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Many drinking water utilities face immense challenges in supplying sustainable, drought-resilient
services to households. Here we propose a quantified framework to perform drought risk analysis on
~5600 potable water supply utilities and evaluate the benefit of adaptation actions. We identify global
hotspots of present-day and mid-century drought risk under future scenarios of climate change and
demand growth (namely, SSP1-2.6, SSP3-7.0, SSP5-8.5). We estimate the mean rate of
unsustainable or disrupted utility supply at 15% (interquartile range, 0–26%) and project a global
increase in risk of between 30–45% under future scenarios. Implementing the most cost-effective
adaptation action identified per utility would mitigate additional future risk by 75–80%. However,
implementing the subset of cost-effective options that generate sufficient tariff revenue to provide a
benefit-cost ratio that is greater than 1would only achieve 5–20%of this benefit. The results underline
the challenge of attracting the financing required to close the climate adaptation gap for water supply
utilities.

Water supply utilities are responsible for among the most basic services for
humanity.However, their services tohouseholds arehighly vulnerable to the
impacts of climate change due to their dependence on variable water
resources1. Drought-induced disruptions to water supplies (hereafter:
‘drought-induced disruptions’) are commonplace in many parts of the
world, particularly in low- and middle-income countries where water
supply infrastructure typically lacks the capacity and storage to buffer
against hydrological variability2–5. Drought-induced disruptions are also of
increasing concern in higher income countries where water supply infra-
structure depends upon over-exploited water resources and may compete
with agricultural and industrial (including energy)water users6–8. The risk of
water shortages is expected to increase under future climate change and
growth scenarios9, requiring the development of more resilient utility-
operated infrastructure networks.

However, many utilities, particularly in low- and middle-income
countries, are caught in a vicious cycle of disrupted services, low rates of
tariff collection and inadequate investments in infrastructure resilience10–12.
Utilities that cannot cover operational and reinvestment costs typically have
lower creditworthiness, hindering their ability to attract sufficient financing
to provide a reliable service to existing customers, let alone to extend net-
work coverage to unserved populations, and leading to a reliance on gov-
ernment subsidies13. This has contributed to a large and widening
infrastructure gap in many countries14,15. However, global development

targets in the water sector do not typically speak to service reliability, but
rather focus on the expansion of safe water access. Previous studies estimate
the gap between current water infrastructure investment flows and what
would be required to keep pace with population growth and the SDG
targets13,16,17. However, the level of investment required to improve the cli-
mate resilience of utility water supplies at a global scale has rarely been the
focus of previous studies. Failure to integrate climate risk and resilience
considerations into water sector development may undermine the financial
performance of utilities, hindering the extension of network of services, and
could lock-indevelopment inhazard-prone areas, leading tomaladaptation.

Drought risk analysis methods provide useful insights into meteor-
ological and hydrological variability across space under present day
conditions18,19 and future scenarios of climate change and socioeconomic
growth9,20–22. Research on drought risk in terms of impacts to water supply
utilities has largely been undertaken for individual utilities23–26. On the other
hand, analyses of global drought risk to water supply are often conducted at
the catchment scale, without capturing utility-level characteristics such as
leakage losses, service areas and desalination inputs27–30. Capturing this
information is essential for understanding the propagation of meteor-
ological/hydrological droughts through utility networks to dependent
households. The appropriate scale for water management has long been
discussed and debated31, however, so far, the utility-scale has rarely been
employed as the unit for climate risk analysis at a global scale. This has
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limited the rigour with which previous studies have identified adaptation
benefits for the potable water sector, i.e., in terms of risk reduction
potential30,32–36. As such, there is large research gap in our understanding of
utility-level climate risks, which could help policymakers and utilities
identify the most effective adaptation actions and estimate associated
financing needs.

Here, we propose a risk assessment framework to (1) perform drought
risk analysis of 5600 water supply utilities under present day and future
climate change scenarios and (2) evaluate the benefit (i.e., risk reduction
potential) of alternative infrastructure investment opportunities to identify
the optimal option type per utility. A model of each utility’s water balance
that represents supply inputs (from surface water, renewable groundwater,
and desalination),municipal water usage and leakage losses is established to
estimate the risk of utilities being unable to supply their full customer base
sustainably, measured in terms of Unsustainable Water Supply Days
(UWSD). UWSD describes the number of days in a year during which a
utility’s supply is unsustainable (i.e., utilities tap non-renewable ground-
water supply) or disrupted due to drought (i.e., demand restrictions and/or
reallocation strategies are implemented). We estimate tariff revenue at risk
by multiplying UWSD by the daily equivalent tariff revenue per capita per
utility. By comparing the impact of three alternative infrastructure inter-
ventions on UWSD and associated tariff revenue at risk against each
option’s cost, discountedover its lifespan,we estimate theBenefit-CostRatio
(BCR) of each option type and identify the most cost-effective intervention
per utility.

We find a global UWSDof 510million per year, increasing by 30–45%
under future scenarios between 2030–2060. Countries with the highest risk
utilities include Botswana, Ecuador, Mexico, Morocco, South Africa and
Pakistan. 90% of the utilities currently at risk from water shortages would
benefit from at least one of the three adaptation options considered, with
desalination, leakage reduction and increased storage capacity offering the
most cost-effective option for 10%, 60% and 30% of all considered utilities,
respectively. Implementing the most cost-effective climate adaptation
action per utility would mitigate ~75–80% of future increase in risk levels.
However, implementing options with benefit-cost ratios > 1 would achieve
only ~5–20% of this benefit and would skew benefits towards higher-
income countries that typically set higher tariff rates.

Results
Present-day and future utility drought risk
Water supply at a utility level depends on the renewable sources available
within their utility service area (renewable groundwater, river discharge and
lake and reservoir storage), long-range water transfers and desalination
inputs. Here, we quantify the balance between available supply inputs at the
utility level against customer demand, accounting for distribution losses
through leakage (seeMethods).Wequantify the risk of utilities being unable
to supply their full customer base sustainably, i.e., without tapping non-
renewable groundwater or implementing demand restrictions/reallocation
strategies, in terms of UWSD.We employ this modelling approach to infer
utility-level changes in risk under three future scenarios (SSP1-2.6, SSP3-7.0
and SSP5-8.5), combining plausible futures in terms of climate change and
socioeconomic growth between 2030–2060.

