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Abstract:

Achieving universal drinking water and sanitation access by 2030 (SDG 6) remains uncertain under future
socioeconomic and climate conditions. This study projects access to improved services using a logit-based model
that incorporates income distribution, settlement structure, governance, and hydroclimatic indicators along SSP—
RCP scenarios and estimates the associated water and energy footprint of closing the access gap. Results show
that universal access is not achieved by 2030 in any scenario, with about 296 (£10%) million people lacking
drinking water access. By the end of the century, access improves but remains incomplete, with about 250 million
people without sanitation and 85 million without drinking water. Long-term projections reveal persistent regional
disparities: access gaps remain concentrated in Sub-Saharan Africa and South Asia throughout the century.
Scenarios characterized by persistent socioeconomic inequality (SSP3) show stagnation or increasing gaps,
whereas more prosperous pathways (SSP1 and SSP5) achieve substantially faster progress but do not fully
eliminate disparities. Closing remaining gaps implies substantial regional infrastructure expansion and additional
water and energy demand—on the order of several km? of water per year and up to 19.6 TWh/year globally by

mid-century—highlighting the need for long-term, region-specific planning strategies.

Introduction
Ensuring universal access to safe drinking water and sanitation remains a major global development challenge.

Despite decades of progress, large segments of the global population continue to lack access to basic water and
sanitation services, reflecting deep inequalities across income levels, settlement types, and regions *. These access
gaps are shaped by demographic change, economic development, and institutional capacity to maintain
infrastructure, avoiding water leakages, and are increasingly challenged by climate-related pressures that affect
the reliability and cost of service provision 2. Climate impacts further intensify water stress, damaging water

supply infrastructure and services, and disproportionately affect vulnerable populations >®.



Sustainable Development Goal 6 (SDG 6) commits the international community to achieving universal and
equitable access to safe and affordable drinking water (SDG 6.1) and adequate sanitation and hygiene (SDG 6.2)
by 2030. However, recent global assessments indicate that the world is not on track to meet these targets. As of
2024, approximately 8% of the global population still lacks access to improved drinking water services, while more
than a quarter lacks access to safely managed drinking water. Sanitation access lags even further behind, with
global coverage rates roughly 10 percentage points lower than those for drinking water 7, Clean water and
sanitation access already disproportionately affect populations in specific world regions (e.g., Sub-Saharan Africa
and South Asia). Furthermore, progress has slowed in many regions, particularly in low-income countries and rural

areas, raising concerns about the feasibility of achieving universal access within the SDG timeframe >0,

The persistence of drinking water and sanitation access gaps has important implications beyond development
targets. Households without adequate services face higher risks of water-borne diseases, increased child
mortality, and adverse long-term health outcomes 12, These access gaps impose significant time burdens,
particularly on women and children through water collection and coping strategies, which reinforce poverty traps

13715 Closing drinking water and sanitation access gaps therefore requires sustained

and gender inequalities
investments in institutional capacity, operation and maintenance, and service reliability, in addition to physical
infrastructure ®, Estimates suggest that achieving universal basic access would require investments well beyond
current spending levels, especially in low-income and rapidly urbanizing countries %', Furthermore, even in
places where access has been attempted, community uptake often fails to achieve the targeted outcomes due to

socio-culturally inappropriate interventions 8,

While the World Health Organization provides regular updates of past water and sanitation access and estimates
for 2030, few studies have projected long-term future trajectories under uncertain socioeconomic and climate
change ®. Previous studies have used fairly limited sets of explanatory variables (e.g., GDP only) and assumptions
on technological progress derived along the Shared Socioeconomic Pathways (SSPs) °. However, more recently,
there is strong empirical evidence that heterogeneity across income groups and rural-urban contexts is a central
determinant of access outcomes 62°. While some studies have included these variables as predictors, they have
predominantly been limited to making near-term projections, such as up to 2030 %2°22, Furthermore, future
access to improved drinking water and sanitation services is frequently analyzed separately, limiting comparability

across services and scenarios.

Addressing these knowledge gaps, this study pursues two main objectives. First, it extends projections of drinking

water and sanitation access beyond 2030, providing long-term estimates consistent with widely used



socioeconomic scenarios. Second, it delivers regionally disaggregated insights into the number of people likely to
remain without access, along with the associated water volumes and energy requirements, to inform sectoral
planning. The resulting openly available projections and ready-to-use datasets are intended to support
infrastructure planning and policy analysis, while also providing harmonized inputs for hydrological, water—

energy, and integrated assessment modelling studies.

To achieve these objectives, we provide long-term, consistent projections of access to improved drinking water
and sanitation services for 142 countries, through the end of the 21 century (see the country coverage in
Supplementary Fig. 8). Using regression-based models estimated on historical access data, we project access
outcomes under alternative Shared Socioeconomic Pathways, capturing the joint effects of income growth,
urbanization, governance, demographic and climate change, and inequality across countries and population
groups. This framework enables us to assess how different development trajectories shape the persistence of

access gaps over time and their implications in terms of water demand and associated energy use.

