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Leveraging the water-environment-health
nexus to characterize sustainable water
purification solutions

Yu-Li Luo1, Yi-Rong Pan2,3, Xu Wang 1,4 , Zhao-Yue Wang1, Glen Daigger 5,
Jia-Xin Ma2, Lin-Hui Tang1, Junxin Liu2, Nan-Qi Ren1 & David Butler 4

Chemicals of emerging concern (CECs) pose critical threats to both public
health and the environment, emphasizing the urgent need for effective water
treatment measures. Yet, the implementation of such intervention technolo-
gies often results in increased energy consumption and adverse environmental
consequences. Here, we employ a comprehensive methodology that inte-
grates multiple datasets, assumptions, and calculations to assess the human
health and environmental implications of removing various CECs from source
water. Our analysis of two treatment alternatives reveals that the integration of
riverbank filtration with reverse osmosis offers a promising solution, yielding
healthier and more environmentally favorable outcomes than conventional
sequential technologies. By incorporating context-specific practices, such as
utilizing renewable energy sources and clean energy technologies, we can
mitigate the adverse impacts associatedwith energy-intensivewater treatment
services. This research advances our understanding of the water-health-
environment nexus and proposes strategies to align drinking water provision
with public health and environmental sustainability objectives.

The advancement of chemistry greatly contributes to enhancing
societalwell-being over the past decades, as evidencedby a substantial
increase in both the amount and variety of chemicals utilized. In
regions with available data, such as the United States and Europe, it is
estimated that the current market comprises ~75,000 to 140,000
chemicals1. Moreover, global chemical sales surpassed 5.6 trillion US
dollars in 2017, with projections suggesting they may double by 2030
(ref. 2). This progress, however, has inadvertently resulted in the
contamination of drinking water sources with complex mixtures of
chemicals that exhibit spatial and temporal variability3, posing
important threats to public health and the environment4. Numerous
chemicals of emerging concern (CECs), such as pesticides, industrial
additives, pharmaceuticals, personal care products (PCPs), and disin-
fection byproducts (DBPs), have been increasingly detected in

drinking water and blood serum samples5,6. Concerns about human
exposure are escalating due to evidence that these chemicals can have
deleterious biological effects at extremely low concentrations, ranging
from nanograms to micrograms per liter7,8.

The increasing variability and complexity of drinking water qual-
ity necessitate the adoption of a diverse array of water treatment
technologies9. These technologies are often integrated into sophisti-
cated process configurations designed to meet evolving challenges.
Treatment processes typically begin with conventional methods such
as aeration, rapid sand filtration, coagulation, sedimentation, and fil-
tration, and progress to advanced techniques including carbon filtra-
tion, advanced oxidation, desalination, and membrane filtration10. As
water treatment facilities are upgraded tomeet new quality standards,
these elaborate configurations become essential for achieving optimal

Received: 1 April 2023

Accepted: 24 January 2025

Check for updates

1State Key Laboratory of Urban Water Resource and Environment, School of Civil and Environmental Engineering, Harbin Institute of Technology, Shenzhen,
Shenzhen, China. 2Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, China. 3International Institute for Applied
Systems Analysis, Laxenburg, Austria. 4Centre for Water Systems, University of Exeter, Exeter, UK. 5Department of Civil and Environmental Engineering,
University of Michigan, Ann Arbor, MI, USA. e-mail: wangxu2021@hit.edu.cn

Nature Communications |         (2025) 16:1269 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-4555-1108
http://orcid.org/0000-0003-4555-1108
http://orcid.org/0000-0003-4555-1108
http://orcid.org/0000-0003-4555-1108
http://orcid.org/0000-0003-4555-1108
http://orcid.org/0000-0003-3857-8345
http://orcid.org/0000-0003-3857-8345
http://orcid.org/0000-0003-3857-8345
http://orcid.org/0000-0003-3857-8345
http://orcid.org/0000-0003-3857-8345
http://orcid.org/0000-0001-5515-3416
http://orcid.org/0000-0001-5515-3416
http://orcid.org/0000-0001-5515-3416
http://orcid.org/0000-0001-5515-3416
http://orcid.org/0000-0001-5515-3416
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56656-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56656-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56656-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56656-6&domain=pdf
mailto:wangxu2021@hit.edu.cn
www.nature.com/naturecommunications


