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Summary
Water systems are a special kind of infrastructure systems because they perform a dual role: they
provide water services while also reducing risks to other services from natural hazards such as
floods and droughts. This report aims to inform water system managers on the importance of and
measures to build the resilience of water service provision to natural hazards and climate risks
while ensuring that water systems can safeguard service provision by reducing their exposure to
the risks associated with natural hazards. When choosing resilience measures, water systems
managers should consider the following six principles while also incorporating the concept of
decision making under deep uncertainty: 1) knowing the system through network analysis and
criticality assessment; 2) improving maintenance to reduce vulnerability and improve resilience;
3) involving users for active demand management; 4) working with nature to manage and respond
to risks; 5) developing and improving contingency management; and 6) applying innovation where
appropriate. In addition, since water systems reduce the risks associated with certain natural
hazards to other services like power, transport and water itself, such safeguard services should
be accounted for when making the case for resilience investments in water systems.
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1. Water Systems – Instrumental in Flood and Drought
Management but Highly Vulnerable to Climate Change
Today, who hasn’t heard of Cape Town’s close call with “Day 0”? Or the strain put on Jordan’s
water resources by several waves of incoming refugees? Cities face all sorts of shocks and extreme
events that challenge their ability to provide adequate levels of water supply and sanitation (WSS)
services. With climate change affecting the variability and intensity of weather events, service
providers are increasingly exposed to these shocks. In the case of Cape Town, relying
predominantly on one source of water—rainfed reservoirs—locked the city in when rainfall
patterns began to differ from historical levels. Without a clear demand management program in
place, the service provider initially struggled to communicate the severity of the situation to
consumers and had to resort to drastic measures to avoid a crisis.
Water systems can be defined as all the components that allow for the provision of water services
from the source to the extraction, conveyance, storage, treatment, distribution, and consumption
infrastructure, and combine both natural and man-built infrastructure elements. They consist of
reservoirs, groundwater pumps, and transmission lines. They provide different services such as
bulk water provision, standard water supply and sanitation services, and irrigation and drainage
(I&D). This water infrastructure and its associated services to cities, industry, and farms are
vulnerable to climate change. In addition to supplying water, however, water infrastructure is
central to reducing natural hazard risks related to floods and droughts. Parts of the water system
that contribute to risk reduction are, among others, multipurpose reservoirs, river embankments,
stormwater drains, and coastal dikes. Figure 1 gives a graphical overview these services.
Figure 1. Water Systems and the services they provide
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Water infrastructure has some special characteristics: (i) flood control infrastructure helps protect
all types of networked infrastructure (power, transport, telecoms, and water); (ii) water services
such as WSS and I&D experience unique climate risks, given that water is central to the service
being provided; and (iii) water services are exposed to the same general risks as other network
infrastructure when it comes to climate and natural hazards.
Resilience is understood as the ability of a system to continue functioning to a certain service level
despite shocks. In evaluating the resilience of water systems, the dual role of water infrastructure
must be accounted for and approached in an integrated manner. This paper discusses the
resilience of water infrastructure and makes a case for the critical need to invest in resilience
measures. It argues for the importance of building the resilience of water service provision to
natural hazards and climate risks while ensuring that water systems can safeguard service
provision by reducing their exposure to the risks associated with natural hazards. Current
literature increasingly sees the latter role of water systems as an additional service (Caldecott
2018).
While it is easy to find examples of why planning for the resilience of water systems is critical,
finding examples of service providers and planners that have successfully adapted to and
prepared for climate change is more challenging.
On the one hand, water supply systems in many parts of the world will need to supply more water
in a context of dwindling resources. Near Mexico City, climatic and demographic changes are
increasingly challenging the ability of the Cutzamala Water System (CWS) to fulfill its operational
mandate, especially as competition over water use grows. The CWS supplies about 30 percent of
the Mexico City Metropolitan Area’s water, through a complex interbasin transfer system. Rapid
population growth and urban expansion are creating new water demands that are becoming
more and more difficult to meet. Stress testing the CWS revealed high sensitivity of the current
system to climate change—minor changes in precipitation and temperature could impair the
system’s ability to deliver the target supply at the historical reliability rate. By 2050, in almost all
climate change projections, the system will be unable to reliably deliver enough water, without
an increase in average precipitation. Given the high vulnerability of the system under current
demand, it would certainly not be able to reliably meet higher demand, thus losing its critical role
as a drought buffer.
Moreover, water resources are threatened in terms of their quality. In Kiribati, one of the world’s
smallest and most remote countries, the aquifer is threatened by seawater intrusion and
overtopping as well as anthropogenic impacts. As the country consists of 33 coral islands—one
raised and 32 low-lying— most of which are no more than two meters above mean sea level and
only a few hundred meters wide, sea-level rise threatens both the country itself and its water
resources. Families in urban areas tend to have pigs on their properties and the lack of black- and
greywater management in the capital of South Tarawa leads to further contamination of the city’s
scarce groundwater resources. Rainwater, the second largest source of drinking water, is
harvested from roofs and poorly stored, leading to point-of-use quality degradation. With lack of
protection from large storm events, during which the waves and heavy rain erode the coast and
destroy infrastructure, Kiribati is at the forefront of climate change vulnerability. In its
Government Development Plan (2016–2019), Kiribati has identified improving access to quality
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climate change–resilient infrastructure in urban and rural areas as one of its key development
commitments.
On the other hand, water-related natural disasters may also increase in severity and frequency.
Nicaragua has been ranked fourth among the countries most affected by climate change and over
the past years has experienced repeated flooding caused by more intense bursts of rain (Haynes
2017). In 2009, over 10,000 Nicaraguans were displaced from their homes because of rains linked
to the La Niña phenomenon, while in 2011 a week-long storm put close to 10 percent of the
country under water. A system of microdams has been installed throughout the city since the
1980s to reduce the sediment loads carried with floodwaters and thereby help alleviate the
damages linked to urban flooding (Jha et al. 2011). Today, the city of Managua needs to look to
measures that reduce runoff rather than simply convey it, if it is to build resilience to future events
(IADB 2015). More specifically, low-impact development (LID) approaches that aim to store,
infiltrate, evaporate, and detain runoff at the source—at the individual lot or neighborhood
level—could help the city cope with intense rain events.
Water infrastructure is seldom built to withstand direct shocks, such as earthquakes and
landslides, to the built assets. For instance, in March 2017, the water supply of Lima, the capital
of Perú, was interrupted for four days by rains more intense than had ever been experienced,
leading to severe landslides that filled the river with mud. The main water treatment plant could
not handle the resulting turbidity and suspended solids. In general, management and planning
are disconnected from the watershed and assume that future conditions will unfold within
historical patterns, further undermining cities’ resilience to shocks. Yet, service providers are
already being challenged by events that lie outside the known historical records.
In addition to climate shocks, service providers have to contend with conflict and fragility. Jordan
is one of the poorest countries in the world in terms of water availability. The 50-year mean annual
rainfall in the country’s capital, Amman, is about 350 millimeters, but with an average evaporation
rate of about 90 percent, estimated water infiltration rates are just 4–10 percent of precipitation.
While drought conditions are worsening, shifting the country to a new normal, its population has
recently increased sharply. About 1.6 million refugees have entered the country, one-third of
whom live in Amman. Despite local conservation and reuse efforts, the gap between supply and
demand is increasing.
To build resilience, service providers must shift their approach to one that considers the
robustness of the water system as a whole to different shocks under various possible futures. This
approach involves looking at the basin scale to account for the elements of the water system that
protect other services from natural hazards as well as the components of water service delivery.
Flood control and management infrastructure can safeguard other services, like transportation
and power systems. Multipurpose reservoirs, if operated well, can provide flood protection while
generating power supply. In 2007, repeated rainstorms in New York City flooded several subway
stations due to the lack of proper drainage infrastructure, impairing train service and endangering
passengers. Studies in Seattle have shown that the use of green infrastructure to increase
pervious surfaces in residential areas with no sewers or drains reduced runoff by 98 percent (City
of Seattle 2007). Accounting for other services when designing components of the broader water
system can help identify unplanned benefits and justify a project based on those contributions.
3

