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Poor access to safe drinking water is a major sustainability issue for a third of the world's population, especially for those
living in rural areas. Solar disinfection could be the choice of technology considering the abundant sunlight exposure in
infrastructure-limited regions. However, despite recent technological advances, it remains unclear which solar disinfection
option is more broadly applicable and reliable, enabling the most efficient use of solar radiation. Here we examine the poten-
tial of five most typical solar-based, point-of-use water disinfection technologies, including semiconductor photocatalysis to
produce hydroxyl radical, dye photosensitization to produce singlet oxygen, ultraviolet irradiation using light-emitting diodes
powered by a photovoltaic panel, distillation using a solar still and solar pasteurization by raising the bulk water temperature
to 75°C. The sensitivity analysis allows us to assess how pathogen type, materials property, geographical variation in solar
intensity and water-quality parameters interactively affect the effectiveness of these technologies under different scenarios.
Revealed critical challenges point to the large gap between idealized materials properties and state of the art, the risk of focus-
ing on select pathogens that show maximum inactivation effectiveness and the failure to consider uncertainties in water quality
and geographical variations. Our analysis also suggests future pathways towards effective solar disinfection technology devel-

opment and real-world implementation.

ver 600 million people living in rural areas of low- to

medium-income countries (LMICs) still lack access to

basic drinking water services (an improved drinking water
source that can be collected within 30 minutes of travel time)'~>.
Waterborne infectious diseases continue to be the most prevalent
cause of diarrhoeal morbidity and mortality in these regions*”. The
standard approach to provide safe potable water in urban areas has
been centralized water treatment along with water distribution net-
works. For many sparsely populated rural communities, however,
centralized water treatment and distribution is not a viable solution
because of the lack of basic infrastructure and the high investment
and maintenance cost. Consequently, point-of-use (POU) water
treatment technologies have been extensively pursued as an alter-
native due to their relatively low cost, simple operation and proven
effectiveness for reducing diarrhoeal disease burden®’.

It is noteworthy that regions with limited access to basic drink-
ing water services largely overlap with areas receiving high surface
sunlight intensity throughout the entire year®. Our analysis sug-
gests that, among countries reporting less than 80% access to basic
drinking water services in rural populations, the top 10% sunni-
est countries (the top 20 of 197 countries with both solar irradia-
tion data and drinking water service access data) receive an average
solar irradiation of 6.04kWhm™=d™"' (Supplementary Note 1 and
Supplementary Fig. 1). This value is significantly greater than
the global average of 4.70kWhm=d™" (28% greater, P<0.0001).
Further, rural populations of these countries have only 48% access
to basic drinking water services, leaving 160 million rural residents
of these 20 countries without access to a basic drinking water ser-
vice. Therefore, solar-based POU water treatment technologies are
primed to take advantage of abundant solar resources and expand
access to potable water.

Solar disinfection (SODIS), the practice of simply exposing poly-
ethylene terephthalate bottles containing water to sunlight, has been

the benchmark of near-zero-cost POU technologies’. However, only
a small portion of the solar spectrum (ultraviolet A (UVA)) pro-
motes disinfection by SODIS, and it takes upward of 30 hours of
sunlight exposure to achieve 3-log (99.9%) inactivation of some
viruses under typical weather conditions". To better exploit solar
energy, more advanced POU disinfection technologies have been
explored®'!, such as photocatalysts or photosensitizers to produce
reactive oxygen species (ROS) and germicidal UV light-emitting
diodes (LEDs) connected to photovoltaic (PV) cells. Technologies
that convert solar irradiation to heat energy for localized heating
of a pathogen-contacting surface'>", pasteurization by bulk water
heating'*"” and distillation and steam generation have also been
developed®*, and some are starting to be translated into com-
mercial POU technologies””. Despite notable advances in the field,
there is a dearth of information on how various solar POU tech-
nologies compare with each other in terms of best utilizing the solar
irradiation and their broad applicability. Even when the energy
input (solar irradiation) is fixed, such a comparison is often difficult
due to the use of unrealistically strong irradiation in many stud-
ies. Different technologies require distinct types of pretreatment to
remove interfering water constituents as well as pathogens that are
not readily inactivated by the technology of choice. Different stud-
ies employ different target pathogens, and their selection is often
driven by those already proven effective with the chosen disinfec-
tion approach. By contrast, the ineffectiveness of a specific tech-
nology for the inactivation of other pathogens is often not clearly
acknowledged. These limitations distract current research efforts
from focusing on issues that are most relevant to the ultimate goal
of practical application.