We focus on access to improved drinking water and sanitation services as the key indicators for identifying
populations that lack water and sanitation infrastructure, respectively. While SDG targets emphasize safely
managed services, full universal access to even improved services is unlikely to be achieved by 2030 under current
trends 7. The “improved service” category captures the minimum infrastructure threshold required to eliminate
complete exclusion from formal water systems and therefore defines the lower bound of additional water supply
capacity needed. Differences between improved and safely managed services, illustrated in Supplementary Table
3, are primarily qualitative, relating to treatment, monitoring, and reliability, and therefore might have stronger
implications for energy use than for volumetric water demand. By linking projected access gaps with population,
water volumes and energy, our analysis provides insights into future trajectories of human well-being standards
2 while delivering a harmonized, scenario-consistent dataset that can be directly used in policy analysis and

integrated assessment, hydrological, and water—energy system models 242,

Results

Persistent gap in sanitation and drinking water access after failing 2030 SDG targets
In terms of population, about 880 million people lack access to improved sanitation services in 2025 and 330
million people have no access to improved drinking water services. Our projections in 2030 range between 739

and 821 million people without access to improved sanitation, and 266-326 million people without access to



drinking water. In this context, achieving the SDG targets of full access to safely managed water in 2030 does not
seem realistic, unless strong and effective policies are in place.

Sanitation and drinking water access evolve differently over the long term (beyond 2050), with trajectories
increasingly shaped by the divergence of socioeconomic pathways across SSPs. The spread between scenarios
grows over time because the underlying drivers used in the projection model, including GDP per capita,
urbanization, governance, and income distribution, follow increasingly different trajectories along the century
(Supplementary Fig. 3).

Under SSP3, characterized by global rivalry and persistent inequality, and SSP4, with a narrative of widespread
international inequality, while the access rates improve, the absolute number of people without access remains
roughly constant or slightly increases after 2050 amid global population growth. Global sanitation access increases
by only 2—4 percentage points and drinking water access by about 2 percentage points by 2090 (Figure 1a). SSP2,
1 and 5, show increasingly stronger reduction trends leading, respectively, to less than 250 million and 85 million
people with no access to sanitation and drinking water at the end of the century. This reflects their assumptions
of sustained economic growth, faster urbanization, better governance, and lower population growth relative to
SSP3 and SSP4 (See Supplementary Fig. 3). However, under no scenario there is 100% access. Under SSP5, the
most optimistic pathway, global drinking water access reaches 98% by 2045 and 99% by 2065. Sanitation access
improves more gradually, reaching 98% only by 2080 in SSP5 and never exceeding 99%. SSP2 follows an
intermediate trajectory between these scenarios.

Among the 30 countries with the largest populations lacking access in 2050, Ethiopia, Republic of the Congo,
Niger, and Sudan, followed by several other African countries, stand out, each still having tens of millions of people
without access to both improved drinking water and sanitation. Despite some progress, access rates remain
relatively low in 2050 (averaging 87% for drinking water and 60% for sanitation), with substantial variation across
SSP scenarios, as shown in Figure 2. India, which is projected to have half the number of people without access to
sanitation compared to 2025, still features second in the ranking of people without access in 2050 despite the
high access rates (more than 99% for drinking water and 95 for sanitation), because of the overall large population
(Figure 2b). Nigeria shows rapidly increasing access rates from 2030 to 2050, but still tens of millions of people

without access to improved services as projected for 2030, amid assumptions of population growth.

Scenario spread uncertainty

The socioeconomic scenario uncertainty is clearly visible in Figure 1a and 1b and leads to scenario spreads

exceeding the mean projection (>100%) in the long-term horizon (Figure 1c). The spread metric represents the



proportional variation across scenarios: higher values indicate greater divergence between scenario outcomes
relative to their average, and thus higher uncertainty.

The SSP projections embed differences in urbanization and income distribution. Breaking down the SSP scenario
spread for settlement and income quintiles, we notice a higher spread on the number of people without access
in rural areas and at lower incomes, while the spread tends to stabilize in urban areas after mid-century (Figure
1d). Hydroclimatic uncertainty, which in our modelling framework only affects drinking water access and does not
explicitly include extreme events like floods, results in scenario spreads that are two orders of magnitude smaller
than the socioeconomic scenario spread. It should be noted that we only report RCP scenario spread for the
subset of countries whose projections utilize a model that includes hydroclimatic variables (Model A, see Methods
and Supplementary Fig. 8). This explains why, at the global level, the projections under the two RCPs are nearly
indistinguishable (Figure 1b and 1c), while we observe important differences in some countries.

The SSP-driven scenario spread across countries, quite narrow in 2030, visibly widens in 2050, with a few countries
passing an uncertainty spread of 50% and Brazil, Yemen, Mozambique and Tanzania showing spreads approaching
or exceeding 100% for sanitation (Figure 2a). The improvements in drinking water access are more limited than
those for sanitation, but the socioeconomic uncertainty spread grows similarly. For example, the highest SSP
scenario ranges in 2050 span up to 63 million people without sanitation access in Ethiopia and 33 million people
without drinking water access in the Democratic Republic of Congo. By contrast, the RCP uncertainty spread

remains similar to the same values shown in 2030 (Figure 2c and Supplementary Fig. 4).

