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summary

The increasing challenge of water scarcity, driven by climate change, population growth, and economic
expansion, has placed immense pressure on existing water resources. Traditional water management
strategies, built on a linear model of extraction, consumption, and disposal, are no longer sufficient
to meet future demands. The growing mismatch between water availability and human consumption
necessitates a shift towards a circular water economy, where reuse and resource recovery play a pivotal
role. Water reuse presents an opportunity to close resource loops, reduce reliance on freshwater,
and enhance water security. However, despite its potential, water reuse remains underutilized due to
economic, technical, and social barriers.

Like many sociotechnical transitions, the adoption of water reuse faces structural challenges. While
technological advancements have made water reclamation feasible, economic considerations and so-
cial acceptance remain key hurdles. Reuse water is often perceived as an economic burden rather
than a cost-effective alternative, limiting investment in reuse infrastructure. A review of existing liter-
ature indicates that extensive research has been conducted on the economic aspects of water reuse,
focusing on different aspects of water reuse integration and its impact on water systems, which are in-
herently complex, shaped by diverse stakeholders, regional dependencies, and complex interactions.
Understanding these dynamics is crucial for designing effective policy instruments that promote water
reuse while balancing economic feasibility and sustainability.

Inspired by these streams of literature, this study aims to address the following research question:

"How can policies and water reuse strategies, tailored to the local characteristics of water sys-
tems, be designed to make water reuse an economically viable alternative to freshwater?”

The literature review revealed that economic parameters related to water reuse are seldom tailored to
single aspects instead of a general framework, limiting their practical applicability. To bridge this gap,
this study develops a framework that quantifies the interactions within water systems and integrates
them into a model capable of analyzing the impact of different policies and strategies. To achieve this,
the Netherlands—a country widely perceived as having abundant water resources but increasingly
facing serious water shortages—is selected as the case study.i

To answer the research question, this study examines the historical and structural dynamics of the Dutch
water system and translates them into a dynamic partial equilibrium model. This framework enables
the simulation of water reuse policies and the evaluation of their impacts across key stakeholders,
including environmental considerations. Policy effectiveness is assessed through key performance
indicators, including total freshwater savings, reuse efficiency, price of water, and consumer total water
costs.

The study evaluates multiple scenarios, including a business-as-usual approach as a benchmark and
two key policy interventions: centralized reuse and decentralized reuse. The results highlight the poten-
tial of centralized reuse, which, when implemented at a large scale (over 30% of total water demand),
can significantly reduce consumer costs and become financially competitive with conventional urban
water supplies. However, achieving this level of implementation requires massive infrastructure invest-
ments, amounting to multi-billion euros, alongside strong public and political support—a major barrier to
widespread adoption. At lower adoption levels (less than 10% of total demand), its impact is negligible,
making large-scale commitment essential for effectiveness.

Decentralized reuse, in contrast, does not naturally present a financial advantage on its own but can be-
come economically viable when combined with supportive policies, such as wastewater treatment cost
reductions, tax incentives, or subsidies. Unlike centralized reuse, decentralized systems offer greater
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flexibility, making them well-suited for localized applications where ultra-pure water is not required, such
as industrial cooling, irrigation, and sanitation. Additionally, decentralized reuse can be customized to
consumer needs, making it a practical solution for targeted water reuse applications. While it may
not deliver the same cost savings as centralized systems, it provides an opportunity to diversify water
sources, reduce pressure on freshwater supplies, and increase overall system resilience.

This study highlights how water reuse can be effectively integrated into water systems and under what
conditions it can become a competitive alternative to freshwater. By quantifying the economic and
policy dynamics of water reuse, it provides a foundation for designing more effective, evidence-based
strategies that contribute to a sustainable and resilient water future.
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Introduction

Water, an essential element for human survival and a vital contributor to various sectors of the economy,
faces challenges due to its irregular distribution in space and time, compounded by the pressures of
human activities and economic development. The acceleration of urbanization and the expansion of
municipal water supply and sanitation systems further contribute to the escalating demand. Moreover,
climate change scenarios project spatial and temporal variations in water cycle dynamics, intensifying
the disparities between water supply and demand. (UNESCO, 2017)

Water for irrigation and food production emerges as a significant stressor on freshwater resources,
with agriculture responsible for over 70% of global freshwater withdrawals and up to 90% in rapidly
growing economies.(UNESCO, 2017) Projections related to biofuel production indicate that achieving
the EU target of 10% biofuel-powered road transport by 2020 would translate to at least 20% of global
water usage for agriculture by 2030. (Voulvoulis, 2018) Industry, accounting for a substantial share of
water consumption (ranging from 10% in Asia to 57% in Europe), adds to the complexity of the global
water crisis (World Economic Forum, 2023). The World Economic Forum Global Risk Report highlights
water (availability/scarcity/management) as a top global risk, projecting a 40% shortfall in global water
supply by 2030 if fundamental changes in water management practices are not implemented. (World
Economic Forum, 2023)

Beyond being a vital resource for human survival and economic development, water plays a fundamen-
tal role in sustaining ecosystem services crucial for the Earth’s functionality. However, human activities
such as accessing, developing, transporting, and utilizing water resources leave an impact that can
degrade the services provided by the rivers, lakes, wetlands, or groundwater aquifers supplying the
water. (Chicharo, 2015) Water scarcity becomes a key stressor in numerous river ecosystems, exacer-
bating the detrimental effects of other stressors by increasing pollutant concentrations and ecological
impacts.

As freshwater supplies dwindle and economic development spurs increased water demand, technolo-
gies like desalination and water reuse are recognized as promising solutions to bridge the gap between
water availability and demand(International Water Association, 2015). However, the broader imple-
mentation of desalination raises concerns due to the release of brine containing chemical residues,
negatively impacting coastal ecosystems. Additionally, while desalination addresses water scarcity in
stressed areas, the associated wastewater management poses challenges and costs (International
Water Association, 2015). Neglecting wastewater as a significant social and environmental problem
jeopardizes efforts towards achieving the 2030 Agenda for Sustainable Development (United Nations,
2017).

The ability to reuse water, whether for augmenting supplies or managing nutrients in treated effluent,
offers several positive benefits, motivating the implementation of reuse programs (U.S. Environmen-
tal Protection Agency, 2015). These benefits include improved agricultural production, reduced energy
consumption associated with water production, treatment, and distribution, and noteworthy environmen-
tal benefits such as decreased nutrient loads in receiving waters due to the reuse of treated wastewater
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(Fatta-Kassinos, 2016).

While water reuse is currently implemented in many countries, its potential remains under exploited in
numerous areas, and the proportion of water reuse in total wastewater generation is still relatively small.
However, this is changing, with global water reuse capacity estimated to have increased. (Voulvoulis,
2018)

A transition to a Circular Economy could further accelerate this rise, marking a paradigm shift akin to
a third industrial revolution. This emerging worldview, supported by the internet age facilitating unique
idea exchange, sees states leveraging their financial and regulatory capacities to kick-start a circular
economy, fostering significant synergies for the widespread adoption of water reuse. This concept
arises in response to the drawbacks of the conventional ‘take-make-consume and dispose’ model of
growth, signaling a shift towards sustainable development. (Voulvoulis, 2018)

In recent years, significant research has explored the potential of water reuse and recycling. Techni-
cal studies have focused on identifying technologies that can recover valuable by-products alongside
treated water, such as nutrients, chemicals, and bioenergy resources, including phosphorus and nitro-
gen fertilizers, biogas, and biofuel from various wastewater streams. Social research has examined
public acceptance of high-quality treated water and its by-products, highlighting real-world challenges
and barriers. Economic analyses have concentrated on the water economy and the feasibility of a
circular economy model, particularly given the availability of inexpensive water resources(Voulvoulis,
2018). However, water reuse adoption remains limited, partly due to an insufficient understanding of
the future impacts on water systems and the role of water reuse within them.

1.1. Research Objective

The objective of this study is to provide insights into the impact of water reuse strategies on water
system . Through simulating various water reuse policies across multiple scenarios, it explores how
different strategies could impact water demand, resource availability, and economic conditions over
time. The model captures complex interactions within the water sector, enabling an analysis of how
shifts in reuse practices might support sustainability goals and contribute to a circular economy.

1.2. Research Scope

Several key decisions define the scope of this study, the most important of which are:

+ the focus on reusing collectible wastewater
+ the focus on economic aspects of water reuse

» using dynamic partial equilibrium in order to analyze the impact of water policies and strategies
for adopting water reuse

+ the focus on the Netherlands as a case study

These scoping decisions are further elaborated upon in the following chapter.

1.3. Structure of the Study

This study is organized into four distinct parts. The first part, comprising Chapters 1 to 3, introduces
the general context and problem of the study. Chapter 1 offers an introduction to the subject matter,
outlining the scope and significance of the issue. Chapter 2 provides a comprehensive review of the
relevant literature, focusing on key areas such as the water cycle, water reuse and recycling practices,
the economics of water reuse, and the economic modeling techniques used in water reuse research.
Based on the gaps identified in the literature, the main research question is formulated. In Chapter
3, the sub-research questions necessary to address the main research question are identified, and
the research approach for answering these questions is outlined, establishing the methodology and
analytical framework to be used throughout the study.

The second part of the study is dedicated to presenting the methods and tools used to answer the
research questions. Chapter 4 provides an analytical examination of the Dutch water system, exploring
the interactions between various agents and stakeholders within this system. Chapter 5 introduces the



1.3. Structure of the Study 4

mathematical conceptualization of the Dutch water system, which forms the foundation for determining
the key parameters in the economic modeling of water reuse. This chapter also discusses the financial
aspects of water reuse technologies, drawing on data from previous studies to inform the economic
model. Chapter 6 details the formalization and implementation of the model, outlining the specific
methodologies used to simulate the effects of water reuse strategies. Finally, Chapter 7 organizes
the research problem in a way that effectively addresses the sub-research questions, providing the
structure for the analysis in the later stages of the study.

The third part of the study presents the results of the simulation outcomes. Chapter 8 validates the
general behavior of the model by analyzing the future trajectory of the Dutch water system without the
implementation of water reuse strategies, establishing a baseline for comparison. In Chapter 9 and 10,
the simulation outcomes for various water reuse strategies and scenarios are presented, illustrating the
effects of different approaches on the water system and broader economic and environmental factors.

The study concludes with a discussion section in the fourth part. Chapter 11 explores the limitations of
the study, providing a critical assessment of the research design, methods, and findings. . In Chapter
12, the main and sub-research questions are revisited, summarizing the key insights and conclusions
of the study. Recommendations for policymakers and the technology sector are provided, and poten-
tial avenues for further research are identified, highlighting areas where additional investigation could
contribute to a deeper understanding of water reuse and its implications for sustainable water manage-
ment.



[Literature Review

In this chapter, various strands of literature on water reuse are thoroughly reviewed and synthesized to
uncover the knowledge gaps on which this study is based. Section 2.1 provides a foundational overview
of the urban water cycle, including how water reuse and recycling fit into the broader system. Section
2.2 introduces the core concepts of water reuse and recycling, defining key terms and ideas critical for
this study. Section 2.3 expands on different perspectives of water reuse, covering environmental, social,
and technological dimensions that highlight its importance and relevance to the current study. In Section
2.4, the economic aspects of water reuse are examined in depth. Section 2.5 then reviews various
modeling approaches used to evaluate the economic impacts of water reuse, comparing methodologies
from prior studies. Section 2.6 explains the necessity of a case study and presents the Netherlands
as our choice. Finally, Section 2.7 synthesizes the insights from previous sections, pinpointing specific
knowledge gaps that inform the research questions and objectives driving this study.

The next section will discuss the concept of circular economy as a potential solution to the water crisis.

2.1. Urban Water Cycle

The continuous expansion of urban areas around the world is deeply interconnected with the rapid
growth in economic activity, population, and urban infrastructure. Currently, urban centers accommo-
date more than half of the global population, with over 500 cities surpassing one million residents. As
urban populations continue to rise, the importance of securing and managing water resources becomes
increasingly critical.(Marsalek, 2008)(Pinto et al., 2022)

One of the foundational concepts in hydrology and water resource management is the hydrologic cycle,
also known as the water cycle.(figure 2.1) This cycle has been theorized and studied since ancient times,
evolving into a widely recognized model that describes the movement and storage of water across var-
ious parts of the Earth. While definitions can vary slightly, the hydrologic cycle is generally understood
as a conceptual model that explains how water is stored and circulated between the biosphere (the
living organisms), atmosphere (the air layer around the planet), lithosphere (the Earth’s crust), and
hydrosphere (the combined water bodies). Water resides in multiple storage locations such as the at-
mosphere, oceans, lakes, rivers, streams, soils, glaciers, snowfields, and groundwater aquifers. The
transfer of water among these storage areas is driven by processes that include evapotranspiration,
condensation, precipitation, infiltration, percolation, snowmelt, and runoff—collectively known as the
components of the water cycle. These processes ensure that water is continuously moving and trans-
forming, supporting ecosystems, human activities, and climate regulation. (Marsalek, 2008)

As urban areas grow and develop, they bring with them the forces of urbanization, industrialization,
and increased population densities, all of which exert considerable pressure on natural landscapes.
This pressure extends to the hydrological responses of watersheds, as these natural systems adapt
to accommodate higher demands and altered landscapes. Although human activities reshape many
environmental elements, including the paths water takes and the sources from which it is drawn, the
fundamental structure of the hydrological cycle remains largely intact within urban settings. However,
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Figure 2.1: A simplified visual representation of the natural hydrologic cycle, illustrating key processes such as precipitation,
evaporation, infiltration, and runoff as water moves between the atmosphere, land, and water bodies.(Apure, 2023)

urbanization brings about substantial modifications to the hydrologic cycle, fundamentally reshaping it
in response to urban demands for water services. These services encompass essential functions such
as water supply, drainage, wastewater collection, and the management of receiving waters for various
beneficial uses. (Pefia-Guzman et al., 2017)

The intensification of human activities in urban settings introduces additional complexities to the hydro-
logic cycle, resulting in what is often referred to as the "urban water cycle” (UWC).(figure 2.2) The UWC
is an adapted version of the traditional water cycle, altered by human intervention to meet the needs
of urban areas. Unlike the natural hydrologic cycle, which operates based on natural processes, the
UWC incorporates infrastructure and engineered solutions to manage the altered flow patterns, control
pollutants, and recycle water to support urban populations.(Ahammed et al., 2017) Urban infrastruc-
ture, including water treatment plants, sewage systems, and drainage networks, plays a crucial role in
sustaining water availability, quality, and accessibility within cities.(Wei et al., 2018)

This urban water cycle, or UWC, differs significantly from its natural counterpart due to the myriad an-
thropogenic influences. Water in urban areas is not only drawn for consumption but also channeled
through various systems that treat and reuse it, manage stormwater, and control pollution, creating
a more complex network of pathways and processes. For instance, while natural precipitation would
typically be absorbed into the soil or flow into rivers, in urban areas, impervious surfaces such as
roads and buildings prevent absorption, leading to increased runoff. This runoff must then be managed
through stormwater systems to prevent flooding and minimize contamination of water bodies. Further-
more, wastewater generated by urban populations requires collection and treatment before it can be
safely discharged or repurposed, adding additional layers to the urban water cycle.(Pefia-Guzman et
al., 2017)

2.1.1. Type of water in water sector

Within the water cycle, different categories of water are identified based on their sources, uses, and
levels of pollution. These categories include blue, green, grey, and black water, each playing a unique
role in both natural ecosystems and human water usage. (Falkenmark & Rockstrém, 2006)

» Blue water refers to the freshwater stored in rivers, lakes, aquifers, and surface water reservoirs.
This is the most commonly used water source for human activities such as drinking, irrigation, and
industrial use. Blue water supports about 30% of global food production, especially in regions
where irrigation is critical for crop growth. It also sustains aquatic ecosystems, contributing to
biodiversity in freshwater habitats. Given its essential role in supporting both human needs and
the environment, blue water is often the most stressed and over-exploited resource, particularly in
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Figure 2.2: A simplified visual representation of the urban water cycle, highlighting key components and pathways influenced
by natural processes and urban infrastructure(Global Commission on the Economics of Water, 2023)

arid and semi-arid regions where water scarcity is a growing concern.(Falkenmark & Rockstrém,
2006)

+ Green water is the water stored in the soil, mainly in the form of soil moisture, which is accessed
by plants through evaporation and transpiration. This type of water is crucial for rainfed agricul-
ture, where crops rely on natural rainfall rather than irrigation. Green water powers ecosystems,
enabling plants and trees to thrive and sustain wildlife. Unlike blue water, which is withdrawn
and transported for human use, green water is primarily a natural, cyclical resource that remains
in place within ecosystems. However, the management of green water is essential to prevent
soil degradation, especially as deforestation and land use changes reduce its availability for plant
growth.(Falkenmark & Rockstréom, 2006)

» Grey water is used water that has been polluted by human activities but has not yet reached the
stage of contamination requiring full treatment. It typically comes from household or industrial
sources, such as wastewater from washing dishes, laundry, and bathing. Though it may contain
pollutants like detergents or food particles, grey water can often be treated and reused for non-
potable purposes, such as irrigation or flushing toilets.(Falkenmark & Rockstrém, 2006)

+ Black water refers to water contaminated with human waste, typically from toilets, and contains
pathogens and harmful chemicals. Because of the high contamination levels, black water requires
extensive treatment before it can be safely returned to the environment or reused. Effective
treatment and management of black water are crucial for maintaining public health and protecting
water sources from contamination.(Falkenmark & Rockstrom, 2006)

In the urban water cycle, a portion of wastewater flows through the urban wastewater system, while
the remainder continues through the natural water cycle.

Definition

The wastewater that is collected and can potentially be treated and reused before being released
back into the environment is referred to as collected wastewater. This type of wastewater is
generally captured before it reaches natural water bodies and can include, greywater,blackwater,
industrial effluent and stormwater.
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Scoping Decision

this study focuses specifically on the reuse and recycling of collected wastewater.

To effectively manage and mitigate the impact of human activities on the water cycle, while ensuring the
availability of sufficient, high-quality water for human consumption, governments implement a range of
environmental policies. These policies are crucial in regulating water usage, protecting water resources,
and fostering sustainable practices. In the following section, we will explore the European policies
specifically focused on the urban water cycle.

2.1.2. European Policies in Water Sector

The European Commission has introduced several water management directives over the years, start-
ing with the 1980 Drinking Water Directive (Directive 80/68EEC), which set standards for toxic chem-
icals and substances that pose health risks in drinking water. This was followed by various direc-
tives addressing the chemical and ecological status of European waters, such as the Nitrates Directive
(1991), Urban Wastewater Treatment Directive (1991), Plant Protection Products Directive (1991), In-
tegrated Pollution Prevention and Control Directive (1996), Biocides Directive (1998), the New Drink-
ing Water Directive (1998), and the Groundwater Directive (2006). Although these directives marked
progress in specific areas, they did not adequately address the multiple stressors impacting water bod-
ies.(European Commission, 1980)(European Commission, 2002)(European Commission, 2007)(Euro-
pean Commission, 2012)(European Commission, 2017)

The issue of fragmented responses persisted in EU policies until the introduction of the Water Frame-
work Directive (WFD) in 2000 (Directive 2000/60/EC). The WFD was a pioneering approach to water
management, offering a comprehensive framework that simultaneously tackles multiple environmental,
social, and economic stressors. It encompasses water quality, quantity, and aquatic habitat, address-
ing both the chemical and ecological status of water. Waters are classified based on their qualitative
and quantitative status, with categories such as poor, moderate, good, and high quality.

The WFD is structured into three management cycles: the first cycle concluded in 2015, the second
cycle ended 2021, and the third cycle will conclude in 2027. Its implementation requires Member
States to identify river basins, characterize the baseline status of these basins, assess pressures and
water uses, and inter-calibrate national systems for ecological status assessment. Additionally, Mem-
ber States must identify and implement cost-effective measures to meet the WFD’s environmental
objectives, publish River Basin Management Plans (RBMPs), and adopt sustainable water pricing poli-
cies.(Tsani et al., 2020)

Each RBMP outlines specific Programmes of Measures (PoMs), which incorporate technical, non-
technical, and economic tools to control pollution, meet environmental standards, and enhance public
awareness and capacity. The WFD’s Articles 5 and 9 mandate the recovery of the full economic cost of
water services, emphasizing the socio-economic importance of achieving both good environmental and
chemical status for water bodies. This includes the financial cost (operating, maintenance, administra-
tion, and investment costs), the resource cost (the opportunity cost of water use), and the environmental
cost (costs associated with water degradation). To ensure total water cost recovery, all water uses must
be identified and linked to the respective economic agents and sectors, including households, industry,
and agriculture. Financial costs are typically easier to quantify, particularly through infrastructure costs
and maintenance expenditures.(Tsani et al., 2020)

The new proposal to directive 91/271/EEC in the wastewater sector introduces significant changes
aimed at improving wastewater treatment and management across the European Union (EU). Notably,
the new rules expand coverage to include smaller towns, addressing an important gap in previous
legislation.(European Commission, Directorate-General for Environment, 2022) Under the 1991 EU
regulations, approximately 43% of all urban agglomerations in the EU, which have fewer than 2,000
population equivalents (PEs), were exempt from wastewater collection and treatment requirements.
However, this exemption resulted in significant pollution of water bodies. Under the new directive,
towns with a population of 1,000 or more will be required to follow wastewater treatment rules by 2035.
(European Commission, Directorate-General for Environment, 2022)
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A major aspect of the new directive is the requirement for EU countries to reduce nitrogen and phos-
phorus levels in wastewater. By 2039, wastewater treatment plants serving populations of 150,000 PE
or more must remove these nutrients to protect water quality. Furthermore, by 2045, the directive man-
dates the removal of micro-pollutants, such as pharmaceuticals and personal care products, which have
become a growing concern in wastewater management.(European Commission, Directorate-General
for Environment, 2022)

Over 90% of micro-pollutants found in wastewater are attributed to pharmaceuticals and cosmetics.
The new directive requires producers and importers in these sectors to implement treatment processes
to remove toxic substances, based on the "polluter pays” principle. This extended producer responsi-
bility ensures that industries contributing to wastewater contamination are held accountable for their
environmental impact.(European Commission, Directorate-General for Environment, 2022)

The wastewater sector is also tasked with reducing its greenhouse gas emissions, which currently
account for around 0.85% of all EU emissions. One of the key goals is energy neutrality by 2045,
meaning urban wastewater treatment plants should generate the energy they consume. The energy
can be produced on-site or sourced externally, with up to 35% of the required energy allowed to be
purchased.(European Commission, Directorate-General for Environment, 2022)

In line with the circular economy principles, the new rules promote the recovery and reuse of resources.
For example, phosphorus extracted from wastewater sludge will be recovered and repurposed to pro-
duce fertilizers for agricultural use, thereby minimizing waste and enhancing resource efficiency.

2.2. Water Reuse: a Circular Approach

Within the urban water cycle, a variety of factors contribute to the growing pressures on water resources,
making a water crisis increasingly inevitable.(Global Commission on the Economics of Water, 2023)

» Population Growth: The global population, projected to reach 9.7 billion by 2050, is primarily
increasing in regions like sub-Saharan Africa and South Asia. This growth intensifies demands
for water, food, and energy, with agriculture and livestock production putting a heavy strain on
water resources. With rising water withdrawals, estimated to increase 20-30% by 2050, aquifers
are being depleted, especially in nations like India, China, the U.S., and Pakistan. Many rivers
are also impacted by excessive water extraction, leading to deterioration.

+ Economic Development: Water is essential for multiple sectors, including energy production and
the mineral industries, linking it to GDP growth. While economic gains may reduce poverty and
improve access to water, they often degrade natural capital, especially impacting marginalized
communities. Pollution, driven by industry and urban waste, is a persistent issue, with affluent
groups consuming more water per capita and contributing more to environmental degradation
than lower-income populations.

Urbanization: Currently, over half of the global population lives in urban areas, with projections
indicating a rise to 68% by 2050. Urbanization drives higher water demand, as urban citizens gen-
erally have greater access to water services, sanitation, and waste treatment systems. Informal
settlements, however, often lack adequate water services, exacerbating public health and environ-
mental challenges. High-density urban areas increase greywater production, reduce groundwater
recharge, and increase runoff, contributing to pollution that affects surrounding ecosystems.

Climate Change: Shifts in climate contribute to intensified water-related challenges, from ex-
treme weather events and rising sea levels to alterations in snow cover and freshwater availability.
Climate-related impacts reduce groundwater recharge, impair water quality, and disrupt food se-
curity. Such impacts are spatially varied, with some regions like South America and North Africa
projected to experience unprecedented droughts by 2050, further intensifying water scarcity.

Technology and Innovation: Technological advancements present opportunities and challenges.
For instance, improved irrigation techniques can boost crop yields but may reduce river and
aquifer recharge. Water access and management technologies, particularly in low-income re-
gions, help enhance health outcomes and reduce time spent on water collection.

These forces collectively place significant strain on water systems, resulting in challenges related to
supply, distribution, and management. The rapid growth of urban areas, coupled with inefficient water
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use and increasing demand, intensifies the issue, underscoring the critical need for improved water
sustainability and resource management.

The concept of the circular economy introduces a fresh perspective on the relationships between mar-
kets, customers, and natural resources, advocating for sustainable and resource-efficient policies and
practices. This innovative business model helps economic growth while minimizing the extraction of
virgin resources. Across various states and corporations, there is a significant shift from linear to cir-
cular production and consumption models. The growing body of evidence highlights the imperative for
policies and regulations to support this transition, steering economies away from polluting trajectories
toward cleaner, more sustainable paths. Embracing a circular economy not only encourages more ef-
ficient water use but also provides robust incentives for innovation, enhancing an economy’s capacity
to address the increasing imbalance between water supply and demand. (Kearney, 2017)
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Figure 2.3: Flows of water (closing the loop) and by products in circular economy approach(Delgado et al., 2021)

2.2.1. Closing the Loop: Wastewater

To fully integrate wastewater into the water cycle, it must be treated and reintroduced as a valuable
resource, allowing it to circulate sustainably within the system. Wastewater treatment plays a vital
role in this transformation, enabling society to manage water resources more responsibly. The primary
objectives of treatment are to remove pollutants, large particles, toxic substances, and pathogens to
ensure that the treated water—known as effluent—can either safely return to the environment or be
repurposed for various applications, such as agricultural irrigation, industrial cooling, and even certain
non-potable urban uses.(Silva, 2023)

This shift toward viewing wastewater as a resource, rather than merely a waste product, reflects a fun-
damental change in water management strategy. Historically, wastewater was seen as a liability and a
health hazard, with treatment processes aimed primarily at safe disposal. However, with growing recog-
nition of water scarcity in regions such as arid and semi-arid areas, there has been an increased need to
recycle wastewater to support domestic, industrial, and agricultural demands. In these water-stressed
regions, wastewater recycling has become a crucial practice, helping to ensure water availability and
resilience against shortages.(Singh et al., 2023)

Aligned with circular economy principles, wastewater treatment now emphasizes the recovery of mate-
rials and energy, transforming wastewater into a sustainable asset rather than a discarded byproduct.
The circular economy promotes minimizing waste, regenerating resources, and using materials effi-
ciently to reduce reliance on natural reserves. As such, significant research has focused on advancing
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technologies that enable wastewater to be treated, recycled, and safely reused. By recovering nu-
trients, generating energy, and extracting chemicals, treated wastewater can support various sectors.
For example, nutrients like nitrogen and phosphorus can be extracted from wastewater and repurposed
as fertilizers, and organic matter can be used to produce energy for powering treatment facilities.(Jodar-
Abellan et al., 2019)

While these advancements contribute to sustainability and environmental protection, they do not entirely
resolve the increasing demand for water resources driven by population growth, economic expansion,
and urbanization. Despite progress in wastewater treatment and resource recovery, the need for clean,
accessible water continues to rise, fueled by higher standards of living and industrial growth.(Silva,
2023)

Wastewater reuse goes beyond traditional recovery by allowing treated wastewater to serve directly as
a source of water for various applications, alongside material and energy recovery. This approach not
only aligns with the circular economy by reducing the demand for fresh water but also maximizes the
utility of wastewater, broadening its role in a sustainable water management system.(Van der Bruggen,
2021)

The concept of wastewater reuse dates back millennia; in 3000 BCE, the Minoan civilization in Crete
used wastewater for agricultural irrigation. Today, wastewater reuse is common across many regions.
In the European Union, it is estimated that up to 40% of wastewater could be reused. However, to
enable wastewater reuse, additional treatment steps are often necessary to ensure safety and meet
the required water quality standards, primarily by removing pathogenic microorganisms and chemical
contaminants.(Silva, 2023)

Each recovery technology has unique characteristics, and often a combination of multiple treatment
processes is necessary to meet the desired water quality. Selecting the appropriate methods involves
evaluating several factors, including the initial quality of the wastewater, the required quality for its
intended reuse, economic costs, and environmental impacts.(Silva, 2023)

Given the potential of water reuse as a solution to the water crisis and as a step toward a sustain-
able future, this study will focus primarily on exploring water reuse strategies alongside other ap-
proaches.(Silva, 2023)

Scoping Decision

this study will focus primarily on exploring water reuse strategies.

