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Introduction  
Purpose and scope 
The Resilience Shift, a joint programme hosted by Arup International Development and the Lloyd’s Register 
Foundation, aims to improve resilience within, and between, critical infrastructure sectors globally. The 
programme has identified a number of critical infrastructure sectors, one of which is water. 

Arup’s Water, Energy and Climate Change Groups, with support from the Cabot Institute, have undertaken a 
scoping study to explore current resilience engineering methodologies and practice, based on literature and 
case studies across the water sector. In particular, the focus is on the degree of adoption of the following 
four themes of resilience engineering, which have been identified by the Resilience Shift team:  

 

 

 

 

 

 

 

 

 

The study identifies key gaps and opportunities 
for social and cognitive, normative, informative 
and regulative improvements. 

This scoping study will be drawn together with 
those covering other critical infrastructure sectors to create a roadmap to improve resilience engineering in 
critical infrastructure. 
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Scoping study approach 
Figure 1: Scoping study approach 

An overview of the approach to the scoping study is set out in Figure 1. In addition to our core project team, 
which brings together expertise in water and resilience from both the UK and US, we have a project steering 
group to provide input at key points. This steering group adds a more global perspective, covering the 
additional geographies of Australasia, Americas, East Asia, and Africa.  

We have also tested and refined our findings with Professor Richard Pancost, the Director of Cabot Institute 
at the University of Bristol, whose research focuses on the major challenges of the 21st century.  

Report structure 
The report is structured as follows:  

• Section 2 explores current definitions of 
resilience in the water sector; 

• Section 3 sets out our review of the 
methodologies as observed through literature 
across the four themes; 

• Section 4 explores global practice in the water 
sector through the development of case studies; 

• Section 5 presents our findings which focus on 
answering the key questions detailed in Figure 2; 
and 

• Section 6 explores opportunities for further work, 
in terms of research, pilot projects, networks of 
practitioners and implementation. ................................................................      Figure 2: Key questions 
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Definitions in the water 
sector 
Definition of water sector 
In this report, the water sector has been defined as:  

‘The water sector considers the whole water cycle; the stakeholders and the services that rely on grey, green 
and blue infrastructure that provides protection from, provision of and processing of water’. 

Figure 3 shows some of the areas that have been included in the scope of our study. 

Figure 3: Water cycle 
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Definitions of resilience in the water sector 
In this section, we explore the definitions of resilience that are used in the water sector globally. These 
include:  

‘Resilience is the ability to cope with, and recover from, disruption, and anticipate trends and variability in 
order to maintain services for people and protect the natural environment now and in the future’- Ofwat, UK 
which mainly considers the climate change, increasing water consumption and population growth as the 
major stresses in the UK water industry. 

“‘Resilience is the capacity of individuals, communities, institutions, businesses, and systems to survive, 
adapt, and grow no matter what kinds of chronic stresses and acute shocks they experience.”-Welsh Water 
Resilience Framework, adapted from the City Resilience Index (2014). 

“Resilience is the ability to anticipate, prepare for and adapt to changing conditions and withstand and 
recover rapidly from disruptions.” US President Policy Directive 21 - Critical Infrastructure Security and 
Resilience, 2013- used as a base definition by the US Environmental Protection Agency (EPA, 2015). 

‘Resilience is the ability of a system to undergo change without changing state’.-Sydney Coast Council 
Group et al, 2012 

“Resilience is the ability of assets, networks and systems to anticipate, absorb, adapt to and / or rapidly 
recover from a disruptive event”. UK Cabinet Office 2011 

‘Flood resilience is the construction of a building in such a that although flood water may enter the building its 
impact is reduced.’- UK Department for Communities and Local Government, 2007 

“Resilience is the ability of a system, community or society exposed to hazards to resist, absorb, 
accommodate to and recover from the effects of a hazard in a timely and efficient manner, including through 
the preservation and restoration of its essential basic structures and functions.” United Nations Office for 
Disaster Risk Reduction, 2009 
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Shocks and stresses on the water sector 
There are a wide range of shocks and stresses that directly impact the water sector and also a range of 
water related shocks and stresses that impact on both the water sector and other sectors. These are shown 
in Figure 4. 

 
Figure 4: Shocks and stresses that may impact the water sector globally. Those in bold are water related 
shocks and stresses that impact on both the water sector and other sectors  
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Methodologies 
Themes 
In this section, the methodologies (approaches and practices of resilience engineering) observed worldwide 
across the four resilience engineering themes in the water sector are explored. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Resilience engineering 
themes 

 

Dynamic performance based design 
approaches 
Dynamic performance based design approaches are not embedded in the wider water sector but are 
emerging in pockets within the sector. Some of these methods are undertaken to improve resilience to a 
wide range of shocks and stresses, but most methods are driven by specific shocks or stresses, for example, 
drought. 
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Figure 6: Dynamic performance based design approaches in the water sector 

Redundancy 
Redundancy refers to spare capacity in a part of the water system and helps enable the system to respond 
dynamically depending on performance. 

Historically, efficiency was a major driver in the water sector and asset managers worked to optimise their 
systems to minimise the costs of installing and maintaining infrastructure (Ofwat, 2010). 

However, with increasing uncertainty about future conditions, there is a shift in thinking to overcome issues 
such as water scarcity and aging assets through more redundancy in systems. This redundancy improves 
the capacity of the system to maintain service through the shock and stress. For example, South East 
Queensland Water in Australia developed a micro-grid of their water supply assets across regions which 
suffer from droughts (Arup, 2017) and in the UK, Welsh Water are consulting on a proposal to link water 
treatment works and water resource zones to connect catchments and provide flexibility during droughts and 
failures of aging assets. 

Dynamic 
In the water sector, dynamic approaches use feedback loops to shape ongoing performance and continuous 
improvement. 

Historically, the UK Environment Agency provided guidance for flood defences which was specific and rigid 
in incorporating freeboard into the design of flood defences, More recently, there has been a shift for 
adaptive solutions to deal with residual uncertainty, informed by ongoing monitoring and forecasting 
(Environment Agency, 2017) and a focus on temporary deployable defences, which aim to make use of 
shared resources to adapt to the greatest need across the country (HM Government, 2016). 

The use of deployable defences has also been adopted in the US. For example, following Hurricane Sandy, 
New York City Transit have invested in deployable flood bungs which can be used in subway tunnels across 
the network to prevent flooding (ILC Dover). 

Other adaptive approaches include consideration of future scenarios such as the updated strategy for 
managing flooding in the Thames Estuary, up to the year 2100, which incorporates a suite of options which 
could be employed for different sea level rise and climate scenarios. 

Performance-based 
The delivery of a service to a community is an important part of performance based approaches. These are 
resilient not just if individual assets are resilient but if the ability to restore performance of the service to the 
community is also maintained (Besharati Rad, 2015).  

Performance-based design is increasingly being considered in the water sector. For example, in the UK 
Government’s National Flood Resilience Review, there is increasing importance placed on the ability of 
critical infrastructure to recover and restore services after being impacted by flooding.  
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The performance is also not restricted solely to critical infrastructure providing a primary function (for 
example, water supply or protection from flooding), but also the opportunities for wider benefits such as 
amenity and well-being. This type of approach is becoming more common, with recent examples in the UK 
(detailed in section 4.2), the Connswater project in Northern Ireland and Hunter’s Point South in New York. 
Some of these projects have made use of partnership funding to achieve wider outcomes in the water 
environment. For example through initiatives which provide flood alleviation benefits and improve the 
amenity value of a river in an urban setting: enhancing the performance of a natural water asset in more 
ways than just mitigating risks.  

Natural systems & biomimicry 
There is evidence of the water sector being ahead of others in relation to natural systems. Designers, 
overcoming challenges in the water sector in the 21st Century, can look to comparable problems that are 
solved by organisms to adapt to environments where water is scarce, intermittent, or overabundant. (Pawlyn, 
2011). Examples in the water system include green infrastructure, which aims to replicate natural process of 
attenuation and infiltration in the urban environment and has become an accepted drainage technology in 
cities in Europe and the US and natural flood management techniques, such as the construction of ‘leaky 
dams’, which mimic the actions of beavers. 

Other less widespread examples include the Las Palmas Water Theatre which captures fresh water for the 
island by evaporating seawater, a design inspired by the ability of fog-basking beetles to produce their own 
water in the Namibian desert. 

Figure 7: Raingardens in (a) Llanelli, South Wales and (b) New York City 
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Tools and processes to value resilience 
and ensure that value is realized 
through the project life 
The value of resilience in the water sector has yet to be effectively measured. However there are various 
methods of measuring aspects of resilience.  

 
Figure 8: The tools and processes used to value resilience in the water sector. 

Cost benefit analysis (CBA) 
Cost benefit analysis (CBA) is a technique designed to determine whether a project should go ahead. The 
challenges with this approach have been well-documented; a cost-benefit approach tends to limit itself to 
quantifiable benefits, rather than allowing for qualitative approaches. In the water sector the scope is often 
limited to project or asset level to provide a business case for intervention rather than allowing for 
consideration of wider resilience benefits. 

