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Abstract

Climate change has disrupted the global water cycle, exposing hundreds of millions of people to unprecedented hydrologi-
cal conditions. As water scarcity grows, urban green spaces increasingly struggle to regulate micro-climates, a key factor in
maintaining liveable cities. Thus, smart city initiatives increasingly turn to digital solutions to conserve scarce resources, and
smart, sustainable irrigation systems offer a promising approach. This study employs an Action Design Research approach
to design and evaluate such a decision support system for urban green spaces, in close collaboration with the city of Frank-
furt am Main, its urban green spaces department, and the botanical garden, which are responsible for irrigating 8000 young
trees and 3800 shrubs. Combining theoretical foundations with practitioner insights from city administrators, smart city
specialists, and botanists, the study shows how IoT-based soil moisture sensing and data analytics enable demand-oriented,
resource-efficient irrigation. The work generates design knowledge contributions in the form of problem statements, design
requirements, design features, and design principles, as well as a software prototype.
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Introduction Chandanpurkar et al., 2025; He et al., 2021). Urban areas

face particular pressure: ground sealing and dense con-

Climate change is intensifying water scarcity glob-
ally, with rising temperatures, prolonged droughts, and
declining groundwater levels already affecting regions
previously considered water-rich (Caretta et al., 2022;
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struction amplify the urban heat island effect, causing
water demand to peak precisely when supply is most con-
strained (Koop & Van Leeuwen, 2017; Wu et al., 2024).
At the same time, urban vegetation, which is essential for
cooling cities, improving air quality, and sequestering CO,
(F. Zhang & Qian, 2024), depends on reliable irrigation,
especially during the establishment phase of young trees
under drought and extreme heat conditions (Petrova et al.,
2025; Roman et al., 2015).

In current practice, irrigation planners are responsible
for scheduling irrigation activities for increasing quantities
of young trees distributed across entire districts under var-
ying environmental and operational conditions. Relevant
information, such as soil conditions, weather forecasts, and
completed watering rounds, is often fragmented across sys-
tems, outdated, or unavailable, while limited water and per-
sonnel resources must be continuously prioritised across
competing demands. As a result, irrigation planning relies
on rough approximations of irrigation demand (Rambhia
et al., 2023) and becomes inefficient, leading to excessive

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12525-026-00926-8&domain=pdf
http://orcid.org/0009-0003-8769-0365
http://orcid.org/0000-0002-3712-5291
http://orcid.org/0000-0003-1730-2614

72 Page 2 of 34

Electronic Markets (2026) 36:72

water use and increased operational costs (Gimpel et al.,
2021).

Green Information Systems (IS) research offers pathways
to address urban environmental sustainability challenges by
designing intelligent, data-driven solutions that enhance
urban sustainability and resilience (e.g., Abdipour et al.,
2024; Graf-Drasch et al., 2023; Xu et al., 2024). Prior work
shows that digital technologies can improve resource effi-
ciency, realising water savings between 35 and 60 per cent
through dynamic irrigation planning in urban green spaces
(Gasser et al., 2024). However, Green IS research on design-
ing smart and sustainable urban irrigation systems remains
scarce: only few articles cope with the irrigation of urban
young trees and green spaces (Aldegheishem et al., 2022;
Gasser et al., 2024; Gimpel et al., 2021). This gap is par-
ticularly relevant from an IS perspective, as such systems
coordinate multiple stakeholders, data providers, and ser-
vice actors, effectively constituting a digital ecosystem for
resource allocation and service delivery in urban contexts.
Smart and sustainable urban irrigation systems represent a
promising frontier, where sensor integration, environmen-
tal analytics, and algorithmic decision support converge to
enable data-driven, sustainable management of urban green
spaces.

Designing such systems, however, requires understand-
ing how irrigation decisions are actually made. From the
perspective of behavioural decision theory, the conditions
described above are characteristic of decision-making
under bounded rationality: decision-makers rely on heu-
ristics rather than fully rational optimisation when con-
fronted with uncertainty, fragmented information, and
cognitive constraints (Arnott & Gao, 2022; Kahneman,
2003; Simon, 1990). This can result in inconsistent and
suboptimal decisions (Frame et al., 2024; Todd & Benba-
sat, 1991). We therefore conceptualise urban irrigation as
a bounded rationality problem in which decision-makers
must allocate resources under exactly these constraints.
This lens explains why irrigation planners rely on heu-
ristics and it implies that the central design challenge is
informational: a decision support system must structure
and contextualise fragmented information rather than
merely add to it.