48%of allmodelled utilities are subject topresent day drought-induced
water supply disruptions (i.e., have an annual expected risk greater than
zero).Weestimate themean rate of unsustainable or disruptedutility supply
at 15% (interquartile range, 0–26%) under present day conditions. Figure 1a
provides the annual expectedUWSD as a fraction of each utility’s customer
base multiplied by the number of days in a year. Countries with the highest
riskutilities includeBotswana,Ecuador,Mexico,Morocco, SouthAfricaand
Pakistan.

Overall, variations in water stress and total hydrological supply
variability are the main drivers of risk. The influence of water stress and
hydrological variability on risk varies across regions and climate scenarios,
as shown in Supplementary Fig. 1.Note that ourUWSDmetric classifies the
tapping of non-renewable groundwater as a disruption, as such, risk

hotspots align with areas that depend on unsustainable groundwater
abstraction, for example in North Africa, Western USA, Mexico, Northern
India, the Arabian Peninsula, and Northern China37. Further, our UWSD
metric does not capture contingency measures implemented by utility
operators during or preceding acute drought-induced disruptions, such as
imposingdemand restrictions and/or reallocatingflows from farms to cities;
practices that are well-established in California38, for example. This is to
reflect the reality that, in many parts of the world, these practices are not
mainstreamed or fail-safe39 due to a lack of enabling physical and opera-
tional infrastructure. Further, demand restrictions can come at a cost to the
quality of life of customers, particularly during drought conditions which
are often coupled with extreme heat events40. Thus, our results on the effect
of adaptation actions on reducing UWSD, also reflect the benefit of adap-
tation actions on the livability of cities.

Between 70–85% of at risk utilities are subject to increased risk in the
future, dependingon the choiceof future scenario, increasing the global total
UWSD by 30–45% between 2030–2060. Figure 1b shows the hotspots of
elevated risk under the middle-of-the-road SSP3-7.0 projection. Future risk
is driven by increasing hydrological variability and water stress (Supple-
mentary Fig. 1), the latter, in turn, being driven by decreasing supply and
increasing demand. Countries with utilities that are projected to be subject
to the highest relative increase in risk in the future include the Philippines,
Mozambique, India, Kenya, Australia and France, driven mainly by
increasing water stress. However, there is substantial variation in future risk
changes within countries (e.g., in China and India). This highlights the
importance of local, utility-level characteristics (such as leakage losses and
access to desalination) in determining their sensitivity to regional shifts in
climate and hydrological processes. Figure 1b shows a clear negative risk
signal in parts of Europe and Japan, where population growth is expected to
decline across scenarios by the mid-century under SSP7.041. The change in
future UWSD outputs per utility across other considered future scenarios is
provided in Supplementary Fig. 2. The variation across considered future
scenarios is driven more by changes in demand than by changes in supply,
see Supplementary Fig. 3, with uncertainty in population growth inputs
being responsible for the greatest uncertainty variation in results, see Sup-
plementary Fig. 4.

The business case for adaptation
We utilise the risk framework to evaluate the impact of alternative climate
adaptation actions - including increasing water storage capacity, desalina-
tion, and reducing leakage losses - onUWSDandassociated tariff revenue at
risk. By comparing the financial benefits (in terms of reduced tariff revenue
at risk) and costs associatedwith a givenoption, discounted over its lifespan,
we estimate the benefit-cost ratio (BCR) of each option type and identify the
most cost-effective intervention per utility.

90%of the utilities currently at risk fromwater shortages would benefit
from at least one of the three adaptation options considered. The remaining
10% of utilities are too water stressed and/or are too far from the coast for
desalination to benefit from the maximum protection level we define for
each adaptation option type considered in this study. For example, we
assume that the maximum desalination and reservoir storage adaptation
optiondesign capacities cannot exceed 90%ofutility customerdemand, and
leakage rates cannot fall below 10% of demand, see Supplementary Table 1.
For these utilities, alternative adaptation options would have to be imple-
mented, suchas reducingupstreamor customerdemand. Implementing the
most cost-effective, or utility-optimal, adaptation intervention for each of
these utilities (i.e., the optionwith the greatest BCR) (Fig. 2a)wouldmitigate
~75–80% of additional future risk levels. The total estimated net cost
(including reduced operational costs thanks to leakage reduction) of all
utility-optimal adaptation options equates to 20 billion USD per year, dis-
counted over a 30-year asset lifetime, equating to a quarter of the total
annual tariff revenue received by benefitting utilities. As we have only
considered the costs of implementing one option (where utilities would
typically seek to implement a portfolio of climate adaptation options to
reduce risk to what managers and operators deem to be a tolerable level24)
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and employ an incomplete utility database, this cost figure does not
represent the global climate adaptation investment needs in water supply
utilities.

Overall risk and the riskmitigationpotential of adaptationvaries across
regions, as summarised in Fig. 2b. South Asia and Sub-Saharan Africa
regions have the greatest fraction of water supply utility customers at risk,
with climate change and socioeconomic growth projections driving the
greatest relative increase in risk in the Middle East and North Africa and
Sub-SaharanAfrica.Water stress is themain driver of risk in SouthAsia and
Sub-SaharanAfrica, leading to the greatest fraction of customers at risk on a

chronic basis, see Supplementary Fig. 1. Future projections point to
declining water supply trends and increasing demand in the Middle East
and North Africa and Sub-Saharan Africa, as shown in Supplementary
Fig. 3, increasing levels of stress and driving the relative increase in risk.
Further details on the specifics of each scenario of climate change and
socioeconomic growth are provided in Methods, under section ‘Drought
hazard data’. Residual risk after implementing the optimal adaptation
option falls to or below present-day risk in East Asia and the Pacific, Europe
and Central Asia and Latin America and the Caribbean. Whereas in the
Middle East and North Africa, Sub-Saharan Africa, North America and