In this study, we critically compare the performance of
solar-based POU technologies as a function of geographic location
across the globe under both ideal conditions (theoretical maximum)
and more realistic conditions (considering the factors that limit
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Fig. 1| Solar-based POU technologies examined in this study. All insets show the overall reactor design and a wavy yellow/orange arrow representing
solar radiation. a, In photocatalysis, semiconductors with band gaps in the UV and visible range absorb solar photons and produce electron-hole pairs.
Through oxidation or reduction pathways, «OH is formed“>*4. b, In photosensitization, photosensitizers absorb solar photons with energy within the
absorption band and produce '0, by the energy transfer to ground-state 30, (ref. *¢). Organic photosensitizers absorb light and become excited to the
singlet excited state, then subsequently perform intersystem crossing to create the triplet excited state and finally generate 'O, through a Dexter energy
transfer. ¢, In PV/UV, PV solar cells are used to absorb sunlight to generate a photocurrent, and the electrons are injected into the LED. The recombination
of electrons and holes at a p-n junction generates UV radiation’. d, In distillation, a solar still is composed mainly of a solar-absorbing plate (basin plate),
a glass cover and an insulator. Solar flux is absorbed on the absorber, and heat is transferred to water. Because of the temperature gradient, water vapour
is generated through evaporative heat transfer, which is condensed on the surface of the glass cover and finally collected. e, In pasteurization, similar to
distillation, absorbed solar energy is transferred to water in serpentine tubes, increasing water temperature and thermally inactivating pathogens.

their performance, such as limitations in material properties and
water-quality parameters, such as natural organic matter (NOM)).
We choose five solar POU water disinfection systems on the basis
of their prevalence in research and the disparate mechanisms they
employ: photocatalysis, photosensitization, PV/UYV, distillation and
pasteurization. We focus only on the disinfection efficiency as a
metric of performance, recognizing that the most serious health risk
for the rural areas of LMICs results from waterborne infectious dis-
eases™’. We also choose different classes of pathogens and perform a
comprehensive sensitivity analysis to discern the unique challenges
and opportunities of each technology. Our results highlight the risk
of using a single pathogen and idealized conditions to evaluate dis-
infection capacity of these technologies, and they further clarify the
challenges and prospects of solar-based POU disinfection technol-
ogy development.

Results

Global potential of disinfection capacity. ‘Disinfection capacity’
(Im~day™) is defined in this study as the amount of disinfected
water produced by each solar-based POU technology that captures
sunlight over a unit area at Earth’s surface. Schematic diagrams of the
five solar-based POU technologies are shown in Fig. 1. A detailed
procedure to calculate the disinfection capacity for each technol-
ogy is described in Supplementary Notes 3-8. The calculated dis-
infection capacities for different POU technologies in both ideal
and realistic cases are shown in Fig. 2a,b. These values represent
the maximum amount of disinfected water in each case that can be

produced from water that contains a wide range of pathogens, from
viruses to protozoa, without pretreatment. In the ideal condition,
the disinfection capacity represents the theoretical maximum water
production with assumptions that the properties of materials reach
their maximum design goals and 100% of solar energy is used to
disinfect water without any energy loss. The disinfection capacity in
this case is, therefore, the idealized upper boundary of each technol-
ogy, which is not likely to be reached. It is still useful to compare the
ceiling potential of each option since the optimism towards such
idealized goals has often motivated extensive research investment
in the past. By contrast, disinfection capacity in the realistic case
(Fig. 2b) is calculated on the basis of the known properties of exist-
ing materials. Consequently, it represents the maximum disinfec-
tion capacity that can be achieved with currently available materials
and technologies. All underlying assumptions, including material
properties, are summarized in Supplementary Table 3.

In ideal cases, all solar-based POU technologies, except dis-
tillation, have a relatively high disinfection capacity, more than
801m=d™" in most regions across the globe. Distillation is a clear
outlier in this set of simulations; it produces less than 51m=2d~!
even in the ideal situation due to the high energy required for
water vaporization’»*’. Direct comparison with other disinfection
technologies is not warranted since distillation is used primar-
ily for desalination and is the only technology that can be used
in regions where a freshwater source is not available. Regardless,
this result highlights that POU solar distillation is much less effi-
cient when water production per surface area is considered and
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Fig. 2 | Global mapping of disinfection capacity by each solar-based POU technology in various cases. a,b, The disinfection capacities of solar
non-thermal POU technologies without pretreatment in the ideal (a) and realistic (b) cases are calculated by considering the most resistant pathogens