Such decision support systems can enable more demand-
oriented and resource-efficient irrigation planning. They can
assist urban irrigation planners and green space managers
in planning irrigation activities, while also guiding garden-
ers and irrigation service providers in executing these tasks
more efficiently. Their implementation requires coordination
across organisational and technical actors, including munici-
pal Information Technology (IT) departments, which ensure
the integration of sensor infrastructures and data sources,
and system developers, who translate domain requirements
into robust architectures and user interfaces. Against this
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background, our work addresses the design of such systems
to mitigate cognitive and informational limitations in com-
plex decision environments. Therefore, this study addresses
the following research question:

How should smart and sustainable irrigation decision
support systems for urban green spaces be designed?

To answer our research question, we performed an
Action Design Research (ADR) study (Sein et al., 2011)
following the elaborated ADR process of Mullarkey and
Hevner (2019). The ADR study spanned 15 months of
close collaboration with the city of Frankfurt am Main,
and particularly with irrigation planners and botanists of
its urban green spaces department, and the Palmengarten
botanical garden. We developed and evaluated a software
prototype as a decision support system for smart and sus-
tainable urban green spaces irrigation (i.e., a smart sustain-
able urban irrigation system, SSIS). The software prototype
integrates soil moisture sensor data and was implemented
and iteratively refined throughout our six-phase ADR pro-
cess, incorporating real-world use, practitioner feedback
and testing, and evaluations. It processes historical and up-
to-date data from 644 sensors at 161 urban trees. From this
iterative process, we derived problem statements, design
requirements (DRs), design features (DFs), and design
principles (DPs), collectively constituting design knowl-
edge contributions for SSIS.

This study contributes to theory. First and foremost, it
advances design knowledge for SSIS by conceptualising them
as socio-technical systems embedded in complex municipal
contexts and by deriving generalisable DPs for multi-stake-
holder coordination, heterogeneous data integration, and scal-
able decision support. Further, it contributes to the intersec-
tion of behavioural decision theory and IS by showing how
data-driven systems can transform predominantly heuristic
and experience-based decision-making into more informed,
transparent, and consistent decision processes under bounded
rationality. In addition, our findings relate to smart sustainable
city and Green IS research by demonstrating how an Internet
of Things (IoT)-enabled digital infrastructure can support sus-
tainable urban operations and public-sector service delivery.
It also contributes to environmentally oriented IS research by
illustrating how ADR can embed digital sustainability into
scalable public-sector artefacts by design.

Theoretical background

Smart sustainable cities

Different definitions of smart cities exist in IS research.
Abdipour et al. (2024) emphasise three properties that
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many smart city definitions have in common: (1) smart cities
enhance quality of life by promoting well-being, inclusion,
environmental development, and economic vitality (Dameri,
2013; Silva et al., 2018; Toli & Murtagh, 2020), (2) smart
city administration and operations require the coordinated
engagement of diverse stakeholders across municipal, tech-
nical, and organisational domains (Toli & Murtagh, 2020),
and (3) smart cities deploy digital technologies to improve
effectiveness in various domains of urban life, i.e., econ-
omy, people, governance, mobility, environment, and living
(Dameri, 2013; Giffinger & Haindlmaier, 2009; Silva et al.,
2018).

Recent research increasingly emphasises the environmental
dimension of smart cities, highlighting their potential to sup-
port sustainable urban development through resource-efficient
IS (Gimpel et al., 2020). The concept of the smart sustain-
able city builds on the use of digital technologies to advance
sustainable development (Karal & Soyer, 2024), ultimately
aiming to enhance the quality of life for current and future
generations. Accordingly, we adopt Abdipour et al.’s (2024, p.
3) definition of a smart sustainable city as “[A] city that uses
digital technologies [...] to ensure economic, ecological, and
social sustainability while simultaneously improving the qual-
ity of life and the efficiency of urban services and operations.”

Smart cities are a prominent application domain of IoT,
with digital technologies embedded across transportation,
waste management, energy metering, and beyond (Mehmood
et al., 2017; Silva et al., 2018). As IoT evolves, common

urban elements, such as plants and soil, can become part
of the digital ecosystem (Bibri, 2018; Luvisi & Lorenzini,
2014). In smart sustainable cities, advances in sensing
infrastructure enable the collection of previously unavail-
able environmental data, including soil moisture levels in
urban green spaces, supporting a shift from routine-based to
demand-oriented irrigation practices (Gimpel et al., 2021).
Such data-driven solutions exemplify Green IS, which lever-
ages IS to enable more sustainable practices across individu-
als, organisations, and society (Watson et al., 2010).

