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ABSTRACT ARTICLE HISTORY
A key challenge in developing sustainable cities is establishing circular infrastructure Received 2 May 2025
systems. Decentralised urban water management solutions (DUWMS) are a case in point: Accepted 24 April 2026

Innovative DUWMS that allow recycling the water, heat, energy, or nutrients contained in

LIS KEYWORDS
wastewater locally are currentl){ emerging in cities around the w.orld.. These systems Decentralised urban water
could significantly enhance cities’ water resilience and sustainability. Yet, well- management; wastewater
documented templates and best practices for implementation at scale remain scarce. reuse; climate-resilient
Using a qualitative approach combining a literature review with 125 expert interviews, infrastructure;

we systematically compared five DUWMS at building vs. neighbourhood scales and in implementation and scaling;
high- vs. middle-income contexts. This structured cross-comparison distils six systemic resource recovery;

factors enabling successful implementation and scaling. comparative case study;

lighthouse initiatives

HIGHLIGHTS

® Decentralised Urban Water Management Solutions (DUWMS) enhance sustainability
via economic, environmental, and social benefits.

® DUWMS scale via policy-led, utility-led, and hybrid implementation pathways.

e We identified key factors, best practices, and adaptable management templates for
DUWMS implementation.

1. Introduction

Rapid urbanisation, climate change, and increasing competition for freshwater resources asks for transfor-
mative innovation in the ways cities manage their water (He et al. 2021). To achieve ambitious sustainability
targets, such as NetZero emissions by 2050, cities must transform urban water management (UWM) from
linear, end-of-pipe systems to circular, resource-efficient solutions. Integrative UWM approaches that recover
water, energy, and nutrients while reducing energy consumption, mitigating urban heat, and enhancing
biodiversity are urgently needed (Larsen et al. 2016).

Decentralised urban wastewater treatment and reuse systems (DUWMS) are emerging globally to address
these challenges. DUWMS treat and recycle water and the resources it contains (heat, energy, and nutrients)
locally using closed-loop systems (Larsen et al. 2016). By incorporating source-separation - i.e. separating
greywater, blackwater, rainwater, and organic waste - they enable targeted treatment and resource
recovery. Despite their acknowledged potential to enhance the flexibility, resilience, and sustainability of
UWM (Hoffmann et al. 2020), few cities have implemented DUWMS at scale, and evidence on success factors
for effective implementation remains scarce (Lithi et al. 2020; Hacker and Binz 2021a).
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To identify best practices for DUWMS implementation, we analysed internationally selected ‘lighthouse
initiatives’ (LH) across cities with diverse context conditions. Our objectives were to: (i) define LH character-
istics, (ii) develop an integrative assessment framework, (iii) evaluate technical and institutional best
practices, and (iv) synthesise findings to a big picture assessment on how to create templates for scalable
DUWMS in high- and middle-income settings.

The paper is structured as follows: the next section outlines the development of the assessment frame-
work, case study selection, data collection and analysis process. The results section presents findings from
the case studies, which are subsequently discussed, and the conclusions highlights key systemic elements
and potential interventions that are essential for successful future adoption of DUWMS in high- and middle-
income urban contexts.

2. Materials & methods
2.1. Defining lighthouse initiatives

Recent literature on UWM transitions highlights the need for large-scale LH initiatives that allow experiment-
ing with innovative infrastructure designs at scales beyond single pilot- and demonstration projects (PDP)
(Brix et al. 2011; Hoffmann et al. 2020; Larsen et al. 2021). However, a clear concept or definition of lighthouse
projects or initiatives remains absent, with only a few studies substantively using the term over the past
decade (e.g. Hoffmann et al. 2020; Larsen et al. 2021; Brix et al. 2011).

To date, most academic literature on infrastructure transitions focuses on PDP (see Figure 1; Hellsmark
et al. (2016); Huguenin and Jeannerat 2017). Pilot projects typically test new technologies at an early stage,
following lab-scale development, in highly controlled applications (e.g. a wastewater treatment reactor in
a research project; Etter et al. (2015)). Demonstration projects, on the other hand, evaluate technologies
closer to real-world settings, which allow identifying key scaling challenges related to operational issues,
reducing costs in manufacturing, or addressing user acceptance issues (e.g. testing a wastewater treatment
reactor in a single building; Etter et al. 2017).

In contrast, LH operate at a larger scale when relatively mature technological solutions exist, which still
face complex systemic barriers in their wider social environment such as unclear regulative frameworks and
governance arrangements, immature market structures, or lack of profitable business models.

A key feature of LH is the relative maturity of their proposed solutions and their positioning within the
technology or industry lifecycle. Unlike PDP, LH adopt a ‘full value chain’ perspective and operate at a scale
comparable to conventional systems. Their implementation thus often requires regulatory changes, active

Lighthouse Projects (LH)

Market-ready technologies

Low cost gap

Demonstration Projects (D)
Pilot projects (P)

Public sector investment volume
Market development

Time
—> 4. Market
penetration

Figure 1. Distinguishing between pilot, demonstration, and lighthouse initiatives (Source: With permission adapted (green
LH circle added) from Swiss Federal Office of Energy (SFOE n.d.)).
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market creation, shifts in firms’ product and service offerings, and broader socio-cultural transformations
(Huguenin and Jeannerat 2017; Wuelser and Edwards 2023).

LH thus function as incubators for real-world experimentation, bridging the gap between innovation and
large-scale implementation. However, they may also reveal system weaknesses that hamper their definitive
success. Their successful establishment depends on stable political support, a strategic long-term vision, and
ongoing ‘adaptive learning’ to refine technologies, governance structures, and business models until they
become viable alternatives to conventional infrastructure. By fostering outcomes such as regulatory reform,
improved investment frameworks, viable business and O&M models, and broad user acceptance, LH enhance
the competitiveness and market penetration of decentralised DUWMS. Ultimately, LH inspire further initia-
tives, helping establish legitimised infrastructure templates that extend beyond early adopters (Miorner et al.
2025).

Thus, LH can be interpreted as key (and under-researched) vehicle for mainstreaming and legitimising
transformative infrastructure innovations like DUWMS (Hoffmann et al. 2020). For the scope of this study, we
define LH as ‘applications of DUWMS at a scale that is large enough (e.g. neighbourhood-scale, city district,
onsite plants distributed throughout the city, etc.) to showcase the full value chain of the alternative technology,
creating technical, as well as institutional/governance/regulatory templates, that can be diffused to other places.’
Therefore, we characterise LH to comprise the following four key elements:

(1) Comprehensive socio-technical configuration: Integrating new technologies into a matching institu-
tional context.

(2) Long-term perspective: Stable policy support and economic/social incentives that ensure project
continuity, available funding and enable interactive and adaptive learning.

(3) Broad-scale adoption: Fully developed value chain from collection to re-use/disposal at neighbour-
hood-scale/city-wide level comparable to conventional infrastructure approaches.

(4) Visibility and impact beyond immediate context: Examples that can inspire/guide other initiatives to
replicate their core features.

2.2. Defining decentralised urban water management solutions (DUWMS)

Binz et al. (2024) provide a framework for understanding and typologizing the diversity of DUWMS. Following
their approach, we define DUWMS as those solutions operating independently or only partially integrated
with centralised infrastructure. These systems manage (waste)water close to the source and function at
various scales, from single household to neighbourhood setups. They include fully independent ‘on-site’
systems, modular or small-grid networks, and hybrid approaches that maintain partial connections to
centralised infrastructure. We further define DUWMS as the integrated management of the entire urban
water cycle - including drinking water, wastewater, stormwater, drainage, and surface/groundwater — while
enabling the recovery and reuse of resources such as water, nutrients, and energy.

2.3. Identifying success factors of DUWMS implementation: developing an integrative assessment
framework

To identify critical success conditions for DUWMS implementation, we developed an integrative assessment
framework (Figure 2) that integrates key engineering and social science variables, adopts a temporal
perspective from ideation to implementation, and spans the entire value chain from waste generation to
resource reuse. It synthesises key dimensions from technological innovation system studies (Bergek et al.
2008; Hacker and Binz 2021a), enabling environments for UWM planning (Liithi et al. 2011; Klinger et al. 2019;
Ulrich et al. 2021) and sustainability assessment approaches (Hillenbrand et al. 2018). The six dimensions,
referred to as ‘system resources’, are created through the coordinated actions of stakeholders with com-
plementary expertise (Hacker and Binz 2021a). Detailed social factors and technical performance indicators
are provided in the Appendix A.

The performance and limitations of a DUWMS depend not on individual technical or social elements, but
on how effectively they are aligned. We thus examined the interplay of these elements as evolving ‘socio-
technical configurations’, driven by targeted system interventions (Truffer et al. 2013; Hoffmann et al. 2020).
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Figure 2. Integrative assessment framework for DUWMS lighthouse initiatives (own illustration, adapted from Hacker and
Binz (2021a), Klinger et al. 2019 and Hillenbrand et al. 2018).

System interventions refer to coordinated, strategic actions by key stakeholders that enhance technology
design, implementation, or management, thereby improving the performance of DUWMS. By mapping the
technical and social elements alongside key systemic interventions in each case study, we identified generic
key factors for LH and developed practice-oriented recommendations to guide actors pursuing innovative
DUWMS in other contexts.