To include the valuation of benefits into the analysis a variety of approaches can be used. For example, 
Total Economic Value (TEV) is an all-encompassing measure of the economic value of an environmental 
asset (OECD, 2006). It is the value of a resource or system, both the direct use, and existence use (value of 
knowing that asset exists) (Perman et al, 2003). This can be articulated through their willingness to pay for a 
service either directly (for example, paying for domestic or industrial water consumption) or indirectly (for 
example, providing flood protection) (Rodgers et al 1998). For example, the value of the water supplied 
through Wales’ National Parks is estimated at £6.7m per annum (NRW, 2013). 

Risk  
Much of the current valuation practices are focused on risk. This can be at an international level, for 
example, the Global Risk Report, which included scales to measure impact and likelihood for each risk 
(World Economic Forum, 2017). In the water sector, this can also be applied at an asset level through tools 
such as the US Environmental Protection Agency (EPA) Vulnerability Self-assessment Tool (VSAT) 6.0 
which conducts a drinking water or waste water utility risk assessment.  

The EPA has created an example of assessing the wider risks through the Water Heath and Economic 
Analysis Tool (WHEAT 3.0). This quantifies the adverse public health impacts (through injuries and fatalities) 
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and the utility-level financial consequences, both direct and indirect) (EPA 2014). This risk assessment 
approach has been incorporated into the EPA’s ‘Route to Resilience’ which includes assessment of risk and 
emergency planning and training. 

Ecosystem services 
Payment for ecosystem services (PES) converts the social value of an ecosystem into a monetary value 
(Heal, 2000). It is an approach which links those supplying services with the beneficiaries of the services 
(Dunn, 2011). This can either be stand alone or feed into measurements like TEV. PES was adopted by the 
Vietnamese Government in 2010 as part of natural resources management policies with an aim of protecting 
forest protection and encouraging watershed management (Suhardiman et al, 2013). In the UK, PES has 
been highlighted as an approach by the Welsh Government’s Environment Act (2016) and by the UK 
regulator Ofwat (Ofwat, 2015), particularly to facilitate improved catchment management. 

Metrics and maturity 
Good practice in developing metrics and maturity approaches normally consider: 

• Goals (a long-term outcome of a programme, project or intervention); 

• Target (an objective to be worked towards, this should be measurable); 

• Indicators (a way to measure achievement which can be either quantitative with a numerical value, 
for example, project payback period, or qualitative which is a descriptive characteristic, for example, 
percentage of people satisfied with the service), and;  

• Monitoring (routine tracking and reporting of information) (Mason et Calow, 2012).  

Metrics can either focus on outputs, for example, 10 workshops to enable cross utility sector working, or 
outcomes, for example, the percentage of staff who understand a contingency plan for a critical asset.  

Some existing methods offer a descriptive indication of resilience, however typically do not go as far as 
quantifying and valuing these. For example, the City Resilience Index, which considers water provision as a 
critical service, (CRI, Arup, 2016), uses a qualitative score for each metric based on guidance of best or 
worst case.  

The Welsh Water resilience framework (Welsh Water, 2017) built on and adapted this approach to develop a 
maturity matrix with four maturity levels, from meeting legislation to global best practice and horizon 
scanning, to assess the level of resilience of the organisation. 

There are other methods currently being developed to assess and promote resilience in buildings. For 
example, the Resilience-based Earthquake Design Initiative (REDi) Framework, developed to assess 
earthquake resilience (Arup, 2013), uses quantifiable metrics which give a rating depending on safety, 
downtime and losses. This approach is currently being adapted by Arup to consider flooding impacts and 
responses. 
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Resilience Value 
There are no existing examples for the quantitative assessment of resilience value in the water sector. The 
concept of the resilience dividend is emerging, describing the ability to secure multiple benefits from each 
resilience initiative undertaken. This resilience dividend (Rodin, 2015), is the ability of systems to withstand 
disruption more effectively, improving their current situation, and build new relationships and take on new 
endeavours. This value is therefore wider than economic value and also considers social and environmental 
value for improving well-being and reducing water-related risk (Grey and Sadoff, 2007) and of building strong 
partnerships built on mutual understanding (Tanner et al, 2017). These benefits will be felt by a system at all 
times regardless of immediate shocks and stresses (Rodin 2015). An example of this style of thinking in the 
water sector is the pursuit of multiple benefits and partnership funding to deliver flood protection and other 
outcomes with various stakeholders.  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 9: Examples of resilience lenses from recent methodologies: City Resilience Index (Arup and 
Rockefeller Foundation, 2014), REDi Rating System (Arup, 2013) 

The assessment and quantification of resilience value presents a range of intellectual and conceptual 
challenges: 

• Can you only evaluate the success of a resilience intervention after a disaster has struck? 

• Can you understand the counterfactual to conceive of the impact of an intervention? 

• Given the range of factors and context that might impact on the resilience of a system, is it ever 
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possible to extract one of these to understand its impact alone? 

 

Integrated systems approaches 
One of the key elements of resilience is the ability to link actions across sectors, systems and scales (Lovell 
et al., 2016). An integrated entity has co-ordinated functions which work collaboratively across elements 
(Rodin, 2015). There are some examples of integrated systems approaches in the water sector, however, 
they are generally focused on a single shock or stress and are set up by a single entity, for example, a water 
company. 

 

 
Figure 10: Integrated systems approaches in the water sector  

Continuity planning 
In the water sector, the widespread approach to integration is focused around risk and responding to shock 
disaster events. 

In the Civil Contingency Act 2013, there is the requirement for emergency services and utilities to prepare to 
work together in disaster events. Under the Act, utility companies have specific duties as category 2 
responders, and participate in Local Resilience Forums (which follow the boundaries of local police force). 
Most water utilities in the UK have completed continuity planning, which includes the roles of their staff and 
emergency services during a shock. For example United Utilities, UK undertake a training and development 
programme with emergency response training for all staff with an operational background. It also undertakes 
live ‘disaster’ exercises (Dobson, 2016) with some involvement from the emergency services. 

In the US, the Lifelines Council, San Francisco have undertaken a similar function with the Interdependency 
Study which sets out a strategy to ensure communication and collaboration in disaster events between 
utilities (including water, wastewater, transportation and energy). A similar approach with a community focus 
is also evident in the New York ‘Know Your Zone’ campaign to improve understanding and effectiveness of 
the city’s emergency plans including evacuation centres and lifelines in the city, and to encourage the public 
to undertake their own emergency planning. 
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Futures and trend analysis  
Scenarios and futures approaches can provide a method of considering cross-sector working based on an 
analysis of the shocks and stresses that a system may experience. The Future of Urban Water 2040 (Arup, 
2015) creates four possible water scenarios, considering future stresses and trends and sets out the 
implications of each scenarios on customers, infrastructure providers and government. This type of long-term 
analysis enables strategies to be developed and actions undertaken to encourage positive outcomes from 
future trends and improve resilience. 

Future shocks and stresses have been considered at a whole sector level for other infrastructure sectors and 
could be applied to the water sector. At present, these are often focused on just one stress. For example the 
UK’s Tomorrow’s Railway and Climate Change Adaptation, from the Rail Safety Standards Board, looks at 
the whole rail sector but considers only climate change related stresses under a variety of possible 
emissions scenarios.  

Soft systems approaches  
Soft system approaches can be used for less well defined systems, and may sometimes be more suitable for 
the water sector. These include both qualitative and quantitative approaches.  Qualitative approaches 
include N-squared models, which show high level qualitative interactions of well-defined interactions systems 
and causal loop diagrams, which shows the interaction of characteristics. Causal loop diagrams have been 
used mainly in academic literature, for example, they have been used to map sustainability in the rural water 
in Timor-Leste (Neely & Walters 2016). 

 

 

 

 

 

 

 

 

Figure 11: Causal 
Loop Diagram 
exploring the 
sustainability of rural water supply programs in Timor-Leste (Neely & Walters 2016) 

There are more quantitative methods including agent based modelling and system dynamics for complex 
systems which have been academically applied to Canadian network management (Rehan et al, 2011).  
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Integrated approaches 
The emerging approaches to integrated systems is to bring together consideration of the future shocks and 
stresses. These include processes such as integrated catchment management, which many are aware of in 
the water sector but is yet to be embedded in widespread strategy and practices. Integrated catchment 
management, which integrates multiple stakeholders, can be used at varying scales, from smaller rivers 
within Welsh counties to the Nile river basin spanning multiple countries.  

In Arup’s ‘Design with Water’ this catchment-scale approach is integrated with planning and other sectors, 
and enables collaboration with government, regulators, business, third sector and local communities (Arup, 
2013).  

As governance structures for water management change, with a shift from a state-led sectorial approach to a 
more participatory approach (Hordijk et al, 2014), new methods to studying water systems will need to be 
used. As water systems have less focus on the technical aspects and more on other dimensions (economic, 
social and political); socio-technical analysis of systems may be more appropriate. This includes an equal 
consideration of physical control, organisational control and socio-economic control (Abdullaev & Mollonga, 
2010).  

Transformative technologies that 
facilitate critical system functionality 
Technological disruptors could impact on models for resilience engineering in the water sector, now and in 
the future. Some of these have the potential to facilitate critical system functionality. However, digital 
technology also has the potential to cause fragility in the water sector. 