Ecosystem services of smart sustainable city
solutions

Taking an ecological perspective, smart sustainable cities
are part of ecosystems, which can be defined as dynamic
complexes of organisms and their non-living environment
that provide so-called ecosystem services, i.e., the bene-
fits people obtain from ecosystems (Millennium Ecosys-
tem Assessment, 2003). These services are often difficult
to quantify but have been widely studied (e.g., Costanza
et al., 1997). Figure 1 provides an overview of these ser-
vices. Smart sustainable city solutions influence interac-
tions between biotic and non-living components and thereby
affect the ecosystem services provided to urban populations,
most directly through interventions such as smart irrigation,
which shapes water-related ecosystem services in urban
green spaces.

Cultural Services

Provisioning Services
Products obtained from ecosystems

Food
Fresh water
Fuelwood
Fibre
Biochemicals
Genetic resources

Regulating Services

Benefits obtained from regulation of
ecosystem processes

Climate regulation
Disease regulation
Water regulation
Water purification
Pollination

Nonmaterial benefits obtained from
ecosystems

Spiritual and religious
Recreation and ecotourism
Aesthetic
Inspirational
Educational

Sense of place
Cultural heritage

Supporting Services
Services necessary for the production of all other ecosystem services

Soil formation, nutrient cycling, primary production

Fig. 1 Classification of ecosystem services (based on Millennium Ecosystem Assessment, 2003)
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Smart sustainable irrigation for urban green spaces

Monitoring soil moisture and environmental conditions
enables proactive irrigation and improves tree resil-
ience under changing climatic conditions (Petrova et al.,
2025). Considering soil water availability is essential to
avoid both over-irrigation (runoff) and under-irrigation
(water stress) (Canales-Ide et al., 2019). SSIS therefore
rely on soil moisture sensors connected via Long Range
Wide Area Networks (LoRaWANSs) to support accurate
estimation of plant-specific water needs and optimise
irrigation decisions (Gimpel et al., 2021; Nasiakou
et al., 2016), requiring continuous, reliable data as the
informational backbone for intelligent decision-making
(Alter, 2020).

While smart irrigation research advances, particularly
in the field of agriculture (e.g., Abdelhamid et al., 2025;
Et-taibi et al., 2024), some research endeavours have
investigated smart irrigation for urban green spaces.
However, municipal practice often relies on simpli-
fied decision rules based on climatic data, neglecting
soil moisture and other relevant variables (Canales-Ide
et al., 2019), highlighting the need for more advanced
systems. Smart urban irrigation research highlights the
importance of reliable communication infrastructures,
interoperable system architectures, and data-driven opti-
misation. For example, hybrid LoRa-WiFi communica-
tion enables scalable sensor-based irrigation in urban
areas (Aldegheishem et al., 2022). Similarly, modular
architectures integrate sensing, monitoring, and control
within smart city platforms (Gualpa et al., 2022). Hydro-
informatics approaches combine sensor data, weather
forecasts, and algorithmic planning within interoperable
platforms, achieving substantial water savings (Gasser
et al., 2024). Recent work also explores novel urban con-
texts. Lu et al. (2025) combine AloT (Artificial Intel-
ligence of Things) sensing, solar-powered hardware, and
machine learning models to optimise irrigation for roof-
top horticulture using treated greywater. This highlights
the potential of alternative water sources and advanced
analytics in densely built environments.

Current literature demonstrates the technical feasibility
and water-saving potential of smart urban irrigation. How-
ever, prior research primarily focuses on case-specific pro-
totypes (Canales-Ide et al., 2019; Gasser et al., 2024; Lu
et al., 2025). Other endeavours focus on the technical imple-
mentation of smart urban irrigation (Aldegheishem et al.,
2022). This and the call by He et al. (2021) to encounter
water scarcity in urban areas by investing in technologies
and appropriate infrastructure highlight the need for design-
oriented research that tailors smart irrigation solutions to
real-world constraints and user practices.