Contribution of predictor variables

Our results confirm that GDP per capita is a statistically robust predictor of improved drinking water access (see
the Methods section and Supplementary Tables 1 and 2): a doubling of GDP increases the odds of access by a
factor of about 2.5-3. This reflects the role of GDP per capita as a proxy for investment capacity in water and
sanitation infrastructure, including network expansion, service provision, and household affordability. Urban
residence is associated with an order-of-magnitude higher likelihood of access compared to rural residence,
highlighting the central role of settlement structure and network economies in water provision. Among the most
statistically significant variables, income quintiles determine sharp increases in access, with households in the
richest quintile exhibiting roughly five times higher odds of access than those in the poorest quintile, conditional
on national income and country fixed effects. This is noticeable, for instance, in the resulting projection of
population without sanitation access in Zambia (Supplementary Figure 2 6b), where a large part of the rural
population without access falls in the respective mid-high income ranges, with a higher possibility of being
connected in the next decades. On the other hand, the number of people without access to drinking water in the

lowest-income groups might remain constant over time amid general population growth.



The government efficacy indicator is not statistically significant (p-value around 0.4-0.5), but it statistically
improves the model fit according to the Variance Inflation Factor test. Among different hydroclimatic variables
tested, aridity seems the one that best explains variations in drinking water access rates, as discussed in the
Supplementary Information. For sanitation, we have similar results, with the difference that no hydroclimatic
variables seem to be statistically significant (water stress index p-value=0.96), highlighting that adoption of
sanitation is mostly driven by economic and societal factors and not strictly linked to water availability or water
stress.

As shown above, the socioeconomic assumptions embedded in the SSPs, and for some countries, the
hydroclimate variability, are determinants of a large spread of possible outcomes in water and sanitation access
development. The Supplementary Fig. 5b on SSP scenario spread, and the illustrative example of Cote d'lvoire in
Supplementary Fig. 6a show that the uncertainty spreads are highest in the lower income quintiles and in rural
areas. The SSP scenario spread for drinking water is close to 0 in urban areas, while it ranges from 4% to 10% in
the lowest income quantiles in rural areas. For sanitation, the spreads are higher, reaching, in the long run, 10%

in urban areas and up to 40% in rural areas (Supplementary Fig. 5b).

Drinking water gap and energy use

Existing projections of domestic water demands use spatially explicit per-capita rates per socioeconomic groups
and settlement type and multiply them by the population %?7. Usually, hydrological models aggregate water
demands at larger sectors (i.e., domestic or municipal, industry, etc.) and, in most cases, they assume that the
whole population has access to water, or neglect the water quality status and requirements, only referring to
theoretical water volumes. We apply the improved water access rates from our analysis and derive the water
volumes that would be accessed at improved standards in different countries under the different SSPs.
Conversely, we can also calculate the water volumes that the population without access would need if the service
were provided to them. We refer to this quantity as the “improved water gap” and it indicates the water volume
that should still be qualitatively improved or physically provided to reach 100% access. It is important to

remember that improved water quality is only a preliminary but necessary step to having safely managed water.

The global improved water gap in 2025 is around 11 km?3/year, only 2% of the overall domestic demand (between 575-580 km?3/year). This
is likely to more than halve under SSP1 and SSP5 after 2050, while it might remain at similar levels under SSP3. The projections account
for population changes, changes in access rates and changes in per-capita water use implicit in the SSP assumptions, which tend to
increase globally in the 215t century (Supplementary Fig. 7). The countries with the highest water gap both in 2025 and 2050 are in central



Sub-Saharan Africa and India (Figure 3¢
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Figure 3), where the gap ranges from around 10% to as much as 40% of domestic water demand. This highlights
that expanding infrastructure for the safe distribution of clean water will remain a major challenge in the coming
decades. For example, in Nigeria the water gap is projected to increase from about 1.4 km3 to between 1 and 3
km3, and in Ethiopia from approximately 0.5 km? to over 1 km?3, substantial volumes given high population growth

and existing water scarcity (Figure 3c). Overall, the median per capita domestic water demand of all countries



with a water gap is lower than the global median, which indicates persistent inequality in water services under
our scenarios (Supplementary Fig. 7).

We then apply energy intensity values estimated from Magni et al. (2025) and obtain the energy use associated
with closing the improved water gap. As expected, the regional and time patterns are similar to water demand.
The global energy gap related to improved water access in 2025 ranges from 2.8 to 15.3 TWh/year, with a mean
value of 8.5 TWh/year, which corresponds to the overall energy consumption of small countries like Uruguay or
Estonia. This range is given by the uncertainty in energy use intensity. Due to our method, future trends, regional
distribution and SSP-RCP uncertainty for the water and energy gaps follow the trend of population without access
visible in Figure 1a and Supplementary Fig. 10. Future results diverge significantly starting from 2035 across the
different SSPs. Mean global energy use gap values in 2050 range are 5.2 TWh/year for SSP5, 6.6 TWh/year for
SSP1 and 11.9 TWh/year for SSP3, with an overall uncertainty range from 1.75 to 19.6 TWh/year. After 2065 the
range stabilizes as displayed in Figure 3.

