas. B) Model.



J. Moreno-SanSegundo et al.

Chemical Engineering Journal 419 (2021) 129889

LR AZEe—

%) W ARSI ¢

-

3 .

ps

X
A)

Global Horizontal Irradiation
(yearly average of daily totals, kWh m2)

—

0.0 2.0 4.0 6.0 8.0

Total Incident Radiation
(yearly average of daily totals, kWh m2)

e R

0.0 20 40 60 80 100 120

Fig. 6. World maps of yearly average daily totals. Left) Global Horizontal Irradiation. Right) Total Incident Radiation A) Global Solar Atlas. B) Model.

inactivation is evaluated starting from each timestep, choosing the
shortest time to achieve the desired 4-log inactivation. SODIS potential
is referred to this minimum SODIS time as a quantitative index of the
suitability of the process.

Fig. 7 shows the summarised results of daily batches and SODIS
minimum time. Data were calculated as monthly averages, but the figure
shows the annual minimum, maximum and average values.

We note here that the contours of daily batches are limited to regions
where at least one daily batch is achieved. If the annual minimum values
of this indicator are observed, the coloured regions are those where
SODIS can reach the desired inactivation all year long. These regions are
located between 30 ° North and 30° South, except for certain specific
points limited by low temperatures or high cloud-cover. The annual
maximum shows that at any location between 80° North and 80° South
there is at least one month of enough irradiation and temperature to
achieve a single batch.

The annual maximum values of SODIS time show a narrow distri-
bution around 6 h at most of the regions where a batch is achieved. This
can be considered as a secure time for the SODIS process. Conversely,
the annual average and minimum values show that the required time is
significantly lower in several regions, meaning that several batches can
be treated, or that the time window to carry out the process is wider.

Fig. 8 shows the yearly average value of SODIS potential worldwide,
as a clear reference to the best locations to use the technology during the
entire year. Figure S1 in the supplementary information shows the
monthly averaged values throughout the year used to formulate this
map, allowing the seasonal estimation of the required time and the
potential impact of the technology in a region. According to the esti-
mation process of the SODIS potential, regions with a SODIS potential
less than 1 should apply a longer exposure than the standard six-hour
time to guarantee the required microbial target inactivation.

While latitude has the main impact on the SODIS potential with an
expected global trend where the potential decays as latitude grows, the
map also shows the relevance of cloud coverage and temperature.
Equatorial regions, with high cloud-cover most of the year, offer lower
values than tropics, where low cloud-cover and high temperature are
present at the same time. Regions with similar cloud-cover, but colder

temperatures, lead to a low potential. In these cases, it is strongly sug-
gested that SODIS is applied with caution.

3.5. Model limitations and broader applicability of the model

The proposed model is intended as a tool for preliminary evaluation
of the potential in a region to use solar water disinfection, based on
historical climatic and meteorological data, and not as an accurate
model to predict the exact required exposure time, which obviously will
depend on the weather conditions of the actual day of the treatment.
Moreover, the reported kinetic model predicts the effect of radiation and
temperature in wild type E. coli bacteria under relatively ideal natural
water conditions. Therefore, the reported SODIS potential cannot be
automatically extrapolated to other microorganisms, water composition
and optically active container materials. However, the developed
modular procedure can be easily adapted to any other specific scenario.
Chemical matrix composition effects, such as iron salts, organic matter,
low ionic strength, etc., can be included in the kinetic model. Alternative
kinetic models based on fitting experimental data for inactivation of
other microorganisms could be easily included. Similarly, optical effects
of water turbidity and the container’s absorption can also be easily
included if required for a specific application [35]. For instance, in a
region with a SODIS potential of 1.5, the potential could be significantly
lower for water with high turbidity.

Finally, it is worth noting that dark repair of bacterial DNA is not
considered impeding the model, as a treatment time higher than one
solar day is evaluated as O batches in a day. On the other hand, the
proposed methodology can be applied to any other solar photoactivated
process different from solar water disinfection, such as photo-Fenton,
semiconductor photocatalysis, solar/H20,, solar/Cly, etc. The only
aspect that should be considered in those cases is that, for systems with
high optical density, absorbed radiation should be computed and used in
the kinetic model instead of incident radiation.

4. Conclusions

In this work, we have developed a detailed methodology for
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Fig. 7. World maps of predicted SODIS disinfection. Daily batches of 4-log disinfection (left), minimum SODIS time for 4-log disinfection (right).

estimating the success of solar disinfection. Using available open access
libraries, we have succeeded in extracting time-varying radiation, tem-
perature and cloud coverage data at any moment, anywhere in the
world. A simple model describing the thermal/optical inactivation by
solar light was used to fit E. coli inactivation laboratory data at different
solar irradiation and temperature values. By introducing the instanta-
neous values of temperature, irradiance and cloud-cover into the
developed model, SODIS-mediated bacterial inactivation can be easily
estimated. Furthermore, this transient estimation was extended
throughout the year, which provided a metric that computes the chances
of a successful solar treatment intervention method, the SODIS
potential.

The developed tool can significantly contribute to understanding the
suitability and limitations of the SODIS process worldwide. The results
show the relevance of a more in-depth study of the radiation and tem-
perature conditions. The distribution is more complex than simple
latitude bands, and time-varying values are required to evaluate the
performance of solar water disinfection processes properly.

The developed SODIS potential maps present a global error in the
predicted logarithmic inactivation below 8% regarding the solar calcu-
lations. However, the kinetic constants’ prediction has an inherently
higher uncertainty associated with the variable microorganisms and

10

physicochemical factors in field applications. The proposed modelling
approach is open to future improvements based on more rigorous de-
scriptions of the inactivation mechanism that can be easily integrated
into the whole predictive procedure. Additionally, the potential future
availability of a SODIS database with results at different locations
worldwide covering the whole range of the independent variables would
further improve the model’s predictive power.

This research opens the possibility for further expansion and a better
estimation of the true SODIS capabilities. Based on this modular
approach of independent calculation of solar irradiance, cloud-cover,
temperature and microorganism inactivation components, the pro-
posed tool can be easily customised to provide predictions on specific
geocoordinates, date/time and alternative microbial indicators, such as
viruses or protozoa. The model could also be adapted to describe other
solar-based processes such as the photo-Fenton, persulfate activation or
semiconductor photocatalysis and form a powerful tool in decision-
making and water policy level around the sunny regions of the world.
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