@ Springer

The first design-oriented study for SSIS of urban green
spaces is Gimpel et al. (2021), which employs Design Sci-
ence Research (DSR) to develop and evaluate a prototype
integrating IoT-enabled soil moisture sensors and data
analytics. The resulting design knowledge, formalised as
three DPs covering soil monitoring, water supply tracking,
and adaptive irrigation control, was piloted with 18 sen-
sors across eight trees in Frankfurt am Main, demonstrat-
ing the viability of sensor-based demand-oriented irriga-
tion and projecting savings of up to one million litres per
irrigation round when scaled citywide. Developing more
comprehensive design knowledge requires conceptualising
SSIS as part of broader digital infrastructures: distributed,
evolving socio-technical systems requiring interoperability
across sensor networks and operational workflows (Han-
seth & Lyytinen, 2010; Tilson et al., 2010). From a service
ecosystem perspective, such systems enable value co-crea-
tion among diverse actors (Lusch & Nambisan, 2015), and
their design must account for coordination across organi-
sational boundaries, heterogeneous data integration, and
scalability (Hanseth & Lyytinen, 2010).

Behavioural decision theory in urban irrigation
contexts

Behavioural decision theory and behavioural economics
have become important lenses in IS research to explain
how individuals and organisations make decisions in digi-
tally mediated environments characterised by uncertainty
and information complexity (Arnott & Gao, 2022). In
such contexts, fragmented and abundant information can
lead to cognitive overload, reducing decision quality and
increasing reliance on simplifying strategies (Loh et al.,
2022; Speier et al., 1999). Bounded rationality implies that
decision-makers operate under cognitive and informational
constraints, relying on heuristics rather than fully rational
optimisation (Kahneman, 2003; Simon, 1990). In digital
ecosystems, these limitations are amplified by fragmented
data sources and increasing information availability (Frame
et al., 2024; Todd & Benbasat, 1991). Consequently, IS, and
in particular data-driven decision support systems embed-
ded in digital infrastructures, can mitigate these constraints
by structuring information, reducing cognitive load, and
enabling more consistent and transparent decision processes
(Arnott & Gao, 2022). This highlights a strong synergy
between behavioural decision theory and IS research, as
digital systems both shape decision environments and pro-
vide mechanisms to improve decision quality in complex,
multi-actor settings (e.g., Dimoka et al., 2012; Loh et al.,
2022).

In the context of urban irrigation, these challenges
become particularly visible. Without a SSIS, irrigation
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decisions are primarily based on irrigation planners’
professional assessment of the current situation, histori-
cal weather patterns, and short-term weather forecasts
(Gimpel et al., 2021; Rambhia et al., 2023). In practice,
relevant information is often fragmented, outdated, or una-
vailable due to distributed and inconsistently maintained
data sources. Consequently, decision-makers rely heavily
on experience-based heuristics to simplify and interpret
information under time and resource constraints. From a
behavioural decision theory perspective, data fragmen-
tation and bounded rationality therefore represent two
interconnected dimensions of the same decision-making
problem: decision-makers struggle not only with obtain-
ing relevant information, but also with effectively process-
ing and utilising heterogeneous information in complex
environments (Arnott & Gao, 2022; Kahneman, 2003).
SSIS can address these limitations by integrating and
contextualising relevant information, thereby supporting
more informed, rapid, and transparent irrigation decisions
(Frame et al., 2024). To develop such design knowledge
for complex socio-technical contexts, a design-oriented
research approach is useful.

The four subsections above established the theoretical
foundations of this study. To ensure conceptual clarity and
consistent use of terminology across the manuscript, Table 1
consolidates the key concepts introduced in this section
along with their definitions as adopted in this study.

Research approach

This section is organised in two parts. The first presents
the methodological foundations of the study, situating
our work within DSR and motivating the adoption of an
elaborated ADR approach (Mullarkey & Hevner, 2019),
before describing the six iterative phases through which
the artefacts were developed, as well as the data collection
and analysis procedures applied throughout. The second
part introduces the project setting, describing the empiri-
cal context in which the ADR study was conducted, the
operational challenges that motivated it, and stakeholder
engagement.