Fig. 1 | Present day annual expected UWSD and change in risk under SSP3-
RCP7.0 scenario per utility. a Present day annual expected drought risk per utility
(utility headquarter location plotted) measured in terms of the annual expected
UWSDper utility as a fraction of a year-round disruption of their full customer base.

b Change in future annual expected UWSD - projected under the middle-of-the-
road SSP3-RCP7.0 scenario - relative to the present-day annual expected UWSD.
Areas that are not covered by the utility database used for our analysis are indicated
with hatching.
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South Asia, the optimal option is insufficient to reduce risk to present day
levels: a portfolio of adaptation optionswould be required tomitigate future
increase in risk. This is substantially influenced by regional trends in
population growth: regions including the Middle East, North Africa, Sub-
Saharan Africa and South Asia have high population growth up to mid-
century, making it more challenging for considered adaptation options to
mitigate future risk below current levels. We find that implementing all
utility-optimal options would also achieve a total reduction in tariff revenue
at riskof 5–25billionUSDper year and, therefore, anoverall BCRof 0.4–1.4.
However, implementing optionswithBCRs>1would achieve only~5–20%
of this benefit. Options with BCRs > 1 are concentrated in countries that set
higher tariff rates,which is typically the case inhigher incomecountries such
as inNorthAmerica andEurope.As a result, the differencebetween residual

risk and residual risk only with options with BCR > 1 is lower in higher
income countries than for lower income countries in Fig. 2b. See the rela-
tionship between unit tariff rates and GDP per capita in Supplemen-
tary Fig. 5.

Optimal adaptation investment
Figure 3a shows the optimal option type identified per utility and Fig. 3b
shows the regional breakdown of preferred option types. Error bars in
Fig. 3b reflect the uncertainty around in our selection of each utility’s
optimal option type. By factoring option costs for each option type in turn
(e.g., desalination) by−/+25%, we compare theminimum/maximumBCR
against themaximum/minimumBCRof the other two options (e.g., storage
and leakage reduction) (factoring costs by +/−25%) and quantify the

Fig. 2 | BCR of optimal option identified per utility and risk mitigation potential
of adaptation per region. a BCR of optimal option identified per utility. BCR is
measured as themitigated tariff revenue at risk divided by the cost of each adaptation
option. Utilities that were found not to benefit from adaptation are plotted in grey.
Areas that are not covered by the utility database used for our analysis are indicated
with hatching. b Present day annual expected risk, measured as the percentage of the
region’s customer base at risk (in the present day), is plotted in light pink. Future risk

(calculated as a mean of considered future scenarios) is plotted in dark red. The
residual risk that could be achieved by implementing all utility-optimal adaptation
options is plotted in light blue. The residual risk that could be achieved only by
adaptation options with BCRs > 1 is represented in dark blue. Error bars indicate the
range of results produced across considered future scenarios. Note that all future and
residual risk values are taken as an average over the 2030–2060-time horizon pro-
jected for the adaptation analysis.
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change in proportion of utility-optimal option type selected per region. For
60%of all utilities, leakage reductionwould be themost cost-effectivemeans
of reducing water shortages. Indeed, the average utility loses more than a
quarter of its distributed water supply42 and improving efficiency would
reduce the costs of disruptions as well as the costs of operations. Thismakes
reducing leakage a highly attractive and necessary climate adaptation
investment opportunity, despite occasionally being overlooked in
research30,35 and (in some cases) practice, in favour of supply-side options.
Leakage reduction is most frequently selected to be the most cost-effective
option across all but two regions, particularly in Latin America and the
Caribbean and SouthAsiawhere leakage rates are relatively high42. Formost
coastal utilities, and 10% of utilities overall, desalination is the highest
priority option, even when the high operation costs of desalination are
considered. Desalination is the preferred option for the highest fraction of

utilities in theMiddle East andNorth Africa, aligning with trends inmarket
growth for desalination in this region43, as well as East Asia and Pacific,
North America and Europe and Central Asia. Greater storage is found to be
a priority option in the remaining 30% of cases, where there is sufficient
excess surface water available to capture and distribute. Reservoir storage is
the preferred option for the highest fraction of utilities in the Middle East
and North Africa and Sub-Saharan Africa, where countries typically have
relatively low reservoir storage volumes per capita44.

Discussion
By implementing a generalised framework to perform drought risk analysis
under present-day and future scenarios, wehave, for thefirst time, evaluated
the risk-reducing benefits and costs of alternative climate adaptation
investments for water supply utilities at a global scale.

Fig. 3 | Optimal option type identified per utility and summarised per region.
aOptimal option type identified per utility. Utilities forwhich the adaptation options
considered were ineffective at reducing risk are plotted in grey. Areas that are not
covered by the utility database used for our analysis are indicated with hatching. b%

fraction of all utilities where the optimal option is identified to be storage (navy),
desalination (pink) and leakage reduction (orange) per region. Error bars represent
the uncertainty in the optimal option type selection, induced by uncertainty in each
option type’s cost.
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Our drought risk formulation reflects the combined effects of chronic
water stress, hydrological variability and utility-level characteristics (e.g.,
leakage losses). Previous global drought risk studies typically employ
drought hazard metrics that describe hydrological variability (e.g., through
the Standard (Effective) Precipitation Index45) or water stress, and intersect
this with a geospatial representation of the exposed population30,46. The
problem with such approaches is that drought hazard metrics do not
necessarily predict the likelihood of physical drought impacts47. The
strength of hazard-impact relationships varies across sectors48, however, in
the potable water sector, this relationship is strongly mediated by the resi-
lience of infrastructure systems. Further, they do not provide a platform to
quantify the benefits of adaptation measures in quantified terms using
tangible, meaningful metrics for decision makers. As such, existing global
analysis of drought risk to, and adaptation planning in, themunicipal water
sector is limited for two main reasons: (1) lack of consideration of utility-
specific operating scales and infrastructure characteristics, (2) lack of risk-
based approaches for identifying benefits of adaptation options and optimal
investments. Speaking to the first limitation around scale, previous studies
typically adopt the catchment as the unit scale for drought analysis27–30.
However, this scale does not necessarily speak to the way that water is
managed by utilities. Speaking to the second limitation around risk-based
approaches, existing studies have indicated the suitability of adaptation
options across geographies based on qualitative criteria30,32–36 or a long term
balance between supply anddemand17.However, there is scope toundertake
more rigorous risk analysis procedures, inspired by approaches typically
undertaken at a smaller scale49,50, to prioritise options based on their risk
reduction potential.