At the country level, examining the uncertainty range is particularly informative for identifying structural
challenges in energy infrastructure. Countries with large water and energy gaps may face substantial variability in
required energy supply, which is relevant for planning and investment decisions (full country data are available
under “Data Availability”). For example, under SSP3, Nigeria’s energy gap in 2050 is estimated to range between
1 and 4.9 TWh/year. This is comparable to, or even exceeds, current estimates of total energy use for drinking
water systems (approximately 3.1-14 TWh/year). This implies that meeting future water access needs could

require expanding energy supply for drinking water systems by approximately 50-100% relative to current levels.

Discussion

This study provides long-term, scenario-consistent projections of access to improved drinking water and
sanitation, together with associated water and energy requirements, to support the analysis of future
infrastructure gaps and resource needs under alternative socioeconomic pathways.

Our analysis indicates that drinking water access is jointly shaped by national income levels, settlement structure,
and intra-country inequality, with urban residence and household income exerting effects comparable in
magnitude to aggregate economic growth. As a result, our projections show slower improvements in access than
models relying solely on GDP growth (Supplementary Fig. 9), which tend to implicitly assume uniform income
gains across population groups. This highlights structural barriers that limit the ability of disadvantaged groups,
especially low-income rural communities, to translate economic growth into improved water and sanitation
access. We notice that socioeconomic factors seem to better explain changes in access rates compared to

hydroclimatic variables. As noted in other studies, the weak climate signal might be a result of the aggregation of



the climate parameters at a relatively coarse scale (yearly and country resolution), and the use of an average

climate indicator, which might not capture the extremes .

Comparing our 2030 projections with those from the latest WHO-UNICEF report, both analyses agree on 94%
access rate to improved drinking water services ®. For improved sanitation, our global rate is 1%-1.5% lower than
the 89% WHO estimate . Swe et al. 2021, which include income and settlement type in their prediction model,
present detailed results for 2030, which, to a large extent, align with our results. In addition, our study provides
socioeconomic and hydroclimatic uncertainty ranges and a longer-term time horizon 22,

Van Puijenbroek et al. (2023) also quantified improved sanitation access rates globally. The study agrees with our
conclusion that the SDG 6 goals are not achievable in the short-term, and they also show similar SSP-related
trends, with SSP5 and SSP1 showing the strongest access improvements. However, their study shows 100%
sanitation access rates for SSP1 and SSP5 between 2070 and 2090, while our estimates are in the range of 0.5 to
2% of the population without access between 2080 and 2100 for the same SSPs. This difference might be because
their model does not explicitly represent within-country income inequality and assumes more rapid technological
diffusion consistent with SSP narratives °. While recent projections for drinking water access are scarce, Jeuland
et al. (2013) report a slower increase in improved water access in Sub-Saharan Africa toward 2050 compared to

our results 2. However, more recent data up to 2025 suggest faster progress than projected in their study.

Our results indicate a large uncertainty range across possible socioeconomic future scenarios (SSPs). SSP3 and
SSP4, which assume regional rivalry and largely inequalities to persist in the coming decades, show very modest
improvements in access rates and overall population with access, with the possibility of an increase in the absolute
water access gap. On the other side, SSP1 (green and sustainable development with cooperation among
countries) and SSP5 (fossil-fueled-driven development) show the most optimistic improvements in water service
access due to global rapid economic growth assumptions.

Our results clearly highlight substantial regional disparities. Specific scenario outcomes provide more meaningful
insights at the regional level, particularly for Sub-Saharan Africa and India. Across all scenarios, these regions will
likely face challenges in expanding infrastructure for sanitation and drinking water, and are unlikely to fully close
their sanitation and drinking water access gaps. Our findings indicate that socio-economic growth alone will not
be sufficient to ensure universal access and targeted investments in infrastructure and service provision will
remain essential.

We estimate that closing the drinking water gap would require connecting substantial additional water volumes,
exceeding 1 km3 in countries such as Ethiopia and Nigeria. Meeting this demand also implies significant increases

in energy use, amounting to additional TWh per year in national energy systems. This highlights the importance



of integrated, multi-sectoral planning, as water access expansion will place additional pressure on already

constrained energy infrastructure.

While socioeconomic drivers dominate long-term access outcomes, climate change, particularly the
intensification of droughts, floods, and compound extremes, may increasingly constrain service reliability and
infrastructure performance, especially for vulnerable populations %°.

In our modelling framework, hydroclimatic impacts are represented through changes in long-term average
conditions, which results in a relatively small spread across RCP scenarios compared to the much larger
uncertainty associated with socioeconomic pathways. Integrating indicators of climate extremes and hazards like
floods and droughts, hydrological variability, water quality, and overshoot dynamics into access projection models
remains an important research gap.

In this context, amid a possible increase in water stress, we quantify the expected amount of water and energy
needed to close the drinking water access gap. Concerning energy, there would be a remaining component to
note, which is the energy needed to improve water access of quality from improved to safely managed, which,
however, goes beyond the scope of this study due to a lack of data. Future work might apply a similar approach
to assess water and energy needs related to sanitation access, where the challenge also lies in the lack of data on

the adoption of different sanitation solutions and their water and energy footprints.