Methodology

The overarching objective of this paper is to develop and
validate design knowledge contributions for SSIS. Design
science-oriented artefacts occur on three different levels
(Gregor & Hevner, 2013): Level 1 contributions are concrete
instantiations, such as specific products or processes. Level
2 contributions are more general and abstract, often record-
ing knowledge as operational principles or architectures,
including DPs or conceptual models. Level 3 contributions

are mature, well-developed design theories that explain
and guide interventions for the studied phenomena. Our
work provides contributions at levels 1 and 2. At level 2,
we develop design knowledge contributions in the form
of problem statements and DRs that define the contextual
foundations for smart and sustainable irrigation in urban
green spaces. Building on these, we derive and evaluate
DFs and DPs. At level 1, we contribute concrete instantia-
tions of this design knowledge, including process models,
a click dummy, the system and data architecture, and the
final software prototype. These artefacts operationalise the
proposed solution and enable its evaluation in a real-world
municipal context. Our design knowledge contributions can
also be interpreted through the lens of products of theoris-
ing (Hassan et al., 2022). Rather than aiming to develop a
complete level 3 design theory, we contribute to its gradual
formation by generating multiple complementary products
of theorising.

We conducted an ADR study due to its explicit
emphasis on iterating between research and practice
in the design of novel artefacts (Sein et al., 2011). In
particular, we followed the elaborated ADR process
(Mullarkey & Hevner, 2019) and formalised the design
knowledge contributions we produced in our design pro-
cess as the created artefacts. We drew on prior ADR
studies as methodological reference points and as sup-
porting literature, with an overview of relevant work
provided in the supplementary material.

We adapted the ADR process to fit the needs of our
project and the specific characteristics of developing
an SSIS. We structured our work into six iterative
phases: Diagnosis, Design #1, Implementation #1,
Design #2, Implementation #2, and Evolution. This
structure allowed us to alternate systematically between
conceptual development and real-world instantiation,
while responding to emerging insights from practice. The
process began with a Diagnosis phase that established
a rigorous understanding of the problem space through
a structured literature review following Leidner (2018),
practitioner reviews, expert interviews, focus groups, and
a structured analysis of the initial project specification.
To ensure clarity between development and evaluation,
we expanded and differentiated the two design and
implementation phases. The Design phases focused on
refining the design knowledge of the emerging solution.
The Implementation phases concentrated on the practical
development of the respective artefact. They translated
the evolving design knowledge into functioning prototypes
supported by sprint-based development and continuous
stakeholder feedback. The final ADR stage Evolution
emphasised the piloting of the SSIS in a real municipal
context and the systematic collection of feedback from
other cities that face similar issues. Mullarkey and Hevner
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Table 1 Key concepts and definitions

Concept

Definition

Source

Action Design Research (ADR)

Bounded Rationality

Decision Support System (DSS)

Design Features (DFs)

Design Knowledge

Design Principles (DPs)

Design Requirements (DRs)

Digital Infrastructure

Ecosystem Services

Green Information Systems (Green IS)

Internet of Things (IoT)

Problem Statements

Smart Sustainable Urban Irrigation System

(SSIS)

Smart Sustainable City

A research approach that addresses an organi-
sational IT problem by iterating between
research and practice to design, evaluate,
and generalise a novel IT artefact

A condition in which decision-makers operate
under cognitive and informational con-
straints, relying on heuristics rather than
fully rational optimisation

Interactive computer-based system designed to
support decision-making in semi-structured
and unstructured situations by provid-
ing relevant data, models, and analytical
capabilities

Concrete functional and architectural capabili-
ties that operationalise DRs in a specific
system implementation

Prescriptive knowledge about how artefacts
should be built to solve classes of problems,
formalised at varying levels of abstraction
from concrete instantiations to generalisable
principles

Generalisable, technology-independent
prescriptions that articulate how a system
should be designed to address a class of
problems beyond the specific case

Prescriptive statements derived from the prob-
lem space that define what a system must
achieve to address identified challenges

A distributed, evolving, and interconnected
socio-technical system that integrates
multiple technical components, data sources,
and stakeholders over time, forming a shared
foundation for digital services and applica-
tions

The benefits people obtain from ecosystems,
provided by the dynamic interactions
between biotic and non-living components
of the urban environment

IS that leverage digital technologies to enable
more sustainable practices across individu-
als, organisations, and society

A network of physical objects embedded with
sensors, software, and connectivity that ena-
bles them to collect and exchange data with
other devices and systems over the Internet

Synthesised descriptions of the key challenges
characterising the problem situation

A data-driven DSS that integrates IoT-based
soil moisture sensing, weather forecasts, and
operational data to enable demand-oriented,
resource-efficient irrigation of urban green
spaces

A city that uses digital technologies to ensure
economic, ecological, and social sustain-
ability while simultaneously improving the
quality of life and the efficiency of urban
services and operations

