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Abstract
A significant challenge for managers of drinking water infrastructures is to make effective
strategic decisions for assets with a long lifetime in an uncertain and changing environment.
Water resources, which are part of the drinkingwater infrastructures, have a special position in
this decision making process as they operate at the interface of the socio-technical and the
socio-ecological subsystems: water resources are the input for the technical system, consisting
of pipes and pumps that interact with different actors; and water resources can be seen as
output from the ecological system which is influenced by environmental and political issues
like climate change, drought and competing and changing uses of water and space. This paper
discusses how to design thewater resources in such away that they function in the desiredway
at present, but that the design also fits an uncertain future as good as possible. To this extent, a
framework was developed based upon the notion of resilience. Existing general design
principles for socio-technical systems from literature were used as building blocks in the
development of our water resources design principles (WR-DP) framework. Three key
characteristics of water resources were distinguished in this framework: water quantity, water
quality and the environmental impact of the water resources. In addition, we distinguished two
dimensions that allowed us to explicitly describe all possible design principles: system scale
and class. The first dimension, system scale, ranges from one water resource to a network of
water resources. The second dimension, class, makes a distinction between social aspects and
technical aspects. Application of the WR-DP framework in a case of a drinking water
company in the Netherlands showed the usability of the framework.

Keywords Drinkingwater infrastructures .Water resources . Resilience . Strategic decisions .

Socio-technical system . Socio-ecological system . Long term planning

1 Introduction

The drinking water infrastructure (DWI) is a critical societal infrastructure that provides the
essential service of drinking water supply (Doorn et al. 2019). Pipes, water resources and other
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assets of DWIs can have life times up to 100 years and during that period the desired services
of DWIs and the functioning of DWIs can change dramatically due to demographic changes,
changes in the way drinking water is used, economic changes, climate change etc. Assets of
DWI are capital intensive and it takes a long period to develop new assets, mainly due to
investigations about the suitability of the water resources, environmental impact studies and
procedures to get the licenses. For example, developing a new ground water resource takes
about 15 years in the Netherlands. It is a challenge for DWI managers to plan DWIs that have
to be suitable now, but also in the future, even after 100 years.

DWIs can be characterised as complex, socio-technical systems (STS) as they consist of a
technical network and a plethora of actors, operating under uncertainty (Kloosterman and van
der Hoek 2019) (Herder et al. 2008).

Technical assets include pipes, treatment plants and pumps, with the objectives to extract water
from water resources, treat this water and transport the treated water to customers. Actors
associated with DWIs are, among others, technical operators who manage the process of the
production and distribution of drinking water, managers who take investment decisions and set
operational standards, external regulators who control the quality of services and set quality
requirements, and customers whomake demands on the quality and quantity of the drinkingwater.

Feeding into this socio-technical network is water from various water resources (WRs). The
WRs include surface water from rivers and lakes, and groundwater. The way in which natural
water resources are used and governed by different actors, is often conceptualised and studied
through the lens of socio-ecological systems (Bowd et al. 2015) (Ostrom 2015) (Ostrom 2007)
(Ostrom et al. 2006).

WRs, therefore, operate at the interface between two subsystems: The social-technical
system (STS) and the social-ecological system (SES). WRs connect the STS and SES and
complex interdependencies between the SES and STS have to be managed (Agusdinata and
DeLaurentis 2008), (Walker 2000), (Bruijn and Herder 2009), (Bauer and Herder 2009).

Fig. 1 Drinking water infrastructure, with water resources at the interface of STS and SES (Kloosterman and van
der Hoek 2019)
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The DWI and the interactions between the STS and the SES are presented in Fig. 1. The
function of the STS is to meet the needs of society and for that the STS relies on resources
from the SES. Social stewardship and regulation are necessary to avoid damage and to protect
vulnerable parts of the SES (La Loggia and Puleo 2020) (Markolf et al. 2018).

In the past when cities needed drinking water, they used WRs close to the city (de Moel
et al. 2004), but this may not be the best choice when a city grows and the drinking water
demand increases. Very often DWI companies of different cities merged and the combination
of all the WRs of the different DWIs was not the optimal situation for the new consolidated
DWI company (Vitens 2016).