This study does not explicitly quantify greenhouse gas emissions associated with water treatment and
distribution, to avoid framing the provision of basic services as a climate trade-off. Nevertheless, expanding access
to drinking water and sanitation may require additional energy for water extraction, treatment, pumping, and
wastewater management, which could lead to higher emissions depending on the energy generation mix. This
highlights a potential interaction between SDG6 (clean water and sanitation) and SDG13 (climate action).
However, the energy requirements associated with closing the basic access gap remain relatively modest across
scenarios such as SSP1 and SSP5, and the associated emissions can be substantially reduced through efficiency
improvements and low-carbon energy systems. Still, the climate implications differ strongly across SSPs due to
their underlying energy and emissions pathways. SSP5 follows a storyline of fossil-fuel-driven economic
development that leads to a CO,-intensive world roughly four times higher than SSP1 . Such high-emission
trajectories could trigger stronger climate impacts that ultimately challenge the robustness of development

outcomes, including water service provision.

By explicitly accounting for population growth, income distribution, settlement patterns, governance, and climate
indicators, our results move beyond GDP-only approaches and highlight the central role of within-country

inequality and urban—rural divides in shaping future access outcomes. The findings help explain why universal



access remains elusive under several plausible socioeconomic pathways, even in the presence of sustained
economic growth.

From a policy perspective, our findings underscore that progress toward SDG 6 cannot be achieved through
economic growth alone, not even within long-term time frames beyond 2030. Scenarios characterized by
persistent inequality and regional fragmentation show limited improvements and, in some cases, a stagnant
absolute access gap. This implies that targeted investments in water and energy infrastructure, institutional
capacity building, and inclusive development strategies are essential alongside economic growth to deliver
universal improved water and sanitation services.

For hydrological modellers and integrated assessment model (IAM/AIM) communities, this work provides a
harmonized, scenario-based dataset linking water and sanitation access gaps to population, income, and
settlement characteristics. These projections can be used to better represent demand for basic water services,
associated infrastructure needs, and related energy requirements within coupled human—water—energy systems.
Importantly, the results also point to the need for closer integration of climate extremes and hydrological
variability into access modelling frameworks.

Finally, by focusing on minimum service thresholds, our analysis contributes to the broader well-being and decent
living standards literature by quantifying the remaining population excluded from essential services under
alternative development futures. In doing so, it offers an empirical basis for assessing how socioeconomic
pathways translate into human well-being outcomes, and where structural barriers may persist despite aggregate

progress.

Methods

In this study, access to improved drinking water and sanitation is modelled as a fractional outcome representing
the share of the population with access and therefore bounded between zero and one. We estimate generalized
linear regression models that relate observed access rates (dependent variables) to a set of socioeconomic,
demographic, governance, and hydroclimate predictors. The estimated relationships are then used to generate
country-level, yearly projections of access rates under future socioeconomic and climate scenarios. These
projected access rates are subsequently combined with projections of population, domestic water use, and
energy-use intensities to estimate the number of people with and without access to drinking water and sanitation,

as well as the associated water and energy footprints for drinking water (Figure 4).

Data
Data on access rates are obtained from the WHO/UNICEF Joint Monitoring Programme (JMP) WASH database,

which aggregates nationally representative household surveys and reports population shares with access to



drinking water and sanitation services at different service levels 31. Data released in 2023 provides the access rates
for improved drinking water and sanitation differentiated for rural and urban areas and income quintiles, for 105
countries, with average rates below 99%.

Figure 5 shows the realizations in the data sample, highlighting how both the income quintile and the rural/urban
dimension are determinants in defining access rates. The convergence towards access equal to one also shows a

visible logistic curve trend, which motivates our model choice.

We use this dataset to build a generalized linear regression model with different socioeconomic and climate
variables listed in Table 1. Water-related indicators like humidity and precipitation are often used in WASH
analysis to control for hydroclimate and in particular temperature variations 32. We aggregate country-level yearly
indicators of aridity and Water Stress Index from the full ensemble of ISIMIP 2b hydrological/climate models, as
defined in Byers et al. (2018) and (2025) 3334, A renewable water gap indicator from the WaterGAP2-2e is also
tested among the regression variables. Along with country GDP and population data and projections, we use the
historical and projected indicator of governance effectiveness from Andrijevic et al. (2019), which describes the
quality of public services and the credibility of government policies 3°. Additional variables of urbanization,
income inequality (GINI), energy and water intensities used in projections are retrieved directly in a country-year-

SSP format from dedicated sectoral studies (Table 1).

Due to heterogeneous data availability across countries and indicators, a single unified specification would
substantially reduce the sample size. We therefore adopt a tiered modelling strategy that prioritizes coverage
while maintaining consistency in functional form and interpretation (See Figure 4). Countries are assigned to the
most data-rich specification for which all required covariates are available as displayed in Supplementary Fig. 8.
Reduced specifications are nested within the full model and differ only by the exclusion of variables with limited
spatial or temporal coverage. Since 28 of the 105 countries in the WASH dataset did not have matching data for
both dependent and independent variables in both the regression and projection stages, we use simplified model
specifications to cover a broader range of countries. For countries without matching data, we combined the
annual version of WASH with simple country access rates, in some cases with urban/rural information (where we

adopted model B), or only total access (for which we used model C). This leads to a final coverage of 142 countries.