to disinfection, which are C. parvum oocysts, E. coli and MS2 for photocatalysis, photosensitization and PV/UV, respectively. ¢, The disinfection capacity

in the realistic case with hypothetical pretreatment is calculated under the situation where water contains only the most vulnerable pathogen to each
technology, which is E. coli, MS2 and C. parvum oocysts, for photocatalysis, photosensitization and PV/UV, respectively. d, The disinfection capacity in the
realistic case with a commercially available ceramic pot filter for pretreatment is calculated with assumptions that 2.3-log removal of bacteria and more
than 2-log removal of C. parvum oocysts can be achieved by filtration, while virus removal by filtration is not effective. The global mapping of pasteurization
in c and d are underestimated here because we did not consider a decrease in the required contact time resulting from the reduced pathogen load caused
by pretreatment, which eventually increases disinfection capacity. The centre line represents the Equator, and the upper and lower dotted lines represent

30°N and 30°S, respectively.

is not likely reasonable to consider if disinfection is the primary
treatment target. Therefore, our subsequent comparative analysis
excludes solar distillation.

Under realistic scenarios, photocatalysis and photosensitization
systems exhibit average disinfection capacities of 15 and 181m=2d~!,
respectively, in the latitude range from 30°S to 30° N where SODIS is
recommended*. By contrast, PV/UV shows a relatively small disin-
fection capacity of 4.51m=2d~". We note that there are substantial dif-
ferences in disinfection capacities between ideal and realistic cases,
particularly in these non-thermal POU technologies: photocatalysis,
photosensitization and PV/UV. This is mainly because of the large
gap between properties of idealized materials and those of available
materials (for example, low quantum yield (QY) of photocatalysts*
and low external quantum efficiency of UV-emitting LEDs*-*).
Many past studies focusing on materials-based approaches are built
on the anticipation that this theoretical maximum can be reached
by continued research. Unfortunately, the progress towards this goal
has been relatively slow. There still exist many technical challenges,
often at the level of a material’s property limitations, that make tech-
nology implementation in real practice far from reality, despite the
optimism accumulated in scientific literature. The slow translation
to practice has even been causing such optimism to be criticized as
academic hype*. Compared with these technologies, solar pasteuri-
zation is much less dependent on the breakthroughs in materials'>*
and achieves a much larger disinfection capacity of 58lm=d~! on
average in the same latitudinal range from 30°S to 30°N.

Results of sensitivity analysis. The global mapping (Fig. 2a,b) rep-
resents a conservative scenario in which the disinfection capacities
are determined by the most resistant pathogen against each tech-
nology (for example, Cryptosporidium parvum oocysts for *OH,
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Escherichia coli for 'O, and MS2 phage for UV). The mapping is
also based on fixed values for various input factors, including the
CT or IT values (the product of disinfectant dose, concentration (C)
of chemical disinfectant or intensity (I) of germicidal UV irradia-
tion, and the exposure time (7)) and the concentration of NOM,
an ROS scavenger and UV absorbent. However, in real practice,
many parameters affecting the disinfection capacity have large
variability and uncertainty. Consequently, the disinfection capac-
ity should be approached statistically and described as a distribu-
tion, not as a fixed value. We consider this uncertainty as one of
the major concerns for the real-world application of POU technolo-
gies. Recently, Morris one-at-a-time screening analysis and Sobol’s
variance-based sensitivity analysis have been employed to evaluate
various factors influencing sunlight inactivation of viruses®. In this
study, we apply these two sensitivity analyses to determine how each
parameter influences the disinfection capacity and contributes to
the overall prediction of uncertainty. All input parameters used in
sensitivity analyses are summarized in Supplementary Note 10 and
Supplementary Table 10. Focusing our efforts on regions where
solar POU technologies are most likely to be applied, we examined
the top 10% sunniest countries with less than 80% rural access to
basic drinking water services as discussed, using the range of sun-
light intensity and ambient temperature in these regions.