2.4. Sampling strategy

To derive practice-oriented and generalisable lessons, we selected five cities/projects differing in scale (city-
wide vs. neighbourhood), context (high- vs. middle-income), and technological configuration. Cases were
chosen based on five criteria:

(1) Reflect all four LH characteristics as outlined.

(2) Have a fully developed service chain from collection to reuse (and disposal, if applicable).
(3) Operate a DUWMS that includes resource recovery (e.g. water, energy, heat, nutrients).
(4) Serve a minimum of 300 residential units.

(5) Be operational for at least two years.

2.5. Selected case studies & profiles

Potential lighthouse (LH) initiatives were identified through desk-based research, personal communications,
and professional networks. Given the limited documentation of discontinued projects and the study’s
resource constraints, our search strategy necessarily yielded exclusively well-documented success cases.
The sample necessarily exhibits a positive-case bias; the implications of this are discussed in the limitations
chapter. Selection followed theoretical sampling to maximise explanatory variation across key dimensions
rather than statistical representativeness, supporting transferable insights (George and Bennett 2005;
Flyvbjerg 2006). Cases were added only when they promised additional explanatory value; sampling
ended once further cases no longer extended the insights. Despite these efforts, the pool of candidates
remained limited (total of 15 cases), highlighting the scarcity of well-established LH to date.

Five case studies were ultimately selected - three with DUWMS operating at the neighbourhood
scale and two with city-wide implementation of building-scale systems - reflecting cases in both
high- and middle-income contexts (Figure 3). This selection enabled comparative insights into
diverse socio-economic and governance settings. Practical considerations, including data
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High-Income Context

Middle-Income Context

% Case 1: San Francisco, California, USA Case 4: Bengaluru, Karnataka, India

- 0

; E Since 2012, mandatory requirement for new developments above Since 2004, approximately 3500 residential and commercial
$‘ o 23,225 m2 (250,000 ft2) gross floor area to install and operate an buildings have been equipped with onsite treatment plants.
= (7] onsite water reuse system. Mandates are in place for new and existing buildings to reuse
(&) 100% of the treated water.

Case 2: Jenfelder Au, Hamburg, Germany

Case 5: Nirvana Country, Haryana, India

Blackwater, greywater and rainwater separation. Vacuum collection
system, biogas and heat production. Serves 630 (ultimately 1280)
residential units, operational since 2017.

Treated water from a small-scale treatment plant is used for
horticulture. Serves 400 residential units, in operation since
2016/2020.

Case 3: H+, Helsingborg, Sweden

Blackwater, greywater and organic waste separation. Vacuum
collection system, biogas and fertiliser production. Serves 320
residential units, in operation since 2020.

Neighbourhood
Scale

Figure 3. Overview of selected and assessed lighthouse initiatives.

accessibility, responsiveness, and pre-existing networks, influenced the final selection. For example,
prior projects at the PI's home institute facilitated access to cases like San Francisco and Bengaluru.
The San Francisco case, including interview data, was drawn from earlier research but was consis-
tently integrated and analysed using the overarching analytical framework to ensure comparability
across all cases.

2.6. Data collection & analysis

For each LH, data was collected through an extensive literature review, 125 semi-structured face-to-
face interviews with key informants in five cities (Figure 3), and site visits. The data for each case
was analysed and compiled into individual case study reports. The integrative assessment framework
(Figure 2) ensured consistency in data collection and analysis across all cases and researchers. Data
collection occurred between November 2021 and August 2022, except for San Francisco, where
interviews were conducted in January - February 2020 and updated through a literature review in
2022. Sources included policy documents, technical and project reports, academic articles, books,
grey literature, websites, and media articles.

Interviewees were identified through literature reviews and snowball sampling, ensuring representation
from all relevant stakeholder groups and the full project timeline. For example, the Helsingborg project
began in 2006/07, requiring interviews to collectively span its 15-year duration (up to 2021/22). Stakeholders
included city administration (e.g. urban planners, project managers), utilities, residents, civil society (e.g.
neighbourhood associations), private businesses (e.g. technology providers, consultants), non-profits, and
academia. A numbered anonymised list of interview partners for each city is provided in Appendix B, and the
interview guideline in Appendix C.

Data collection continued until thematic saturation was reached, ensuring that no new significant
insights emerged from additional interviews. Between 20 and 46 interviews were conducted per case,
except for Nirvana Country, where only 11 interviews could be organised. In total, 125 interviews were
conducted. Audio recordings were transcribed, and the data was analysed using directed and inductive
content analysis (Mayring 2021) with MAXQDA 12 software, guided by the integrative assessment
framework.

References to qualitative interview evidence is shown in italic and marked with case abbreviations (SF for
San Francisco, BLR for Bengaluru, HAM for Hamburg, HEL for Helsingborg, and NRV for Nirvana Country),
followed by interview numbers that correspond to the anonymised list in Appendix B (e.g. SF 2, 5, 7). For
readability, no more than three interview references are reported per statement, even when additional
participants made the same point.
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3. Results

The following sections explore the specific characteristics, successes, and challenges of all LH, drawing on
insights from the case studies. It is structured along the integrative assessment framework. San Francisco and
Bengaluru represent cases in which building-scale DUWMS were deployed across the city (city-wide
approach), while Hamburg, Helsingborg and Nirvana Country represent a neighbourhood-scale approach.
Detailed results are available as open-access resources (Afghani et al. 2023; Midrner et al. 2023; Schelbert
et al. 2023, 2023, 2023; Miorner et al. 2025a).

3.1. City-wide implementation of building-scale DUWMS

In response to rising water demand and recurring droughts, San Francisco introduced the Onsite Water
Reuse (ONWS) Program in 2012, initially promoting voluntary DUWMS for non-potable uses (Afghani et al.
2023; Hacker and Binz 2023). In 2015, DUWMS became mimandatory for buildings over 23,225 m?, and in
2021, for those over 9,290 m?. Systems must meet ‘fit-for-purpose’ quality standards, enabling treated water
reuse for various indoor and outdoor purposes like toilet flushing, laundry, irrigation, and cooling.

In Bengaluru, rapid urbanisation and unpredictable monsoon patterns have caused increasing water
stress and pollution. Since 2004, policies mandated on-site treatment plants for new buildings over 20 units
or 2,000 m? gross-floor area (Midrner et al. 2023). Subsequent mandates in 2014, 2016, and 2024 first
required 100% onsite water reuse, while apartment complexes were subsequently allowed to sell 50% of
their treated wastewater to offsite customers. Over 3,000 DUWMS now collectively treat 17% of the city’s
wastewater, a globally unique ratio (Nath et al. 2022). The treated wastewater is either reused on-site for
gardening and irrigation, car-washing, and toilet flushing, or in some cases sold to off-site customers in the
immediate neighbourhood like laundries, malls, IT offices, or construction sites (BLR 33, 41).

3.1.1. Technical system set-up
The DUWMS in both cities follow a similar approach, using packaged treatment systems installed in large
building’s basements or separate service units.

In San Francisco, treatment systems typically comprise a combination of primary pre-treatment, second-
ary biological treatment (activated sludge processes, often membrane bioreactors), and various tertiary
treatment steps, such as microfiltration, ultrafiltration, ultraviolet light (UV) disinfection, ozone disinfection,
and/or chlorination (SFPUC et al. 2018). Treated water is then redistributed through separate pipes with
specific signage.

In Bengaluru, most systems use simpler treatment trains that rely on conventional aerobic treatment
technologies like Sequenced Batch Reactor (SBR), Moving Bed Biofilm Reactor (MBBR), or various Activated
Sludge Processes (ASP) for primary and secondary treatment (BLR 34). To enable non-potable water reuse,
DUWMS are increasingly complemented with tertiary treatment steps. This typically includes chlorination, in
some cases also UV- and ozone disinfection and/or reverse osmosis (RO) filtration.

3.1.2. Legal & regulatory arrangement

Bengaluru initially adopted a technology-neutral approach, resulting in a wide variety of system designs,
most of which include secondary treatment only (Miorner et al. 2023). In contrast, San Francisco employed
a well-specified regulatory framework, with technology selection tailored to water sources and reuse
purposes, leading to more advanced systems incorporating tertiary treatment (Afghani et al. 2023).

The permitting pathway for DUWMS in both cities follows a similar three-tier structure: design and
construction require official approval, while performance monitoring is the responsibility of building owners
and/or designated managers and system operators, who must report to authorities. In San Francisco, the
permitting process is clearly spelled out and supervised (Wagner et al. 2023). In contrast, Bengaluru’s
pathway is less strictly enforced, with significant challenges in ensuring continuous and reliable water
quality monitoring (BLR 5). Weak enforcement, unclear water reuse standards, and limited incentives for
compliance often lead owners to neglect system maintenance rather than invest in system improvements
(Klinger et al. 2019; Reymond et al. 2020; Ulrich et al. 2021).
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3.1.3. Knowledge, skills & capacities

In San Francisco, the San Francisco Public Utilities Commission’s (SFPUC) played a central role in fostering
knowledge, skills, and capacity development within a closely knit stakeholder network (SF 2,4, 5; Wagner
et al. (2023)). The utility led public outreach efforts, effectively communicating the operational requirements
of DUWMS to all relevant stakeholders (SF 2012; SFPUC et al. 2018; 2022). Yet, a shortage of skilled personnel
for O&M of distributed treatment plants challenges diffusion (SF 4, 5, 10). This is being addressed with an
operator training and certification programme currently under development in collaboration with experts in
Austin, Texas (SFPUC 2022; Lesch et al. 2025).