In the next section, we will explore the various aspects and considerations of water reuse, examining
its role as a solution for sustainable water management in a resource-constrained world.

2.3. Topics on Water Reuse

Water reuse involves a variety of factors that influence the adoption and effectiveness of its practices.
These factors can generally be categorized into three main areas: technological, social, and economic
aspects.(Florides et al., 2024) Each of these categories plays a crucial role in shaping the implementa-
tion and success of water reuse systems. The following section discusses these aspects in detail.

2.3.1. Technological Aspect of Water Reuse

Reuse technologies for water recovery can be broadly divided into conventional and extensive cat-
egories. Conventional technologies are known for their high energy demands and compact space
requirements. Among these, membrane processes, especially reverse osmosis (RO), are some of the
most widely used methods for water recycling. RO, as part of membrane technology, is highly effective
in removing contaminants such as bacteria, viruses, dissolved salts, and organic compounds, ensuring
recycled water meets stringent quality standards for safe reuse. This process is adaptable, allowing
for flexibility based on specific water quality requirements, with various membrane types and configu-
rations to achieve the desired quality standards. Although membrane processes involve a higher initial
investment, they can offer long-term savings by reducing the need for fresh water and wastewater dis-
posal. With ongoing advancements, the cost of membrane technology has been steadily decreasing,
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enhancing its economic feasibility.(Khanzada et al., 2024)

Current research in wastewater management introduces two key concepts: minimum liquid discharge
(MLD) and zero liquid discharge (ZLD). The MLD approach involves less energy-intensive processes
compared to ZLD but still achieves a high rate of water recycling, with efficiencies reaching up to 80—
95%. In contrast, ZLD complements MLD with energy-intensive technologies such as thermal thick-
ening, evaporation, and crystallization, which can process wastewater with a high concentration of
contaminants and reach efficiency rates close to 100%.(Panagopoulos & Haralambous, 2020)

Other conventional recovery technologies include physicochemical systems (e.g., coagulation-flocculation),
ultrafiltration, rotating biological contactors, and disinfection methods such as UV radiation and chlorine
dioxide.(Florides et al., 2024)

On the other hand, extensive technologies rely on natural processes, which require larger land areas but
have low energy demands and minimal operation and maintenance requirements. Examples include
stabilization ponds, constructed wetlands, and infiltration—filtration systems, where treatment occurs at
a natural rate. (Florides et al., 2024)

Each recovery technology has unique attributes, and often, combining multiple technologies is rec-
ommended to achieve optimal quality and performance. Selecting the appropriate technology should
consider the wastewater’s quantity and quality, the required final quality for its intended use, economic
costs, and environmental impacts. The European Directive (2010/75/EU) outlines the term Best Avail-
able Technique (BAT), which emphasizes choosing the most suitable water recovery technology for the
intended purpose, ensuring environmental and economic balance.(Commission) et al., 2014)

In recent years, significant research has focused on improving the cost-effectiveness and scalability
of water reuse technologies. As water scarcity becomes an increasingly pressing issue, these efforts
aim to make water recycling more economically viable and widely applicable. A major area of research
has been the development of more efficient and affordable treatment technologies that can handle
varying water qualities, thus expanding the potential for water reuse in different contexts. The goal is to
lower operational and capital costs while ensuring high-quality treated water that meets the necessary
standards for its intended use.(Florides et al., 2024)

In addition to advancements in treatment technologies, substantial progress has been made in mea-
surement tools, particularly in the real-time monitoring of water and wastewater contamination. Tradi-
tional water management systems have relied on natural buffers, such as wetlands and ecosystems, to
mitigate contaminants and maintain water quality. However, with the bypassing of these natural buffers
in the water reuse approach, there is a heightened need for more precise and continuous monitoring to
ensure that the recycled water meets safety standards and does not pose health risks. Real-time moni-
toring technologies, such as sensors and automated systems, enable the detection of contaminants and
pathogens, helping to optimize treatment processes and ensure the safety of reused water.(Florides
et al., 2024)

Another important area of technological research has been the recovery of critical and valuable mate-
rials from wastewater. Water reuse technologies not only aim to recycle water but also to recover valu-
able resources, such as nutrients (e.g., nitrogen and phosphorus), heavy metals, and energy. These
materials can be repurposed for agricultural use, energy production, or other industrial applications,
contributing to a more sustainable circular economy. (Florides et al., 2024)

2.3.2. Social Aspect of Water Reuse

Water reuse, despite its potential benefits, is not yet widely accepted by society. One of the primary
reasons for this is the lack of public awareness surrounding this innovative practice, which is a key com-
ponent of the circular economy model. Many consumers express concerns about the safety and quality
of reused water, particularly in terms of its potential odors, color, and overall cleanliness. Additionally,
there is a lack of confidence in the reliability and effectiveness of wastewater treatment plants, which
further contributes to resistance to water reuse practices hesitant to adopt water reuse technologies,
particularly for irrigation purposes. Their concerns often center around the variability in water quality,
which may affect crop yields and soil health. There is also apprehension about the commercial value
of crops irrigated with reclaimed water, as well as the potential risks associated with contaminants that
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could be present in the water. (Wester et al., 2016)

When it comes to drinking water, the challenge is even greater. The concept of using reclaimed or
reused water for direct consumption faces even more resistance due to heightened concerns about
safety, public health, and the potential for contamination. Additionally, there is often a psychological
distance between the idea of using wastewater for non-potable purposes (such as irrigation or industrial
uses) and the notion of reusing it for drinking. Many people associate wastewater with contamination
and disease, making the idea of drinking water that has been recycled from wastewater difficult to
accept, even when the water is treated to meet stringent safety standards.(Pathiranage et al., 2024)

Many studies have been conducted on the social acceptance of water reuse, as it is a critical factor
in the widespread adoption of water recycling technologies. Public perception plays a significant role
in determining the success or failure of water reuse initiatives. These studies typically focus on un-
derstanding the concerns, attitudes, and acceptance levels of different communities toward the use
of reclaimed water for various purposes, including irrigation, industrial processes, and even drinking
water.(Florides et al., 2024)

2.3.3. Economic Aspect of Water Reuse

From a circular economy perspective, water reuse presents a win-win solution by promoting the sus-
tainable management of water resources.(Voulvoulis, 2018) However, the success of such initiatives
is highly dependent on how water is valued. In many regions, water is still seen as an inexpensive
or virtually free resource, which diminishes the incentive to adopt more efficient, resource-conserving
practices. Although water may appear cheap, increasing water abstraction charges are a response to
its growing scarcity. These charges reflect the opportunity cost of water use, encouraging decision-
makers to consider the trade-offs between using water for different purposes—such as for agriculture
versus urban supply or hydropower generation. Abstraction charges can differ based on factors like
the type of water (surface or groundwater), availability, seasonal fluctuations, and the costs associated
with alternative water sources. ldeally, these charges should be high enough to send a clear economic
signal, encouraging more efficient use and better resource management.(Dige et al., 2013)

The economic feasibility of water reuse is influenced by several factors, especially when compared to
other water management alternatives such as expanding conservation measures or sourcing new water
supplies. The costs associated with water reuse are determined by various considerations, including
the location of wastewater treatment facilities, the quality of the influent water, the specific treatment
processes required to meet the desired water quality standards, and the infrastructure necessary for
water transmission and pumping. Additional costs such as energy consumption, storage requirements,
concentrate disposal, and permitting may also factor into the overall cost. The cost-effectiveness of
water reuse systems can vary significantly depending on local conditions and the intended use of the
reclaimed water, whether for non-potable or potable purposes.(Voulvoulis, 2018)

Ultimately, the practicality and cost-effectiveness of water reuse depend on a comprehensive analysis
that looks beyond direct costs to include broader economic, environmental, and societal considerations.
This should also account for the "cost of inaction”—the consequences of not pursuing water reuse and
failing to implement alternative water management strategies.(Council et al., 2012)

In any given scenario, different strategies for water reuse can influence cost-effectiveness, regardless
of the specific technology or infrastructure involved. Moreover, the economic aspects of water reuse
have a direct impact on the social and technological dimensions of its implementation.

Understanding these interconnected economic factors is crucial for developing a balanced and effective
approach to water reuse. Therefore, this study will focus on economic aspect of water reuse strategies.

Scoping Decision

this study will focus primarily on exploring the Economic aspect of water reuse strategies
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2.4. Economy of Water Reuse

Water reuse technologies offer a promising solution for addressing global water scarcity, a challenge
that affects both developed and developing regions. Despite this promise, the adoption of water reuse
practices remains limited, with critical players such as water utilities—ranging from large, centralized
wastewater treatment plants to decentralized systems designed for households—being instrumental in
this process. These utilities operate within a complex urban water system, where multiple stakeholders,
including urban water consumers, local communities, environmental agencies, and regulatory bodies,
each exert influence on the acceptance and success of water reuse initiatives. Thus, understanding
how water reuse technologies interact with existing urban water infrastructure and affect various stake-
holders is essential for promoting the smooth and effective integration of reuse practices into water
management frameworks.(Cagno et al., 2022)

Recent studies and economic analysis of water reuse technologies is central to advancing these sys-
tems. Research frequently examines the scalability of reuse systems by evaluating both capital expen-
ditures (CAPEX) and operational expenditures (OPEX), which vary according to the quality of water
produced and the technology employed.(Keller et al., 2022) Additionally, market analysis has identified
potential revenue streams from byproducts of water reuse processes, such as reclaimed nutrients or
treated water for industrial purposes. This analysis highlights the profitability of these byproducts, which
could play a crucial role in improving the financial feasibility of reuse projects. For instance, Orsini et
al.(Orsini & Rossi, 2023) evaluated the financial benefits of implementing SMARTechs—technologies
that enable wastewater utilities to create marketable byproducts. Using a financial model based on Ital-
ian water tariff structures, Their study assessed scenarios with and without markets for these byprod-
ucts, applying financial metrics such as Net Present Value (NPV), Internal Rate of Return (IRR), and
payback period. Results indicated that the inclusion of byproducts improved financial outcomes across
all scenarios, leading to recommendations for regulatory changes to encourage market growth. How-
ever, the model also revealed limitations in assessing the long-term economic impact of these tech-
nologies.

Cost-benefit and cost-effectiveness analyses also play a vital role by assessing how water reuse aligns
with environmental and social sustainability goals, providing a nuanced understanding of the broader im-
plications of reuse practices. For example, Chhipi-Shrestha et al. (2019) (Chhipi-Shrestha & Shrestha,
2019) employed a multicriteria decision analysis (MCDA) combined with game theory to evaluate sus-
tainable water reuse options in Penticton, British Columbia. This study incorporated diverse stakeholder
perspectives, examining environmental, economic, and social factors through techniques such as Life
Cycle Cost (LCC) analysis, energy and carbon footprint estimations, and public acceptability surveys.
The authors introduced a Water Reuse Sustainability Index (WRSI) within the MCDA framework, which
aids in selecting the most viable water reuse options. This approach highlights how integrating vari-
ous criteria can support informed decision-making; however, the model’s lack of financial assessment
underscores the need for further research into the economic viability of these approaches.

Policy analysis is another crucial component, with studies investigating the effects of regulatory frame-
works on stakeholders, including the environment, private companies, and consumers. For instance,
D’Orazio and Ruggeri (2019) (D’Orazio & Ruggeri, 2019) utilized an agent-based computational model
to explore the role of financial incentives in environmental innovation. This research underscored the
importance of both public and commercial investments—especially for small and medium enterprises
(SMEs)—in advancing the adoption of green technologies. By modeling interactions among consumer
preferences, firm innovation, and financial constraints, the study found that public investments in envi-
ronmental projects can significantly enhance the diffusion of green technologies, driving GDP growth.
They suggest that public investment banks play a critical role in bridging the “green financial gap,” a
necessary step toward sustainable development and climate resilience.

Cagno et al. (2022) (Cagno et al., 2022) adopted a partial equilibrium model to simulate how vari-
ous regulatory and operational scenarios affect water reuse adoption. Their research explored the
economic integration of water reuse within existing water systems, examining the impacts of different
configurations—such as variations in utility ownership, loop topology, and effluent quality. By modeling
diverse scenarios, they illustrated how regulatory policies could influence costs, demand, revenues,
and profit margins, resulting in different economic outcomes for stakeholders. The study concluded
that effective policy interventions are essential to ensure the long-term economic viability of water reuse
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systems, highlighting the importance of regulatory support in stabilizing utility operations within a reuse
context.

Economic and policy analyses of water reuse technologies underscore the complex, interwoven im-
pacts of these practices on environmental, social, and economic factors. This body of research provides
essential insights into the drivers and barriers to the scalability of water reuse systems, emphasizing
the importance of a holistic approach when evaluating reuse technologies and associated policies. The
findings collectively suggest that economic, social, and policy dimensions are deeply interconnected,
each influencing the potential for successful water reuse implementation. This highlights the need for a
comprehensive perspective that accounts for economic, technological, and societal factors to promote
sustainable water management practices. Therefore, this study focuses on analyzing the impact of
policies and strategies for adopting water reuse.

Scoping Decision

this study focuses on analyzing the impact of policies and strategies for adopting water reuse.

2.5. Modeling Approaches for Policy and Strategy Analysis in Wa-

ter Reuse

Analyzing the impacts of policies and strategies in water reuse requires robust modeling frameworks
capable of capturing complex system dynamics and stakeholder interactions. Several modeling ap-
proaches are available, each with strengths and limitations that make them suitable for different aspects
of policy analysis.

Dynamic Partial Equilibrium (DPE) models, provide a framework for capturing the interactions among
multiple economic sectors and stakeholders in response to policy changes. By simulating economic
agents (e.g., consumers, water utilities, and governments) and their decision-making processes within
interlinked markets, DPE models can evaluate how changes in one part of the economy (e.g., introduc-
ing water reuse technology) affect other parts (e.g., labor markets, industrial output, and environmen-
tal quality). DPE models are particularly effective at analyzing policy scenarios over time, capturing
dynamic changes in variables such as prices, resource allocation, and production levels across sec-
tors.(Fang et al., 2016)

One of the strengths of DPE modeling is its ability to provide a macroeconomic perspective, assessing
not only direct impacts on water usage and conservation but also indirect effects on related sectors,
government revenue, and consumer welfare. (Luckmann et al., 2014) Moreover, DPE models enable
the integration of environmental factors, such as the effects of water reuse policies on natural resource
sustainability and pollution levels, thereby supporting a holistic assessment of policies.(Fang et al.,
2016)

In addition, water reuse policies often have long-term environmental and economic impacts, which DPE
models can track over time. The model's dynamic nature allows for an assessment of how the adop-
tion of water reuse technologies might evolve under various economic scenarios, such as changes in
resource prices or policy incentives, while accounting for feedback effects within and between sectors.

This study employs Dynamic Partial Equilibrium modeling as it aligns well with the goal of evaluating
the economic feasibility and sustainability of water reuse policies across different sectors. DPE is
an appropriate choice for several reasons. Water reuse initiatives often involve economic trade-offs
between sectors, such as agriculture, industry, and urban users, where resource allocation changes
influence productivity, resource availability, and consumer behavior across the economy. DPE allows
for capturing these interdependencies in a cohesive, integrated manner, providing a comprehensive
view of the potential shifts in economic equilibrium resulting from policy interventions.(Luckmann et al.,
2014)

By utilizing a DPE approach, this study can provide policymakers with a data-driven understanding of
how water reuse policies affect the economy at large, while also considering sector-specific outcomes
and sustainability goals. The ability of DPE models to integrate economic, environmental, and policy
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variables into a single, cohesive framework makes them a powerful tool for guiding strategic decision-
making in the water sector. This approach ensures that water reuse policies are evaluated not only for
their feasibility but also for their potential to support long-term economic resilience and environmental
sustainability.

Scoping Decision

this study uses dynamic partial equilibrium in order to analyzing the impact of policies and
strategies for adopting water reuse.

2.6. Case Study: Water Reuse in Netherlands

While theoretical modeling and general policy analysis offer valuable insights into water reuse, they
often overlook critical region-specific factors, including geography, climate, economic conditions, and
existing water management infrastructure. A case study enables a closer examination of how these
unique factors influence the effectiveness and limitations of water reuse policies, providing targeted,
evidence-based recommendations that can inform both local and broader water management strate-
gies. By focusing on a particular region, this research can analyze water reuse policies within a clear
framework, yielding actionable insights that are closely aligned with the specific characteristics and
challenges of the chosen context. Conducting a case study is thus a crucial element of this research,
as it situates policy analysis within a real-world environment where the impacts, dynamics, and effec-
tiveness of water reuse policies can be examined comprehensively.

Although often perceived as a water-abundant country, the Netherlands faces distinct water manage-
ment challenges, including water scarcity and quality issues driven by seasonal variability, high popu-
lation density, and pollution from agriculture and industry. Climate change is exacerbating these chal-
lenges by increasing drought risks and altering precipitation patterns, which intensifies dependence
on groundwater resources and raises concerns about sustainable water use. In this context, water
reuse presents a promising approach to addressing water shortages while supporting environmental
sustainability.

The urgency of these challenges became evident on August 3, 2022, when the Dutch government
declared a "de facto water shortage (level 2),” escalating from a prior "threat of water shortage (level 1).”
This declaration prompted the delegation of water distribution management to a national commission,
the Management Team Water Scarcity, tasked with closely monitoring water scarcity developments and
reacting swiftly if additional measures are needed. While current efforts primarily focus on preventive
actions, the situation underscores the severity of water scarcity in the Netherlands.(Toreti et al., 2022)

Europe as a whole has been experiencing severe-to-extreme drought since early 2022, with forecasts
pointing to continued drier-than-normal conditions in the months ahead. In the Netherlands, the impacts
of these droughts have been pronounced, particularly in the form of severely low flow in the Rhine
River. This has disrupted commercial navigation, threatened dike stability in the western peatland areas,
and caused related issues such as water distribution difficulties and seawater intrusion throughout the
country’s strongly interconnected water system. Although these problems remain manageable, they
highlight the fragility of the Dutch water management system under increasing stress.(Toreti et al., 2022)

On April 24, 2024, Deltares presented the new Delta Scenarios for the Netherlands, offering four poten-
tial trajectories to guide water and spatial planning policy until the end of the century. All four scenarios
point to significantly more challenging agendas for water management. Freshwater shortages during
summer are expected to intensify, issues with excess water from rainfall will become more frequent,
and floods will have greater impacts. These compounding bottlenecks—including water shortages,
excess water, and flood risk management—will increasingly affect the entire country.(Rijkswaterstaat,
2024)

Additionally, the demand for drinking water in the Netherlands is projected to grow until at least 2030.
However, this rising demand is already straining supply due to climate change and pollution, with some
regions already experiencing shortages. If proactive measures are not implemented, widespread drink-
ing water shortages could occur across the Netherlands by 2030. According to the RIVM, a mix of solu-
tions is needed to prevent a structural shortage of drinking water. The Dutch government must take a
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leading role now to address obstacles and develop comprehensive strategies to ensure a sustainable
and reliable drinking water supply for the future.(RIVM, 2024)

The Netherlands also benefits from a highly advanced and integrated water management system, fea-
turing strong regulatory frameworks and a long-standing commitment to innovative water policy. This
well-regulated and collaborative environment allows for an in-depth examination of water reuse strate-
gies within a mature infrastructure that includes diverse stakeholders, such as government agencies,
water utilities, industrial sectors, agriculture, and the public. The Netherlands’ well-established regula-
tory framework provides an ideal setting for assessing the practical application of water reuse policies
and exploring how various strategies interact with existing water rights, regulations, and levels of pub-
lic acceptance. Additionally, the Dutch commitment to the circular economy—an approach focused on
closing resource loops and minimizing waste—aligns well with the objectives of water reuse. Studying
water reuse in this progressive policy landscape presents a unique opportunity to analyze how circular
economy principles can enhance sustainable water management practices.

Moreover, recent studies indicate high public acceptance of water reuse in the Netherlands, with around
75% of the population supporting water reuse practices, even for drinking water. This favorable pub-
lic attitude minimizes the social barriers typically encountered in water reuse projects. Furthermore,
the Netherlands has a robust history of water technology innovation and is home to many specialized
research institutions dedicated to water sector advancements, which helps address technical barri-
ers to reuse. Given these factors, this study places a particular emphasis on the economic aspects
of water reuse policies and strategies, as the Netherlands offers a supportive environment in which
to investigate their economic feasibility and effectiveness. Altogether, the Netherlands’ unique water
management challenges, advanced regulatory system, commitment to sustainability, and strong social
and institutional support make it an ideal setting for in-depth study and analysis of water reuse policies
and strategies.

Scoping Decision

this study focuses on the Netherlands as a case study.

2.7. Knowledge Gap

Water reuse is increasingly recognized as a valuable approach to addressing water scarcity, but there
remains a limited understanding of how specific policies and economic strategies can support its adop-
tion. Much of the current research emphasizes the technical and environmental aspects of water reuse,
often with less focus on the economic conditions and policy frameworks that shape its implementation.
Additionally, existing studies tend to overlook the complex interactions among economic incentives,
regulatory measures, and the range of stakeholders involved in water reuse systems. They also rarely
consider how these policies may influence reuse practices over time, which is essential for sustainable
and lasting adoption.

This study seeks to fill these gaps by investigating the impacts of different water reuse strategies within
the Dutch context. By considering the Netherlands’ specific economic conditions, policy landscape,
and public attitudes, this research provides a structured framework for assessing how policies can be
tailored to enhance sustainable water reuse initiatives. The findings offer insights into the broader
effectiveness of policies, which may support the integration of water reuse into sustainable water man-
agement practices in the Netherlands and beyond.

The overarching question summarizing these knowledge gaps is:

"How can policies and water reuse strategies, tailored to the local characteristics of water sys-
tems, be designed to make water reuse an economically viable alternative to freshwater?”



Research Methodology

This chapter introduces the research methodology used to answer the main research question of this
study:

"How can policies and water reuse strategies, tailored to the local characteristics of water sys-
tems, be designed to make water reuse an economically viable alternative to freshwater?”

Section 3.1 outlines the essential steps required to conduct a modeling study of a complex adaptive
system. In Section 3.2, the sub-research questions necessary to address the main research question
are identified.

3.1. Modeling Socio-Economic System

Wu et al. proposed that water systems should be viewed as complex socio-economic systems, as water
is directly linked to global economic development, regional ecological health, and human well-being.

To develop a socio-economic model capable of analyzing water systems, the following steps have been
outlined:

* Problem formulation and actor identification: In this step, the problem to be addressed is
defined, and the actors involved in the issue are identified.

» System identification and decomposition: This step focuses on identifying the physical and
social entities within the system, their behaviors, and how they interact.

» Concept formalization: Here, the concepts identified in earlier steps are transformed into a
mathematical format that can be understood by a computer.

* Model formalization: This step involves developing the model narrative, establishing the se-
quence of events, and specifying the interactions between agents.

» Software implementation: In this step, the model is implemented using the chosen software
environment.

» Model verification: This step ensures that the model built matches the intended design and
accurately represents the system.

+ Experimentation: Experiments are designed and conducted to provide insights into the research
questions.

» Data analysis: The outputs from the experiments are analyzed to draw conclusions and answer
the research questions.

18
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3.2. Sub-Research Questions

Based on the main research question, the literature review, and the steps for developing a socio-
economic model for a water system, the following sub-research questions are formulated:

» How can the interactions and behaviors of actors within the water system, as well as the financial
aspects of water reuse, be formulated based on established policies and organizational frame-
works?

* How can strategies and policies be integrated into the DPE framework and implemented within
computational tools such as MATLAB?

» How can the impact of various strategies be measured using the model?
» How can different strategies be compared to one another using the model?

3.2.1. SQ1 Model Input

This study examines the impact of policies and water reuse strategies in supporting sustainable devel-
opment within the water sector. To achieve this objective, it is crucial to identify the key actors and their
behaviors within the current organizational framework. This research question addresses the first two
steps outlined in Section 3.1: Problem Formulation and Actor Identification, as well as System Identifi-
cation and Decomposition. The problem formulation has already been defined in the introduction and
literature review. In the following chapters, the Dutch water system and its actors will be discussed,
and the interactions between the economic cycle and the water cycle will be decomposed.

The concept formalization step is partially covered by the presentation of the model equations, which
represent an initial stage toward creating a computer-understandable model, though it is not yet fully
developed. The final step of concept formalization will be addressed in the subsequent research ques-
tion.

3.2.2. SQ2 Model Development

This research question addresses the third, fourth, and fifth steps outlined in Section 3.1. In the con-
cept formalization step, various concepts are translated into a machine-readable format. In the model
formalization step, the sequence of actions and interactions within the model is explained. The model
is then implemented using Matlab, where the structure and behavior defined in the previous steps are
realized in a computational environment.

3.2.3. SQ3 Model Baseline

This research question addresses the seventh step. In this step, the behavior of the model is validated
by testing whether it replicates empirically observed data and establishes a baseline for the analysis of
strategies over future timelines. This validation ensures that the model accurately reflects real-world
dynamics and can be used to assess the effectiveness of different strategies.