treatment outcomes. However, the sustainability of these practices is
often compromised by a heavy reliance on chemical additives, high
energy consumption, substantial environmental emissions, and
demanding operational requirements11,12. Furthermore, these plants
usually require large, centralized infrastructure, substantial financial
investment, specialized engineering expertise, and extensive treat-
ment facilities13,14. Additionally, the intensive use of chemicals in water
treatment can exacerbate contamination issues, notably through the
formation of harmful DBPs such as trihalomethanes and haloacetic
acids, which pose severe health risks and increase environmental
pollution15–17.

Nature-based solutions, such as riverbank filtration (RBF), offer
multiple advantages for drinking water purification by leveraging nat-
ural processes like soil filtration and biological degradation18,19. These
systems effectively remove contaminants while reducing the reliance
on energy- and chemical-intensive treatments, thereby enhancing
sustainability and lowering operational costs20. Despite these benefits,
the substantial presence of CECs in groundwater often necessitates
additional treatment for potable use21,22. Reverse osmosis (RO),which is
effective at removing a broad spectrum of CECs, has been combined
with RBF in various pilot studies globally to evaluate its technical
feasibility23,24. The combination of RBF and RO (RBF-RO) systems has
shown potential in reducing chemical dosing and costs without com-
promising public health. However, the current RO membranes lack
sufficient selectivity for target pollutants, leading to high energy con-
sumption, especially when removing low-molecular-weight neutrally
charged chemical pollutants (ranging from 100 to 200 Daltons)25.
Achieving sustainability in these practices requires a comprehensive
understanding of their broad systemic impacts, which remains limited.

Here, we integrate diverse datasets, assumptions, and calculations
to model the cancer and non-cancer disease burdens associated with
various CECs in source water. We explore the potential for reducing
these burdens by integrating RBF with RO and conventional sequential
technologies. Additionally, we evaluate the life cycle environmental
impacts of different water purification systems, identify impact hot-
spots, and develop optimization strategies to mitigate adverse effects.
Our previous research indicated that geographical, climatic, and other
context-specific factors greatly influence these impacts26. Consequently,
in the current study, we differentiate our primary results based on the
specific data concerning the electricity generation mixes of 136 coun-
tries, examining whether environmentally favorable outcomes can be
achieved by implementing energy-intensive RBF-RO systems in diverse
global contexts. Building on these findings, we introduce a water-
environment-health nexus (referred to as the WEALTH approach) that
elucidates and coordinates interactions among drinking water supply,
public health protection, and environmental sustainability goals.

Results
Overview of the water puri�cation systems
We selected a drinking water production plant in Kamerik, Nether-
lands, for further modeling and analysis due to its utilization of two
parallel water treatment processes. Theplant provides 2.4 × 106m3/yof
drinking water characterized by low hardness and color intensity,
chemical and biological stability, and priority substance concentra-
tions that are half the maximum levels stipulated in Dutch
regulations27. Specifically, theplant utilizes anextended treatment (ET)
train, referred to as the RBF-ET system in this study, which comprises
biological iron removalwith dryfiltration (including aeration and rapid
sand filters), pellet softening, carry-over filtering, ion exchange, gran-
ular activated carbon, and ultraviolet light disinfection (Supplemen-
tary Fig. 1a). This system purifies water sourced from wells adjacent to
the LeK River. Additionally, the plant employs an innovative treatment
system combing RBF and RO, designated as the RBF-RO system. This
system utilizes RO to filter the same source water, with subsequent
post-treatments including ion exchange, remineralization,