 
Figure 11: Transformative technologies that facilitate critical system functionality in the water sector 

Data – big data & open data 
The quantity, accessibility and analysis of data is widely regarded as one of the most significant 
technological disruptors for humankind. The collection and management of big data will enable industries to 
reduce uncertainty associated with a shortage of data, and better predict future events (Jin et al, 2015). 
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Moreover, the emergence of open data platforms increases the volume and timeliness of data, and opens 
the possibility of crowdsourcing solutions that contribute to resilience (Lady et al, 2016). 

New data transmission and capture technologies are improving the ability of organisations to respond to 
shocks and stresses. Mobile phone data (from call and SMS records) has been identified as contributing to 
the recovery from the shocks of disease epidemics (Cinnamon et al, 2016), whilst web search history 
analysis can contribute to an adaptive response in the face of public health stresses (Jin et al, 2015). 

Whilst use of data for modelling has been a fundamental part of the way the water sector works, we have 
found few examples of new approaches to data collection and use through our study. Yorkshire Water’s 
provision of open data to Data Mill North is one of the few examples, flowbru in Brussels and PETA Jakarta 
(as shown in our case study) are others. 

 Smart networks  
Smart networks can be described as the “collection of data-driven components helping to operate the data-
less physical layer of pipes, pumps, reservoirs and valves. Water utilities are gradually deploying more data-
enabled components. It’s up to us to make the most out of them, by turning the discrete elements into a 
cohesive ‘overlay network’” (SWAN, The Smart Water Networks Forum, UK). 

Whilst there is much discussion of smart water networks amongst water utility companies, there is little 
evidence of the full potential being realised anywhere in the world. Given the complexity of the engineered 
systems, integrating new technology into the existing built environment is not without its challenges. In many 
parts of the world water utility companies are either publically owned, or heavily regulated, which often 
results in a risk-averse and slow moving culture.  

 

 

 

 

 

 

 

 

 

Figure 12: Resilience and smart © Arup 

Machine Learning 
Machine Learning is defined as a specific type of Artificial Intelligence I that “gives computers the ability to 
learn without being explicitly programmed” (Samuel, 1959). It is commonly thought that machine learning can 
be applied to the water industry, moving to the next level self-learning asset control. There are emerging 

Smart & 
Resilience 
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examples of machine learning approaches to predict shock events, such as burst pipes (Kaushik, G. et al, 
2017).  

Autonomous technologies 
Autonomous technologies, including drones, can reduce the risk of asset failure amongst utilities that would 
traditionally rely on human surveying (Matikanien et al, 2016). Existing sensing technologies, such as 
ultrasound, are being validated for the detection of long term stresses to pipe assets that could result in long 
term failure (Zhu et al, 2015). 

Customer / citizen engagement 
Water services are a ‘hidden’ infrastructure, largely managed by technical professionals (de Graaf and van 
der Brygge, 2010) with limited input from water consumers. Digital technology presents opportunities to 
engage with customers in new ways, and create new relationships.  

Smart meters also present an opportunity to influence consumer behaviour. Thames Water, UK has rolled 
out smart meters to manage household water demand in 2016.  

Non-digital technologies 
New water treatment technologies are also likely to play a role in contributing to resilience, particularly in the 
water sector. Desalination is starting to deliver more value, and is becoming less energy intensive 
(Bergkamp, D). Nano materials are rarely used commercially, although their applicability as part of viable 
water and wastewater treatment technologies is being actively explored (Haijiao Lu et al, 2016), especially 
the presence of emerging contaminants (ECs), for example, pharmaceuticals, in wastewater continues to 
rise. 

Nature based solutions are also playing a part in contributing to resilience. Biomimicry, the emulation of 
natural processes for solving human problems, is being increasingly applied at both a micro and macro 
scale. Technological advances in modelling are seen as an essential enabler to the deployment of these 
technologies, particularly for structures (Moheb Sabry Aziz et al., 2015), including the stabilisation of 
shorelines (NOAA, 2016). 
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Practice in the water sector 
In order to understand current practice in the water sector, we have explored nine case studies. These were 
selected to achieve coverage in three ways:  

• Geographically, covering a range of countries facing different resilience challenges 

• Across the water sector, considering flooding, drought, water supply, use and waste water 

• Across the four themes explored in section 3.  

Figure 13: Eight case studies detailed in this report 

 

 

 

 

 

 

 

 

 

 

Figure 14: Distribution of case studies across three water sector areas and four themes of resilience 
engineering.
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Findings 
Definitions 
In the water sector, there are multiple definitions of resilience engineering that have been used 
around the world in different contexts. However, common themes that emerge include the ability to: 

• Absorb the impact of shocks and stresses, with minimal impact on performance; 

• Adapt to changes in external factors; and 

• Recover from the impact of shocks and stresses, or even improve performance in spite of 
them. 

Further work would be required to develop a shared understanding of resilience engineering that can 
be easily communicated to all. As shown in section 4.3, the UK flood industry use the term ‘resilience’ 
to describe a spectrum of practices that have evolved from a risk based management system. In 
some cases, such as Melbourne in section 4.5, organisations are actively considering wider benefits 
as part of a resilience framework. 

A holistic approach considers the whole of a system, and the multiple actors within it. For a holistic 
understanding of resilience, it is vital to include psychologists, social scientists, economists, and 
environmental professionals, alongside engineers. Resilience must be thought of on a wide-scale and 
interrelationships understood; for example, ensuring that by increasing resilience to one shock, 
resilience to another is not compromised (Schipper and Langston, 2015).  

Drivers for resilience 
There are a number of different drivers for implementing resilience engineering in the water sector. 
These range from extreme weather, like droughts in the Ica Valley or flooding in the UK to climate 
stresses, like sea level rise in Kiribati. Legislation can also be a major driver in certain areas, as has 
been the case in the UK. These drivers are context specific and vary between areas, however focus 
and resources are frequently only mobilised followed a major event, such as Hurricane Sandy.  

Methodologies 
There are multiple methodologies for assessing and implementing resilience engineering, crossing 
multiple themes. 

Dynamic performance based design approaches 
There are various existing approaches which have been applied to the water sector. Examples 
include dynamic adaptive approaches for flood management, such as temporary barriers that respond 



 

 
 
 

 
 

to specific flood events and biomimicry as a source of inspiration and value to multiple parts of the 
sector. In general, these are pockets of best practice that are not widely or consistently adopted 
across the sector. 

There are other emerging approaches which have been applied in other sectors, especially in the field 
of city resilience, but have yet to be applied to the water sector.  

Tools and processes to value resilience and 
ensure that value is realised through the project 
life 
The value of resilience in the water sector has yet to be effectively measured. However there are 
various methods of measuring aspects of resilience. Processes such as payment for ecosystems 
services offer a tool for valuing the multiple benefits of an intervention and metrics and maturity 
approaches, for example, the Welsh Water Resilience Framework, offer a qualitative assessment of 
the resilience of an organisation.  

There are examples of quantitative measurement tools used in other sectors which could, and are 
starting to, be applied to the water sector such as the Holistic Integrity Test from the nuclear industry 
and REDi framework from the seismic industry. There are other emerging concepts, for example, the 
resilience dividend, and the resilience rate of return on investment, which have the potential to 
significantly influence decision making. 

Valuing resilience is a complex process as the value of an initiative may contribute to improvements in 
multiple sectors and systems, so the binaries of measurements may be difficult to define. 
Furthermore, when performance indicators are chosen, they may not capture the interactions within 
and across systems and the potential cumulative impacts (Tanner et al, 2017). Resilience is also 
contextual and dependant on local circumstances, so the process of valuing resilience should be set 
at the appropriate scale or boundaries and a balance must be made between specific indicators and 
wide applicability (Keating et al. 2017). 

Copenhagen’s Cloudburst Management Plan is an example that promotes the business case for the 
implementation of blue and green infrastructure to protect against extreme flood events. The plan 
compares options by calculating the costs of implementing different solutions and found that blue and 
green infrastructure was often the cheapest solution. 

The water sector in many parts of the world is driven by financial incentives – particularly in privatised 
markets, such as the UK. The quantification of tools and processes is likely to be an important part of 
encouraging wider uptake of resilience engineering in the industry. 

However, the evaluation of resilience interventions presents a range of intellectual and conceptual 
challenges: 

• Can you only evaluate the success of a resilience intervention after a disaster has struck? 

• Can you understand the counterfactual to conceive of the impact of an intervention? 



 

 
 
 

 
 

• Given the range of factors and context that might impact on the resilience of a system, is it 
ever possible to extract one of these to understand its impact alone? 

Integrated systems approaches  
Undertaking cross-sector contingency responses can be difficult, as this is likely to require working 
with multiple agencies across different disciplines. Different organisations use different terminologies, 
and are driven by different models and goals. They may also lack experience in dealing with other 
sectors (Chang et al, 2014). 

In addition to finance, regulation is often one of the key drivers within the water sector. Regulation on 
resilience can, therefore, be a primary tool for implementation. However, it is also vital that legislation 
is appropriate and properly enforced. As shown by efforts to limit new borehole construction in the Ica 
Valley in Peru, without enforcement legislation has little effect on changing behaviour.  

Initiatives such as integrated catchment management and scenario development are starting to be 
brought into practice, and can be used to create capacity to deal with shocks and stresses. These 
require tools for assessing impacts across a catchment, and legislation to ensure all elements of the 
catchment system are considered such as the European Water Framework Directive. This can also 
act as a platform for sharing understanding of how disruptive events can have cascading impacts 
across systems and sectors (Tanner et al, 2017).  