3.2.4. SQ4 Model Experimentation and Data Analysis

This research question addresses the remaining steps. The experimental design will be simulated using
the developed model, and the results will be analyzed. This section provides insights for comparing
different strategies and assessing their impact on socio-economic parameters, helping to evaluate the
effectiveness of various water reuse strategies in the context of the model.
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Dutch Water System

The water system in the Netherlands is structured through the involvement of multiple stakeholders,
each assigned a specific role. These stakeholders are influenced by one another and contribute col-
lectively to the functioning of the system through various interactions. In this section, an overview of
the key stakeholders and their relationships within the Dutch water system will be provided, highlight-
ing how collaboration is achieved in managing water resources. Although efforts have been made to
capture the essential aspects of the system relevant to this study, certain details or perspectives have
been intentionally omitted, as they fall outside the scope of the research. Focus will be placed on both
the demand side and the tariff side of the water system in subsequent sections. While these aspects
are interconnected, they will be discussed separately, with attention given to how they influence each
other.

4.1. Stakeholders in the Dutch Water System

The Dutch water system involves a variety of stakeholders, each playing a critical role in its management
and operation. The stakeholders relevant to this study will be briefly analyzed below:

The Government (Ministry of Infrastructure and Water Management) plays a central role in oversee-
ing the overall structure and functioning of the country’s water system. It is responsible for establishing
national water policies, coordinating efforts at various administrative levels, and supervising the activ-
ities of both provinces and municipalities. Its regulatory framework ensures that water management
aligns with broader environmental and public health objectives. The Department of Waterways and
Public Works (Rijkswaterstaat) is an executive branch of the Ministry of Infrastructure and water man-
agement and is responsible for the management of large waters, such as the sea and rivers.(Laurens
J. ZWAAN, 2023)

At the regional level, the province holds responsibility for translating national water policy into regional
measures. They are also responsible for the creation and control of the water boards (waterschap-
pen), to which they can issue instructions by regulatory means (Water act article 3.11). Besides, the
12 provinces are responsible for managing groundwater resources. This includes overseeing the al-
location and use of groundwater to ensure its sustainable exploitation, while balancing the needs of
different sectors such as agriculture, industry, and urban areas. (Laurens J. ZWAAN, 2023)

The Municipality is tasked with the spatial planning in their territory, local wastewater collection and
transportation, urban groundwater, urban sanitation and rainwater collection. It ensures that wastewa-
ter from households, businesses, and industries is properly collected and transported to treatment fa-
cilities, contributing to public health and the cleanliness of the urban environment.(Laurens J. ZWAAN,
2023)

The Water Boards (Waterschappen) are key regional authorities responsible for managing water at
a more localized level. The water boards have powers to make bylaws and impose taxes. They are
also in charge of granting permits, for example for the abstraction of drinking water and industrial uses
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above 150,000 m3/year. They play a crucial role in flood protection, ensuring the safety and mainte-
nance of dikes and levees. In addition, they are tasked with managing water quality and quantity within
their regions, as well as wastewater treatment, thus contributing significantly to both environmental
sustainability and public safety.(Laurens J. ZWAAN, 2023)

The Water Supply Companies are responsible for the provision of clean drinking water. They extract,
treat, and distribute water to households, industries, and agricultural sectors, ensuring that the water
supplied meets the necessary safety and quality standards.(Laurens J. ZWAAN, 2023)

Water Consumers, including households, industries, and the agricultural sector, represent the demand
side of the water system. Their water needs vary in both quality and quantity depending on their
activities. Although they are the end-users in the water supply chain, they are not the final component
in the water cycle, as their wastewater is returned to the system for treatment and potential reuse.

Finally, Water Resources—comprising both groundwater and surface water—are the fundamental
components of the water cycle. These resources serve as the initial source of water for supply and are
also where treated wastewater is eventually returned. Sustainable management of these resources is
essential to maintaining the balance of the water cycle and ensuring the long-term availability of clean
water.

4.1.1. Relationships Among Stakeholders in the Dutch Water System
A crucial component of the Dutch water system is the interaction between its various stakeholders, par-
ticularly in terms of financing their activities and accessing each other’s services. These relationships
can be examined from two key perspectives: the flow of water and the flow of finances.

From the perspective of water flow, stakeholders are interconnected through the distribution and treat-
ment of both supply water and wastewater. Water supply companies often act as intermediaries in this
process, extracting water from natural sources such as groundwater and surface water for distribution.
The extracted water may be delivered directly to industries and the agricultural sector, depending on the
required quality, or supplied to drinking water companies that treat the water to meet higher standards.
Households and some industries receive treated drinking water through these water supply companies,
while other industries and the agricultural sector may also access water directly from natural sources
when specific volumes or qualities are necessary for their production processes.(Government of the
Netherlands, 2025a)

In terms of wastewater, industries and agriculture are permitted to discharge treated wastewater into
natural water resources, provided they meet established environmental treatment standards. Water
boards are tasked with regulating and monitoring the disposal of wastewater from these sectors. Their
primary responsibility is to ensure that the discharged water complies with regulatory standards to
minimize negative impacts on natural resources. Households, along with most other water consumers,
are required to direct their wastewater to treatment facilities operated by water boards, typically via
sewer systems maintained by municipalities . The water boards ensure that wastewater is effectively
treated before being released into natural water bodies, thus protecting water quality throughout the
system.(Government of the Netherlands, 2025a)

The second key dimension is the flow of finances. Financial interactions between stakeholders are
shaped by various funding mechanisms and taxation frameworks. The government provides significant
financial support to provinces, municipalities, and water boards, particularly for large-scale projects
that align with national objectives related to environmental protection and infrastructure development.
These funds play a vital role in sustaining and enhancing essential water services across the country.
(Dutch Water Authorities, 2021)

Water consumers, including households, businesses, and industries, contribute to the financial via-
bility of the system through a range of local and regional taxes. Municipalities levy local taxes on
water consumers to support the maintenance and operation of sewer systems, while water boards col-
lect regional taxes to fund water management and wastewater treatment activities.(Business.gov.nl,
2025) Provinces also receive regional taxes from consumers, which support their responsibilities in
managing groundwater and regional water resources. Additionally, water supply companies pay taxes
to the provinces for the right to extract water from natural resources, ensuring that the financial sys-
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Figure 4.1: Flow of water in the Netherlands

tem supports both operational costs and environmental sustainability across the water system as a
whole.(Government of the Netherlands, 2025b)

This analysis focuses on key financial and water flow interactions within the Dutch water system, as
these aspects are essential for understanding stakeholder relationships and resource management in
this study. Certain elements have been omitted to maintain a clear research scope and ensure feasibility.
Given the complexity of water governance, a comprehensive review of all components would extend
beyond the study’s objectives. Instead, this research highlights the most relevant elements—those with
a significant impact on financial and operational interdependencies among stakeholders and a greater
influence on the analysis.
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Figure 4.2: Flow of finances in water sector in the Netherlands

To effectively model and analyze relevant components of the Dutch water system for this study, it is
essential to first categorize the system’s different elements. Given the complexity of the system, the
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most logical approach is to begin by classifying the primary types of water. Once these categories are
established, their respective uses can be further examined.

For this study, water has been classified into three main types: tap water, groundwater, and surface
water. However, it is important to note that surface water has not been considered in the demand
modeling section, as it is not subject to taxes or tariffs. As a result, surface water will not be discussed
as a separate section in the analysis of demand. Instead, the focus will be on the two types of water
where financial structures are more relevant—tap water and groundwater.

Within each category, the study addresses the different sectors that consume water, including house-
hold, industrial, and agricultural use of tap water and groundwater. This categorization allows for a
structured examination of the water system, facilitating an analysis that aligns with the study’s objec-
tives.

In the following section, we take a closer look at the structure of the Dutch water system. The subse-
quent section provides a brief overview of water flow and financial aspect within the Dutch water sector,
setting the stage for a comprehensive analysis in Chapter 5, where we apply our modeling approach
to investigate these dynamics in detail.

4.2. Empirical Analysis of Dutch Water System

The financial framework for water use in the Netherlands encompasses a variety of pricing mechanisms,
taxes, and fees that vary by water type, usage sector (household, industry, and agriculture), and re-
gion. This section categorizes the data from tap water, groundwater, surface water, and sewage, while
considering their uses across households, industry, and agriculture.(Dinar et al., 2015)

4.2.1. Tap Water

In the Netherlands, tap water is sourced from both surface water and groundwater, with majority of
monitored extractions coming from groundwater (63% in 2021 (CBS, 2024)). The cost of tap water
is influenced by the source, as groundwater requires less treatment and is therefore less expensive
to process than surface water. Ten water companies provide tap water for households and industrial
use over Netherlands (figure 4.4a). Tap water rates vary across different drinking water companies,
reflecting regional factors and local operating costs. The pricing structure consists of a fixed fee per
connection and a variable charge based on cubic meter consumption plus water tax. Table 4.1 compare
the rates for these companies for households in 2024. In general, equation 4.1 can represent water
cost of each customer:

WB = (SC + Rpw * U + Tpw * [U]300m>]) * (1 + V AT) (4.1)

Where WB is water Bill of user, SC is fixed standing charge for connection, Rpyy is variable rate for
water, U is usage, Tpw is drinking water tax which implies on first 300 cubic meter of water usage ,
and VAT is the value added tax.

For business usage (industrial and agriculture) the variable rate is the same as household use, while
the standing charge is set based on connection size, in most of water companies. table 4.2 compare
standing charges base on tap water connection size for Dunea.

The standing charge and variable rate for tap water are primarily linked to the operational costs of pro-
viding water services. While fiscal policies do influence these rates—such as the national groundwater
tax that water companies pass on to consumers—the maijority of policy decisions in the water sector
are shaped by taxation. The taxes included in the price of water are:

+ Tax on drinking water. (Imposed on national level. € 1.13 /m? (for 2024) to a maximum of 300
m?)

» Provincial levy. (More often included in the tariff than specified in the bill)

» Municipal or water board levy (if applicable, depending on the region)

* VAT (9%)
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Water Company Standing Charge (€/year) | Variable Rate (€/m?®) | Average Rate (€/year)
Brabant Water 75.84 0.72 1.48
Dunea 78.21 1.33 2.1
Evides Waterbedrijf 85.3 1.08 1.92
Oasen 85.20 1.06 1.92
PWN 71.15 1.62 2.33
Vitens 50.50 0.95 1.46
Waternet 107.8 1.13 2.21
Waterbedrijf Groningen 73.67 0.96 1.69
WMD Drinkwater 98.6 1.00 1.99
WML 96.72 1.00 1.97
Netherlands 72.40 1.05 1.77

Table 4.1: Comparison of Water Companies household tariff in the Netherlands (Standing Charge, Variable Rate, and Average
Rate)(Vewin, 2024)

Connection Capacity (m*h) | Standing Charge (€/year)
1.5 78.21
25 153.50
3.5 398.87

6 812.50
10 1,594.64
15 2,723.35
40 9,939.90
60 16,975.50
150 49,139.77
250 88,874.60

Table 4.2: Comparison of standing charge vs connection capacity for Dunea (Dunea, 2024a)

In the Netherlands, water taxes now make up an average of 27.7% of the consumer price for drinking
water. Most households have water meters, and the taxes are based on water usage. In rare cases
where there is no meter, the taxes are calculated based on the number of inhabitants per household.
(Laurens J. ZWAAN, 2023)

The provincial groundwater levy is used to cover specific provincial expenses, such as preventing and
mitigating the negative impacts of water extraction and infiltration, as well as research related to ground-
water policy. This levy generates about 15 million euros annually across all provinces. Some munic-
ipalities also charge concession fees for pipelines in the municipal underground.(Laurens J. ZWAAN,
2023)

The national groundwater levy was abolished at the end of 2011 (more information can be found in
groundwater section) which caused a price drop of drinking water (figure 4.4), but in 2014, the drinking
water tax rate was doubled. In 2019, the VAT on drinking water was increased from 6% to 9%. Provincial
concession fees, a tax on subsurface pipelines, were abolished at the end of 2021. Water companies
themselves are exempt from corporate taxes and do not receive structural subsidies, although they
have been increasingly successful in obtaining national and European grants for innovative projects.

In 2020, taxes on drinking water totaled €516 million (€0.45/m3). Following the 2014 doubling of the tap
water tax, the total tax burden returned to 2011 levels, the year before the national groundwater tax was
abolished. By 2020, €45 million (€0.04/m3) of the total taxes came from cost-related taxes (provincial
groundwater, pipeline royalties, and concession fees), while €471 million (€0.41/m3) came from tap
water taxes and VAT. Drinking water companies pass most of the operational costs onto consumers,
meaning that increases in taxes or permits do not significantly impact the financial health of these
companies, as the costs are absorbed by end users. Since 2000, a national tax has been imposed on
tap water to generate revenue and promote more efficient water use. Since 2015 this tax is uniformly
applied across the country but only affects the first 300 m* of water consumed per household annually,
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Figure 4.3: Development of drinking water taxes (Vewin, 2022)

with no additional tax charged for consumption beyond this threshold.
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Figure 4.4: a) water companies in Netherlands b) average nominal water price and share of tax over time in the Netherlands
(Vewin, 2022)c) Average real water price over time for household d) average real water price over time for businesses(Nobel,
n.d.)

Figure 4.4b and 4.4c and 4.4d represent the nominal and real price of tap water overtime in Nether-
lands. Over the past few decades, Dutch water suppliers have been able to maintain low water prices
due to limited needs for investment and operational improvements. As a result, water has become
comparatively cheaper than many other goods and services. In real terms, households paid 22% less
for water in 2022 than they did in 1997, while industrial water users experienced a 14% decrease com-
pared to 2017. However, this trend shifted in 2023, as both households and industrial users saw an
increase in water prices by 14% to 15%. Looking ahead, water prices for 2024 are set to rise further,
with households facing an additional 9% increase and industrial users seeing a 15% hike.(Nobel, n.d.)

This upward trend in water prices can be attributed to rising production costs, driven by increases in
the costs of materials, energy, and labor. Additionally, water prices are being adjusted to facilitate
necessary investments in a sustainable and future-proof water supply sector. In fact, total investments
by Dutch water companies are expected to rise by 50% by 2029 to address several pressing challenges:
population and economic growth, climate change, and water pollution.(Nobel, n.d.)

Population and economic growth necessitate expansions in water production and distribution systems,
particularly to accommodate the supply needs of 900,000 new homes planned by 2030.

Climate change is leading to more frequent droughts, which diminish the quality of river water and
increase the demand for groundwater. As a result, significant adjustments to the water infrastructure
will be required to ensure a reliable supply in a changing climate.

Pollution is increasingly threatening raw water sources, driven by the presence of pharmaceuticals,
pesticides, and emerging contaminants such as PFAS.(Nobel, n.d.)

The combination of rising total water demand and dwindling water availability is expected to intensify
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water stress in the Netherlands. In January 2024, the Human Environment and Transport Inspectorate,
part of the Ministry of Infrastructure and Water Management, cautioned that the availability and quality
of drinking water can no longer be taken for granted. Climate change and pollution are adversely
impacting surface and groundwater sources, while population and economic growth are escalating
overall water demand. In response, the government has set a target to reduce water consumption
among households and large users by 20% by 2035, compared to 2022 levels. The water supply
sector will need to intensify its efforts to address these challenges. (Nobel, n.d.)

4.2.2. How is Tap Water Produced in the Netherlands?

The Dutch water system relies on three primary sources for drinking water production: surface water, in-
filtrated dune water, and groundwater. Each source requires a specialized purification process tailored
to its initial quality, contamination levels, and salinity. Understanding these purification methods pro-
vides a foundation for comparing conventional approaches with potential water reuse strategies, which
will be explored in subsequent chapters. This section is written as an example, based on information
of Evides Evides Waterbedrijf, 2024.

Purification of Surface Water

Surface water undergoes an extensive multi-stage purification process to ensure its suitability for drink-
ing. Initially, river water is stored in large reservoirs for approximately five months, allowing natural
sedimentation to improve its quality. After this period, the water is transferred to purification plants,
where preliminary filtration using micro-sieves removes coarse particles.

To eliminate finer impurities, a flocculant such as iron chloride or aluminum sulfate is added, binding sus-
pended particles and facilitating their removal through subsequent double-layer filtration. This process
effectively captures flocculated materials and residual contaminants. Disinfection follows, utilizing ultra-
violet (UV) light to ensure bacteriological safety. Finally, activated carbon filters remove any remaining
odors, colors, and flavors, with pH adjustment and oxygen dosing applied during the summer months
to maintain water quality. The purified water is then stored in clean reservoirs before being distributed
through the supply network.

Purification of Infiltrated Dune Water

Dune-infiltrated water follows a unique purification pathway. The process begins with an initial intake
and pre-treatment stage, where water is screened to protect aquatic life and filtered to remove larger
debris. A flocculant is then introduced to bind fine particles, followed by preliminary filtration to capture
the bound contaminants.

The partially purified water is then directed to infiltration ponds in the coastal dunes, where it undergoes
natural filtration over a period of at least 30 days. After this infiltration stage, the water is extracted and
subjected to aeration, which removes dissolved gases such as methane and facilitates the oxidation
and removal of iron, ammonium, and manganese. Biological treatment processes further refine the
water, converting ammonium into nitrate and removing precipitated metals.

Subsequent purification steps involve advanced filtration techniques, including activated carbon filters
and ultrafiltration (UF) membranes, which remove any remaining contaminants, odors, and colorants.
The final purified water is stored in large reservoirs before being distributed to consumers.

Purification of Groundwater

Groundwater, extracted from depths ranging between 30 and 120 meters, undergoes a streamlined but
highly effective purification process. The first step involves aeration to remove dissolved gases such as
methane and to oxidize iron and manganese, which facilitates their filtration. The water is then passed
through sand filters to capture the oxidized particles.

To mitigate water hardness, a softening process is applied using lime milk or sodium hydroxide in large
reactors. These substances bind to hardness-causing minerals, forming precipitates that settle and
can be easily removed. Final filtration stages eliminate any remaining particulates before the purified
water is stored in reservoirs, ready for distribution.
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Challenges in the Current Dutch Water Purification System

The effectiveness of each purification method depends on the initial quality of the water source, in-
cluding contamination levels and salinity. Notably, the current Dutch water production system is not
well-suited to treating highly saline water. Furthermore, the increasing contamination of surface water—
largely due to the return flow from irrigation—has led to rising treatment costs in recent years. The
economic and technical implications of this trend will be discussed in the following section.

4.2.3. Cost of Tap Water

The cost of producing tap water consists of several key components, outlined as follows:(Dunea,
2024b)

 Cost for source of water(ground water tax and/or extraction permit fee)
» Cost of material C,,,

+ cost of energy C.

* cost of facilities Cy

* wage costs C,,

and other operational costs. To extract the data for this section, we gathered cost information from
Dunea’s annual report. Most of the cost components are explicitly listed in the report. For the cost of
facilities, we used the depreciation costs, as Dunea calculates depreciation by dividing the total cost of
the facilities by their estimated lifetime. This approach allowed us to estimate the annual contribution of
facility costs to the overall tap water production expenses. figure 4.5a illustrates both the nominal and
real average costs of tap water for Dunea in recent years, revealing a significant price increase. As it
can be seen, the price is drastically increasing. Figure 4.5b breaks down the subcategories of costs. As
shown, the costs of materials and energy have risen sharply, which is a major contributing factor to the
increased price of tap water. Additionally, wage increases—implemented to help employees cope with
inflation in line with government wage policies—have also played a role in driving up water production
costs. Figure 4.5c shows that the share of energy and material costs in tap water production is steadily
increasing. This growing proportion presents a potential opportunity for the technology sector to inno-
vate and provide solutions aimed at reducing these costs. As energy and material expenses continue
to rise, there would be increasing demand for more efficient technologies in water production, such
as renewable energy systems, energy-efficient water treatment processes, and sustainable material
alternatives.
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Figure 4.5: a) Nominal and real cost of producing tap water over time, b) Breakdown of subcategories contributing to the total
production cost of tap water over time, c) Percentage share of each subcategory in the final cost of tap water based on (Dunea,
2024b, 2023, 2022, 2021)

4.2.4. Ground Water

Groundwater is an essential resource, especially for drinking water production, and is highly valued
by industries that require high-quality water. It is subject to provincial taxation, with rates varying by
province. Historically, the Dutch national groundwater tax (GWT) was introduced as an environmental
"green tax” aimed at reducing groundwater consumption and improving environmental outcomes. While
it generated revenue for the government, the tax had little effect on reducing water use in industrial and
agricultural sectors. As a result, the GWT was abolished in 2011 due to its limited economic and
environmental impact.(Schuerhoff et al., 2013)

In addition to taxation, groundwater extraction is regulated through permits for pumping capacity. These
permits are crucial for managing environmental impacts, allowing authorities to control the volume of
groundwater extracted. However, there is limited public data on these permits, and the policies govern-
ing them are complex, influenced by a variety of factors, making it difficult to create a straightforward
economic model. Therefore, we only used the tax on ground water (including naional groundwater tax
before 2011) as the price for demand modeling. Generally, businesses are the primary end users of
groundwater. Industries, especially those in sectors like food and beverage production, favor ground-
water due to its high quality and lower treatment costs. These industries are required to pay provincial
groundwater fees, and before 2011, they were also subject to the national groundwater tax. While the
intent of groundwater extraction taxes was to motivate industries to adopt water-saving technologies or
reduce consumption for environmental reasons, the national groundwater tax failed to achieve these
objectives and was eventually repealed.(Schuerhoff et al., 2013)

Farmers who extract groundwater for irrigation and livestock watering are also subject to provincial
groundwater fees, along with the now-abolished national groundwater tax. Many provinces offer ex-
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emptions or fee-free thresholds, easing the financial burden on agricultural users.

Freshwater availability for drinking water supply is increasingly threatened by salinization. Several
groundwater extraction sites are already experiencing issues with excessively salty groundwater, and
the water in Lake IJssel near Andijk has, on multiple occasions in recent years, been too saline to use
for drinking water production. Salinization in the Dutch coastal areas is caused by two main factors: the
intrusion of seawater into groundwater reserves (external salinization) and the upward flow of saline
groundwater to the surface, known as saline seepage (internal salinization).(Vewin, 2022)

Climate change is exacerbating both forms of salinization, as rising sea levels increase seawater in-
trusion, while periods of extreme drought reduce river discharge, causing rivers to become saltier. Ad-
ditionally, soil subsidence is contributing to increased saline seepage. Although policies are generally
focused on reducing groundwater usage, the combined pressures of climate change, economic growth,
and population expansion are putting even greater strain on groundwater resources.
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Figure 4.6: a) Total water extraction by source b) Source of water for tap water production(Vewin, 2022)

4.2.5. Surface Water

Surface water is commonly used for industrial cooling and agricultural irrigation in the Netherlands.
Its extraction is generally untaxed due to its abundance and minimal environmental impact. However,
pump capacity permits help regulate surface water usage, preventing over-extraction and ensuring its
sustainable use.

Industrial sectors, particularly energy and chemical companies, heavily rely on surface water for cooling
purposes. lts untaxed status makes it a cost-effective option, especially for industries where high-quality
water is not required for production.

In agriculture, surface water is primarily used for irrigation, and since its extraction is free of charge, it
remains an attractive resource for farmers. Despite the absence of fees, restrictions can be imposed
during droughts to conserve water resources.

Approximately 34% of the Netherlands’ drinking water is derived from surface water, predominantly
in the western regions. An additional 6% comes from riverbank filtration water. Unlike groundwater
extraction sites, most surface water extraction points do not benefit from the same protective measures.
Surface water intended for drinking water production must meet the standards set out in the Water
Quality Requirements and Monitoring Decree 2009. The Directorate-General of Public Works and
Water Management and local water authorities are responsible for ensuring compliance with these
standards.(Vewin, 2022)

However, the quality of surface water is under increasing pressure due to environmental contamination
from pesticides, pharmaceuticals, and industrial substances. Climate change exacerbates this problem,
as lower river flows mean wastewater and industrial discharges are less diluted, leading to a decline in
water quality. During periods of low river discharge, such as the dry summers from 2018 to 2020, these
issues became more pronounced. For example, saltwater intrusion into Lake |Jssel from the Wadden
Sea increased when locks were closed, further degrading water quality. Since 2018, the majority of
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water intake stoppages from the Rhine have been caused by high chloride concentrations at the Andijk
pumping station in Lake IJssel.

When surface water quality falls below acceptable standards, water companies take mitigating actions,
such as mixing groundwater with surface water or temporarily halting surface water intake. Together
with water authorities, they also investigate the sources of pollution to address the problem at its root.
The challenges posed by these factors indicate that surface water, as a source of drinking water, is
becoming increasingly vulnerable due to both pollution and climate change.

4.2.6. Sewage and Wastewater Management in the Netherlands
The management of sewage and wastewater in the Netherlands involves various fees levied by munic-
ipalities and water boards, ensuring the sustainability of water treatment and pollution control. These
fees, determined by pollution levels and wastewater volume, help maintain efficient treatment services
for households, industries, and the agricultural sector. (Laurens J. ZWAAN, 2023)

4.2.7. Wastewater Treatment Processes in the Netherlands

The wastewater treatment processes outlined in this section illustrate how wastewater is managed in
the Netherlands. Examining these processes provides a foundation for comparing the current system
with potential improvements through water reuse strategies, which will be discussed in subsequent sec-
tions. This section is written as an example, based on information of Harnaschpolder WWTP Delfluent
Services B.V., 2024.

The treatment process begins with the removal of large solid materials such as paper, plastics, wood,
and textiles, which are collected and transported to external waste incineration facilities. Wastewater
then enters pre-sedimentation tanks, where oils, fats, and floating materials are skimmed off, while
heavier non-soluble particles settle at the bottom, forming primary sludge. This sludge is directed to
the sludge treatment section.

The core treatment phase is biological, utilizing billions of micro-organisms to break down organic
pollutants. This activated sludge system alternates between aerated and non-aerated conditions to
optimize nitrogen, phosphate, and organic contaminant removal—achieving over 85% nitrogen and
phosphate removal and over 90% reduction in organic matter.

Post-treatment, the sludge-water mixture is directed to post-sedimentation tanks, allowing the activated
sludge to settle. A portion of this settled sludge is recycled back into the aeration tanks, while the treated
water, known as effluent, is pumped through pipelines to the Houtrust WWTP in The Hague before being
discharged into the North Sea.

Sludge treatment involves thickening the primary and surplus activated sludge to remove excess water.
The thickened sludge is then digested anaerobically at 35°C, releasing biogas as a byproduct. This bio-
gas fuels gas engines that generate heat and electricity, meeting over 50% of the plant’s energy needs.
After digestion, the sludge undergoes further dewatering via centrifuges, resulting in a concentrated
waste product transported to the sludge incineration facility in Dordrecht.

To control odors, air treatment systems extract and process air from different plant areas. Initial filters
remove hydrogen sulfide, while subsequent filters address other odor compounds before releasing
cleaned air through chimneys, adhering to strict emission standards.

Wastewater treatment plants have significant energy requirements, primarily due to aeration in biologi-
cal treatment and long-distance water pumping. While part of the electricity is sourced from the grid, a
substantial portion is generated onsite using methane from sludge digestion. Diesel generators ensure
continuous operation during power interruptions.