In contrast, in Bengaluru, public authorities provided less guidance and support, especially in the early
phase of development (Klinger et al. 2019; Reymond et al. 2020; Ulrich et al. 2021). Instead, knowledge
development and dissemination relied heavily on local entrepreneurs, research institutes and civil society
organisations. There are also cases of user-led tinkering and innovation among ambitious residents (BLR 28,
29). Furthermore, while technology suppliers in San Francisco shared information openly, Bengaluru’s highly
competitive market hindered knowledge diffusion, limiting formalised knowledge transfer between vendors,
and from vendors to resident welfare associations (RWA) (BLR 33, 35).

3.1.4. Contractual & financial arrangements

In both cities, DUWMS mandates shifted financial responsibility from public providers to building owners and
RWA, with minimal public financial support. Building owners and tenants covered both installation (CAPEX)
and operational costs (OPEX). In San Francisco, since 2012 a grant program partially offset CAPEX for
voluntarily installed onsite systems. Yet, in both cases, financial viability depends on creating a strong
business case, supported by political incentives and standardised industry structures (SF 4, 20; BLR 39, 40).

3.1.5. Industry & market structures

In San Francisco, the adoption of a Design-Build-Operate (DBO) model played a key role in streamlining
implementation (SF 4, 20). In this model, a single company designs, implements, and operates the DUWMS
for a set period, simplifying permitting and increasing accountability and reliability. While requiring higher
CAPEX, DBO reduce OPEX by lowering transaction costs, incentivise improved O&M quality, and the
implementation of robust, safe, and efficient systems (Hacker and Binz 2021b; Afghani et al. 2023). The
model also fosters learning through close collaboration between operators and design teams, enhancing
overall system robustness (SF 4, 6).

In Bengaluru, DBO models remain rare, with most firms adopting a design-build-transfer approach, where
DUWMS builders and operators are separate entities (BLR 8 (Miorner et al. 2025a); Mi6rner et al. 2023). This
market-driven approach prioritises low initial CAPEX for developers but often leads to higher OPEX for
residents (BLR 28). Many cases of low system performance can be traced back to a lack of accountability
between actors across different parts of the value chain. In response, RWA are increasingly demanding better
solutions and affordable O&M models. Growing demand for treated wastewater for off-site uses such as
construction, parks, and laundries, is incentivising improvements in system quality and performance (BLR 6,
34). This demand is also driving innovation, including rehabilitate-operate-sell business models that market
treated wastewater to off-site sectors and RWA striving for (near) potable water quality in their on-site
systems (BLR 31).

3.1.6. Recognition & legitimacy

Creating legitimacy for DUWMS has been challenging in both cities. In San Francisco, the ONWS program
benefited from favourable conditions, long-term policy support, and strategic efforts by local actors,
particularly SFPUC, to frame narratives that emphasised sustainability, water resilience, and the environ-
mental appeal of buildings using DUWMS (SF 2, 11, 23; Wagner et al. 2023).

In Bengaluru, DUWMS have also enjoyed long-term and consistent policy support, yet legitimacy was less
actively promoted among decision-makers or the public (Midrner et al. 2023). Here, economic arguments
have taken precedence, with DUWMS positioned as a cost-effective and reliable alternative to other local
water sources like tanker water, whose supplies and prices fluctuate heavily during the dry season (BLR 44).
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3.1.7. System performance & key implementation factors

Overall, San Francisco’s DUWMS approach has shown good performance, with no major operational or user
acceptance issues being reported to date. Key success factors include sustained political support, strategic
leadership from SFPUC, and the formulation of a ‘fit-for-purpose’ regulatory framework (Afghani et al. 2023).
Strong stakeholder collaboration, targeted knowledge exchange, and the adoption of the DBO model have
streamlined permitting and ensured financial viability. San Francisco’s structured approach that integrated
regulators, technical experts and real estate developers has positioned it as a global benchmark for DUWMS,
and offers a replicable model, which is currently being adopted in other cities in the US (Lesch et al. 2025).

Bengaluru'’s rapid adoption of DUWMS has led to a more mixed picture, which reflects the opportunities
and challenges of a market-driven approach. The local mandate has stimulated fast market and industry
growth, which could however not guarantee consistent quality. Only more recently, RWA are increasingly
demanding high-quality water reuse solutions (BLR 37). While a competitive local industry is emerging, low
regulatory enforcement and inconsistent system performance remain challenges (Klinger et al. 2019; Nath
et al. 2022).

Together, these cases highlight two distinct pathways: San Francisco’s relatively slow yet structured,
regulatory-led approach ensuring high-quality outcomes, and Bengaluru’s dynamic, market-driven model
fostering rapid expansion but requiring stronger enforcement mechanisms. As we will show later, both cases
still offer valuable lessons for cities seeking to integrate DUWMS into their urban water management plans,
whether through policy-led governance or more market-driven expansion.

3.2. Neighbourhood-scale DUWMS

The neighbourhood-scale DUWMS approach, seen in Helsingborg and Hamburg, fundamentally differs from
city-wide approaches in its main drivers and challenges (Schelbert et al. 2023, 2023). Unlike models driven by
water scarcity, these projects were motivated by policy ambitions to address ambitious sustainability and
NetZero goals (HAM 1, 3, 19; HEL 1, 5, 21; City of Helsingborg 2010; FHH 2010).

Nirvana Country follows a hybrid DUWMS model, shaped by both regulatory mandates and community
action (NRV 2, 6, 10; Schelbert et al. 2023). Unlike Helsingborg and Hamburg, its adoption was driven by water
scarcity following a 2018 policy requiring on-site treatment for high-consumption developments (NRV 1, 3,
8). In response, RWA formalised a pay-per-use model through a Memorandum of Understanding (MoU),
leading to the establishment of a new pipeline.

3.2.1. Technical system set-up

The systems in Helsingborg and Hamburg share a similar design and combine primary pre-treatment,
secondary biological treatment, and tertiary treatment steps (nanofiltration (Helsingborg), ultrafiltration
(Hamburg) and ozonation (Helsingborg)) (Schelbert et al. 2023, 2023). Both separate black- and greywater
at the source and then use vacuum pipes for transport to a local treatment system that recovers water, heat
and biogas. Helsingborg also collects food waste to produce fertilisers, while Hamburg integrates rainwater
management with retention ponds and green areas.

In Nirvana Country, the wastewater is transported with conventional gravity-based technology to the
basement of the high-rise apartment complex, where the DUWMS is equipped with an MBBR for secondary,
followed by sand- and activated carbon filters for tertiary treatment (NRV 10, 11). The effluent is used for
landscaping (NRV 2, 5, 9).

All three systems provide neighbourhood benefits, such as improved liveability (greenery, parks and
ponds), energy recovery (Hamburg and Helsingborg), and nutrient reuse (Helsingborg).

3.2.2. Legal & regulatory arrangement

Supportive policies facilitated implementation in all three cases. In Haryana, the 2018-mandate required
DUWNMS installation for new buildings in residential areas like Nirvana Country (NRV 1, 7, 11). In Hamburg and
Helsingborg, ambitious environmental policy and innovation strategies drove implementation. While self-
imposed in both cases, they were defined by the municipality in Helsingborg and by the water utility in
Hamburg (Skambraks et al. 2017). In Hamburg, a legal amendment was necessary to implement DUWMS
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(HAM 1, 2, 6; Skambraks et al. (2017)). Both European projects, built on undeveloped city-owned land,
mandated DUWMS connections via land sales clauses (HAM 1, 3, 11; HEL 6, 12, 15).

3.2.3. Contractual & financial arrangements
While in Nirvana Country the RWA implemented a self-organised, bottom-up initiative (NRV 3, 5, 7) (Schelbert
et al. 2023), in Hamburg and Helsingborg, planning regulations and land ownership structures defined the
roles and responsibilities of stakeholders (HAM 1, 2, 9; HEL 6, 11, 18; Schelbert et al. 2023; Schelbert et al.
2023). Helsingborg succeeded by commissioning utilities to address issues that transcended organisational
boundaries collaboratively, with clear roles defined through written agreements (HEL 6, 7, 9). In Hamburg,
with a single utility (HAMBURG WASSER) involved, responsibilities were more straightforward (HAM 1, 2, 3).
In Nirvana Country, private developers covered all CAPEX and OPEX (NRV 1, 10, 11). In Hamburg and
Helsingborg, in contrast, public funds financed treatment plants and property connections (HAM 1, 3, 9; HEL
4, 8, 15), supplemented by research grants (HAM 3, 6, 14, HEL 7, 8, 16). End users in all cases paid standard
water and sanitation fees (HAM 1, 3, 4; HEL 5, 7, 16). Although OPEX for the European neighbourhood-scale
systems were slightly higher than for centralised systems, research grants and revenues from energy, biogas,
and fertiliser sales helped recover costs (HAM 1, 4, 6; HEL 6, 7).

3.2.4. Industry & market structures
Weak industry and market structures posed significant challenges to all three neighbourhood-scale DUWMS
initiatives (Schelbert et al. 2023, 2023, 2023).