Our proposed approach builds upon existing research to dynamically
capture how chronic water stress undermines the capacity of utilities to
buffer against acute droughts. We note that our UWSD metric is strongly
influenced by the availability of renewable groundwater. Indeed, risk hot-
spots largely align with areas where there is known to be a high level of
dependence on depleted/overexploited aquifers, for example in North
Africa, Western USA, Mexico, Northern India, the Arabian Peninsula and
Northern China37. Further, the effects of acute droughts are simulated
without considering catchment-level demand restrictions and should,
therefore, be interpreted as worst-case outcomes. Our results largely align
with the state-of-the-art study of water shortage exposure to cities under-
taken by ref. 30. He et al.30 do not pick up the West Coast of Latin America
(e.g., Bolivia) or South-eastern Australia, despite strong evidence of these
regions being at risk51,52. Thismay be because this study did not dynamically
simulatemonthly demand and supply, accounting for upstream users, such
as agriculture. Rather they employ a monthly and annual water stress value
per climate scenario, at the catchment scale, and intersect this with the
presence of major cities.

Our analysis is designed to illustrate the distribution of present-day
risks to municipal water supplies and how this may increase in the future,
serving as a platform for adaptation planning. We use UWSD to estimate
tariff revenue at risk, however, we acknowledge the wider economic and
social implications associated with water supply disruptions. For example,
utilities often serve industrial and commercial entities, disruptions to which
may result in economic losses53,54. Further, customers often suffer financial,
welfare and productivity losses in acquiring water supplies from alternative
sources (e.g., bottled water or tanker trucks)55,56. The costs of acquiring
alternative water sources are often far beyond what the relative cost of
receiving water from a functioning piped water supply system: for example,
in Ghana, water distribution by road tanker costs 14 times as much as
distribution through the pipe networks10. This may represent a substantial
additional household expense, particularly for low-income households57.
Indeed, one study undertaken in Kathmandu, Nepal, analysed the costs of
substituting disrupted water supply with alternative sources (including
tanker trucks and bottled water) relative to household income, to find that
this cost represented 56% and 34% of overall coping costs for poor and rich
households, respectively57. Further work is required to quantify the impacts
of these losses across geographies, particularly for customers in low-income

groups. We note that residential per capita demand is typically higher in
more developed countries, as greater volumes of water are often used for
non-essential purposes, such as lawn irrigation58. Therefore, in high-income
countries, disruption events may include demand restrictions for less
essential purposes, such as hosepipe bans. Whereas, in lower income
countries with lower residential demand per capita, disruption events are
likely to entail cuts in more essential water uses, such as for drinking,
cooking and hygiene applications.

We find desalination to be the most cost-effective option for 10% of
utilities for which at least one adaptation option was found to be effective.
Indeed, the market for desalination is expected to double over the next
decade59. Desalination can be less disruptive in many places compared to
large reservoir construction or expansion. Further, desalination provides an
opportunity to tap a source of supply that is practically unlimited and
not susceptible to droughts, unlike reservoir storage and leakage reduction
measures. However, for many utilities, or systems within utilities, sea-
water desalination would not be considered cost-efficient due to their dis-
tance from the sea60. Further, best practices would deem it necessary to
address network efficiencies before investing in desalination plants, given
the environmental impacts of brine effluents and high energy require-
ments (and associated greenhouse gas emissions), particularly in countries
located on enclosed or semi-enclosed seas with less potential for brine
dispersal and with a high reliance on fossil fuel-dependent energy
generation61,62. For quantified risk and optioneering assessments, it is
challenging to capture intangible constraints, such as social acceptance, to
the implementation of certain options. However, given the large and
growing number of people dependent on desalinated water with, unlike
treated wastewater, relatively little social objection, we don’t consider social
acceptance to present a major barrier to desalination, particularly in water
stressed areas where there is limited scope for alternative options. We
estimate operational energy costs based on national average data; however,
many desalination plants have dedicated, stand-alone energy generation
capacity. Thus, we do not account for the full costs of supplying electricity
for desalination in ourmodel. On the other hand,minimising leakage offers
a two-fold benefit of adaptation and mitigation, by improving network
resilience to droughts and reduction energy consumption. It is, therefore, an
important first step for utilities with large inefficiencies towards realising a
more financially sustainable and climate resilient operating model. How-
ever, reducing leakage losses can only go so far in future-proofing utilities to
future water stress and drought risk, and the costs involved in reducing
leakage are also highly variable and context-specific. Desalination and
reservoir storage can offer utilities a chance to not only improve resilience of
existingnetworks, but also to expandnetwork access to serveunservedareas.

The analysis has illustrated that there is a strong business case, in terms
of avoided tariff revenue loss thanks to reduced UWSD, for adaptation
interventions inmanybutnot all locations. Inplaceswhere interventions are
justified in narrow cost-benefit terms, further examination is required
around the barriers to investment. In placeswhere adaptation is not justified
on narrow cost-benefit terms, there needs to be wider consideration of the
economic and social case for resilient water supplies (e.g., reduced health
care costs and time savings for customers16), and exploration of appropriate
forms of finance, e.g., concessionary finance.