4.2.8. Sewage Charges and Water Board Levies

Residents pay sewerage charges through municipal taxes to fund wastewater and rainwater manage-
ment. These charges vary by municipality, with some basing fees on property value and others on
drinking water consumption (Municipalities Act, Article 228-a). Municipal councils establish sewerage
levy ordinances defining fee structures. (Laurens J. ZWAAN, 2023)



4.2. Empirical Analysis of Dutch Water System 33

In 2021, total revenue from sewage charges reached €1.72 billion, averaging €103 per household, with
the lowest at €43 and the highest at €256. (Laurens J. ZWAAN, 2023)

Water boards finance their operations primarily through taxes, including the water system levy and the
purification levy.

The water system levy is paid by residents and property owners to fund flood protection, water quantity
management, and surface water quality maintenance (e.g., dredging, nutrient pollution control).

The purification levy applies to wastewater producers, based on the principle that polluters pay for
treatment. Households pay for one pollution unit if they have one resident and three units for two or
more residents. Businesses and industries have sector-specific pollution contribution models. Table
4.3 shows the tariffs for Delfland in 2024.

Table 4.3: Water Tariffs and Levies, Delfland 2024 (Delfland, 2024)

Water System Levy Amount

For a household €133.39

For a home or business 0.0241% of WOZ value
For agricultural land €106.04 per hectare
For natural soil €4.53 per hectare

Purification Levy

Single-person household €106.04
Household with two or more residents €318.12
Company €106.04 per pollution unit

Additional taxes imposed by water boards include:

* Pollution levy for direct wastewater discharge into surface water.

* Road levy for water boards managing roads.

» Concession tax for infrastructure under, on, or above water board land.
* Fees and charges for permits issued by water boards.

Water board rates are structured to cover operational costs, which vary by region due to differing water
management needs. The cost breakdown per activity is as follows: (van Waterschappen, 2021)

* Flood defenses: 13%

» Water systems: 28%

» Sewage treatment: 39%

» Waterways and roads management: 2%
+ Licensing and enforcement: 4%

» Taxation: 4%

* Miscellaneous: 10%

Figure 4.7 illustrates the nominal and real costs of water board operations over time. While nomi-
nal costs have risen, real costs have remained stable, indicating inflation as the primary cost driver.
Wastewater treatment accounts for 39% of expenditures, totaling around €1.4 billion annually. (van
Waterschappen, 2021)

With 19.7 million population equivalents (p.e.)—equivalent to 200 liters per day—treated daily, wastew-
ater treatment costs approximately €0.97 per cubic meter. (Agency, 2024)

Water companies, unlike water boards, have been more affected by declining water quality due to
pollution and climate change, leading to increased material and energy costs that are reflected in con-
sumer prices. Notably, small consumers’ water board tariffs are based on pollution levels rather than
wastewater volume.
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Figure 4.7: a) Water Boards in the Netherlands, b) Total real and nominal costs over time (van Waterschappen, 2021)

4.2.9. Investments

Between 1990 and 2008, investment levels in the Dutch drinking water sector gradually declined. This
trend was primarily attributed to a decrease in demand, which reduced the necessity for expanding
production capacity. The adoption of less expensive piping materials, such as PVC, along with mea-
sures aimed at extending the lifespan of existing infrastructure, and strategic investments based on im-
proved asset management information, further contributed to limiting overall investment costs.(Laurens
J. ZWAAN, 2023)

An upward trend in investment began in 2008, reflecting a shift in market dynamics. Although there was
a slight decrease in investments related to drinking water production—encompassing extraction and
treatment—in 2015 and 2016, investments in distribution continued to rise steadily. Since 2017, both
production and distribution investments have demonstrated substantial growth. Specifically, production
investments surged from €123 million in 2017 to €213 million in 2020, marking a remarkable 72%
increase. Concurrently, distribution investments rose from €307 million to €375 million, reflecting a
22% increase. Overall, the total investment in 2020 reached €643 million, with allocations comprising
58% for distribution, 33% for production, and 5% for information and communication technology.(Vewin,
2022)

Currently, the Netherlands invests €75 per citizen annually for the development and renewal of collect-
ing and treatment infrastructure, which exceeds the EU average of €41 per citizen per year.

Looking to the future, drinking water companies anticipate a significant increase in necessary invest-
ments to ensure a sustainable drinking water supply. These anticipated investments are driven by
several factors, including aging infrastructure, a decline in the availability of drinking water sources,
and heightened security requirements. The ability of drinking water companies to generate sufficient
income to finance these investments from their own resources and/or attract external financing is criti-
cal.(Laurens J. ZWAAN, 2023)
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Modeling of Water System

To formalize the structure and organization of the water system into a mathematical framework, this
section begins by presenting the modeling approach adopted in this study. We start by outlining the
various components of the model, which address both water flow dynamics and the financial structures
that influence the system. This approach enables us to simulate and predict the behavior of the water
system in response to potential changes and future conditions.

In the second part of this chapter, the parameters introduced in the initial modeling framework are
determined using empirical data drawn from the previous chapter. This process ensures that the model
is grounded in observed data, enhancing its relevance and predictive power. By incorporating these
data-driven parameters, the model is positioned to provide insights into water system performance
under various economic and environmental scenarios.

5.1. Demand

For any consumer, it is logical to assume that their demand is influenced by a set of financial and
non-financial parameters. In the context of the water sector, demand can be reasonably related to
financial factors such as the price of water and the income of consumers, as well as non-financial
factors, including environmental conditions and the number of consumers.

Empirical data often demonstrate a log-log demand relationship for water usage (Cagno et al., 2022) ,
which is characterized by certain advantages. The log-log model provides a constant elasticity, mean-
ing that the percentage change in water demand remains proportional to the percentage change in
price or income, irrespective of the level of demand. This characteristic aligns well with observed be-
havior in water demand data and allows for simplified estimation and interpretation. Based on these
considerations, we model water demand for each consumer group as follows:

In(D;) = a+ BIn(P;) +~vIn(l;) + €E; + (5.1)

where:
» D, represents the water demand for consumer 1,
» P; denotes the price of water,
 I; is the income level of consumer ¢,
» B, captures the environmental conditions relevant to water use,
* «a, 3,7, € are the parameters to be estimated, and
* 7 represents random error terms or unobserved factors.

36
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5.2. Price

As explained in the previous chapter, the price of water consists of different financial parameters such
as the cost of water production, the profit margin of water companies, and taxes. In this model, we
assume that the profit margin of water production is constant. Therefore, the change in urban water
price can be modeled as follows:

B =CV++V (5.2)

where PiU is change in urban water price, C‘fj is change in cost of water production and 7 is change
in tax, which can be modified based on government policies regarding water price.

As discussed in the previous chapter, the cost of water production may rise due to factors such as
increased contamination, salinity, and higher energy costs. To simulate these changes over time, we
use the following equation.

Ci(t) = Cyo x rct (5.3)

where rc; is rate of cost increase over time.

In the case of water reuse, the price of water can vary depending on the approach used. If the reused
water is mixed with urban water, the final price of water can be calculated as a weighted average of the
prices, as follows:

kR x PF 4+ (D; — K®) x PY
pi = D= 1) (5.4)

Where P and k% are price of reuse water and reuse water capacity respectively.

In case of reuse water for sale, urban water price would be calculated based on equation 5.2.

The price of reused water can be determined based on its Capital Expenditure (CAPEX) and Opera-
tional Expenditure (OPEX) costs. Since the CAPEX is distributed over time, and the distribution con-
siders an interest rate, the price of reused water can be calculated as follows:

pr_ CAPEX - (141)"
o T

+OPEX (5.5)

Where PZ is the price of reused water, CAPEX is the capital expenditure, r is the interest rate, T
is the time period over which CAPEX is amortized, and OPEX is the operational expenditure. Both
CAPEX and OPEX are function of water reuse capacity, as econmy of scale applies here. Later in this
chapter, we investigate the price of water reuse.

5.3. Partial Equilibrium
The model consists of three core components—demand, cost, and price functions—that are intercon-
nected and need to reach equilibrium.

The equilibrium is achieved when the demand and price functions (Equations 5.1 and 5.2) balance,
considering the cost of reuse water (Equation 5.3). In other words:

» The price determined by capacity and cost aligns with the price consumers are willing to pay
based on their demand.

* This iterative process ensures that the capacity chosen for reuse plants satisfies both the supply
(cost-driven price) and demand-side (price-driven consumption) conditions.
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Table 5.1: Summary of Model Components and Interactions

Component Equation Description

Demand Function Equation 5.1 Relates water demand to price elasticity and incorporates
factors such as population growth and economic trends.

Cost Function Equation 5.3 Defines the unit cost of reuse water as a function of capac-
ity, including capital investments and O&M costs.

Price Function Equation 5.2 Calculates the final price of water for consumers based on
reuse costs, capacity, and adjustments for WTC schemes.

Equilibrium Condi- Integrated Balances supply (cost-driven price) and demand (price-

tion driven quantity) to achieve system equilibrium.

5.4. Cost and Revenue

5.4.1. Water Companies
The revenue of water companies primarily comes from the sale of water. Therefore, we can express
their revenue using the following equation:

where R; represents the revenue from water sales, P; is the price of water, and D; is the demand for
water.

The cost of water production for water companies can be calculated as follows:

Ci=CY x (D; —K®) +Clx KF? (5.7)

where CY can be determined based on equation 5.3 and C{* can be determined based on equation
5.5.

In this study, we consider the profit margin of water companies to be constant. Therefore, the revenue
from byproducts can help reduce the price of reused water.

5.4.2. Cost of Consumers
The water cost for consumers can be determined by the following equation:

where WWTC and D represent the cost of water treatment and water distribution, respectively.

In the water sector, it is a valid assumption to consider water supply as exogenous. This is based on the
fact that water production is not typically affected by price fluctuations, as water companies and their
tariffs are often regulated by the government. For the purposes of this model, we assume a fixed profit
margin for these companies. Consequently, we can use the price and demand functions to simulate
how policies may affect these two concepts.

In the next section, we will introduce aspects of the water system that can serve as performance indi-
cators for evaluating the efficiency and sustainability of the water sector.

5.5. Model KPIs

As a socio-economic study, this research considers both economic and environmental aspects as key
performance indicators (KPIs) to assess the effectiveness of water reuse strategies. These indicators
allow for a comprehensive evaluation of the impacts and trade-offs associated with water reuse in the
context of the Dutch water sector.
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5.5.1. Environmental Aspect
For the environmental aspect, we introduce two primary indicators:

Freshwater Saving: This indicator measures the difference in freshwater demand between the base-
line scenario (without water reuse) and the various water reuse scenarios. It quantifies the reduction in
the consumption of natural freshwater resources achieved by implementing water reuse technologies.
By comparing the total freshwater demand in different scenarios, this indicator provides insights into
how much pressure is relieved from freshwater ecosystems due to the introduction of reuse practices.

Freshwater Saving Rate: To account for the rebound effect, we define the freshwater saving rate as
the amount of freshwater saved per cubic meter of reused water introduced into the system. This rate
helps to measure the efficiency of water reuse in terms of its environmental benefits. It also considers
how much additional freshwater is conserved by replacing conventional water sources with treated
or reused water, helping to evaluate the sustainability and long-term impact of water reuse initiatives.
The freshwater saving rate can also help assess whether increased efficiency in water use leads to
a proportional reduction in demand or if behavioral changes (such as the rebound effect) affect the
expected savings.

5.5.2. Economic Aspect
For the economic aspect, we focus on two main indicators:

Total Cost of Water for Consumers: This indicator represents the overall financial burden on con-
sumers due to water consumption in the system. By considering the total cost, we are able to assess
how water reuse policies and pricing mechanisms affect consumers economically. The total cost is
influenced by factors such as the price of water, operational and waste water treatment costs of water
systems, and the introduction of new technologies. This indicator allows us to gauge the affordability of
water for consumers, particularly in the context of reuse scenarios where the price structure may differ
from the baseline.

Water Price: The price of water is a crucial economic indicator with significant social implications.
Water pricing not only influences consumer behavior and demand but also plays an important role in
promoting or discouraging water conservation efforts. In this study, we consider the price of water as
an indicator due to its direct social impact, as it can affect the accessibility and equity of water services.

In the next section, we provide an empirical analysis on how we determined the necessary parameters
for the model.

Initial Investment: Initial investment refers to the total upfront capital required to establish reuse infras-
tructure, including the cost of constructing treatment facilities, distribution networks, and any associated
upgrades to wastewater collection systems.

Freshwater Saving per Investment: Freshwater saving per investment measures the efficiency of a
reuse policy in terms of the volume of freshwater conserved per unit of monetary investment. This KPI
is particularly useful for assessing the impact of technological advancements that reduce costs.
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Table 5.2: Key Performance Indicators for Reuse Scenarios

Stakeholder KPI Equation Description
Environment Fresh Water Sav- (D, jeuse — Diouse) Urban water saved yearly.
ing
(Dr% reusefDr(e]use) H
Fresh Water Sav- ~—7gpim= Saving of urban water per
ing Rate reuse capacity unit.
Consumer Water Bill P,-D;+(D+CT) Average water-related cost of
the consumer.
Water Price P; Average price of drinking wa-
ter.
Water Companies |Initial Investment CAPEX - N Total initial investment needed
| Government for reuse scenarios.
U _ U
Freshwater (Dg’ﬁi){i’?;ﬁe) Saving of urban water per ini-
Saving per Invest- tial investment unit.
ment

5.6. Water Demand in the Netherlands

In this section, the demand function for different types of water across various consumer categories is
calculated based on empirical data from the Netherlands.

5.6.1. Tap water data collection methodology

The data utilized in this part of the study was gathered from various reputable sources to ensure the
accuracy and reliability of the subsequent modeling. The following outlines the data collection process
and the sources from which the data was extracted. The demand data was obtained from the CBS
website, covering different categories of consumers in tap water usage in Netherlands. Although the
primary focus of this study is on the Delfland water board area, the specific demand data for this
region was unavailable. Consequently, national-level data was employed as a substitute to represent
the Delfland area. For water pricing, the data was sourced from the Vewin dataset, which annually
calculates the average price of water. This calculation involves averaging the tap water rates across
various regions, weighted by the demand in each area. Additionally, the standing charge is prorated
based on the average consumption per household to determine a comprehensive price per unit.

The tariff structure for tap water is composed of several components, making it challenging to be ac-
curately represented in a straightforward financial model. To address this complexity and provide a
more standardized understanding of water pricing, the use of a price index becomes a valuable tool.
In the Netherlands, Vewin, the association of drinking water companies, has defined an average price
of water for households as follow:

SC

PI(?E = @ + Rpw + Tg% (59)
where P}, is average rate of water, U}, is average household demand for water and 7717, is average
tap water tax.

Additionally, Vewin calculates the average price of tap water by dividing the total sales from water
companies by the total demand for tap water in the Netherlands. (Vewin, 2022)

For businesses (i.e. industry and agriculture sector), the situation is even more complex, as the stand-
ing charge varies depending on the connection capacity. To account for this complexity, we developed
a price index that is indirectly based on the average price of tap water and the average price of tap
water specifically for households, as described in Equation 5.10.

P]%Ug * UN - Pgﬁg * UHH
Ugp

P9 = (5.10)
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where P;"Y is the average tap water price for businesses, PyY is the average tap water price in Nether-
lands, Uy is total water usage in Netherlands, Uy is household tap water demand and Up is the tap
water demand for businesses.

To derive the real price of water, the amount of tap water tax per cubic meter was added. Furthermore,
the Consumer Price Index (CPI), also obtained from CBS, was applied to adjust the prices for inflation,
providing a real price for each year. In the case of the price index for industrial and agricultural sectors,
the average water price and the average household water price in the Netherlands were again sourced
from the Vewin dataset. The average price for businesses was calculated using these two variable. This
business price of tap water applies to both industrial and agricultural sectors, as the price is dependent
on the size of the connection rather than the specific use in industry or agriculture. At the end the
real price for each year has been obtained using CPI. Finally, the real GDP data was extracted from
the CBS dataset. To calculate the industrial and agricultural GDP (IndGDP/AgrGDP), the percentage
contributions of these sectors to the overall GDP were obtained from CBS. These percentages were
then used to derive the specific contributions of industry and agriculture to the real GDP. This IndGDP
and AgrGDP will be used in the subsequent sections to model the economic aspects of water usage in
these sectors.

5.6.2. Household Tap Water Demand

In analyzing household tap water demand, it is essential to consider the relationship between demand,
price, and the purchasing power of consumers. In this study, real disposable income of Dutch citi-
zens has been employed as an indicator of purchasing power. To account for the impact of population
changes, demand per capita was utilized, calculated by dividing total water demand by the population
size. A linear regression model was employed for the analysis, with demand per capita as the de-
pendent variable, while real price and income served as the independent variables. The analysis was
conducted using data spanning from 2011 to 2021. In 2012, the repeal of the national groundwater tax
led to a notable reduction in water prices by approximately 10-20%. However, contrary to expectations,
the short-term impact on water demand did not materialize in 2012 and 2013. In 2020, an irregular in-
crease in water demand was observed, which was attributed to the impact of the COVID-19 pandemic.
To account for these temporary conditions and isolate the effect of other factors, we defined a dummy
variable. This dummy variable takes the value of 1 for the years 2012 and 2013 (reflecting the period
of low prices), -1 for the year 2020 (to account for the spike in demand), and O for all other years. This
approach ensures that the model accurately reflects the long-term trends in water demand without the
influence of these anomalous events. The result can be found in table 5.3

In(Demand_per_capita) ~ 1 + In(Price_index) + In(Income) + dummy

Variable Estimate SE tStat pValue
(Intercept) 7.16 1.0933 6.5487 | 0.0003192
Price_index | -0.42577 0.10742 | -3.9637 | 0.0054362
Income -0.28695 | 0.099309 | -2.8894 | 0.023335
dummy -0.046331 | 0.0099326 | -4.6646 | 0.0023022

Number of observations: 11, Error degrees of freedom: 7
Root Mean Squared Error: 0.00955

R-squared: 0.805, Adjusted R-Squared: 0.722

F-statistic vs. constant model: 9.65, p-value = 0.00699

Table 5.3: Estimated Coefficients for household tap water demand linear regression model, after removing outlier data.
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Linear regression model, without dummy variable:

In(Demand_per_capita) ~ 1 + In(Price_index) + In(Income)

Estimate SE tStat pValue
(Intercept) 2.9535 1.1721 2.5199 | 0.035814
Price_index | -0.10168 | 0.15532 | -0.65463 | 0.53108
Income 0.093435 | 0.10746 | 0.86949 | 0.40991

Number of observations: 11

Error degrees of freedom: 8

Root Mean Squared Error: 0.0181

R-squared: 0.2 Adjusted R-Squared: -0.000213
F-statistic vs. constant model: 0.999, p-value = 0.41

Table 5.4: : Estimated Coefficients for household tap water demand linear regression model, before removing outlier data.
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Figure 5.1: For household tap water demand: a) Added variable plot for model excluding outlier b) Comparison between
empirical data (blue) and model response (orange) excluding outlier c)Added variable plot for model including outlier d)
Comparison between empirical data (blue) and model response (orange) including outlier

The final model reveals a negative relationship between water price and demand, which aligns with
fundamental economic expectations. Specifically, the price elasticity of demand is estimated at -0.42.
This indicates that for every 1% increase in price, water demand decreases by 0.42%. This is consistent
with prior research, where the price elasticity for household water demand between 2009 and 2011 was
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estimated to range between -0.25 and -0.65.(Reynaud, 2015) However, the earlier study used nominal
prices for these years, which could explain the slightly lower elasticity. Figure 5.2b&c compares the
real and nominal water prices over recent years, highlighting that between 2009 and 2011, the nominal
price increased more rapidly than the real price. This discrepancy likely led to a lower elasticity when
using nominal prices, as the real burden of water cost on consumers was somewhat understated. In
contrast, the elasticity estimated in our model using real prices appears more accurate and reasonable.
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Figure 5.2: a) Comparison of household demand and growth of population b) Nominal household price index of tap water
c)Real household price index of tap water (Vewin, 2022)

Another study estimated an average price elasticity of around -0.4 for the period before 2003. (Metaxas
& Charalambous, 2005) Interestingly, the model also indicates a negative relationship between income
and per capita water demand, with an income elasticity of -0.28. This result is somewhat counterin-
tuitive, as it suggests that as incomes rise, water consumption per person decreases. Typically, one
would expect higher incomes to result in greater consumption of most goods, but this inverse relation-
ship can sometimes occur with non-essential or efficiently consumed goods. In this case, the negative
income elasticity could indicate that wealthier households are using water more sustainably or have
invested in more water-efficient technologies. This finding is supported by recent reports indicating that
Dutch households are becoming more efficient in their water use. For example, the amount of water
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used for toilet flushing has decreased from 42 liters per person per day in 1995 to 34 liters in 2016,
driven largely by the adoption of more water-efficient toilets. Similarly, water consumption for laundry
(including both washing machines and hand-washing) has dropped from 27 to 15 liters over the same
period.(Vewin, 2022)
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Figure 5.3: Development in drinking water use by application (Vewin, 2022)

Previous studies have estimated the income elasticity for water demand at around 0.2(Reynaud, 2015),
suggesting that higher incomes previously led to marginal increases in water consumption. During the
2009-2011 period, nominal disposable wages were slowly decreasing, while real disposable income
was on the rise. This created a situation where, based on nominal wages, a positive income elasticity
could be observed. However, when adjusting for real disposable income, the negative elasticity seen
in our model becomes more plausible. Given that water demand has been gradually decreasing over
time, it seems reasonable to conclude that the long-term income elasticity for water demand is indeed
negative, reflecting a trend towards more sustainable and efficient water use among higher-income
households.

5.6.3. Industrial Tap Water Demand

Similar to household tap water demand, industrial water demand is expected to be influenced by water
prices. Consequently, the price index was incorporated as an independent variable in the regression
model. In addition to the price index, Real GDP was utilized as a second independent variable, serving
as an indicator of economic activity. The modeling was conducted using data from 2011 to 2021, with
two years excluded from the analysis due to their classification as outliers. In 2012, the repeal of
the national groundwater tax led to a significant decrease in water prices by approximately 10-20%.
Despite this reduction, the expected short-term increase in demand did not occur in 2012 and 2013,
which resulted in the exclusion of data from these years. Although this data filtration approach is
theoretically sound, the comparison of models with and without the outlier data reveals only minimal
differences in accuracy, indicating that the exclusion of these years did not substantially improve the
model’s precision. This lack of significant improvement may be attributed to the absence of a strong
relationship between industrial tap water demand and the price index. This matter is further discussed
after the report of Matlab regression model results.

Linear regression model, after removing data of 2012,2013 (Revoke of national groundwater tax):
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In(Demand) ~ 1 + In(Price_index) + In(GDP)

Estimate SE tStat pValue
(Intercept) 7.1403 2.7203 | 2.6248 | 0.039334
GDP 0.48564 | 0.10647 | 4.5612 | 0.003846
Price-index | 0.091592 | 0.10914 | 0.83921 | 0.43351

Number of observations: 9, Error degrees of freedom: 6
Root Mean Squared Error: 0.0123

R-squared: 0.79, Adjusted R-Squared: 0.72

F-statistic vs. constant model: 11.3, p-value = 0.00929

Table 5.5: Estimated Coefficients for industrial tap water demand linear regression model, before removing outlier data.

Linear regression model, before removing data:

In(Demand) ~ 1 + In(Price_index) + In(GDP)

Estimate SE tStat pValue

(Intercept) 8.739 3.2758 | 2.6677 | 0.028462
GDP 0.42227 | 0.12799 | 3.2993 | 0.01087

Price-index | 0.14163 | 0.095692 | 1.4801 | 0.17712

Number of observations: 11, Error degrees of freedom: 8
Root Mean Squared Error; 0.0153

R-squared: 0.622, Adjusted R-Squared: 0.527

F-statistic vs. constant model: 6.57, p-value = 0.0205

Table 5.6: Estimated Coefficients for industrial tap water demand linear regression model, before removing outlier data.

The model indicates a positive relationship between industrial water demand and GDP, which aligns with
expectations. However, the relationship between demand and water price is not statistically significant,
with the coefficient being close to zero. This suggests that there is little to no correlation between
industrial tap water demand and its price, which is an unexpected outcome. One possible explanation
for this result is that industries requiring tap water often demand high-quality water. According to data
from CBS, particularly in recent years, the majority of industrial tap water usage occurs in manufacturing
sectors. Within these sectors, tap water is predominantly used in the production of essential goods such
as food products, chemicals, and basic metals. These goods are typically necessities and cannot be
easily substituted. As a result, manufacturers may be able to pass any changes in water prices onto
the final selling price of their products, thereby decoupling the relationship between water price and
demand.

The data show a notable decline in water usage within the business sector between 1990 and 2014,
with an overall reduction of 23%. The most significant drop occurred between 1995 and 2005, where
business water consumption decreased by 57 million m® (an annual rate of -1.6%), despite substantial
economic and employment growth during the same period. Figure5.5 highlights this trend clearly. Key
drivers behind the reduction included increased water conservation efforts, substitution of drinking water
with alternative sources, and private water extraction.

Although water use in the business market experienced a slight uptick between 2005 and 2010, reach-
ing 303 million m?, it dropped again to 285 million m*® by 2014. This decline was partly attributed to
the global economic crisis that began in 2008, but also to heightened efforts towards water conserva-
tion and reuse within the framework of a circular economy. Following the economic recovery in 2015,
water sales in the business market rose again, reaching 309 million m? by 2019. However, in 2020,
consumption fell to 303 million m*® due to the COVID-19 pandemic.
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Figure 5.4: For Industrial tap water demand: a) Added variable plot for model excluding outlier b) Comparison between
empirical data (blue) and model response (orange) excluding c)Added variable plot for model including outlier d) Comparison
between empirical data (blue) and model response (orange) including outlier

It appears that the trend towards sustainability is also prevalent in the Dutch industrial sector. The
significant reduction in water usage over recent decades, driven by conservation efforts, water reuse,
and the substitution of drinking water with alternative sources, demonstrates a clear commitment to
sustainability. Even during periods of economic growth, businesses have increasingly adopted prac-
tices that align with a circular economy, emphasizing efficient water management and environmental
responsibility. This shift reflects a broader sustainable attitude within the sector, which continues to
influence industrial practices in the Netherlands.

5.6.4. Agriculture Tap Water Demand

Similar to industrial tap water demand, agricultural tap water demand is anticipated to be influenced
by water prices. Therefore, the price index was included as an independent variable in the regression
model. In addition to the price index, Real GDP was incorporated as a second independent variable,
representing economic activity.