While a more resilient pipe can be built with more expensive materials than a less resilient pipe,
a more resilient water system need not be more expensive than a less resilient water system.
As of today, few water service providers—be it for WSS, I&D, or flood management—have
mechanisms in place to deal with such shocks and uncertainties. This paper aims to document
specific instances where the resilience of water infrastructure was successfully built. Section 2
presents an analysis of the hazard exposure of dams and wastewater treatment plants, while
sections 3 and 4 dive into the resilience of a specific kind of service providers: WSS utilities.
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2. Partial Analysis of Hazard Exposure of Dams and Wastewater
Treatment Plants
Water infrastructure is particularly vulnerable to natural hazards such as floods, earthquakes,
landslides, and droughts at two levels. First, water infrastructure is exposed to unique climate risks
compared to other types of infrastructure. Drought may reduce the ability of water supply and
irrigation systems to deliver water, resulting in significant economic impacts (Damania et al. 2017).
Similarly, climate risks associated with high precipitation may stress the design capacities of flood
control infrastructure such as reservoirs, embankments, and drainage networks. Second, water
infrastructure itself is subject to the same flood, earthquake, landslide, and storm hazards as power,
road, and telecommunications infrastructure. For example, a flood may render a water plant
inoperable, an earthquake may cause a dam to collapse, or a landslide may destroy a pipeline.
A global analysis of the exposure of all water infrastructure to natural hazards was not possible
because of the lack of global data on water sector assets. Although some studies show promise in
identifying vulnerable sections of water infrastructure (such as Bagriacik et al. 2016), they rely on highquality data to describe the existing network, which limits their applicability to developing countries,
where data may not be readily available. However, two assessments were undertaken to illustrate
possible vulnerabilities: (i) a partial assessment of large dams, looking at their exposure to high river
flows and earthquakes; and (ii) a case study of China’s wastewater treatment plants (WWTPs) to
understand the level of exposure faced by these critical water infrastructure elements to river floods
and earthquakes (Hu et al. 2019).
Dams are critical for reducing downstream flooding but can also create disasters if they collapse
because of high river inflows. The reservoirs created by dams can be used for multiple purposes,
depending on the specific context. These potential uses include generating hydropower, providing
water to cities or for irrigation, and reducing downstream flood risks. Dams are built with concrete
spillways that release excess flows back into the river, downstream of the dam. The spillways are built
with a specific design discharge to accommodate maximum flows, typically ranging from 500-year to
10,000-year or maximum probable discharges. If the discharge exceeds the spillway capacity, water
flows over the dam itself, giving rise to an emergency. If the dam is made from earth and/or rock, the
chance it will collapse is pretty high; on the other hand, if the dam is made of concrete, the chance of
it collapsing is lower but an emergency situation could still arise.
Dam collapse may have catastrophic impacts on downstream communities. In Henan Province, China,
the extreme rainfall produced by Typhoon Nina in 1975 went beyond the design criteria of the
Banqiao Reservoir Dam. When exposed to such high levels of rainfall, the dam failed, killing tens of
thousands of people, with estimates reaching up to 171,000.
Spillway design standards are usually based on the risk to downstream communities and on historical
hydrological records. For example, a dam immediately upstream of a city typically meets higher
standards than a dam in a rural area with low population density. However, over time, the population
of downstream communities may grow or the risk tolerance of a country may change, making it
necessary to increase the spillway capacity and take additional measures to ensure the structural
integrity of the dam.
Until recently, climate change and its impacts on hydrological flows had not been considered in dam
design. However, this practice is rapidly changing, the latest example being the Hydropower Sector
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Climate Resilience Guide (2019) prepared under auspices of the International Hydropower Association
(IHA), with technical and financial support from the World Bank (WB) and other international donors.
The risks associated with underdesigning for future climates are multifold: dams may not be able to
provide reliable services to users—be it water supply or power to cities, or irrigation water for
agriculture—or help mitigate flood and drought risks. In fact, the dam itself could become a potential
source of risk for downstream communities in the event of dam failure (Cervigni et al. 2015).
The exposure analysis presented here is based on the Global Reservoir and Dams Dataset (version
1.01), which contains 6,862 records of reservoirs and associated dams with a cumulative storage
capacity of 6,179 cubic kilometers. These records only represent 20 percent of the dams registered by
the International Commission on Large Dams (ICOLD), which lists more than 33,000 large dams. The
Global Reservoir and Dams Dataset is thus limited and likely biased toward the developed world.
However, as it is the only such georeferenced record of dams (Lehner et al. 2019), it was used for this
exercise.
The level of exposure of dams to high river inflows—which could increase the chances of exceeding
spillway capacity and possible dam collapse—is difficult to assess at the global level. In this exercise,
the “river flood risk” information from the Think Hazard database (2019) was used as an indirect proxy
for considering river flows into a reservoir. If a dam is in an area that is classified as having a “high river
flood risk,” this should indirectly and imprecisely correlate with high river flows. The Think Hazard
database does not take climate change into account, but rather relies on historical data. Of the 6,862
dam sites in the Global Reservoir and Dams Dataset, 15 percent are in an area of high river flood risk,
representing around 21 percent of the total global capacity. The actual risk of dam collapse depends
on the design capacity of the spillway and the construction quality of the dam.
WWTPs often face flood hazards, as they are typically located in the lowest part of the network or
water system. Wastewater collection systems usually work by gravity, to reduce energy costs, and
treatment plants are generally located in low-lying, flood-prone areas adjacent to the rivers, deltas, or
lakes that they discharge into. For wastewater systems with a combined sanitary and storm drainage
network, heavy precipitation can overload system capacity, resulting in combined sewer overflows
(CSO) of untreated sewage into the environment. Constructing CSO retention basins to temporarily
store the water and later convey it back to the treatment plant is one option that some cities are
pursuing, but this approach is very expensive and thus not affordable for all cities.
The case study on exposure of WWTPs to river floods and earthquakes is based on a dataset of 1,346
WWTPs in China, which includes plant locations and the population dependent on each plant.
According to Hu et al. (2019), climate change will significantly increase the exposure of Chinese WWTPs
to floods, even over the short term, with large potential impacts on users. The sign of this effect is
consistent in 10 out of the 11 climate models considered, although the magnitude of the impacts varies
across models. For an event with a 30-year return period under a scenario of moderate climate change,
35 percent of the WWTPs (472 out of 1346 plants) serving 176 million people could experience
significant increases in flood risk by 2035. 1 Figure 2 shows the range of estimated impacts across
different climate scenarios and time frames.

For this analysis, a global river routing (CaMa-Flood) model is used that quantifies the change degree of flood exposures from the
present time period (1980–2015) to the near-future time period (2016–35) to a far-future time period (2036–2055). These changes
are evaluated for all floods exceeding 1 in 30, 1 in 50 and 1 in 100 events as estimated through an ensemble of 11 climate models
under RCP4.5 and RCP8.5 climate scenarios. In this case, the exposure is defined as whether an asset is facing increasing flood hazard
in the near- and far-future because of climate change.
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Figure 2. Estimated Impacts across Different Climate Scenarios and Time Frames

Source: Hu et al. (2019)
Note: WWTP (top) and user exposure (bottom) to net change (positive, zero, or negative) of flood hazards
for all models at return periods greater than 1 in 30 (blue bar), 1 in 50 (orange bar), and 1 in 100 years
(red bar) for RCP 4.5. Time period: values indicate net change between (1986–2005) and (2006–2035).

Spatial variation is extremely important for planning climate-resilient infrastructure, as exposure of
infrastructures to natural hazards is highly location-sensitive. For example, by 2035, under the MPIESM-LR model, flood hazards will be concentrated along the Yangtze River under the representative
concentration pathway (RCP) 4.5 scenario. Under the RCP 8.5 scenario, the concentration of
increasing flooding probability will happen in regions such as northern Heilongjiang and northern Inner
Mongolia, unlike the case in RCP 4.5.
Earthquakes also pose significant hazards to water infrastructure components like dams and WWTPs.
Earthquake hazards for dams are based on peak ground acceleration (PGA) for a 2,475-year event
drawn from the UNISDR Global Assessment Report 2015 (Cardona et al. 2015). Normally, the return
period for a maximum design earthquake (MDE) 2 is 10,000. However, since the global data set only
has return periods of up to 2,475 years, this number was taken as the basis for assessment but should

Maximum design earthquake (MDE), the maximum level of ground motion for which a structure is designed or evaluated. The
associated performance requirement is that the project performs without loss of life or catastrophic failure (such as an uncontrolled
release of a reservoir) although severe damage or economic loss may be tolerated.

2
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still approximately indicate the earthquake hazard level. The higher the PGA, the greater the seismic
risk. The Global Reservoir and Dams Dataset was used for this assessment.
As shown in figure 3, dams and reservoirs face the highest seismic hazard in Japan, central China, the
U.S. West Coast, southern Europe, and the Middle East. About 2 percent of the dams considered in
this study face very high PGA levels, that is, with a return period of 2,475 years. High-income countries
have the largest number of dam sites exposed to earthquakes. However, upper-middle-income
countries have the largest capacity of dams exposed to the risk of seismic shaking. This finding
probably reflects the higher concentration of dams in richer economies and the large number of megadams in middle-income countries, particularly in China and Brazil.
Figure 3. PGA Faced by Dam Sites for a 2,475-Year Earthquake Event

Source: Own analysis.
Note: PGA = peak ground acceleration; H = high; L = low; M = medium; VH = very high; VL = very low.