In all three cases, specialised planners and equipment suppliers, such as for vacuum toilets and sewer
systems, were scarce, and existing standards and technical guidelines offered insufficient support (HAM 2, 10,
17; HEL 6, 11, 16; NRV 3, 5, 7). In the European cases, adapting technologies to residential areas proved
difficult, as vacuum systems were originally developed for shipping (HAM 10). Solutions like quieter toilets
required modifications, meaning that technological supply chains had to be developed and personnel
educated ‘from scratch’ (HAM 1, 4, 18; HEL 4, 6, 13). In Nirvana Country, a regional market for DUWMS
designers, suppliers, and operators existed due to policy mandates in neighbouring areas, but local firms
lacked advanced technological capabilities (NRV 2, 3, 4).

In Europe, business models and demand for by-products such as biogas, biofuel, and recovered heat exist,
but markets for greywater reuse and the pelletised fertiliser produced in DUWMS remain underdeveloped
(HAM 1,2, 4; HEL 1, 6, 7). These products struggle to compete with the low, subsidised prices of drinking water
and synthetic fertilisers. However, factors such as climate change, geopolitical disruptions like the war in
Ukraine, and regulatory changes, such as the 2019 EU Fertiliser Regulation, or EU’s Carbon Border
Adjustment Mechanism (CBAM, full implementation in 2026) may open new market opportunities for
circular products in the medium term.

3.2.5. Knowledge, skills & capacities
All three initiatives developed knowledge on planning, building, connecting, operating, and maintaining
DUWMS systems largely through a learning-by-doing approach (Schelbert et al. 2023, 2023, 2023).

In the European cases, targeted R&D projects and exchanges with other initiatives played a key role in
building technical expertise, coordinating implementation, and training installers on new technologies (HAM
1,2, 11; HEL 6, 16, 20). Reference projects and external research were crucial in shaping a shared vision for the
final technical setup (Karrman et al. 2012; Giese and Londong 2015; Miorner et al. 2025).

Both European projects voluntarily supported private companies during the installation of technical
components, particularly through close collaboration with vacuum system suppliers (HAM 2, 10, 18; HEL 6,
15) (Oldenburg et al. 2019; SWECO 2022). Knowledge transfer was strategically fostered during construction
through regular meetings with real estate developers and builders, participatory guidelines, detailed plan
reviews, and practical training sessions with technical suppliers (HAM 1, 11, 18; HEL 4, 6, 15). Dedicated project
management offices facilitated interdepartmental coordination, while information brochures educated
residents on the correct use of vacuum toilets (HAM 9, 16, 17, 18; HEL 5, 7, 8 Oldenburg et al. (2019);
SWECO (2022)). In Nirvana Country, interactive and iterative learning also occurred but at a much lower level
compared to the European cases (NRV 2, 3, 4).
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3.2.6. Recognition & legitimacy

In Nirvana Country, legitimising storylines were built around water self-sufficiency and cost savings (NRV 2, 3,
5) while in Europe, sustainability, energy efficiency and nutrient recycling were more prominent (HAM 1, 3,
13; HEL 5, 6, 7). DUWMS are well supported in Sweden due to a strong national discourse (Kvarnstrom et al.
2022), whereas in Germany, adoption is limited despite the 2021 national water strategy promoting
integrated resource cycles and addressing legal barriers (BMUV 2021). Additionally, all three initiatives, to
varying degrees, built recognition through active stakeholder engagement, targeted communication, tai-
lored outreach materials, demonstration plants, and study-trips to previous implementation sites. This
provided tangible proof of concept for decision-makers, real-estate developers, and potential home-
buyers (HAM 1, 3, 19; HEL 7, 13, 16, NRV 5, 6, 11).

3.2.7. System performance & key implementation factors

For Helsingborg, our analysis shows high technical performance with no major issues, though some
components required adaptation (Schelbert et al. 2023). Key success factors include consistent political
support and strong utility leadership, strategic stakeholder engagement, continuous outreach and legitima-
tion activities (Hagman et al. 2014), as well as systematic knowledge transfer, through technical guidelines,
training sessions, and user instructions (HEL 4, 9, 15).

In Hamburg, the technical system shows high performance with no major incidents or user-acceptability
issues (Schelbert et al. 2023). Key factors include strong leadership from HAMBURG WASSER and stable
political support, intensive research and outreach activities, the successful amendment of the Hamburg
Wastewater Act in 2018 (removing legal barriers), as well as continuous networking structured by
a dedicated project management team that fostered collaborations across public departments, utilities,
research institutes, and the private sector (HAM 1, 2, 13).

In Nirvana Country, the technical system also performs well with no major incidents (NRV 2, 3, 7; Schelbert
et al. 2023). Key success factors include proactive legislation introduced in 2018 facilitating the development
of a regional water reuse market (NRV 1, 3, 11), strong community cohesion driven by concerns over poor
water quality and high costs, regular and transparent effluent monitoring, awareness campaigns by the
apartment managers, as well as the signed a MoU that defines the pay-per-use model (NRV 2, 8, 10). The pay
per use model and the installed ‘mini-grid’ for water transport could be a promising template for high-
density settlements. The lower price compared to freshwater will further promote DUWTRS diffusion, e.g.
through local ‘micro-markets’ to (partially) offset OPEX. However, insufficient regulatory monitoring and
enforcement at the city level remain a concern for long-term system performance.

4. Discussion

In the remainder, we will further abstract from these project-specific findings to the more generic success
factors for implementing different types of DUWMS. We will first discuss generic findings that apply to all LH,
irrespective of their context, followed by those differing between building- and neighbourhood-scale
approaches and between socio-economic contexts, respectively. This is complemented by a section on
the replicability of the models as well as a limitations section that reflects on the boundaries of the available
evidence and the implications for future research.

4.1. Generic findings

A first key insight across all analysed LH is that they strongly depended on and profited from stable policy
support. While in San Francisco, Bengaluru and Nirvana Country political mandates required installing
DUWMS (SF 2012; GoH 2019; Ulrich et al. 2021), environmental policy goals and innovation agendas were
a decisive push factor in Hamburg and Helsingborg (City of Helsingborg 2010; Hamburg Wasser 2010).
Second, all LH benefitted from a champion taking on a ‘system intermediary’ role (Kanda et al. 2020) that
was crucial in driving forward implementation. DUWMS blur traditional boundaries between sectors (water,
sanitation, solid waste, energy), administrative silos, as well as public and private responsibilities (Wolf and
Londong 2020; Miorner et al. 2025). Effective stakeholder coordination across public, private, and civic
sectors is critical for all models, requiring continuous efforts to build and nurture a dense network of firms,
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utilities, policy actors, and end-users. This growing complexity necessitates the presence of a dedicated
system intermediary that facilitates collective learning, coordinates stakeholder networks, aligns diverse
interests, and provides long-term strategic guidance (cf. Lesch et al. 2025).

Third, all LH face relatively high CAPEX and OPEX, which are, however, difficult to compare to subsidised
centralised systems. DUWMS are thus typically implemented in new, high-end real estate developments,
while in low-income communities, these costs can pose significant barriers to adoption (Koehn 2022).
Inducing economies of scale that turn them into economically more viable solutions, therefore, remains
a critical challenge for wider diffusion across DUWMS configurations. Until such economies of scale are
realised, developing creative financing models that may also involve public funding will be a key necessity.
Further work will also be required in terms of quantifying the environmental benefits of DUWMS and bring
them into cost-benefit analyses in urban planning.

Fourth, increasing the legitimacy of DUWMS with policy makers, investors and residents remains
a common challenge. Showcasing tangible benefits, such as water self-sufficiency, reduced greenhouse
gas emissions, or lower water bills, were instrumental in improving legitimacy among decision-makers,
stakeholders, and end-users. Apart from economic elements, all LH have also emphasised their community-
related and environmental benefits, such as improved quality of life, increased energy recovery, and nutrient
return to local agriculture, thus using the broader societal and environmental contributions of DUWMS in
creating more sustainable and liveable cities.

4.2. DUWMS at a city-wide scale vs. Neighbourhood-scale

These generic similarities notwithstanding, our analysis also illustrates clear distinctions in the success factors
driving city-wide and neighbourhood-scale DUWMS interventions.

City-wide DUWMS appear to be the most promising strategy for cities facing water scarcity and rapid
urbanisation. However, city-wide implementation of building-scale DUWMS also necessitate a transformative
shift in infrastructure management. This model demands new regulatory frameworks, redefined actor roles,
revised economic incentives, and innovative O&M protocols to ensure safe, affordable, and sustainable
operation of DUWMS. This approach thus necessitates a ‘stretch and transform trajectory’, where existing
technologies, policies, and organisational templates in urban water management are deeply reconfigured
(Smith and Raven 2012; Hacker and Binz 2023). Evidence from San Francisco and Bengaluru illustrates how
this model can be operationalised, though a fully standardised, scalable and effective template is still lacking.
While both cities successfully promoted DUWMS adoption, San Francisco and Bengaluru demonstrate two
contrasting pathways, leading to differing outcomes in performance, sustainability, and affordability. In San
Francisco, a gradual, adaptive approach with stakeholder engagement has led to high-quality systems, but
diffusion of DUWMS is slow (only 48 systems operational since 2012). In Bengaluru, a rapid, policy-driven
rollout has scaled DUWMS to treat 17% of the city’s wastewater in close to 3000 individual systems. However,
unclear actor roles, insufficient financial resources, inconsistent enforcement, and low demand for high-
quality O&M services undermine performance with many systems remaining semi-functional. Competition
from low-cost, low-quality vendors without accountability further hampers performance, though growing
water scarcity is driving gradual improvements (see also Miorner et al. 2025a).