Transformative technologies that facilitate critical 
system functionality 
Many of the technologies implemented within the water sector have not been established or applied 
for long enough to prove their value. For example, Flowbru in Brussels has created an online network 
for monitoring rainfall, surface water and waste water, but little information is available on whether the 
benefits have been realised. 

Digital platforms are being used gather and analyse large amounts of data for better decision making. 
For example, PETA Jakarta in Indonesia is a single, open source platform that allows all stakeholders 
to use the same data and software and enable more effective planning for the future. However, 
compared to the energy market, the uptake of smart meters and networks has been slow. In addition, 
the capture and open-sharing of big data has been limited due to concerns over the cyber-security of 
data. Therefore, the benefits that data and digital control systems can bring to the resilience of water 
systems are far from being fully realised. 

Since water is a critical utility, as well as being recognised as human right by international institutions, 
there is little capacity for experimentation and a low appetite for risk within the sector. Therefore 
methods to create an environment where it is ‘safe’ to fail so that experimentation can occur will 
enable new technologies to be tested. Approaches such as hackathons and other innovative 
crowdsourcing initiatives may help to accelerate this process. 



 

 
 
 

 
 

In summary, there is evidence of current practices in the water sector that reflect each of the four 
themes. It is clear that there are opportunities to build on and integrate these practices into a more 
holistic and consistent resilience engineering agenda, which draws on up to date best practice from 
other sectors. The methodology for achieving this in the water sector across differing geographies and 
contexts will need to be explored further. 

Role of resilience in decision making 
Our research has shown that whilst resilience is beginning to be considered at a strategic level within 
the water sector, for example, the Welsh Water Resilience Framework and City Resilience 
Framework. In order to encourage the consideration of resilience in strategic-level decision making, 
training and learning will also be required to improve understanding of why resilience engineering is 
important and beneficial. In particular, as the water sector in many parts of the world is driven by 
financial incentives (either through shareholders or insufficient public funds), investing in improving 
the resilience of water infrastructure to low likelihood, high consequence events is currently a 
secondary priority to maintaining existing aging infrastructure. 

In addition, there are few examples where resilience engineering is integrated into project level 
decision-making. We have noted that much of the project engineering decision-making within the 
water sector in the UK, USA and Australia is highly regulated and defined by guidance and standards, 
reflective of an industry is risk adverse and slow to embrace change. Health and safety culture can be 
seen as both an opportunity and a threat to embedding resilience into decision-making in the sector. 
In order to affect change, amendments will need to be made to regulation and guidance. 

Furthermore, the development of tools and techniques and the wider capacity building will be required 
to equip asset owners and engineers with the knowledge and skills to make informed decisions at a 
project-level. 

Enablers and barriers 
A summary of the key enablers and barriers are discussed below. 

Social and cognitive 
There are a number of examples of narrow or unhelpful uses of the term resilience in the water 
sector. For example, the reconstruction program in New York after Hurricane Sandy was described as 
a resilience program, and in the UK, the use of the term ‘flood resilience’ has varying interpretations in 
the industry. 

The water sector does however, have a number of examples of taking a whole system approach, 
including integrated catchment management, implementation of natural flood management and green 
infrastructure, and tools such as ecosystems services assessments, which capture the multiple 
benefits of these projects. The fact that the water system is an inherently natural system, which has 
some resilience inbuilt, helps in making these approaches accessible. 



 

 
 
 

 
 

Normative 
There are limited examples of processes for embedding resilience into the water sector. Valuation 
tools have been developed for certain elements, such as ecosystems services or the wider benefits of 
green infrastructure. 

Information 
Effectively capturing and processing data was seen as lacking in some areas, such as the need for 
improved modelling in understanding the role of catchment management in flood protection and 
improved water quality. 

The water sector has been relatively slow in its uptake of new technologies due a risk-averse 
regulatory and ethical environment. It is therefore difficult to prove the value of these technologies for 
promoting resilience engineering. 

Regulative 
There have been some attempts in the water sector to develop shared understanding of resilience. 
For example, in the US, the EPA has adopted the definition from US President Policy Directive 21, 
and in the UK, Ofwat, the regulator, has developed a definition of resilience. However, as this was not 
followed by appropriate guidance, the onus is on water utility companies to interpret this and develop 
their own context specific narratives and frameworks. Regulation plays a major role in this sector, and 
can act as a key barrier or enabler, depending on the approach of regulators and governments.   



 

 
 
 

 
 

Opportunities 
In line with the barriers and enablers identified in our findings, we have developed opportunities 
across the four areas of:  

• Social and cognitive, 

• Normative, 

• Information, and 

• Regulative. 

We have developed these opportunities considering three different stages of action: implementation, 
pilot projects, and research.   

 



 

 
 
 

 
 

Figure 24: Opportunities to move towards implementation of resilience engineering in the water 
sector.  



 

 
 
 

 
 

References 
1. Abdullaev, I., Mollinga, P.P., 2010, The Socio-Technical Aspects of Water Management: 

Emerging Trends at Grass Roots Level in Uzbekistan, Water, 2, 85-100 

2. African Development Bank Group, 2015, Payment for Environmental Services, A promising 
tool for natural resource management in Africa, 
https://www.afdb.org/fileadmin/uploads/afdb/Documents/Publications/Payment_for_Environm
ental_Services_-_A_promising_tool_for_natural_resources_management_in_Africa_-
_06_2015.pdf [Accessed on 25.05.2017] 

3. Alexander, D.E., 2013, Resilience and disaster risk reduction: an etymological journey, 
13(11): 2707–2716, Natural Hazards and Earth System Sciences 

4. Arup, 2015, The Future of Urban Water: Scenarios for Urban Water Utilities in 2040, 
Arup.com, http://publications.arup.com/publications/f/future_of_urban_water [Accessed on 
30.03.2017] 

5. Arup, 2016, The Holistic Integrity Test (HIT) - quantified resilience analysis 

6. Arup, 2017, Welsh Water Resilience Framework 

7. Arup, 2013, Design with Water, Arup.com, 
http://publications.arup.com/publications/d/design_with_water [Accessed on 02.06.2017] 

8. Arup, 2013, REDi™ Rating System Resilience-based Earthquake Design Initiative for the 
Next Generation of Buildings, Arup.com, 
http://publications.arup.com/publications/r/redi_rating_system [Accessed on 02.06.2017] 

9. Arup, 2013, Water scarcity case study, High frequency intermittent drip irrigation, Ica, Peru, 
Agricultural case study.  

10. Arup, 2013, Water scarcity case study, Adapting to water scarcity at a farm level, Ica Peru, 
Agricultural case study 

11. Arup, 2017, Cities and Sea Level Rise: Dealing with Uncertainty Flood Hazard Assessment & 
Adaptation Toolkits 

12. Arup, 2017, Green Laneways Final Report, 
https://www.planning.vic.gov.au/__data/assets/pdf_file/0015/14406/Population-Bulletin-
2016.pdf [Accessed on 12.05.2017] 



 

 
 
 

 
 

13. Arup, 2015, Greentech in the City Whitepaper, Arup.com, 
http://publications.arup.com/publications/g/greentech_in_the_city_whitepaper [Accessed on 
12.05.2017] 

14. Arup, 2014, Greening Laneways Melbourne, Victoria, project sheet, 
https://participate.melbourne.vic.gov.au/greenlaneways [Accessed on 12.05.2017] 

15. Arup, 2015, NY Rising Communities Reconstruction (NYRCR) program project form 
[Accessed on 06.06.2017] 

16. Arup, 2016, NYCHA Red Hook Resiliency, project sheet 

17. Arup & Sydney Water, 2013, Climate Change Adaptation Program, Sydneywater.com, 
https://www.sydneywater.com.au/web/groups/publicwebcontent/.../dd_044233.pdf [Accessed 
on 30.03.2017] 

18. Arup & the Rockefeller Foundation, 2014, City Resilience Index, Arup.com, 
http://www.arup.com/city_resilience_index [Accessed on 30.03.2017] 

19. ASCE 24-15 - Flood Resistant Design and Construction 

20. Atteridge, A., Canales, N., 2017, Stockholm Environment Institute, Working Paper 2017-04 
Climate finance in the Pacific: An overview of flows to the region’s Small Island Developing 
States, https://www.sei-international.org/mediamanager/documents/Publications/Climate/SEI-
WP-2017-04/SEI-WP-2017-04-Kiribati-data.pdf [Accessed on 06.06.2017] 

21. Australian Institute of Landscape Architects (AILA), 2013, Liveable Cities, Cooling Cities – 
Urban Heat Island Effect, 
http://www.aila.org.au/imis_prod/documents/AILA/Governance/Position%20Statement%20Co
ol%20Cities_for%20review_final.pdf [Accessed on 12.05.2017] 

22. Azad M. Madni and Jackson, Towards a Conceptual Framework for Resilience Engineering  

23. Bakker, M., Kishimoto, S., Nooy, C., 2017, The Dutch role in Jakarta’s coastal defence and 
land reclamation, Social justice at bay. 