The analysis was performed using data from 2011 to 2021. However, two years were excluded using
dummy variable from the dataset due to their identification as outliers. In 2012, the repeal of the
national groundwater tax resulted in a significant decrease in water prices by approximately 10-20%.
Despite this reduction, the expected short-term impact on demand did not manifest in 2012 and 2013,
necessitating the exclusion of data from these years.
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Figure 5.5: Business market drinking water consumption vs. development of the economy (Vewin, 2022)

Linear regression model, using dummy variable:

In(Demand) ~ 1 + In(Price_index) + In(GDP) 4+ dummy

Estimate SE tStat pValue
(Intercept) 4.5091 4.2657 | 1.0571 0.32559
GDP 0.57563 | 0.18306 | 3.1797 | 0.015497

Price_index | -0.94864 | 0.3015 | -3.1373 | 0.016442
dummy -0.14459 | 0.03888 | -3.7185 | 0.0074706

Number of observations: 11, Error degrees of freedom: 7
Root Mean Squared Error: 0.034

R-squared: 0.825, Adjusted R-Squared: 0.749

F-statistic vs. constant model: 11, p-value = 0.00489

Table 5.7: Estimated Coefficients for agriculture tap water demand linear regression model
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Linear regression model, without dummy variable:

Number of observations: 11, Error degrees of freedom: 8

In(Demand) ~ 1 + In(Price_index) + In(GDP)

Estimate SE tStat pValue

(Intercept) | -0.17655 | 6.5755 | -0.026849 | 0.97924
GDP 0.76821 | 0.28412 2.7038 0.026914
Price_index | -0.15817 | 0.34617 | -0.45693 | 0.65988

Root Mean Squared Error: 0.0549
R-squared: 0.478, Adjusted R-Squared: 0.348
F-statistic vs. constant model: 3.66, p-value = 0.0742

Table 5.8: Estimated Coefficients for agriculture tap water demand linear regression model, without dummy variable
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Figure 5.6: For agriculture tap water demand: a)Added variable plot for model excluding outlier b) Comparison between
empirical data (blue) and model response (orange) excluding outlier c)Added variable plot for model including outlier d)

Comparison between empirical data (blue) and model response (orange) including outlier

The model reveals a positive relationship between agricultural water demand and GDP, which aligns
with standard economic expectations. The higher elasticity of agricultural water demand relative to
GDP, compared to industrial water demand elasticity, reflects the sector’s more direct and flexible re-
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sponse to economic growth. As economic activity expands, the agriculture sector’s demand for water,
a fundamental input, increases more readily than in industrial sectors due to the lower infrastructure
and technological complexity required. This is in line with the fact that agricultural production is often
more sensitive to fluctuations in raw material needs, such as water, given its direct use in crop irrigation
and livestock production.

Moreover, the negative relationship between water demand and water prices further supports the ex-
pected inverse correlation. The price elasticity of -0.95 indicates that agricultural water demand is
significantly more responsive to price changes compared to household water demand. This difference
is understandable as water in households is a necessity, making it less sensitive to price fluctuations,
whereas agricultural water use can be more discretionary. In the agriculture sector, higher water prices
incentivize a shift toward water-saving technologies, lower-quality water sources, or even reductions in
output.
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5.6.5. Ground water data collection methodology

Groundwater data for this part of the study is primarily sourced from the Central Bureau of Statistics
(CBS). The CBS dataset provides a comprehensive categorization of groundwater demand across
various sectors, similar to the categorization used for tap water demand. This categorization allows for
a detailed analysis of groundwater usage in different applications, such as industrial, and agricultural.

Additionally, the CBS dataset includes all necessary information related to groundwater taxation. The
groundwater tax data in the CBS dataset is presented as the total tax collected from different sectors.
For the purposes of this study, the total groundwater tax for each sector has been divided by the demand
of that sector. This calculation allows us to derive the amount of tax paid per cubic meter of water used,
providing a more granular understanding of the financial burden on each sector due to groundwater
usage.

In alignment with the methodology used in the tap water demand analysis, the data required to calculate
Gross Domestic Product (GDP) contributions by sector is also obtained from CBS. The dataset provides
the percentage contribution of different sectors, such as industry and agriculture, to the overall GDP. By
multiplying these percentages by the total GDP, we can accurately determine the economic contribution
of each sector. With the overall economic performance of each sector in hand, we can then assess its
impact on groundwater demand.

5.6.6. Industrial Ground Water Demand

In this section, the demand for groundwater in the industrial sector is analyzed in relation to key factors
such as groundwater tax and the industrial component of GDP. It is theoretically sound to hypothe-
size that the repeal of the national groundwater tax could significantly influence the regression model
of groundwater demand. To enhance the accuracy of the analysis, data from the years after 2011
were used in separate regression models, distinct from earlier periods. This approach led to higher
R-squared values and overall improved precision compared to models that included all data without
differentiation.

The results of the Matlab regression model for this analysis are presented below:

In(Demand) ~ 1+ In(GW_Taz) + In(GDP)

Estimate SE tStat pValue
Intercept 68.362 13.578 5.0347 | 0.0023694
GWTax | -0.0081547 | 0.071921 | -0.11338 | 0.91343
IndGDP -1.9401 0.53627 | -3.6178 | 0.011126

Number of observations: 9, Error degrees of freedom: 6
Root Mean Squared Error: 0.0456

R-squared: 0.787, Adjusted R-Squared: 0.716
F-statistic vs. constant model: 11.1, p-value = 0.00969

Table 5.9: Estimated Coefficients for industrial ground water demand linear regression model, with 2012-2019 and 2021 data.
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Linear regression model, with 2003-2009 data:

In(Demand) ~ 1+ In(GW_Taz) + In(GDP)

Estimate SE tStat pValue
Intercept 55.758 11.079 5.0326 | 0.0073203
GWTax | -0.010253 | 0.041972 | -0.24428 | 0.81903
IndGDP -1.4336 0.43395 | -3.3036 | 0.029833

Number of observations: 7, Error degrees of freedom: 4
Root Mean Squared Error: 0.0579

R-squared: 0.756, Adjusted R-Squared: 0.634
F-statistic vs. constant model: 6.19, p-value = 0.0596

Table 5.10: Estimated Coefficients for industrial ground water demand linear regression model, with 2003-2009 data.

Linear regression model, with 2003-2021 data:

In(Demand) ~ 1+ In(GW_Taz) + In(GDP)

Estimate SE tStat pValue
Intercept 21.501 16.963 1.2675 0.2231
GWTax 0.2339 0.050829 | 4.6016 | 0.0002948
IndGDP | -0.078209 | 0.66315 | -0.11794 | 0.90759

Number of observations: 19, Error degrees of freedom: 16
Root Mean Squared Error: 0.129

R-squared: 0.575, Adjusted R-Squared: 0.522

F-statistic vs. constant model: 10.8, p-value = 0.00107

Table 5.11: Estimated Coefficients for industrial ground water demand linear regression model, with 2003-2021 data

The final regression model (with 2003-2021 data, altogether) shows a lower R-squared value compared
to the others, which undermines its reliability. Therefore, the results from this model should be treated
with caution or even disregarded. The first two regression models, which analyze the periods before
and after the revocation of the national groundwater tax (GWT), reveal an insignificant relationship
between groundwater demand and the tax itself. This result might seem counterintuitive at first. The
price elasticity of groundwater demand is nearly zero and statistically insignificant, suggesting that the
demand for groundwater was not influenced by the tax. A study on the Dutch groundwater tax aligns
with these findings, indicating that although the GWT was introduced as a "green tax” aimed at reducing
groundwater consumption and promoting better environmental outcomes, it largely failed to meet these
objectives.

While the GWT did succeed in generating government revenue, it had a minimal impact on water
consumption in industrial and agricultural sectors. Many industrial firms either shifted to using surface
water or disregarded the tax due to their already low levels of groundwater consumption. The tax was
ineffective in changing behaviors, particularly among firms with low water demands.

Additionally, the environmental impacts of the GWT were challenging to measure due to a lack of
specific data on groundwater levels and the significant regional variability of water resources across
the Netherlands. The tax was not adjusted for local conditions, which reduced its ability to target areas
where groundwater depletion or environmental harm was most severe. In practice, the GWT operated
more as a fiscal measure than an environmental one, as the revenue generated was funneled into the
general budget rather than being earmarked for groundwater management or environmental projects.

The GWT was ultimately repealed in 2011 because its economic and environmental effects were neg-
ligible. This supports the findings from the regression models in this study, which similarly show that
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the groundwater tax had no significant influence on industrial groundwater demand. While the tax was
intended to curb water usage, it did not achieve this goal and was discontinued due to its inefficacy. It
appears that the groundwater tax had little impact on groundwater usage and did not effectively incen-

tivize the substitution of groundwater with lower-quality alternatives.
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Figure 5.8: groundwater tax per cubic meter between 2003-2021

The models also highlight industrial GDP as a significant factor in determining industrial groundwater
demand, although in an inverse relationship. As industrial GDP rises, groundwater demand decreases,
mirroring trends observed between residential water consumption and household income. This inverse
correlation suggests that as industries grow and become more profitable, they may invest in advanced
technologies that optimize water use and improve efficiency. It is also possible that industrial sectors

transitioned to surface water, compensating for the lower quality of surface water with more advanced
water treatment technologies, further reducing reliance on groundwater.
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5.6.7. Agriculture Ground Water Demand

This section analyzes groundwater demand in the agricultural sector, examining key variables such
as the groundwater tax, rainfall, and the agricultural component of GDP. It is hypothesized that the
repeal of the national groundwater tax could significantly influence the estimated groundwater demand
in the regression model. To enhance the accuracy of the analysis, separate regression models were
developed using data from 2003-2011 and 2012-2021, alongside a comprehensive model incorporating
all data from 2003 to 2021.The results of the regression models developed in MATLAB are discussed
below:

Linear regression model, with 2003-2011 data (2011 is the year that Groundwater tax has been re-
voked):

In(Demand) ~ 1+ In(GW_Tax) + In(GDP) + In(Rain)

Estimate | Standard Error (SE) | t-Statistic (tStat) p-Value
Intercept | 0.8676 13.55 0.064032 0.95143
GWTax -0.70231 0.11264 -6.235 0.0015535
Rain -0.14051 0.40655 -0.34561 0.7437
AgrGDP | 0.70341 0.54716 1.2856 0.25492

Number of observations: 9, Error degrees of freedom: 5
Root Mean Squared Error: 0.102
R-squared: 0.95, Adjusted R-Squared: 0.919

F-statistic vs. constant model: 31.4, p-value = 0.00114

Table 5.12: Estimated Coefficients for agricultural ground water demand linear regression model, with 2003-2011 data.

Linear regression model, with 2012-2021 data (2011 is the year that Groundwater tax has been re-

voked):

Number of observations: 10, Error degrees of freedom: 7

In(Demand) ~ 1 + In(Rain) 4+ In(GDP)

Predictor | Estimate | Standard Error (SE) | t-Statistic (tStat) | p-Value
Intercept 26.475 77.492 0.34165 0.74264
Rain -3.1593 1.2669 -2.4937 0.041372
AgrGDP 0.56614 3.1994 0.17695 0.86456

Root Mean Squared Error: 0.47
R-squared: 0.512, Adjusted R-Squared: 0.372
F-statistic vs. constant model: 3.67, p-value = 0.0813

Table 5.13: Estimated Coefficients for agricultural ground water demand linear regression model, with 2003-2011 data.
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Linear regression model, with 2003-2021 data:

In(Demand) ~ 1+ In(GW_Tax) + In(GDP) + In(Rain)

Predictor | Estimate | Standard Error (SE) | t-Statistic (tStat) p-Value
Intercept 17.706 36.225 0.48878 0.63207
GWTax -0.0049257 0.010023 -0.49143 0.63024
Rain -2.5783 0.72513 -3.5556 0.0028761
AgrGDP 0.77205 1.4844 0.52011 0.61058

Number of observations: 19, Error degrees of freedom: 15
Root Mean Squared Error: 0.374

R-squared: 0.533, Adjusted R-Squared: 0.44

F-statistic vs. constant model: 5.71, p-value = 0.00818

Table 5.14: Estimated Coefficients for agricultural ground water demand linear regression model, with 2003-2021 data.

The final regression model, which incorporates data from 2003 to 2021, as well as a second model
using data from 2012 to 2021, exhibits lower R-squared values compared to other model. This dimin-
ishes their reliability, and as such, the findings from these models should be treated with caution or be
potentially disregarded.

In contrast, the results from the first linear regression model, which demonstrates a sufficiently high
R-squared value, are considered reliable and warrant further discussion. Analyzing the p-values of the
independent variables, it becomes evident that only the relationship between groundwater demand and
the groundwater tax is statistically significant. This outcome aligns with findings from the article "The
Life and Death of the Dutch Groundwater Tax”, which notes: “Farmers might have had the strongest
response to the tax, but most of them were exempt from the GWT or could switch to surface water.”
The strong influence of the groundwater tax on agricultural groundwater demand, particularly given
the substantial reliance of the agricultural sector on groundwater resources (table 5.12), lends further
support to the regression model’s findings.
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Figure 5.10: Groundwater tax per cubic meter for agriculture sector

However, the fact that many farmers were exempt from paying the groundwater tax raises questions
regarding its overall impact on agricultural groundwater demand. For those farmers who were exempt,
as well as for those who either paid the tax or switched to surface water, the regression model indicates
a reverse effect, suggesting that the tax may have influenced behavior among non-exempt farmers.
Given these considerations, the findings of the regression model are likely most reliable for the 2003-

2011 period.

5.7. Water Reuse Cost

Previous studies have demonstrated that the capital expenditures (CAPEX) and operational expendi-
tures (OPEX) for water reuse systems are significantly influenced by the system’s capacity, the quality
of the input water, and the desired final water quality. For applications requiring high-quality output,
such as potable tap water, multiple treatment stages are typically necessary to ensure that wastewa-
ter meets stringent quality standards (Keller et al., 2022). Consequently, both CAPEX and OPEX are
highly capacity-dependent: larger systems often benefit from economies of scale but also necessitate

more complex infrastructure.

5.7.1. Modeling Cost-Capacity Relationships
To model the relationship between reuse system costs and capacity, we adopt a power-law scaling
approach, as suggested by previous studies (Keller et al., 2022; Plumlee et al., 2014; Guo et al., 2014).

This relationship can be expressed as:

log(Cost) = m x log(Capacity) + b (5.11)

where Cost represents either CAPEX or OPEX, Capacity denotes the system capacity, and m and b
are parameters estimated based on empirical data.
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5.7.2. Effect of Quality in Reuse Systems

This study focuses on high-quality reuse systems capable of producing potable-grade water. According
to literature (Keller et al., 2022; Plumlee et al., 2014; Guo et al., 2014), the CAPEX for such systems
ranges from 600 to 12,000 USD per cubic meter of daily capacity. OPEX costs vary between 0.1 and
2 USD per cubic meter, with an error margin of -30% to +50%, depending on the system’s scale and
operational conditions. To convert real USD based on 2021 to real Euro based on 2023, the real USD
values were first adjusted to 2023 using the U.S. CPI published by the U.S. Bureau of Labor Statistics.
Subsequently, the adjusted USD values were converted to Euros using the exchange rate published
by the European Central Bank.

Operational conditions, particularly the quality of the input wastewater, play a critical role in determining
reuse costs. Typical treatment trains for water reuse include:

* Microfiltration (MF) for removing mid-sized contaminants.
* Reverse Osmosis (RO) for eliminating inorganics such as heavy metal ions and dissolved salts.

+ Advanced Oxidation Processes (AOPs) like H,O,-UV/Ozone or Biological Activated Carbon
(BAC) for removing small organic molecules.

Among these technologies, RO is particularly costly and energy-intensive. Based on input wastewater
quality and desired output water quality, three treatment train categories are defined, as suggested by
Keller et al., 2022:

+ LQWW-HQW (Low-Quality Wastewater to High-Quality Water): MF-RO-H;0O,+UV/O; is suit-
able for low-quality input wastewater with high levels of heavy metal ions (HMI), high salinity, and
significant concentrations of low molecular weight organics.

+ MQWW-HQW (Medium-Quality Wastewater to High-Quality Water): MF-RO-Oj is suitable
for medium-quality input wastewater, characterized by non-potable HMI levels, moderate salinity,
and high concentrations of low molecular weight organics.

+ HQWW-LQW (High-Quality Wastewater to Low-Quality Water): MF-RO-BAC is appropriate for
high-quality input wastewater with potable HMI levels and low salinity, or when the final product
is intended for non-sensitive applications.

Energy consumption significantly affects the cost of water reuse, particularly due to the high energy
demands of RO. Therefore, energy inflation impacts are incorporated by adjusting the energy share
(extracted from Keller et al., 2022; Plumlee et al., 2014; Guo et al., 2014 in O&M costs).
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Figure 5.11: Integrated advanced tertiary treatment train (A) capital costs; (B) annual operating expenses. All costs adjusted
for inflation to 2021 source (Keller et al., 2022)
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5.8. Summary of Parameter Value
To summarize this chapter, Table 5.15 provides an overview of the parameters and their values used
in our modeling approach.

Parameter Value (Unit) | Description
T -0.42 Price elasticity of household tap water demand
nH -0.28 Income elasticity of household tap water demand
BNy 0 Price elasticity of industrial tap water demand
e 0.4 GDP elasticity of industrial tap water demand
Brer -0.95 Price elasticity of agricultural tap water demand
I 0.57 GDP elasticity of agricultural tap water demand
D, 0 Groundwater tax elasticity of industrial groundwater demand
e 1.7 GDP elasticity of industrial groundwater demand
oot -0.7 Groundwater tax elasticity of agricultural groundwater demand
ook 0.6 GDP elasticity of agricultural tap water demand
AGH -3 Elasticity of environmental conditions on agricultural tap water demand
Py €2.1 (2023) | Household price of tap water
Pinp €1.85 (2023) | Industrial price of tap water
Pagr €1.85 (2023) | Agricultural price of tap water
GWTinDp €0.03 (2021) | Industrial groundwater tax
GWTacr €0.03 (2021) | Agricultural groundwater tax
cT €1 (2023) Cost of water treatment
D €0.72(2023) | Cost of water distribution
Cm €0.2(2023) | Cost of materials in tap water production
C. €0.16(2023) | Cost of energy in tap water production
C, €1.12(2023) | Other operational costs in tap water production
Tee 6% Rate of energy cost increase in tap water production
Tme 6% Rate of material cost increase in tap water production
ML OWW - HOW -0.16 Ratio between CAPEX and capacity of r LQWW-HQW water reuse facilities
ML OwWw - HOW -0.11 Ratio between OPEX and capacity of r LQWW-HQW water reuse facilities
bl oww - HOW 44 Base CAPEX ofr LQWW-HQW water reuse facilities
bloww - How 0.51 Base OPEX of r LQWW-HQW water reuse facilities
MOWW - HOW -0.27 Ratio between CAPEX and capacity of MQWW-HQW water reuse facilities
MY Oww - HQW -0.14 Ratio between OPEX and capacity of MQWW-HQW water reuse facilities
byroww - ow 4.62 Base CAPEX of MQWW-HQW water reuse facilities
byroww —mow 0.28 Base OPEX of MQWW-HQW water reuse facilities
MyOWW - Low -0.3 Ratio between CAPEX and capacity of HQWW-LQW water reuse facilities
Myoww - Low -0.21 Ratio between OPEX and capacity of HQWW-LQW water reuse facilities
broww - Low 45 Base CAPEX of HQWW-LQW water reuse facilities
biroww - Low 0.2 Base OPEX of HQWW-LQW water reuse facilities
Espoww—mow 0.3 energy share in O&M cost of LQWW-HQW reuse
Espoww—mow 0.3 energy share in O&M cost of MQWW-HQW reuse
Esgoww—Low 0.15 energy share in O&M cost of HQWW-MQW reuse

Table 5.15: Summary of Parameters and Values Used in the Model




Model Implementation

In the previous chapter, we introduced the model used in this study. This chapter focuses on the
implementation of the model, specifically how it was translated into a machine-readable format. Section
6.1 outlines the software tools used in the study, while Section 6.2 provides an overview of the code
structure and details the workflow of the model.

6.1. Software Dependencies

The model is implemented in MATLAB, with the primary model code contained in the file named Model .m.
To support this, three additional .m files serve as databases for the model, each storing different pa-
rameter sets and functions essential to the model’s operation. These are:

* BaseData.m: This file contains economic parameters, including inflation rate, cost change rates
across various categories, and interest rates. It also includes data for three future scenarios,
which are explained in detail in Chapter 7.

» DW_data.m: This file holds parameters specific to the Dutch water system, as introduced in the
previous chapter.

* Scenario_func.m: This file selects the appropriate model functions based on each scenario, as
described in the preceding sections.

Each of these files works in tandem to feed the main model with data and logic tailored to different
scenarios and conditions in the water system.

6.2. Model Formalization

Figure 6.1 provides an overview of the computational model structure, designed to simulate and assess
water demand and reuse strategies. The model begins with an initialization phase, where the user
selects the desired baseline conditions and scenario settings that define the model’s assumptions and
starting parameters.

After initialization, the model progresses through three main phases:

1. Phase One — Baseline Update: Using the parameters defined in the baseline settings, the model
updates essential data related to future tap water demand, as well as the projected costs and
prices of tap water under these baseline conditions. This step involves calculating future de-
mand based on factors such as population growth, price change, allowing for a realistic baseline
assessment that serves as a reference for comparison with reuse scenarios.

2. Phase Two — Reuse Scenario Implementation: In this phase, the selected reuse scenario is
applied to the baseline. The model adjusts for water reuse policies, simulating their impact on
demand and pricing.
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Figure 6.1: Flow diagram of Water Reuse Modeling

3. Phase Three — Performance Indicators Calculation: The final phase focuses on calculating
and displaying performance indicators as model outputs.



Design of Experiments

This chapter focuses on the application of the model, with particular attention to the design of experi-
ments. Section 7.1 explains the baseline scenarios, while Section 7.2 introduces water reuse scenarios.

7.1. Baseline Scenarios
Based on the analysis presented in Chapter 4, three potential future scenarios for the Dutch water
system, assuming no water reuse, are outlined.

7.1.1. Scenario 1: Constant Costs

In this scenario, it is assumed that the cost of water production increases only in line with inflation. As
a result, the real cost and the real price of water remain constant over time. This implies that water
prices do not exert additional influence on water demand, which is instead driven by factors such as
economic growth and population dynamics.

This scenario can be regarded as an optimistic outlook, particularly from an economic perspective.
It assumes a stable economic environment where external shocks—such as raw material shortages,
energy crises, or environmental degradation—do not significantly impact the water sector. While this
scenario reflects a best-case situation in terms of cost predictability, it is less realistic given current
global and regional challenges.

7.1.2. Scenario 2: Higher Costs Due to Material and Energy Price Increases
Chapter 4 highlighted that the cost of water production has risen in recent years, driven primarily by two
factors: increasing water salinity and the ongoing energy crisis in Europe. These issues, which stem
from both natural and geopolitical factors, have significantly impacted material and energy prices.

Given that these challenges are unlikely to subside, this scenario assumes a continued increase in
water production costs. As a result, water prices will rise, creating a direct economic impact on con-
sumers and industries. This higher-cost scenario reflects a more realistic outlook, particularly in light
of intensifying pressures on water systems globally, including resource depletion and climate change.

7.1.3. Scenario 3: Higher Costs with Tax Compensation

In response to rising water production costs, governments may implement policy measures to mitigate
the financial burden on specific sectors of the economy. Recent trends in the Netherlands have shown
a shift in water tax policies, with a decreasing share of taxes imposed on households and an increasing
share assigned to industries. This shift is intended to prevent excessive increases in household water
prices while leveraging the relative resilience of industries to price fluctuations.

This scenario assumes that if water production costs continue to rise, the government will further ad-
just tax policies, redistributing the financial burden to maintain affordable water prices for households.
While industries may experience higher tax burdens, the assumption is that their operations are less
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price-sensitive compared to household consumption. This tax-compensation scenario reflects a bal-
ancing act between social equity and economic pragmatism, aiming to ensure access to water remains
equitable without unduly harming industrial competitiveness.

These baseline scenarios provide a framework for understanding how the Dutch water system might
evolve in the absence of water reuse, setting the stage for evaluating the impacts of alternative ap-
proaches.

7.2. Water Reuse Scenarios

In this study, the water sector is categorized by both water types and consumer groups. Since water
reuse scenarios are closely tied to these parameters, we define specific scenarios for different con-
sumer groups and water types. These scenarios aim to explore how water reuse strategies could ad-
dress demand and pricing challenges in the Dutch water system. Later on, we further categorize these
reuse scenarios into Centralized reuse and Decentralized reuse, distinguishing between large-scale,
infrastructure-driven approaches and more localized, flexible reuse strategies.

7.2.1. Tap Water: Household Sector

For households, scenario development is informed by the current structure of the Dutch urban water
system. Currently, all Dutch households are connected to a centralized urban water system, and their
wastewater is collected for centralized treatment. Implementing a separate distribution network for
reuse water would require extensive new piping infrastructure, significantly increasing costs. Thus,
two realistic water reuse scenarios are considered:

Centralized Water Reuse for Households

A centralized water reuse system involves mixing treated reuse water with fresh urban water, providing
a single water supply to households. This approach results in a unified water price determined by the
combined costs of fresh and reuse water production. Using our model, this scenario evaluates how
varying reuse water capacities influence water pricing and household water demand. It provides a
feasible and economically scalable approach to integrating water reuse into urban supply systems.

Decentralized Water Reuse for Households

In this scenario, water reuse is implemented locally, such as in large housing complexes. While de-
centralized systems are generally less competitive with urban water prices due to higher unit costs,
they may become financially viable in densely populated residential (housing complexes) areas where
economies of scale apply. This scenario investigates the potential of decentralized reuse systems in
such settings, assessing their impact on water demand and cost-effectiveness.

7.2.2. Tap Water: Industrial and Agricultural Sectors
For the industrial and agricultural sectors, water reuse scenarios are divided into centralized and de-
centralized approaches.

Centralized Water Reuse for Industry and Agriculture

Industries and agricultural operations are also connected to urban tap water systems. A centralized
water reuse system involves mixing treated reuse water with fresh urban water, providing a single water
supply. Using our model, this scenario evaluates how varying reuse water capacities influence water
pricing and business sector water demand.

Additionally, this scenario explores how changes in industrial price elasticity could affect demand under
these pricing models, providing insights into sector-specific adaptation to water reuse strategies.

Decentralized Water Reuse for Industry and Agriculture

In decentralized systems, water reuse occurs on-site at the consumer level, reducing reliance on cen-
tralized infrastructure. This scenario examines the impact of localized reuse on water demand, costs,
and wastewater treatment requirements. It also considers the distribution challenges and potential cost
savings associated with treating and reusing water close to the point of use.
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7.2.3. Groundwater: Industrial and Agricultural Consumers
After careful consideration, | decided not to conduct any experiments on groundwater reuse, as the
current costs of groundwater extraction are so low that reuse systems cannot compete with them.

Groundwater extraction is typically managed independently by consumers, making decentralized water
reuse the only feasible option in this context. Industrial and agricultural users extract groundwater di-
rectly, and reuse water systems must integrate seamlessly with their existing operations. This scenario
mirrors the decentralized tap water reuse model for these sectors, focusing on cost-benefit analyses,
reuse system capacity, and environmental impacts. However, due to the low cost of groundwater, the
economic viability of its reuse remains a challenge.

The water reuse scenarios outlined above provide a comprehensive framework for evaluating the fea-
sibility, costs, and benefits of integrating reuse strategies into the Dutch water system. Key aspects
include:

» Economic Viability: Scenarios analyze the financial impacts of reuse systems, including cen-
tralized versus decentralized approaches and the implications for pricing.

» Sector-Specific Dynamics: Different consumer groups, such as households, industries, and
agriculture, have unique demands and price sensitivities that are considered in the scenarios.

» Policy and Infrastructure Needs: The scenarios highlight potential challenges, such as the
need for new infrastructure in centralized systems or the operational complexities of decentralized
reuse.