Neighbourhood-scale DUWMS, as seen in Helsingborg and Hamburg, are in turn particularly suited for
addressing multiple interconnected sustainability challenges in new residential greenfield areas. In contrast
to city-wide DUWMS, this approach is closer to the existing infrastructure paradigm. This model allows
utilities to retain a leading role, with implementation occurring through more incremental adjustments to
current technologies and regulative frameworks — a ‘fit-and-conform trajectory’ (Smith and Raven 2012). The
key novel complexity introduced by these systems is that they require integrating traditionally siloed sectors
and utilities in the water, sanitation, energy, and solid waste domains. In this respect, political support and
well-framed policies are critical for establishing legitimacy and securing resources. Solutions must optimise
multiple interconnected requirements, necessitating cross-sector collaboration and learning, a unifying
vision, and organisational reforms to overcome professional silos. At the very beginning, Helsingborg's
initiative was city-driven (Karrman et al. 2017), while Hamburg's was utility-driven (Skambraks et al. 2017).
Dedicated management offices and strong leadership were vital to coordinate stakeholders and ensure
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project continuity. Given limited expertise and technical standards, a learning-by-doing approach helped
build necessary capacities for planning, construction, and operation.

4.3. DUWMS in high-income vs. Middle-income contexts

A second key distinction can be made between the success factors for DUWMS implementation in high- and
middle-income contexts. DUWMS in the US and Europe benefitted from access to substantial local, national,
and international funding streams — options that were largely unavailable in our middle-income case studies
(India), and which shaped multiple aspects.

In high-income settings, key system intermediaries were better resourced, staffed and positioned to fulfil
their coordinating roles. While both contexts required enhanced stakeholder coordination, high-income LH
featured denser institutional networks and more structured stakeholder interactions, likely due to stronger
financial and human resources, especially in the relevant government departments and public utilities (cf.
Kvarnstrom et al. 2022; Oldenburg et al. 2019; SFPUC et al. 2022). In the high-income contexts studied, local
water and wastewater utilities effectively served as system intermediaries, facilitating coordination and
implementation. In India, however, utilities faced significant resource and capacity constraints, limiting
their ability to fulfil this role. Instead, industry actors, NGOs, and applied research institutes gradually took
on a coordinating function within a more complex and polycentric governance network. Additionally,
stakeholders’ roles and responsibilities were more clearly defined in high-income contexts, with monitoring
and enforcement mechanisms more effectively implemented. At the same time, the rate of innovation was
much slower in these contexts than in the highly dynamic implementation process observed in India.

A related finding highlights the distinctive role of building knowledge, skills, and capacities for designing,
implementing, operating, and maintaining DUWMS. While all LH had to develop new technical and
organisational expertise over time, middle-income context started from a lower overall technological
capacity level. The market-led implementation trajectory observed here often outpaced capacity develop-
ment, leading to a broad implementation of dysfunctional DUWMS designs and strong challenges in creating
sound O&M models. In contrast, the high-income initiatives benefitted from locally available or regionally
imported cutting-edge technologies and expertise but were implemented considerably slower and have had
less overall impact. Key system intermediaries in these contexts played a much more active role in pushing
the development of new standards, guidelines, and capacity-building activities.

4.4. Replicability & scaling

The five cases show that DUWMS are best understood as socio-technical configurations rather than easily
standardised, transferable ‘products’. We therefore would not expect the models developed in each LH to be
replicated ‘as is’ in other cities; instead, their technical and institutional designs can be embedded in
templates that other cities can translate to local context conditions (Miorner et al. 2025) Replicability also
depends on translocal coordination, including shared learning across lighthouse initiatives, common per-
formance reporting, and the gradual build-up of cross-city communities (Binz et al. 2024). Such communities
may play an important role in curating and disseminating validated templates that specify solutions in
enough detail to enable diffusion in new contexts, while remaining general enough not to be constrained by
context-specific differences between, for example, high- and middle-income cities (Lesch et al. 2025; Miorner
et al. 2025).

Our findings suggest that city-wide implementation of building-scale models depends strongly on
regulatory capability. These models are easiest to replicate in cities with a strong regulatory
authority that mandates adoption, oversees permitting, and ensures compliance. Replication also
requires coordination of a heterogeneous actor network, including real estate developers, firms,
planners, regulators, and O&M experts. Neighbourhood-scale approaches, in turn, require long-term
control over development sites and the ability to coordinate water, sanitation, waste, and energy
utility services. They are arguably most replicable in greenfield contexts where roles and procedures
can be defined from the outset. The hybrid model relies on cohesive local actor networks, trans-
parent agreements, and modest regulatory oversight, coupled with policies that enable market
transactions with treated wastewater. We thus expect this configuration to be easiest to replicate
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where utilities cannot fulfil their role and where alternative intermediaries (e.g. NGOs, developer
consortia, or community organisations), supported by policy backing, enable transparent transactions
between users and producers.

In high-income contexts, replication is most likely to succeed when decentralised solutions follow
a sequenced mainstreaming roadmap from legitimacy and regulatory clarity to market formation and
routine uptake in planning and permitting (e.g. via building codes; Binz et al. (2024)). Priority
interventions include fit-for-purpose water quality reuse standards (NBRC 2023; Reynaert et al.
2024) and streamlined permitting pathways, as well as robust, transparent real-time monitoring
and predictive maintenance to ensure reliable performance at scale (Binz et al. 2024). Uptake can
further be accelerated through standardised treatment packages and service models that reduce
CAPEX and OPEX (e.g. DBO business models), product certification or labelling, and tariff or incentive
reforms (e.g. tiered pricing; Binz et al. 2024).

In middle-income contexts, replication can follow a similar sequenced roadmap, but success
depends more strongly on aligning system complexity with enforcement capacity and clarifying
responsibility for O&M (Binz et al. 2024). Rather than aiming for full-fledged solutions from the
outset, cities may deliberately depart from global gold standards and start with pragmatic, fit-for-
purpose reuse standards and broad policy mandates that give innovators leeway to develop locally
viable performance and cost profiles (Binz et al. 2024). Yet innovation may remain fragmented and
struggle to scale under policy uncertainty. A key next step is therefore stronger intermediary
coordination: local authorities, research institutes, NGOs, or developer consortia can broker stake-
holders, support knowledge exchange, set up basic performance reporting, and help resolve early
operational problems (Miorner et al. 2025b). Operator training and demonstration projects can
further build legitimacy and learning-by-doing. Only once reliability, reporting, and roles are stable
should cities move towards more complex business models, cross-sector integration, or advanced
configurations (Binz et al. 2024).

4.5. Limitations

The Lighthouse Project aimed to develop a practical framework to guide stakeholders in setting up local
lighthouses for decentralised urban water management solutions (DUWMS). Three limitations shaped the
scope and outputs of this study.

Resource constraints limited the number of cases we could assess, leading us to focus on well documen-
ted cases often labelled as ‘successes’. Our analysis shows, however, that all cases combine achievements
with partial failures (e.g. performance stability, institutionalisation, or scaling) to varying degrees. The sample
is therefore biased towards initiatives that persisted long enough to be documented, excluding discontinued
or failed projects. This positive case bias restricts what can be inferred about failure and discontinuation.
Accordingly, our findings identify enabling conditions associated with successful implementation, but do not
establish conditions that distinguish success from failure. Comparative research including stalled or failed
initiatives could identify missing preconditions, such as absent intermediary actors, regulation, or insufficient
O&M capacity. Semi-quantitative methods, including Qualitative Comparative Analysis (QCA), would be well
suited to analysing combinations of necessary and sufficient conditions across a larger sample.

Second, our empirical work did not allow a consistently deep governance and institutional analysis across
all cases. Future research could build on our insights through more detailed stakeholder and institutional
mapping, for example using Social Network Analysis or socio-technical configuration analysis (Truffer et al.
2025), to better characterise actor roles, coordination patterns, and institutional arrangements.

Third, harmonised quantitative comparisons were not feasible because data availability, system scope,
and reporting standards varied substantially across cases. As a result, the evidence presented here should be
read as an initial step in theory-building rather than a definitive causal map of success and failure conditions.

Future studies should investigate long-term performance through longitudinal assessments, examine
causal drivers through counterfactual comparisons between DUWMS and conventional systems, and analyse
stalled or failed initiatives to complement the lighthouse focus of this study. Such work would substantially
strengthen the evidence base on replicability and system-level impacts.
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5. Conclusions & policy recommendations

DUWMS represent a transformative innovation with the potential to strongly diversify how cities manage
their water, making them more resilient to climate change and shocks. While still relatively few applications
of this innovative approach exist globally, LH around the world have already demonstrated its economic,
environmental, and social benefits. Innovative technical solutions, organisational best practices, and man-
agement templates are increasingly emerging, offering models that other cities can emulate to their specific
local challenges (Lesch et al. 2025; Miorner et al. 2025). Our findings highlight that DUWMS are complex,
systemic innovations that not only challenge conventional infrastructure solutions but also transform the
ways in which systems are planned, operated, and maintained.

Our comparative case studies have revealed three generic models of DUWMS implementation with
specific success factors. These models and their associated implementation pathways are not mutually
exclusive, and cities may combine elements over time.