Hu et al. (2019) find that, for China, earthquakes also pose a significant risk to wastewater
treatment operations. In addition to PGA, the potential for soil liquefaction was considered. 3 For
an earthquake with a return period of 250 years in China, 31 WWTPs are exposed to ground
shaking of medium severity. Over half of these plants lie in areas with high liquefaction
susceptibility, indicating their high vulnerability. Spatially, the western regions of mainland China
and the surroundings of Beijing are prone to the highest seismic risks. Earthquake hazards are
considered through data on PGA and soil liquefaction susceptibility for events of varying
severities.
In addition to peak ground acceleration, the analysis used liquefaction susceptibility as a proxy for potential damage across the
return periods studied. Because state of practice, in situ testing for assessing liquefaction potential is not feasible at the global scale,
the geospatial prediction models of Zhu, Baise, and Thompson (2017) were adopted. Liquefaction susceptibility is computed at a 1.2kilometer grid resolution based on a global data set (Worden et al. 2017).
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Water infrastructure resilience can be improved by using appropriate design standards,
ensuring high-quality construction, operation, and maintenance, and taking climate impacts
into account. This assessment only looks at hazards for dams and WWTPs. However, the actual
risk associated with a given hazard depends on many factors. For example, China has
comprehensive design standards to deal with seismic hazards, thus reducing risk. In turn, if dam
spillways are properly designed, the risks associated with high river flows should be acceptable.
Nevertheless, throughout the world, appropriate design standards are often not used, nor are
operations and maintenance (O&M) conducted with a view to reducing risk. Yet climate change
poses unique challenges: even if a dam or treatment plant was properly designed using historical
information at the onset, future hydrological conditions may in fact be very different, requiring
modifications in their design and/or operation.
The global exposure assessment to high river flows and earthquake exposures of dams and flood
and earthquake exposure assessments of China’s WWTPs demonstrate common risks faced by
critical water infrastructures. First, while numbers are limited, some of the water infrastructures
considered in these assessments do face high levels of flood and seismic risks. Failure to anticipate
and prepare for the associated service disruptions and risks could lead to asset and economic
losses. Second, many of the critical water infrastructure will face increased flood risks because of
climate change. The uncertainties associated with frequency, severity, and location complicate
decision making and preparedness. Third, one way to cope with uncertain and/or increased
hazard risks is to consider updating the design standards. Considering the average age of the dam
assets included in this study (over 50 years, that is, probably beyond their designed service life),
proper maintenance, rehabilitation, and dam safety management could go a long way in reducing
the probability of dam failure or service disruptions.
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3. Building the Resilience of Water Service Provision: Focusing
on Urban WSS Services
Given the critical role that urban WSS plays and will increasingly play for people’s resilience, this
section focuses on urban WSS utilities and service providers and their ability to provide services
in a resilient manner. Urban spaces around the world are growing rapidly and expected to
continue expanding significantly. By 2030, half of the world’s population will be living in waterstressed, often urban areas. Global driving forces, including climate change, water scarcity,
population growth, and urbanization, are expected to affect WSS services around the world
(Damania et al. 2017). To hedge their bets against growing scarcity (linked to quantity and quality)
and water-related risks, cities must develop resilient and varied portfolios of water resources. In
addition, municipal water supply is only one of many water basin uses—urban service providers
find themselves competing with other sectors for water within a basin, while potable water supply
competes with other uses within the urban environment. Given the many stakeholders involved
both at the city and basin level—sometimes even several basins —cities are seeking increasing
control over water management and planning by maximizing local water sources, among others,
through demand management and reuse.
Figure 4. Service Chains of the Urban Water Cycle

Source: Own elaboration.
Note: The water chain is not linear because the order of the steps can vary, depending on where in the
chain the storage and treatment portion occur.

The urban “water system” is defined as the elements that make up the urban water cycle. They
can be represented through the combination of the water service chain, sanitation service chain,
and stormwater management chain (figure 4). This cycle is also affected by access to and quality
10

of other urban services, such as solid waste management and housing. Elements of the urban
water cycle need to be integrated with the city’s urban development and with river basin
management to maximize economic, social, and environmental benefits in an equitable manner
and to build resilience.
In the case of WSS services, resilience can be defined as the ability of the system to provide a
reliable level of service despite external shocks, and to quickly rebound to the desired service
levels after said shocks. Using this definition, the next section focuses on solutions and approaches
that enhance service reliability broadly, though not all the examples discussed had resilience as
their main objective.
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4. Options for Increasing Resilience in Water
Whether the objective is to increase the resilience of service provision, as in the case of urban
WSS, or to ensure that water infrastructure can continue contributing to the resilience of other
infrastructure and services by managing floods or droughts, several methods and entry points
may be considered. As mentioned above, resilience is defined as approaches that strengthen
service reliability at any point of the service chain, which in turn improves the capacity of the
system to continue providing an agreed level of service reliably, despite shocks, and respond to
them. Often, the best way to build resilience is through a combination of infrastructure and
institutional measures, supply augmentation and demand management, including measures to
improve system efficiency.
Resilience happens at many levels. Adopting an integrated approach (figure 6) supports proper
system design from the start and ensures capacity to respond to disasters throughout the
system’s life cycle. At the system level, centralizing information and enhancing stakeholder
coordination builds institutional capacity, which in turns allows for integrated planning and
service delivery. At the sector level, systems planning considers the vulnerability of areas where
infrastructure is deployed, as well as the integration and redundancy of critical infrastructure to
offer alternatives. At the project level, resilience can be built through proper engineering and
design (for example, by carefully selecting materials and adapting design specifications), asset
management (inventory, mapping, and vulnerability assessment of the infrastructure assets;
prioritization of maintenance and repairs) and contingency programming (by developing the tools
and protocols for emergency preparedness and response).
Figure 5. Integrated Approach to Life Cycle Costs Planning

Source: Internal World Bank document.

Involving stakeholders is equally important. Resilience can also be built at different stakeholder
levels—through the service provider, the local government, basin stakeholders, and/or the end
user. What is the right combination of measures and the appropriate level to target is highly
context-specific and there is no silver bullet.
When exploring possible actions and measures, it is important to consider the uncertainties
related to future conditions. Uncertainties related to water demand and supply because of
climate change, and population growth and movement, as well as economic growth trajectories
12

will affect system planning and asset management. The exposure assessment of dams and
WWTPs, discussed in the previous section, underline the necessity to consider uncertainties
related to natural hazards in terms of their intensity, frequency, and spatial distribution during
engineering and design as well as contingency programming.
Planning for possible futures requires that decision makers account for deep uncertainties, such
as highly uncertain changes in current stressors (population growth, water demand) and new
types of failures brought about by climate change. Deep uncertainty is uncertainty that occurs
when parties to a decision do not know or cannot agree on models relating to the key forces that
shape the future, the probability distributions of key variables and parameters in these models,
or the value of alternative outcomes. And yet, planning for the wrong future can lead to stranded
assets, and severe consequences for water users.
The principles of decision making under deep uncertainty (DMDU) provide guidance on
integrating such sources of uncertainty in the planning process. The most robust strategies
perform well (though not necessarily optimally) according to several metrics of success under a
wide number of future conditions—possibly including all stakeholders’ views of what the future
may look like—and thus build the broadest consensus. DMDU proposes accounting for different
possible futures and testing the impacts of different variables on proposed actions and measures
to see how their performance is affected. Planning for multiple scenarios avoids costly surprises
and helps reach consensus. People can agree on a strategy or a project for different reasons.
Exploring different futures enables possibly diverging future scenarios to be considered. This helps
avoid gridlock and leads to a better understanding of how to prioritize beneficial actions across
plausible futures.
Failure to adequately consider climate risks is likely to undermine the service provider’s resilience
and thus reduce the reliability and operational effectiveness in both the short and long term. This
has a direct impact on the local economy, national resource security, and national economic
growth. Water management planners and engineers have dealt with natural climate variances
and disaster planning as part of the design process for many years. DMDU principles go further
by proposing that different possible scenarios be considered in the planning process to ensure
water systems are better equipped to deal with these possible futures were they to materialize.
This paper focuses on six principles that can help build the resilience of water systems and be
implemented in complementary ways:
•
•
•
•
•
•

Conducting network and criticality analysis to identify where to invest in strengthening
or redundancy
Improving maintenance, to reduce vulnerability
Managing demand, to mitigate the impact of interruptions
Working with nature and better integrating the WSS system with the management of
the water sources
Focusing on planning and institutions
Testing new technologies and innovations such as decentralized sanitation, where
available and sensible.
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The remainder of this section introduces a methodology to incorporate these six principles into
water systems resilience planning, followed by examples that illustrate their application.