Due to changes in the economic situation and the population, the volume of water that
needs to be extracted from the WRs, now and in the future, may change. Extractions from the
WRs also have a dynamic character due to seasonal and diurnal patterns. On the other hand,
the amount of water that can be extracted from WRs may change due to for example climate
change or changes in acceptable environmental impact (Mehrazar et al. 2020) (Minabadi et al.
2020). This makes DWIs vulnerable to changes in the WRs with respect to capacity and
location of the WRs. If there is only one WR and the capacity decreases dramatically, the
whole DWI is affected by this change (Vitens 2016), (de Moel et al. 2004). Therefore, smart
balancing between demand (rooted in the STS) and supply (rooted in the SES), that gives a
suitable solution under changing circumstances, is very complex.

The goal of this study is to support strategic decision making for WRs by developing a set
of design principles. The strategic decisions have to be effective at present and in the future to
ensure the long-term reliability of the water supply. Other objectives, like improving sustain-
ability, improving efficiency or improving affordability are also important for a DWI compa-
ny, but have already been addressed by other authors (Guidotti et al. 2016) (Hollnagel et al.
2010) (Jacksons 2010) (Laksmiwati et al. 2017). Design principles to ensure the long-term
reliability of DWIs have not been studied. Research to develop these design principles
contributes to the scientific body of knowledge.

Different starting points or theoretical paradigms can be used to develop design principles for
systems that operate in the SES and in the STS. Resilience is used very often in the STS literature
and in the SES literature to address the dynamics and developments of complex systems and the
restoration after threats (Biggs et al. 2015) (Folke 2016) (Uday and Marais 2015) (Folke et al.
2010) (Folke 2006). Resilience fits well with our objective to support strategic decision making in
view of safeguarding the reliability of water supply under changing circumstances. This paper,
therefore, answers the followingmain research question: How can resilience be used effectively to
develop design principles for the design of WRs of DWIs?

2 Approach

First, resilience was explored in-depth (section 3). In literature, resilience is used in different
systems like the SES, the STS, organisational systems and in psychology and sociology.
Resilience worked out in a specific system cannot simply be used in another system, because
the application of resilience depends, among others, on the system’s operational environment and
the specific disruptive event (Uday andMarais 2015) (Olsson et al. 2015) (Bowd et al. 2015). The
literature study provided useful, yet general, building blocks for our decision support framework.

The general building blocks were then used to develop design principles for WRs. To this
extent, the differentiating characteristics of the WRs were studied. The function of WRs is to
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deliver water for the production of drinking water. The amount of water that is needed at
different moments, the quantity, is a characteristic of WRs. The quality of the water of WRs
determines the needed purification in the treatment process to comply with the legal drinking
water standards, which can be very expensive, and this makes water quality also a character-
istic of WRs. WRs extract water that can cause damage to agriculture or nature. Space needed
for WRs itself and the protection of WRs cannot be combined with some other activities.
These environmental impacts are also a characteristic of WRs.

In addition to these specific characteristics it was explored whether there were other
dimensions that had to be taken into account to get a complete overview of possible design
principles, such as different system scales (one WR or a network of WRs), and various social
and technical aspects. The characteristics and dimensions are discussed in section 4 (section 3
in the manuscript is not correct and has to be section 4).

Subsequently, the characteristics and dimensions of WRs were combined to develop the water
resources design principles (WR-DP) framework, by adapting the generic building blocks using
these characteristics and the dimensions. The resultingWR-DP framework is described in section 4.

The framework was then operationalized in section 5, by applying the WR-DP-framework
to a case of Vitens, a DWI company in the Netherlands. To test the framework the evaluation
criteria reliability, validity and generalization were used, as operationalized by Morse (2015)
and Maxwell and Chmiel (2014).

Generally, any evaluation of the application of a framework depends on the experience and
knowledge of practitioners and researchers. Experience and knowledge can lead to more
specific strategies but can also affect the results due to bias of experienced participants.

The first author of this article was one of the team members who developed the strategies
for WRs, the subject of the case, and he was involved in the development of the WR-DP-
framework, the application of this framework and its evaluation. Although several years have
passed between these activities, and both times the activities were done by a team of experts
and management, this may have biased the results. However, by explicitly addressing what we
evaluated and how we did this, we mitigated this risk.

The conclusions and recommendations are presented in section 6.