The normalized Morris index (x#*) and the normalized Sobol
index (Sy;) are shown in Supplementary Fig. 6. It was observed that
the trends of y* and S;; among the technologies are fairly similar,
meaning that parameters with a larger contribution to the disinfec-
tion capacity (higher p*) have a greater impact on its uncertainty
(higher S;;) as well. Considering this correlation, we employed only
one index, the S;;, to uncover which parameters have a higher impact
on the uncertainty of the disinfection capacity (Fig. 3a). In addition,
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Fig. 3 | Results of sensitivity analyses and Monte Carlo simulations. a, Total Sobol index (S;;) of solar-based POU technologies. All parameters used

in the sensitivity analyses are divided into three subgroups: geospatial (orange colour), material (purple colour) and others (green colour). Note that

the sensitivity index is a relative value, so it can be used only to compare the uncertainty of parameters within a particular technology. b, Box plots of
disinfection capacity as a result of Monte Carlo simulations (n=100,000). The left and right corners of each box plot represent the first and third quartiles
of the predicted distribution, respectively, and the dot in the box represents the median. Three box plots (top, middle and bottom) for every parameter

in each POU technology are predicted distributions by Monte Carlo simulations with fixing the parameter as minimum, average and maximum value,

respectively, while all other parameters are not fixed.

we examined the distribution of disinfection capacity in three repre-
sentative cases where only one parameter is set to be the minimum,
average and maximum value within the range, while keeping other
parameters constant by Monte Carlo simulations (Fig. 3b). In the fol-
lowing, we analyse the simulation results for each POU technology.

(1) Photocatalysis. The geospatial factor, or sunlight intensity, has
a relatively small effect on the uncertainty of the disinfection
capacity, accounting for 6% of the overall uncertainty. By con-
trast, the material properties such as band gap and QY have a
substantial impact on the uncertainty (41% in total), account-
ing for 20% and 21%, respectively. Other parameters, such as
the concentration of NOM and CT values, have a slightly great-
er influence in the total uncertainty (53% in total), accounting
for 30% and 23%, respectively. Consistently, large differences in
the three box plots of each of these parameters were observed
(Fig. 3b), and the median disinfection capacity under the best
condition for a given parameter was about eight times larger
than that under the worst condition. The dispersion of the dis-
tribution, expressed in terms of the interquartile range (IQR),
was also eight times greater; for example, the disinfection ca-
pacity ranged from 1 to 4lm=2d~! at the maximum CT value
(worst condition), while it ranged from 7 to 291m=d™" at the
minimum CT value (best condition).

(2) Photosensitization. Contrary to the other non-thermal tech-
nologies, the geospatial factor has a high impact on the uncer-
tainty of disinfection capacity, accounting for 34%, while the
material factor, QY, has a fairly small impact, accounting for
only 8% of the uncertainty. Unlike photocatalysis, the uncer-
tainty caused by the concentration of NOM is not outstanding,
accounting for 1%, because of the relatively low reactivity of the
mild oxidant 'O, with NOM™. Interestingly, 58% of the uncer-
tainty is attributed to the CT value, and therefore, the differences
in the three box plots obtained by changing CT values in Fig. 3b
is the largest of the parameters. This large variation is due to
the disparity in the effectiveness of 'O, for the inactivation of
different pathogens and specific pathogen-photosensitizer in-
teractions’. The median disinfection capacity was enhanced
more than two times under the best condition compared with
the worst condition, from 18 to 40lm=2d™".

(3) PV/UV. Sunlight intensity has a negligible effect on the uncer-
tainty in the target countries, around 8%, while material fac-
tors, including cell efficiency and external quantum efficiency,
greatly affect the uncertainty, 18% and 27%, respectively. Simi-
lar to photosensitization, the concentration of NOM and its
impact on UV transmission have a relatively small effect on
uncertainty, while IT values have the greatest contribution on
the uncertainty, around 38%. The median disinfection capacity
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Fig. 4 | Range of disinfection capacity of solar-based POU technologies by various types of pathogens, latitude and month. Dots in each figure
represent the median disinfection capacity among 12 months from the Monte Carlo simulations (n=100,000) using monthly average sunlight intensity
and temperature, while shaded regions mark a range between a minimum monthly median (winter) and a maximum monthly median (summer) value

of disinfection capacity that reflects monthly changes in sunlight intensity and temperature (Supplementary Fig. 7). Different colours in the non-thermal
technologies (yellow, orange and red) represent the disinfection capacity against different types of pathogens (bacteria, viruses and protozoa). The blue
lines in the case of non-thermal technologies show trend lines of the median disinfection capacity of pasteurization (blue dots), while the blue shaded
area represents the range between a trend line of the minimum monthly median (winter) and maximum monthly median (summer) value. The break near
60°S represents that there is no continental land area. In photosensitization, although there is no information on CT value against C. parvum, the removal
efficiency is assumed to be nearly zero due to its high resistance to exogenous inactivation by photosensitization*””®, which is shown as a red dotted line.
In PV/UV, IT values of the most resistant bacteria and viruses in Supplementary Table 3 are used to predict disinfection capacity.

greatly increased—more than 12 times—under the best con-
dition compared with the worst condition, and the dispersion
of the distribution increased as well. For example, the disinfec-
tion capacity ranged from 1 to 5lm=2d~! with the maximum IT
value, while it ranged from 18 to 641m=2d~" with the minimum
IT value.