Prior to estimation, we screened the dependent variable for anomalous survey values using an extended
interquartile rule within country—service categories (85th/15th percentiles + 1.5 interquartile range). Flagged
observations were visually inspected for temporal consistency, and a small number of clear reporting errors were

excluded (e.g., a country with a constant rate of 80% access for all years apart from one year at 40%).



Empirical models

Empirical models with increasing levels of non-linearity have been widely used to study and project WASH
indicators, ranging from simple linear and Poisson regressions, to more flexible approaches such as generalized
additive models (GAM), logistic functions and Bayesian network models 1223236 _Gijven the bounded nature of the
dependent variable and the observed saturation of access rates at high income levels, we estimate generalized
linear models (GLMs) with a logit link, which relates the linear predictor to the expected value of the dependent
variable by transforming the probability of access y;into its log-odds, log(y; /(1 — y;)).

To account for overdispersion arising from survey aggregation and unobserved heterogeneity, we adopt a

quasibinomial error structure. For each observation i, let y;be the share of the population with access and

m = log(72) &

the logit transformation, the log of the odds of service access. All models include country fixed effects y,(; using

country identifiers.

Model A (Full specification, used for 77 countries with available data).

This model uses all available socioeconomic, governance, climatic, and demographic predictors:

n; = Bo + B11og(GDPpcPPP;) + B, GovEff; + B3Aridity; + B4IncomeQ; + BsUrban; + y ;.

The explanatory variables are defined as follows. GDPpcPPP; is gross domestic product per capita in purchasing
power parity terms (constant international dollars). GovEff; is a governance effectiveness a dimensionless
indicator; Aridity; represents the climatic aridity index (dimensionless); IncomeQ;is a categorical variable
representing household income quintiles (q1-q5), included in the model as a set of factor levels capturing
differences in access across income groups within countries. Urban; is a categorical indicator distinguishing urban

and rural populations.

Model B (Reduced specification, 55 countries with available data).

For countries lacking governance and aridity data:

n; = Bo + B110g(GDPpcPPP;) + f,Urban; + y ;) (2)

Model C (Minimal specification, remaining 10 countries with available data).



For countries missing governance, aridity, and rural—urban information:

n; = Bo + B1 1og(GDPpcPPP;) + y (i 3)

All models predict the log-odds of access, which are then transformed back to proportions using:

1

- - 4
14+e™™ )
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This tiered model structure ensures that all countries can be included in the analysis despite differing data
availability. For Models A and B, we divide the country sample into those with historical access rates approaching
saturation (around 99%) and those with lower access levels. In near-saturation contexts, marginal improvements
in access become mechanically small, which can bias coefficient estimates toward zero when pooled with
countries still undergoing rapid infrastructure expansion.
As the models are estimated within a GLM framework, no assumption of normally distributed residuals is
required. Model adequacy is instead assessed using goodness-of-fit diagnostics appropriate for fractional

response models.

To assess potential multicollinearity among continuous covariates, we examined pairwise Pearson correlation
coefficients using pairwise-complete observations. Correlations among explanatory variables are generally
moderate, with no pairwise correlation exceeding conventional thresholds for multicollinearity concerns. The full

correlation matrix is reported in the Supplementary Fig. 1.

For Model A for drinking water access, we explored a range of alternative specifications through an iterative
model selection process (see Supplementary Tables 1 and 2). We estimated multiple generalized linear models
on an 80% training sample, varying the inclusion of socioeconomic, governance, and climate-related covariates.
Model performance and plausibility were assessed based on coefficient significance, stability across
specifications, multicollinearity diagnostics, and overall explanatory power. Hydroclimatic indicators (aridity,
water stress, and water gap measures) were tested individually and jointly; while aridity showed a consistent and
significant association, other climate variables provided limited additional explanatory power. Additional
governance indicators were also tested but excluded from the final specification based on joint significance tests.
Variance inflation factors indicated acceptable multicollinearity levels for retained covariates. The final

specification balances explanatory power, interpretability, and data availability across countries.



We include country fixed effects in all models to account for unobserved, persistent differences across countries.
Likelihood ratio tests show that these fixed effects significantly improve model fit, capturing systematic country-

level heterogeneity not explained by the covariates (see Supplementary Fig. 2).

For access to sanitation services, we selected a Model A specification analogous to water access, but excluded
aridity and other climate variables, as they showed no consistent effect. This suggests that access to improved
sanitation is primarily driven by socioeconomic factors, such as income and urbanization, rather than

environmental constraints.

For countries lacking complete data for all covariates, we use simpler models (Models B and C) that include only
GDP per capita and urbanization, or GDP alone. We further split the sample into countries with high and low
access rates with a threshold around 95%, as for high-access countries, GDP growth explains little of the remaining
improvements, which are driven mainly by rural-urban disparities, whereas in lower-access countries
socioeconomic variables retain strong explanatory power. This approach ensures robust predictions across

diverse contexts while acknowledging differences in access dynamics.