3 Resilience Enhancing Design Principles

Resilience describes how to maintain services or recover after a threat (Uday and Marais 2015)
(Jackson and Ferris 2012). There are different possibilities to respond to threats and that makes
that resilience is a collection of different concepts which contribute in different ways to
maintain services or to recover after threats (Uday and Marais 2015) (Jackson and Ferris
2012). For these different concepts design principles are available to enhance the resilience. In
this study these design principles are called resilience enhancing design principles (REDP).
These REDPs were used as building blocks to develop design principles for WRs. The REDPs
can be divided into attributes based onto what the REDPs achieve. For example, the REDP
“redundancy” achieves to survive a threat, while the REDPs “reducing complexity” and
“repairability” achieve to increase the ability to adapt to a threat. Jackson and Ferris (2012)
have distinguished four attributes: capacity (ability to survive a threat), flexibility (ability to
adapt to a threat), tolerance (ability to degrade successfully in the face of a threat) and cohesion
(ability to act as a unified whole in the face of a threat).

A compilation of REDPs that are applied in STS ismade by Jackson and Ferris (2012) (Table 1).
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We will use this set of REDPs for the development of our WR-DP framework.

4 Developing Design Principles for Water Resources

The translation of the generic design principles, described in section 3, to a specific framework
of design principles for WRs requires more detailed knowledge about the characteristics of
WRs. The characteristics, like for example the water quantity or the water quality, lead to
different design principles.

First, the relevant characteristics of WRs are discussed and after that, the relevant frame-
work dimensions are discussed. In section 5 the framework is operationalised.

4.1 WRs Characteristics

The objective of WRs in the production of drinking water is to deliver the water for drinking
water production. To guarantee the drinking water supply now and in the future, it is important

Table 1 Resilience Enhancing Design Principles divided in four attributes (capacity, flexibility, tolerance and
cohesion) (based upon Jackson and Ferris 2012)

Resilience Enhancing Design Principles for Engineered Systems

Capacity Flexibility Tolerance Cohesion

Absorption Reorganization Localized capacity Internode interactions
Physical redundancy Human-in-the-loop Drift correction Reduce hidden interactions
Functional redundancy Reduce complexity Neutral state
Layered defence Repairability

Loose coupling

Explanation of the REDPs and the attributes mentioned in Table 1, from Jackson et al (2012)
Capacity: ability of a system to survive a threat
• Absorption: the capability to absorb magnitude of threats.
• Physical and functional redundancy: the presence of alternatives (physical or functional) to perform critical

tasks.
• Layered defence: the presence of two or more independent principles addressing vulnerabilities of a system.
Flexibility: ability of a system to adapt to a threat
• Reorganization: the possibility of a system to change its organization in the face of a threat.
• Human-in-the-loop: the principle that humans are in the loop when there is a need for human cognition.
• Reduce complexity: the principle that systems are not more complex than necessary.
• Repairability: the capability to be brought up to functioning in a specified period of time.
• Loose coupling: the ability to reduce the impact of failures propagating from one component to the next in a

system.
Tolerance: ability of a system to degrade successfully in the face of a threat
• Localised capacity: the capacity to distribute the functionality through various nodes supporting the

functionality if a single node of that system is destroyed or damaged.
• Drift correction: the possibility to take mitigating or corrective measures if a system is drifting towards the

boundary of resilience.
• Neutral state: the possibility to delay -before actions have to be taken- to have time to survey the situation.
Cohesion: ability of a system to act as a unified whole in the face of a threat
• Inter node interactions: the capability of every node to communicate with the other nodes, including the

management and control of information.
• Reduce hidden actions: the principle that potential harmful interactions between nodes of the system are

reduced.
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that there is always enough input of water. This makes the availability of water, indicated as
quantity, an important characteristic of WRs. The quality of the water of WRs determines the
treatment that is necessary to produce save drinking water. WRs with water that hardly needs
to be treated is much cheaper than water with many pollutants, requiring a complex and
expensive treatment process. Changes in water quality are also complex in the purification. It
can be cheaper and less risk full for the public health to use WRs at a large distance from the
demand location which is easy to treat, but having higher transportation costs, than difficult to
purify water fromWRs at a close distance (de Moel et al. 2004). This makes that water quality,
in addition to water quantity, also determines the architecture of the infrastructure.