24. BBC news, 2012, Sandy: New York devastation mapped, BBC news, 30 Oct 2012, 
http://www.bbc.co.uk/news/world-us-canada-20131303 [Accessed on 06.06.2017] 

25. Bergkamp, D, Three steps to solving water scarcity and creating climate resilience, 
http://www.iwa-network.org/three-steps-to-solving-water-scarcity-and-creating-climate-
resilience/ [Accessed on 24.04.2017] 



 

 
 
 

 
 

26. Bilal M. Ayyub, System Resilience for Multihazard Environments: Definition, Metrics, and 
Valuation for Decision Making, http://onlinelibrary.wiley.com/doi/10.1111/risa.12093/full 
[Accessed on 10.04.2017] 

27. Boyle.D, 2010, The Tyranny of Numbers: Why Counting Can’t Make Us Happy, William 
Collins 

28. Bozza, A., Asprone, D., Fabbrocino, F., 2017, Urban Resilience: A Civil Engineering 
Perspective, MDPI, http://www.mdpi.com/2071-1050/9/1/103/pdf 

29. Brandon, C. M., Woodruff J. D., Donnelly, J.P., Sullican, R.M., 2014, How unique was 
Hurricane Sandy? Sedimentary reconstructions of extreme flooding from New York Harbor, 
Scientific Reports, 4, 7366, https://www.nature.com/articles/srep07366 [Accessed on 
06.06.2017] 

30. BRE & BuroHappold Engineering, 2016, Resilience Insight, 12 Cities Assessment 

31. Bruneau, M., Chang, S., Eguchi, R., Lee, G., O'Rourke, T., Reinhorn, A., Masanobu, S., 
Tierney, K., Wallace, W. and Winterfeldt, D. , 2003, A framework to quantitatively assess and 
enhance the seismic resilience of communities, 19(4), pp. 733-752, Earthquake Spectra, 
http://courses.washington.edu/cee518/Bruneauetal.pdf 

32. Bucci, A., Inserra, D., Lesser, J., Mayer, M., Spencer, J., Slattery, B., Tubb, K., 2013, After 
Hurricane Sandy: Time to Learn and Implement the Lessons in Preparedness, Response, 
and Resilience, The Heritage Foundation, 24/10/2013, http://www.heritage.org/homeland-
security/report/after-hurricane-sandy-time-learn-and-implement-the-lessons-preparedness 
[Accessed on 06.06.2017] 

33. Cabinet Office, 2011, Keeping the Country Running: Natural Hazards and Infrastructure 

34. Cable, D., Seok, J., Alemayehu, R., Foster, A.T. , 2009 , Using a systems approach in 
managing and evaluating water and sanitation development projects, Systems and 
Information Engineering Design Symposium, 2009. SIEDS '09. 14 April 2009, 
http://ieeexplore.ieee.org/document/5166170/?reload=true [Accessed on 02.06.2017] 

35. Carter, M., Little, P., Mogues, T., Negatu. W., 2004, Shocks, Sensitivity and Resilience: 
Tracking the economic impacts of environmental disaster on assets in Ethiopia and 
Honduras. , BASIS Collaborative Research Support Program (world Bank and USAID) , 
https://www.researchgate.net/profile/Peter_Little2/publication/23742595_Shocks_Sensitivity_
and_Resilience_Tracking_the_Economic_Impacts_of_Environmental_Disaster_on_Assets_in
_Ethiopia_and_Honduras/links/00b4953cd6d4428bcf000000.pdf [Accessed on 21.04.2017] 

36. Chang, S.E, Towards Disaster-Resilient Cities: Characterizing Resilience of Infrastructure 
Systems with Expert Judgements 



 

 
 
 

 
 

37. Cimellaro, G.P, Reinhorn, A.M, Bruneau, M., 2010, Framework for analytical quantification of 
disaster resilience, 3639-3649, Engineering Structures 32, 
https://www.eng.buffalo.edu/~bruneau/Engineering%20Structures%202010%20Cimellaro%20
Reinhorn%20Bruneau.pdf [Accessed on 24.04.2017] 

38. Cinnamon et al, 2016, Evidence and future potential of mobile phone data for disease 
disaster management 

39. City of Copenhagen, 2012, The City of Copenhagen Cloudburst Management Plan 2012, 
http://en.klimatilpasning.dk/media/665626/cph_-_cloudburst_management_plan.pdf 
[Accessed on 05.06.2017] 

40. City of Melbourne (CoM), 2017, Functions and services, 
http://www.melbourne.vic.gov.au/about-council/our-profile/Pages/functions-services.aspx 
[Accessed on 12.05.2017] 

41. City of Melbourne (CoM), 2015, Urban Forest Visual, 
http://melbourneurbanforestvisual.com.au/  [Accessed on 01.06.2017] 

42. City of Melbourne (CoM), 2016, Rooftop Project, http://www.melbourne.vic.gov.au/building-
and-development/sustainable-building/Pages/rooftop-project.aspx [Accessed on 01.06.2017] 

43. City of New York, 2013, PlaNYC stronger, more resilient New York, http://s-
media.nyc.gov/agencies/sirr/SIRR_singles_Lo_res.pdf [Accessed on 06.06.2017] 

44. Data Mill North, https://datamillnorth.org/ [Accessed on 01.06.2017] 

45. Davies, 2014, Resiliency of Water, Waste Water and Inundation systems, Springer, 
https://link.springer.com/referenceworkentry/10.1007/978-3-642-36197-5_398-1 

46. Defra, 2016, Defra payments for ecosystem services pilot projects 2012-15, 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/578005/pes-
pilot-review-key-findings-2016.pdf [Accessed on 25.05.2017] 

47. DEFRA, 2016, Central Government Funding for Flood and Coastal Erosion Management in 
England, UK Government, Department for Environment Food & Rural Affairs, 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/549093/Fundin
g_for_Flood_and_Coastal_Erosion_in_England_Sep_2016.pdf [Accessed on 06.06.2017]  

48. DEFRA, 2016, Central Government Funding for Flood and Coastal Erosion Management in 
England, UK Government, Department for Environment Food & Rural Affairs, 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/549093/Fundin
g_for_Flood_and_Coastal_Erosion_in_England_Sep_2016.pdf [Accessed on 06.06.2017] 



 

 
 
 

 
 

49. Denyer, D., 2017, Organizational Resilience: A summary of academic evidence, business 
insights and new thinking, BSI and Cranfield School of Management., 
https://www.bsigroup.com/Documents/our-services/Organizational-
resilience/Documents/Organizational-Resilience-Cranfield-Research-%20Report.pdf 
[Accessed on 20.04.2017] 

50. DEP 2008 CC Program Assessment and Action Plan 

51. Department for Communities and Local Government (DCLG), 2007, Improving the flood 
performance of new buildings, RIBA Publishing, 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/7730/flood_perf
ormance.pdf [Accessed on 13.06.2017] 

52. Development Alternatives Incorporated (DAI), 2012, Jordan—Instituting Water Demand 
Management (IDARA), https://www.dai.com/our-work/projects/jordan-instituting-water-
demand-management-idara [Accessed on 01.06.2017] 

53. Dobson, C, 2016, Major emergency training exercise will see military helicopters circling 
above Greater Manchester, Manchester Evening News 4 Jun 2016, 
http://www.manchestereveningnews.co.uk/news/greater-manchester-news/emergency-
training-exercise-manchester-police-11564284 [Accessed on 02.06.2017] 

54. Dobson, M et al, 2016, The Holistic Integrity Test (HIT – quantified resilience analysis), Arup 

55. Dobson, M., Smith, P., Evans, H., Chatterton, J., 2016, The Holistic Integrity Test (HIT) - 
Quantified Resilience Analysis, The New Yorker 27.10.15, Flood Risk 2016 Conference 
[Accessed on 06.06.2017] 

56. Dobson, M., Smith, P., Evans, H., Chatterton, J., 2016, The Holistic Integrity Test (HIT) - 
Quantified Resilience Analysis, Flood Risk 2016 Conference [Accessed on 06.06.2017] 

57. Donner, S.D. & Webber, 2014, Obstacles to climate change adaptation decisions: a case 
study of sea level rise and coastal protection measures in Kiribati, Sustain Sci 

58. Dunn, H, 2011, Defra Evidence and Analysis Series, paper 4, Payments for Ecosystem 
Services, Defra, 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/69329/ecosyste
m-payment-services-pb13658a.pdf [Accessed on 01.06.2017]" 

59. Duvat, V., 2013, Coastal protection structures in Tarawa Atoll, Republic of Kiribati, Sustain 
Sci,  

60. England, K., Knox, K., 2016, Targeting flood investment and policy to minimise flood 
disadvantage, https://www.jrf.org.uk/report/targeting-flood-investment-and-policy-minimise-
flood-disadvantage [Accessed on 06.06.2017] 



 

 
 
 

 
 

61. Environment, Conflict and Cooperation (ECC), 2017, ECC Factbook: Water resources 
distribution Ica River basin, Peru, https://factbook.ecc-platform.org/conflicts/distribution-water-
resources-ica-river-basin-peru [Accessed on 12.05.2017] 

62. Environment Agency, 2012, Thames Estuary 2100 Plan, 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/322061/LIT754
0_43858f.pdf [Accessed on 06.06.2017] 

63. Environment Agency, 2017, Accounting for residual uncertainty: updating the freeboard guide, 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/595618/Accoun
ting_for_residual_uncertainty___an_update_to_the_fluvial_freeboard_guide_-_report.pdf 
[Accessed on 06.06.2017] 

