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Abstract. Developments such as climate change and a growing demand for drinking water threaten the sus-
tainability of drinking water supply worldwide. To deal with this threat, adaptation of drinking water supply
systems is imperative, not only on a global and national scale but particularly on a local scale. This investigation
sought to establish characteristics that describe the sustainability of local drinking water supply. The hypothesis
of this research was that sustainability characteristics depend on the context that is analysed, and therefore, a
variety of cases must be analysed to reach a better understanding of the sustainability of drinking water supply
in the Netherlands. Therefore, three divergent cases on drinking water supply in the Netherlands were analysed.
One case related to a short-term development (2018 summer drought), and two concerned long-term phenom-
ena (changes in water quality and growth in drinking water demand). We used an integrated systems approach,
describing the local drinking water supply system in terms of hydrological, technical, and socio-economic char-
acteristics that determine the sustainability of a local drinking water supply system. To gain a perspective on the
case study findings that are broader than the Dutch context, the sustainability aspects identified were paired with
global aspects concerning sustainable drinking water supply. This resulted in the following set of hydrological,
technical, and socio-economic sustainability characteristics: (1) water quality, water resource availability, and
impact of drinking water abstraction; (2) reliability and resilience of the technical system and energy use and
environmental impact; (3) drinking water availability, water governance, and land and water use. Elaboration of
these sustainability characteristics and criteria into a sustainability assessment can provide information on the
challenges and trade-offs inherent in the sustainable development and management of a local drinking water
supply system.

Published by Copernicus Publications on behalf of the Delft University of Technology.
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1 Introduction

Climate change, combined with a growing drinking water
demand, threatens the sustainability of the drinking water
supply worldwide. The goal set for drinking water supply
in Sustainable Development Goal (SDG) 6.1 (UN, 2015) is
“to achieve universal and equitable access to safe and afford-
able drinking water for all by 2030”. Worldwide drinking wa-
ter supply crises are visible, resulting from a combination of
limited water resource availability, lacking or failing drink-
ing water infrastructure, and/or increased drinking water de-
mand due to short-term events or long-term developments
(WHO, 2017). Still, nearly 10 percent of the world popula-
tion is fully deprived of improved drinking water resources
(Ekins et al., 2019), and additionally, existing drinking water
supply systems are often under pressure. For instance, two
recent examples of water crises were reported in Cape Town,
South Africa, and Séao Paolo, Brazil (Sorensen, 2017; Cohen,
2016). To deal with such challenges and threats to safe and
affordable drinking water, adaptation of the current drinking
water supply system is imperative, not only on a global and
national level but also on a local scale.

In the Netherlands, for instance, the national drinking wa-
ter supply currently meets the indicator from SDG 6 (UN,
2018) on safely managed drinking water services and safely
treated wastewater. At the same time, the more specific goals
on (local) water quantity, quality, and ecology, as set by the
European Water Framework Directive (WFD), are not met
yet (European Environment Agency, 2018). Consequently,
drinking water supply in the Netherlands does not meet all
SDG 6 indicators, for instance when considering impact on
water-related ecosystems (Van Engelenburg et al., 2018), of
water pollution (Kools et al., 2019; Van den Brink and Wui-
jts, 2016), or of water shortage (Ministry of Infrastructure
and Environment and Ministry of Economic Affairs and Cli-
mate Policy, 2019). Additionally, future developments, such
as the uncertain drinking water demand growth rate (Van der
Aa et al., 2015) and the changing climate variability (Teul-
ing, 2018), may put the sustainability of the Dutch drinking
water supply under pressure in the future.

The abstraction of groundwater or surface water from the
hydrological system, and subsequent treatment to drinking
water quality before being distributed to customers, requires
local infrastructure (typically a drinking water production fa-
cility embedded in a distribution network of pipelines). Al-
though the daily routine of drinking water supply has a highly
technical character (Bauer and Herder, 2009), the sustainabil-
ity in the long-term depends on the balance between tech-
nical, socio-economic, and environmental factors. This bal-
ance is especially complex for the local drinking water sup-
ply, which is intertwined with the local hydrological system
and local stakeholders through its geographical location.

Because of the interconnections between physical, techni-
cal, and socio-economic factors as well as across space, or-
ganizational levels, and time, adaptation of the local drink-
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ing water supply to current and future sustainability chal-
lenges calls for an integrated planning approach (Liu et al.,
2015). Integrated models have been developed to understand
the complex interactions between the physical, technical,
and socio-economic components in various water systems
(Loucks et al., 2017). However, a systems analysis to as-
sess local drinking water supply and to identify sustainability
challenges on a local scale has not yet been developed.

This research aimed to propose a set of sustainability char-
acteristics that describe the drinking water supply system
on a local scale to support policy- and decision-making on
sustainable drinking water supply. To reach this aim, cases
on drinking water supply were analysed using a conceptual
framework. The selected cases represented a short-term event
and long-term developments that affect water quality and wa-
ter resource availability, the technical drinking water supply
infrastructure, and/or the drinking water demand. The sys-
tem boundaries were set to drinking water supply on a lo-
cal scale. While the drinking water supply on a local scale
is also affected by outside influences from different organi-
zational and spatial scales, the analysis accounted for these
external influences too. The hypothesis of this research was
that sustainability characteristics depend on the context that
is analysed, and therefore, a variety of cases must be anal-
ysed to reach a better understanding of the sustainability of
drinking water supply in the Netherlands.

2 Method

Sustainable water systems can be defined as water systems
that are designed and managed to contribute to the current
and future objectives of society, maintaining their ecological,
environmental, and hydrological integrity (Loucks, 2000).
This study focused on the sustainability of drinking water
supply systems on a local scale — in short, local drinking wa-
ter supply systems. The boundaries of these systems were set
by the area in which drinking water abstraction is embedded.
The system can be approached from different perspectives.
The socio-ecological approach considers relations between
the socio-economic and environmental system, whereas the
socio-technical approach considers the socio-economic and
technical system (Pant et al., 2015). In this study, we com-
bined both approaches by describing the local drinking water
supply system in terms of hydrological, technical, and socio-
economic characteristics that determine the sustainability of
a local drinking water supply system.

Drinking water supply in the Netherlands is of a high stan-
dard compared to many other countries. The SDG 6 targets
on safe and affordable drinking water and sanitation and
wastewater treatment are basically met. But the Dutch gov-
ernment and drinking water suppliers are also challenged to
meet the other goals set in SDG 6, such as the improvement
of water quality, increase in water-use efficiency, and pro-
tection and restoration of water-related ecosystems. In ad-
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dition the standards on water quantity, quality, and ecology,
as set by the European Water Framework Directive (WFD),
have not been achieved yet (European Environment Agency,
2018).

The adopted research approach consisted of four steps.
The first step was the selection and analysis of three drinking
water practice cases in the Netherlands, aiming to identify
the main Dutch sustainability aspects in these cases. Three
Dutch cases were selected based on their impact on the sus-
tainability of drinking water supply in the Netherlands, con-
sidering a short-term event with limited water resource avail-
ability and long-term, ongoing developments on water qual-
ity, and growing drinking water demand and water resource
availability. The cases are illustrated with Vitens data (Van
Engelenburg et al., unpublished, 2020).

In the second step, the cases were analysed using the DP-
SIR framework (Driver, Pressure, State, Impact, Response;
Eurostat, 1999; see Sect. 2.1). The sustainability aspects of
these cases were identified in the descriptive results of the
DPSIR analysis. The results were combined with Dutch gov-
ernmental reports on these events and developments (Min-
istry of Infrastructure and Environment and Ministry of Eco-
nomic Affairs and Climate Policy, 2019; Vitens, 2016) and
cross-checked with Vitens staff. The sustainability aspects
were categorized into hydrological, technical, and socio-
economic aspects. This resulted in a set of relevant sustain-
ability aspects, which is presented in Appendices A—C. The
following step was used to broaden the perspective from the
drinking water supply in the Netherlands to a more gen-
eral perspective by cross-checking the set of sustainability
aspects with the targets and indicators in Sustainable De-
velopment Goal 6 (hereafter referred to as SDG 6; see Ap-
pendix D; UN, 2015) and the WHO Guidelines for Drinking-
water Quality (WHO, 2017). The sustainability aspects, as
identified in the analysis, were categorized into nine hydro-
logical, technical, and socio-economic sustainability charac-
teristics. In the final step of the study, each sustainability
characteristic was elaborated further into five sustainability
criteria that describe the local drinking water supply sys-
tem. The results are described in Sect. 3. A detailed descrip-
tion of the resulting sustainability criteria is presented in Ap-
pendix E.

2.1 Case analysis method

To reach the aim of this research to support policy devel-
opment on sustainable drinking water supply, three prac-
tice cases were analysed to identify the main sustainabil-
ity aspects in these cases using the DPSIR (Driver, Pres-
sure, State, Impact, Response) systems approach (Eurostat,
1999). Drivers describe future developments, such as climate
change and population growth. Pressures are developments
(in emissions or environmental resources) as a result of the
drivers. The state describes the system state that results from
the pressures. In this research, the aim is to describe the sys-
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tem state of the drinking water supply system in terms of lo-
cal hydrological, technical, and socio-economic sustainabil-
ity characteristics (see Sect. 2.1). The changes in system state
cause impacts on system functions, which will lead to soci-
etal responses. DPSIR was originally developed to describe
causal relations between human actions and the environment.
It has also frequently been used for relations and interactions
between technical infrastructure and the socio-economic and
physical domain (Pahl-Wostl, 2015; Hellegers and Leflaive,
2015; Binder et al., 2013).

The DPSIR approach was used for the analysis of the three
selected drinking water supply cases to obtain an overview of
the impact of drivers, pressures, and responses to the state of
the drinking water supply system. Although the framework
has been applied on different spatial scales, Carr et al. (2009)
recommend using the framework in a place-specific manner
to ensure that local stakeholder perspectives are assessed as
well. With the research focus at the local drinking water sup-
ply system, these local perspectives were implicitly included.
The drivers, pressures, and responses can be on local and
higher organizational and/or spatial scales, thus ensuring that
— where essential — relevant higher scales are accounted for
too.

DPSIR has previously been used for complex water sys-
tems by various well-known researchers in this field, such as
Claudia Pahl-Wostl. In Binder et al. (2013), a comparison
was made between various frameworks, which concluded
that DPSIR is a policy framework that does not explicitly in-
clude development of a model but aims at providing policy-
relevant information on pressures and responses on different
scales. In Carr et al. (2009), the use of DPSIR for sustainable
development was evaluated. Although the authors were criti-
cal regarding the use of the DPSIR framework on national,
regional, or global scales, they considered application on
a local scale appropriate. They concluded that practitioners
could use DPSIR for local-scale studies because it assesses
the place-specific nuances of multiple concerned stakehold-
ers more realistically. In Van Noordwijk et al. (2020), DPSIR
was used to understand the joint multiscale phenomena in the
forest—water—people nexus and, thus, diagnosed issues to be
addressed in local decision-making. Therefore, DPSIR was
considered an appropriate framework for meeting the aim of
the research.

The impact of developments on different temporal scales
to the drinking water supply system must be considered as
well. The long-lived, interdependent drinking water supply
infrastructure is resistant to change due to design decisions in
the past which cause path dependencies and lock-ins (Melese
et al., 2015). In addition, consumer behaviour, governance
and engineering, and the interaction between these processes
cause lock-in situations that limit the ability to change to-
wards more sustainable water resources management (Pahl-
Wostl, 2002). For this reason, the case analysis was per-
formed considering both short- and long-term pressures, im-
pacts and responses.