First, city-wide implementation of building-scale DUWMS, demonstrated by San Francisco and Bengaluru,
represents the most transformative approach and is particularly appealing for cities that must quickly react
to water scarcity and rapid urbanisation. By implementing small-scale DUWMS city-wide, cities can flexibly
address sanitation challenges while creating additional local water sources. In this model, responsibilities
largely shift from public utilities to a more polycentric network of regulators, developers, firms, building
owners, and O&M experts. Utilities’ role thus transitions from top-down control to a more intermediary role
focused on permitting, indirect quality assurance, network facilitation, and system brokerage.

A second model is neighbourhood-scale solutions with advanced resource recovery systems, as exemplified by
the cases of Hamburg and Helsingborg. This approach is well-suited for cities aiming to address multiple
sustainable development challenges in new greenfield residential areas. It more closely aligns with conventional
UWM models, where public utilities predominantly provide water and sanitation services, although also here with
potentially increased private sector involvement. A utility-driven governance model of this DUWMS solution has so
far proven particularly viable in high-income contexts, where government agencies and utilities have the financial
and human resources to set the necessary boundary conditions for successful implementation and operation. At
the same time, exploring this model in (low- and) middle-income contexts where a lot of greenfield investments
are happening at the fringe of cities could also be highly productive.

Third, the case of Nirvana Country in India demonstrates an intermediate model between city-wide and utility-
driven approaches. In this model, DUWMS are implemented at the neighbourhood scale and trade treated water
with each other through micro-grids, but are primarily managed by private actors and residents, thus blending
elements of public oversight, a ‘micro-utility’ logic with community-driven management.

While the model- and context-specific challenges and success factors are outlined in detail above, cross-
comparing between them allows us distilling six policy recommendations on how the implementation of DUWMS
could be supported that are valid across these three models, as well as across high and middle-income contexts:

(1) Governance & Institutional Arrangements: Ensure long-term policy support and resource allocation for
key system intermediaries. Stable political backing, combined with sufficient human and financial
resources, is crucial for intermediaries to effectively coordinate diverse stakeholders and induce cross-silo
learning. These intermediaries must provide strategic guidance, proactively foster transdisciplinary net-
works, identify synergies, and resolve conflicts across fragmented actor groups and policy domains.

(2) Legal & Regulatory Arrangements: Develop legal and regulatory frameworks that are tailored to
DUWMS's specific requirements. Achieving sustainable outcomes requires streamlined approval
processes, clearly defined roles and responsibilities, effective quality monitoring approaches, and
robust enforcement mechanisms. A well-resourced lead authority is essential to conduct spot checks
and ensure compliance. As many cities will operate hybrid systems (centralised and decentralised),
regulation should clarify interface rules to avoid gaps between O&M providers, building owners, and
utilities. Given DUWMS'’ reliance on diverse water sources (e.g. rainwater, greywater, blackwater, A/C
condensate, etc.) for various potential reuse purposes (e.g. toilet flushing, cleaning, irrigation, cooling,
construction, etc.), it is critical to adopt ‘fit-for-purpose’ regulations, such as the ‘risk-based framework’
(NBRC 2023), that align water quality standards with specific sources, reuse applications, treatment
trains and O&M practices.
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(3) Industry & Market Structures: Develop industry standards, norms, and viable business models to foster
diffusion and scaling. DUWMS can in many contexts transform waste management challenges into business
opportunities. In support, industry-internal standards that ensure system compatibility and consistent
effluent quality must be established. Standardised vetting and labelling processes can incentivise attractive
business models across the entire service chain, including resource-based products. DBO-like business
models provide strong incentives for DUWMS vendors and buyers to instal robust system design that
guarantee regulatory compliance, longevity, and overall economic viability.

Knowledge, Skills & Capacities: Develop certified training programmes and tailored guidance mate-

rials to build capacity, especially with system operators. Certified training systems and technical

guidance facilitate the dissemination of state-of-the-art knowledge and skills. Certification of vendors,
suppliers and operators enhances transparency, ensures accountability across the service chain, and
supports the creation of robust markets.

(5) Recognition & Legitimacy: Implement active communication and outreach strategies to build legiti-
macy with key decision makers, investors, and end users. Addressing the ‘yuck factor’ associated with
wastewater reuse requires strategic efforts to establish storylines which make DUWMS'’s value propo-
sitions tangible. Clear and relatable messaging should align DUWMS with existing social norms while
communicating its environmental, social, economic, and technical benefits in an accessible manner.
Publicly accessible pilot and demonstration projects can serve a key role in helping to legitimise
DUWMS among developers, policymakers, owners, and future residents.

(6) Financial & Contractual Arrangements: Promote financially and economically viable system designs.
Addressing the relatively high CAPEX and OPEX of DUWMS remains a key challenge, requiring solutions
that deliver returns for investors, end-users, and the environment. Cost comparisons with centralised
infrastructure, which is often heavily subsidised, should incorporate comprehensive system and environ-
mental life cycle assessments and take local context conditions into account. Neighbourhood-scale solu-
tions can offer significant sustainability benefits at reasonable costs, while in middle-income contexts —
where freshwater prices are volatile and centralised systems often underperform — city-wide DUWMS can
present highly attractive economic and environmental alternatives.

)

The technologies, regulatory frameworks, business models, and communication strategies presented here
offer a solid foundation for establishing credible pathways towards more diversified and adaptable UWM,
even in resource-constrained cities. To advance this agenda, we encourage researchers, policymakers, and
technology experts to contribute to a global research and development community focused on lighthouse
initiatives and their role in creating more resilient, sustainable and liveable cities.
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Appendix
Appendix A: Integrative assessment framework

Each of the elements in Table A1 denotes a necessary condition for the successful implementation (and diffusion) of
DUWTRS. For example, if a local initiative lacks financial incentives or legitimacy with the relevant decision-makers and
end users, DUWTRS solutions will have a hard time in scaling up and influencing other cities opting for the same idea.
While analytical clarity required that the different elements of our framework be investigated in an isolated fashion, they
can be reciprocally influential and are often mutually dependent.

Table A1 Key social factors for analysing lighthouse initiatives (Source: Own elaboration from (Klinger et al. 2019; Ulrich
et al. 2021; Hacker and Binz 2021a; Luthi et al. 2011))

Governance & Institutional Rules that define the roles, responsibilities and relations among and between public and private actors. Functional
Arrangements governance arrangements typically depend on strong buy-in from government actors, utilities, private firms and
civil society. Strategically coordinated national sector policies are often key to receive the support of and create

synergies among key stakeholders.

Legal & Regulatory Incentivising, enabling and supporting legal and regulatory arrangements are key to operate DUWTRS on a legal
Arrangements basis, establish administrative support and create market structures, business models and standardised
products.
Financial & Contractual Financial arrangements cover allocation and organisation of funds and funding mechanisms needed to establish
Arrangements capital expenditures (CAPEX) and operational expenditure (OPEX). They are essential to project ignition and

long-term continuation.

Industry & Market Structures  Industry and market structures are essential for developing mature and standardised technologies, to establish
reliable operation and maintenance models, as well as for creating business models that enable innovation
diffusion and scale up.

Knowledge, Skills & Capacities  Broadly and continually established knowledge, skills and capacities among various stakeholders are key for
project and system management from planning to implementation, operation and maintenance.

Recognition & Legitimacy Recognition and legitimacy capture key stakeholder’s assumption that the innovation is installed and run in line
with widely held social beliefs. Those beliefs comprise governance structures, requlatory and legal frameworks,
cultural norms, etc. and are of crucial importance for creating widespread (user) acceptance.

In addition to the social elements outlined above, key technological elements also deserve focused attention.
However, defining generic technical performance criteria that can be evaluated without conducting resource-
intensive life-cycle assessments and/or spot-checks is difficult. Thus, we oriented our criteria along DWA's guide-
line on sustainability assessment of water infrastructure systems (Hillenbrand et al. 2018) and discussed potential
indicators in interdisciplinary exchanges with Eawag experts. In doing so, key proxy indicators for different
technological elements were defined, that enable an indicative assessment of technical performance (see
Table A2).

Table A2 Selected technical performance criteria adapted from Hillenbrand etal. (2018) and including expert knowledge.