4.1. Planning for Resilience without Predicting the Future

These principles all make sense on paper. However, how can water managers pick the most
appropriate measures to enhance the resilience of their water system? To date, traditional
planning methods have not considered the deep uncertainty surrounding many future conditions,
which is further exacerbated by climate change.
To help utilities incorporate resilience and robustness in their choices, roadmaps recently
published by the WB (World Bank 2018b; Ray and Brown 2015) build on different experiences in
applying the six principles mentioned above and propose a 3-step process based on DMDU
methodologies (www.deepuncertainty.org), which can inform the design of strategies necessary
for robust and resilient service provision. Although the 2018 roadmap was specifically designed
for WSS service provision in urban settings, the principles are applicable to broader resilient water
systems planning.
Phase 1: Getting to know the system. The process starts with participatory work in which an
extensive team (including planners, operators, and other stakeholders) identifies the problematic
and critical elements of the system; the potential threats that may affect these elements, and the
consequences of their individual or joint failure; the performance objectives the utility wants to
achieve; and the available solutions. This scoping also identifies the tools, data, and models to be
used in the subsequent phases.
Phase 2: Identifying vulnerabilities. Next, analysts (internal experts or external consultants) use
the information gathered in Phase 1 to stress test the water system over a range of plausible
futures and assess its performance under different conditions. This is done first for the system as
is (status quo), and then for the different possible solutions and their combinations. Performance
is measured against the objectives defined in phase 1. The stress test results in a concise
description of the conditions most likely to cause the utility to fail to meet one or more objectives.
These conditions are often summarized as scenarios that describe the combinations of factors
that yield success or failure. Analysts also identify options that reduce vulnerability and improve
the performance of both the entire system and critical elements over the same range of futures.
Phase 3: Choosing actions. Analysts organize these options into robust and flexible strategies and
examine the trade-offs among them in meeting the agreed objectives under the scenarios
identified in Phase 2. The options should include careful monitoring for conditions of concern (i.e.,
tracking whether the system is moving outside of the scenarios in which performance is
acceptable).
As an integral part of all these steps, analysts present current vulnerabilities, options, and tradeoffs to other teams in the water utility, the board, and possibly also to external stakeholders to
define an acceptable, actionable, robust, and consensual road map. Depending on the complexity
of the project, one or more rounds of participatory work with stakeholders will be required to
refine the objectives or threats, or to adjust the options available to decision makers.
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DMDU can thus help package the different possible options to secure the resilience of water
systems without first having to predict future conditions. For instance, as part of the longer-term
planning for Cape Town’s water resilience, the city worked with Castalia Strategic Advisors to
develop a sustainable water supply augmentation plan and stress test the different options under
various climate and demand scenarios. Based on this assessment, the “insurance premium” for
higher reliability was evaluated and inputs to adjust the water tariff were provided. Cape Town is
now revising agreements with the National Water Department to ensure contingency measures
for such drought scenarios will be put in place. Applying these methodologies in Lima, Peru, the
water utility managed to save nearly 20 percent of its $2.4 billion investment plan by identifying
which investments were unnecessary.
The following subsections will provide further guidance and examples on the implementation of
the six principles mentioned above. Not all of the examples presented started out with the
objective of building system resilience to climate change—plans were sometimes developed to
deal with population growth, sometimes to address frequent electricity blackouts, sometimes
merely for financial reasons (lower-costs options). However, ultimately, the measures taken as
part of these plans invariably helped service providers increase the resilience of their assets and
service provision, including flood and drought risk management.

4.2. Knowing the System: Network Analysis and Criticality

The first step to safeguarding service quality in the event of a shock is to know the system.
Engineers usually know the sections of the system they manage well, but they rarely have an
integrated view of the different pieces that fall under other management structures. For instance,
and particularly in large water utilities, engineers in charge of the supply system rarely manage
the distribution network as well. Yet, experience is increasingly showing that considering the
whole network when evaluating options can lead to different (and in some cases, more costefficient) results than when looking at stand-alone investments and/or parts of a system. This also
applies at the water system’s scale, given that independent institutions are responsible for
different components of the water system. For instance, a water utility may purchase water from
a bulk water provider, who in turn depends on the dam owner or operator for some of that water
supply. Discharge standards for water quality are set and enforced by the regulator, based on
information from the water resources management agency but implemented by the service
provider in charge of wastewater treatment (municipality, utility, sometimes industry itself). In
this case, knowing the system in its entirety means (i) analyzing the different system components
and their sensitivity to different risks in an integrated way and (ii) recognizing possible
redundancies. Critical links and nodes should be identified, and appropriate solutions that secure
service reliability developed. In turn, this will help prioritize actions to improve existing service
provision and to maintain a specified level of service were these risks to materialize and one or
more of these critical components to fail.
The typical methodology to assess criticality in a network is to carry out a failure mode, effects
and criticality analysis (FMECA). This consists of mapping out all the components of the network
and assessing under which conditions they would fail, what the effects of that failure would be,
and what the impact of those effects would be on service delivery. Based on the latter, the
“criticality” of each component can be ranked and a rating assigned accordingly. In the
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Netherlands, breakdowns are ranked by level: a level 1 breakdown should never occur, as it would
significantly disrupt service, a level 2 breakdown is allowed to occur every 3 years, and a level 3
breakdown is acceptable once a year because it is not vital to operations. Based on this
categorization, a maintenance regime is determined that involves regularly checking the elements
linked to level 1 breakdowns, but only storing spare parts for the elements in level 3, where a
breakdown is expected more often. The level assigned to components also considers whether the
asset is crucial to providing service to over 1,000 households or to a hospital, or for other services
like firefighting. The WB supported the Da Nang Water Supply Company (DAWACO) in Vietnam in
conducting such an asset analysis. DAWACO first developed its asset management system through
a water operator partnership with VEI Dutch Water Operators, and the data from this system
were subsequently used to carry out the analysis. A maintenance regime was then developed
accordingly to enhance operational and resource allocation efficiency.
If a specific component is most sensitive to a specific failure mode, norms and standards can
also be developed accordingly to safeguard this element. For instance, some industrial
discharges are harmful for water bodies and associated ecosystems. If processed directly in the
wastewater stream, they could also disrupt biological processes for wastewater treatment.
Therefore, in some countries, the polluter bears the cost of the damage it does to the
environment through its pollution. In the United States, the Environmental Protection Agency
requires industry to pre-treat their wastewater before discharging it to the sewerage network, to
avoid heavy metals, chemicals, and/or high concentrations of biochemical oxygen demand (BOD)
and chemical oxygen demand (COD) to enter the waste stream and disrupt the treatment process.
Having such standards in place ensures accountability for remediation and avoids unplanned
impacts on the treatment plant and water bodies.
Identifying critical elements of a water system also helps explore options for targeted
redundancy (i.e., pinpointing where redundancy is most needed). Building redundancy in the
water system—albeit not always possible—avoids service disruption if one component fails.
Investing in redundancy could mean identifying alternative water supply options that are
differently affected by specific risks (or affected by different risks). In Da Nang, Vietnam,
differentiated sources enable the water supply service to continue when one of them fails. In
Singapore, the Public Utilities Board (PUB) has defined four taps from which they can draw to
meet water demand: imported water, wastewater reuse, stormwater, and desalination. Another
way to diversify is illustrated by the Southern Nevada Water Authority’s (SNWA) approach to
water banking. Over time, the SNWA has “banked” the unused portion of its Colorado River
allocation in aquifers across three states, saving 2,220 million cubic meters for use in times of
shortage.
Redundancy can also mean building redundant infrastructure, for instance, within the network.
In this case, water could come from the same source but reach end users through multiple
channels. In the Netherlands and Japan, systems are designed as “loops” so that if one point in
the network breaks down, other locations in the system can still be reached through an alternate
route. In the Netherlands, this redundancy is also reflected in storage systems and water
treatment plants. For example, river intakes can be shut down if the water quality in the river
goes down, and after the intake the reservoir will have 5–6 months’ worth of water supply stored,
which is usually enough to “flush” the river from that pollution event. Water treatment plants
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themselves are built with storage capacity, which not only improves water quality at the inlet,
through sunlight and retention, but also provides a water source for a given amount of time were
the intake to be closed or the plant to malfunction.
In 2017, an earthquake left the Mexico City districts of Xochimilco, Tláhuac, and Iztacalco suffering
from water shortages caused by severe damage to the water infrastructure. In Iztacalco, the most
populous district, the 7.1 magnitude earthquake left more than 1.5 million residents without
potable water supply. A network analysis mapped out Mexico City’s extensive water distribution
network and identified additional storage capacity at strategic locations (near the Airport on the
east side of the city, for example) that could make several districts more resilient to future
earthquakes of similar magnitude.
Figure 6. Network Analysis Comparing Earthquake Damage with and Without Additional Storage

a. Primary Infrastructure Status after
September 2017 Earthquake
Source: Own analysis.

b. Primary Infrastructure status After September
2017 Earthquake with Airport Storage Expansion