Water supply utilities face financing problems in most parts of the
world13. Reflecting on the growing importance of climate adaptationfinance
in the banking sector, there is an opportunity to capitalise on this alignment
between investor incentives and climate adaptation needs in the water
sector63. Climate-resilient water supply utilities provide a material con-
tribution towards adaptation goals by managing variable hydrology and
climatic uncertainty to provide safe, reliable, and affordable drinking water
services to households. This makes the water sector an important channel
for climate adaptation finance. However, a range of barriers exist in
attracting the necessary financing for capital improvements and in incen-
tivising adequate levels of networkmaintenance, the latter being particularly
important for achieving long term reductions in leakage losses to strengthen
theoperational,financial and climate resilience of services. There is no single
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solution in overcoming these barriers; financing must be coupled with
technical capacity building and institutional reform activities. However, risk
quantification and adaptation optioneering frameworks can be useful tools
for decision makers to allocate limited financial resources and demonstrate
the impacts of investments towards the global climate adaptation agenda.
Quantifying climate adaptation benefits can also be effective in unlocking
concessional financing from the range of climate funds and investors. Our
analytical framework provides a valuable starting point for quantifying the
contribution of adaptation investments in the potable water sector towards
the global climate adaptation agenda.

Although we focus on three hard infrastructure options (leakage
reduction, reservoir storage and desalination) these options are not neces-
sarily the most cost-effective in all cases. Soft options, such as inter-sectoral
reallocation39,64 or droughtmitigation-targeted nature-based solutions, such
asmanaged aquifer recharge65, could be the focus of future developments of
this framework. Indeed, in many contexts, in both developed and devel-
oping contexts, soft options may be preferred over hard infrastructure
options. In lower-income countries, soft options are typically less costly and,
therefore, more feasible to finance66. In a higher-income country context,
many countries already have heavily engineered water supply systems, with
large volumes of storage, low leakage losses andaccess todesalinationplants.
These countries may be approaching the limit at which further investments
in hard infrastructureswould be cost-effective67. Further, social acceptability
can also be a limiting factor in infrastructure development, particularly
when developing large reservoirs that displace communities; managed
aquifer recharge or other nature-based storage solutions offer alternative
actions to explore in future applications of the framework.

Of course, the viability of utility service provisionmay be influenced by
climate-related variations inwater quality aswell as quantity. Flood-induced
spikes in water pollution and turbidity can exceed the treatability limits for
the production of municipal water supply68,69 or may require increased
dilution70, potentially leading towater supply disruptions. The reasonwe do
not consider water quality risk in the current framework is that utilities’
treatability thresholds are highly variable globally. For example, in many
countries water treatment processes are highly sensitive to turbidity com-
pared to others where processes aremore robust to turbidity variations. The
risks that climate-related water quality variations pose to water supply
services globally could be explored in future research.

As with any large-scale assessment with future projections, we
acknowledge a range of uncertainties associated with the analysis and
affecting the results. The accuracy of the global hydrological model is
constrained by the quality of underlining global datasets and limited
availability of data for calibration. Further, hydrological projections under
climate change up to the end of the century are subject to uncertainties in
climate models’ ability to accurately predict population growth, land use
changes and future changes in precipitation and evapotranspiration71. We
have applied a general rule that utilities would source water from within
their service area, unless sources are explicitly included in the utility water
sourcesdatabase72. Further,we assume that allwater supplywithin theutility
service area would be available, whereas, in reality, utility water supply is
constrained by the capacities of their respective infrastructures, e.g., for
abstraction and treatment. Another limitation is the imperfect coverage and
accuracy of the utility dataset, which is particularly sparse in certain geo-
graphies such as in Africa, although this also reflects the lower levels of
network coverage of utilities in the less developed world.

Despite these limitations, our approach provides an early step towards
achieving a global drought risk assessment of householdwater supply under
present day and future climate change scenarios, adopting the utility scale as
the unit for analysis to support climate adaptationplanning. The framework
provides a platform for identifying the most cost-effective infrastructure
investment pathways for water supply utilities by quantifying the con-
tribution of adaptation towards metrics that would be relevant to both
investors and/or utilities.

Given the exposure and vulnerability of their services to climate
hazards, water utilities are uniquely positioned to deliver climate adaptation

services for society. However, the importance of water utilities in
strengthening society’s climate resilience is disproportionate relative to the
attention received at the high-level dialogue on climate finance. With the
climate agenda rapidly gaining momentum, there is an opportunity to
strengthen recognition that the utilities receive in high level dialogue on
climate finance and channel greater financial flows towards closing the
climate adaptation gap for water supply utilities.

Methods
Overview
Here, we combine a global hydrological modelling approach with local
utility information, which allows us to estimate global water utility climate
risk and adaptation needs and explore the cost-effectiveness of alternative
adaptation option types. We do this by constructing a water balance
between supply and demand for 5,600 water supply utilities under present
day and three future scenarios available from the ISIMIP73 and CMIP674

experiments (combined RCP75 and SSP76 scenarios between 2030–2060).
This allows us to quantify the risk of utilities being unable to supply their full
customer base sustainably. We define this risk in terms of Unsustainable
Water SupplyDays (UWSD); ametric describing number of customer-days
where utility supply is unsustainable (i.e., renewable water supply is insuf-
ficient to meet a utility’s demand) or disrupted (i.e., where implementing
demand restrictions and/or reallocation strategies becomes necessary). Our
metric effectively combines the concept of reliability (percentage of time an
asset/system is operational)49 and exposure (people affected)30 into one
metric, improving its relevance for decision-making. Apart from the
UWSD, we also quantify the associated tariff revenue at risk caused by each
supplydisruptionbasedonutility-level tariff rates.Weuse this framework to
simulate the potential benefit of three alternative infrastructure interven-
tions: namely, increased water storage capacity, desalination, and leakage
reduction. By simulating the impact of alternative adaptation interventions
on the risk over each project’s lifespan, we quantify the cost-effectiveness of
each option type in terms of mitigated UWSD and mitigated tariff revenue
loss. Per utility, the optimal (ormost cost-effective) option type is identified,
as well as the overall benefit that it achieves.

Water supply utility database
Here we use global data on the headquarter location, population served (P)
and non-revenue water rates of approximately 5,600 water supply utilities
offering water supply services provided by Global Water Intelligence42. We
estimate that the database covers over 60%of the global population supplied
by piped water estimated by the Joint Monitoring Programme for the year
201977. The data coverage is not uniform across the globe, as shown in the
map of the rate of utility data coverage per country in Supplementary Fig. 6.