Where the water is extracted is also relevant in the characterisation of WRs as it is related to
the impact on environmental systems. The extracted water can cause drought in vulnerable
ecological systems, subsidence of soil and houses and economical losses in agricultural areas,
due to a lower crop yield as a result of moisture deficiency. The environmental impact (EI) is the
third characteristic as it constrains the amount of water that is available for WRs. If the EI is too
high in the opinion of other stakeholders, the extraction is not tolerated. For the design ofWRs it
is important to take care of the EI, the quality of the extracted water and the quantity of theWRs.

4.2 Framework Dimensions

WRs can be managed by designing and realising a technical construction for a single WR, but
it is also possible that multiple WRs are designed to work together. For example, by combining
multiple different WRs, other WRs can extract more water if there is a contaminant in one of
the WRs, or if one of the WRs has not enough water, or if the EI of one of the WRs is not
acceptable for stakeholders. The system scale at which a manager seeks solutions, determines
the options available for addressing the three key characteristics (water quality, water quantity,
environmental impact). Therefore, we distinguish a system scale dimension in our framework,
ranging from a single WR to a network of WRs.

Another relevant distinction is between technical options and social (behavioural) options
(or ‘management’ according to Biggs et al. (2015)). Both offer solutions to the manager for
safeguarding quality, quantity and EI. For example, a technical option is to use two indepen-
dent pumps, so a spare pump can take over the functioning of the other in case of a pump
failure. In the social part management must guarantee the availability of the pumps when they
are needed most. For example, managers prevent that maintenance of a pump is done during
an expected peak in the water demand. Therefore, we distinguish a dimension ‘class’ in our
framework, spanning social and technical solutions.

4.3 Water Resource Design Principles Framework

By combining the two dimensions, system scale and class, four different quadrants are created
for which design principles can be made: 1) individual WR and social aspects, 2) individual
WR and technical aspects, 3) network of WRs and social aspects 4) network of WRs and
technical aspects. Each of the characteristics, water quantity, water quality and EI, needs to be
addressed within each quadrant. The result, our water resource design principles framework
(WR-DP-framework) is presented in Fig. 2. The WR-DP-framework with four quadrants, and
three characteristics, lead to 12 design spaces, each with a set of resilience enhancing design
principles. In Table 1, fourteen REDPs were presented, so theoretically this would lead to 168
(12 times 14) different design principles.
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4.4 Design Principles for WRs

Each design space is enclosed by one characteristic and two dimensions, a class dimension and
a system scale dimension. To develop specific design principles for each design space, the
REDPs belonging to that design spacewere used in the following way: the three characteristics
and two dimensions are integrated in the generic REDPs by mentioning the characteristics and
the dimensions as topics to which the generic REDPs are applied.

This has been illustrated for two design spaces (the blue design spaces in Fig. 2).
Design space 1 is about the social aspects of an individualWRwith respect to water quantity

and design space 2 about technical aspects of a network of WRs for environmental impact.
The illustration is done for functional redundancy: the capability to absorb magnitude of

threats, and humans-in-the-loop: the principle that humans are in the loop when there is a need
for human cognition.

4.4.1 Functional Redundancy

Design space 1: The WR is managed in such a way that functional alternatives are available
when necessary; for example, working instructions are made and implemented to guarantee the
availability during operations in a high-water demand period. In the instructions the areas are
described where the water pressure can be lowered to reduce the needed amount of water and
how and when the communication department starts to ask customers to save water.

Design space 2: EI of WRs in a network has functional alternatives; for example, if the EI
of a WR is not accepted by stakeholders (too much drought), technical constructions are
available that can reduce the EI like reducing drought by setting up the surface water level with
a weir or pumping surface water to the drought area.

Fig. 2 Water resource design principles framework (WR-DP-framework)
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4.4.2 Humans-in-the-Loop

Design space 1: The water quantity of a WR is managed in such a way that humans are in the
loop if necessary; for example, working instructions are available and operators know who is
in charge to take over control and when that has to be done.

Design space 2: EI ofWRs in a network has humans in the loop; for example, the drought due
to the extraction of groundwater is reduced by supplementing surface water from an infiltration
pond. This process can function automatically, but it is also possible to take over control by
humans. The control is taken over if the quality of the water in the pond is contaminated.