Drink. Water Eng. Sci., 14, 143, 2021
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2.2 Case selection

In this research, three drinking water supply cases in the
Netherlands were selected. The case studies were analysed to
find sustainability aspects caused by the identified pressures
and short- and/or long-term responses in each case because
short-term shocks have different impacts and call for other
responses than long-term stresses (Smith and Stirling, 2010).
The cases therefore focused on short-term events and long-
term developments. All three cases also related to targets set
in SDG 6 (UN, 2015). The DPSIR analysis of the case stud-
ies is presented in Appendices A-C.

2.3 Case 1: 2018 summer drought

Summer 2018 in the Netherlands was extremely warm and
dry, causing water shortages in the water system and a long
period of extreme daily drinking water demand, resulting in
a record monthly water demand in July 2018 (Ministry of In-
frastructure and Environment and Ministry of Economic Af-
fairs and Climate Policy, 2019; see Illustration case 1). The
driver in this case is the extreme weather condition, which
caused several pressures, such as high temperatures, high
evaporation, and a lack of precipitation. These pressures did
not only cause drought damage to nature, agriculture, and
gardens and parks as well as limited water availability in the
surface water and groundwater systems, they also resulted in
an extremely high drinking water demand. Data on drinking
water supply volumes (Van Engelenburg et al., unpublished,
2020) showed that the extreme drinking water demand dur-
ing summer 2018 put the drinking water supply system under
high pressure, causing extreme daily and monthly drinking
water supply volumes that exceeded all previously supplied
volumes (see Fig. 1). The capacity of the system was fully
exploited but faced limitations in abstraction, treatment and
distribution capacity.

lllustration case 1: 2018 summer drought

Within the Vitens supply area, the average daily supply vol-
ume during the summer period June—August over the years
2012-2017 was approximately 965000 m>d~!. During the
period 27 June-4 August 2018, the daily supply volume ex-
ceeded this average summer volume by approximately 28 %,
with an average volume of nearly 1240 000m3d~! (Fig. 1a).
On 25 July 2019, the maximum daily water supply reached
nearly 1390000 m3d~!, which was 42 % above the baseline
daily supply (Fig. 1a). The monthly drinking water supply
volume in July 2018 of 38 millionm?® per month was an in-
crease of 18 % compared to the previous maximum monthly
supply volumes (Fig. 1b). Although the drinking water sup-
ply infrastructure was designed with an overcapacity to meet
the regular demand peaks, the flexibility to more extreme
peaks or to long periods of peak demand is limited.

The high drinking water abstraction volumes added up to
the water shortages in both the groundwater and the surface

Drink. Water Eng. Sci., 14, 1-43, 2021

water system that was caused by the lack of precipitation and
high evaporation during the summer (Ministry of Infrastruc-
ture and Environment and Ministry of Economic Affairs and
Climate Policy, 2019). To ensure an acceptable surface water
quality for the drinking water supply, measures were taken to
reduce salinization (Ministry of Infrastructure and Environ-
ment and Ministry of Economic Affairs and Climate Policy,
2019).

To reduce the drinking water use, a call for drinking water
saving was made, and locally, pressures in the drinking wa-
ter distribution system were intentionally lowered to reduce
the delivered drinking water volumes (Ministry of Infrastruc-
ture and Environment and Ministry of Economic Affairs and
Climate Policy, 2019). The problems caused by the summer
drought raised a discourse on (drinking) water use and sav-
ing, including discussions on controversial measures such as
a progressive drinking water tariffs, with tariffs dependent
on the consumed drinking water volume and differentiation
between high-grade and low-grade use of (drinking) water
(Ministry of Infrastructure and Environment and Ministry of
Economic Affairs and Climate Policy, 2019). The results of
this case analysis are presented in Appendix A.

2.4 Case 2: groundwater quality development

This case focused on the impact of the groundwater quality
development in the Netherlands on the drinking water sup-
ply. Analysis of the state of the resources for drinking water
supply in the Netherlands in 2014 pointed out that, although
the drinking water quality met the Dutch legal standards, all
water resources are under threat by known and new pollu-
tants (Kools et al., 2019). In the Netherlands, 55 % of the
drinking water supply is provided by groundwater resources
(Baggelaar and Geudens, 2017). Long-term analysis of water
quality records of Dutch drinking water supply fields shows
that the vulnerability of groundwater resources to external in-
fluences, such as land use, strongly depends on hydrochemi-
cal characteristics (Mendizabal et al., 2012). Monitoring re-
sults show that, currently, groundwater quality is mainly un-
der pressure due to nitrate, pesticides, historical contamina-
tion, and salinization (Kools et al., 2019). Nearly half of the
groundwater abstractions for drinking water are affected by
an insufficient groundwater quality, and it is expected that, in
the future, the groundwater quality at more abstractions will
exceed the groundwater standards set in the European Water
Framework Directive (European Union, 2000). In addition,
traces of pollutants such as recent industrial contaminants,
medicine residues, and other emerging substances have been
found, indicating that the groundwater quality will likely fur-
ther deteriorate (Kools et al., 2019).

Groundwater protection regulations regarding land and
water use by legal authorities will help to slow down ground-
water deterioration (Van den Brink and Wuijts, 2016). How-
ever, strategies to restore groundwater quality will often not
be effective in the short term because already existing con-
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Figure 1. Daily (a) and monthly (b) drinking water supply volume by Dutch drinking water supplier Vitens during summer 2017 (average),
2018 (extreme), and 2019 (high) (Van Engelenburg et al., unpublished, 2020).

taminations may remain present for a long period of time, de-
pending on the local hydrological characteristics (Jgrgensen
and Stockmarr, 2009; see Illustration case 2). The impact of
contamination cannot be undone unless soil processes help to
(partially) break down contaminants. Thorough monitoring
for pollution is therefore essential for following groundwater
quality trends and for responding adequately to these trends
(Janza, 2015). Due to the expected deterioration of the raw
water quality!, different and more complex treatment meth-

IRaw water is the (untreated) water that is treated to produce
drinking water. This can be abstracted groundwater or surface water,
depending on the available water resource.

https://doi.org/10.5194/dwes-14-1-2021

ods are necessary to continuously meet the drinking water
standards (Kools et al., 2019). In general, a more complex
treatment method leads to higher energy use, use of addi-
tional excipients, water loss, and the production of waste ma-
terials, which will lead to a higher water tariff and to a higher
environmental impact (Napoli and Garcia-Tellez, 2016). The
results of the analysis are presented in Appendix B.

lllustration case 2: groundwater quality development

In the 1980s, the Dutch government implemented regulations
to protect water quality by limiting the growing nitrate and
phosphate surplus due to overuse of livestock manure. This

Drink. Water Eng. Sci., 14, 143, 2021
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resulted in a decrease in the nitrate surplus from 1985 on.
However, due to the long travel times in groundwater, it took
years before the impact of these regulations became visible
in the groundwater quality. Figure 2 illustrates the period
of time in which the nitrate concentration in an abstraction
well still increased despite the 1985 regulations on reduc-
tion in the nitrate surplus at surface level. The nitrate con-
centration in this well increased until 2005 before the nitrate
level started to decrease. Only since 2014 has the concentra-
tion dropped below the nitrate standard for groundwater of
50mgL~!.

2.5 Case 3: drinking water demand growth

Due to drinking-water-saving strategies, the drinking wa-
ter use in the Netherlands per person has decreased from
137 litre per person per day in 1992 to 119 litre per person
per day in 2016 (Van Thiel, 2017). This development re-
sulted in a decreasing total yearly drinking water demand
volume in that same period, despite the population growth in
the Netherlands (Baggelaar and Geudens, 2017). However,
2013 was a turning point at which the total yearly drink-
ing water demand volume in the Netherlands started to grow
again (Baggelaar and Geudens, 2017). The trend in the pe-
riod 2013-2019 shows a strong increase in drinking water
demand (see Illustration case 3). Delta scenarios have been
developed for the Netherlands, projecting a drinking water
demand development varying between a decrease of 10 % to
an increase of 35 % in 2050 compared to 2015 (Wolters et al.,
2018).

The drinking water demand growth rate for the period
2013-2019, as is seen within the Vitens supply area, com-
pares to the growth rate in the maximum delta scenario of
35 % growth from 2015 to 2050 (See Illustration case 3).

lllustration case 3: drinking water demand growth

The increase in normalized drinking water supply volume
as supplied by Vitens between 2015 and 2019 is 4.5%
(Fig. 3). Due to this recent demand growth, the reserve ca-
pacity within the existing drinking water supply infrastruc-
ture is already limited. The drinking water demand growth
rate for the period 2015-2019 compares to the growth rate
in the maximum Delta scenario of 35 % growth from 2015
to 2050 (Fig. 3). If this growth rate is not tempered through
a significant reduction in the drinking water use, this would
require a large extension of the drinking water supply infras-
tructure.

If this strong growth rate continues, it will put serious pres-
sure on the drinking water supply. This will partially be due
to limitations in the technical infrastructure but also partially
due to limitations in the water resource availability caused by
insufficient abstraction permits or a possibly negative impact
on the hydrological system and stakeholders. Given the in-
flexibility of drinking water supply infrastructure to change,

Drink. Water Eng. Sci., 14, 1-43, 2021

an integrated strategy is necessary to meet this uncertain de-
velopment in the drinking water demand. To find sustainable
solutions for the future, not only the technical infrastructure
aspects must be solved. It also requires strategies on water
saving, expansion of permits, development of new abstrac-
tion concepts using other water resources, as well as stake-
holder processes in the design and use of the local drinking
water supply system. This case is basically an extension of
the first two cases in that the growing water demand amplifies
the aspects caused by the drought in 2018 and the groundwa-
ter quality development. The results of the analysis of this
case study are presented in Appendix C.

3 Sustainability characteristics of drinking water
supply

In this section, the sustainability characteristics are pre-
sented, each elaborated further into five sustainability crite-
ria. A detailed description of the resulting sustainability cri-
teria can be found in Appendix E.

3.1 Hydrological sustainability characteristics

The following three hydrological sustainability characteris-
tics are proposed that summarize the hydrological aspects
affecting the drinking water supply as found in the case stud-
ies: water quality, water resource availability, and impact of
drinking water abstraction (Table 1).

Water quality includes the monitoring and evaluation of
current water quality and the trends and expected future de-
velopment of the water quality and emerging contaminants,
as described in the case of “groundwater quality develop-
ment”. In the WHO Guidelines for Drinking-water Qual-
ity (WHO, 2017), the importance of microbial aspects as a
global water quality aspect with a health impact is addition-
ally monitored, such as bacteriological contamination due
to untreated wastewater or emergencies. The WHO Guide-
lines for Drinking-water Quality (WHO, 2017) also require
monitoring of water quality aspects without a health impact,
such as salinization, water hardness, and colour, which affect
the acceptability of the drinking water (WHO and UNICEF,
2017).

Water resource availability for drinking water supply
can be differentiated into the surface water and groundwa-
ter availability, as illustrated in case 1 — “2018 Summer
drought”. Other sustainability aspects are the vulnerability
of the surface and/or groundwater system to the water qual-
ity being permanently affected by land use, as illustrated
in the case of “groundwater quality development”. The wa-
ter resource availability can also be limited due to small-
or large-scale emergencies caused by natural hazards, such
as droughts, floods, earthquakes, or forest fires (WHO and
UNICEEF, 2017) that will put the sustainability of the local
drinking water supply under pressure.

https://doi.org/10.5194/dwes-14-1-2021
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Table 1. Summary of proposed hydrological sustainability characteristics, hydrological aspects from case studies (see Appendices A-C),
relevant SDG* indicators and WHO Guidelines for Drinking-water Quality (WHO, 2017) aspects, and hydrological sustainability criteria.