User satisfaction/Acceptability Comfort for end users (ease of use, manageability), Acceptability/Complaints

Operational safety/Robustness Process stability and reliability; Effects in case of failure

Adaptability/Scalability Flexibility with regard to changing boundary conditions

Integratability/Independence Independence from other infrastructures (external energy/water supply); space requirement; synergy potential
(e.g. with biowaste disposal)

Treatment efficiency Required (national/local) standards, resource recovery (nutrients, energy, water)

Resource efficiency Financial costs, energy use, environmental impacts (greenhouse gas emissions)




INTERNATIONAL JOURNAL OF URBAN SUSTAINABLE DEVELOPMENT . 193

Appendix B: List of respondents interviewed under the five study areas engaluru (BLR)

No. Role of respondent Case study Activities involved in/Organisation affiliation Respondent Code
1 Architect Bengaluru Representative of architectural firm BLR 1
2 Consultant 1 Bengaluru Individual consultant BLR 2
3 Consultant 2 Bengaluru Representative of Indian consultancy firm BLR 3
4 Consultant 3 Bengaluru Representative of Indian consultancy firm BLR 4
5 Expert 1 Bengaluru Water sector expert BLR 5
6 Industry 1 Bengaluru Industrial water user BLR 6
7 Industry 2 Bengaluru Industrial water user BLR 7
8 Industry Association 1 Bengaluru Representative of real estate developer association BLR 8
9 Industry Association 2 Bengaluru Representative of Indian association of plumbers BLR 9
10 NGO 1 Bengaluru Representative of Bangalore Apartments Federation BLR 10
1 NGO 2 Bengaluru Representative of Bangalore Apartments Federation BLR 11
12 NGO 3 Bengaluru Representative of non-governmental research organization BLR 12
13 NGO 4 Bengaluru Representative of advocacy group BLR 13
14 Public Agency 1 Bengaluru Representative of state government BLR 14
15 Public Agency 2 Bengaluru Representative of Karnataka Pollution Control Board BLR 15
16 Public Agency 3 Bengaluru Representative of Karnataka Pollution Control Board BLR 16
17 Public Agency 4 Bengaluru Representative of Karnataka Pollution Control Board BLR 17
18 Public Agency 5 Bengaluru Representative of Karnataka Pollution Control Board BLR 18
19 Real Estate Developer 1 Bengaluru Representative of real estate developer BLR 19
20 Real Estate Developer 2 Bengaluru Representative of real estate developer BLR 20
21 Real Estate Developer r 3 Bengaluru Representative of real estate developer BLR 21
22 Real Estate Developer 4 Bengaluru Representative of real estate developer BLR 22
23 Real Estate Developer 5 Bengaluru Representative of real estate developer BLR 23
24 Researcher 1 Bengaluru Academic Researcher BLR 24
25 Researcher 2 Bengaluru Academic Researcher BLR 25
26 Researcher 3 Bengaluru Academic Researcher BLR 26
27 Researcher 3 Bengaluru Academic Researcher BLR 27
28 RWA 1 Bengaluru Representative of resident welfare association (RWA) BLR 28
29 RWA 2 Bengaluru Representative of resident welfare association (RWA BLR 29
30 RWA 3 Bengaluru Representative of resident welfare association (RWA BLR 30
31 RWA 4 Bengaluru Representative of resident welfare association (RWA BLR 31
32 RWA 5 Bengaluru Representative of resident welfare association (RWA BLR 32
33 STP Vendor 1 Bengaluru Representative of local STP vendor BLR 33
34 STP Vendor 2 Bengaluru Representative of local STP vendor BLR 34
35 STP Vendor 3 Bengaluru Representative of local STP vendor BLR 35
36 STP Vendor 4 Bengaluru Representative of local STP vendor BLR 36
37 STP Vendor 5 Bengaluru Representative of local STP vendor BLR 37
38 STP Vendor 6 Bengaluru Representative of local STP vendor BLR 38
39 STP Vendor 7 Bengaluru Representative of local STP vendor BLR 39
40 STP Vendor 8 Bengaluru Representative of local STP vendor BLR 40
41 Operator Bengaluru Representative of tanker operator BLR 41
42 Technology Provider 1 Bengaluru Representative of water technology provider BLR 42
43 Technology Provider 3 Bengaluru Representative of water technology provider BLR 43
44 Technology Provider 2 Bengaluru Representative of water reuse technology provider BLR 44
45 Utility 1 Bengaluru Representative of Bangalore Water Supply and Sewerage Board BLR 45
San Francisco (SF)

No. Role of Respondent Case study Activities involved in/Organisation affiliation Respondent Code
1 Regulator 1 San Francisco Regulator at Water Board — Bay Area SF 1
2 Consultant 1 San Francisco Sustainability consultant — Bay Area SF 2
3 Consultant 2 San Francisco Sustainability consultant — Bay Area SF3
4 Operator 1 San Francisco Operator firm — NYC and Bay Area SF 4
5 Programme Manager San Francisco Utility program manager — Bay Area SF5
6 Regulator 2 San Francisco Regulator at SFDPH - Bay Area SF 6
7 Operator 2 San Francisco Operator Firm - Environmental Specialist SF7
8 Utility 1 San Francisco Utility SF 8
9 Expert 1 San Francisco Academia Water Policy Expert SF9
10 Private Engineer 1 San Francisco Engineering Firm SF 10
1 NGO 1 San Francisco Environmental Organization SF 11
12 Consultant 3 San Francisco Sustainability Consultant SF 12
13 Regulator 3 San Francisco Regulator SF13
14 Private Engineer 2 San Francisco Engineering Firm SF 14
15 Private Engineer 3 San Francisco Engineering Firm SF 15
16 Utility 2 San Francisco Utility SF 16
17 Government 1 San Francisco Government Agency SF17
18 Regulator 4 San Francisco Regulator SF 18

(Continued)
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No. Role of Respondent Case study Activities involved in/Organisation affiliation Respondent Code
19 NPO San Francisco Nonprofit Organization SF 19
20 Technology Provider 1 San Francisco Technology Supplier SF 20
21 Technology Provider 2 San Francisco Tech Corporation SF 21
22 Private Developer 1 San Francisco Developer SF 22
23 NGO 2 San Francisco Environmental Organization SF 23
24 Technology Provider 3 San Francisco Technology Supplier SF 24
25 Private Developer 2 San Francisco Developer SF 25
26 Technology Provider 3 San Francisco Technology Supplier SF 26
27 Operator 3 San Francisco Operator Firm SF 27

Hamburg (HAM)

No. Role of Respondent Case study Activities involved in/Organisation affiliation Respondent Code
1 Utility 1 Hamburg Utility (Management) HAM 1
2 Utility 2 Hamburg Utility (Operational) HAM 2
3 Utility 3 Hamburg Utility (Management) HAM 3
4 Utility 4 Hamburg Utility (Management) HAM 4
5 Utility 5 Hamburg Utility (Operational) HAM 5
6 Utility 6 Hamburg Utility (Research) HAM 6
7 Utility 7 Hamburg Utility (Research) HAM 7
8 Planner / Public Administration 1 Hamburg Municipal Planning Department HAM 8
9 Planner / Public Administration 2 Hamburg Municipal Planning Department HAM 9
10 Researcher 1 Hamburg Researcher HAM 10
11 Researcher 2 Hamburg Researcher, Co-Author Guidelines HAM 11
12 Researcher 3 Hamburg Researcher HAM 12
13 Planner / Public Administration 3 Hamburg State Planning Department HAM 13
14 Planner / Public Administration 4 Hamburg Municipal & State Planning Department HAM 14
15 Resident 1 Hamburg Resident / Volunteer HAM 15
16 Resident 2 Hamburg Resident / Owner HAM 16
17 Private Developer Hamburg Owner / Developer HAM 17
18 Technology Provider 1 Hamburg Private Business HAM 18
19 Architect 1 Hamburg Leading Architect HAM 19
20 Association 1 Hamburg German Water Association HAM 20
Helsingborg (HEL)

No. Role of Respondent Case study Activities involved in/Organisation affiliation Respondent Code
1 Researcher Helsingborg National Research Institute HEL 1
2 Planner / Architect Helsingborg Municipal Planning Department HEL 2
3 Utility 1 Helsingborg Solid Waste Utility / Company HEL 3
4 Utility 2 Helsingborg Water & Wastewater Utility HEL 4
5 Public Administration 1 Helsingborg Project Manager HEL 5
6 Utility 3 Helsingborg Water & Wastewater Utility HEL 6
7 Public Administration 2 Helsingborg Project Manager HEL 7
8 Public Administration 3 Helsingborg Municipal Environmental Department HEL 8
9 Public Administration 4 Helsingborg Municipal Environmental Department HEL 9
10 Planner Helsingborg Municipal Planning Department HEL 10
1 Researcher 1/ Expert Helsingborg Researcher / Environmental Expert HEL 11
12 Planner / Architect Helsingborg Municipal Planning Department HEL 12
13 Researcher 2 Helsingborg Wastewater / Civil Engineering Researcher HEL 13
14 Private Consultant Helsingborg Architecture & Engineering Consultancy HEL 14
15 Utility 4 Helsingborg Water & Wastewater Utility HEL 15
16 Researcher 3 Helsingborg Researcher on Decentralised UWM Systems HEL 16
17 Kristina Magnusson Helsingborg Municipal Planning Department HEL 17
18 Sofia Dahl Helsingborg Water & Wastewater Utility HEL 18
19 Private Technology Provider 1 Helsingborg Private Technology Provider HEL 19
20 Association 1 Helsingborg Swedish Water and Wastewater Association HEL 20
21 Private Technology Provider 2 Helsingborg HEL 21
22 Association 1 Helsingborg Swedish Water and Wastewater Association HEL 22
23 Researcher 4 Helsingborg Researcher on Chemical Engineering HEL 23
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Nirvana / Gurugram (NRV)

Case Respondent

No. Role of Respondent study Activities involved in/Organisation affiliation Code

1 Public Administration Nirvana  Ministry of Housing and Urban Affairs & Ministry of Environment, Forest and NRV 1
Climate Change

2 RWA Member / Resident 1 Nirvana  Member of Executive Body, Resident of Deerwood, Involved in the Planning, NRV 2
Implementation, Operation (Pipeline)

3 RWA Member / Resident 2 Nirvana ~ Member of Executive Body, Resident of Deerwood, Involved in the Planning, NRV 3
Operation (Pipeline)

4 RWA Member / Resident 3 Nirvana  Supporting role to ExecutiveBody, Resident of Deerwood, Involved in NRV 4
Implementation (Pipeline)