64. Environmental Protection Agency, 2014, Water Health and Economic Analysis Tool Version 
3.0, http://www.epa.gov/wheat. [Accessed on 21.04.2017] 

65. Environmental Protection Agency, 2014, Vulnerability Self-Assessment Tool (VSAT) 6.0, 
https://www.epa.gov/waterriskassessment/conduct-drinking-water-or-wastewater-utility-risk-
assessment [Accessed on 21.04.2017] 

66. "Environmental Protection Agency (EPA), 2015, Environmental Resilience: Exploring 
Scientific Concepts for Strengthening Community Resilience to Disasters, Office of Research 
and Development National Homeland Security Research Center, 
file:///C:/Users/Sophie.England/Downloads/EPA600-R-15-
163%20ENVIRONMENTAL%20RESILIENCE-CERI%20WORKSHOP%20RPT%20(5).PDF 
[Accessed on 06.06.2017]" 

67. EPA, Vulnerability Self-Assessment Tool (VSAT) 6.0, 
https://www.epa.gov/waterriskassessment/conduct-drinking-water-or-wastewater-utility-risk-
assessment [Accessed on 25.05.2017] 

68. European Commission, 2014, Non-Financial Reporting (2014/95/EU) 

69. Flowbru, http://www.flowbru.be/fr, [Accessed on 25.05.2017] 

70. Flynn, Bolstering Critical Infrastructure Resilience after Superstorm Sandy 

71. Folke, Resilience: the emergence of a perspective for social-ecological systems analysis  

72. Gallopin, Linkages between vulnerability, resilience and adaptive capacity  

73. Gelinas, N., 2013, New York’s Sandy Scorecard, City Journal, https://www.city-
journal.org/html/new-york%E2%80%99s-sandy-scorecard-13530.html [Accessed on 
06.06.2017] 



 

 
 
 

 
 

74. Government of Kiribati, 2014, Kiribati Joint Implementation Plan 2014-2023, 
https://www.pacificclimatechange.net/sites/default/files/documents/200814%20KJIP%20-
%20BOOK%20-%20WEB-SINGLE%20pgs.pdf [Accessed on 06.06.2017] 

75. Grey, D., Sadoff, C, 2007, Sink or Swim? Water security for growth and development, 9 (6) 
545-571, Water Policy, http://wp.iwaponline.com/content/9/6/545 [Accessed on 21.04.2017] 

76. Grima, N., Singh, S.J., Smetschka, B., Ringhofer, L.,, 2016, Payment for Ecosystem Services 
(PES) in Latin America: Analysing the performance of 40 case studies, 24-32, Ecosystem 
Services 17, http://www.sciencedirect.com/science/article/pii/S2212041615300607  
[Accessed on 25.05.2017] 

77. Guerrero, A., & Verzijl, A. , 2015, Struggle and success in an inter-regional water conflict in 
the Peruvian Andes, Farming Matters, 30-33, September 2015, Farming Matters, 
https://upgro.files.wordpress.com/2015/09/farming-matters_03_web.pdf [Accessed on 
12.05.2017] 

78. Haijiao Lu et al, 2016, An Overview of Nanomaterials for Water and Wastewater Treatment" 

79. Hazur, Resilience Systems (OptiCits), •http://opticits.com/  

80. Heal, G., 2000, Valuing Ecosystem Services 3:24-30Ecosystems 

81. Hepworth, N., Postigo, J. C. & Delgado, B.G., 2010, Drop by Drop: A Case Study of Peruvian 
Asparagus and the Impacts of the UK’s Water Footprint. Progressio, in association with 
Centro Peruano De Estudios Sociales, and Water Witness International. 

82. Hildebrand, P., 2017, What’s Holding Back Green Infrastructure in Australia?, Architecture 
News, 8th March 2017, https://sourceable.net/what-is-holding-back-green-infrastructure-in-
australia/ [Accessed on 12.05.2017] 

83. Hissen, N., Conway, D., Goulden, M.C. , 2017 , Evolving Discourses on Water Resource 
Management and Climate Change in the Equatorial Nile Basin, Sage, 
http://journals.sagepub.com/doi/abs/10.1177/1070496517696149  [Accessed on 06.06.2017] 

84. HM Government, 2016, UK National Flood Resilience Review 2016 

85. HM Government Cabinet Office & DEFRA, 2016, National Flood Resilience Review, 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/551137/nationa
l-flood-resilience-review.pdf [Accessed on 06.06.2017] 

86. Hoekstra, A. Y., Chapagan, A. K., Aidaya, M. M. & Mekonnen, M. M., 2011, The water 
footprint assessment manual: setting the global standard., London & Washington, DC., 
Earthscan. 



 

 
 
 

 
 

87. Holderness T., Turpin, E., 2015, White Paper — PetaJakarta.org: Assessing the Role of 
Social Media for Civic Co-Management During Monsoon Flooding in Jakarta, Indonesia, 
SMART Infrastructure Facility University of Wollongong, 
http://smart.uow.edu.au/projects/petajakarta-org/index.html [Accessed on 12.05.2017] 

88. Holderness T., Turpin, E., 2016, How tweeting about floods became a civic duty in Jakarta, 
The Guardian, 42394, https://www.theguardian.com/public-leaders-
network/2016/jan/25/floods-jakarta-indonesia-twitter-petajakarta-org?CMP=share_btn_tw 
[Accessed on 12.05.2017] 

89. Hordijk, M., Sara, L.M., Sutherland, C., 2014, Resilience, transition or transformation? A 
comparative analysis of changing water governance systems in four southern cities, 
Environment & Urbanization, Vol 26(1): 130–146., International Institute for Environment and 
Development (IIED), http://journals.sagepub.com/doi/pdf/10.1177/0956247813519044 
[Accessed on 02.06.2017] 

90. Howard G., and Bartram, J., 2003, Domestic Water Quantity, Service Level and Health, World 
Health Organization, http://www.who.int/water_sanitation_health/diseases/WSH03.02.pdf 
[Accessed on 15.05.2017] 

91. ILC Dover, http://www.ilcdover.com/flood-protection [Accessed on 15.05.2017] 

92. Independent Evaluation Group, IEG, 2013, Adaptation Program Phase II – Pilot 
Implementation Phase (KAP-II), 
http://documents.worldbank.org/curated/en/244811475096626512/pdf/000020051-
20140625082837.pdf [Accessed on 06.06.2017] 

93. Indonesia Investments, 2014, Giant Sea Wall Jakarta; National Capital Integrated Coastal 
Development (NCICD), https://www.indonesia-investments.com/projects/public-private-
partnerships/giant-sea-wall-jakarta-national-capital-integrated-coastal-development-
ncicd/item2307 [Accessed on 12.05.2017] 

94. International Organisation for Standardisation (ISO), 2009, SO 31000:2009, Risk 
management -- Principles and guidelines, https://www.iso.org/standard/43170.html [Accessed 
on 21.04.2017] 

95. Iyob, I., 2010, Resilience and Adaptability of Transboundary Rivers: The Principle of Equitable 
Distribution of Benefits and the Institutional Capacity of the Nile Basin, 
http://ir.library.oregonstate.edu/xmlui/bitstream/handle/1957/17900/IyobBiniam2011.pdf?sequ
ence=1 [Accessed on 06.06.2017] 

96. Jackson WJ, Argent RM, Bax NJ, Bui E, Clark GF, Coleman S, Cresswell ID, Emmerson KM, 
Evans K, Hibberd MF, Johnston EL, Keywood MD, Klekociuk A, Mackay R, Metcalfe D, 
Murphy H, Rankin A, Smith DC, Wienecke B, 2016, Australia state of the environment 2016, 



 

 
 
 

 
 

Australian Government Department of the Environment and Energy, Canberra, 
https://soe.environment.gov.au/frameworks/resilience [Accessed on 02.06.2017] 

97. Jin et al, 2015, Significance and Challenges of Big Data Research, Big Data Research, 
Volume 2, Issue 2, p. 59-64 

98. Kato, E., Ringer, C., Yesuf, C., Bryan, E., 2011, Soil and water conservation technologies: a 
buffer against production risk in the face of climate change? Insights from the Nile basin in 
Ethiopia, Agricultural Economics, http://onlinelibrary.wiley.com/doi/10.1111/j.1574-
0862.2011.00539.x/full [Accessed on 06.06.2017] 

99. Kaushik, G., Manimaran, A., Vasan, A., Sarangan, V., Sivasubramaniam, 2017, Cracks Under 
Pressure? Burst Prediction in Water Networks Using Dynamic Metrics, Proceedings of the 
Twenty-Ninth AAAI Conference on Innovative Applications (IAAI-17), 4694-4700, 
https://www.aaai.org/ocs/index.php/IAAI/IAAI17/paper/download/14356/13723 [Accessed on 
24.05.2017] 

100. Klinenberg, E., 2015Is New York ready for another Sandy?, 
http://www.newyorker.com/news/news-desk/is-new-york-ready-for-another-sandy [Accessed 
on 06.06.2017] 

101. Kumar, L. and Taylor, S., 2015, Exposure of coastal built assets in the South Pacific 
to climate risks, Nature: Climate Change, Macmillan, nature.com/natureclimatechange 
[Accessed on 02.06.2017] 