Pasteurization. The geospatial factors, sunlight intensity and
ambient temperature, have a substantially large effect on the
uncertainty (83% in total) for pasteurization compared with
other technologies. In particular, variation in sunlight intensity
depending on the time of the year and meteorological condi-
tions (Supplementary Note 10) plays an important role in its
uncertainty, accounting for 71%. Nevertheless, the median
disinfection capacity under the worst temporal condition for
sunlight intensity (winter) was 311m=2d"!, which is still high
for household-scale water treatment. The median disinfec-
tion capacity under the best condition (summer) is as high as
821m=2d~", which is the largest among all conditions for all the
POU technologies analysed.

4

Although it appears as if pasteurization exhibits the largest uncer-
tainty among the technologies due to sunlight intensity variation
because of its high IQR, note that the IQR should not be used as the
sole measure to compare the degree of uncertainty among different
distributions. The variability of a distribution depends highly on the
magnitude of the centre of each distribution, and therefore, instead
of the IQR, the ratio of the IQR to the median (IQR/M) is a more rep-
resentative measure of the uncertainty of a distribution. We find that
pasteurization has the smallest IQR/M for sunlight intensity around
0.26, while the IQR/M ratios of photocatalysis, photosensitization
and PV/UV are 1.66, 0.40 and 1.55, respectively. This indicates that
although sunlight intensity had the greatest impact on the absolute
uncertainty for pasteurization, its relative uncertainty considering
the scale of disinfection capacity was the smallest among all of the
technologies. Material factors such as solar absorptivity have a small
impact on the uncertainty, around 2%. Other factors, including the
overall heat loss and inlet water temperature, account for 6% and
8% of uncertainty, respectively. For all factors except sunlight inten-
sity, the minimum disinfection capacity for pasteurization under the
worst conditions is 341m™d~", which is still higher than that of the
other POU technologies under their best conditions.

The preceding results suggest that the types of pathogens,
and accordingly their CT or IT values, would be the most impor-
tant parameter in determining the uncertainty in all non-thermal
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POU technologies. Note that many relevant studies focus only on
pathogens that show the maximum inactivation effectiveness when
testing disinfection performance. For example, if we assume that
photocatalysis, photosensitization and PV/UV technologies are
used to disinfect water containing only E. coli, MS2 and C. parvum
oocysts, respectively, which are the most susceptible microorgan-
isms or surrogate virus against each technology, their disinfection
capacities would be remarkably increased as shown in Fig. 2c.
Such narrow focus is not completely impossible, if pretreatment
provides an absolute barrier for other pathogens that are not well
treated in the disinfection step. In reality, there is often a lack of pre-
treatment (for example, ceramic pot filtration and sand filtration).
Even if pretreatment is present, it does not provide a reliable bar-
rier, which is often the case in remote applications in the absence of
proper maintenance and local expertise®. Consequently, the tech-
nologies developed using particular pathogens as their target could
overestimate their disinfection capacity or become excessively
dependent on the performance of pre- or post-treatment. The same
concern is reflected in World Health Organization guidelines in
which the disinfection performance of a POU technology is evalu-
ated on the basis of the simultaneous removal of all three types of
pathogens (bacteria, viruses and protozoa)”’'.

It is also noteworthy that materials play an important role
in determining the overall performance and uncertainty for
materials-based approaches, including photocatalysis and PV/UV.
Water-quality variations, as exemplified by NOM, are also one of the
contributors to the performance and uncertainty for these technolo-
gies. Note that we have not included the impact of turbidity varia-
tion, and therefore, the actual disinfection capacity of photocatalysis
and PV/UV without pretreatment could be smaller than predicted
values. Among the POU technologies examined, pasteurization
shows the smallest uncertainty depending on the types of patho-
gens, materials and water constituents, with the highest median
value of disinfection capacity in the average case, which indicates
the potential of pasteurization as the most promising technology to
provide biologically safe drinking water in LMICs.