Drinking water access model comparison and variable selection

We estimated a sequence of alternative model specifications (Models 1-6, Error! Reference source not found.)
to assess the robustness and incremental explanatory power of socioeconomic, governance, and climate-related
variables. Across all models, GDP per capita exhibits a stable, positive, and highly significant association with
improved water access, with coefficients close to unity in log-odds terms. Income quintiles and the urban—rural
indicator are consistently strong and highly significant predictors, with monotonic gradients across income groups
and a large urban advantage.

Among climate-related variables, aridity shows a statistically significant and negative association with access in
the full specification (Model 3), whereas water stress and water gap indicators do not provide robust explanatory
power when included individually or jointly. Governance effectiveness displays mixed individual significance
across specifications: while its coefficient is not statistically different from zero in some models (e.g. p-values =
0.4 in reduced forms), it becomes significant when included alongside climate controls.

Importantly, likelihood ratio tests comparing models with and without governance effectiveness indicate that its
inclusion significantly improves model fit (x> test, p = 0.009). This suggests that governance effectiveness
contributes to explaining variation in access even when its marginal effect is partially absorbed by correlated
covariates. Accordingly, statistical insignificance of individual coefficients is interpreted with caution and not

equated with the absence of an underlying effect.



Based on coefficient stability, joint significance tests, multicollinearity diagnostics, and data availability, Model 3
(called Model A in the text above) was selected as the preferred specification. This model balances parsimony
with explanatory power, retains theoretically relevant variables, and avoids overfitting from weakly informative

climate indicators.

We assessed multicollinearity on the final model using generalized variance inflation factors (GVIFs). For ease of
interpretation, we report GVIFY/(2'2f)  which is comparable to standard VIF values. In the preferred specification
(Model 3), GDP per capita, governance effectiveness, and aridity show moderate VIF values (4.11, 2.88, and 3.59,
respectively), indicating some correlation but remaining below commonly used thresholds of concern (VIF = 5).
Income quintiles and the urban—rural indicator exhibit VIF values close to 1, suggesting negligible collinearity.
Country fixed effects naturally display high raw GVIF values due to the large number of categories; however, the
adjusted GVIFY/(2Df) remains close to 1, indicating no practical multicollinearity issue once dimensionality is
accounted for.

Overall, multicollinearity does not appear severe enough to bias coefficient estimates or undermine inference in

the selected model.

We tested the effect of including country fixed effects in Model 3 by comparing the specification with and without
them. Likelihood ratio tests indicate that adding country fixed effects significantly improves model fit (ADeviance
=201.2, p < 2.2x107'®), reflecting systematic country-level differences not captured by the covariates. Predictive
performance on the test set is also improved, with pseudo-R? increasing from 0.58 to 0.86 and RMSE decreasing

from 0.125 to 0.072. These results justify retaining country fixed effects in the preferred specification.

Sanitation access model comparison and variable selection

We tested multiple model specifications for sanitation access, including climate variables such as aridity and water
stress index. Unlike water access, climate indicators were largely insignificant and did not improve model fit, while
GDP per capita, income quintiles, and urban—rural status remained strong, significant predictors. Accordingly, the
final Model 2 for sanitation excludes hydroclimatic variables but retains socioeconomic and governance
covariates. This highlights that sanitation access is mainly shaped by socioeconomic conditions rather than

environmental factors, consistent with the higher infrastructural and institutional nature of sanitation services.

For countries without full data coverage, we applied simplified specifications: Model B includes GDP per capita
and urbanization, and Model C uses only GDP. By testing these models separately for Global North and Global

South country panels, we observed that in countries with already high access rates (above 0.95), GDP growth



had little predictive power, and improvements were largely determined by urban—rural differences, reflecting
residual gaps in remote or underserved areas. In contrast, for Global South countries, GDP remained a strong
predictor of access improvements. Likelihood-based metrics, such as AIC, confirmed that splitting the sample
improves model fit: the AIC for the Global North subset is substantially lower than when pooled with the Global
South, and the simpler models capture the dominant socioeconomic determinants of access where climate or
governance variables are missing. This justifies treating the two regions separately and applying simpler models
for countries with incomplete covariate data, while retaining the full Model 3 specification where all variables

are available.

Projections

For projections, we gathered several sources of projections of the independent variables along the SSPs for socio-
economic indicators and, orthogonally, the RCP for hydroclimatic indicators, summarized in Table 1. We then
apply the regression models and the fixed effects to predict future access rates.

Projections are made under the five Shared Socioeconomic Pathways (SSP1-5) to capture alternative
socioeconomic futures in terms of GDP, population, governance, urbanization and income distribution.
Orthogonally, Representative Concentration Pathways (RCP 2.6 and RCP 6.0, ISIMIP ensemble outputs for the
aridity indicator) capture climate trajectories, which influence the aridity indicator. Using these scenarios allows
us to assess how demographic, economic, and hydroclimatic changes may affect water and sanitation access
globally. Combining the resulting access rates with corresponding population, urbanization and income GINI
projections (see Table 1), we can calculate the number of people with or without access to improved services.
These projections also serve as the basis for estimating the associated water and energy demand for the
remaining gap.