Figure 7, panel a, shows primary infrastructure damage caused by the September 2017
earthquake. The damage to the aqueducts and pump stations in the southern and eastern systems
left the corresponding sections of the city without service for a considerable length of time.
Venustiano Carranza, Western Iztapalapa, Coyoacán, and Tlalpan were left without adequate
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service for a week; while Tlahuác, Iztapalapa (eastern, center, northern system), and Iztacalco
were left without service for an entire month after the earthquake. Figure 7, panel b, shows how
the service districts of Venustiano Carranza and Iztacalco could have increased their water system
resilience if the city had invested in expanding the storage of the El Peñon tank near the airport.
Given the minor secondary infrastructure damage in these areas (shown in the map), a tank with
a storage capacity of 226,000 m3, maintained at 75 percent of its storage capacity before the
event, could have provided enough water to feed, by gravity, Venustiano Carranza's two districts
and Iztacalco for three days in the wake of the earthquake, conservatively assuming 40 percent
of the water would have been lost in transit and no effort would have been made to conserve
water in the system.
Decentralized services can also be less vulnerable to disruptions in the main network, and thus
more resilient to shocks affecting only one part of the network. For example, in Lima, having one
WWTP to serve the whole city has put significant strain on the operator, SEDAPAL, as any issue
with its functioning requires that untreated wastewater be released to the coast. In some places,
for instance, Australia or Tucson (Arizona), water utilities have teamed up with city governments
to provide rebates on household-level technologies like rainwater harvesting so that customers
can fall back on a local water supply in case of drought or service disruption. Aguatuya, an NGO
based in Bolivia, supports communities in developing and managing decentralized WSS systems
in peri-urban areas of Cochabamba. These decentralized services have helped reach communities
that were not benefitting from the city’s centralized system. Moreover, they have also protected
them from the service provision issues associated with the central city service provider, as
communities manage their own services and can get technical support for specific repairs or O&M
challenges that may arise. In addition, the decentralized WWTPs have made possible the reuse of
treated effluent in local agriculture schemes, close to the point of use.
When looking at decentralized services, it is also important to consider the concept of social
resilience. Very often, where formal services are not meeting users’ needs for WSS—and
infrastructure resilience is low, potentially leading to service disruptions—social resilience will be
well-developed. Users may have access to several sources of water and use these for different
purposes, depending on the water quality needed, as is the case in Kiribati, where nonpotable
water needs are met with shallow wells, while potable water is preferably rainwater and cooking
and washing are done with tap water. Such established social resilience measures need to be
considered in project design. In some cases, the informal (or formal but “small”) private sector
will have filled service provision gaps and would be a key stakeholder to engage to avoid displacing
livelihoods and established support networks. A recent firm-level survey conducted in Vietnam
also indicated that firms that had purchased water equipment (such as tanks or pumps) in
anticipation of water outages did not see their production costs go up when such service
disruptions happen, compared to an increase of 8 percent otherwise (Russ & Hyland 2019).
Therefore, a strategically stocked inventory of elements key to water supply access can support
business continuity for relatively large water customers like firms.
Network analysis provides important decision-making inputs beyond the potable water supply
network. To improve the knowledge and management of the aquifer it is responsible for, Orange
County Water District developed a basin model through a process akin to network analysis. Its
established network of wells and gauges provides it with real-time information about water flows
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in the Santa Ana River and at different points of the aquifer, which is fed into a model of the basin
based on the United States Geological Survey (USGS) MODFLOW model (Woodside and Westropp
2015). The agency is therefore able to measure incoming stormwater flows and activate certain
components of its aquifer recharge system, such as inflatable dams, depending on rain patterns
and the corresponding quantity of water in the river, which flows towards the district’s injection
wells. Mapping out this system and having access to information at various important nodes
allows the agency to optimize the recharge process, based on current river and weather
conditions as well as the amount of water stored in the aquifer. In addition, it uses the model to
predict possible future conditions in the aquifer, associated with certain climate scenarios, and
prioritize projects and investments based on their impact on the aquifer.
A similar approach was taken in Jakarta, where network modeling of the flood management
infrastructure component allowed improved decision making in response to urban floods. By
modeling the different components of the urban flood management system and understanding
how they (as nodes) are linked to waterways (rivers, canals, streams, etc.) in coastal mega-cities
like Jakarta and how they interact during flood events, decision makers could prioritize the
components most critical to flood preparation and to be activated during emergency conditions
(Ogie et al. 2017). This model can also be used to evaluate the vulnerability of different flood
management infrastructures and provide information on which actions can minimize the
respective vulnerabilities, as well as to identify areas where additional infrastructure could
increase a city’s resilience to floods (Ogie et al. 2018).
Approaching the water system as a network and applying such network criticality analysis to its
different components can therefore strengthen decision making in the event of a natural hazard,
but also support planning for improved resilience.

4.3. Improving Maintenance to Reduce Vulnerability and Improve Resilience

Routine and periodic maintenance activities are essential to system resilience. Under normal
conditions, regular maintenance activities not only ensure the system’s adequate functioning, but
also avoid the deterioration of system components during status quo operation. Maintenance
thus extends the life of the system and can enhance its performance over time, as is the case for
well-maintained biological wastewater treatment systems, among others.
The Federal Emergency Management Agency (FEMA) states that most cases of dam failure could
have been avoided with proper O&M, which would also reduce the need for any major
rehabilitation (FEMA 2018). Similarly, all flood management investments that contribute to
climate adaptation, as identified by USAID and AECOM (2015), are unlikely to deliver the flood
protection and adaptation benefits they are intended for if not adequately maintained.
In Salzburg, most water pipelines are over 100 years old but suffer very low water loss due to the
city’s effective strategic maintenance plan (European Union 2015). In Pula, Croatia, Pula
Waterworks has had to adopt a seasonally adapted maintenance schedule because of the large
influx of tourists in the summer, which more than doubles the population served. An essential
element of the utility’s maintenance routine is the reduction of leakages in spring, before the
influx of summer visitors, focusing on those areas known to have leaks (because of the system’s
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age or because of repeated recorded leakage). Pula is also one of the only water systems in the
region with full control, through 100 percent district metering area (DMA) zones coverage, which
enables them to closely monitor unplanned increases in flow year-round and detect leaks very
quickly (European Union 2015).
Improving maintenance not only helps increase resilience to shocks, but also the financial
sustainability of utilities. Proper system maintenance is often linked to lower levels of
nonrevenue water (NRW). Improving the design of the distribution system, managing the
pressure, detecting the leaks, and improving maintenance and metering lead to improved quality
of service and help secure a positive financial flow that enables future investments in
rehabilitation/maintenance, which in turn enhances resilience (Kingdom, Sy, and Soppe 2018).
Despite the obvious benefits of proper maintenance, utilities around the world struggle to pay
for it. A WB study calculated that every year, over 32 billion cubic meters of treated water
physically leak from urban water supply systems around the world, with half of these losses
occurring in developing countries (Kingdom, Liemberger, and Marin 2006). In addition, when
maintenance is irregular, the system is less likely to be inspected and well-known by the
technicians, increasing the likelihood that illegal connections will go unnoticed, leading to
commercial losses. The same study calculates these losses at 16 billion cubic meters per year
globally. In developing countries, this represents an estimated loss of $5.8 billion per year, of
which $2.6 billion corresponds to commercial losses— water that is treated and delivered to users
but not billed. The latter amount represents a quarter of the total yearly investment in potable
water infrastructure for the entire developing world and surpasses the WB’s yearly aggregate
lending to water projects for developing countries. If we consider that physical losses are most
closely linked to lack of maintenance, and that it is “not unrealistic to expect that the high levels
of physical losses could be reduced by half,” NRW reductions of 8 billion cubic meters of treated
water per year could be attained through improved leak detection, pipe replacement, and proper
maintenance.
In Beirut, Lebanon, despite 90 percent water supply coverage, service continuity remains a
challenge. In the summer, service can drop to 3 hours per day because of low water storage
capacity, dry weather, high demand, and the poor condition of existing water networks. Technical
and commercial water losses are estimated at around 40 percent. If no action is taken to improve
distribution efficiency and increase storage capacity, chronic water shortages could affect Beirut
as early as 2020. The service provider, the Beirut and Mount Lebanon Water Establishment
(BMLWE), has implemented a performance-based contract for NRW reduction in a pilot area of
its service area. The contract is ongoing and will be partially remunerated, based on the volume
of NRW reduced.
Planning for resilience can help make a better case for financial support to maintenance. An
analysis of the Cutzamala water system showed that proper maintenance is critical to long-term
reliability and resilience. Without it, not even the most promising portfolio of infrastructure
options identified through stress testing can ensure acceptable reliability. A sensitivity assessment
of the system to lack of maintenance of major system components identified the elements whose
failure/malfunctioning would have the most severe negative impacts on performance of the
Cutzamala Water System in different scenarios. Though it is often easier to secure financing for
larger capital investments than for daily and annual maintenance interventions, this finding
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demonstrates the importance of having a sound maintenance plan in place to realize the benefits
of planned infrastructure—to have a system that is resilient to future shocks.
In Japan, the concept of strategic maintenance has also yielded significant savings in the O&M of
the river structures the country uses for flood management (IWR 2011). These structures include
embankments, flood gates, sluice ways, sluice pipes, drainage pump stations, and weirs, most of
which were installed between 1960 and 1990. As a result, nearly 60 percent of these structures
are more than 40 years old and need equipment renewal, entailing costs estimated in 2011 to be
almost double the central government’s annual budget. With strategic maintenance, in which
maintenance is planned according to the actual, monitored state of the infrastructure and its
mechanical components, and with a shift toward breakdown maintenance, in which repairs to
noncritical equipment are postponed until the breakdown or damage of said elements, the
estimated costs fell to just 30 percent above the existing budget.
In some cases, investing in NRW reduction would be a more efficient solution than developing
new water sources. For the Bahamas, NRW reduction was a less costly alternative than new
desalination plants (Laville 2015). Indeed, in New Providence, Bahamas, in 2012 over 90 percent
of the water supply came from desalination while 58 percent was lost in the water system. The
average price to consumers was $3.45 per cubic meter, about 10 times what the average person
pays in the United States. As the development of 1 cubic meter of desalinated water was
evaluated at $3 per cubic meter, a performance-based contract was developed to reduce NRW at
$2 per cubic meter of water saved. In two years, NRW levels had been lowered from 58 to 32
percent, through a mix of pressure management, metering, leak detection, and network
improvements.
Similarly, in Lima, a study applying the DMDU methodology showed that if the 2018 system
improvements investments are maintained, which includes the completion of large investments
to reduce NRW, the city will be robust to 27 percent of the future conditions explored—at no
extra cost. In comparison, adding new drought-specific infrastructure for $129 million would only
increase this robustness to 36 percent of future droughts (Groves et al. 2019). Therefore, the best
option for Lima is to continue improving the existing systems, via NRW reduction, maintenance,
and reoperation of the network—new large drought-specific investments would only be justified
under extreme climate scenarios.
And again, knowing your system and its critical nodes can help save money. In Ho Chi Minh City
(HCMC), Vietnam, the WB supported a performance-based contract targeting leakage detection
and reduction, pipe replacements, and DMAs. The project was able to reduce NRW from 58 to 16
percent merely by replacing 6 percent of the connections. The associated water savings could
serve 500,000 residents in HCMC, while the electricity saved could serve 2,500 households.
Maintenance allows the continued operation of water system components, ensuring their
sustained ability to fulfill the functions they were designed for. Consequently, maintenance is a
key component of a system’s resilience in two respects: (i) it supports the reliability of the service
provided by the system, and (ii) it ensures that the measures taken to ensure the resilience of the
system in question have the desired results.
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4.4. Demand Management and the Key Role of Users in Building Resilience