Hydrological
characteristics

sustainability

Water quality

Water resource availability

Impact of drinking water
abstraction

Sustainability aspects from case
studies

Monitoring and evaluation
Sources of pollution
Contaminants

Emerging contaminants

Other water resources
Surface water quantity
Groundwater quantity
Vulnerability of the water

Impact of abstraction
Groundwater levels
Abstraction volume
Balance between annual

Groundwater quality system recharge and annual abstrac-

Surface water quality Drought impact tion

Raw water quality Water discharge Hydrological compensation
SDG 6 targets™ 6.3; 6.5 6.4;6.5 6.4;6.6

WHO Guidelines for Drinking-
water Quality (WHO, 2017)

Health risks from microbial
contamination

Acceptability of the drinking
water (salinization, hardness,
and colour)

Small- or large-scale emergen-
cies caused by natural hazards
such as droughts, floods, earth-
quakes, or forest fires

Sustainability criteria

Current raw water quality
Chemical aspects of water
quality

Microbial aspects of water
quality

Acceptability aspects of water
quality

Surface water quantity
Groundwater quantity

Other available water resources
Vulnerability of used water
system for contamination
Natural hazards and
emergencies risk

Impact on surface water system
Impact on groundwater system
Balance between annual
recharge and abstraction
Hydrological compensation
Spatial impact of abstraction fa-
cility/ storage/reservoir

Monitoring and evaluation of
water quality trends

* SDG —Sustainable Development Goal; see Appendix V for a summary of SDG 6 targets and indicators related to sustainability characteristics (UN, 2015).

The impact of the drinking water abstraction on the hydro-
logical system entails the impact on both the surface water
system and the groundwater system and also the balance be-
tween the annual drinking water abstraction volume and the
annual recharge of the (local) water system. Whether the im-
pact of the abstraction is or can possibly be hydrologically
compensated is another sustainability aspect. The spatial im-
pact of the local drinking water abstraction facility may also
be a sustainability aspect because a drinking water facility re-
quires a certain water storage area or reservoir, which might
have a significant spatial impact in the area and, thus, might
affect local stakeholders.

3.2 Technical sustainability characteristics

The following three technical sustainability characteristics
are proposed that summarize the technical aspects for the
drinking water supply as found in the case studies: reliabil-
ity and resilience of the technical infrastructure and energy
use and environmental impact of the drinking water supply
(Table 2).

The reliability of the supply system is defined in this re-
search as “the (un)likeliness of the technical system to fail”
(Hashimoto et al., 1982). The current technical state of the

Drink. Water Eng. Sci., 14, 1-43, 2021

drinking water production facility and the distribution infras-
tructure and the complexity of the water treatment are impor-
tant technical sustainability criteria for the local drinking wa-
ter supply system. Other technical criteria that should be con-
sidered are the supply continuity of the facility, which stands
for the capability to meet the set legal standards for drink-
ing water supply under all circumstances and the operational
reliability to solve technical failures without any disturbance
of the drinking water supply.

In this research, the resilience of the drinking water sup-
ply system is defined as “the possibility to respond to short-
and long-term changes in water demand or water quality”
(Hashimoto et al., 1982). Climate change and other devel-
opments in water demand and quality call for the use of
more resilient technologies and processes and may require
upgrades of water treatment and storage capacity (WHO and
UNICEEF, 2017). The cases of “2018 summer drought” and
“drinking water demand growth” emphasize the importance
of the available abstraction permits and the treatment and
distribution capacity compared to the annual and peak wa-
ter demand, respectively, for the resilience of the local drink-
ing water supply system. Furthermore, the flexibility of the
treatment method determines whether a drinking water sup-
ply system can deal with variation in, or deterioration of, wa-

https://doi.org/10.5194/dwes-14-1-2021
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Table 2. Summary of proposed technical sustainability characteristics, technical aspects from case studies (see Appendices A—C), relevant
SDG* indicators and WHO Guidelines for Drinking-water Quality (WHO, 2017) aspects, and technical sustainability criteria.

Technical sustainability
characteristics

Reliability of technical
infrastructure

Resilience of technical
infrastructure

Energy use and environmental
impact

Sustainability aspects from case
studies

Drinking water pressure
Drinking water treatment
Reliability of abstraction, treat-
ment, and distribution infras-
tructure

Abstraction capacity
Treatment capacity

Treatment methods
Distribution capacity
Resilience of technical infras-
tructure

Energy use
Environmental impact
Additional excipients
Wastewater

Waste materials

SDG 6 targets*®

6.1;6.4

6.1;6.4

6.4

WHO Guidelines for Drinking-
water Quality (WHO, 2017)

Safely managed drinking water
services, i.e. improved drink-
ing water source on premises,
available when needed, and free
from contamination

Resilient technologies and pro-
cesses

Upgrades of water treatment
and storage capacity

Reliability of the energy supply
Renewability of the energy

Sustainability criteria

Technical state abstraction and
treatment facility

Technical state distribution
infrastructure

Complexity of water treatment
Supply continuity for
customers

Operational reliability

Abstraction permit compared to
annual drinking water demand
Production capacity compared
to peak demand

Flexibility of treatment method
Technical innovations to
improve resilience

Technical investments to

Energy use of abstraction and
treatment

Energy use of distribution
Environmental impact (addi-
tional excipients, wastewater,
and waste materials)
Reliability of the energy supply
Use of renewable energy

improve resilience

* SDG - Sustainable Development Goal; see Appendix V for a summary of SDG 6 targets and indicators related to sustainability characteristics (UN, 2015).

ter quality and emerging contaminants, which are the sus-
tainability aspects found in the case of “groundwater quality
development”.

Energy use and environmental impact include the sustain-
ability aspects from the cases of “groundwater quality devel-
opment” and “drinking water demand growth”. This entails
the energy use of abstraction, treatment, and distribution and
the environmental impact of additional excipients, wastew-
ater, and other waste products of the treatment. Especially
when the raw water quality deteriorates, the required water
treatment methods become more complex. In general, this
leads to large investments and an increased energy use and
environmental impact, e.g. when advanced membrane filtra-
tion methods are required. Additional global sustainability
aspects are the reliability of the energy supply and the re-
newability of the energy that is used (WHO, 2017).

3.3 Socio-economic sustainability characteristics

A total of three socio-economic sustainability characteristics
are proposed that summarize the socio-economic aspects af-
fecting the drinking water supply as found in the case studies,
namely drinking water availability, water governance, and
land and water use (Table 3).

https://doi.org/10.5194/dwes-14-1-2021

The drinking water availability can be quantified by the
percentage of households connected to the drinking water
supply. A sustainable local drinking water supply provides
sufficient drinking water of a quality that meets the national
or international drinking water standards at a tariff that is af-
fordable to all households (UN, 2015). In the Netherlands, by
law the drinking water tariff must be built on a cost-recovery,
transparent, and non-discriminatory basis (Dutch Govern-
ment, 2009). Water-saving strategies will reduce the drinking
water demand growth and, therefore, will contribute to the
sustainability. Drinking water safety is a prerequisite for pub-
lic health and sustainable drinking water supply. The WHO
guidelines consider water safety plans essential for providing
the basis for system protection and process control and for
ensuring that water quality issues present a negligible risk to
public health and that the drinking water is acceptable to con-
sumers. Therefore, the WHO Guidelines for Drinking-water
Quality (2017) monitor the availability of water safety plans,
including emergency plans on how to act in case of drinking
water supply disturbances, shortages, or drinking water qual-
ity emergencies (WHO and UNICEF, 2017). A water safety
plan can be built on various safety protocols.

Water governance focuses on policies and legislation, en-
forcement, and compliance of regulations. Good governance
also includes decision-making processes that consider differ-

Drink. Water Eng. Sci., 14, 143, 2021
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Table 3. Summary of proposed socio-economic sustainability characteristics, socio-economic aspects from case studies (see Appendices A—
C), relevant SDG* indicators and WHO Guidelines for Drinking-water Quality (WHO, 2017) aspects, and socio-economic sustainability

criteria.

Socio-economic sustainability
characteristics

Drinking water availability

Water governance

Land and water use

Sustainability aspects from case
studies

Customers

Drinking water availability
Drinking water demand
Drinking water tariff
Drinking water quality
Drinking water volume
Drinking water shortage
Emergencies and disturbances
Water saving

Abstraction permits
Drinking water standards
Water authorities

Water legislation, policy, and
regulations

Drinking water suppliers
Compliance

Stakeholders

Water use

Land use

Agriculture

Nature and groundwater-
dependent ecosystems
Financial compensation
Spatial impact

SDG 6 targets*®

6.1

6.3;6.4;6.5;6.6;6.a; 6.b

6.3;6.4

WHO Guidelines for Drinking-
water Quality (WHO, 2017)

Water safety plan

Small- or large-scale emergen-
cies for the drinking water sup-
ply caused by human activities
or conflicts

Sustainability criteria

Percentage of connected house-
holds

Drinking water service quality
Drinking water tariff
Water-saving strategy

Water safety protocols

Availability of (drinking) water
legislation and policies
Compliance of drinking water
supplier

Decision-making process by
(local) authorities

Local stakeholder interests
Emergency risk caused by
human activities or conflicts

Land use (including subsurface
use)

Water use for purposes other
than drinking water
Regulations on land and water
use

Limitations on land or water
use

Financial compensation for

economic damage from the
impact of abstraction or
limitations on land use

* SDG - Sustainable Development Goal; see Appendix V for a summary of SDG 6 targets and indicators related to sustainability characteristics (UN, 2015).

ent stakeholder interests to ensure accountable, transparent,
and participatory governance (UNESCAP, 2009). The avail-
ability of (inter-) national and local policies and legislation
on drinking water supply as well as on water management,
including regulations and permits, and the level of compli-
ance of the drinking water supplier to these policies and leg-
islation, is important for socio-economic sustainability. The
sustainability of the local drinking water supply is also char-
acterized by the stakeholders’ interests related to the pres-
ence of a local drinking water abstraction and by how lo-
cal authorities weigh these interests in their decision-making
processes. A final aspect in water governance that reaches
further than local stakeholder interests is the risk of small- or
large-scale emergencies for the drinking water supply caused
by human activities or conflicts (WHO and UNICEF, 2017).

The local land and water use, at surface and subsurface
level, affects the water quality and quantity. It may have
resulted in historical contaminant sources, causing point or
non-point water pollution, but it may also lead to emerging
contaminants that provide new risks to water quality. Addi-

Drink. Water Eng. Sci., 14, 1-43, 2021

tionally, water use for other purposes may limit the avail-
ability of water resources for drinking water. Regulations to
protect water quality or water quantity may cause limitations
on local land and water use. Financial compensation for suf-
fered economic damage due to the impact of the abstraction
or the limitations caused by protection regulations can be an
important aspect for the sustainability of the drinking water
supply system.

4 Discussion

4.1 Use of DPSIR systems approach

In this study, we used an integrated systems approach to anal-
yse the local drinking water supply system, combining hy-
drological, technical, and socio-economic aspects of the sys-
tem. The analysis of the three selected cases with DPSIR sup-
ported the identification of the aspects that shape the sustain-
ability of the local drinking water supply system. The case
analysis did indeed help to account for differences between

https://doi.org/10.5194/dwes-14-1-2021
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short-term and long-term developments and for the impact of
external influences that come from the national and interna-
tional scale.