102. Kuruppu, 2009, Adapting water resources to climate change in Kiribati: the 
importance of cultural values and meanings, 799-809, Environmental Science and Policy 12  

103. Landy et al, 2016, How can we improve urban resilience with open data? 

104. Levine, S., 2014, Assessing Resilience: Why Quantification Misses the Point, 
Humanitarian Policy Group, Working Paper, ODI, London 

105. Li, D., Bou-Zeid, E., 2013, Synergistic Interactions between Urban Heat Islands and 
Heat Waves: the Impact in Cities is Larger than the Sum of its Parts. Journal of Applied 
Meteorology and Climatology Vol 52, pp 2051-2064, 
http://journals.ametsoc.org/doi/abs/10.1175/JAMC-D-13-02.1 [Accessed on 12.05.2017] 

106. Lloyd's Register Foundation, 2015, Foresight review of resilience engineering. 
Designing for the expected and unexpected. , LRF Foundation, 
http://www.lrfoundation.org.uk/publications/resilience-engineering.aspx [Accessed on 
04.04.2017] 

107. Lovell, E., Bahadur, A., Tanner, T. and Morsi, H., 2016, Resilience: the big picture – 
top themes and trends, London: Overseas Development Institute 



 

 
 
 

 
 

108. Mason, N., Calow, R., 2012, Water security: from abstract concept to meaningful 
metrics, Working Paper 357, ODI, https://www.odi.org/sites/odi.org.uk/files/odi-
assets/publications-opinion-files/7865.pdf [Accessed on 21.04.2017] 

109. Matikanien et al, 2016, Remote sensing methods for power line corridor surveys, 
ISPRS Journal of Photogrammetry and Remote Sensing Volume 119, p. 10-31 

110. Mciver L, Woodward A, Davies S,, 2014, Assessment of the Health Impacts of 
Climate Change in Kiribati. , Int J Environ Res Public Health, 11(5): 5224–5240 

111. Meier, P, 2015, Social Media for Disaster Response – Done Right!,Irevolutions Blog, 
https://irevolutions.org/tag/petajakarta/ [Accessed on 12.05.2017] 

112. Milman, O., 2015, Melbourne's trees bombarded with emailed love letters, Guardian, 
29 Jan 2015, https://www.theguardian.com/environment/2015/jan/29/city-of-melbourne-
prepares-to-see-some-emails-lovely-as-its-trees [Accessed on 01.06.2017] 

113. Moheb Sabry Aziz et al., 2015, Biomimicry as an approach for bio-inspired structure 
with the aid of computation" 

114. National Capital Integrated Coastal Development (NCICD), 2014, Master Plan 
National Capital Integrated Coastal Development, Draft 

115. Natural Resources Wales (NRW), 2013, Valuing Wales’ National Parks, 2013 , 
http://www.nationalparkswales.gov.uk/__data/assets/pdf_file/0009/389727/Valuing-Wales-
National-Parks-.pdf [Accessed on 25.05.2017] 

116. Neely, K., Walters, J. , 2016, Using Causal Loop Diagramming to Explore the Drivers 
of the Sustained Functionality of Rural Water Services in Timor-Leste, Sustainability, 8,57, 
www.mdpi.com/2071-1050/8/1/57/pdf [Accessed on 02.06.2017] 

117. New York State, 2011, New York State Sea Level Rise Task Force: 
Report to the Legislature, http://www.dec.ny.gov/docs/administration_pdf/slrtffinalrep.pdf 
[Accessed on 01.06.2017] 

118. New York State (NYS), 2010, 
New York State Sea Level Rise Task Force, Report to the Legislature, 
http://www.dec.ny.gov/docs/administration_pdf/slrtffinalrep.pdf [Accessed on 06.06.2017] 

119. Nile Basin Trust Fund (NBTF), 2015, The Nile Story: Briefing note 3 Building climate 
resilience, 
http://nileis.nilebasin.org/system/files/3.%20Building%20Climate%20Resilience%20FINAL%2
0lo-res.pdf [Accessed on 06.06.2017] 



 

 
 
 

 
 

120. NOAA (National Oceanic and Atmospheric Administration), 2016, Guidance for 
Considering the Use of Living Shorelines 

121. NYC Emergency Management, Know Your Zone, 
http://www1.nyc.gov/assets/em/html/know-your-zone/knowyourzone.html [Accessed on 
12.06.2017] 

122. NYC Mayor Office for Recovery and Resiliency, 2017, Preliminary Climate Resiliency 
Design Guidelines 2017, 
http://www.nyc.gov/html/planyc/downloads/pdf/publications/ORR_ClimateResiliencyDesignGu
idelines_PRELIMINARY_4_21_2017.pdf [Accessed on 06.06.2017] 

123. NYC Mayor's Office of Recovery and Resiliency, 2017, Preliminary Climate 
Resiliency Design Guidelines, Environment & Urbanization, 
http://www.nyc.gov/html/planyc/downloads/pdf/publications/ORR_ClimateResiliencyDesignGu
idelines_PRELIMINARY_4_21_2017.pdf [Accessed on 02.06.2017] 

124. NYC Planning, 2016, NYC Flood Hazard Mapper, 
http://www1.nyc.gov/site/planning/data-maps/flood-hazard-mapper.page [Accessed on 
06.06.2017] 

125. NYS Governor's Office of Storm Recovery (GOSR), 2014, NY Rising Community 
Reconstruction Plans, https://stormrecovery.ny.gov/nyrcr/final-plans [Accessed on 
06.06.2017] 

126. OECD, 2015, Resilient Cities 

127. OECD, 2006, Total Economic Value, in Cost-Benefit Analysis and the Environment: 
Recent Development, OECD Publishing  

128. Office of Te Beretitenti (OB) & T’Makei Services, 2012, South Tarawa, REPUBLIC 
OF KIRIBATI ISLAND REPORT SERIES, Updated 2012  

129. Ofwat, 2015, Towards Resilience: How we will embed resilience in our work, 
http://www.ofwat.gov.uk/wp-
content/uploads/2015/07/pap_pos20151210towardsresiliencerev.pdf [Accessed on 
21.04.2017] 

130. Open Data Insitute (ODI), 2016, Peta Jakarta: real-time flood mapping in Jakarta, 
https://theodi.org/odi-showcase-peta-jakarta-real-time-flood-mapping-jakarta [Accessed on 
12.05.2017] 

131. Participate Melbourne, 2016, Green your Laneway 

132. Pawlyn, M., 2011, Biomimicry in Architecture, Chapter 4, RIBA Publishing 



 

 
 
 

 
 

133. Perman, R., Ma, Y., McGilvray, J., Common, M., 2003, Natural Resource and 
Environmental Economics, Pearson Education Limited, 
https://eclass.unipi.gr/modules/document/file.php/NAS247/tselepidis/ATT00106.pdf 
[Accessed on 01.06.2017] 

134. Port Authority of New York and New Jersey, Transportation Infrastructure Resiliency 
Guidelines 

135. Rehan, R., Knight, M.A., Haas, C.T., Unger, A.J.A, 2011, Application of system 
dynamics for developing financially self-sustaining management policies for water and 
wastewater systems, 45, 16, Water Research , 
http://www.sciencedirect.com/science/article/pii/S0043135411003241 [Accessed on 
02.06.2017] 

136. Rodgers, P., Bhatia, R., Huber, A., 1998, Water as a Social and Economic Good: 
How to Put the Principle into Practice, TAC BACKGROUND PAPERS NO. 2, 
http://www.gwp.org/globalassets/global/toolbox/references/water-as-a-social-and-economic-
good.-how-to-put-the-principles-into-practice-gwp-1998-english.pdf  [Accessed on 
25.05.2017] 

137. Rodin, J., 2015, The Resilience Dividend, Profile Books 

138. RSSB, 2016, Tomorrow's Railway and Climate Change Adaptation: Executive Report 

139. Schipper, E. L. F. and Langston, L., 2015, A Comparative Overview of Resilience 
Measurement Frameworks: Analysing Indicators and Approaches, Overseas Development 
Institute Working Paper, Overseas Development Institute, London 

140. Sherwell P., 2016, $40bn to save Jakarta: the story of the Great Garuda, The 
Guardian, 42696, https://www.theguardian.com/cities/2016/nov/22/jakarta-great-garuda-
seawall-sinking [Accessed on 12.05.2017] 

141. Shimizu, T., 2006, Expansion of asparagus production and exports in Peru. 
Discussion paper No.73, Chiba, Japan, Institute of Developing Economics. 