Latitudinal and monthly variations. Considering the large depen-
dency of disinfection capacity on the types of pathogens present
(for non-thermal technologies) and geospatial factors (for pas-
teurization), we expanded the Monte Carlo simulation as a func-
tion of latitudinal location across the globe as a function of both the
types of pathogens and the time of year (Supplementary Note 12
and Supplementary Table 12). Considering that the distribution of
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disinfection capacity varies more with latitude than with longitude,
we performed the Monte Carlo simulations (n=100,000) as a func-
tion of month by using the monthly average sunlight intensity and
temperature data at each specific latitude (Supplementary Note 13
and Supplementary Fig. 7). Minimum and maximum monthly
median values among all 12 months correspond to the shaded regions
in Fig. 4, while each dot represents the median disinfection capacity
for every latitude among all 12 months. Here we used the disinfec-
tion capacity of pasteurization as a baseline for comparison, where
the blue shaded areas and lines in plots of non-thermal technologies
in Fig. 4 depict the minimum, median and maximum monthly disin-
fection capacity of pasteurization by each latitude. In the latitudinal
range between 30°S and 30°N, the first-quartile value of disinfec-
tion capacity during the winter was 171m=d™" for pasteurization;
this was slightly smaller than what we expected in Fig. 3, which was
around 241m=d"!, because of the wider range of sunlight intensity
and temperature used for this analysis. However, the winter median
disinfection capacity in those regions was still reasonably high,
around 221m=d™", which highlights that most countries between
30°S and 30°N would be capable of producing adequate amounts
of drinking water even during the winter. In summer, a minimum of
501m™2d™! of drinking water can be produced, with a median value
of 741m=d™". The overall result demonstrates that pasteurization
has the potential to produce reasonable amounts of water in most
regions between 30°S and 30°N regardless of the time of year.

Non-thermal POU technologies had similar latitudinal trends
as pasteurization, showing the maximum disinfection capacity near
17°N or 20°S, where the annual temperature and sunlight intensity
are the highest (Supplementary Fig. 8), while the monthly variation
is less substantial than for pasteurization, which corroborates the
results of our sensitivity analyses. However, unlike pasteurization,
there were large variations in the disinfection capacity by the type
of pathogen. Each technology shows better disinfection efficiency
against pathogens with smaller CT or IT values; that is, E. coli for
photocatalysis, MS2 for photosensitization, and C. parvum oocysts
for PV/UV. However, it is difficult to remove only one specific
pathogen effectively without removing other pathogens. We mod-
elled the disinfection capacity assuming a scenario where ceramic
pot filtration is employed to achieve 2.3-log removal of bacteria and
C. parvum oocysts (Supplementary Note 14), and the predicted dis-
infection capacity (Fig. 2d and Supplementary Fig. 9) emphasizes
the importance of pretreatment and multi-barrier approaches for
solar non-thermal POU disinfection technologies™'. The results
also foreshadow the risks involved in these technologies due to their
reliance on successful pretreatment.

Discussion

Our study reveals both the potential and limitations of solar POU
disinfection technologies that have been extensively explored over
the past decades. We summarized the challenges faced by each
solar-based POU technology and what research should be con-
ducted for each technology (Supplementary Note 14). Nevertheless,
our study suggests that narrowly focusing on overcoming the
unique challenges faced by individual technologies (Supplementary
Note 14) cannot meet the goal of simultaneously removing a wide
range of pathogens. Many past studies aimed at enhancing disinfec-
tion effectiveness against a single specific pathogen as an evaluation
measure and achieving marginal improvement in the properties of
often futuristic materials based on the optimism of drastic reduc-
tion in future cost. This often obscures critical challenges related
to the large uncertainties and fair cross-comparison of different
technical approaches. Large variations, often more than an order
of magnitude (Supplementary Table 1), in the disinfectant dose and
the exposure time required depending on the types of pathogens
need to be carefully considered in the context of multi-barrier strat-
egies and the availability of proper pretreatment methods. The lack

of CT and IT values for many pathogens is another notable bar-
rier and the source of uncertainty, and more research is required
(Supplementary Note 16). Pasteurization is less affected by such
uncertainties in design and environmental factors (Supplementary
Notes 13 and 15), but it has received much less attention in research.
In all POU technologies, strategies to avoid recontamination of
treated water during storage also need to be considered®”*"*.