Demand management can help increase resilience in two ways. On the one hand, progressive
demand management helps deal with stemming from water resources being increasingly scarce
and variably available. Facing a drier climate coupled with population growth, the city of Zaragoza,
Spain, has managed to reduce water consumption per capita by 30 percent since the early 2000s,
to 99 liters per day—one of the lowest rates in the country and worldwide. This reduction has
been achieved through a combination of water price adjustment, network rehabilitation, and
public outreach and education (World Bank 2018) and reduced the city’s need to invest in
additional water sources.
On the other hand, demand management under contingency is a powerful measure to deal with
disasters. The study in Lima mentioned earlier (Groves 2019) shows that by investing in the
development of a comprehensive plan for demand management under contingency, costed at $3
million, the city will be able to manage 35 percent of future drought scenarios. Another example
is how the city of Cape Town dealt with the three consecutive years of low rainfall in 2014–16:
Day 0 was avoided due to the success of the demand management measures implemented, which
reduced use by 400 million liters per day (MLD)—40 percent of normal use—between 2015 and
2018.
A focus on demand management also recognizes the central role of customers in building
resilience in their water system. In Belén, Costa Rica, focus groups with customers of the water
utility helped identify different low-cost demand reduction measures to be tested in a study
(World Bank and ideas42 2015). These discussions showed customers generally agreed on the
importance of conserving water but didn’t necessarily think they themselves should reduce use
and knew little about what a high or low water consumption might be. The study results
demonstrated that a descriptive social norm measure based on neighborhood comparison
(through stickers on water bills) was most effective among high-consumption users and more
effective than citywide comparisons. Among low-consumption users, a plan-making
intervention—providing customers with information to devise their own water use reduction
plan, specifying targets, measures, and milestones—was most effective. Including users in
program design through both focus groups and field testing yielded important findings for the
Belen service provider to incorporate into future programming.
Active customer participation in demand management can provide some flexibility in responding
to a drought event. When Governor Brown mandated that California utilities reduce consumption
by 25 percent across the state during the recent drought, some cities reached that target by
capitalizing on existing demand management measures through “business as almost usual.” The
Irvine Ranch Water District water billing system uses customized water budgets, calculated based
on landscape square footage of each property, number of residents, and daily weather or
evapotranspiration, among others. The commodity charge is then calculated using an increasing
block tariff to dissuade customers from using more than their allocated water budget. This
structure has increased drought-proofing in Irvine, allowing the district to weather the record
droughts of 2009 and 2014 without having to declare a shortage or impose overt mandatory
restrictions. In fact, customers already being very sensitized to the importance of water
conservation made additional measures more effective.
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Involving the public early on can also help avoid future failures through increased
accountability. A resilience- focused study of the Oroville dam failure in California in February
2017 showed that, though maintenance failure and engineering shortcomings were officially
identified as the culprits, sound decision making and attention to civil society could have averted
the almost-crisis (Hollins et al. 2018). Indeed, the problematic suite of decisions that led to the
failure could be traced back to issues in the dam’s governance that had been pointed out in
several public comment sessions. Taking a resilience approach, the authors retrace the decisionmaking processes that culminated in the dam’s overflow and almost-failure to show that it
resulted from factors previously flagged by the public. These factors had formed the basis for poor
engineering and maintenance decisions instead of being used to prevent the failure.
Involving users in decision making ensures transparency and ownership in the resilience-building
process. Users of a service also play an important role in managing the demand side of that
service. In the same way that water consumption has been successfully reduced in several places,
thus reducing the need for costlier infrastructure-based supply augmentation schemes, users can
provide inputs on the way services can be adapted to better serve them and the environment.

4.5. Working with Nature and Integrated Water Management

Water engineers traditionally tend to think that grey infrastructure can ensure service provision,
including flood and drought management. However, the existing infrastructure sometimes no
longer suffices—and building new grey infrastructure can be expensive in terms of capital and
O&M costs. Therefore, in recent years, water managers around the world have begun exploring
how to integrate green infrastructure with existing grey infrastructure to increase the resilience
of their systems. Combining green and grey infrastructure can entail lower costs, higher benefits,
and more sustainable infrastructure solutions (Browder et al., 2019).
Today, integrated green and grey infrastructure solutions are often used for stormwater and flood
management, but also to help city and other water users manage droughts.
To manage floods and the associated fecal contamination from the overflow of septic tanks and
latrines, the RISE Program is working in communities exposed to tidal flooding and equipped with
poor sanitation solutions in Suva, Fiji. Each flooding event causes fecal contamination to spread,
as the flood water carries the waste from the latrines into streets and public spaces. The proposed
interventions would mix simplified sewerage with wetlands, to contain the waste, use walkways
to separate the community from the flood water and filter it as it flows in and out of the area. In
Teresina, Brazil, leisure spaces with elevated spaces for community gathering were created in
flood-prone, low-income areas to facilitate the infiltration of flood flows. The China Sponge City
Program aims to reduce the impacts of flooding through a mix of low-impact development
measures, urban greenery, and drainage infrastructure—realizing what the Australian
Cooperative Research Center for Water Sensitive Cities (CRCWSC) calls its vision of the “city as a
water catchment.” CRCWSC’s ambitious goal is for 80 percent of urban areas to reuse 70 percent
of rainwater by 2020, which would help ensure the resilience of these cities to floods. Cities in the
United States are also increasingly seeing green infrastructure as a key component of stormwater
management in the future. In San Francisco, managing stormwater upstream of the drains is
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actually one of the city’s priorities. By keeping more stormwater out of the sewers, the city will
be better positioned to respond to storm surges.
In Namibia, severe drought led Windhoek to be one of the first cities in the world to introduce
full-scale wastewater reclamation (or direct potable reuse) in 1968. The wastewater is treated to
potable level and directly injected into the aquifer the city derives its water supply from, and it
now provides 25 percent of Windhoek’s water. In Orange County, California, the aquifer is also
used as a buffer for dry conditions. Stormwater infiltration is promoted through canals and
inflatable dams, while highly treated wastewater is injected into the aquifer to recharge it. This
managed aquifer recharge increases the drinking water supply available to Orange County service
providers, while also serving as a barrier to seawater intrusion and supporting flood management
in the now highly developed area.
In Kiribati, a WB study is evaluating the potential for greywater infiltration through gravel and
sand filtration to safely dispose of the water locally in South Tarawa, while also improving water
quality. This approach would be easily integrated with the local practice of discharging greywater
to the porous sand-based ground and may actually enhance that practice through the use of a
contained discharge area and more effective filtration media. Given the additional treatment, it
is believed that this infiltration would slowly improve the quality of the water in the top layer of
the aquifer, where inhabitants currently draw water from for non-potable uses. While no
conclusions can be drawn at this time because of the lack of information on water quality in the
aquifer’s different layers, the proposed greywater infiltration seems to resonate with local
inhabitants.
While measures integrating green and grey infrastructure have not necessarily been tested in a
DMDU setting, unlike measures based on grey infrastructure only, their demonstrated reductions
in the impacts of both floods and droughts—as well as other natural hazards—make them a key
component of building future resilience for water systems worldwide.