142. Shirali, A new method for quantitative assessment of resilience engineering by PCA 
and NT approach 

143. Skinner A. & Reynolds G., Twitter vs the monsoon, The Stand, 
http://stand.uow.edu.au/petajakarta/ [Accessed on 12.05.2017] 

144. State of Victoria (SoV), 2014, Growing Green Guide, 
http://www.growinggreenguide.org/wp-
content/uploads/2014/02/growing_green_guide_ebook_130214.pdf [Accessed on 
01.06.2017] 



 

 
 
 

 
 

145. Steffen, W., Lesley Hughes, Sarah Perkins, 2014, Heatwaves: Hotter, Longer, More 
Often– Climate Council, 
https://www.climatecouncil.org.au/uploads/9901f6614a2cac7b2b888f55b4dff9cc.pdf accessed 
12/05/18 [Accessed on 12.05.2017] 

146. Sterbenz, J.P.G., Hutchison, D., Cetinkaya, E.K.,Jabbar, A., Rohrer, J.P., Schollero, 
M. and Smith,P., 2010, Resilience and survivability in communication networks: Strategies, 
principles, and survey of disciplines"", 54(8), pp. 1245-1265, Computer Networks, 
https://pdfs.semanticscholar.org/9046/b8e109072c6286e60021009572e6a1032aa5.pdf" 

147. Suhardiman, D., Wichelns, D. Lestrelin, G., Hoanh, C. T., 2013, Payments for 
ecosystem services in Vietnam: Market-based incentives or state control of resources? , 
Ecosystem Services 5, e94–e101 
http://www.sciencedirect.com/science/article/pii/S2212041613000399?via%3Dihub [Accessed 
on 25.05.2017] 

148. Symons, W., 2017, Resilient Jakarta: Keeping above water, 100 Resilient Cities Blog, 
http://www.100resilientcities.org/blog/entry/resilient-jakarta-keeping-above-water#/-_/ 
[Accessed on 12.05.2017] 

149. Tanner, T., Lovell, E., Weingärtner, L. and Batra, P., 2017, mciver, London: Overseas 
Development Institute 

150. Teklewold, H., Mekonnen, A., Kohil, G., Di Falco, S., 2016, Impact of multiple climate 
smart practices in the climate resilient green economy: empirical evidence from the Nile Basin 
of Ethiopia, Green Growth Knowledge Platform (GGKP), 
http://www.greengrowthknowledge.org/sites/default/files/B1_Teklewold_Impact_of_multiple_cl
imate_smart_practices_in_climate_resilient_green_economy.pdf [Accessed on 06.06.2017] 

151. The 32 councils of Melbourne & 100 Resilient Cities, 2016, Resilient Melbourne, 100 
Resilient Cities, http://www.100resilientcities.org/strategies/city/melbourne#/-_/ [Accessed on 
01.06.2017] 

152. The Economist Intelligence Unit, 2016, A Summary of the Liveability Ranking and 
Overview August 2016  

153. The Institute of Asset Management (IAM), 2014, The Self-Assessment Methodology - 
Guidance, Version 1, IMA, https://theiam.org/products-and-services/Self-Assessment-
Methodology [Accessed on 21.04.2017] 

154. The Lifelines Council, 2014, Lifelines Interdependency Study, The City and County of 
San Francisco 



 

 
 
 

 
 

155. Toledo, J., 1990, Asparagus production in Peru. Acta Horticulturae (ISHS), 271, 203-
210. 

156. TRB 2011 Adapting Transportation to Impacts of Climate Change 

157. U.S. Department of Homeland Security, 2013, Presidential Policy Directive -- Critical 
Infrastructure Security and Resilience, https://obamawhitehouse.archives.gov/the-press-
office/2013/02/12/presidential-policy-directive-critical-infrastructure-security-and-resil 
[Accessed on 02.06.2017] 

158. United Nations, 2015, Sendai Framework for Disaster Risk Reduction 2015 – 2030 

159. United Nations Office for Disaster Risk Reduction (UNSIDR) and WMO, 2012, UN 
system task team on the post-215 UN development agenda, Disaster Risk Resilience, 
http://www.un.org/en/development/desa/policy/untaskteam_undf/thinkpieces/3_disaster_risk_
resilience.pdf [Accessed on 13.06.2017] 

160. USAID, 2012, IDARA (INSTITUTING WATER DEMAND MANAGEMENT IN 
JORDAN), http://pdf.usaid.gov/pdf_docs/PA00JWW1.pdf [Accessed on 01.06.2017] 

161. USAID, 2017, COMMUNITY-BASED INITIATIVES FOR WATER DEMAND 
MANAGEMENT II (CBIWDM II) 

162. Verzijl, A., Quispe, S.G., 2013, The System Nobody Sees: Irrigated Wetland 
Management and Alpaca Herding in the Peruvian Andes, Mountain Research and 
Development, 33(3):280-293, http://edepot.wur.nl/276756 [Accessed on 12.05.2017] 

163. Victoria State Government (VSG), 2016, Victorian Population Bulletin, 
http://www.eiu.com/Handlers/WhitepaperHandler.ashx?fi=Liveability+Ranking+Summary+Re
port+-+August+2016.pdf&mode=wp&campaignid=Liveability2016 [Accessed on 12.05.2017] 

164. Vitanen, J., Kingston, R., 2014, Smart Cities and Green Growth: Outsourcing 
Democratic and Environmental Resilience to the Global Technology Sector, Environment and 
Planning A, 46, 803-819, http://journals.sagepub.com/doi/pdf/10.1068/a46242 [Accessed on 
06.06.2018] 

165. Wang, C.H. J. Blackmore, X. Wang, K.-K. Yum, M. Zhou, C. Diaper, G. McGregor 
and J. Anticev, 2009, Overview of resilience concepts, with application to water resource 
systems. eWater Technical Report, Canberra. 

166. Warrick, O, 2011, IMPLEMENTATION COMPLETION AND RESULTS REPORT 
GLOBAL ENVIRONMENT FACILITY GRANT (US$1.80 MILLION EQUIVALENT) TO THE 
REPUBLIC OF KIRIBATI FOR AN ADAPTATION PROJECT – IMPLEMENTATION PHASE 
(KAP II), The World Bank, 



 

 
 
 

 
 

http://documents.worldbank.org/curated/en/792471468082135115/pdf/ICR17510P089320C0
disclosed030140120.pdf [Accessed on 12.05.2017] 

167. Weaver, W, 2012, In Arid Jordan, IDARA Motivated Citizens, Government to 
Conserve Precious Water, Development Alternatives Incorporated (DAI) , http://dai-global-
developments.com/articles/in-arid-jordan-idara-motivated-citizens-government-to-conserve-
precious-water/ [Accessed on 01.06.2017] 

168. Welsh Water 2017, Welsh Water 2050, http://www.dwrcymru.com/en/Company-
Information/Business-Planning/Welsh-Water-2050.aspx [Accessed on 01.06.2017] 

169. Wolff, H.P., Al-Karablieh, E., Subah, A., 2011, Jordan Water Demand Management 
Study, Jordanian Ministry of Water and Irrigation in cooperation with the French Development 
Agency (AFD) 

170. World bank, 2017, Second Urban Water Supply and Sanitation Project 

171. World Bank, 2011, Kiribati Adaptation Project—Implementation Phase (KAPII): 
Project Implementation Completion and Results Report. Report No: ICR00001751. 
Washington, DC. 

172. World Bank, 2011, JAKARTA CASE STUDY OVERVIEW CLIMATE CHANGE, 
DISASTER RISK AND THE URBAN POOR: CITIES BUILDING RESILIENCE FOR A 
CHANGING WORLD 

173. World Bank, 2017, Citizen Voices Shape Nile Basin Resilience Investments, 
(1)http://www.publicnow.com/view/36EB40343B86746B9DECA264D16D6FF510A78AB4?20
17-05-12-22:01:18+01:00-xxx5041 [Accessed on 06.06.2017] 

174. World Economic Forum, 2017, Global Risks Report, 12th Edition: Appendix B: Global 
Risks Perception Survey and Methodology 2016, http://reports.weforum.org/global-risks-
2017/appendices/appendix-b-methodology/ [Accessed on 21.04.2017] 

175. Yosef Jabareen, Planning the resilient city: Concepts and strategies for coping with 
climate change and environmental risk  

176. Z. Besharati Rad, 2015, A framework for resiliency assessment of power 
communication networks, http://www.scientiairanica.com/en/ManuscriptDetail?mid=247 
[Accessed on 10.04.2017] 

177. Zeitoun, M., 2011, The Global Web of National Water Security. Global Policy, 2, 286-
296. 

178. Zhu et al, 2015, Non-Destructive In-Situ Condition Assessment of Plastic PipeUsing 
Ultrasound, Procedia Engineering 119, p. 145-157" 



 

 
 
 

 
 

 


	Table of contents
	Introduction
	Purpose and scope
	/Scoping study approach
	Report structure

	Definitions in the water sector
	Definition of water sector
	Definitions of resilience in the water sector
	Shocks and stresses on the water sector

	Methodologies
	Themes
	Dynamic performance based design approaches
	Redundancy
	Dynamic
	Performance-based
	Natural systems & biomimicry

	/Tools and processes to value resilience and ensure that value is realized through the project life
	Cost benefit analysis (CBA)
	Risk
	Ecosystem services
	Metrics and maturity
	Resilience Value

	Integrated systems approaches
	Continuity planning
	Futures and trend analysis
	Soft systems approaches
	Integrated approaches

	/Transformative technologies that facilitate critical system functionality
	Data – big data & open data
	Smart networks
	Machine Learning
	Autonomous technologies
	Customer / citizen engagement
	Non-digital technologies


	Practice in the water sector
	Findings
	Definitions
	Drivers for resilience
	Methodologies
	Dynamic performance based design approaches
	Tools and processes to value resilience and ensure that value is realised through the project life
	Integrated systems approaches
	Transformative technologies that facilitate critical system functionality

	Role of resilience in decision making
	Enablers and barriers
	Social and cognitive
	Normative
	Information
	Regulative


	Opportunities
	References