The applied DPSIR approach is a linear socio-ecological
framework originally developed to identify the impact of
human activities on the state of the environmental system
(Binder et al., 2013). However, the local drinking water sup-
ply system is a complex rather than linear system because the
impact of pressure on one system element could lead to pres-
sure on another system element. This complicated the iden-
tification of pressures and impacts. For instance, high tem-
peratures and lack of precipitation caused a higher drinking
water demand and surface water quality deterioration. Both
consequently presented pressures with an impact on the re-
silience and reliability of the technical drinking water supply
infrastructure. Although this hampered the analysis, the use
of DPSIR supported a systematic analysis of the local drink-
ing water supply cases and helped to identify the sustainabil-
ity aspects. Use of a different integrated systems approach
would not have led to a significantly different outcome for
the case analysis. A next step could potentially be to use the
identified system characteristics for system dynamics analy-
sis and modelling. However, this is beyond the scope of this
current research.

4.2 General applicability of the sustainability
characteristics

To increase the general applicability of the results from the
analysis of the Dutch cases on drinking water supply, the
identified sustainability aspects were related to worldwide
acknowledged sustainability aspects by cross-checking with
international policies on drinking water supply. This put the
aspects in a broader perspective, which may contribute to the
transferability of the proposed sustainability characteristics
and criteria to other areas.

Assessments to understand the sustainability challenges
and the impact of future developments and adaptation op-
tions are seen as powerful tools for policy-making (Ness
et al., 2007; Singh et al., 2012). The sustainability charac-
teristics, as proposed in this research, may be used to de-
velop a sustainability assessment for the local drinking water
supply system that can help to identify sustainability chal-
lenges and trade-offs of adaptation strategies. Trade-off anal-
ysis supports decision-making processes and makes these
processes more transparent to local stakeholders (Hellegers
and Leflaive, 2015). Based on the local situation and data
availability, adequate indicators and indices can be selected
to quantify the sustainability characteristics in a certain area
(Van Engelenburg et al., 2019).

https://doi.org/10.5194/dwes-14-1-2021

5 Conclusions

The aim of this study was to identify a set of characteris-
tics that describe the sustainability of a local drinking wa-
ter supply system in the Netherlands to support policy- and
decision-making on sustainable drinking water supply. The
use of the DPSIR systems approach was an adequate method
for the analysis of the cases. The results of the analysis of
the three cases confirmed the hypothesis that sustainability
is contextual, resulting in different sustainability aspects in
the various cases. The combined results of the analysis of
three different practice cases contributed to a better under-
standing of drinking water supply in the Netherlands. Cross-
checking of the results of case analysis with international
policies on drinking water supply provided a wider context
than the Netherlands and has thus contributed to the general
applicability of the identified sustainability characteristics.

Based on the presented analysis, the following set of
hydrological, technical, and socio-economic sustainability
characteristics is proposed, respectively: (1) water quality,
water resource availability, and impact of drinking water ab-
straction; (2) reliability and resilience of the technical system
and energy use and environmental impact; (3) drinking wa-
ter availability, water governance, and land and water use.
An elaboration of the sustainability characteristics into more
detailed criteria may further increase the value of the results
of this research in the process of the development of policies
on sustainable drinking water supply in the Netherlands.

Drink. Water Eng. Sci., 14, 143, 2021
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Appendix A: Results of analysis case 1: 2018

summer drought

Table A1. Summary of the impact, short- and long-term response, and sustainability aspects in case 1 — 2018 summer drought. In the

subsequent Table A2, the full results of the case study are presented.

Impact

Short-term response

Long-term response

Sustainability aspects

Extreme drinking water use;
high drinking water demand.

Drinking water suppliers’ in-
creased abstraction volume.

Development of water-saving
strategies.

Drinking water use, drinking
water demand, drinking water
suppliers, abstraction volumes,
and water saving.

Drought, falling water dis-
charges and groundwater levels,
and damage to groundwater-
dependent ecosystems and
agriculture.

Water use limitations, water au-
thorities apply existing drought
water policy, and risks for water
quality.

Development of additional wa-
ter shortage policy for water
management and water gover-
nance.

Drought, water dis-
charge, groundwater lev-
els, groundwater-dependent

ecosystems, agriculture, water
use, water authorities, water
policy, water management,
water governance, and water
availability.

Customers worried about drink-
ing water availability.

Drinking water suppliers called
on customers to save drinking
water.

Societal support for drinking-
water-saving strategies.

Customers, drinking  water
availability, drinking water
suppliers, and water saving.

Declining surface water dis-
charge and quality.

Drinking water suppliers took
measures to safeguard raw wa-
ter quality.

Development of additional poli-
cies on water quality protection.

Surface water discharge, sur-
face water quality, drinking wa-
ter suppliers, raw water qual-
ity, water management policies,
and water use.

Groundwater quality deteriora-
tion.

No response possible due to a
lack of water.

Development of additional poli-
cies on water quality protection.

Groundwater quality, surface
water quality, water shortage,
surface water discharge, and
water management policies

Drinking water quality at risk
due to rising water temperature
in pipelines.

Sufficient refreshment due to
high demand.

Changing the design standard
of distribution pipelines to limit
risk of temperature rise.

Drinking water quality, treat-
ment method, and distribution
infrastructure.

Increasing abstraction volume,
resulting in increasing impact
to land use.

Stakeholder complaints by agri-
culture and nature.

Increased societal pressure on
the reduction of the impact of
drinking water abstraction.

Drinking water demand, ab-
straction volume, impact of ab-
straction, land use, stakehold-
ers, agriculture, nature, and
drinking water suppliers.

Exceedance of abstraction per-
mits and limiting the resilience
of the technical infrastructure.

Enforcement procedures by le-
gal authorities.

Extension of drinking water
abstraction permits and water-
saving strategies.

Drinking water demand, ab-
straction volume, abstraction
capacity, abstraction permit, re-
silience of abstraction, legal
authorities, water regulations,
water legislation, and saving
drinking water.

Shortage of drinking water dur-
ing peak demand due to insuffi-
cient resilience of treatment in-
frastructure.

Reduced drinking water supply
volume.

Adjustment of resilience and
reliability of treatment infras-
tructure.

Treatment volume, treatment
capacity, drinking water short-
age, reliability of the treat-
ment, resilience of the treat-
ment, drinking water standards,
drinking water demand, and
drinking water suppliers.

Drink. Water Eng. Sci., 14, 1-43, 2021
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Table A1. Continued.

Impact

Short-term response

Long-term response

Sustainability aspects

Insufficient distribution capac-
ity.

Lowering drinking water pres-
sure to reduce drinking water
volume.

Adjustment of resilience and
reliability of distribution infras-
tructure.

Distribution capacity, resilience
and reliability of distribution,
drinking water suppliers, drink-
ing water volume, and drinking
water standards.

Major disturbances could cause
a serious disruption of the sup-

ply.

Maximum personnel deploy-
ment by drinking water suppli-
ers.

Investments to improve the re-
silience and reliability of tech-
nical infrastructure by drinking
water suppliers.

Drinking water demand, reli-
ability of technical infrastruc-
ture, and drinking water suppli-
ers.

High energy use and envi-
ronmental impact of extreme
drinking water production.

Incorporating impact to energy
use and environmental impact
in the design of measures to
improve the resilience and re-
liability of technical infrastruc-
ture.

Drinking water demand, energy
use, environmental impact, and
drinking water suppliers.

https://doi.org/10.5194/dwes-14-1-2021
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Table A2. Results analysis of case 1 — “2018 summer drought”. For each pressure, the response to and impacts on the state of the local drinking water supply system are described. The

cells in italics refer to Table Al.

Impact

Short-term response

Long-term response

Sustainability aspects

Extreme drinking water use; high
drinking water demand.

Drinking  water suppliers in-
creased abstraction volume.

Development  of
strategies.

water-saving

The summer affected the drink-
ing water use as follows: filling
of swimming pools, watering gar-
dens, and extra showering all led
to a very high drinking water
demand. Additionally, there also
were requests from concerned cit-
izens about adding drinking water
to refill ponds that dried up due to
the extreme drought.

Drinking water suppliers increased
the abstraction volume to meet the
increased drinking water demand.

The drought (re-)initiated a dis-
course on water-saving strategies,
including controversial measures
such as progressive drinking water
tariffs and differentiation between
high-grade (household and sanita-
tion and food production) and low-
grade (pools, gardens, and process
water) use.

Drinking water use, drinking
water demand, drinking water
suppliers, abstraction volume,
and water saving.

Driver Pressure
Extreme High tem-
weather perature,
event high evapo-
ration, and
no precipi-
tation.
Extreme High evap-
weather oration and
event no precipi-
tation.

Drought, falling water discharges
and  groundwater levels, and
damage to groundwater-dependent
ecosystems and agriculture.

Water use limitations, water au-
thorities applied existing drought
water policy, and risks in water

quality.

Development of additional water
shortage policy for water manage-
ment and water governance.

The drought caused falling water
discharges and groundwater lev-
els; thus, river discharges declined,
springs and brooks dried up, and
vegetation withered or even died
due to low groundwater levels and
high temperatures. Groundwater-
dependent ecosystems such as wet-
lands and agricultural produce suf-
fered due to the drought.

Limitations in water use from wa-
ter system. Water authorities ap-
plied the special water policy that
was developed for periods with
low water availability. Drinking
water supply has a high ranking
because of its high societal rele-
vance.

In some ecologically vulnerable ar-
eas, there is a water policy to re-
solve local surface water shortages
by supplementing them from larger
water bodies such as rivers. This
affects the local surface water qual-
ity and may also affect the ground-
water quality.

Discourse and policy development
for water management and wa-
ter governance, aiming at a fur-
ther prioritization and limitations
of water use during water short-
age and retention of surface wa-
ter and groundwater during periods
with sufficient water availability.

Drought, water dis-
charge,  groundwater  lev-
els, groundwater-dependent

ecosystems, agriculture, water
use, water authorities, water
policy, water management,
water governance, and water
availability.
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Table A2. Continued.

Driver

Pressure

Impact

Short-term response

Long-term response

Sustainability aspects

Extreme
weather
event

High tem-
perature.

Drinking water quality at risk due
to rising water temperature in
pipelines.

Ensuring  sufficient
due to high demand.

refreshment

Changing the design standard of
distribution pipelines to limit risk
of temperature rise.

The extreme temperatures led to
an increased surface water temper-
ature, and soil temperature, that
may have affected the drinking wa-
ter temperature in the distribution
infrastructure. This introduces a
drinking water quality risk.

When surface water is the main
resource for drinking water, the
water quality risk will be limited
by a treatment method that en-
sures the bacteriological quality of
the drinking water. Sufficient re-
freshment within storage and high
stream velocities in pipelines re-
duces the risk of temperature rise
in the distribution infrastructure.

The risk of drinking water qual-
ity aspects caused by increased
drinking water temperature due to
climate change may have conse-
quences for the design of the dis-
tribution infrastructure.

Drinking water quality, treat-
ment method, and distribution
infrastructure.

Extreme
weather
event

High drink-
ing water
demand.

Increasing abstraction volume re-
sulting in increasing impact on
land use.

Stakeholder complaints by agricul-
ture and nature.

Increased societal pressure on the
reduction of the impact of drinking
water abstraction.

To meet the high drinking wa-
ter demand, the abstraction volume
rose to a high level. In some lo-
cal areas, the impact of the abstrac-
tion added up due to the extreme
drought and high temperatures, af-
fecting the land use.

Stakeholders in agriculture and na-
ture complained about the impact
of the extra abstraction on their
land use.

The drought impact enlarged the
societal pressure on drinking wa-
ter suppliers to reduce the impact
of local drinking water abstraction
on the water system.