A water supply utility is a formal entity that supplies water to house-
holds, commercial or industrial entities. Utility water supply contrasts to
sourcing water supply from a private well, tanker truck, surface water,
springs or other sources, for private, industrial or agricultural use. Some
utilities will abstract, treat and distribute water, whereas others will operate
across only a fraction of the value chain: for example, bulk water utilities,
may abstract water to serve a network of utilities that go on to distribute this
to households. In structures such as this, as we are concerned with the
balance of water supply and demand, we group bulk water providers with
their respective distributors.

Water utility demand. Monthly water consumption (C) per person, at
present and in the future, is assigned to each utility based on national
average data58. A database of per capita water consumption was collected
per country for 124 countries, for which a regression formulation is set up
using GDP per capita, percentage urbanisation, temperature, precipita-
tion and regional dummy as explanatory variables to gap-fill domestic
water consumption for countries without data. This regression for-
mulation is also used to construct future per capita water demand pro-
jections using different combinations of SSP-RCP scenarios as adopted in
this work. Results of this are provided in Supplementary Fig. 7. Although
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utilitiesmay also service industrial and commercial customers, we neglect
this additional demand based on the assumption that municipal custo-
mers would be prioritised during drought events. We estimate the future
population served per utility by scaling in proportion to national popu-
lation growth estimates provided by each SSP scenario78. This is a sim-
plification of the complex ways in which utilities will respond to future
demographic and economic changes in reality: some may expand at a
faster or slower rate relative to growth; some new utilities may appear in
new locations; and others may be abandoned.We also do not account for
the possibility of utilities that operate seasonally, but rather assume that
all utilities operate year-round.

Leakage effectively increases the demands on the utility, as operators
must account for the network losses incurred during distribution to meet
customer consumption needs. Therefore, the demand is quantified as the
sum of the customer consumption need and the network losses (L, %).
However, thedatawe collectedprovides thenon-revenuewater ratewhich is
the combination of leakage losses and the rate of tariff collection42. Here, we
assume that the non-revenuewater rate is equivalent to the leakage loss rate,
which is an impactful limitation, but necessary due to data limitations.

Thus, the demand (m3) that is exposed to drought for each utility is
provided by the following equation.

D ¼ P C ð1þ LÞ ð1Þ

Note that we assume that monthly demand is constant throughout
the year.

Water utility service areas. Tomap out the area each utility serves (SA),
we first map the utility headquarter locations which we assume aligns
with its central demand location. We then map the global population at
1 km resolution79 and overlay this with the rate of piped water access
globally. Piped water access was derived by disaggregating JMP rural
versus urban estimates80 based on a gridded urbanisation layer81. The SA
per utility was mapped by iteratively expanding radially from the utility
headquarters, incorporating more of the population served, until the
utility customer basewas equal to the populationwithin the SA.Note that
the grid cell size of the population layer (1 km) based onwhich the service
areas were assigned, is smaller than that of the hydrological model
(CWatM).Where utility service areas do not cover an entire CWatM grid
cell, we factor the supply input to the utility by the fraction of the grid cell
covered. For overlapping utility service areas, we extract the total supply
within overlapping grid cells, and apportion it between the utilities in
proportion to the number of customers they serve. We do not determine
how utility service area size may change and assume they remain fixed
under future population growth scenarios.

Desalination. We use an up-to-date database of desalination plants used
for municipal supply59 to find the fraction of demand that is supplied by
desalination (DS) per utility by assigning each desalination plant to each
utility based on its main service city.

The component of demand that is vulnerable, or the Vulnerable
Demand ðVDÞ (m3) per utility, is therefore provided by the following
equation.

VD ¼ D� DS ð2Þ

Drought risk method
To estimate drought risk, a simulation of the supply (monthly river dis-
charge, groundwater volume and reservoir storage) available to each uti-
lity is balanced against the volume of customer demand that would be
vulnerable to drought-inducedwater shortages.Where shortages occur, the
utility customer base that would be disrupted is approximated in terms of
UWSDby applying the fractionof demandunmet, to the population served.
This section outlines the simulation of supply (including how demands are

abstracted for other sectors), followed by the utility-level water balance and
the risk analysis procedure.

Drought hazard data. The Community Water Model (CWatM) is a
state-of-the-art hydrological model which simulates river discharge,
renewable groundwater supply, and lake and reservoir storage among
other variables, at amonthly time step, at a 0.5-degree resolution71. Please
find a full description and validation of CWatM in ref. 71, with a brief
description provided in Supplementary Text 1. Each utility was allocated
the total available reservoir storage within the perimeter of the utility’s
SA.We select the cell recording the maximum river discharge per month
within the utility SA most frequently over the timeseries, for the river
discharge input. Available renewable groundwater supply is found as the
average monthly volume totalled across the area of coverage of the utility
(Utility service area). Note that, abstracting from non-renewable
groundwater is common practice for many utilities37. Therefore, dis-
counting non-renewable groundwater from the supply available utilities
does not reflect current practices. Rather, we provide a formulation of risk
as a basis for decision making; under the assumption that utilities would
wish to adapt away from unstainable practices such as non-renewable
groundwater abstraction.

We collect the historicalmodel output (1980–2010) and investigate the
effects of climate change scenarios and socioeconomic growth projections
(2030–2060) across SSP1-2.6, SSP3-7.0 and SSP5-8.5 on supply (river dis-
charge, reservoir storage and renewable groundwater supply) each simu-
lated across the 5 climate models included in the Coupled Model
Intercomparison Project (CMIP6) experiment74: GFDL-ESM482, IPSL-
CM6A-LR83, MPI-ESM1-2-HR84, MRI-ESM2-085, UKESM1-0-LL86. This
selection of future projections is simulated under different scenarios of
anthropogenic climate change and global socio-economic development as
per phase 6of theCMIP687. TheRCPscenarios represent transient scenarios
for increasing radiative forcing75 and SSP scenarios outline five alternative
scenarios of future global development trajectories, contingent on different
levels of fossil-fuel dependency76. SSP1-2.6 represents an optimistic,
sustainability-focused scenario of growth with a strong reduction of CO2
emissions and an associated increase in temperature of 1.8 °C by the end of
the 21st century88. SSP3-7.0 represents a medium-high emissions scenario
where the average temperature is projected to rise by 3.6 °C88. SSP5-8.5
represents a fossil fuel-driven scenario of the future where, by 2100, average
global temperature would increase by 4.4 °C88. All considered scenarios of
supply were run through the same balance to quantify the change in like-
lihood of drought-induced utility UWSD in the future relative to the
present-day.