5 Operationalization of the Water Resource Design Principles (WR-DP)
Framework

The developed WR-DP framework was applied in a real-world case of a DWI company in the
Netherlands, Vitens, and the results were evaluated on their reliability, validity and general-
izability. The case has two steps: 1) evaluation of the long-term vision on WRs of 2016
(section 5.1) and 2) developing design principles for the long-term vision on WRs of 2020
(section 5.2). Finally, the framework and its application were evaluated (section 5.3).

5.1 Evaluation of the Long-Term Vision on WRs of 2016

Vitens has made a long-term vision (Vitens 2016) -before the WR-DP-framework was
developed- and in this plan Vitens described some strategies for managing the WRs, the
Vitens Long Term Water Resources Strategies (Vitens-LT-WR-Ss). We aimed to identify any
gaps in the Vitens-LT-WR-Ss by using the WR-DP-framework.

In 2015 and 2016 the strategy department of Vitens (Vitens 2016) developed the Vitens-
LT-WR-Ss to guarantee the long term availability of water resources in two steps: 1)
identification of risks and 2) developing strategies to mitigate those risks.

Risks that were identified:

1) Risks related to the availability of water and water resources
2) Risks related to the quality of water resources
3) External risks

Based on these risks, the Vitens strategy department formulated specific long-term strategies
for WRs in workshops with managers and experts in the Vitens company, the Vitens-LT-WR-
Ss (Vitens 2016). In the Vitens-LT-WR-Ss a distinction was made between management
strategies (Vitens management LT-WR-Ss) and system strategies (Vitens system LT-WR-Ss).
Elements of the Vitens management LT-WR-Ss are:

A. Stakeholder involvement with (potential) pollution problems and defining measures to
prevent, mitigate or remove (potential) pollutions in WRs

B. Knowledge of future water demand developments and changes in time (e.g. peaks during
hot and dry periods)

C. Awareness for possible external human and natural threats and changes in the environ-
mental impact of the WRs (for example due to climate change)
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Elements of the Vitens system LT-WR-Ss are:

1) Diversity in the types of water resources, to prevent that quantity changes in one WR
affect all WRs

2) Sustainable combinations of a WR with other activities

Then an analysis was done to find possible differences between the Vitens LT-WR-Ss and the
strategies resulting from the application of the WR-DP design framework. The analysis gave
the following insights:

5.1.1 Scale dimension: individual WR versus network of WRs.

In the Vitens LT-WR-Ss “individual WR” and “network of WRs” are not explicitly distin-
guished. Only one strategy of the Vitens system LT-WR-Ss is explicitly about the network.
The other strategies of the Vitens system LT-WRs and all strategies of Vitens management
LT-WRs can be related to an individual WR but also to a network of WRs. A clearer
distinction between individual WR and a network of WRs is important as they lead to different
strategies. For example, flexibility in the extraction can be organised by using WRs that can
easily change in extraction amount without environmental impact that is not acceptable for
stakeholders, but flexibility can also be organised by connecting all WRs with pipes with each
other.

It is also noteworthy that most of Vitens LT-WR-Ss is related to REDPs of the attribute
“capacity”, some to the attribute “flexibility” and none to the attributes “tolerance” and
“cohesion”.

Conclusion: The Vitens LT-WR-Ss would have had a more comprehensive overview of
possible strategies if the WR-DP-framework was used to develop strategies for an
individual WR and a network of WRs.

5.1.2 Class Dimension: Social Versus Technical Aspects

A distinction between management and system is made in the Vitens LT-WR-Ss, while the
WR-DP-framework uses “social aspects” and “technical aspects”. Management in the Vitens
LT-WR-Ss has primarily a focus on the management tasks of management and employees of
Vitens, the DWI company. This is probably because it was drawn up in internal Vitens
sessions but could also be due to the word “management”. We expect that using “social
aspects” would have invite participants of the workshops to look at more aspects than
management, like the activities of government and other stakeholders.

System has similarities with technical aspects, but the strategies in the Vitens LT-WR-Ss
includes a combination of technical and social aspects. We argue that “social aspects” versus
“technical aspects” is a sharper distinction than “management” versus “system” and that the
Vitens LT-WR-Ss would have had more sharply specified strategies if the framework was used.