Our focus on technologies does not discount the importance
of other challenges that limit their practical implementation, such
as economic barriers—in particular, rural-urban inequality. For
example, our further analysis suggests that access to basic drink-
ing water services depends on gross domestic product per capita in
rural areas more than in urban areas (Supplementary Note 19 and
Supplementary Fig. 12). Although LMICs spend a proportional
amount of their gross domestic product on improving drinking
water, their financial resources—with financial assistance from inter-
national organizations considered—remain relatively small on an
absolute scale (Supplementary Fig. 13). The rural-urban inequality
is further exacerbated by a larger deficiency in funding for rural areas
(78%) than for urban areas (39%) for drinking water access, requir-
ing households to contribute 66% of the finances for water, sanitation
and hygiene development®, as well as unequal geographical distri-
bution of wealth, with 80% of the global extreme poor population
(individuals earning less than $1.90 per day) living in rural areas™.
It is important to note that, even at the same level of economic pros-
perity, rural regions have less access to safe drinking water than do
urban regions. Even in the case of higher urban poverty rates, urban
regions appear somewhat resilient and preserve their access to safe
drinking water (Supplementary Note 19 and Supplementary Fig. 14).
It is expected that if the current pace of improving water access
is kept constant until 2030, it is insufficient to achieve universal
access to even basic drinking water services in rural areas, and just
one-fourth of countries are on track to achieve >99% access to basic
water services’. Other societal and cultural barriers limiting user
adoption and sustained practice are also profound and need to be res
olved®”**>%, At the same time, to address water problems in rural
regions within a reasonable time frame, the low-cost POU technolo-
gies discussed in this study are probably a more viable approach than
relying on drastic improvements of gross economic status.

Methods

Statistical analysis. Statistical analyses include a comparison of the global
insolation with the sunlight intensity of the top 10% sunniest countries with

less than 80% rural access to basic drinking water (Supplementary Note 1),
investigating which water, sanitation and hygiene service intervention is the most
impactful for reducing diarrhoeal mortality (Supplementary Note 18) and the
role of economic prosperity in expanding the access to basic drinking water and
rural-urban inequality (Supplementary Notes 19 and 20). General details of each
statistical analysis and statistics are summarized in Supplementary Note 17 and
Supplementary Tables 13 and 14.

Calculation of disinfection capacity. We consider diverse pathogens, including
bacteria, viruses and protozoa, responsible for causing waterborne disease’**. On
the basis of US Environmental Protection Agency and World Health Organization
regulations and guidelines’**"’, we set 4-log removal for bacteria and viruses

and 2-log removal of protozoan parasites as the minimum requirement for

the technology to claim that the water has been disinfected. Notably, different
technologies demonstrate different inactivation efficiencies across the types

of pathogens®"'. Therefore, we base our calculation on the worst-case scenario
where the source water contains all classes of pathogens and proper pre- and
post-treatments are not available.

In photocatalysis, semiconductors absorb photons with energy higher than
their band gap to produce electron-hole pairs (e—h*), which subsequently catalyse
the production of ROS such as *OH (refs. *-*), the main disinfecting agent in
photocatalytic water disinfection (Fig. 1a)*>*“. Similarly, in photosensitization,
organic photosensitizers catalyse the production of ROS, predominantly 'O,, upon
light absorption (Fig. 1a)**. In PV/UV, a PV cell generates a photocurrent and
powers a germicidal UV-emitting LED to disinfect water (Fig. 1b). Disinfection
capacities of these solar technologies are estimated on the basis of CT or IT values
of each microorganism and virus reported in the literature (Supplementary
Table 1). These represent the product of disinfectant dose—concentration (C)
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of chemical disinfectant or intensity (I) of germicidal UV irradiation—and

the exposure time (7). In the case of solar photothermal distillation (water
evaporation by solar energy and subsequent vapour condensation), the primary
purpose is to desalinate brackish water and seawater. The process also removes
most non-volatile constituents as well as all types of microorganisms and viruses.
We consider solar distillation as a technology that produces disinfected potable
water in regions where saline water is the only available source. The other solar
thermal technology, pasteurization, is the process of using solar energy to raise the
bulk water temperature above the pasteurization temperature'”*>*°. Heat causes
damage to biomolecular structures and vital metabolic functions by inducing
denaturation and the breakdown of proteins and genomes'*~". Disinfection by
heat also varies widely depending on the types of microorganisms/viruses present,
as well as temperature and exposure time (Supplementary Table 2)***. On the
basis of the experimental data in literature, we here assume that raising water
temperature above 75 °C for 1 minute achieves 4-log inactivation of all pathogens
(Supplementary Fig. 2). A description on the thermal inactivation kinetics

and the required temperature and times of pasteurization are summarized in
Supplementary Note 2 and Supplementary Table 2. All underlying assumptions
used in calculating the disinfection capacity of each technology are summarized in
Supplementary Table 3. Details of the specific approaches to calculate disinfection
capacities of the five select technologies, along with fundamental modes of their
disinfection function, are described in Supplementary Notes 3-8, and parameters
used in calculations are summarized in Supplementary Tables 5-9.