Drinking water demand, ab-
straction volume, impact of ab-
straction, land use, stakehold-
ers, agriculture, nature, and
drinking water suppliers.

https://doi.org/10.5194/dwes-14-1-2021

Drink. Water Eng. Sci., 14, 1-43, 2021



17

J. van Engelenburg et al.: Sustainability characteristics of drinking water supply in the Netherlands

‘sua17ddns 421pm Suryurp
pup  pubwidp AIpM  SuryuLp
‘SpADPUD]S 42IDM SUIYULID ‘TUIUL
-padl Yyl fo 20udnjisal U
-ipad] Yyl Jo &npgonad a3p
-140Ys 421pM Suryurip ovdpo
JUAWIDAA]  ‘DUINJOA  JUIUIDAL]

"SIBAA
[eI0AS OYE) [[Im syoadse [Te jsnlpe
0], ‘s1oadse juourjean [eo0[ 2say)
Surajos siorfddns 1ojem Sunyuup
0} P9 YoIym ‘puewiop Iojem 3Jur
-uup yead 9y Je 9[qeI[aI 10U Sem
Kyoeded juounean ay) aroym oIy
-ONINSeIJul [eSIUYd) Y} UI SUOTIED
-0] SNOLIBA PaYNUAPI Jy3noip ayJ,

‘spIep
-ue)s Io1em Supuup oy Sunesur
Jou JO SLI U} 0Nponul p[nom
(s1931y 2y} Jo Aouonbaiy Sursued[o
9y 3uronpar 1o AJO0[OA MOp 19}
-[y oy Sursearour ‘odwexs 1oy
‘£q) Aroedes Juounean ay) Surpadd
-xq owmnjoa A[ddns 1o1em SunyuLp
oy) Suronpar £q 1deoxe ‘quaroyyns
-ut st Kyoeded juounean oY) uaym
JIqe[reae  osuodsar ou sI QAU

‘puewap yeod owonxo
SIY} JOJ JUQI[ISAI JOU SI Juouean
A} JBY) PAMOYS SUOTIRIIWI[ IS,
‘Jusunean ay) Jo AJIqerfer oy) Sur
-stwoxdwod ‘puewap yead Junnp
197em Junyuup ur a3eytoys Arerod
-wo) & Jursned ‘Kyoeded juounean
juaroynsur sem a1y} ‘A[ddns 1ojem
SunyuLp oy Jo syred owos U ‘[9A9]
ySIy © 0} 9SOI QWINJOA JUIUI)EAT)
oy ‘puewrop yead Y31y oy J9ow oF,

AMONLISDLIUT JUdUD Y JO £11]1
-D1]a4 pup 20U21]1524 JO JUdULSNIPY

UnjoA
Ajddns a21pm  Suryurip paonpay

"24n]
-ONAISDALfUL JUIUIDILY O 20UIJISIL
Jua121ffnsur oy anp puvwiap yvad sui
-INp A2IpM Supyulp Jo 23viioyg

U2IDN SuIyULIp
3ulAps puv ‘Uonv|s1Sa] 421pm
‘SUOYDINSaL A2IDM  ‘SNLLOYIND
[p32] ‘U0RIDISGD [0 20UIN1SIL
quuiad  uonovaisqp  K1ovdpo
UONIDLISQD  ‘QUINJOA  UONIDAIS
-qp  ‘pupwiap 421pm  JuIyULL]

‘pPUBLISP J9JeM SUDJULIP YY) 90Npal
0} sa1391ens SurAes-Iojem-IunuLIp
pue sjyiwred uonoensqe [euonIppe
10J PaU Paseardul ue ur Sunnsax
QuowuIoAo3d Y} £q SUONOE JUdW
-9010JUQ JJ0 319s syt jrutiad uon
-0BI)Sqe U} JO 9Q0UBPIAOXD Y],

'sown [[e Je 19jem
Sunyuup Ayenb poo3 jo Ajddns
SNONUT)UOD B 2INSUL 0) JoW 2q 0}
pey os[e Uone[sIS9[ Jojem SurjuLIp
Y} ‘TOAOMO] "SITUWII] dSAY} UTYHIM
Ae)s 0) 1011ddns 191eMm SunjuLIp 9Y)
pasin Ayuoyine [e39] Ay, ‘suonen
-3o1 197eM Q) 390w 0} saInpadoxd
JUQWIOOIOJUD PAYIE)S (SPIL0q Iojem
pue saouraoid) sopuoyne [e3o

*SUOT)ORIISQE AY) JO QOUI[IS
-a1 9y pastwoIdwod SIy ], "suone|
-n3a1 191em Sunjuup Surprey ‘own
-[oa pontwaad A[1B9A 9Y) Popedd
-Xd UQAQ SUOIOBISqe QWOoS pue
‘ownjoAa papruiad  Aypuowr Ay
POpPa20X? suonorISqe SUNULIp [8d
-0 awoS ‘sjiurad uonoensqe Ay
JO 90UBPIIIX? Y} 0} PI[ ‘SOWNJOA
uonoensqe YySIy oY) [IM pauIq
-wod ‘Ayoedes  uonoensqe 9qe
-[reAe 9y, 'TeA9] YSIY ® 0} 9so0I
QUWIN[OA UOT}OBI)SQE ) ‘PUBLIIP 19)
-em Supuup Y3y oy} jeow of,

"§2132J0.41S
Sulaps-123pm pup sputiad U01OVLIS
-qD 42IDM SUIYULIP O UOISUIXT

"S211LOYIND
p32] £q sainpasod juawadiofurg

“2UNIINAISDLIUT [DI1UYDI]
ayj Jo aoudnpisas ayy Sunrudn] ‘Spu
-tad uoyovsqp  Jo 20UuDPP2IIXT

syoadse Ajiqeurelsng

9suodsar wre)-3uo|

asuodsar urel-110yg

joeduwy

VEIIT
Supyurp JU242
J0f puvuap AYIDIN
yvad ysig U
‘pupuiap U242
4pm  Sul A2YIDIM
-yuLp ySigg QuAIXT
amssaig IOALQ

‘penunuoy "gy aqer

Drink. Water Eng. Sci., 14, 143, 2021

//doi.org/10.5194/dwes-14-1-2021

https



Sustainability characteristics of drinking water supply in the Netherlands

J. van Engelenburg et al.

18

Table A2. Continued.

Impact

Short-term response

Long-term response

Sustainability aspects

Insufficient distribution capacity.

Lowering drinking water pressure
to reduce drinking water volume.

Adjustment of resilience and relia-
bility of distribution infrastructure.

In some parts of the drinking
water supply there was insuffi-
cient distribution capacity due to
hydraulic limitations, insufficient
storage capacity, or age and quality
of the pipelines. In some areas, this
caused unintended low drinking
water pressures. These limitations
put the reliability of the distribu-
tion under pressure and showed
that the distribution capacity was
not resilient for this extreme peak
demand.

To reduce the drinking water vol-
ume that was supplied, drinking
water suppliers lowered the drink-
ing water pressure intentionally in
some areas. The impact of this
pressure reduction is a decreased
drinking water volume from taps.
By reducing the drinking water
pressure, the distributed drinking
water volume was reduced; how-
ever, this also led to a falling short
of the mandatory drinking water
standards in some areas.

The drought identified locations in
the technical infrastructure where
the distribution capacity was not
reliable at peak demand, which led
to drinking water suppliers solving
these local distribution aspects. To
adjust all aspects will take several
years.

Distribution
silience and

capacity,  re-

reliability  of

distribution, drinking water
suppliers,  drinking  water
volume, and drinking water

standards.

Driver Pressure
Extreme High peak
weather demand for
event drinking
water.
Extreme High peak
weather demand for
event drinking
water.

Major disturbances could cause a
serious disruption of the supply.

Maximal personnel deployment by
drinking water suppliers.

Investments to improve resilience
and reliability of technical infras-
tructure by drinking water suppli-
ers.

The high peak demand required a
maximal exploitation of the techni-
cal infrastructure. To ensure the re-
liability of the drinking water sup-
ply, many parts of the infrastruc-
ture are designed to be redundant,
which limits the impact of dis-
turbances for customers. However,
a major disturbance in the infras-
tructure, such as the failure of a
large transportation pipeline, could
have led to a disruption in the sup-
ply because the resilience was lim-
ited due to limited reserve capac-
ity and reduced maintenance dur-
ing the extreme drinking water de-
mand period.

To ensure the reliability of the
drinking water supply, distur-
bances are always solved with
top priority. During the extreme
peak period, drinking water sup-
pliers had all personnel put on
standby to immediately solve any
disturbances.

The drought identified locations
in the technical infrastructure that
were not reliable at peak demand,
which led to drinking water sup-
pliers solving these local aspects
and, where necessary, creating re-
dundancy to decrease the risk of
disturbances and, thus, improve the
reliability.

Drinking water demand, re-
liability of technical infras-
tructure, and drinking water
suppliers.
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Appendix B: Results of analysis case 2: groundwater

quality development

Table B1. Summary of the impact, short- and long-term response, and sustainability aspects in case 2 — groundwater quality development
(for complete results of the case study, see Table B2).

Impact

Short-term response

Long-term response

Sustainability aspects

Surface water quality deterio-
rates due to limited surface wa-
ter discharge.

Monitoring and evaluation of
water quality development.

Water legislation on water
quality and quantity protection
and drinking-water-saving
strategies.

Surface water quality, surface
water discharge, monitoring
and evaluation, water legisla-
tion, water quality and quantity,
and saving drinking water.

Groundwater quality deterio-
rates due to deteriorating sur-
face water quality.

Monitoring and evaluation of
water quality development.

Improvement of sewage and
wastewater  treatment, and
water-saving strategies.

Groundwater quality, surface
water quality, monitoring and
evaluation, and water saving.

Soil energy systems may affect
groundwater quality.

Monitoring and evaluation of
water quality development and
research.

Groundwater protection regula-
tions.

Groundwater quality, ground-
water pollution, research, mon-
itoring and evaluation, regula-
tions, and groundwater quality
protection.

Local and upstream land and
water use affects the surface
water quality.

Monitoring and evaluation of
water quality development.

Policy and measures to meet
water legislation to protect
and improve water quality and
quantity.

Surface water quality, land and
water use, contaminants, mon-
itoring and evaluation, water
legislation, and water quantity.

Diffuse and point sources of
pollution affect surface water
and groundwater quality.

Monitoring and evaluation of
water quality development.

Measures to remove historical
sources of pollution and to pre-
vent new sources of pollution.

Groundwater quality, nutrients,
organic micro-pollutants, other
contaminants, surface water
quality, monitoring and eval-
uation, water legislation, and
water quality protection.

Emerging contaminants in sur-
face and groundwater require
new drinking water treatment
methods.

Enforcement of groundwater
protection regulations on pol-
lution incidents and monitoring
and evaluation.

Development of treatment
methods to remove emerging
contaminants from sewage,
industrial wastewater, and/or
drinking water.

Emerging contaminants,
groundwater quality, surface
water quality, resilience and
reliability of the drinking
water treatment, groundwater
protection, land and water
use, water legislation, sources
of pollution, drinking water
treatment methods, energy use,
environmental impact, and
drinking water tariff.

Land use (change) may cause
groundwater quality deteriora-
tion.

Enforcement of groundwater
protection regulations on land
use change and monitoring and
evaluation.

Combination of extensive land
use functions with drinking wa-
ter abstraction.

Land use change, groundwa-
ter quality, sources of pollution,
groundwater protection regula-
tions, water use, enforcement
of regulations, monitoring and
evaluation, drinking water ab-
straction, extensive land use,
nature, agriculture, and water
system.

Drink. Water Eng. Sci., 14, 1-43, 2021
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Table B1. Continued.

Impact

Short-term response

Long-term response

Sustainability aspects

Surface water and groundwa-
ter quality deterioration deter-
mine the required drinking wa-
ter treatment.