Conclusion: The Vitens LT-WR-Ss would include not only management aspects, but
also social aspects of other stakeholders if the WR-DP-framework was used. The
strategies of the Vitens LT-WR-Ss would probably have been formulated more sharply
if the WR-DP-framework was used.
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5.1.3 Characteristics: Quantity of WR, Quality of WR and the EI

Quantity of WR, quality of WR and the EI are important issues for drinking water companies,
so it is not surprising that they are addressed in the Vitens LT-WR-Ss. For example, quantity is
addressed in example b of the Vitens management LT-WR-Ss about insight in the future water
demand that determines the needed water fromWRs in time. Quality is addressed in example a
of the Vitens management LT-WR-Ss about preventing, mitigating or removing (potential)
pollutions in WRs and EI in example c of the Vitens management LT-WRs about natural
threats and changes in the EI of WRs.

However, a systematic analysis based on the different characteristics is missing and
therefore strategies are missing. For example, the Vitens LT-WR-Ss does not contain strategies
dealing with the EI like preference for areas that are not vulnerable for changes in the water
balance or preference for areas where the environmental impact can be mitigated or restored.
Also, design principles on water quality and water quantity are missing, like the design
principle to extract clean water with a constant and predictable quality and the design principle
to mitigate the impact of shortage of water or water quality problems.

Conclusion: The Vitens LT-WR-Ss would have had a more comprehensive systematic
overview of strategies for the three characteristics if the WR-DP-framework was used.

5.2 Developing Measures to Solve Bottlenecks

Due to long periods with hot weather in the summers 2018, 2019 and 2020, the drinking water
demand in the Vitens area was much higher than in recent decades. The result was that permits of
water resources on a monthly and annual basis were exceeded and Vitens had problems to deliver
the desired amount of water. Stakeholders complained about the drought damage they suffered from
thewater extractions and objected to the permits being exceeded. The regional differences turned out
to be large, because while there were many bottlenecks in one area (dry sand areas vulnerable for
drought), there was enough water available for the different stakeholders in other areas.

Governments and Vitens wanted to avoid this situation occurring again and Vitens was
asked to take measures to solve these bottlenecks. The WR-DP-framework was used to
develop these measures (Vitens 2020) (Vitens 2019a, 2019b).

Central question was how to make the WRs future proof. Future proof WRs are defined as
WRs that are able to handle high water demands with a water quality that has known
fluctuations during years so the treatment can be can designed on this known and varying
quality and the environmental impact is acceptable for all stakeholders.

Measures to make the WRs future proof were developed in a workshop in four steps:

1) Workshop participants were divided in three groups: water quantity, water quality and
environmental impact;

2) Half of the participants of each group had to develop social measures and the other half
technical measures;

3) The task in the first workshop was to develop measures for individual WRs and the task in
the second workshop was to develop measures for a network of WRs. In both workshops
all REDPS had to be discussed for possible measures;
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4) Presenting the results of all groups to each other and identifying possibilities to integrate
the different measures. For example, by reducing the water demand by customers the
environmental impact will reduce, and the quantity problem will also get smaller.

The result was that Vitens started a program “water for Now and Later” which has five projects
which are related and have a focus from the short term (next year) to the long term (change of
the total system). The program has project managers for the different projects, but in the
program committee these project managers work with strategy experts and stakeholders
together to identify bottlenecks, overlaps, chances and improvements. The program committee
reports to a strategic management steering group. On project level, on program level and on
management level the progress is discussed with external stakeholders.

5.3 Evaluation

The development of the framework (section 4) and the application of the WR-DP-framework
(sections 5.1 and 5.2) in the case were evaluated on reliability, validity, and generalizability:

& Reliability: are the same results obtained if the study was repeated?

The evaluation guided by this question was done by analyzing possible causes to get other
results in the case.

& Validity: are the descriptions recognizable by other users?

The evaluation for this question was done by analyzing the acceptance of the results of the
application of the framework by experts, management, and the board of Vitens.

& Generalization: are the principles usable for other (DWI) systems?

The evaluation for generalization was done by comparing the characteristics and dimensions of
the case with other systems. If characteristics and dimensions are the same, it can be expected
that the framework is also applicable in that system.

5.3.1 Reliability

Development of the Framework The case showed that characteristics and dimensions
were useful to get a comprehensive systematic overview and that they were helpful to
develop a program to make WRs more future proof. Based on this we conclude that
characteristics and dimensions are relevant for the WR-DP framework. Discussions
with experts of the Vitens company and the case gave no reason to add other
characteristics or dimensions.