5 RWA Member / Resident 4 Nirvana ~ Member of Executive Body, Resident of Deerwood, Involved in NRV 5
Implementation (Pipeline)

6 RWA Member / Resident 5 Nirvana  Supporting role to Executive Body, Resident of Deerwood, Involved in NRV 6
Implementation Phase (Pipeline)

7 RWA Member / Resident 6 Nirvana ~ Member of Executive Body, Resident of Deerwood, Implementation NRV 7
(Pipeline)

8 RWA Member / Resident 6 Nirvana ~ Member of Executive Body, Resident of Espace, Implementation (Pipeline) NRV 8

9 RWA Member / Resident 7 Nirvana ~ Member of RWA Executive Body, Resident of Espace, Implementation NRV 9
(Pipeline)

10 Private Operator 1 Nirvana  Operator of TCS plant, Resident of TCS, Involved in Operations (TCS Plant) NRV 10

1 Private Operator 2 Nirvana  Junior Operator of TCS plant, Involved in Operations (TCS Plant) NRV 11

Appendix C: Interview Guideline

Overall interest: Temporal perspective on actors, events, processes and mechanisms that have contributed from project
development, planning and design to implementation, operation & maintenance.
Acquire consent for recording, information about data handling procedures (Consent Form).
Part I: Introductory Questions
Personal (only ask if you can’t find out anything about the person through desk research)
- Can you tell me a bit about yourself and your role? Since when have you been involved? During which stages and
with what responsibilities?

Project-related
- What was the main reason for engaging with alternative solutions in the sanitation sector to begin with (from your
perspective / that of your organisation)?
- Where did the idea “come from”/what triggered the initial interest in this project in your organisation (or the city of
XYZ in general)?

Part II: Process & Institutional Set-Up
Process (Ask participant to be as specific as possible about 2-3 key events, come back to them in the questions
below)
- What were the most important events from the initial stage up to the implementation? Which were the most
challenging moments?
- Were there any specific events that worked as drivers for project implementation? Was there any direct opposition
from local stakeholders?
- Alternatively, were there any specific events where challenges/problems were addressed/resolved? How were these
addressed/resolved?
- Regarding the initial “schedule”/timetable, have there been any (process-related) challenges that delayed the
planning and/or implementation of the project?
- Have there been process-related challenges that intensify or dissolve due to specific events and/or actors? How were
those challenges resolved?

Stakeholders
- Was there a broad interest among different stakeholders in the beginning to do this kind of project? Alternatively,
had the interest and motivation yet to be generated among local stakeholders?
- Were there any particularly important individuals or organisations in the early stage that worked as drivers? Were
there any specific stakeholders that opposed the project? How was this addressed?
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Recognition & Legitimacy

- Were there specific challenges that triggered interest or motivated people to think about installing an alternative
sanitation system in XYZ? Was there “external” pressure to engage with these type of issues — or did interest emerge
bottom-up in XYZ?

- Were there existing norms, values, cultural beliefs, ‘ways-of-doing-things’ within the utility, the government and/or
end users, etc. that hindered progress with the project? How was this addressed?

- In order to overcome eventual barriers/resistance: Did positive experiences from other places play a role in
convincing key stakeholders? Can you elaborate how you collected inspiration?

- In terms of social acceptance: How easy are users with the new technologies? Were there any challenges? Was there
organized opposition to the project (i.e. an association, social movement, etc. campaigning against it)? How were
these challenges addressed? Alternatively, were there any specific actors/events/circumstances that fostered user
acceptability?

Legal & Regulatory Framework

- In terms of compatibility with (existing) regulations: Were/are there any regulative and/or legal challenges to
implementing the new system? Any problems that can be highlighted?

- In case regulations had to be established/modified: What were the drivers, barriers and challenges in establishing/
modifying the legislative/regulatory framework? How were barriers and challenges addressed? How was this
addressed?

- How were regulatory requirements from different sectors (waste, water and sanitation; construction; public health,
pollution control board, etc.) coordinated? Is this generally working well or are there any issues regarding coordina-
tion, e.g. among different public authorities/regulative bodies?

- Which particular actors and/or events contributed to addressing these challenges and how?

- Are there clear roles and responsibilities regarding the relevant government departments involved?

- Are the relevant government departments working and coordinating effectively?

- Is the permitting pathway for on-site systems clearly defined and enforced? Who is responsible for which of these
tasks?

- Are there dedicated resources in relevant government departments (human, financial/budget) and are these
suitable/sufficient according to the performance needs?

- To date, are there any performance targets/standards explicated? If so, are these targets/standards being monitored
and sanctioned/enforced?

- Have there been any changes within how things are organised and coordinated in terms of water reuse in the past
years/decade? To what extent have project related (or e.g. policy related) experiences/outcomes contributed to this?

- Is there a market for (some of) the recycled products generated by the system? Were there any particular measures
(e.g. creation of a legal entity) to (legally) operate within the regulatory/legal boundaries?

Industry, Market Structures & Financial Arrangements

- CAPEX: How has the project funding been established to implement the project? Were there particular funding
mechanisms?

- OPEX: How are the funds generated to keep the project running? Were/Are there any subsidies or tax relief measures
or are costs recovered? Are there particular investment incentives & pricing schemes?

- How do the costs compare to a conventional centralized system? Can users / the government bear them in the long
run? Can a return on investment be achieved in a reasonable timeframe?

- How (and by whom) are these financial arrangements managed/coordinated? How were these arrangements
established?

- Have there been measures to develop additional (niche) markets for the solution during your project? Could the
same approach/key technologies be sold to another place?

- The system in XYZ produces ABC: Is this sold to the households? How does this work? How was this process set up?

- Is there some sort of business model, which creates a regular income/profit for firms/other actors, which incentivizes
them to further diffuse and push the idea?

- Is there an ecosystem of competent firms, consultants & operators that can design, install and operate the systems? If
not, why? What type of firm is missing/underdeveloped?

- How easily can customers find a local supplier of technologies or services? Are the quality levels of different firms
transparent? Is there some quality vetting by the government / other actors?

Part lll: Technology & System Choices
Technology Choice
- What motivated the choice of technologies and system components/set-up? |.e. why does the system look like this?
Why was urine separation excluded? Why not grey water reuse? Why is there no fertilizer production?
- The system that is now implemented: Did this particular set-up already exist somewhere else (i.e. is it copy-pasted
from another context)? What adaptations were made and why?
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- Where did you find (inspiration for potential) technologies and know-how (vacuum toilets, piping for vacuum systems,
biogas production, heat/energy converter)? How were these imported to XYZ (e.g. hiring consultants, visiting other
places, learning from others’ experiences)?

- Were there any technical surprises/challenges during the construction stage? How did they influence the final
system design (choices)?

Operation & Maintenance

- In terms of the system start-up/handover: Were there any issues? If yes, how were these addressed?

- In your opinion, is the quality of the design adequate to meet the treatment/performance targets? Is the system
reliably (and securely) performing?

- How often is effluent water quality checked? By whom? Can the results be (publicly) accessed?

- Are the monitoring costs acceptable? What happens in case of non-compliance?

- Is there any measure to guarantee that skilled personal is available when needed?

- Are maintenance activities reliably performed or easily accessible and available when needed? Is there any super-
vision of these O&M activities?

- Is there a clear protocol on how to deal with system failures?

- Are spare parts reliably available when needed?

Knowledge, Skills & Capacities

- How competent are local technology suppliers and operators in installing and running the systems?

- How competent are the regulators? Do they have the technical expertise and financial means to effectively oversee
system installation & operation?

- Are there any information events or workshops to establish continued adequate “supply” of skilled management and
personnel?

- Are there any feedback loops for example regarding user satisfaction or required maintenance/repair works?

- Since the system is running, have there been any changes to how things are done (e.g. in guiding policies, operation
or maintenance, but also other related procedures)? In other words, has any kind of “adaptive learning” taken place?

- Is there any form of knowledge documentation, which is shared with involved/concerned people?

- Is there a “network” among experts that has regular/frequent exchanges about experiences?

- Will experiences be communicated/diffused to other places? Is there a target group?

Technical Performance
- Overall, how well is the system performing? Are the (internal) performance targets and (external) standards met?
Were/are there any unexpected problems in terms of the technical performance?

Treatment Efficiency (see also questions on “Operation & Maintenance)
- Depending on the reuse purpose: Are treatment processes meeting required (national/local) standards?

System Performance Criteria

- Are users satisfied with the implemented system?

- Are reusable products reused as planned or have there been any acceptability issues?

- Do users have some sort of reporting system in case they have any complaints?

- Are users informed when the system fails? How is this performed?

- Do treated quantities and produced products (reusable water, biogas, fertilizer) match the required quantities
required for the reuse purpose? For example, is there enough flush water to flush toilets/biogas to heat up the
targeted apartments?

- Is the implemented system cheaper compared to the conventional system?

- Has the implemented system an increased energy efficiency compared to the conventional system? Alternatively,
does it use less kW/h per m® compared to the conventional system?

- Does the implemented system have less environmental impacts (e.g. greenhouse gas emissions) compared to the
conventional system?

Technical Robustness
- Does the system run on its own or does it need a lot of support? (e.g. external energy/water supply; maintenance
works & spare parts)
- Is the system scalable/easily replicable or highly context-sensitive?

Anything else you would like to share?
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