oxygenation, and degasification to conform to drinking water stan-
dards and enhance water taste (Supplementary Fig. 1b). The essential
process parameters of the two drinking water treatment systems are
outlined in Supplementary Table 1. Comprehensive modeling efforts
involved integrating various datasets and assumptions to evaluate the
removal efficiency of 93 CECs, which include 41 pesticides, 19 indus-
trial chemicals, 17 pharmaceuticals, 7 antibiotics, 5 DBPs, and 4 PCPs
across the two water treatment systems (Supplementary Table 2). The
selection of these CECs was based on their prevalence in scholarly
literature, their relevance to water purification, and the availability of
datasets suitable for modeling purposes. These CECs serve as repre-
sentative contaminants to simulate the performance and assess the
impacts of water purification systems, potentially indicating similar
challenges posed by other waterborne contaminants. The analytical
framework established for this study is further detailed in Supple-
mentary Fig. 2, providing a schematic representation of the processes
involved and the modeling methodologies applied. This comprehen-
sive approach aims to enhance understanding of the efficacy of dif-
ferent water treatment technologies in mitigating the presence of
diverse contaminants, thus contributing to the development of more
effective and sustainable water purification strategies.

Modeled disease burdens associated with CECs in each water
production system
To assess the burdens of cancer and non-cancer disease associated
with CECs present in drinking water from the alternative treatment
systems, we quantified the disability-adjusted life years (DALYs) for
annual exposure to the referenceCECs, considering both carcinogenic
and non-carcinogenic effects. The individualDALYs for each treatment
system were calculated by aggregating the Monte Carlo (MC) itera-
tions of annual DALYs for the specified exposure pathway. To evaluate
whether each water treatment system pose a tolerable health risk, we
employed an upper limit of 1.00 × 10–6 DALYs person–1 year–1, a
threshold established by the World Health Organization (WHO) for
drinking water28. The cumulative probability distribution function
(CPDF) of individual DALYs was utilized to provide insights into the
median DALYs and the range of probable annual DALYs, reflecting the
inherent variation in model parameters (Fig. 1a). Our analysis revealed
that for sourcewater,0%of theMC simulations for cancer risks and 11%
for non-cancer risks resulted in DALYs ≤1.00 × 10–6 person–1 year–1,
underscoring the critical need for water treatment for safe drinking
purposes. For the RBF-ET system, 0% of theMC simulations for cancer
risks and 100% for non-cancer risks meet the ≤1.00 × 10–6 person–1

year–1 criterion, indicating effective mitigation of non-carcinogenic
risks. Conversely, all MC simulations in the RBF-RO system resulted in
disease burdens of ≤1.00 × 10–6 DALYs person–1 year–1 for both cancer
and non-cancer risks. Additionally, we evaluated the health benefits
associated with transitioning from the RBF-ET system to the RBF-RO
system by calculating the difference in MC simulations of annual
DALYs for each treatment process (Fig. 1b). The results indicated
positive health benefits for the RBF-RO system in 100% of MC simu-
lations for cancer diseases and in 85% for non-cancer diseases (Fig. 1b),
suggesting that switching to the RBF-RO system would likely be
advantageous from a public health perspective. This finding supports
the potential public health benefits of adopting more advanced water
treatment technologies such as RBF-RO in mitigating the risks posed
by CECs in drinking water.

Role of system components in reducing the disease burden
In this study, we conducted a comprehensive analysis addressing both
variability anduncertainty to evaluate the impactof three fundamental
system components—RBF, ET, and RO—on reducing the burdens of
cancer andnon-cancerdiseases associatedwithCECspresent in source
water. Figure 2 illustrates the relative contribution of different CEC
categories to the changes in disease burdens following the
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enhancement of treatment infrastructure from a standalone RBF sys-
tem to an integrated RBF-ET or RBF-RO systems. Notably, pesticides
were identified as the primary category of CECs showing a great
reduction in non-cancer disease burdens, as depicted in Fig. 2a. The
median non-cancer burden decreased from 8.29 × 10–7 DALYs person–1

year–1 in the sourcewater to 4.19 × 10–7 DALYs person–1 year–1 in theRBF
effluent, further declining to 1.20 × 10–7 DALYs person–1 year–1 and
1.35 × 10–7 DALYs person–1 year–1 following the implementation of RO
and ET, respectively (Supplementary Table 3). Conversely, DBPs were
identified as the principal category of CECs demonstrating a decreas-
ing trend in median cancer burdens, due to their higher initial con-
centrations, as illustrated in Fig. 2b. Themedian cancer burden initially
decreased from 1.25 × 10–5 DALYs person–1 year–1 in the source water to
4.67 × 10-6 DALYs person–1 year–1 in the RBF effluent, subsequently
reducing to 1.17 × 10–6 DALYs person–1 year–1 and DALYs 5.96 × 10–7