The case also showed some strategies, like for example “developing knowledge
and systematically working” and “stakeholder involvement” that are part of the Vitens
LT-WR-Ss, but are missing in the WR-DP-framework. This can be the result of the
use of REDPs of STS and as WRs are operating at the interface between STS and
SES, it is interesting to investigate if the use of REDPs for the SES would lead to
inclusion of this kind of strategies.
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Application of the Framework The results of the application of the WR-DP-framework is
determined by the present-day context. For example, the droughts during the summers in 2018,
2019 and 2020 caused a higher focus on the availability of water than before, resulting in a program
“water for Now and Later” The experience and knowledge of the teams also influenced the results.

Based on these, the context and experience and knowledge of teams working with the
framework influences the results and it is recommended to check the results of the application
of the WR-DP-framework periodically with different teams and working methods and with
chances in the context.

5.3.2 Validity

The development and application of the framework are discussed together because they are
strongly related with respect to the acceptance of the results by experts, management and the
board of Vitens.

The use of the framework for an evaluation and for the development of measures is
accepted by experts, management, and the board of Vitens. The results of the application of
the framework are the basis for an expensive program with a major impact on the Vitens
organizations and the stakeholders. The objective of the program is to reduce the drinking
water consumption of households and industries, to remove WRs and replace them from
drought vulnerable areas to more sustainable locations and to change the water management
system. At present, the water management system is designed to drain rainwater as fast as
possible to the sea, which is favorable for cultivating agricultural land. The aim of the program
is to change the water management system towards a situation in which the water is retained
more, and areas become wetter. This new situation is most of the time better for all water
related activities, like WRs, nature and agriculture, due to the expected climate change.

The results also influence the Vitens research agenda. Vitens started for example a research
project to investigate the possibility to make (groundwater)WRs more flexible in the amount of
water that can be extracted, without exceeding the acceptable environmental impact (Vitens
2019a, 2019b).

The fact that the framework is used for an evaluation and to define measure illustrates that
the framework, and the results that are obtained by applying the framework, are considered
relevant and recognizable by experts, management and board in the Vitens company.

5.3.3 Generalization

All characteristics and dimensions of the WR-DP-framework are reflected in the case. This is
also the case for other drinking water infrastructures that operate water resources, drinking
water treatment facilities and a piping network for transport and distribution of drinking water.
Based on this it is expected that the WR-DP-framework can be used for WRs planning and
operation in all kinds of DWIs.

6 Conclusions and Recommendations

This paper discussed how resilience can be used to design water resources in such a way that
they function in the desired way at present, but that the design also fits with an uncertain
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future, as good as possible. Generic resilience enhancing design principles, developed for
social-technical systems, were used to develop water resource specific design principles. For
that, the generic resilience enhancing design principles were specified by using three charac-
teristics (water quantity, water quality and environmental impact) and two dimensions, system
scale and class, that are relevant for water resources.

Combining these three characteristics and four quadrants of the dimensions lead to 12
design spaces, each with a set of resilience enhancing design principles: the water resource
design principles (WR-DP) framework. Application of the framework in a case showed that
the framework, and distinguished characteristics and dimensions are relevant and accepted by
experts.

The application of the WR-DP framework in a case of drinking water company illustrated
that the results are accepted, considered relevant and are recognizable by experts, management,
and board in the Vitens company. The case also showed that the present-day context of a
company could play a role and might bias the definition of risks and mitigation measures.
Applying the systematic WR-DP framework regularly, will address most of this bias.

It is expected that the WR-DP-framework can also be applied in other drinking water
infrastructures using WRs, as these DWI have the same characteristics and dimensions.

It is recommended to conduct further research to optimize the framework and the use of the
framework. The framework is based on resilience enhancing design principles, developed for
social-technical systems, but water resources of drinking water infrastructures are at the
interface between the social-technical system and the social-ecological system. It is therefore
recommended to investigate the application of resilience enhancing design principles, devel-
oped for social-ecological systems, in the WR-DP-framework.

Finally, the amount of theoretically different design principles (168) makes it difficult to
choose and prioritize between these design principles. It is recommended to develop a process
to guide this prioritization.
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