These scenarios will be evaluated against the high cost baseline scenario conditions described in Sec-
tion 7.1 to assess their potential contributions to addressing water scarcity and promoting sustainability
in the Netherlands. By modeling these scenarios, this study aims to provide actionable insights for
policymakers and stakeholders in the water sector.
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Model Result: No-Reuse Scenarios

Before examining the effects of scenarios and policies on water reuse implementation, it is crucial to first
develop and assess baseline scenarios that depict the future of the Dutch water sector in the absence
of any water reuse measures. These scenarios serve as benchmarks against which the impacts of
implementing water reuse systems can be measured. Within the baseline scenarios explored in this
thesis, it is assumed that no water reuse systems are in operation. A central objective of these baseline
scenarios is to predict future water prices and demand. To achieve this, accurate cost estimations
must be generated, which can subsequently inform pricing models. Once future prices are estimated,
established demand models may then be utilized to forecast overall water demand.

To forecast water costs effectively, multiple forecasting approaches must be employed, each rooted in
different underlying assumptions. In this thesis, three distinct cost scenarios are examined. The first
scenario, Inflation-Adjusted Costs, represents an optimistic projection. The second scenario, Higher
Costs, offers a more realistic outlook. The third scenario, Tax Compensation, introduces a policy mech-
anism for redistributing costs: households receive compensation without direct funding from policy-
makers, while the business sector assumes responsibility for these compensations. Thus, the three
baseline scenarios presented herein encompass two potential cost trajectories for drinking water pro-
duction and one feasible policy intervention.

Before analyzing the results, it is essential to establish a benchmark scenario for comparison with
the reuse scenarios. The choice of this benchmark is based on the underlying assumptions of each
scenario. Among the available options, the High-Cost scenario is selected as the primary baseline for
two key reasons.

First, this scenario presents a more realistic projection for the future of the Dutch water system, con-
sidering expected trends in cost developments. Second, for a meaningful comparison, the baseline
scenario must be compatible with the reuse scenarios. Since material and energy costs constitute a
significant portion of reuse expenses, and inflation in these costs has been factored into the modeling
of both reuse and urban water costs, the High-Cost scenario provides a consistent and appropriate
reference point for the subsequent chapters.

In order to define the variable and fixed parameters for modeling the baseline scenarios, data presented
in the previous chapters have been utilized. As indicated in Section 4.2.2, material and energy-related
costs for drinking water production have been rising in recent years, whereas most other cost categories
largely track inflation. Consequently, the material and energy cost rate serves as the variable parameter
determining the high-cost scenario, while other parameters are treated as fixed, based on historical
data. Table 8.1 presents the variables used in cost estimation.

Following the cost estimation, prices can be derived using the model equations introduced in Chapter
5, and sector-specific demand can then be predicted. In the next section, the outcomes of the baseline
scenarios are presented and discussed. These projected prices and demands represent the primary
outputs of the model and will serve as the foundation for analyzing the KPIs described in Chapter 5.
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Table 8.1: Parameters Used in Baseline Scenarios

Parameter Inflation-Adjusted Cost High Cost Tax Compensation
Rate of Compensation 0% 0% 0-100%
Yearly Cost Increase of Energy 2% 6% 6%
Yearly Cost Increase of Material 2% 6% 6%
Yearly Cost Increase of Other Cost 2% 2% 2%
Inflation Rate 2% 2% 2%
Population Growth Rate 0.50% 0.50% 0.50%
Yearly Economy Growth 1.50% 1.50% 1.50%
Tax Rate Household 9%+21% 9%+21% 9%+21%
Tax Rate Business 21% 21% 21%
Profit Margin 10% 10% 10%

8.1. Demand and Price

Starting from household sector, Figure 8.1 illustrates the projected demand for tap water use and price
in households under the three baseline scenarios. From 2024 onward, the figure highlights the distinct
trends and differences in water demand and price resulting from each scenario. In the Constant-Cost

Demand of Household (million m®) Residential Tap Water Real Price (=€/m3)
= Historic Demand ‘ v v ' - : - - - ’ ’
860l @ Model Fitted Historic Demand 2.6 |==Historic Price
=== Constant Cost — Cpnstant Cost
s High Cost 25k === High Cost
840 H= === 20% Tax Compensation . ==== 20% Tax Compensation
=uun40% Tax Compensat!on == == 40% Tax Compensation
menn 60:/0 Tax Compensat!on 2.4F |*=="60% Tax Compensation
820 == == 80% Tax Compensation e = = 80% Tax Compensation
23F
[ ]
800 | ()
22F
[ ]
780 21F
ok
760
19F
740 N N N N N N 1 1 1 1 N L
2005 2010 2015 2020 2025 2030 2035 2010 2015 2020 2025 2030 2035
Year Year

Figure 8.1: Projection of a) Residential tap water demand b) Residential tap water price

scenario, the real price of tap water remains unchanged over time, meaning household demand is un-
affected by price increases. As a result, demand grows steadily, driven solely by population growth.
This scenario appears favorable from a household financial perspective, as stable prices ensure af-
fordability and predictability for consumers. However, this future is highly unlikely due to the persistent
upward pressure on water production costs, particularly for materials and energy, observed in recent
years. Furthermore, unregulated demand growth would exacerbate stress on natural water resources,
particularly in regions already facing water scarcity. Without intervention, this excess demand could
jeopardize the sustainability of water resources, highlighting the environmental limitations of a constant-
cost scenario.

The High-Cost scenario assumes that rising material and energy expenses continue to drive up water
production costs, resulting in higher tap water prices. As anticipated, increased prices negatively af-
fect demand, leading to a slower demand growth rate compared to the constant-cost scenario. This
scenario aligns more closely with historical trends in water pricing, offering a realistic projection of how
rising costs might influence future water use. However, it introduces significant equity concerns, as
higher prices for an essential resource like drinking water could reduce accessibility, particularly for
low-income households. While this scenario alleviates some stress on water resources by temper-
ing demand, it does so at the expense of household affordability, underscoring the trade-off between
resource sustainability and consumer welfare. The balance in this scenario leans toward protecting
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Figure 8.2: Projection of a) Industrial tap water demand b) Business sector tap water price and c) Agriculture tap water demand

natural resources but at a considerable cost to household utility.

To address the challenges posed by rising costs, one potential policy involves redistributing part or all
of the additional production costs to the business sector, which tends to be less sensitive to water price
fluctuations. This approach is reflected in the Tax-Compensation scenario, represented by dashed
lines in Figure 1, where varying rates of cost compensation are applied. At a high compensation rate,
approaching 100%, household prices remain nearly unchanged, and demand follows a trajectory sim-
ilar to the constant-cost scenario. In this case, the financial burden of increased production costs is
entirely absorbed by the business sector, shielding households from price hikes. Conversely, at a low
compensation rate, close to 0%, households bear the full cost increase, resulting in demand and price
trends closely resembling those in the high-cost scenario. Partial compensation rates yield intermedi-
ate outcomes, moderating the financial burden on households while still distributing some costs to the
business sector.

Figure 8.2 illustrates the projected demand and price for tap water in the business sector under the
three baseline scenarios. While the same pricing structure is applied across the business sector, the
analysis distinguishes between agriculture and industrial sectors due to their differing price elasticities.
From 2024 onward, the figure highlights the distinct trends in water demand and pricing driven by the
assumptions in each scenario. A key consideration in this analysis is the price elasticity of demand. For
the industrial sector, the modeling process initially assumed zero price elasticity, implying no response
to price changes. However, to better evaluate the potential impacts of pricing variations, a low price
elasticity of -0.1 was applied for this sector in the current analysis. This adjustment allows for a more
nuanced understanding of how price increases might influence demand in the industrial sector.
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Under the Constant-Cost scenario, the increase in demand within the business sector is primarily driven
by economic growth. As economic activity expands, water use intensifies, particularly in industries and
agriculture, resulting in increased stress on natural water resources. This scenario assumes that stable
water prices fail to signal resource scarcity, potentially exacerbating unsustainable consumption pat-
terns. While economically favorable for businesses, this scenario raises significant concerns about the
long-term viability of natural water reserves, particularly in regions already experiencing water scarcity.

The High-Cost scenario introduces rising production costs, which translate into higher tap water prices.
This price increase significantly impacts demand in the business sector, particularly in agriculture,
where the price elasticity of demand is close to -1. The high responsiveness of agricultural demand to
price changes leads to a notable reduction in water use, reflecting the sector’s sensitivity to cost fluctu-
ations. Conversely, the industrial sector, with its lower price elasticity of -0.1, exhibits only a marginal
reduction in demand, indicating that industrial water use is less reactive to price changes. This scenario
aligns more closely with the trends of rising water costs observed in recent years and offers a more
realistic depiction of how cost increases may influence water use in the business sector. In both sce-
narios, regardless of water pricing, higher water demand is anticipated as long as positive economic
growth persists.

In the Tax-Compensation scenario, the projected demand and price for tap water in the business sector
vary depending on the compensation rate applied. The price trends depicted in Figure 2 show that as
the compensation rate increases, the additional cost burden shifts progressively from households to
industries. At lower compensation rates, the tap water price and demand trends align closely with those
of the high-cost scenario, as industries bear minimal additional financial responsibilities for household
compensation. However, as the compensation rate rises, the industrial sector absorbs a greater share
of the costs, resulting in higher tap water prices and a corresponding decline in demand.

This dynamic is particularly evident in agriculture, where higher water prices significantly reduce de-
mand due to the sector’s high price elasticity. For industries, the impact is less pronounced but still
noticeable as compensation rates increase. These findings underscore the trade-offs inherent in cost
redistribution policies. while shifting costs to businesses may protect household affordability, it can also
place greater financial strain on key economic sectors, potentially influencing production and broader
economic growth.
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8.2. Tax Compensation: Effect of Elasticity

As mentioned in the previous section, cost redistribution policies involve a trade-off between protecting

household affordability and imposing additional financial burdens on the economic sector. Such policies
can be effective as long as the business sector’s sensitivity to price changes remains negligible, which,
based on historical data, is the case within the current range of water prices. However, price elasticity
is not a static value; it depends on various factors, including economic conditions and sector-specific
dynamics. If costs rise significantly, price elasticity may increase, making consumers more sensitive to

price changes and potentially undermining the predictions and effectiveness of a given policy.

Figure 8.3 illustrates the projected demand and price for the industrial sector under three different
elasticity assumptions: 0 (no sensitivity), -0.1 (low sensitivity), and -0.5 (moderate sensitivity). These
scenarios provide a framework for understanding how variations in price elasticity can influence the
outcomes of a tax compensation policy.

In the tax compensation scenario, a negative feedback loop can arise. Redistributing household costs
to the business sector leads to higher water prices for businesses, which in turn reduces demand in
the business sector. This reduction in demand creates a shortfall in government/water companies rev-
enue, necessitating further price increases to compensate for the lost revenue. When the relationship
between price and demand is weak (low price elasticity), this feedback loop quickly stabilizes, and the
policy achieves its intended goals. However, when price elasticity is higher, the feedback loop becomes
more pronounced, potentially leading to policy failure.
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As shown in Figure 8.3, when the industrial sector exhibits high elasticity (-0.5), its water demand
decreases significantly under the tax compensation scenario. Such a dramatic reduction not only un-
dermines the policy’s effectiveness but also has broader implications for economic growth. Reduced
industrial activity due to higher water costs can ripple through the economy, affecting production, em-
ployment, and overall economic performance. While cost redistribution policies can be effective in the
short term, they cannot serve as a long-term solution.

In the next section, we summarize the outcomes of the potential future scenarios, highlighting the key

findings from the analysis of water demand, pricing, and policy implications across different sectors.

Water Bills: /n a
cost redistribution
scenario, household
water bills fall between
the best and worst
cases, depending
on the redistribution
ratio. However,
business users will
face higher costs, as
they also contribute
to covering household
water expenses.
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Figure 8.4: Yearly water bill for a) Household with tap water demand of 100 m3 /year and b) Company with tap water demand
of 10000 m? /year and

8.3. Stakeholder KPIs

To address the KPIs outlined in Chapter 5, Figure 8.4 illustrates the yearly water bill for a representative
household and a business, assuming constant real costs for water treatment and distribution by water
boards. From a consumer’s financial perspective, none of the projected scenarios are favorable, as
higher production costs translate into increased water bills. In the Tax Compensation scenario, the
situation is even more disadvantageous for the business sector, as they not only face higher costs for
their own water usage but also bear the additional financial burden of subsidizing household water bills.

Figure 8.5 depicts the total net profit of water companies and government tax revenue under different
scenarios and varying levels of price elasticity in the industrial sector. Since the price elasticity of
demand for all consumers is less than one, along with continued population and economic growth, the
increase in water prices exceeds the reduction in demand. This dynamic leads to higher overall revenue
and net profits for water companies, as well as increased tax revenue for the government. However,
as the industrial sector becomes more sensitive to price (higher price elasticity), demand reductions
intensify, and both tax revenue and the profits of water companies begin to decline.
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Figure 8.5: Total net profit for water companies with a)3;,,4 = 0 b)B;nq = —0.1 ¢)B;na = —0.5 and d) Government tax revenue

In the Tax Compensation scenario, government tax revenue remains unaffected in net terms because
the additional revenue generated is redistributed to subsidize household water prices. While this redis-
tribution benefits households, it does not increase government revenue overall, as it merely reallocates
existing funds.

It is evident that the demand for drinking water in the Netherlands is on an upward trajectory, even
amid forecasts of higher production costs. These conditions indicate that water resources are likely
to face increasing stress in the near future, with escalating prices reflecting both material and energy
cost pressures. Furthermore, ongoing economic expansion and population growth exacerbate pollution
levels in local water bodies, ultimately driving up treatment and production expenses for consumers.

Table 8.2 summarizes the key performance indicators (KPIs) for different stakeholders under the var-
ious scenarios analyzed. Refer to appendix D for the instructions on converting quantitative data to
qualitative analysis.
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Table 8.2: KPIs Across Different Scenarios.

Stakeholder KPI Constant Cost High Cost Tax
Compensation

Environment Fresh Water Usage _ ) _

i ++ +
Consumer: Household Water B'I_I (=) (+)
Water Price (++) (+)
. N -
Consumer: Business Water Bil 5 )
Water Price (+) )

Water Companies/ Profit/ Tax rate (-+) (-+) (-+)
Government




Model Result:Centralized Reuse policy

In this section, the outcomes of a centralized water reuse policy are presented and discussed, high-
lighting the economic and technical considerations influencing its feasibility. As described in Chapter
5, the effectiveness of this policy depends heavily on the cost of producing reclaimed water, which is
derived from capital investment, operational expenses, and financing terms.

For the purposes of this analysis, the treatment capacity of water reuse facilities is assumed to range
from 10 m3/d to 100,000 m3/d. These capacity bounds reflect current practice in the Netherlands.( the
largest drinking water treatment plant (Berenplaat WTP) and the largest wastewater treatment plant
(Harnaschpolder WWTP) each operate at around 200,000 m®/d.) All assumed reuse plants have a 30-
year operating lifetime and are financed under a 10-year loan at a 2.5% interest rate. Consequently, the
cost of reclaimed water is derived by distributing the initial capital investment over annual production
volumes and adding per-cubic-meter operation and maintenance (O&M) costs, explained in chapter 5.

table 9.1 summarize the parameter related cost of reuse water.

Table 9.1: Key parameters for Household, Industry, and Agriculture reuse plants

Parameter Household Industry Agriculture
Capacity 10-100000m3/d  10-100000m3/d  10-10000 m3/d
Lifetime (years) 30 30 30
Interest Rate 2.50% 2.50% 2.50%
Payback Time (yrs) 10 10 10
Number of Plants 20 10 10

In the following section, the centralized water reuse policy is introduced and evaluated. The results
primarily focus on the household sector, as trends and behaviors are similar across different categories.
The findings for the other two sectors are provided in Appendix A.

9.1. Centralized Water Reuse: Demand and Price

Figure 9.1a presents the total household demand for tap water, which forms the basis for determin-
ing reuse-water demand in a centralized scenario. Here, the High-Cost scenario is treated as the
baseline for urban water demand and pricing, primarily because it reflects more realistic cost trends
compared to the Constant-Cost scenario. Additionally, it is assumed that reuse facilities are in place to
produce potable water from low-quality wastewater(LQWW-HQW). In the figure, the lines correspond-
ing to Constant-Cost and High-Cost scenarios affect the baseline for urban water demand, and thus
shape the overall demand observed.

The blue lines in this first figure depict varying capacities of water reuse plants, reflecting the assumption
that a total of 20 reuse facilities will be constructed nationwide. Each line in the figure corresponds to a
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Figure 9.1: Water demand and price as a result of centralized reuse policy for household sector for reuse facilities of
LQWW-HQW

particular final capacity per plant—ranging, for instance, from smaller pilot-scale installations to plants
on the order of 100,000m?3/d. The construction and commissioning process is modeled over a ten-year
period, starting in 2025, with 10% of total reuse infrastructure capacity added each year (i.e., two out of
the 20 plants become fully operational every year). Consequently, it is expected that by around 2035,
all reuse plants will be completed. At that point, the interplay between reuse capacity and rising water
prices leads to a slight reduction in total demand growth, since more reuse water becomes available
and offsets some of the demand for urban (conventionally sourced) water.

The figure 9.1b represent the demand for urban water. Notably, as the capacity for water reuse in-
creases, the proportion of demand met by reuse systems also increases, thereby reducing the volume
of conventional urban water required. This effect manifests as lower urban water demand curves under
higher reuse capacities.

From an environmental perspective, the third figure highlights the amount of freshwater savings at-
tributable to reuse. As reuse plant capacities grow, more treated wastewater is diverted for non-potable
or indirect potable uses (depending on the reuse strategy), diminishing the need to withdraw raw fresh-
water. Consequently, scenarios with higher reuse capacity show a greater reduction in freshwater
consumption, underscoring the potential environmental benefits of large-scale adoption.

Finally, the social dimension of water reuse is reflected in water price changes, shown in the fourth figure.
While higher reuse capacities help drive down the final price of tap water (since conventional supply
pressures lessen), the effect remains negligible for small-scale reuse plants—specifically those with
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capacities below approximately 1,000 m?/d. In these smaller-scale scenarios, the price of reuse water
exceeds that of urban water, and thus, the projection lines closely follow the high-cost baseline. Only
beyond this threshold do economies of scale in reuse infrastructure translate into noticeable reductions
in water prices.

In a centralized reuse policy, the cost of reuse is a critical factor, heavily influenced by the quality of
wastewater. Figure 9.2 illustrates the impact of the centralized reuse policy when considering higher-
quality wastewater in the Netherlands. This higher quality consideration is more realistic in case of the
Netherlands, coming from the country’s high precipitation levels, which dilute contaminants. Conse-
quently, reuse facilities require lower capital investment and reduced O&M costs.
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Figure 9.2: Water demand and price as a result of centralized reuse policy for household sector for reuse facilities of
MQWW-HQW

Comparing the results in Figure 9.1 and Figure 9.2, itis evident that a lower cost of reuse leads to a lower
final water price, which is desirable. However, this price reduction also results in higher water demand,
even exceeding the demand in the constant-cost baseline scenario. Consequently, this increased
demand reduces the overall savings in freshwater resources.

9.2. Centralized Water Reuse Efficiency: Rebound Effect

As previously noted, increasing the capacity of water reuse facilities tends to lower water prices, which
can, in turn, stimulate demand among consumers displaying negative price elasticity. Figure9.3 il-
lustrates both the absolute volume of freshwater conserved and the corresponding rate of freshwater
savings in the household sector under discussed centralized reuse scheme. In the left panel, the total
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volume of saved freshwater is plotted against reuse capacity, for both wastewater qualities. A compar-
ison with the notional y = « line indicates that at lower reuse capacities, each cubic meter of reclaimed
water can displace slightly more than one cubic meter of freshwater. At larger capacities, while the per-
cubic-meter benefit of reuse may diminish, the overall volume of conserved freshwater still increases
significantly.
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Figure 9.3: a) Fresh water saving for reuse facilities of LQWW-HQW and b) fresh water saving rate in household sector reuse
facilities of LQWW-HQW c) Fresh water saving for reuse facilities of MQWW-HQW and d) fresh water saving rate in household
sector reuse facilities of MQWW-HQW

In the right panel, Figure9.3 depicts how the freshwater saving rate responds to shifts in the proportion
of reuse water. As this proportion grows, any concurrent rise in tap water prices tends to moderate,
which can spur additional consumption and reduce incremental freshwater savings. Nevertheless, the
net outcome for freshwater conservation remains positive. In other words, while the marginal benefit
of adding reuse capacity declines at higher scales, large-scale reuse infrastructure continues to offer
substantial contributions to sustainable water management.

Comparing the effect of reuse costs on the rebound effect, it is evident that a lower reuse price leads
to a stronger rebound effect. While it is unrealistic to assume that reuse costs would be significantly
lower than urban water production costs, this rebound effect negatively impacts the overall success of
the policy.

Additionally, the rebound effect within a centralized reuse scheme is strongly influenced by consumers’
price elasticity. Figure 9.4 illustrates freshwater savings in the industrial sector for different levels of
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price elasticity. As consumers become more sensitive to price changes, the rebound effect becomes
more pronounced, leading to a greater increase in water demand when prices decrease.

This relationship highlights a key challenge in designing effective reuse policies. While lower reuse
costs can make recycled water more attractive and accessible, they also encourage higher water con-
sumption, potentially offsetting the intended freshwater savings. In cases where price elasticity is high,
even a modest reduction in water prices can lead to a substantial increase in demand, reducing the
overall effectiveness of water conservation efforts.

Fresh Water Saving Rate
T

Bg =0 Price Elasticity and Rebound
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i w3, =-0.5 i increase their consumption
w— = -1 when reuse lowers water costs,
reducing the overall efficiency
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Figure 9.4: Fresh water saving rate for variant industry price elasticity, the rebound effect value for 3;,,4 equal to 0, -0.1,-0.5
and -1is 1, 0.98, 0.78 and 0.63 respectively.

It is important to note that while lower-capacity reuse systems can yield higher efficiency in freshwater
savings (as a fraction of the reuse volume), these modest gains often remain insufficient when set
against the broad scale of tap water demand in the Netherlands. In other words, saving less than
10% of the total freshwater demand does little to alleviate systemic water stress. Therefore, the results
suggest that although expanding reuse water shares can enhance overall conservation, the incremental
effectiveness of each additional increase in reuse diminishes—a characteristic inherent in this policy
framework.

9.3. Centralized Water Reuse: Investment

Figure9.5 illustrates both the proportion of reuse water in the overall supply mix and the corresponding
volume of freshwater conserved, plotted against the initial investment required in each reuse facilities.
The exponential relationship observed between the reuse share and upfront capital expenditures indi-
cates that achieving a considerable impact on water resource sustainability through reuse necessitates
large-scale facilities. Larger reuse systems benefit from economies of scale: they typically spread fixed
costs—such as treatment infrastructure and distribution pipelines—over a greater volume of water, re-
sulting in lower per-unit costs. Consequently, small-scale reuse initiatives, while potentially beneficial
at a local or niche level, are unlikely to substantially reduce the broader pressure on natural freshwater
resources across the country.
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Figure 9.5: Share of reuse water and freshwater saving versus initial investment for household customer with reuse facility
suitable for a)LQWW-HQW b) MQWW-HQW

A shift toward such large-scale reuse infrastructure, however, would likely require a multibillion-euro
investment at the national level. Beyond the sheer complexity of funding and implementing projects of
this magnitude, the involvement of public funds is often required to ensure that costs do not fall dispro-
portionately on local water utilities or individual consumers. Governmental or inter-agency cooperation
can help secure financing, streamline project planning, and facilitate equitable cost-sharing mecha-
nisms, thereby reducing financial risk. Yet, large public expenditures also bring intensified scrutiny.
As highlighted in Chapter2, public acceptance of water reuse remains a critical hurdle to overcome,
especially when reclaimed water is intended for applications as sensitive as household or agricultural
supply. In a centralized approach, where reclaimed water becomes a significant component of the
mainstream supply, social and political debates may arise over perceived risks, regulatory measures,
and acceptable water quality standards.

9.4. Centralized Water Reuse: Cost, Technology, and Capacity

In the previous sections, the price of reuse water was assumed to depend solely on the plant’s capacity.
However, as discussed in Chapter 5, the cost of reuse water is also strongly influenced by the technol-
ogy employed, which, in turn, is determined by the quality of the incoming wastewater. In recent years,
a great deal of research has focused on improving the efficiency and affordability of water treatment
processes, aiming to ensure both safety and technical feasibility while reducing costs. These tech-
nological advances have significant implications for the practical implementation of large-scale reuse
schemes, as cost remains a central factor affecting policy decisions and public acceptance.

Figure 9.6 illustrates the relationship between initial investment baseline and freshwater savings per
unit of investment, plotted for different plant capacities. The results highlight that lower baseline in-
vestment costs lead to more efficient freshwater savings. Specifically, a 10% reduction in baseline
of initial capital expenditure can yield over a 100% increase in freshwater savings, underscoring the
high sensitivity of reuse feasibility to upfront expenditures. This finding suggests that breakthroughs in
treatment technology—resulting in more cost-effective water reuse plants—can substantially enhance
the financial viability of reuse projects.
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Figure 9.6: Freshwater saving per investment versus capital expenditure baseline parameter

Beyond technological advancements, the capacity of individual reuse facilities also influences overall
efficiency. Figure9.7 compares freshwater savings per unit of investment against plant capacity, assum-
ing a total annual reuse target of 300 millionm?2. Larger-capacity plants typically benefit from economies
of scale, distributing capital expenses over greater production volumes. Consequently, they achieve
higher freshwater savings per unit of investment. This indicates that, within a centralized reuse frame-
work, scaling up facility sizes—thus becoming more “centralized”—enhances economic efficiency and
increases the likelihood of meeting reuse targets at a lower cost per cubic meter.
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Figure 9.7: Freshwater saving per initial investment for a total capacity of 300 million m3 /year versus capacity of each plant

Taken together, these insights emphasize the importance of both technological innovation and economies
of scale in designing effective centralized reuse schemes. If research continues to drive down the costs
of advanced treatment processes, the economic and environmental benefits of reuse water are likely to
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become increasingly attainable. Moreover, adopting larger-capacity plants can further improve return

on investment.

9.5. Centralized Water Reuse: Consumer Water Bill

Finally, this section presents the water bill for household consumer sector for both reuse facilities under
a centralized water reuse scheme. Figure 9.8 compares the resulting water bills at various reuse share
to those observed in the baseline scenarios. At lower reuse share, the water bill remains even slightly
higher from the High-Cost baseline, as the same water distribution and wastewater collection systems
are utilized, and the contribution of reuse to overall supply is relatively small, therefore the cost of water

is higher.
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Figure 9.8: Yearly water bill in various capacities for household sector customer with reuse facility suitable for a)LQWW-HQW

b) MQWW-HQW

At higher reuse capacities, economies of scale begin to exert a more noticeable influence on overall
production and distribution costs, resulting in a decrease in water prices. As a result, consumer water
bills decline relative to the High-Cost baseline. Importantly, these financial benefits only become sub-
stantial once reuse infrastructure reaches sufficiently large capacities to meaningfully reduce the need
for conventionally sourced water. Under such conditions, households, industries, and agricultural users
can realize tangible savings in their water bills, illustrating a clear incentive for scaling up centralized

reuse investments.
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9.6. Stakeholder KPIs

Table 9.2 summarize the stakeholders KPIs in centralized reuse policy. Refer to appendix D for the
instructions on converting quantitative data to qualitative analysis.