Monitoring of drinking water
quality; in case of emergencies,
measures are taken to safeguard
the drinking water quality.

Adjustment of treatment meth-
ods to be able to continue to
meet the drinking water stan-
dards.

Raw water quality, drinking wa-
ter standards, water quality, vul-
nerability of the water sys-
tem for contamination, treat-
ment methods, reliability and
resilience of treatment, drink-
ing water quality, emergencies,
energy use, environmental im-
pact, and drinking water tariff.

Variations in raw water qual-
ity can only be handled if the
treatment method is resilient to
these variations.

Monitoring and evaluation of
water quality development.

Increase in resilience and reli-
ability of drinking water treat-
ment.

Surface water quality, ground-
water quality, resilience and re-
liability of the treatment, moni-
toring and evaluation, raw wa-
ter quality, energy use, envi-
ronmental impact, and drinking
water tariff.

https://doi.org/10.5194/dwes-14-1-2021
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Table B2. Results analysis of case 2 — “groundwater quality development”. The cells in italics refer to Table B1.

Drivers

Pressure

Impact

Short-term response

Long-term response

Sustainability aspects

Changing
climate
variability

Less sum-
mer  pre-
cipitation
and higher
summer
tempera-
tures.

Surface water quality deteriorates
due to limited surface water dis-
charge.

Monitoring and evaluation of wa-
ter quality development.

Water legislation on water qual-
ity and quantity protection and
drinking-water-saving strategies.

In summer, the surface water qual-
ity deteriorates due to limited sur-
face water discharge combined
with increasing contributions of in-
dustrial and treated sewage water
recharges compared to natural dis-
charges due to the lack of summer
precipitation.

Monitoring and evaluating water
quality development is necessary
to be able to respond timeously to
a changing surface water quality.

Land and water use must meet wa-
ter legislation as set by the Eu-
ropean Water Framework Direc-
tive and national water legisla-
tion to protect and improve water
quality and quantity. Further im-
provement in sewage and wastew-
ater treatment will reduce the im-
pact on the surface water qual-
ity. Drinking-water-saving strate-
gies can also lead to reduction in
treated sewage water recharges and
industrial recharges.

Surface water quality, surface
water discharge, monitoring
and evaluation, water legisla-
tion, water quality and quantity,
and saving drinking water.

Changing
climate
variability

Surface
water
quality de-
terioration.

Groundwater quality deteriorates
due to deteriorating surface water

quality.

Monitoring and evaluation of wa-
ter quality development.

Improvement of sewage and
wastewater treatment and water-
saving strategies.

Groundwater quality may be af-
fected by the deteriorating surface
water quality during summer peri-
ods through natural or artificial in-
filtration of surface water.

Monitoring and evaluating water
quality development is necessary
to be able to respond timeously to
a changing surface water quality.

Further improvement in sewage
and wastewater treatment will re-
duce the impact on the surface
water quality. (Drinking-) water-
saving strategies can also lead to
reduction in treated sewage water
recharges and industrial recharges.

Groundwater quality, surface
water quality, monitoring and
evaluation, and water saving.
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Table B2. Continued.

Driver Pressure Impact Short-term response Long-term response Sustainability aspects
Population  Historical Diffuse and point sources of pol-  Monitoring and evaluation of wa-  Measures to remove historical — Groundwater quality, nutrients,
growth and  pollution lution affect surface water and  ter quality development. sources of pollution and to prevent  organic micro-pollutants, other
industrial and in-  groundwater quality. new sources of pollution. contaminants, surface water
develop- creasing quality, monitoring and evalua-
ments sewage and tion, water legislation, and wa-

wastewater ter quality protection.

discharges

(change).

Groundwater quality is affected by
diffuse and point sources of pol-
lution such as nutrients, organic
micro-pollutants, and other con-
taminants caused by historic land
and water use. Groundwater can be
influenced by (historic and current)
surface water quality through nat-
ural or artificial infiltration of sur-
face water.

The impact of historical contam-
inations will proceed further into
the groundwater system and can-
not be undone — unless soil pro-
cesses help to break down con-
taminants. Monitoring and evaluat-
ing are necessary to be able to re-
spond timeously to a changing wa-
ter quality.

Historical contaminations from
past land use will affect the
groundwater quality for a long
period of time due to the low
stream velocity of groundwater.
Some historical point pollution
may be removed through soil and
groundwater remediation, but dif-
fuse pollution cannot be removed.
However, according to the water
legislation in the European Water
Framework Directive, additional
measures must be taken to reach
the set goals on water quality
protection in 2027.
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Table B2. Continued.

Driver Pressure Impact Short-term response Long-term response Sustainability aspects

Population  Land use Land use (change) may cause  Enforcement of groundwater pro-  Combination of extensive land use  Land use change, groundwa-
growth and  change. groundwater quality deterioration.  tection regulations on land use  functions with drinking water ab-  ter quality, sources of pollution,
industrial change and monitoring and evalu-  straction. groundwater protection regula-
develop- ating. tions, water use, enforcement
ments of regulations, monitoring and

Land use change may cause
groundwater quality deterioration
due to the risk of the diffusion of
point sources of pollution. The
impact may be limited if land use
changes towards less polluting
land use functions.

Groundwater protection regula-
tions on land and water use aim
to reduce the risk of pollution to
avoid groundwater quality deteri-
oration. This includes regulations
on land use change developments.
Continuous enforcement of these
regulations is essential. Monitor-
ing and evaluating is necessary to
be able to respond timeously to a
changing water quality.

Combining extensive land use
functions, such as nature and sus-
tainable agriculture, with drinking
water abstraction in local areas
to reduce the groundwater qual-
ity deterioration rate, depending on
the land use and hydrological and
chemical characteristics of the wa-
ter system.

evaluating, drinking water ab-
straction, extensive land use,
nature, agriculture, and water
system.
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Table B2. Continued.

Driver Pressure Impact Short-term response Long-term response Sustainability aspects

Population  Incidental Variations in raw water quality can ~ Monitoring and evaluating water  Increase in resilience and reliabil-  Surface water quality, ground-

growth and  changes only be handled if the treatment  quality development. ity of drinking water treatment. water quality, resilience and re-

industrial in surface  method is resilient to these varia- liability of the treatment, moni-

develop- water and  tions. toring and evaluating, raw wa-

ments ground- ter quality, energy use, envi-
water ronmental impact, and drinking
quality. water tariffs.

Especially surface water quality
can show strong water quality vari-
ations. They can enforce a tem-
porary interruption of the surface
water intake. Groundwater quality
is more stable and, therefore, less
vulnerable to incidental changes.
However, incidents can cause a
permanent change in the ground-
water quality. It depends on the re-
silience and reliability of the treat-
ment whether sudden variations in
raw water quality can be handled
well.

Monitoring and evaluating is nec-
essary to be able to respond
timeously to changing water qual-

ity.

To handle a varying or deterio-
rating raw water quality, the re-
silience and reliability of the drink-
ing water treatment must be ex-
tended. This may require innova-
tions in treatment, which can lead
to large investments, and higher
energy use and an increase in the
environmental impact of the treat-
ment. This may lead to a higher
drinking water tariff.

https://doi.org/10.5194/dwes-14-1-2021
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water demand growth
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Table C1. Summary of the impact, short- and long-term response, and sustainability aspects in case 3 — drinking water demand growth (for
complete results of the case study, see Table C2).

Impact Short-term response Long-term response Sustainability aspects

A limited water resource avail-  See Table A2. See Table A2. Water resource availability,

ability will affect the drinking drinking  water availability,

water availability. resilience of drinking water
supply, drinking water demand,
and water legislation.

A water quality deterioration See Table B2. See Table B2. Water quality, drinking water

affects the resilience and re- treatment, reliability of treat-

liability of the drinking water ment, and drinking water stan-

treatment. dards.

A growing drinking water de- See Table A2. Drinking water suppliers must Drinking water demand, reli-

mand will put the reliability and
resilience of the technical in-
frastructure under pressure.

adapt the technical infrastruc-
ture to the growing water de-
mand. Water-saving strategies
may reduce the growth rate,
which will limit the required
extension of the technical in-
frastructure.

ability of technical infrastruc-
ture, drinking water suppli-
ers, drinking water availabil-
ity, treatment, energy use, envi-
ronmental impact, and drinking
water tariff.

A declining drinking water de-
mand may also put the re-
silience of the technical infras-
tructure under pressure.

Research on the potential risks
of a decline in drinking water
demand.

Adaptation strategies that in-
crease the resilience of the in-
frastructure to growth and a de-
cline in the drinking water de-
mand.

Drinking water demand, relia-
bility, and resilience of techni-
cal infrastructure.

https://doi.org/10.5194/dwes-14-1-2021
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Table C2. Results of the analysis of case 3, drinking water demand growth, were additional to the analysis of the first two cases. The cells in italics refer to Table C1.

Driver Pressure Impact Short-term response Long-term response Sustainability aspects
Changing Limited A limited water resource availabil-  See Table A2. See Table A2. Water resource availability,
climate water ity will affect the drinking water drinking water availability,
variability, resource availability. resilience of drinking water
population availability supply, drinking water demand,
growth and  due to and water legislation.
industrial extreme
develop- weather
ments events,

other water

use, or

limited

abstraction

permits.

A limited water resource availabil-
ity will affect the drinking water
availability. The abstraction per-
mits may be insufficient to meet
the drinking demand, and possi-
bilities to extend the permits will
be minimal. This will put the re-
silience of drinking water supply
to respond to changes in drinking
water demand under pressure. This
may cause frequent exceedance of
permit conditions or failure to ad-
here to the drinking water legisla-
tion.

See Table A2.

See Table A2.
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Table C2. Continued.

Driver

Pressure

Impact

Short-term response

Long-term response

Sustainability aspects

Changing
climate
variability,
population
growth,
industrial
develop-
ments

Growing
drinking
water

demand.

A growing drinking water demand
will put the reliability and re-
silience of the technical infrastruc-
ture under pressure.

See Table A2.

Drinking water suppliers must
adapt the technical infrastructure
to the growing water demand.
Water-saving strategies may re-
duce the growth rate, which will
limit the required extension of the
technical infrastructure.

The overall capacity of the tech-
nical infrastructure determines
whether the supply is resilient in
response to a higher drinking water
demand. The drought in 2018 dis-
played the technical limitations in
parts of the drinking water supply
system, putting the reliability of
the technical infrastructure under
pressure.

See Table A2.

Depending on the effectiveness
of the water-saving strategies that
are developed, the technical lim-
itations must be solved to meet
the growing drinking water de-
mand. Drinking water suppliers
must solve the local aspects to
ensure drinking water availabil-
ity. Because these adjustments
take time, drinking water suppli-
ers must start solving the aspects
now. This requires substantial in-
vestment and also leads to an in-
creased energy use and environ-
mental impact, which may result in
an increased drinking water tariff.

Drinking water demand, reli-
ability of technical infrastruc-
ture, drinking water suppli-
ers, drinking water availabil-
ity, treatment, energy use, envi-
ronmental impact, and drinking
water tariffs.
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Appendix D: Summary of Sustainable Development
Goal 6 targets and indicators related to sustainability
characteristics

Table D1. Summary of the Sustainable Development Goal 6 targets and indicators related to sustainability characteristics.