Sein et al. (2011); Mullarkey and Hevner
(2019)

Simon (1990); Kahneman (2003)

Shim et al. (2002); Arnott and Gao (2022)

This study, building on Opriel et al. (2024) and
Strunk et al. (2024)

Gregor and Hevner (2013)

Gregor and Hevner (2013)

Baskerville et al. (2018)

Hanseth and Lyytinen (2010); Tilson et al.
(2010)

Millennium Ecosystem Assessment (2003)

Watson et al. (2010)

Oberlinder et al. (2018)

This study, building on Mullarkey and Hevner
(2019)

This study, building on Gimpel et al. (2021)

Abdipour et al. (2024)
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(2019) extended ADR by introducing the principle of
abstraction, emphasising that researchers may instantiate
different forms of the artefact at varying abstraction levels
across the four cycles. For example, in the diagnosis
cycle, artefact abstraction may take the form of problem
statements or DR definitions, whereas in the design cycle
it may manifest as conceptual architectures or emerging
sets of DPs. Figure 2 illustrates our ADR process by
describing the main activities and the elaborated artefacts
of each iteration. The evolution of the artefacts across
iterations is captured by the terms “initial,” “refined,” and
“final”. “Initial” refers to the first version of an artefact
based on preliminary insights. “Refined” denotes iterative
improvements across process steps. “Final” represents the
stable version of the artefact that consolidates insights
from prior iterations and serves as the basis for the
resulting design knowledge. This terminology reflects the
epistemological logic of ADR: design knowledge is not
extracted from data after the fact, but emerges through
successive cycles of building, evaluating, and reflecting
in context (Sein et al., 2011).

Our entry point into the diagnosis stage was problem-
centred, emerging directly from practice in collaboration
with municipal stakeholders responsible for managing
urban trees and green spaces. The overall ADR process
followed a forward-oriented progression through multi-
ple stages, with iterations across stages occurring where
necessary to address identified shortcomings. This is
expected in complex socio-technical domains, where
problem and solution spaces co-evolve as development
progresses (Hevner et al., 2004). This iterative progression

enabled the software prototype to mature step-by-step into
a robust, contextually grounded SSIS, while simultane-
ously generating the associated prescriptive design knowl-
edge contributions.

As can be seen in Figure 2, expert interactions were
conducted throughout multiple phases of the project as
part of the iterative ADR process. These interactions
followed a semi-structured expert interview approach
(Myers & Newman, 2007), guided by predefined discus-
sion themes and sensitising questions aimed at eliciting
insights, validating assumptions, and identifying emerg-
ing requirements. Each interaction was purposefully pre-
pared with a clear objective (e.g., hypothesis exploration,
artefact refinement, or requirement elicitation), while
still allowing for open-ended exploration and contextual
understanding.

Data collection followed an interpretive and qualitative
approach based on multiple data sources (Klein & Myers,
1999). Insights were primarily captured through field notes and
structured field protocols (Emerson et al., 2011; Wohl et al.,
2024), which constitute legitimate data sources comparable
in rigour to interview transcripts (Miles & Huberman, 1994;
Wunderlich et al., 2019). Audio recordings were deliberately
avoided to preserve the open, trust-based collaboration essen-
tial in long-running IT projects (Walsham, 2006); instead,
multiple members of the research-and-development (R&D)
team captured insights simultaneously through independent
note-taking. The empirical material was triangulated with
planning artefacts (e.g., shared backlogs), follow-up emails,
meeting summaries, and jointly validated protocols (Opriel
et al., 2024), allowing the capture of contextual knowledge

o~ o~~~ N

Process steps

Main activities

’ Diagnosis ‘ ’

Design # 1

‘ ’ Implementation # 1 ‘ ’

Design # 2

‘ ’ Implementation # 2 ‘ ’

Evolution ‘

Structured literature review

Synthesis of insights from

(SLR) literature and practice
= Review of practitioner = Exploratory prototyping
initiatives = Co-design workshops with

Analysis of initial project
specification

Project specification and goal
alignment workshops

stakeholders

Conceptual modelling and
architecture sketches
Focus groups

= Demonstration and feedback =
sessions on initial artefact
versions .