4.6. Contingency Planning and Management

The measures discussed above help water systems manage shocks and secure a reliable service
supply to their users. However, it is nearly impossible for a utility to protect itself against all risks.
Therefore, planning for the residual risk allows utilities to successfully manage it and use available
resources more effectively.
First, it is crucial to know the nature and magnitude of the residual risk. Where only one
infrastructure is involved, the design standard indicates the levels of failure. In the case of a more
complex system, DMDU methodologies provide the answer: they help concisely describe the set
of conditions a system is vulnerable to. For instance, the frequency of rainfall and its intensity in
the two previous years could be influential factors in a system’s ability to deliver water to its users,
making the system vulnerable were they to drop below a certain threshold. The DMDU process
specifically helps identify such factors.
Once water managers know the limits of their system, emergency planning can begin.
Contingency plans set out the measures to be taken by a service provider were an emergency or
unforeseen incident to occur.
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Categorizing water resources according to their vulnerability to certain risks and establishing
whether they need further development can improve the water resources planning process. In
the United States, the SNWA categorizes its water sources according to their availability and
development strategy: permanent resources, available for use over a 50-year planning horizon;
temporary resources, which can be used to meet potential short-term gaps between supply and
demand; and future resources, which will be developed during the 50-year planning horizon.
Though the SNWA has to date not exceeded its Colorado River allocation, its water resources
planning already embeds several fallback scenarios should the drought significantly reduce water
availability (World Bank 2018a).
Contingency plans also help ensure that the local stakeholders know how to continue providing a
certain level of WSS service were the normal service provision to be interrupted. For instance, in
Spain, Aigües de Barcelona’s Drought Management Plan tracks key water system performance
indicators and helps the water utility respond through agreed measures to guarantee the drinking
water supply and mitigate the economic impacts (World Bank 2018a). Based on surface storage
levels, the utility has defined drought thresholds that define what sources to draw from (figure
8). In the case of a water shortage, the more expensive sources (reuse and desalination) would
be used first, and the strategic buffer sources (the aquifer) next. As a last resort, the city would
tap into water normally reserved for environmental flows to meet Barcelona’s water needs. 4
Figure 7. Barcelona’s Drought Management Plan

Source: PowerPoint presentation “Water Management in Barcelona Metropolitan Area,” delivered by
Ramón Creus in 2017.
Note: hm3 = cubic hectometer; exc. = exceptional situation; em. = emergency. The left pane shows historical
surface storage levels and drought threshold values (1980–2016), while the right pane shows the mix of
water sources by threshold category.

The Drought Management Plan is graphically explained in detail in a PowerPoint presentation titled “Water Management in
Barcelona Metropolitan Area,” delivered in 2017 by Ramón Creus.
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It is important to plan for contingency management in the short term within broader planning
efforts for the longer term, as the decision on which priority actions to take could be different in
this case than when planning for the two horizons separately. When looking to navigate many
possible futures, planners must contemplate whether actions are irreversible and whether they
can be connected across time. Many low-regret short-term actions (e.g., conservation incentives,
self-insurance, pricing, and maintenance) are reversible and easily paired with challenging capitalintensive projects. In some cases, the latter can be eliminated because of the successful
implementation of the former. Flexibility is crucial to avoid overinvestments and stranded assets,
and it helps more efficiently allocate the available budget across the priorities of the service
provider.
For instance, aligned coordination on water supply and sanitation, but also on other elements of
the water cycle like stormwater management, can help identify and develop drought-proof water
sources, or manage drainage in ways less disruptive to the urban space. In Orange County, joint
planning between the OCWD (in charge of bulk water supply) and OCSD (in charge of sanitation)
helped identify wastewater reuse as a key cost saver for both the sanitation district—thanks to
avoided seawater outfall costs—and to the water district, by securing a new drought-proof source
of water. OCWD also manages stormwater and has played an important role in the recharge of the
aquifer using that source. In general, a utility managing water supply and sanitation together may
reduce the transaction costs associated with coordination while being better placed to identify
opportunities to close the water cycle.
In some cases, service providers will have to manage service interruptions linked to
infrastructure failure. Better management of such interruptions can make it possible for users to
accept more frequent interruptions and lower overall cost. In Pakistan, Faisalabad Water &
Sanitation Agency (WASA) evaluated the coping cost for people who were not receiving water
services from the utility to justify a tariff increase. Indeed, households were spending about PKR
2,272 (~15 USD) on water per month, of which 86 percent was spent on electricity to extract well
water and on bottled water for drinking. Such measures, focusing on users’ adaptive capacity,
can be built in from the design and planning stages to prepare for risks that cannot be eliminated.
This would be the case if a utility, as part of its contingency plan, had a standing contract with
water tankers to provide water were the system to fail in an emergency situation. In HCMC,
Vietnam, the climate adaptation plan proposes “increasing end users’ resilience” as an efficient
adaptation measure, ensuring that the utility has alternative water sources readily available for
at least one day of interruptions. In Tucson, Arizona, the utility encouraged customers to invest in
household-level rainwater harvesting infrastructure through rebates to ensure they would have
localized water sources in the event of a drought. Though not always financed by the service
provider, household tanks are a common way for users to cope with shortages and intermittent
supply. Ultimately, it may be less expensive to make users able to cope with interruptions than to
try and prevent all service interruptions.
Alternative service arrangements can also be put in place to minimize system failure and
prioritize service delivery. Often, integrating sectors and working with the “small” private sector
provides utilities with a new way to reach unserved areas, sometimes faster and more inclusively
than through conventional approaches—like covering the whole city with sewerage infrastructure.
In Maputo, a pilot project trained solid waste management operators to include fecal sludge
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collection on their solid waste collection routes. This process improved efficiency by building on
the routes these collectors were already doing, while also reducing their idle capacity as it gave
them the option to switch between services. In the Philippines, after a typhoon, water tankers
were contracted to ensure service continuity despite infrastructure damage. Although such
alternative service arrangements may not be motivated by resilience when they are first
implemented, they can still build the reliability of the service if well-regulated because they
integrate existing service arrangements (private sector already providing the service can start being
supervised by the utility for quality assurance, for example) and provide extra capacity were
conventional or centralized services to fail.
Contingency planning serves the double role of ensuring there are measures in place to deal with
residual risks while familiarizing people with the possible failure scenarios and associated
responses. In alignment with DMDU principles, planners should consider short-term and longterm measures and their interactions, and account for the diversity of stakeholders involved in
and affected by those decisions.