person–1 year–1 following the completion of ET and RO, respectively
(Supplementary Table 3). Although all three system components
contributed to a reduction in disease burdens associated with CECs in
treated water, the RBF-RO configuration demonstrated superior per-
formance, resulting in median cancer and non-cancer burdens of
6.84 × 10–7 DALYs person–1 year–1 and 1.51 × 10–7 DALYs person–1 year–1,
respectively. This analysis underscores the effectiveness of integrating
advanced treatment processes to achieve remarkable reductions in
health risks associated with CECs in drinking water.

Exposure concentrations, human toxicity factors, and disease
burdens of CECs
Figure 3 illustrates the exposure (residual) concentration, human
toxicity factor, and associated cancer burden of each CEC in drinking
water treated via the RBF-RO system. Our analysis focused on the
median cancer burden, as outlined in Supplementary Table 4, which
provides comprehensive model outputs. This focus was guided by the
analogous patterns observed in both cancer and non-cancer risks.
Notably, the highest cancer disease burdens were correlated with
elevated residual concentrations of CECs. For instance, treated water
containing high levels of chloroform (a DBP) at a concentration of
129.2 ng L–1, and naphthalene (an industrial chemical) at a concentra-
tion of 79.0 ng L–1, exhibited relatively highdiseaseburdens, calculated
at 1.76 × 10–8 DALYs person–1 year–1 and 5.40 × 10–8 DALYs person–1

year–1, respectively. This indicates a direct relationship between the
concentration of CECs in treated water and the resultant health risks.
Furthermore, the analysis demonstrated that CECs with high toxicity
factors importantly contributed to the cancer burden, evenwhen their
residual concentrations in the treated water were relatively low. For
example, the residual concentration of nitrosodimethylamine (a DBP)
was only 4.6 ng L–1, similar to that of diethylhexyl phthalate (an
industrial chemical) at 6.9 ng L–1. However, the resulting cancer burden
from nitrosodimethylamine was markedly higher at 3.39 × 10–8 DALYs
person–1 year–1, compared to a remarkably lower burden of 1.22 × 10–10

DALYs person–1 year–1 from diethylhexyl phthalate. This disparity is
primarily owning to the much higher toxicity factor of nitrosodi-
methylamine (11.9 cases kg–1) compared to that of diethylhexyl
phthalate (2.9 × 10–3 cases kg–1), underscoring the importance of con-
sidering both concentration and toxicity in assessing the health
impacts of CECs.

Environmental impacts throughout the water treatment
process
Our study initially focused on modeling the non-cancer and cancer
disease burdens associated with CECs in drinking water produced by
alternative systems. However, to fully evaluate the broad environ-
mental impacts, we conducted a life-cycle assessment (LCA). Figure 4a
illustrates that, compared to the RBF-ET system, employing the RBF-
RO system for drinking water production resulted in important
reductions in various environmental burdens. These reductions
include terrestrial acidification (63% reduction), freshwater eutrophi-
cation (23%), mineral consumption (16%), fossil fuel depletion (14%),
marine ecotoxicity (14%), freshwater ecotoxicity (12%), ozone deple-
tion (5%), and global warming (1%). Nonetheless, the RBF-RO system
exhibited ~53% higher marine eutrophication potential compared to
theRBF-ET system.This discrepancy suggests thatnitrogen-containing
substances, possibly emitted during upstream membrane production
and electricity consumption, greatly contribute to marine eutrophi-
cation. Notably, post-treatment processes in the RO system, such
remineralization through the addition of calcium and magnesium, are
necessary to comply with drinking water regulations and improve
water taste. This remineralization typically involves mineral injection
into drinking water using CO2, which is often sourced from industrial
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Fig. 1 | Estimatednon-cancer and cancer disease burdens associatedwith source
water and drinking water treated via two alternative puri�cation systems.
a Cumulative probability distribution function (CPDF) curves depicting the
disability-adjusted life years (DALYs) associated with annual exposure to chemicals
in source water (orange curve), drinking water treated by the combination of riv-
erbank filtration and reserve osmosis (RBF-RO) system (blue curve), and drinking
water purified by the integration of riverbank filtration and extended treatment