Global mapping of disinfection capacity. The yearly average surface solar radiation
data (global horizontal irradiance, kWhm=d~") at a resolution of 30 arcsec between
60°N and 45°S were obtained from the Global Solar Atlas 2.0, a free web-based
application developed and operated by Solargis on behalf of the World Bank Group,
with funding provided by the Energy Sector Management Assistance Program®. We
calculate regional disinfection capacities by inputting these regional solar radiation
data to the preceding models and plot them on a global map using R”.

Sensitivity analysis. We perform Morris one-at-a-time screening analysis and
Sobol’s variance-based sensitivity analysis to quantitatively evaluate which
parameters of the model for each technology have the greatest influence on the
overall disinfection capacity and its uncertainty (Supplementary Note 9). The
Morris method produces two sensitivity indices, u* and o. Index p* represents

the overall influence on the disinfection capacity across the range of variations

(a parameter with higher y* has a greater influence on the disinfection capacity).
Index o indicates the degree of interaction with other factors in influencing

the disinfection capacity (a parameter with a higher ¢ has a greater interaction
with other parameters)*”. Sobol’s method produces three sensitivity indices
(Supplementary Note 9), and we focused mainly on two of these sensitivity
indices, which are the main effect, S, and the total effect, S,. Index S; means the
proportion of uncertainty that is decreased by fixing a parameter X, while index
Sy, represents the output uncertainty when only the parameter X; is not fixed®®.
Thus, index Sy, indicates the proportion of the output uncertainty caused by
variability of the parameter X and the variability associated with the interaction
between the parameter X; and other parameters. In this study, S;; is used to evaluate
the contribution of the variance of each parameter, rather than S, because even
parameters with low S; may have a great contribution of uncertainty caused by the
interaction with the other parameters. All sensitivity analyses and Monte Carlo
simulations were conducted using R, and the sensitivity indices obtained from the
analyses are summarized in Supplementary Table 11.

We performed Monte Carlo simulations (n=100,000) for three different cases
where only one parameter is set to be the minimum, average and maximum value
within the range, while keeping other parameters fixed. For the parameters that
positively contribute to the overall disinfection capacity, each value represents
the worst, average or best condition, respectively. By performing Monte Carlo
simulations for three different cases, we obtained three box plots (top, middle and
bottom plots) shown in Fig. 3b for each parameter. Here the interquartile range,
the width of the box plot, represents the degree of dispersion of the distribution for
a specific condition. The relative positions of the three boxes for each parameter
indicate how the change in this parameter (from minimum to maximum) changes
the overall disinfection capacity. Not surprisingly, a parameter with higher
normalized sensitivity index (Fig. 3a) tends to have a greater influence and larger
uncertainty on disinfection capacity (Fig. 3b).

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Datasets used in this study were accessed from publicly available sources. Long-term
annual average surface solar radiation data (global horizontal irradiance (GHI),
kWhm=2d"") from 45°S to 60° N at 30 arcsec resolution was sourced from the Global
Solar Atlas 2.0°". For the sensitivity analyses and Monte Carlo simulations, the
monthly sunlight intensity was obtained from the NASA Langley Research Center
Atmospheric Science Data Center Surface Meteorological and Solar Energy
(SSE)”*72, which provides the surface sunlight intensity across the globe at
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1° latitude by 1° longitude resolution, while the monthly surface temperature

was obtained from the Berkeley Earth website (http://berkeleyearth.org/). Data
pertaining to national, rural and urban access to WASH services, and the rate

of change in access, were sourced from the World Health Organization-United
Nations Children’s Fund (WHO-UNICEF) Joint Monitoring Program’, and data
reporting the burden of disease/specific diarrhoeal mortality rates for insufficient
WASH improvements access was acquired from the WHO Global Health
Observatory data repository’. Country economic parameters, including poverty
metrics, GDP per capita and other measures of wealth were sourced from the World
Bank World Development Indicators™, while information on country-specific
WASH financing structures and investments were acquired through the United
Nations Water Global Analysis and Assessment of Sanitation and Drinking Water”*.

Code availability

The R software, GraphPad Prism X9 software and the freely available R packages
were used for all data exploration and statistical analyses. The codes that support
the findings of this study are available from the corresponding author upon
reasonable request.
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the corresponding author upon reasonable request.

Randomization Randomization is not relevant to this study, because we did not categorize data into sub-groups and all relevant data were used.

Blinding Blinding to reduce detection and performance bias is not relevant to this study.
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