Hydrological Technical system Socio-economic
system system
5 7 7 S
> = £ £ 5 =
£ o5 | = £ |2
S 2| £ 5 |z 3 ¢
[ < 8 1] el = =] 5
z 2 £ | 3 & |2 £ £
= 3 o > ° ® z 5) S
< & ey Z 2} >
s 8 T2 ¢ |2 & %
5 5 2 |& = B |2 5 =<
s £ g |5 & & | & g
Target Indicator = z E ~ ~ m A B —
6.1 By 2030, achieve uni- 6.1.1 Proportion of popula- X X X
versal and equitable ac- tion using safely managed
cess to safe and affordable  drinking water services.
drinking water for all.
6.2 By 2030, achieve ac-  6.2.1 Proportion of the pop-
cess to adequate and equi- ulation using safely man-
table sanitation and hygiene  aged sanitation services, in-
for all and end open defe- cluding a hand-washing fa-
cation, paying special atten-  cility with soap and water.
tion to the needs of women
and girls and those in vul-
nerable situations.
6.3 By 2030, improve wa-  6.3.1 Proportion of wastew-  x X X
ter quality by reducing pol-  ater safely treated. X X X
lution, eliminating dump-  6.3.2 Proportion of bodies
ing, and minimizing the re-  of water with good ambient
lease of hazardous chem-  water quality.
icals and materials, halv-
ing the proportion of un-
treated wastewater and sub-
stantially increasing recy-
cling and safe reuse glob-
ally.
6.4 By 2030, substantially 6.4.1 Change in water-use X X X X X
increase water use effi- efficiency over time. X X X X X
ciency across all sectors, 6.4.2 Level of water stress X
and ensure sustainable — freshwater withdrawal as
withdrawals and supply of a proportion of available
freshwater to address water ~ freshwater resources.
scarcity and substantially
reduce the number of peo-
ple suffering from water
scarcity.
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Table D1. Continued.

Hydrological Technical system Socio-economic
system system
- I ) 3]
g |8 35 &
5 3] 13} g
E|E £ <
2 | g & F
£ [ | £ & |2
: 2 |£ £ E |: g 2
£ 5 5 |2 ¢ 5 |2 & =
E} 2 = 2 8 2 >
s & = |2 § |2 & %
Target Indicator = =z £ & & A a B 3
6.5 By 2030, implement 6.5.1 Degree of integrated X X X
integrated water resources ~water resources manage-
management at all levels, ment implementation (0-
including through trans- 100).
boundary cooperation, as 6.5.2 Proportion of trans-
appropriate. boundary basin area with an
operational arrangement for
water cooperation.
6.6 By 2020, protect 6.6.1 Change in the extent X X
and restore water-related  of water-related ecosystems
ecosystems, including  over time.
mountains, forests, wet-
lands, rivers, aquifers, and
lakes.
6.a By 2030, expand inter- 6.a.1 Amount of water- X
national cooperation and and sanitation-related offi-
capacity-building support  cial development assistance
to developing countries in thatis part of a government-
water and sanitation-related  coordinated spending plan.
activities and programmes,
including water harvest-
ing, desalination, water
efficiency, wastewater
treatment, and recycling
and reuse technologies.
6.b Support and strengthen  6.b.1 Proportion of local ad- X
the participation of local ministrative units with es-
communities in improving tablished and operational
water and sanitation man-  policies and procedures for
agement. participation of local com-
munities in water and sani-
tation management.
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Appendix E: Overview of sustainability
characteristics and criteria

This section is an extended and updated version of Ap-
pendix A of Van Engelenburg et al. (2019).

Table E1. Summarizes the hydrological, technical, and socio-economic sustainability characteristics and criteria for a local drinking water
supply system from Sect. 3.

System Sustainability Sustainability General de-  Sustainable Under pressure ~ Unsustainable Suggestions for  Reference for
characteristics criteria scription general  data general  data
sources sources
Hydrological Water quality Current  raw  Towhichextent Current raw  Occasionally Current  raw E.g. status of European
system water quality does the cur- water qual-  the current raw  water quality water bodies Union (2000).
rent raw water ity meets set water quality is permanently according to
quality meet set  standards. exceeds set exceeding set European Wa-
standards? standards. standards. ter Framework
Directive.
Chemical as- Which trends Chemical water Consistent Deteriorating European European
pects of water are found quality is im- chemical water chemical water Union (2000). Union (2000).
quality in chemical  proving. quality. quality.
water  quality
development?
Microbial as- Towhichextent No risk of Microbial Microbial pol-  European European
pects of water is microbial  microbial pollution is lution is an  Union (2000). Union (2000).
quality pollution a  pollution. a potential  actual risk, and
threat to the risk, but the the microbio-
raw water microbiologi- logical quality
quality? cal quality is isinsufficient.
sufficient.
Acceptability Are there as- No issues with  Salinization, Salinization, European European
aspects of pects of water the acceptabil- hardness, or hardness, Union (2000). Union (2000).
water quality quality that ity of the drink- colour  cause and/or colour
limit the ac- ing water. a minor ac- cause serious
ceptability  of ceptability acceptability
the  drinking issue. issues.

water (saliniza-
tion, hardness,
and/or colour)?

Monitoring and Is there suf- Sufficient and There is  There is lim- European European
evaluation of ficient and adequate mon- monitoring ited or no Union (2000). Union (2000).
water quality adequate mon- itoring and available, but monitoring
trends itoring and evaluating of the evaluation available, and
evaluating of water quality of data is lim- water quality
water qual-  trends. ited, resulting trends are not
ity trends in a limited investigated.
available? understanding
of water quality
trends.
Water resource  Surface water Are there  Sufficient avail-  Surface water  There is E.g. status of European
availability quantity current lim-  ability all year availability regularly insuf- water bodies  Union (2000).
itations or roundornosur- varies during ficient surface according to
future threats to  face water ab- the year and water volume European Wa-
the abstracted  straction. may occasion- available in the ter Framework
surface ~ water ally be limited dry season. Directive.
volume? in the case of
dry weather
conditions.

Groundwater Are there  Abstraction Abstraction is  Abstraction E.g. status of European
quantity current lim- is not lim- not limited but volume is lim- water bodies Union (2000).
itations or ited because exceeds annual ited because according to
future threats to ~ groundwater recharge minus  groundwater European Wa-
the abstracted is recharged  environmental is  abstracted ter Framework
groundwater sufficiently streamflow. from a confined  Directive.

volume? (yearly abstrac- aquifer that is
tion < annual not recharged
recharge minus (mining).

environmental
streamflow) or
no groundwater
abstraction.
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Table E1. Continued.
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System Sustainability Sustainability General de-  Sustainable Under pressure  Unsustainable Suggestions for  Reference for
characteristics criteria scription general  data general  data
sources sources
Other available Are there wa- There are suf- There are other There are no E.g. status of European
water resources  ter  resources ficient ~ water water resources  water resources water  bodies  Union (2000).
available  for resources avail- available that available that according to
drinking water able that could could replace could replace European Wa-
production replace the the currently thecurrentused ter Framework
other than currently used used water  water resource.  Directive.
currently used?  water resource resource, but
with minor this will re-
adjustments to  quire major
the  drinking adjustments to
water treatment  the  drinking
method. water treatment
method.
Vulnerability of  To whichextent The water sys- The water  The water E.g. status of European
used water sys- is the used wa- tem is hardly system is vul- system is water bodies  Union (2000).
tem to contami-  ter system vul-  vulnerable to nerable to soil vulnerable to according to
nation nerable to con-  contamination and groundwa- calamities and European Wa-
tamination? because the ter  pollution diffuse contam- ter Framework
used water  (phreatic ination (surface  Directive.
resource is  groundwater). water).
protected by
an aquitard
(groundwater
in confined
aquifers).
Natural hazards ~ To which extent Limited  risk Minor risk of Natural haz- E.g. national UN (2007).
and emergen- are natural haz-  of natural haz- a natural haz- ards occur  flood risk in-
cies risk ards (droughts, ards (<1 per ards (<1 per frequently (>1 ventory and
floods, earth- 25 years). 10 years). per 10years) Commission
quakes, and and are a se- on Sustainable
forest fires) rious threat to  Development
threatening the water resources  (CSD) In-
water resources availability. dicator of
availability? Sustainable
Development
(percentage
of popula-
tion living in
hazard-prone
areas).
Impact of Impact on sur- The scale of Small (ground- Medium (river- Large (sur- E.g. status of European
drinking water face water sys- impact of the water abstrac- bank abstrac- face water water  bodies  Union (2000).
abstraction tem abstraction to tion below tion; phreatic abstraction). according  to
the surface  aquitard). groundwater European Wa-
water system. abstraction). ter Framework
Directive.
Impact to The scale of Small (sur-  Medium Large (phreatic E.g. groundwa-  Gleeson  and
groundwater impact of the face water  (riverbank groundwater ter footprint. Wada (2013).
system abstraction to  abstraction). abstraction; abstraction).
the groundwa- groundwater

ter system.

abstraction be-
low aquitard).

Balance be- The  balance Thenetabstrac- Thenetabstrac- Thenetabstrac- Sustainable Van der Kerk
tween annual between  ab- tion volume is tion volume  tion volume Society Index and Manuel
recharge and straction and less than 10% is 10%—-40% is >40% of (SSI; renew- (2008).
abstraction recharge of the of the average of the average the average able water
water system. annual recharge  annual recharge  annual recharge  resources).
in the recharge in the recharge in the recharge
area. area. area.
Hydrological The extent to Small impact There are pos- There is a sig- Local hy- E.g. Van En-
compensation which the im- or impact is sibilities for hy- nificant impact drological gelenburg
pact of abstrac-  hydrologically drological com-  on the abstrac- knowledge; et al. (2018,
tion is compen-  compensated pensation of the  tion, but there hydrological 2020).
sated hydrolog- ~ with a technical impact on the are no possi- modelling
ically. measure. abstraction, but  bilities for hy- results.

they are not op-
erational yet.

drological com-
pensation.
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Table E1. Continued.

System Sustainability Sustainability General de-  Sustainable Under pressure  Unsustainable Suggestions for  Reference for
characteristics criteria scription general data general data
sources sources
Spatial impact  Size of required  Small (ground- Medium Large (surface Drinking water
of abstraction working area water ab-  (groundwater water ab-  company’s
facility, stor- for abstraction straction with abstraction straction with  information;
age, and/or facility. basic treatment with medium storage basins map.
reservoir facility). treatment and  extended
facility). treatment
facility).
Technical sys- Reliability Technical state Is the techni- The technical Production Production ca- International Alegre
tem of  technical abstraction and cal state of the state of the capacity is  pacity is insuf- Water Associa- et al. (2006).
infrastructure treatment facil- drinking water drinking water sufficient but ficient due to tion (IWA; pHI1
ity production fa-  production not fully de- technical limi- treatment plant
cility sufficient facility is suffi- ployable due tations. utilization).
and fully de- cient and fully to restrictions
ployable? deployable. in permit
or technical
limitations.
Technical state  Are there The distribu- The distribu- The distribu- Performance E.g. Dutch
distribution in-  issues that  tion infrastruc- tion infrastruc- tion infras- data of water Government
frastructure complicate the ture is adequate ture is adequate  tructure is  utilities. (2009a).
drinking water to meet the in general but, insufficient and
distribution? required distri-  at extreme peak  major  disrup-
bution capacity demand, lim- tions of the
and water itations in the drinking water
pressure. drinking water supply  occur
distribution regularly.

cause reduced
water pressure

and limited
drinking water
supply.
Complexity of How complex Technical water ~Water quality —Serious water Performance E.g. Dutch
water treatment  is the required quality issues issues such as quality issues data of water Government
treatment. and  (iron/manganese hardness re- (chemical and utilities. (2009a).
is the treatment removal and quire medium microbiolog-
effective to  pH correction);  complex ical)  require
meet the water requires only treatment (de- a complex
quality issues? basic treatment.  calcification). treatment
(ultra-filtration
and reverse
0Smosis).
Supply  con- Are there fre- Drinking water Drinking water Drinking water  Performance Alegre
tinuity for quent drinking supply inter- supply inter- supply inter- data of water etal. (2006).
customers water  supply ruptions < lh ruptions < 10d ruptions > 10d utilities; IWA
interruptions? per year. per year. per year. (QS17 days
with  restric-
tions to water
service).
Operational re- Is the facility Facility meets The facility  Facility is not Performance E.g. Dutch
liability operationally corporate does not fully operationally data of water Government
reliable? standard for meet corporate reliable, and utilities. (2009a).
operational standard ~ for there are no
reliability. operational investments
reliability, but planned to
investments improve the re-
are planned liability within
to increase 5 years.
the opera-
tional reliabil-
ity < 5years.
Resilience Abstraction Are the permit- The permitted The permitted The permitted Performance E.g. Dutch
of technical permit com- ted abstraction abstraction abstraction abstraction data of water Government
infrastructure pared to annual  volumes suffi-  volumes are  volumes are  volumes are utilities. (2009b).
drinking water cient to meet sufficient to sufficient  to insufficient to
demand the annual meet the cur- meet the cur- meet the cur-
drinking water rent and future rent annual rent or future
demand? annual drinking  drinking water  annual drinking

water demand demand but  water demand.
(operational re-  cannot meet the
serve > 10 %). future demand

(operational re-

serve < 10 %).
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Table E1. Continued.