(RBF-ET) system (red curve). The dotted vertical lines denote the upper limit of the
tolerable disease burden (1.00× 10–6 DALYs person–1 year–1) as suggested by the
World Health Organization (WHO). b CPDF curves illustrating the human health
effects of RBF-RO, determined by the total annual DALYs per person exposed.
Negative values signify the health benefits acquired upon transitioning from RBF-
ET to RBF-RO. The disease burdens were assessed in distinct carcinogenic and non-
carcinogenic impact categories based on 10,000 Monte Carlo simulation runs.
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processes that usemonoethanolamide as an adsorbent29. However, the
volatile nature of monoethanolamide and its degradation products
can lead to contamination of terrestrial ecosystems through atmo-
spheric deposition30, explaining the higher terrestrial ecotoxicity
potential observed with the RBF-RO system compared to the RBF-ET
system. Moreover, our analysis revealed that the transportation of
chemicals andmaterials from upstream factories to the drinking water
productionplant also contributes to higher terrestrial ecotoxicity. This
is primarily attributed to the use of trucks, assumed to be the primary
mode of transport in this study. Substantial contributors to terrestrial
ecotoxicity include zinc, copper, and other heavy metals related from
truck brakes, as detailed in Supplementary Table 5. These findings
underscore the importance of considering a logistic environmental
perspective when evaluating water treatment systems, accounting for
the entire lifecycle from raw material extraction through end-use and
potential disposal.

Potential to minimize unwanted impacts
In Fig. 4a, we highlighted the important impacts of marine eutrophi-
cation attributable to the production of materials and electricity for

the RBF-RO system. To mitigate these adverse effects, we explored
enhancements in material efficiency and the adoption of energy
recovery measures. Initially, we posited that advancements in mem-
brane science and engineering could double the lifespan of RO
membranes31, thereby reducing the volume of membranes requiring
transportation. Additionally, we examined the potential of incorpor-
ating a Pelton turbine to facilitate energy recovery from the high-
pressure concentrated brine. Notably, nearly 50% of the power con-
sumed in the RBF-RO system is due to high-pressure pumps, as illu-
strated in Supplementary Fig. 3. Pelton turbines, known for their high
efficiency and uncomplicated mechanical design, provide an efficient
solution for hydraulic energy recovery. They operate with only the
turbine backpressure required for shaft seal operation, eliminating the
need for high inlet pressure32. As depicted in Fig. 4b, integrating stra-
tegies to extend the service life of RO membranes and to harness
hydraulic energy from high-pressure brine could potentially reduce
themarine eutrophication potential by ~24%. This integrated approach
not only demonstrates effectiveness in mitigating terrestrial eutro-
phication but also shows potential in reducing terrestrial ecotoxicity
and other environmental impacts associated with the RBF-RO system.
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Furthermore, our analysis revealed that modifying the transportation
logistics of chemicals and materials from trucks to more envir-
onmentally friendly conveyances, such as ships, could further diminish
the terrestrial ecotoxicity potential of the RBF-RO system by ~9%, as
detailed in Supplementary Fig. 4. This strategy represents a holistic
approach to improving the environmental footprint of water treat-
ment systems, focusing on both upstream material production and
downstream operational efficiencies.

Evaluation of RBF-RO in different world contexts
In previous research, the composition of electricity sources was shown
to remarkably influence the environmental impacts of energy-
intensive water treatment methods33, with the efficiency and impacts

of electricity generation processes varying greatly based on geo-
graphical factors34. Consequently, we conducted an assessment of the
location-specific environmental consequences of the RBF-RO system
for 136 countries across Africa, the Americas, Asia, Oceania, and Eur-
ope (enumerated in Supplementary Table 6), integrating country-
specific data on electricity generation mixes (refer to Fig. 5a). The
selection of these countries was guided by distinct primary energy
compositions and electricity generation technologies capable of
diversifying energy-related impacts35. Figure 5b illustrates maps sum-
marizing the spatial divergence in the environmental repercussions of
the RBF-RO system due to variations in the electricity mix across dif-
ferent geographic regions. Notably, regions like Canada and Brazil
show effective mitigation of environmental impacts, which is evident