4.7. Innovation

Given the pace at which technology is changing, many opportunities exist for technical and
process-based innovation to improve service provision and thereby strengthen resilience. This
section explores how innovation can affect the resilience of an asset, support the reallocation of
resources toward resilience, and provide decentralized services less vulnerable to centralized
shocks.
The resilience of an asset can be improved by using more resistant materials or technologies
that require less maintenance. In the case of a pipe system, water service providers increasingly
favor high-density polyethylene (HDPE) and polyvinyl chloride (PVC) pipes (plastics) because of
their versatility and ease of transport and installation. The lifespan of these plastic pipes is,
however, shorter than that of their more durable and less flexible counterparts: 50–70 years and
50–100 years respectively, compared to several hundred years for reinforced concrete
(Sustainable Solutions Corporation 2017). Similarly, vitrified clay pipes are still found to be
functional in centuries-old installations but are no longer used today, given their inability to
withstand high pressures and the limitations on pipe length in their manufacturing process
(mixing clay and shale). In the case of pipes, the savings associated with manufacturing and
adaptability outweigh the durability of the material.
This approach is particularly useful in view of recent technological advances in pipe maintenance
technology. Trenchless leak detection has become increasingly popular, as water utilities seek to
reduce NRW and target repairs in the areas leaking most water so as to allocate resources most
efficiently. These approaches typically use robots or sensors to detect changes in water pressure
through sound waves, or visually inspect the pipe from inside. In Washington, D.C., the Echologics
ePulse pipe condition assessment was used to assess pipe replacement needs in the water
network. While the original plan was to replace 100 km of pipes, ePulse’s assessment revealed
that 32 km of pipe were still in good condition. Thus, the assessment allowed DC Water to better
target leaks, redirecting $14 million of investment as a result (Georges et al. 2018). Similarly,
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Curapipe Ltd uses a proprietary sealant to plug leaks and cracks directly in the pipe, as their PIG
train (name of the technology) passes through.
Such approaches can also be used for sewer networks. Innovations in this space include smaller,
more nimble robots that can inspect the pipes without disturbing traffic and causing health
hazards (manholes open for a long time) and can still provide a full view of the pipe, while being
small enough to reach where traditional CCTV technology cannot. In England, Thames Water
applied an acoustic pipeline inspection tool called SewerBattTM, reducing CCTV surveys by 33
percent and cutting associated costs by $1.5 million per year (Georges et al. 2018).
Digitalization is also helping optimize maintenance at different water system scales for utilities.
In Barcelona, a central dashboard depicts the city’s canals and river system, including dikes and
flow controllers. Aigües de Barcelona employees can control any portion of the system from a
distance, opening and closing valves as needed to control the flow. Similarly, if there is any change
in the flow regime, they are notified automatically and can remediate it in time. Optimization is
also possible at smaller scales, for example, focusing on specific steps of the water treatment
process. The company Sand-Cycle has developed small radio frequency identification (RFID)
tags—the same technology used to “tag” animals, made of bioglass and as small as sand grains—
to monitor the performance of sand filters, one of the most widely used water treatment
technologies. These tags are placed within the sand filter bed and monitor the movement of the
water in real-time, providing direct information about filter health to operators (Georges et al.
2018)
Accurate data and remote sensing have increased service providers’ responsiveness and ability
to know their system, and hence plan for its resilience. In Las Vegas, the level of Lake Mead
serves as a trigger for different water management measures, and reservoir levels are also used
in Barcelona to identify the right water supply mix, based on temporal or seasonal scarcity of the
resource. Being able to access such numbers in real time has enabled quicker, more reactive
decision making and the refining of associated decision making. In remote areas of Panama and
Colombia, remote sensors have been tested to monitor water flow, water tank levels, and water
quality in real time, uploading the information to the cloud so that the municipal government is
aware of an issue as soon as it arises and can take action. Similarly, in the United States, many
water utilities have rolled out smart meters that significantly reduce meter-reading costs and
allow users’ consumption levels to be read at any time of the day, influencing water price
strategies to encourage off-peak use.
Increased access to data and technology can also help strengthen planning and operation
processes to better target resources and improve business continuity. Supervisory control and
data acquisition (SCADA), a system that is widely used by utilities across the globe to monitor
operation regimes, can now be managed through a mobile application, alerting staff through justin-time work orders and increasing the proactivity of O&M. Big data have also made possible
analyses of flow patterns and leakage detection to predict material needs and pipe replacements
in advance, thereby optimizing operation, avoiding wasted resources, and enhancing business
continuity. A recent study carried out in Dhaka, Bangladesh, used earth observation data to map
out access to basic services in slum areas, based on elements identifiable from space such as roof
material, and the presence of garbage and runoff in the streets. Based on these insights and
correlating them with survey data from the Dhaka WASH Poverty Diagnostics, the study made
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recommendations regarding the areas where WSS services were lagging and where the city
government could focus future investments.
Reduction in the cost of providing services can also free up resources to be reinvested toward
resilience. Resource recovery technologies and approaches have played an important role in
decentralizing service provision and generating a new source of funds while helping to reduce the
footprint of wastewater and its associated products. In Sandvika, Norway, heat exchangers are
placed in the town’s main sewer and combined with a heat pump to extract waste heat from the
wastewater, filling over 50 percent of the offices’ and residential energy needs (Georges et al.
2018). Several cities around the world have witnessed the construction of self-sufficient buildings,
where waste and wastewater are collected and treated on-site, generating energy and treated
water for nonpotable uses. In Kiribati, the WB is looking at supporting the rollout of householdlevel greywater filters to support families in disposing of their greywater in a safe way while
recharging the locally polluted groundwater lenses in South Tarawa. This approach would help
slowly improve the quality of the groundwater in the top layer while ensuring inhabitants are not
exposed to any running greywater. In addition, this approach builds on existing practices and the
already existing social resilience in the island’s urban area. Recovery of water, energy, and
nutrients from wastewater, as well as increasingly efficient wastewater treatment systems, are
all contributing to these advancements.
Thinking innovatively does not always mean developing a new, cutting-edge technology.
Sometimes, a process innovation can be more impactful and resilient. A good example is the
development of container-based sanitation (CBS) services, which focus on a whole-service chain
approach to reach unserved areas that are difficult to access and unlikely to be reached by
conventional infrastructure solutions in the short term. They are particularly adequate for slums,
informal areas, or areas with many tenants, as they provide a solution that does not require
building infrastructure. Customers rent a toilet that is portable and consists of a lined container,
a seat, and some cover material, and pay a monthly fee to receive a pickup service from the service
providers. For example, in the case of Sanivation in Naivasha, Kenya, the collectors use tuk-tuks
to easily access customers’ homes, despite the narrow unpaved streets. The innovative approach
of CBS provides more flexibility to align with the customers’ schedules and payment possibilities
(weekly, or customized payment plans), can be part of an adaptive sanitation planning process
and avoids technology “lock-in,” while helping customers get used to paying for a sanitation
service.
In addition, CBS services can be more resilient to climate variations, particularly floods and
droughts, than other solutions. In Haiti, CBS service users highlighted that they could continue
using their toilets during floods, unlike traditional latrines. In Nairobi, some service users saw the
fact that Fresh Life Toilets are waterless as a distinct advantage in a water-scarce environment
without piped water and, consequently, water for household use is costly and needs to be hauled
over considerable distances (World Bank 2019).
The University of Virginia has supported the development of call centers for fecal sludge
management in several cities in Africa, looking to bridge and regulate the private sector while not
excluding it from the service provision space. In Dakar, Senegal, for example, the African Virtual
University (UVA) has worked with the National Sanitation Office of Senegal (ONAS) to establish a
network of truck drivers who were already collecting and transporting fecal sludge on a private
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basis and to centralize demands through a call center. Then, using a mobile-based bidding system,
drivers can bid on the demands and get assigned routes, based on distance and the price they
offer. The bid assignment is worked out through software and operated by ONAS staff. These
types of process innovation can improve the efficiency of service provision and help decentralize
the responsibility for service provision, so that one company or private operator unable to provide
a service does not disrupt the whole chain.
Innovation should enhance resilience, not hinder it. In some cases, very sophisticated
innovative technology may be difficult to fix when it fails, if there is no capacity installed to
manage it. In this case, resilience would mean that the capacity to return to the previous state
should be spread widely. At the Dutch water company Vitens Evidens, staff perform an annual
drill where everything has to be done by hand to ensure employees do not rely too much on
electronics and automatized systems and could still perform their main functions were those
systems to fail. In the Philippines, solar panels were installed so that pumping stations in key
points of the networks could continue to operate and maintain a minimal capacity to pump water
if the electricity grid were to break down. In Mandalay, Myanmar, the poor operation of a chlorine
disinfection system resulted in seven deaths after the operators injected too much chlorine gas
into the water. Had the staff been properly trained or the system been simpler, this issue would
have been easily avoided. From that moment, the operator abandoned chlorine and began
serving untreated water, nullifying any benefits from the costly construction of this water
treatment system. Though the technology itself is not particularly “innovative,” this story does
emphasize the importance of capacity building of the operator to streamline new technologies
into water service operation. More broadly, though fostering innovative thinking and approaches
holds great potential to improve service reliability and even resilience, supporting capacity
building and institutional change are key to ensuring we move beyond pilot scales and ensure
ownership and integration into day-to-day processes.
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5. Conclusions
Water systems are a special kind of infrastructure systems because they perform a dual role. First
and foremost, they are critical in providing water services and, therefore, the resilience of the
system to natural hazards and climate risks is intrinsically linked to the provision of water as the
end product.
Though the paper deep dives into the provision of WSS services, the principles presented apply
to the other water services as well. Thus, the main elements that the paper presents aim to inform
water management planners as they consider measures to increase the resilience of the services
that water infrastructure both provides and safeguards. In deciding on these measures, the main
elements to keep in mind are the following:
•

Service providers need to be willing to engage in long-term planning that accounts for the
deep uncertainties they face and will continue to affect service provision in the future.
Though climate change and natural hazard risks affect the ability of service providers to
provide the service levels they aspire to, it can also provide opportunities for utilities to
readjust priorities and reduce costs in the long term. Applying DMDU principles by
understanding the system, agreeing with stakeholders on priorities, and considering
potential actions in light of possible futures can help service providers improve their
systems’ resilience without having to predict the future.

•

Approaching the water system as a network and applying network criticality analysis to
its different components is an integral part of getting to know the system and identifying
redundancy. Network criticality analysis can strengthen decision making in the event of a
natural hazard by pre-identifying the components most likely to fail, the measures to
reinforce them, and the actions to take if such failure arises, but also support planning for
improved resilience by helping prioritize actions and areas for intervention.

•

A sound maintenance regime is essential to the sustained functioning of any
infrastructure system, no matter its complexity. Maintenance contributes to system
resilience by supporting the reliability of the service provided, while ensuring that the
measures put in place for the resilience of this infrastructure have the intended results.

•

As with all planning processes, stakeholder involvement is key to successfully building the
resilience of water systems. Involving users in decision making ensures transparency and
ownership in the resilience- building process, while the users of a service play an
important role in managing the demand side of that service and can give input on the way
services should be adapted to better serve them and the environment.

•

Integrating green and grey infrastructure along the whole water management and water
service provision cycle has demonstrated reductions in the impacts from natural hazards.
Planners should consider this integration in building future resilience for water systems,
specifically in interactions with other sectors and when looking for lower-cost, higherbenefit options.

•

Since service providers cannot protect themselves against all risks, planning for the
residual risk allows them to successfully manage it and use available resources more
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effectively. Contingency planning serves the double role of ensuring there are measures
in place to deal with residual risks while familiarizing people the possible failure scenarios
and associated responses.
Innovation has brought several enhancements to resilience planning through, among
others, more resilient materials, improved management, and freeing up of resources
from typical capital or O&M costs to invest in resilience. While future innovation is likely
to continue contributing to these aspects and should be invested in and supported,
planners should avoid lock-ins by ensuing that innovative solutions remain flexible and
are accompanied by appropriate capacity building.
Moreover, water systems provide an important additional service. They reduce the risks
associated with certain natural hazards to other services like power, transport and water itself by
limiting their exposure to floods and droughts, thereby protecting the water, power, and
transport networks. Though estimating this risk and quantifying the contribution of water systems
to the resilience of other infrastructure systems is beyond the scope of this paper, water systems
resilience provide an essential additional benefit of great importance when considering broader
infrastructure resilience. Beyond protection water service provision, ensuring the resilience of
water systems is therefore also critical to safeguarding other systems themselves and should be
accounted for when making the case for resilience investments in water systems.
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