City water sources. We account for long-range water transfers through
the use of a database which identifies the major water source for a set of
~1600 sources for ~270 large cities72. We assigned the major city water
sources to each utility based on thematching utility headquarter location.
Supplementary Fig. 8 provides the spatial distribution of utilities for
which a long-distance transfer has been identified. The water sources
database indicates whether the source is a desalination plant, a river
extraction point, a storage dam or reservoir or a borehole. Thus, the
relevant supply type (i.e., river discharge, renewable groundwater or lake
and reservoir storage) from CWatM was extracted from the coordinates
of the source and combined with the total supply available within each
utility service area.Note thatwe extract the supplywithin the grid cell that
overlaps with the source location.

Allocation rules. Here, we assume that in each month, the supply
available in each utility’s SA is available and prioritised above all other
sectors. However, in preceding months, we assume that upstream
abstractions are fully met by all dependent sectors, such as irrigation.We
adopt this approach to capture the risk that over abstraction, now and in
the future, poses to essential water utility services. As such, the model of
water supply variations is run based on a global, standard, allocation
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scheme89, however, locally, utility sources are prioritised for municipal
use. This introduces an inconsistency into themethod becausemunicipal
demand inputs are integrated with the model of supply (see ref. 90), but
also input as a function of utility characteristics (see Demand). Note that
the inconsistency between CWatM municipal demand versus our utility
level demand inputs would have a negligible effect on the results, as the
model adopts a return flow assumption of 90% for municipal with-
drawals.We adopt a threshold for environmentalflows ofQ10 ofmonthly
river discharge under baseline climate conditions (the flow exceeded 90%
of the time), a widely held assumption91.

Drought risk formulation. We simulate a monthly balance between total
supply (m3 month-1) ðSÞ - which is the sum of available reservoir storage
(RS), river discharge (RI) and available renewable groundwater supply
(GW), minus the environmental flow (EF) - and the demand that is
vulnerable to droughts (m3month-1), accounting for leakage losses (VD).
Where the supply is not sufficient to meet the demand, a Deficit (m3

month-1) ðDef Þ, greater than zero is recorded.

Sm ¼ RSm þ RIm þ GWm � EFm ð3Þ

Def m ¼ maxðVDm � Sm; 0Þ ð4Þ
This formulation is used to derive the first benefit metric, UWSD

(customer-days for a given month). To estimate the population that would
be disrupted by a given monthly deficit, we apply the equivalent fraction of
demand that is unmet by the supply to the population served by a given
utility and multiply by the number of days in a month (d).

UWSDm ¼ Def m
VDm

P dm ð5Þ

We merge the utility-level tariff rates (per m3) from the IBNet tariff
benchmarking database92 with the GWI utility database. Where ulities
included in theGWI utility database weremissing from IBNet, we apply the
national average. Thus, equivalent tariff revenue loss (USD/month) (TRL)
(Eq. 6) associated with the reduced volumetric sale of water was estimated,
where t is the tariff rate for water supply42,92. Given the strong relationship
between tariff rates and GDP per capita (r2, 0.6), see Supplementary Fig. 5,
we use this linear relationship to estimate future tariff rates based national
level data on GDP and population under alternative SSPs78.

TRLm ¼ UWSDm
C t
dm

ð6Þ

Formany utilities, tariff revenue would not be elastic to the volumetric
sale of water, and disruptions may not be reflected in the utility’s balance
sheet. This depends on the type of arrangement the utilities have inplace; for
example, whether they are able to monitor disruptions and adjust tariff
charges accordingly. Some utilities may also be subject to fines imposed by
regulators, which are not considered here. However, the proposed approach
enables a globally consistent estimation of potentialfinancial losses incurred
by utilities during droughts.

The monthly disruption is summed per year, and the annual average
loss at the utility level in terms of UWSDu (customer-days/year) and TRLu
(USD year-1) is estimated by integrating each loss across the annual
exceedance probabilities of events (py) (based on drought event ranks) and
for a given climate scenario, as shown in Eq. (5).

UWSDu ¼
Z 1

0
UWSDy dpy ð7Þ

TRLu ¼
Z 1

0
TRLy dpy ð8Þ

Climate adaptation optioneering
Weuse the above drought risk to understand themarginal benefits - i.e., the
reduction in risk for a given dollar investment - of alternative infrastructure
investments.Thus, the costs of climate adaptation canbeweighedagainst the
benefits. This is done by rerunning the risk analysis using model runs
between2030–2060under future scenariosby simulating the effect of a range
of 10 designs of each adaptation option type P ¼ min . . .maxf g. The range
of designs are established based on equal intervals between the minimum
and maximum design limits of each option type, as outlined in Supple-
mentary Table 1. We discount benefits and costs over the option’s lifetime
(conservatively assumed to be 30 years, although typically much longer) to
derive cost effectiveness in terms ofmitigatedUWSD and lost tariff revenue.
Thus, assuming that the date of implementationwould be 2030, we simulate
the benefits that would accumulate over the duration of 30 years.

We assume that if a section of a utility’s service area is within 50 km
from the coastline, it would be eligible for seawater desalination. This
transfer distance threshold is established based on the database of water
transfers for major cities72; Supplementary Fig. 9 illustrates the distribution
of transfer distances for major cities. We acknowledge that there are other
factors that would determine the eligibility of a utility for desalination, such
as the continuity of electricity supply and the source of electricity in the
context of green energy transitions62. Here the only eligibility factor we
consider is the proximity of a utility’s service area to the coastline due to data
limitations. Note that we only consider coastal desalination, as opposed
to inland brackish water desalination due to data limitations on the avail-
ability of brackish water globally.