Disease burden 
(DALYs person-1 year-1)

Human toxicity factor
(cases kg-1)

Exposure concentration
(ng L-1)

Antibiotics DBPs Industrial chemicals PCPs Pesticides Pharmaceuticals

Lowest
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Fig. 3 | Exposure concentrations, human toxicity factors, and cancer burdens
of six categories of CECs in drinking water treated via RBF-RO. The color scale
denotes themagnitudeof each exposure concentration, toxicity factor, anddisease
burden, while also highlighting the contributions of exposure concentrations and
toxicity factors to the disease burden of each chemical of emerging concern (CEC)
in drinking water produced by integration of riverbank filtration and reserve

osmosis (RBF-RO). The charts are based on median data sets for each CEC. Note:
CECs lacking available data on carcinogenic effects are not included. The chemical
number of each CEC is provided in the Supplementary Information. DBPs: disin-
fection byproducts. PCPs: personal care products. DALYs: disability-adjusted
life years.
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Fig. 4 | Life-cycle environmental impacts of two alternative water treatment
systems. a Contributions of different water treatment processes to 10 mid-point
environmental impacts, expressed per cubic meter of drinking water produced
over 25 years of operating the combination of riverbank filtration and extended
treatment (RBF-ET) as well as the integration of riverbank filtration and reserve

osmosis (RBF-RO) systems. The relative size (or absence) of each color illustrates
the contribution of the process to each environmental impact. b Performance and
co-benefits of RO-relatedoptimization strategies tomitigatemarine eutrophication
are depicted for the RBF-RO system. Additional details regarding other con-
stituents associated with RO are provided in the Supplementary Information.
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14040. For this case study, the functional unit was defined as the
production of 1 cubic meter (m³) of drinking water over a 25-year
operational period, reflecting the typical lifespan of engineered water
treatment infrastructure70. The analysis focused on the operational
phase, excluding facility construction and decommissioning due to
their minimal impact compared to long-term operations71. Compar-
isons between the two water production systems incorporated both
foreground processes (such as water production, RO-concentrate
treatment, and sludge disposal) and background processes (including
the use of energy, chemicals, and other materials in both on-site and
off-site foreground processes). Transport-related impacts were
excluded, based on the assumption of identical transport distances for
all systems and an estimated population of approximately half a mil-
lion inhabitants per service area, derived from a per capita daily water
usage of 120 l26. Foreground inventorydata for the alternative systems,
which included operational energy, chemicals, consumables, waste
streams, and gaseous emissions, primarily sourced from literature, are
detailed in Supplementary Table 12. Whereas Supplementary Table 13
provides inventory data concerning the transportation of chemicals
and consumables from manufacturers to the water production plant.
Background inventory data on chemicals, energy, and materials,
sourced from the Ecoinvent database, were selected to reflect the local
electricity mix and specific material and energy inputs relevant to the
case study location, as outlined in Supplementary Table 14.

In this study, life-cycle inventory inputs and emissions were
transformed into 10 environmental impact categories, utilizing
characterization factors from the Hierarchist ReCiPe 2016 mid-
point-based methods version 1.01, accessed via SimaPro software.
The impact categories selected for analysis included global
warming, ozone depletion, terrestrial acidification, freshwater
eutrophication, marine eutrophication, terrestrial ecotoxicity,
freshwater ecotoxicity, marine ecotoxicity, mineral consumption,
and fossil fuel depletion, as shown in Supplementary Table 15.
These categories represent commonly included environmental
impacts in LCAs for urban water management33,72. Importantly,
the life-cycle inventory data for all process configurations within
each system served as model inputs for subsequent impact cal-
culations. Therefore, the model outputs presented here pertain to
the overall results of each system rather than specific process
configurations. This comprehensive approach allows for a
detailed comparison and evaluation of the environmental impacts
associated with different water production systems, providing
valuable insights into their sustainability and efficiency.