Table 9.2: KPIs for Different Reuse Capacities

Stakeholder KPI Low Cap. Moderate  High Cap.
Cap.
. Fresh Water Saving (-+) (+) (++)
Environment
Fresh Water Saving Rate (++) (+) (-)
Water Bill (-) (-+) (+)
Consumer: Household
Water Price (-) (-+) (+)
. Water Bill (-) (-+) (+)
Consumer: Business
Water Price (-) (-+) (+)

Water Companies / Initial Investment (-+) () _

Government

Freshwater Saving per In- (-) (-+) (+)
vestment

Summary of Findings

High Capacity Requirements: A successful reuse scheme demands large-scale infras-

tructure to ensure a sufficiently high share of reclaimed water in the overall supply.
Efficiency Trade-Off: As reuse capacity increases, water prices may decrease, but the

resulting uptick in consumption can reduce net freshwater savings and thus policy effi-
ciency.

Major Investment & Social Acceptance: Implementing a multibillion-euro, nationwide
reuse project demands significant public funding and broad societal support, both of which

are critical for long-term success.
Influence of Technology Costs: Lower-cost reuse technologies directly translate into

higher freshwater savings, as they enhance the financial viability and adoption rate of

reuse systems.
Consumer Benefits: The principal advantage for end-users lies in lower water prices—

consumers see a financial gain when large-scale reuse drives prices down.
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Model Result:Decentralized Reuse
policy

In this section, the outcomes of a decentralized water reuse policy are presented and discussed, high-
lighting the economic and technical considerations that influence its feasibility. As described in Chapter
5, the effectiveness of this policy is heavily shaped by the cost of producing reclaimed water, which is
derived from capital investments, operational expenses, and financing terms.

For the purposes of this analysis, the treatment capacity of each water reuse facility is determined based
on the total demand of a representative consumer. Specifically, we assume that this consumer requires
X cubic meters of water per year and is willing to reuse R% of that total demand. For household sector,
it can be assume that decentralized water reuse can happen in housing complexes or neighborhoods,
therefore the capacity is determined based on number multiplied by the demand. In addition, it is
possible that the water quality required for a specific purpose may be lower than the standards for
potable water, or that the cost of reusing a particular type of wastewater is less than the average cost.
Consequently, both capital expenditures and O&M costs for decentralized reuse systems can be lower
than those assumed under the centralized scenario.

All reuse plants are assumed to have a 30-year operating lifetime and are financed under a 10-year
loan at a 2.5% interest rate. The cost of reclaimed water is thus calculated by distributing the initial
capital investment over annual production volumes and incorporating the per-cubic-meter operation
and maintenance (O&M) expenses, as detailed in Chapter 5.

As the consumer reuses its wastewater, the volume of wastewater discharged into the wastewater
treatment system decreases. To incentivize water reuse, it is assumed that the waterboard offers a
discount on wastewater collection and treatment costs for consumers who implement reuse systems.

Table 10.1 summarizes the key parameters related to the cost of reuse water in this decentralized
context.

Table 10.1: Parameters for Decentralized Reuse Plants

Parameter Household Business
Capacity (m3/year) #Household * 100  1000-1,000,000
Share of Reuse (%) 10-40 10-60
WWTC discount (%) 5-30 5-30

Cost of Reuse Water (%) 50-100 50-100
Lifetime (years) 30 30
Interest Rate (%) 2.50 2.50
Payback Time (years) 10 10
Number of Plants 1 1

83



10.1. Decentralized Water Reuse: Water Bill 84

In the subsequent section, the decentralized water reuse policy is presented and evaluated. The results
primarily focus on the household sector, as trends and behaviors are similar across different categories.
The findings for the other two sectors are provided in Appendix B.

10.1. Decentralized Water Reuse; Water Bill

Figure 10.1 presents the projected water bill for households implementing decentralized reuse facilities
to produce 50% of their drinking water. Household wastewater, commonly referred to as black water, is
one of the most contaminated wastewater streams due to its high organic and biological content. Given
the lowest quality of wastewater and the highest quality requirements for drinking water, Figure 10.1a
demonstrates that decentralized reuse is not financially viable for individual households. Even when
considering the reuse of only grey water—wastewater that excludes toilet waste—this policy remains
financially unfeasible, as depicted in Figure 10.1b.
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Figure 10.1: Average yearly water bill for a single household implementing a reuse facility to reclaim different share of water
consumption: a) LQWW-HQW facilities and b) MQWW-HQW facilities.

While individual household-level reuse systems are financially impractical due to high fixed costs, de-
centralized water reuse at the housing complex level offers a more viable alternative. Housing com-
plexes can leverage economies of scale, significantly reducing the per-household cost of reuse infras-
tructure. Moreover, financial feasibility can be further improved if water boards incentivize reuse by
offering discounts on wastewater treatment costs (WWTC) or by implementing variable tariffs based
on water consumption instead of fixed household fees.

Figure 10.2 illustrates the average yearly water bill for a single household under different levels of
WWTC discounts, showing the cost-effectiveness of decentralized reuse depending on the share of
reused water in a housing complex. The results indicate that applying WWTC discounts can enhance
the financial viability of decentralized reuse systems. Specifically, in the case of 50% reuse, a decen-
tralized system becomes cost-effective for housing complexes of 300 households using LQWW-HQW
facilities and for complexes of 100 households using MQWW-HQW facilities. However, social accep-
tance remains a significant barrier to large-scale implementation.
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Figure 10.2: Average yearly water bill for a single household and the household threshold for cost-effective decentralized
reuse: a&b for LQWW-HQW and c&d for MQWW-HQW.

For the household sector, historical data suggest that despite being supplied exclusively with potable
water, not all domestic water use requires high-quality drinking water. For instance, water used for laun-
dry and toilet flushing accounts for approximately 13% and 23% of total household water consumption,
respectively. Under a centralized water reuse scenario, public acceptance of reused water has been
identified as a key challenge. However, it is more likely that households would accept reclaimed water
for non-sensitive applications, such as laundry and toilet flushing, rather than for drinking or cooking.

Figure 10.3 illustrates the impact of reuse adoption for non-potable applications, specifically in HQWW-
LQW reuse facilities, on household water bills. The results indicate that reusing more than 20% of
household water is financially viable even for small housing complexes with fewer than 100 households.
Moreover, for reuse shares of 40%, decentralized reuse becomes cost-effective for housing complexes
as small as 40 households.
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Figure 10.3: Average yearly water bill for a single household with varying shares of reused water for non-potable applications,
using HQWW-LQW reuse facilities.

10.2. Decentralized Water Reuse: Fresh Water Saving

In terms of environmental benefits, the total amount of freshwater saved in a decentralized water reuse
scheme is influenced by two primary factors: the number of households adopting reuse technologies
and the share of reused water per household. Unlike centralized reuse systems, where large-scale
water savings can be achieved through extensive infrastructure and widespread distribution, decen-
tralized schemes operate at smaller scales. However, an important metric for evaluating their impact
is the freshwater saving rate—the proportion of total water demand that is replaced by reused water.
This metric provides insight into the relative efficiency of decentralized reuse compared to centralized
approaches.

Figure 10.4 illustrates the freshwater saving rate as a function of the number of households participating
in decentralized water reuse, across different reuse facility configurations.

A key observation from Figure 10.4 is that when the price of reuse water falls below the cost of conven-
tional urban water (which occurs approximately at the capacity of 10,000 households for MQWW-HQW
and HQWW-LQW facilities), the rebound effect emerges, leading to an overall increase in water de-
mand within the household sector. This occurs because the reduced price of reuse water incentivizes
greater consumption, partially offsetting the intended water savings. However, for LQWW-HQW con-
figurations, this price parity is not reached within the examined capacity range, as reuse costs remain
consistently higher than those of urban water.

Despite this rebound effect, decentralized reuse policies can still yield net benefits, even when the price
of reuse water remains higher than that of urban water. One of the key drivers of financial feasibility in
decentralized systems is the reduction in wastewater treatment and collection costs, which can lower
household water bills even if reuse water itself is more expensive. As a result, decentralized reuse
becomes economically viable at smaller scales, well before the rebound effect begins to erode its
efficiency.



10.3. Decentralized Water Reuse: Initial Investment 87

a) 11 Fresh Water Saving Rate b) 102 Fresh Water Saving Rate
) 10% Reuse Share )
1.08 20% Reuse Share -
=—=30% Reuse Share 1
1.06 = 40% Reuse Share -
=—50% Reuse Share
1.04F = 60% Reuse Share o 0.98 F
1.02fF E 096k
1
098} 1 094F
0.96 F - | 10% Reuse Share
0.92 20% Reuse Share
L d 30% Reuse Share
0.94 09 = 40% Reuse Share
I |=—50% Reuse Share
0.92f T = 60% Reuse Share
0.9 L L L L 0.88 " " N
10° 10 102 10° 10 10° 10° 10' 102 10° 10 10°

Number of Household Number of Household

_ . C) 105 . Fresh \!Vater Savir:g Rate
Freshwater Saving Rate:At
high capacity, the cost of reuse 1
decreases in urban settings,
potentially leading to higher
consumption due to the re- 0.95F
bound effect. This effect is
generally more pronounced 0.9F
when wastewater is of high
quality and/or used in non- 085k AT
sensitive applications, occur- 20% Reuse Share
ring even at lower capacities. T 30% Reuso Snare
However, decentralized reuse O8] | — 50% Reuse Share
remains beneficial at capacities —— 60% Reuse Share
two orders of magnitude lower. 0.75 * 2
~ - 10° 10" 102 10° 10* 10°

Number of Household

Figure 10.4: Freshwater saving rate versus capacity for reuse facilities of a)LQWW-HQW b)MQWW-HQW and c)HQWW-LQW

10.3. Decentralized Water Reuse: Initial Investment

Figure 10.5 illustrates the initial investment required for implementing water reuse facilities for both
MQWW-HQW and HQWW-LQW across different reuse shares and household numbers. The figure
highlights a key advantage of decentralized reuse systems: the investment costs are distributed among
individual users rather than requiring a significant upfront financial commitment at a centralized level.

Notably, even for a single household, the required initial investment remains relatively low, not ex-
ceeding €10,000. This makes decentralized reuse systems an economically feasible option for both
individual homeowners and larger communities.

Furthermore, the findings from Chapter 5 suggest that Dutch consumers exhibit a preference for more
sustainable water management solutions. This conclusion is drawn from the observed negative cor-
relation between water consumption and real disposable income, indicating a behavioral shift towards
conservation and efficiency as income levels rise. Given this trend, decentralized water reuse systems
are likely to gain traction, aligning with the increasing societal inclination toward sustainability. Their
cost-effectiveness, combined with environmental benefits, positions decentralized systems as a viable
and attractive alternative for enhancing water reuse in the Netherlands.
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Figure 10.5: Initial investment for implementing decentralized reuse facilities of a) MQWW-HQW and b) HQWW-LQW

10.4. Stakeholders KPIs

table 10.2 summarize the stakeholders KPIs in decentralized reuse policy. Refer to appendix D for the
instructions on converting quantitative data to qualitative analysis.

Table 10.2: KPlIs for Decentralized Water Reuse Scenarios

Stakeholder KPI Reuse for Potable Application-
Water Based Reuse
i ++ A
Environment Fresh water saving (++) +)
Fresh water saving rate (+) (+)
Low Demand Consumer Water Bil ©) (+)
Initial investment ) (-+)
Water Bill (+) (++)

High Demand Consumer
Initial investment (-) -+)
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Summary of Findings

* Price Sensitivity and Financial Viability: The success of decentralized reuse schemes
is highly dependent on the cost of reuse. Reusing water for low-quality applications, such
as toilet flushing or laundry, or reusing high-quality wastewater (e.g., greywater) for less
demanding purposes can be financially viable, as these scenarios reduce the cost of treat-
ment.

* Role of Waterboards: The waterboard’s tariff structure for wastewater treatment and col-

lection plays a critical role in enabling decentralized reuse. Incentive mechanisms, such
as discounts on WWTC costs for reuse consumers and higher tariffs for non-reuse con-

sumers, can effectively encourage adoption and make decentralized reuse more feasible.
 Policy Efficiency: Decentralized reuse policies are inherently more efficient than central-

ized ones because they do not directly affect the price of urban water. This minimizes the

rebound effect, maintaining a balance between water conservation and demand.
» Social Acceptance: Decentralized reuse is more socially acceptable when applied to less

sensitive applications. For potable water reuse, the system’s voluntary nature ensures that

only consumers willing to adopt reuse are involved, reducing societal resistance.
 Distributed Investment and Financial Benefits: In decentralized reuse schemes, the in-

vestment cost is distributed among individual consumers or smaller communities, making
it possible to implement on a smaller scale. This also has the potential to provide financial
benefits to participants by lowering their overall water bills, further incentivizing adoption.
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Discussion

This chapter presents a discussion of the research approach and the findings of this study. In sec-
tion 11.1 the main implications of this study are discussed. Section 11.2 examines the strengths and
limitations of the chosen approach, and Section 11.3 provides recommendations for future research.

11.1. Implication of Study

The increasing global population and expanding economic activities are placing significant pressure
on freshwater resources. This growing demand, coupled with the adverse effects of climate change,
has led to rising contamination and salinity levels in available water supplies, further exacerbating the
risk of water scarcity. The unsustainable reliance on freshwater sources, particularly in regions with
limited natural recharge, heightens societal vulnerability to climate-driven water shortages, including
prolonged droughts and extreme weather events. As these challenges intensify, ensuring a stable and
sufficient water supply becomes a critical concern for both environmental sustainability and economic
stability.

Beyond the environmental implications, the increasing stress on freshwater resources also presents
substantial economic challenges. The cost of water treatment and purification continues to rise, placing
financial pressure on both consumers and industries (Chapter 4). While short-term policy interventions,
such as adjusting water tariffs, can temporarily alleviate the financial burden on households, they often
result in unintended economic consequences. Shifting the financial strain to industries can increase
production costs, reduce competitiveness, and potentially slow down economic activity, creating a trade-
off between water affordability and economic resilience (Chapter 8). These complexities highlight the
necessity of integrated water management strategies that balance environmental, social, and economic
considerations.

Water reuse, as a key component of the circular economy, offers tangible solutions to the growing chal-
lenges of water scarcity, environmental degradation, and economic instability. From an environmental
perspective, water reuse reduces human impact on natural ecosystems by decreasing freshwater ex-
traction, preserving natural water sources, and mitigating climate change effects. By minimizing depen-
dency on unpredictable natural water cycles, it enhances resilience against extreme weather events
such as droughts and floods. This reduced reliance on freshwater also strengthens water security, a
critical pillar of sustainable societal development. Additionally, lower contamination levels in water bod-
ies contribute to a cleaner environment, promoting biodiversity and supporting healthier ecosystems. A
cleaner water supply directly benefits public health by reducing waterborne diseases, ultimately leading
to a healthier population.

From an economic perspective, water reuse contributes to a more financially stable and efficient wa-
ter management system. By optimizing water use and reducing treatment costs, it enhances the
efficiency of both water supply and wastewater management. The recovery of valuable byproducts
from wastewater—such as critical raw materials, nutrients, and energy—further strengthens the eco-
nomic case for water reuse. These recovered resources can be reintegrated into industrial, agricultural,
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and energy production processes, supporting broader circular economy initiatives and reducing depen-
dency on finite natural resources. In doing so, water reuse not only ensures long-term water availability
but also contributes to overall resource efficiency and economic resilience.

Traditionally, it has been assumed that the costs associated with water reuse are significantly higher
than those of freshwater purification. However, this study challenges that notion by demonstrating
that current trends in freshwater contamination and salinity levels are causing purification costs to rise
substantially. Consequently, if wastewater exhibits relatively low salinity, its reuse may, in certain sce-
narios, become more cost-effective than conventional purification methods. This shift in cost dynamics
underscores the potential viability of wastewater reuse as a sustainable alternative to traditional fresh-
water sources (Chapter 5).

The implementation of water reuse strategies, however, is contingent on overcoming several critical
bottlenecks. One of the primary concerns revolves around how reuse should be structured and who
should bear the financial responsibility for its adoption. This study explores two distinct approaches to
water reuse: centralized and decentralized systems, each presenting unique economic, social, and pol-
icy considerations. A centralized water reuse system capitalizes on economies of scale, making reuse
financially viable at higher operational capacities. The findings indicate that centralized methods can
be particularly beneficial when high-quality wastewater is available (chapter 9). Nevertheless, several
barriers impede the widespread implementation of centralized reuse.

Social resistance presents a significant obstacle, as large-scale centralized reuse systems require
broad public acceptance. Given that financial feasibility is contingent on achieving high capacity, gain-
ing public trust and support remains a considerable challenge. Additionally, the establishment of cen-
tralized systems demands substantial initial investment. While these costs are typically incorporated
into the final water price, the sheer magnitude of the required investment may deter implementation,
necessitating strong government support and public funding. Another critical concern is the potential
for a rebound effect, whereby lower water prices resulting from reuse could lead to increased total
demand, thereby reducing the efficiency of reuse policies. The extent of this rebound effect is highly
sector-dependent, with price-sensitive industries such as agriculture experiencing greater fluctuations
in demand, whereas non-price-sensitive sectors remain relatively unaffected (chapter 9).

Despite these challenges, centralized reuse policies play a crucial role in promoting water reuse from
the supply side by reducing the costs of reuse relative to those of urban water production. This approach
proves particularly effective for consumers who are sensitive to price fluctuations.(Chapter 9)

In contrast, decentralized water reuse, while lacking the advantages of economies of scale, offers a
more flexible and targeted approach. By reducing wastewater collection and treatment costs, decen-
tralized reuse systems present viable alternatives for specific sectors.

The findings of this study reveal that decentralized water reuse can be successfully implemented at the
household level, particularly in housing complexes with more than forty units. In such settings, water
reuse for low-sensitivity applications, including toilet flushing, irrigation, and laundry, can be financially
viable and even beneficial. Policy mechanisms could encourage adoption through incentives, such as
reduced wastewater treatment costs for reuse users, or through penalties for non-adoption. Moreover,
decentralized reuse presents notable advantages for industrial and agricultural sectors. Beyond re-
ducing freshwater dependency, this approach facilitates the extraction of valuable byproducts such as
fertilizers, energy, and raw materials. Additionally, decentralized systems enable the implementation of
specialized technologies tailored to the contamination profiles of different wastewater sources, thereby
improving efficiency and effectiveness(Chapter 10).

Unlike centralized reuse, decentralized systems encounter minimal social resistance, as participation
remains voluntary. Furthermore, the financial burden of investment is distributed among individual
users, making implementation more feasible at smaller scales. Another advantage of decentralized
reuse is its resilience to the rebound effect. Since reuse becomes financially viable due to lower
wastewater treatment costs—often enabled by policies such as discounted treatment fees from water
boards—its economic feasibility is not strictly dependent on achieving a lower price than urban water.
This finding highlights the potential for decentralized reuse to be adopted across diverse consumer
groups, including those that are less sensitive to price variations.
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While this study, along with numerous other research findings, demonstrates that water reuse supported
by effective policies contributes to a more sustainable future, this transition is not without costs. Any
technological advancement or system transformation requires financial investment, and water reuse
is no exception. Implementing policies to support water reuse entails significant infrastructure invest-
ments, including the construction and upgrading of treatment facilities, the development of distribution
networks, and the integration of advanced monitoring systems. Governments often provide financial
incentives such as grants, tax credits, and low-interest loans to encourage adoption, all of which require
dedicated funding.

Additionally, regulatory development plays a crucial role in ensuring the safe and efficient implementa-
tion of water reuse. Establishing legal frameworks, setting safety standards, and defining water quality
guidelines demand substantial government resources, not only in terms of policy drafting but also for
long-term enforcement and compliance monitoring. These efforts also impact the research and inno-
vation sector, as strategic investments in new technologies, such as advanced filtration and energy-
efficient treatment methods, become essential for optimizing reuse systems.

Furthermore, prioritizing water reuse as a key solution to water scarcity inherently means placing less
emphasis on developing new water sources, such as large-scale desalination or new reservoir projects.
While reuse reduces dependency on natural water cycles, it also introduces uncertainties and poten-
tial risks, including supply reliability and public acceptance. Therefore, while water reuse policies offer
long-term economic and environmental benefits, their implementation requires upfront financial com-
mitments, strategic risk management, and sustained governmental and public support.

11.2. Reflection on the Used approach

The modeling approach adopted in this study, centered on dynamic partial equilibrium (DPE), provides
a structured and insightful framework for analyzing water reuse policies within the Dutch water sec-
tor. Although much of the literature such as Cagno et al., 2022 assumes a single price elasticity for
the entire water sector, this model improves accuracy by segmenting customers into three distinct
sectors—households, industry, and agriculture—allowing it to capture sector-specific demand dynam-
ics and their responses to different policy scenarios. The ability to model each sector’s water demand
separately ensures that economic and behavioral differences among users are accounted for, which
is particularly crucial given that each sector exhibits distinct price sensitivities, infrastructure needs,
and regulatory constraints. Household consumers, for instance, exhibit relatively inelastic demand,
whereas agricultural users are more responsive to price fluctuations and regulatory incentives and in-
dustries are non-sensitive at all. This differentiation allows for a more precise assessment of how water
reuse strategies impact each segment and, by extension, the entire water economy.

A major strength of the approach lies in its capacity to incorporate the economy of scale when model-
ing the cost structure of water reuse. Unlike Cagno et. al. Cagno et al., 2022 which used static cost
assessments that assume constant pricing structures, the model acknowledges that the unit cost of wa-
ter reuse declines as capacity increases (and vice versa), reflecting real-world operational efficiencies.
Large-scale centralized reuse facilities benefit from reduced per-unit treatment, making them more
economically viable compared to smaller, decentralized alternatives. This feature of the model is par-
ticularly relevant in evaluating the cost-effectiveness of different policy pathways, enabling a nuanced
understanding of how scale influences financial feasibility and long-term sustainability.

Another key strength of the model is its ability to factor in external economic forces, particularly the
effects of energy and material inflation on both urban water supply and water reuse costs, while most
of studies such asCagno et al., 2022 considered fixed cost for urban and reused water. Given the
energy-intensive nature of water treatment, rising energy prices directly influence the cost dynamics of
water production and reuse. Additionally, inflationary pressures on materials such as chemicals, piping,
and filtration further complicate the financial landscape for water sector investments. By embedding
these macroeconomic factors into the analysis, the model ensures that its projections remain robust
against economic uncertainties, providing policymakers with a resilient tool for scenario planning.

However, while the DPE model excels in economic analysis, its limitations must be acknowledged. The
approach primarily focuses on economic interactions and pricing mechanisms, making it less suitable
for capturing the intricate social and behavioral dynamics associated with water reuse adoption. Public
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perception, institutional inertia, and policy compliance are critical factors that influence the success of
water reuse programs, yet these elements are only indirectly considered in the economic modeling
framework. Unlike agent-based models (ABM), which can simulate individual decision-making behav-
iors, the DPE model relies on aggregate economic relationships, limiting its ability to predict adoption
barriers at a granular level.

Most of the equations in this study are derived from historical data. While the relationships and param-
eters used are statistically significant, the limited number of observations—primarily due to restricted
data availability—introduces a degree of inaccuracy in the dynamic modeling process. This constraint
affects the robustness of certain estimations and may limit the model’s ability to fully capture long-term
trends and emerging patterns in water demand and reuse adoption. Expanding the dataset through
improved data collection and integration of real-time monitoring systems could enhance the accuracy
and predictive capabilities of the model.

Given the impact of technological advancements, the DPE model has limitations in accurately predict-
ing long-term future trends. Innovations in water treatment and reuse technologies can significantly
influence the costs associated with both urban water supply and wastewater reuse. As treatment effi-
ciency improves and operational costs decrease, the economic feasibility of reuse systems may shift,
which the current model does not fully capture. Incorporating technology-driven cost reductions and
future advancements into the modeling framework would enhance its ability to provide more accurate
long-term projections.

Additionally, while the model effectively simulates price and demand interactions, it does not optimize
policy incentives in the way that multi-criteria decision analysis (MCDA) or computable general equilib-
rium (CGE) models might. Financial incentives such as subsidies, tax breaks, and pricing structures are
integral to encouraging water reuse adoption, yet their detailed mechanisms are not explicitly incorpo-
rated into the equilibrium framework. As a result, while the model provides a strong basis for assessing
the feasibility of water reuse policies, further refinement—such as integrating a financial optimization
layer—could enhance its applicability for policy formulation.

Another notable limitation is the lack of regional and local considerations in the modeling approach.
While the model effectively captures macroeconomic trends and sector-wide interactions, it does not
explicitly account for local variations in water policies, infrastructure constraints, or geographic differ-
ences in water availability. These factors can play a significant role in determining the feasibility and
efficiency of water reuse strategies, especially in a country like the Netherlands, where regional dispar-
ities in water management practices exist. Future research could benefit from incorporating geospatial
modeling or regionalized economic assessments to enhance the precision of policy recommendations.

Despite these limitations, the dynamic partial equilibrium approach remains a powerful tool for evalu-
ating the economic sustainability of water reuse policies. Its capacity to model sector-specific demand
relationships, incorporate economies of scale, and adjust for inflationary pressures provides a real-
istic and adaptable framework for decision-makers. By complementing this approach with additional
methodologies that capture behavioral, regulatory, and regional dynamics, future research can further
refine the model’s predictive capabilities and strengthen its policy relevance. Ultimately, the findings of
this study contribute to a deeper understanding of how water reuse can be strategically integrated into
the Dutch water sector, fostering a more resilient and circular water economy.

11.3. Further Research Avenue

Many aspects of this study can be refined through further research. First, relaxing some of the key
uncertainty in this study could provide valuable extensions to the model. One critical concern is the
uncertainty in the cost of water reuse. Future research could explore this aspect in more depth by incor-
porating dynamic pricing mechanisms that account for fluctuations in energy costs, material inflation,
and economic growth. A more flexible cost model would allow for a better understanding of how these
factors interact and influence the feasibility of water reuse strategies over time.

Another key area for refinement lies in the modeling of water demand. While this study has separately
examined demand in household, industrial, and agricultural sectors, introducing more complex demand
function could provide a more realistic representation of consumer behavior. This enhancement would
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enable a more detailed understanding of how changes in relevant parameter affect water demand,
offering insights into potential shifts in water consumption patterns under varying policy conditions.

Further research could also expand the spatial granularity of the analysis by incorporating regional
and local variations. The current study primarily examines macroeconomic trends, yet water reuse
feasibility is highly dependent on geographic factors such as infrastructure availability, local regulations,
and water scarcity levels. A more detailed regional analysis could provide policymakers with tailored
recommendations that consider location-specific constraints and opportunities.

In addition, technological advancements in water treatment and recovery should be more dynamically
integrated into future models. As innovations in filtration, desalination, and energy-efficient treatment
continue to evolve, techno-economic modeling could provide valuable insights into how these tech-
nologies affect cost structures and operational efficiencies. A forward-looking approach would help
policymakers and industry stakeholders assess the long-term sustainability of different reuse strate-
gies.