System Sustainability Sustainability General de-  Sustainable Under pressure  Unsustainable Suggestions for  Reference for
characteristics criteria scription general data general data

sources sources

Production Is the produc- The production The  produc- The  produc- Performance Alegre

capacity com-
pared to peak

tion  capacity
per hour suffi-
cient to meet
extreme peak
demand?

capacity  per
hour is suffi-
cient to meet
extreme peak
demand.

tion  capacity
is < 5% below
the  predicted
extreme peak
demand and,
therefore, is not
fully sufficient.

tion  capacity
is > 5% below
the predicted
extreme peak
demand and,
therefore, is
insufficient

to meet peak
demand.

data of water
utilities; IWA
(pH1 treat-
ment plant
utilization).

et al. (2006)

demand
Flexibility

of  treatment
method for

changing raw
water quality

Is the treatment
method flexible
in response to
a changing raw
water quality?

The treatment
method re-
moves a broad
spectrum  of
pollutants and
can therefore
also handle
various new
pollutants (e.g.
membrane

treatment

methods).

The treatment

method is
flexible ~when
concentrations

of the currently
removed  ele-
ments change
but cannot
remove  other
pollutants (e.g.
decalcifica-
tion).

The treatment
method is not
flexible in re-
sponse to large
changes in con-
centrations  or
pollutants (e.g.
sand filtration).

Performance
data of water
utilities.

Technical inno-
vations to im-
prove resilience

Have technical
innovations
been developed
to improve
resilience?

Within society
there is ongo-
ing research to
find technical
innovations on
drinking water
use or supply
to improve
resilience.

Within the
drinking water
company there
is ongoing
research to
find technical
innovations

for  drinking
water  supply
to improve
resilience.

There is no
or limited
research on
technical  in-
novations  for
drinking water
supply.

Data of water
utilities (annual
report).

Technical Are technical Technical in- There is a There is no Financial
investments investments vestments are limited budget budget for data of water
to improve  being made being made to for technical technical utilities.
resilience to improve improve  the investments to investments.
resilience? resilience of the ~ improve the
drinking water resilience of the
infrastruc- drinking water
ture, including infrastructure.
investments
in technical
innovations.
Energy use and Energy use of Energy use Low (shallow Average (deep High (long IWA; pH5  Alegre
environmental abstraction and  for abstraction  groundwater groundwater transport standardized et al. (2006).
impact treatment and treatment abstraction, abstraction, distance to  energy con-
of water per short distance short distance treatment sumption.
square metre. to  treatment, to treatment, and complex
and basic and medium treatment).
treatment), treatment
groundwater).
Energy use of Energy use for Low (aver-  Average (aver- High (aver-  European European
distribution distribution. age transport age transport age transport Benchmark Benchmarking
distances distances distances (EBC; electric-  Co-operation
< 15km). < 30km). > 30km). ity use). (2017).
Environmental Are there ma- No use or Use of addi- Production of EBC (climate European
impact (ad- terials used or production tional excipi- waste materials  footprint). Benchmarking
ditional produced in the  of materials  ents with high and wastewa- Co-operation
excipients, treatment with ~ with high en-  environmental ter with high (2017).
wastewater, an environmen-  vironmental impact in the environmental
and waste  tal impact? impact. treatment. impact.
materials)

Reliability en-
ergy supply

Is the energy
supply reliable?

Reliable energy
supply and
emergency

energy backup.

Average re-
liable  energy
supply and
no emergency
energy backup.

Unreliable en-
ergy supply and
no emergency
energy backup.

EBC (electric-
ity use).
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Table E1. Continued.

System Sustainability Sustainability General de-  Sustainable Under pressure  Unsustainable Suggestions for  Reference for
characteristics criteria scription general  data general  data
sources sources

Use of renew- Use of renew- Allused energy A total of > A total of < IWA; pH7 en- Alegre

able energy able energy is  renewable 50 % renewable 50 % renewable ergy recovery. et al. (2006).

sources (gen-  energy. energy is used.  energy.

erated or

acquired green

energy).
Socio- Drinking water  Percentage Households A total of > A total of 80- A total of < IWA; QS3  Alegre
economic availability of connected directly con-  95%. 95 %. 80 %. population et al. (2006).
system households nected to coverage.

drinking water
supply system.

Drinking water  Continuity Continuity Continuity Drinking water IWA QS12con-  Alegre
service quality and quality of and quality  of drinking  quality and tinuity of sup- etal. (2006).
supply  (local of drinking  water supply or  supply con-  ply; QS18 qual-

scale). water  supply quality under tinuity not ity of supplied
guaranteed pressure at  guaranteed. water.
24/7. peak demand.
Drinking water ~ Average water A total of A total of A total of IWA; Fi28  Alegre
tariff charges without <EURIm™3. EURI-2m™3. >EUR2m 3. average wa- etal. (2006).
public charges ter charges
(company for direct
scale). consumption.
Water-saving Water-saving Effective water- ~ Water-saving No water- SSI (sufficient Van der Kerk
strategy strategy to saving strategy strategy aiming  saving strategy.  to drink). and Manuel
reduce average resulting in an to reduce the (2008).
water demand average water average water
in litre per demand <1001 demand of
person per per person per 100-2001 per
day (national day. person per day.
scale).
Water  safety Are there wa- Water safety There are There are no Drinking water E.g. Dutch
protocols ter safety pro- protocols fully safety proto- safety proto- company’s in- Government
tocols or wa- cover the cols, but these cols. formation. (2009a).

ter safety plans drinking water only cover part
to safeguard the  supply, and the of the drinking

drinking water  organization water  supply
supply? is performing or are not fully
accordingly. performed.
Water Availability of Is there ad- There is  There is legis- There is no SSI (good Van der Kerk
governance (drinking) wa-  equate leg- adequate leg- lation on drink- legislation and  governance); and  Manuel
ter legislation islation on islation on ing water sup- enforcement on national and lo-  (2008).
and policies drinking water  drinking water ply but limited drinking water cal legislation.
supply, and is supply com- or no enforce- supply.
there enforce- bined with ment by legal
ment of this sufficient en- authorities.
legislation? forcement by
legal  authori-
ties.

Compliance of Are the re- All permits The  permits There is a lack SSI (good gov- Van der Kerk
drinking water quired permits are available, are available, of adequate  ernance); per- and Manuel

supplier available, and and the facility but the facility drinking water mits; TRUST (2008).
is the facility is  compliant is not fully supply leg- framework for
compliant with  with the permit compliant with islation, —and Urban  Water
the permit  requirements. the permit  drinking water Cycle Sys-
requirements? requirements. suppliers only tems (UWCS)

follow their  sustainability
company’s (G1-G4).
standard.

Decision- Are local Local stake-  Local stake-  Local stake- SDG 6.b. UN (2015).

making process  stakeholders holders are  holders are not holders cannot

by (local)  involved in  involved in involved in the easily be in-

authorities decisions on the planning planning pro-  volved in
drinking water  process and  cess and cannot  the  decision-
supply or the can participate participate making  pro-
water system? in licensing  in licensing  cess.

procedures. procedures.
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System Sustainability Sustainability General de-  Sustainable Under pressure ~ Unsustainable Suggestions for ~ Reference for
characteristics criteria scription general  data general  data
sources sources
Local stake- Does the lo- Stakeholders Stakeholder The interests SDG 6.b; na- UN (2015).
holder interests ~ cal  authority are involved in interests must of (some) local tional or local
actively weigh the decision- be taken into stakeholders legislation.
stakeholder making process  account in are not ac-
interests in  and stakeholder the licensing counted for
the decision- interests must process. by the local
making  pro- legally be taken authorities.
cess? into account in
the licensing
process.
Emergency risk  Is there emer- There is, in There is a low There is an evi- SDG 16. UN (2015).
caused by hu- gency risk  general, no emergency risk dent emergency
man activities caused by hu- serious emer- caused by hu- risk caused
or conflicts man activities  gency risk  man activities. by human
or conflicts? caused by hu- activities or
man activities conflicts.
or conflicts.
Land and water Land use (in- Is land or sub- The impact The land or The land or E.g. status of European
use cluding subsur-  surface use in of land or subsurface use subsurface use water bodies Union (2000).
face use) the area posing subsurface use forms a poten- is affecting the according to
a threat to the is limited due tial risk to the drinking water European Wa-
drinking water  to low-risk  drinking water  supply. ter Framework
supply? use or because supply but is Directive.
the  drinking regulated.
water supply is
well protected
against the
impact.
Water use for Does water use In general, In extreme  There is E.g. status of European
other purposes in the area pose there is suf- situations, the constantly water  bodies  Union (2000).
than drinking a threat to the ficient  water available water insufficient according  to
water drinking water available for all ~resources are water available European Wa-
supply? functions, and limited and for all water ter Framework
water quality is must be fairly users, and/or Directive.
not affected by  distributed water  quality
water use. between  wa-  deterioration
ter users or occurs due to
water quality various water
deteriorates. uses.
Regulations on  Are there reg- There are  There are There are no (Inter-) national E.g. Dutch
land and water ulations on regulations regulations regulations legislation; Government
use land use and to remove to prevent to protect the TRUST Frame- (2009b).
underground unwanted ac- new unwanted local drink-  work for
activities to tivities  from activities by ing water UWCS sus-
protect the the recharge using the stand  abstraction. tainability
local drink- area to pro- still/step  for- (G1-G4).
ing water tect the local ward principle.
abstraction? drinking water
abstraction.
Limitations in Is the presence The drink- The drinking The drinking E.g. status of European
land or water of the facility ing water  water supply water supply water bodies  Union (2000).
use a  significant  supply does limits  future is a significant according to
impediment not present land use or impediment European Wa-
for current or a  significant underground for current and ter Framework
future land use  impediment activities. future land use  Directive.
or underground for land or or underground
activities? subsurface use. activities.
Financial Is there fi- Financial com- Drinking wa- There is  National or lo- E.g. Dutch
compensation nancial com- pensation of ter suppliers financial com- cal legislation. Government
for economic pensation of economic dam- financially pensation  of (2009b).
damage from economic age caused by compensate economic dam-
the impact of damage from the  drinking for economic age caused by

abstraction  or
limitations  in
land use

the impact of
abstraction or
limitations  to
land use?

water  supply
is  organized
based on
legislation.

damage based
on bilateral
agreements.

the  drinking
water  supply
company.
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