Assessment of RBF-RO in other countries
To assess the potential impact of site-specific electricity mixes on
the environmental performance of the RBF-RO system, we ana-
lyzed the energy structures across 136 countries and territories,
hereafter referred to as “countries,” covering regions such as
Africa, the Americas, Oceania, and Europe. These countries were
selected to represent a great portion of the global population,
accounting for over 90% of the world’s inhabitants, thus ensuring
the representativeness and global relevance of our analysis. The
life-cycle inventory associated with electricity generation for each
country was derived from predefined unit processes within the
Ecoinvent database. This integration into the LCA model facili-
tated a comprehensive analysis and comparison of how different
electricity generation mixes affect the environmental outcomes
of the RBF-RO water treatment system. The specific Ecoinvent
processes utilized for each country’s electricity generation are
detailed in Supplementary Table 16. This approach allowed us to
understand the variance in environmental impacts driven by dif-
ferent energy sources and efficiencies used across diverse geo-
graphical contexts. By considering the specific electricity mixes
of each country, the study not only provides insights into the

environmental impacts associated with the operational phase of
the RBF-RO system but also highlights the importance of con-
sidering regional energy policies and practices in environmental
performance assessments. This nuanced understanding is crucial
for policymakers, environmental scientists, and engineers aiming
to optimize water treatment solutions in a way that aligns with
both local energy landscapes and global sustainability goals.

Variability, uncertainty and sensitivity analysis
A MC simulation was employed to quantify input uncertainties and to
explore the potential variability and uncertainty in the health disease
burden estimates associated with each water treatment system. The
simulation assumed the mutual independence of water treatment
methodologies, with the necessary integrated assumptions, except for
the variability inherent in the Ecoinvent database. Each input para-
meter was assigned a probability distribution, with maximum and
minimum plausible values derived from this study, as outlined in
Supplementary Tables 9 and 10. Due to data scarcity—a common
challenge in such research—the true underlying distribution of several
parameters could not be fully characterized26. Therefore, triangular
distributions were utilized, using the mean and extreme values of
available data to establish the mode and the minimum or maximum
values, respectively. The central tendency results were compared with
the variability at the 5th and 95th percentiles, derived from the dis-
tribution of outcomes following 10,000 MC iterations, as dictated by
Eq. (1). Mean values, along with their 95% confidential intervals, were
utilized to reflect the inherent uncertainties in the estimates.
Acknowledging the significance of uncertainty in the quantification
and qualification of health disease burdens and life cycle impact
assessments, the absence of specific input parameter ranges in
broader evaluations can complicate the precise quantification and
mitigation of uncertainties, particularly when compared to simulation-
based methodologies. Our strategic emphasis on water treatment
process simulations reflects a deliberate effort to enhance knowledge
and practices within this critical aspect of environmental engineering.
To ensure the robustness of our findings, the simulation was repeated
to verify the adequacy of the number of simulations for achieving
reproducible results. The uncertainty analysis was conducted using
Oracle Crystal Ball.

To identify the pivotal factors influencing trends in health and
environmental effects attributable to water purification practices, a
sensitivity analysis was performed on key model parameters. These
included the influent concentration of CECs, the removal efficiencies
of system components, and the inputs and emissions throughout the
treatment processes. Initially, based on the MC-generated health dis-
ease burden simulation sets, Spearman’s rank-order correlation was
used to execute regression correlation analysis between outcomes for
cancer and non-cancer disease burdens and the input parameters,
which encompassed influent CEC concentrations in source water and
RBF removal rates. For environmental impact assessments, each
model input of the RBF-RO system was systematically varied by ±20%
(as referenced in Supplementary Tables 12 and 13), with subsequent
observation of the resultant impact on the environmental impact
categories through a one-factor-at-a-time sensitivity analysis. A sensi-
tivity coefficient was formulated, relating the ratio of the change in the
output parameter to the change in the input parameter26. The findings
from the sensitivity analysis are presented in Supplementary
Figs. 5 and 6, offering a comprehensive viewof the factorsmost critical
to the environmental and health outcomes of the water purification
processes.

Data availability
All model inputs used for the analysis in this study are publicly avail-
able through the cited literature or the data provided in the Supple-
mentary Data 1 and Supplementary Information.
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