Beyond economic and technological considerations, incorporating behavioral and institutional factors
could further enhance the model’s applicability. Public perception and regulatory acceptance are critical
determinants of water reuse adoption, yet these elements are only indirectly addressed in this study.
Future research could employ agent-based modeling (ABM) or survey-based methods to examine how
consumer attitudes, governance frameworks, and institutional incentives shape the success of water
reuse initiatives.

Finally, additional sensitivity analyses could further refine the findings of this study. Expanding the
range of tested parameters and policy scenarios could reveal which factors most significantly impact
the effectiveness of reuse strategies. A deeper exploration of policy combinations could also provide
more comprehensive insights into how different interventions interact, potentially uncovering synergies
or unintended consequences that might not be apparent when policies are analyzed in isolation.

By addressing these areas, future research can build upon the foundation established in this study,
enhancing both the precision and policy relevance of water reuse modeling. A more comprehensive
approach that integrates economic, technological, behavioral, and spatial dimensions will help ensure
that water reuse strategies are not only theoretically viable but also practically implementable within
diverse regulatory and economic landscapes.
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Conclusion

In this chapter the conclusions of this study are presented. In the first two sections the sub-research
questions and the main research question are revisited. In the third and fourth section the societal
and scientific contributions are discussed and in the fifth and final section, recommendation for policy
makers are suggested.

12.1. Revisiting Sub-Research Questions
The first sub-research question of this study is:

"How can the interactions and behaviors of actors within the water system, as well as the fi-
nancial aspects of water reuse, be formulated based on established policies and organizational
frameworks?”

To address this sub-research question, a comprehensive investigation was conducted to understand the
intricate interactions between various stakeholders in the Dutch water sector. This research involved
analyzing the roles and behaviors of key actors, including households, industries, and agricultural users,
as well as policymakers, regulatory bodies, and water utilities. The study mapped out the decision-
making processes and dependencies among these agents, revealing how policy interventions and
economic mechanisms influence water demand and allocation.

One of the key challenges in this analysis was the complexity of the Dutch water tariff system, which
varies across sectors and regions. To make this system more analytically tractable, the diverse pricing
structures were consolidated into a single price index, allowing for a more streamlined and consistent
modeling approach. This index captures the essential financial dynamics of water use while enabling
comparative analysis across different user categories.

Finally, historical data on water consumption patterns were gathered and systematically analyzed to
derive demand functions for each customer segment and water type. These demand functions inte-
grate critical factors such as price elasticity, income elasticity, economic growth, and environmental
influences, providing a robust predictive framework for assessing the impact of policy changes and
economic fluctuations in the water sector. This sub-research question has been answered in chapter
4 and 5.

"How can strategies and policies be integrated into the DPE framework and implemented within
computational tools such as MATLAB?”

The second sub-research question focuses on the practical implementation of the developed model.
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Specifically, it addresses how the Dynamic Partial Equilibrium (DPE) model is constructed and utilized
to simulate water demand, cost structures, and policy impacts within the Dutch water sector.

The DPE model is built upon the demand functions derived in the first research phase, combined with
cost functions governing urban and reused water production. The cost function for urban water is
based on historical data collected from the Netherlands, capturing key economic dependencies such
as energy inflation, material costs, and operational expenses. In contrast, the cost function for water
reuse is primarily sourced from existing literature, due to limited real-world data availability.

For implementation, the model is developed in MATLAB. The DPE model consists of multiple interlinked
modules:

« Partial Equilibrium Module: This core component ensures that water demand and cost functions
reach equilibrium for each modeled scenario.

» Baseline Prediction Module: Simulates water system behavior in the absence of water reuse,
serving as a reference point for comparative analysis.

* Centralized Reuse Module: Models scenarios where water reuse is managed through large-scale,
centrally controlled infrastructure.

» Decentralized Reuse Module: Simulates scenarios where reuse is distributed across multiple
local actors, allowing for comparisons in efficiency, cost, and policy impact.

In addition to the main model, supplementary scripts have been developed for data analysis and vi-
sualization, enabling a clearer interpretation of model outputs. This sub-research question has been
answered in chapter 5 and 6.

"How can the impact of various strategies be measured using the model?”

To answer this question, an experimental framework has been designed to analyze the most rational
strategies for facilitating the adoption of water reuse. The study defines two primary policy approaches:
centralized and decentralized water reuse. Model parameters have been systematically defined, and
their values have been carefully selected based on historical data and literature, ensuring a realistic
representation of different policy scenarios.

"How can different strategies be compared to one another using the model?”

To systematically compare the impact of various policies and strategies, key stakeholders within the
water sector have been identified, along with their respective Key Performance Indicators (KPIs). These
KPlIs provide a quantitative framework to evaluate the effectiveness of different water reuse strategies
across multiple dimensions, such as economic feasibility and environmental impact.

For each scenario, the defined KPIs are systematically measured and compared to assess the relative
performance of different policy interventions. However, because certain KPIs (such as freshwater sav-
ing) vary significantly depending on the scale and implementation capacity of reuse projects, a normal-
ized index called the Freshwater Saving Rate has been introduced. This index allows for an objective
comparison of water-saving policies across different scales and scenarios, ensuring that strategies are
evaluated on a proportional basis rather than absolute values.
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12.2. Revisiting the Research Question
The main research question that guided the development of this study is:

Main Research Question

"How can policies and water reuse strategies, tailored to the local characteristics of water sys-
tems, be designed to make water reuse an economically viable alternative to freshwater?”

Most of the insights gained from this study are covered in the answers to the sub-research questions
and can be summarized in two key points.

The first point is that both centralized and decentralized water reuse strategies can be effective in mak-
ing water reuse an economically viable alternative to freshwater, but they operate through fundamen-
tally different mechanisms. Centralized reuse benefits from economies of scale, making it cost-efficient
for large-scale applications. However, it requires high initial investments, regulatory coordination, and
public acceptance, which can slow down implementation. On the other hand, decentralized reuse pro-
vides flexibility and resilience by allowing local actors to implement reuse solutions tailored to their
needs. However, decentralized systems face higher operational costs and require incentive structures
to be financially attractive.

The second point is that financial mechanisms and pricing strategies play a crucial role in determining
the feasibility of water reuse. For instance, an encourage/punishment strategy from water boards for
wastewater treatment costs can be a strong driver for decentralized water reuse, even at the household
level. On the other hand, introducing extra taxes or tariffs on urban water prices does not significantly
affect non-sensitive consumers, such as industries, which remain less responsive to price-based incen-
tives for adopting water reuse. The final answer to this question is that a well-balanced combination
of regulatory policies, financial incentives, and tailored reuse technology is essential to ensure the
economic viability of water reuse, making it a competitive and sustainable alternative to freshwater
consumption.

Water scarcity and the growing imbalance between supply and demand necessitate a fundamental shift
in water resource management. This study presents a framework for assessing the economic viability
of water reuse strategies in the Netherlands, demonstrating that reuse approaches can serve as effec-
tive alternatives to freshwater extraction under specific conditions. By quantifying the impacts of reuse
policies and identifying key barriers such as investment costs, regulatory challenges, and public per-
ception, the findings contribute to the broader discourse on sustainable water management. Beyond
the Dutch context, the insights from this study have broader implications for global water sustainability.
Many regions worldwide face similar challenges due to climate change, population growth, and urban-
ization. This research provides a transferable framework that can be adapted to different geographical
and economic contexts, offering valuable guidance for policymakers and stakeholders in water-scarce
regions.

Water reuse is increasingly recognized as a key component of circular economy strategies, aligning with
global sustainability initiatives such as the European Green Deal and the United Nations Sustainable
Development Goals (SDGs). In particular, this research supports SDG 6 (Clean Water and Sanitation)
and SDG 12 (Responsible Consumption and Production) by demonstrating how treated wastewater
can be reintegrated into economic activities, reducing reliance on freshwater sources and minimizing
environmental impact. The findings underscore the urgent need to transition towards circular water
management. As climate change intensifies and economic pressures escalate, inaction will exacerbate
water crises and heighten vulnerabilities in both urban and rural water systems. To ensure long-term
water security, collaboration among governments, industries, and research institutions is essential in
developing scalable, cost-effective water reuse solutions.

12.3. Sceintific Contribution

This study contributes to the scientific debate on the economic viability of water reuse as an alternative
solution for water scarcity by addressing key gaps in the understanding of financial and policy mech-
anisms shaping water reuse adoption. The contributions of this research can be summarized in three
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main points:

Firstly, it provides the most recent economic parameters of the Dutch water sector, offering an updated
and data-driven foundation for modeling water demand, cost structures, and financial feasibility in the
context of water reuse. This ensures that economic assessments align with current market conditions,
regulatory frameworks, and price dynamics.

Secondly, it introduces a framework for incorporating external economic factors, such as inflation,
economies of scale, and operational costs, into water reuse implementation. By integrating these
dynamic economic dependencies, the study moves beyond static cost assessments, enabling a more
realistic and adaptive evaluation of how financial fluctuations impact water reuse policies and invest-
ments over time.

Finally, the study provides insights into the economic and structural differences between centralized
and decentralized water reuse strategies. This comparative analysis supports a more strategic and
tailored policy approach to integrating water reuse into future water management frameworks.

12.4. Societal Contribution

This study provides insights into water reuse as a viable solution to the clean water crisis, a pressing
societal challenge, particularly in regions facing growing water stress. By analyzing economic feasibility
and policy mechanisms, it supports sustainable water management and promotes resource efficiency,
ensuring alignment between environmental sustainability and economic practicality.

Taking a holistic approach, this study considers the environment as a primary stakeholder, emphasizing
that access to clean water must be both economically viable and ecologically responsible. Additionally,
it treats price as a social parameter, aiming to prevent water inequality by identifying policies that ensure
fair access to water resources.

Furthermore, it acknowledges the importance of social acceptance in water reuse adoption, focusing on
strategies that align with public perception. By prioritizing non-sensitive applications for water reuse, the
study explores policies that enhance feasibility without compromising public trust, ensuring a realistic
and effective transition toward circular water use.

12.5. Recommendation for policymakers

As the Netherlands faces de facto level 2 water shortage, policymakers are actively seeking long-term
solutions to secure water availability. Water reuse presents a sustainable and viable alternative to
freshwater consumption, but its success depends on policy adjustments that actively promote and
incentivize its adoption. Without changes in financial mechanisms, regulatory frameworks, and public
engagement strategies, water reuse will remain an underutilized resource rather than a mainstream
solution.

One of the key challenges is that current policies do not support the economic feasibility of water reuse.
For reuse to become viable, a fundamental policy shift is needed to integrate it into the national wa-
ter management framework. This includes acknowledging reuse as a primary water source, rather
than just an alternative, and implementing financial mechanisms that make it competitive with freshwa-
ter use. Additionally, long-term regulatory stability is crucial to encourage investment in water reuse
infrastructure.

While centralized reuse currently faces social resistance, this should not prevent its gradual imple-
mentation. Instead of direct reuse for potable purposes, initial efforts should focus on non-sensitive
applications where public acceptance is higher. Examples include groundwater recharge, which helps
secure long-term freshwater availability, and using reclaimed water for heating and cooling systems in
buildings and industries. These applications allow for a stepwise introduction of reuse, demonstrating
its benefits and building public confidence while avoiding major societal opposition.

A key finding of this study is that incentives from the wastewater sector can be highly effective in pro-
moting reuse adoption. Currently, wastewater tariffs for businesses are contamination-based, which
has successfully encouraged high-pollutant industries to implement pre-treatment measures. How-
ever, for households, wastewater tariffs remain generalized, offering little incentive for individual reuse
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efforts. A more targeted approach would be to link wastewater tariffs to total water consumption, which
would encourage households to reduce their wastewater output through reuse, particularly for low-
sensitivity applications such as toilet flushing and irrigation. Additionally, introducing a sustainability
index—similar to an energy label—that measures household water efficiency could further drive adop-
tion, especially if it is linked to mortgage interest rates as an incentive for water-efficient home design.
Moreover, a gradual increase in wastewater treatment costs combined with discounts for households
and businesses that implement reuse could further encourage adoption.

Beyond economic policies, investment in research and development is necessary to support the tech-
nological and socio-economic aspects of water reuse. Policymakers should allocate grants and funding
for research on water treatment technologies, ensuring that reuse solutions become more efficient and
cost-effective over time. Additionally, real-time contamination monitoring is essential, as reuse lacks
the natural buffers present in conventional freshwater sources. Developing online monitoring systems
for water quality would enhance safety and public trust in reuse technologies, making large-scale adop-
tion more feasible.

Overall, a combination of regulatory changes, financial incentives, and investment in research is nec-
essary to make water reuse an economically and socially viable alternative in the Netherlands. By
gradually introducing reuse through non-sensitive applications, refining wastewater tariff structures,
and supporting technological advancements, policymakers can ensure that reuse becomes a key com-
ponent of sustainable water management in the coming decades.
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Appendix A: Results of Centralized
Reuse Policy for Industry and
Agriculture Sectors

This section presents and discusses the outcomes of a centralized water reuse policy that were not
covered in the main text, with a focus on the economic and technical considerations influencing its
feasibility, particularly in the industrial and agricultural sectors. The findings highlight sector-specific
dynamics in response to water reuse policies, including demand shifts, pricing effects, and the implica-
tions for freshwater conservation.

Centralized Water Reuse: Demand and Price

A similar pattern to what was discussed in Chapter 9 is observable in both the industrial and agri-
cultural sectors, as illustrated in Figures A.1 and A.2. These figures present the projected impacts
of implementing water reuse policies, taking into account sector-specific demand characteristics and
price sensitivities. The number and capacity of reuse plants in these sectors have been determined
based on their baseline water demands, as summarized in Table 9.1.

Historical data indicate that the industrial sector exhibits relatively low price sensitivity for water. Conse-
quently, even when substantial reuse capacity leads to lower water prices (as shown in Figure 9.2d), to-
tal industrial demand remains largely unchanged. This suggests that while price reductions may benefit
industrial users, they do not necessarily encourage increased water consumption, thereby maintaining
the intended water savings.

By contrast, agricultural water use is more sensitive to price fluctuations. In scenarios with high reuse
capacity—where increased supply leads to lower water prices—agricultural demand for tap water rises,
potentially undermining the effectiveness of water reuse measures. This effect, known as the rebound
effect, occurs when cost savings lead to increased resource consumption, counteracting conservation
efforts.

Figure A.3 further explores the interplay between reuse capacity, price elasticity, and total demand in
the industrial sector. The three subfigures present total demand and freshwater savings under varying
reuse capacities and different levels of price elasticity. As price elasticity increases, meaning indus-
tries become more responsive to price changes, the decline in water prices due to expanded reuse
infrastructure results in higher industrial water consumption. This effect reduces the net effectiveness
of reuse policies.

Additionally, price elasticity is influenced by various external factors, such as regulatory frameworks,
technological advancements, and the availability of alternative water sources. If industries adapt to
lower water prices by becoming more price-sensitive, the challenge of balancing reuse benefits and
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Figure A.1: Water demand and price as a result of the centralized reuse policy for the industrial sector.

overall water conservation becomes more complex.

Economic and Technical Considerations for Reuse Facilities

The feasibility and effectiveness of centralized reuse policies depend on both economic and technical
factors, particularly the capital and operational costs of reuse facilities. Figure A.4 illustrates the rela-
tionship between the proportion of reuse water in the overall supply mix and the corresponding volume
of freshwater conserved, plotted against the initial investment required for each reuse facility.

2036

The exponential relationship between reuse share and upfront capital expenditures suggests that large-
scale facilities are essential for significant water resource sustainability impacts. Larger reuse systems
benefit from economies of scale, as they spread fixed costs—such as treatment infrastructure and
distribution pipelines—over a greater volume of water, resulting in lower per-unit costs.

Consequently, small-scale reuse initiatives, while beneficial at a local or niche level, are unlikely to
substantially reduce the broader pressure on natural freshwater resources across the country. This
underscores the importance of strategic investment in centralized reuse infrastructure, ensuring that
economies of scale can be leveraged to maximize cost efficiency and sustainability outcomes.
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Figure A.4: Share of reuse water and freshwater saving versus initial investment for a) industry sector and b) agriculture sector
customer with reuse facility suitable for MQWW-HQW



Appendix B: Results of Decentralized
Reuse Policy for Industry and
Agriculture Sectors

This section presents and discusses the outcomes of a decentralized water reuse policy that were
not covered in the main text, with a focus on the economic and technical considerations influencing its
feasibility, particularly in the industrial and agricultural sectors. The findings highlight sector-specific dy-
namics in response to water reuse policies, including the impact of water board policies on wastewater
treatment and collection (WTC) costs, as well as pricing effects associated with reuse implementation.

Decentralized Water Reuse: Water Bill

Figures B.1, B.2, and B.3 illustrate the projected water bills for industrial and agricultural customers
under different decentralized reuse scenarios. These figures consider three different reuse facility con-
figurations: LQWW-HQW, MQWW-HQW, and HQWW-LQW, across various reuse shares.

a) b)

9 Average Yearly Water Bill (€) Threshold for Cost-Effective Decentralized Reuse (Million m3)
10 T T T T T T T

108F

107 f
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20% Reuse
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= 50% Reuse L
— 60% Reuse 2f
= High Cost Baseline

10F

10°

10* L . . .
10° 10* 10° 10° 107 10 20 30 40 50 60
Water Demand (m°) Share of Reuse Water (%)

Figure B.1: Average yearly water bill for a business customer with varying shares of reused water for potable applications,
using LQWW-HQW reuse facilities.
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Figure B.2: Average yearly water bill for a business customer with varying shares of reused water for potable applications,
using MQWW-HQW reuse facilities.
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Figure B.3: Average yearly water bill for a business customer with varying shares of reused water for potable applications,
using HQWW-LQW reuse facilities.

Similar to the household sector, the financial viability of reuse in the business sector improves as the
share of reused water increases. Larger-scale reuse facilities reduce per-unit costs, making reuse in-
creasingly beneficial for businesses. Moreover, businesses implementing water reuse strategies can
gain additional financial advantages by utilizing byproducts from the treatment process, such as nutri-
ents or biogas, which further enhance the economic feasibility of decentralized reuse.

Decentralized Water Reuse: Freshwater Saving

From an environmental perspective, the effectiveness of a decentralized water reuse scheme in con-
serving freshwater depends on two primary factors: the number of customers adopting reuse technolo-
gies and their respective reuse capacities. Given these variables, this section focuses on analyzing the
freshwater saving rate—the proportion of total water demand replaced by reused water—rather than
absolute freshwater savings.

Figure B.4 illustrates the freshwater saving rate for the agricultural sector as a function of implemented
reuse facility capacity. In comparison to the household sector, agriculture exhibits a higher price elas-
ticity, which leads to a more pronounced rebound effect. However, this rebound effect only becomes
significant at reuse capacities much higher than those required for financial viability. Furthermore, the
rebound effect is only observed in reuse facility configurations where the cost of reuse water drops
below the price of urban water.
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Figure B.4: Freshwater saving rate versus capacity and share of reuse facilities of a)LQWW-HQW b)MQWW-HQW and
c)HQWW-LQW



Appendix C: Data used for Chapter 5

Demand data from CBS
Table C.1: Water Demand (million m3)
Year Tap Water Ground Water
Household Industries Agriculture Industries Agriculture

2003 815.4 323.6 57.6 215.7 141.7
2004 796.2 3171 49.9 216.8 55.3
2005 790.5 314.0 47.6 181.8 54.8
2006 800.7 315.9 46.5 180.1 92.0
2007 789.4 318.8 46.0 175.0 49.3
2008 788.4 323.3 443 173.8 51.6
2009 788.1 326.0 47.2 180.9 73.4
2010 786.2 333.8 43.8 141.1 93.2
201 781.8 332.3 42.7 143.8 88.6
2012 783.0 320.3 39.3 139.1 46.7
2013 785.3 329.2 41.0 145.0 83.0
2014 783.3 321.7 41.9 145.1 60.8
2015 793.7 319.8 42.7 147.3 77.0
2016 805.3 326.1 43.6 147.6 56.4
2017 808.3 320.1 48.4 134.1 97.0
2018 837.2 329.0 48.9 136.3 225.3
2019 818.4 335.4 43.8 131.6 198.8
2020 855.3 331.5 41.9 113.8 214.2
2021 811.6 342.7 40.6 112.5 62.6
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Delfland Tariff

Table C.3: Water-related Property, Resident, Land, and Pollution Data

Year Property Resident Land Wastewater/Pollution

2009 0.0001612 89.84 171.7 65.06
2010 0.0001639 98.37 181.29 71.81
2011 0.0001787 105.14 177.63 78.34
2012  0.000204 113.4 147.41 85.14
2013 0.000205 116.69  205.86 89.4
2014 0.000246 113.51 180.88 92.08
2015  0.00027 116.16  183.85 94.38
2016 0.000274 117.9 179.28 94.45
2017 0.000273 119.67 180.8 93.5
2018 0.000264 121.47 176.34 93.5
2019 0.000251 123.29 178.18 93.5
2020 0.000233 123.29 178.18 93.5
2021  0.000198 123.29 178.18 93.5

Cost of Water Production from Dunea

Table C.4: Financial and Sales Data (2019-2023)

Category 2019 2020 2021 2022 2023

Cost of raw material (€1000) 3,158 3,941 3,972 4,913 6,222

Energy cost (€1000) 3,952 4,395 5,893 8,447 13,395
Subcontracted work (€1000) 8,432 9,351 10,011 9,954 11,285
Wage (€1000) 35,032 36,878 38,715 41,917 43,275
Depreciation (€1000) 31,035 30,806 30,608 31,133 32,416
Total (€1000) 130,829 135,496 134,279 132,789 149,167

Sale (1000 m?) 73,750 76,606 75459 74,019 73,658




116

Groundwater Tax from CBS

Table C.5: Ground Water Tax (2003-2021)

Year

All (€)

Agriculture (€)

Industries (€)

Water Companies (€)

2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021

33,000,000.00
34,000,000.00
36,000,000.00
35,000,000.00
35,000,000.00
20,000,000.00
17,000,000.00
15,000,000.00
15,000,000.00
14,000,000.00
10,000,000.00
22,000,000.00
14,000,000.00
20,000,000.00
15,000,000.00
13,000,000.00
14,000,000.00
15,000,000.00
15,000,000.00

3,000,000.00
4,000,000.00
4,000,000.00
4,000,000.00
4,000,000.00
4,000,000.00
3,000,000.00
3,000,000.00
4,000,000.00

(1,000,000.00)
1,000,000.00

(1,000,000.00)
1,000,000.00

2,000,000.00

21,000,000.00
21,000,000.00
23,000,000.00
22,000,000.00
21,000,000.00
6,000,000.00
6,000,000.00
5,000,000.00
5,000,000.00
6,000,000.00
4,000,000.00
9,000,000.00
5,000,000.00
7,000,000.00
6,000,000.00
5,000,000.00
4,000,000.00
4,000,000.00
3,000,000.00

9,000,000.00
9,000,000.00
9,000,000.00
9,000,000.00
10,000,000.00
10,000,000.00
8,000,000.00
7,000,000.00
6,000,000.00
8,000,000.00
7,000,000.00
12,000,000.00
9,000,000.00
13,000,000.00
10,000,000.00
7,000,000.00
10,000,000.00
11,000,000.00
10,000,000.00

Level of Precipitation from CBS

Table C.6: Environmental Condition: Total Rainfall (2003-2021)

Year Total Rain (mm per year)

2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021

648
910
873
867
1,033
943
833
901
962
973
934
952
818.31
784.76
858.58
619.89
808.91
777.91
866.27
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Economic Value from CBS

Table C.7: Economic Value (2011-2021)

Year GDP (€) Avg. Income (€) Avg. Disposable Income (€) Population CPI

2011 675077000000 54 552.00 25 600.00 16 660 000 95.74
2012 668 121 000 000 54 735.00 25 800.00 16 730000 97.71
2013 667 252 000 000 54 898.00 25900.00 16 780000 98.97
2014 676 749 000 000 54604.00 27300.00 16 830 000 99.60
2015 690008 000 000 55267.00 27100.00 16 900 000 100.00
2016 705131000000 55490.00 28200.00 16 980 000 100.25
2017 725657000000 55096.00 29200.00 17080000 101.62
2018 742 789 000 000 54497.00 29500.00 17180000 103.01
2019 757 315000 000 54116.00 31 600.00 17280000 104.64
2020 727885000000 55533.00 32100.00 17410000 105.94
2021 772954 000 000 54 754.00 33600.00 17480000 108.55




Appendix D: Explanation of Signs and
Colors in Qualitative Assessment

To effectively translate quantitative results into qualitative assessments, a structured system of signs
and colors has been employed. This system ensures clarity in conveying the relative impact of differ-
ent scenarios on various stakeholders. Below is a detailed explanation of the methodology used for
assigning signs and colors.

Sign System

The assessment relies on a system of plus (+) and minus (-) signs to indicate positive and negative
impacts, respectively.

 Positive Impact (+): Scenarios and policies that benefit a stakeholder are marked with one or
more plus signs.

o "++” (Strong Positive Impact): The scenario significantly benefits the stakeholder.
o "+” (Moderate Positive Impact): The scenario has a mildly beneficial effect.

» Negative Impact (-): Scenarios and policies that impose a burden on a stakeholder are assigned
one or more minus signs.

o "-” (Strong Negative Impact): The scenario significantly disadvantages the stakeholder.
o ”-” (Moderate Negative Impact): The scenario has a mild negative effect.

+ Neutral Impact (-+): When a scenario neither positively nor negatively affects a stakeholder, it is
assigned a neutral symbol (-+).

Color System
The color coding visually reinforces the sign system to improve interpretability:

» Green Shades (Positive Impact):
o Sharp Green: Positive impact (++).
o Pale Green: Low positive impact (+).
* Red Shades (Negative Impact):
o Dark Red: Strong negative impact (—).
o Light Red: Negative impact (-).
o Orange: Low negative impact (-)
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* Yellow (Neutral Impact): Used for scenarios that do not cause a significant positive or negative
effect (-+).

Application of the System — Example Case

For example for the centralized reuse scenario, a table has been compiled to translate quantitative
results into a qualitative model. This analysis considers various stakeholders and their corresponding
key performance indicators (KPIs), examining the impact of different water reuse capacities on each
stakeholder and their respective KPls. One of the stakeholders is environment and a KPI related to it
is freshwater saving rate, meaning the amount of freshwater saved per amount of water reused.

Freshwater saving rate:

» At low reuse capacities, the impact is more pronounced since all reused water directly reduces
freshwater consumption. This is represented by two plus signs (++) and a sharp green color.

» At moderate capacities, the effect is still positive but less significant, marked with a single plus
sign (+) and a pale green color.

+ At high capacities, a rebound effect occurs, reducing the freshwater saving rate below that of the
moderate capacity scenario. As a result, the high-capacity scenario is associated with a negative
impact, denoted by a minus sign (-) and an orange shade.

By employing this qualitative assessment approach, readers of this study can easily interpret the relative
effects of different scenarios and policies through clear signs and intuitive color coding. This method
enhances transparency while ensuring consistency with the underlying quantitative data.
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