Adaptation option costs. The costs of each option are provided in Sup-
plementary Table 2. For desalination, we apply the cost per volumetric unit
to the equivalent change in capacity93.Wealso estimate the transfer costs that
would be required to transfer desalinated water to the headquarter location
of the utility93. We then re-run Eq. 2 with the new desalination capacity to
simulate the effect of increasing desalination capacity on risk.

For leakage, we first estimate the volume of leakage lost per km of
network, where both the rate of leakage and the length of the network are
provided in the utility database42. Where the length of the piped water net-
work is missing from the database, we employ a linear regression model
(r2 = 0.8) topredict values basedon thepopulation served, populationdensity
of the service area, per capita water consumption, piped water access rate77

and national GDP per capita78. We thus estimate the length of pipeline that
wouldhave tobe renovated for a given reduction in leakage andapply theunit
costperm93, asprovided inSupplementaryTable2.We then re-runEq. 1with
the new leakage rate to simulate the effect of reducing leakage losses on risk.

For storage, we simulate the river discharge balance as follows in Eqs.
9–13, to estimate the volume that would be available for storage per month
for each utility. We then cumulatively sum the available river discharge to
simulate the maximum available additional supply (m3) (STM) that could
be available per month, given sufficient storage capacity. We then define a
range of additional storage capacities (m3) (SCa) as a fraction (as) of the
maximum capacity that could be stored, with the maximum fraction being
defined based on that which would provide a maximum release equivalent
to 90% of demand. We then re-run Eq. 3 with the additional reservoir
storage (m3 month-1) (STm) to simulate the effect of increasing storage
capacity on risk.

SWm ¼ RIm � EFm � VDm
RIm

GWm þ RSm þ RIm
ð9Þ

STMm ¼ minðSWm�1 þ SW; 0Þ ð10Þ

SCa ¼ as maxðSTMmÞ ð11Þ

STm ¼ minðSTMm; SCaÞ ð12Þ

https://doi.org/10.1038/s43247-024-01272-3 Article

Communications Earth & Environment |           (2024) 5:356 9



RSm ¼ RSm þ STm ð13Þ
We estimate the change in energy costs before and after the imple-

mentation of each considered leakage reduction, storage capacity and
desalination capacity increase option, as well as other general O&M costs,
such as equipmentmaintenance. To quantify this change in energy costs, we
first estimate the overall annual energy requirement per utility (kWhyear-1)
(ERu), Eq. 14.

ERu ¼ Duv þ DSu eþ nðDSu þ DuÞ ð14Þ
Where v, e and n are the global average unit energy consumption in kWh
m-3 year-1 required to treat water (not from desalination), to desalinate
water and to transport water, respectively42. D and DS represent the annual
volumeofnon-desalinatedanddesalinatedwater treatedper year (m3 year-1)
per utility.

Thus, the change in energy costs ðECÞ associated with each type of
adaptation option are as follows. Note that the change in energy costs asso-
ciatedwith leakage reductionwould be negative and result in efficiency gains.

ECu;l ¼ ERuðL� lÞcn ð15Þ

ECu;d ¼ ðduðeþ nÞÞcn ð16Þ

ECu;s ¼ ðsuðv þ nÞÞcn ð17Þ
Where l denotes the new leakage rate (fraction), d denotes the increase in
desalination capacity (m3) and s denotes the increase in storage capacity
(m3). cn is the national average unit cost of energy for industrial users
($ kWh-1) per nation94.

As noted above, we apply different adaptation options to present and
future drought risks for the set of designs P ¼ min . . .maxf g. Assuming
that the discount rate of r; estimated at 6%, is applied over the adaptation
planning horizon. The discounted cost (USD) ðDCsðpÞÞ for applying the
adaptationoption of a givendesign (p) to a utility is estimated in termsof the
sum of initial investment costs (USD) ðCIj0ðpÞÞ at t ¼ 0 and the sum of the
subsequent asset level discounted annual operations andmaintenance costs,
accounting for increased/decreased energy costs,CMjtðpÞ over the planning
horizon. This is formulated in Eq. (18).

DCsðpdÞ ¼
X
8j2s

CIj0ðpÞ þ
X
8j2s

Xt¼T

t¼1

CMjtðpÞ
ð1þ rÞt ð18Þ

Benefit of adaptation. Depending on the level of protection pro-
vided, the chosen adaptation option will mitigate utility risk to a certain
extent. These new risks associated with the protection level provided by
each adaptation option (UWSDu p

� �
;TRLuðpÞ) are obtained by rerun-

ning the risks analysis, using Eqs. (2–8).
Similar to the costs, the risks before and after the adaptation option are

estimated at annual timescales over the planning horizon. As noted above,
the future risks are driven by the climate change driven hazard events and
the customers dependent on the water systems. The discounted benefit
(USD) (DBsðpÞ) of risk reduction due to the adaptation option is estimated
by discounting the annual timeseries of marginal risk reduction
(TRLst � TRLstðpÞ) over the planning horizon, Eq. (19).

DBuðpÞ ¼
Xt¼T

t¼0

TRLu � TRLuðpÞ
ð1þ rÞt ð19Þ

The effectiveness of the option is assessed in terms of the benefit-cost
ratio ðBCRuðpÞÞ, given by Eq. (20).

BCRsðpÞ ¼
DBuðpÞ
DCuðpÞ

ð20Þ

The optioneering solution involves finding the optimal intervention
(OIu) perutility, identified as the optionwhere the ratio betweenbenefit and
cost (BCR) is greatest, see Eq. (21).

OIu ¼ maxðBCRuðpÞÞ ð21Þ
Data availability
CWatM data are openly available at the following source data link: https://
zenodo.org/records/352809871. The utility data is provided by GWI42 under
a license which restricts us from distributing the data to the public or
research community. Software used for the project include Python (https://
www.python.org/) andQGIS (https://www.qgis.org/en/site/), both ofwhich
are open-access. Source data underlying main text figures is provided via
Zenodo https://doi.org/10.5281/zenodo.10154550.

Code availability
Code involved in performing the analysis will bemade available via Zenodo
https://doi.org/10.5281/zenodo.10154550.
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