To capture uncertainty across RCP and SSP scenarios, we compute a relative spread metric for each country, year,
and SSP. This metric is defined as the range of outcomes across scenarios (maximum minus minimum) divided by
their mean value. The resulting indicator expresses the magnitude of scenario uncertainty relative to the central

estimate, allowing comparison across regions and variables with different scales.

Water and energy footprint assessment

Assessing the water required to close the access gap is challenging. Water consumption varies widely within
countries depending on urban or rural location, climate, and other regional factors *’. Sanitation access is usually
linked to specific facilities for hygiene and defecation. While it could be linked to water consumption volumes, we
lack data to robustly characterize water and energy needs for the heterogeneous sanitation services available.

We therefore suggest this task for future research. Lack of access to improved drinking water does not necessarily



exclude water use for other domestic purposes (e.g., washing), and some reported gaps may reflect discontinued
or irregular service. Given the low level of detail of sub-national and sectoral water withdrawal data, we use
municipal water demand projections from the global hydrological model PCR-GLOBWB 2 (SSP1, SSP3, SSP5, °) as
a proxy for water requirements associated with the population lacking improved access.

We combine these projections with energy use intensity estimates for conventional water supply (surface water
and groundwater) and treatment derived from Magni et al. (2025) 333°. Assuming constant future energy intensity
over time, we calculate the expected water and energy demands of the population without access, defining these
as the drinking water and energy gaps. By linking projected access rates with demographic and income
distributions, this approach captures the combined effects of population growth, urbanization, income changes,

and scenario-driven climate conditions on water and energy demand.

Data availability

The source input data, figures, and results used in this study are available in a public Zenodo repository at DOI:

10.5281/zenodo.19866728

Selected results like country population and share with access to drinking water and sanitation can be viewed

and downloaded using the IIASA SSP Extension Explorer: https://ssp-extensions.apps.ece.iiasa.ac.at/explorer

Code availability

The scripts in R used to generate figures, and results used in this study are available in a public Zenodo

repository at DOI: 10.5281/zen0do.19866728
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Figure 1 Global access trends for improved sanitation and drinking water. (a) Global shares of the population without access; (b)
Corresponding number of people; (c) Average uncertainty spread, defined as (max — min)/mean, across all countries for the variable of
population without access, isolating the hydroclimatic (RCP) and socioeconomic (SSP). (d) SSP and RCP-related uncertainty spread for
settlement and income quintile categories for the 77 countries modelled with Model A. Note that the global RCP uncertainty spread is also
only referring to this subset of countries.
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Figure 2 30 countries with the largest number of people without access to improved water services by 2050. (a) the uncertainty spread for
sanitation around the mean 2050 value; (b) number of people with no access to improved services under RCP 6.0 across different SSP
scenarios marked with different symbols; (c) SSP-related and RCP-related uncertainty spread for drinking water relative to the 2050 mean
values.
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Figure 4 Methods diagram. Representation of the methodological process used to derive projections of improved sanitation and drinking
water access rates, number of people with and without access, and water and energy use related to the drinking water gap. The number

in brackets indicates the number of countries within a specific sample.
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Tables

Table 1 Data used for regression and projections

Data indicator

Resolution

Source

Historical data for regression

Drinking water access and
sanitation per income decile

105 countries. Years 1997-
2020

(WHO and UNICEF 2023)*!

Drinking water access and
sanitation per country

All countries, 2000-2022

(WHO and UNICEF 2025)*

Population

All countries, 2000-2022

(WHO and UNICEF 2025)*

GDP per capita

1960-2022

World Bank, World
Development Indicators 2024

Aridity Index

All countries, 1975-2015 +
SSP2-26 projection until 2022

ISIMIP 2b model database
ensemble of GCM/GHMs, as
defined in 34

Water Stress Index (WSI)

All countries, 1975-2015 +
SSP2-26 projection until 2022

ISIMIP 2b model database
ensemble of GCM/GHMs, as
defined in 3

Governance indicators:
government effectiveness

173 countries, 1996-2015 +
projection interpolation until
2022

(Andrijevic et al. 2019)%

Water gap

1960-2024

WaterGAP2-2¢e 4°

Data used for projections

Aridity

All countries, 2022-2100.
RCP2.6 and 6.0

ISIMIP 2b

Governance indicator:
government effectiveness

173 countries, 2022-2100, all
SSPs

(Andrijevic et al. 2019)%

GDP PPP

177 countries, 2022-2100, all
SSPs

(Dellink et al. 2023)*

Population

180 countries, 2022-2100, all
SSPs

(K. C. et al. 2024)*

Urbanization, share of urban
and rural population

188 countries, 2020-2100, all
SSPs

(Chen et al. 2022)®

Income decile, share of
population

170 countries, 2020-2100, all
SSPs

(Narayan et al. 2023)*

Data used for water and energy allocation

Domestic water demand

225 countries 2005-2100,
SSP1,3,5

(Jones et al. 2024)°

Energy demand and intensity

148 countries 2015, SSP1,3,5

(Magni et al. 2025)*°