= Iterative development of the =
system & data architecture and=
the software prototype

Analysis of practitioner
feedback

Expert interviews
Refinement workshops
Revision of the conceptual
model, architecture, and
design requirements

= Iterative development of the
system & data architecture and
software prototype .
Expert interview

System testing

Real-world field tests

Training and user workshops

Long-term monitoring in a
real-world pilot deployment
Evaluation of sustained
acceptance and use

Expert interviews, focus
groups and community
feedback

Evaluation and documentation
of the design knowledge

Probl B . H .
S‘Ob e ‘ Inltlal :
tatements [P |
b T Retned [ ]
Requirements | _____ T 1
Desi T T -
F csien H Initial | ’ Refined ‘ | Final |
eatures X
s e e
£ Desi . | :
£ Ps (?h‘g.n : lnlllal ;
S rinciples N |
3
5 .
% Click Dummy
T
< Process
Models
System & Data ! Initial : Refined | Final |
Architecture |
Software - Initial : ’ Refined ‘ | Final |
rototype '

Fig.2 Overview of the Action Design Research process (based on Mullarkey & Hevner, 2019)
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such as workflows, tools, and information needs throughout
the project (Wohl et al., 2024).

Data analysis followed an iterative and interpretive
approach, guided by principles of constant comparison (Gla-
ser & Strauss, 1967). After each interaction, documented
insights were systematically contrasted with the current
design state to identify necessary adjustments, reflecting
iterative sensemaking and reflection-in-action in a team set-
ting (Schon, 1983; Tan et al., 2023). This process ensured
that emerging design knowledge remained grounded in both
empirical observations and artefact development throughout,
consistent with ADR and interpretive IS research traditions
(Mullarkey & Hevner, 2019; Sein et al., 2011).

Use case and project setting

We conducted an in-depth ADR study in collaboration with
the green spaces department and the botanical garden of the
city of Frankfurt am Main. The two institutions are jointly
responsible for establishing, maintaining, and monitoring
the health of urban trees and green infrastructure across the
city and its botanical garden. The study aimed to design
a practitioner-oriented artefact, i.e., an SSIS, that enables
both institutions to move towards smart and more sustain-
able irrigation of the urban green spaces they oversee. The
project was initiated in response to the city of Frankfurt am
Main’s decision to install sensors to monitor soil moisture
conditions near freshly planted young trees in the public
green spaces and near old, more unique trees in the botani-
cal garden. Initial pilot activities started in 2021 and focused
primarily on testing the reliability and practical usability of
a small number of soil moisture sensors. At this stage, sen-
sor data was inspected manually and could be considered

informally in irrigation decisions. However, no structured
irrigation processes, decision rules, or irrigation strategies
were embedded, and there was no systematic interaction
between sensor data, irrigation planners, and gardeners. The
piloting activities primarily served to validate the technical
feasibility and interpretability of soil moisture sensing in the
urban irrigation context.

With the subsequent rollout of additional sensors in 2024,
the challenge fundamentally shifted. Clearly, it would not be
feasible to equip all 8000 trees in the city, that need to be
irrigated, with soil moisture sensors. Therefore, a sample
of 161 trees was chosen by the irrigation planners based
on their expertise. The sensors continuously send signals
to a LoRaWAN gateway, which then transmits the data to
the city’s urban data platform. The growing volume and
heterogeneity of data exceeded what could be handled
through ad hoc inspection and individual expertise alone.
At the same time, the lack of integrated processes, decision
support, and role-specific interaction mechanisms became
increasingly apparent. Consequently, a sophisticated SSIS
was required, one that not only aggregates sensor data
but also embeds irrigation strategies and monitoring,
includes weather forecasts and precipitation data, supports
coordination between irrigation planners, green space
managers, and gardeners, and translates data into actionable,
operational guidance.

From an IS research perspective, the context in which the
ADR project is carried out can be understood as a socio-
technical system. Figure 3 illustrates the dimensions of the
emerging socio-technical system based on Bostrom and
Heinen (1977) and represents a framework by providing a
“map of the territory being studied, starting with its context”
(Hassan et al., 2022, p. 422).

Socio-technical System

Social System

Technical System

Structure
City of Frankfurt am Main, particularly the

Technology
Software: Smart Sustainable Urban Irrigation

A

urban green spaces department and the
botanical garden

A

A 4

People
Urban irrigation planners, green spaces

System, loT-Network
Hardware: Sensors, personal devices

A

Process

managers, gardeners, irrigation service
providers

A 4

End-to-end irrigation decision process

Fig. 3 Description of the use case from a socio-technical system perspective (based on Bostrom & Heinen, 1977)
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The ADR study was conducted over 15 months in
close collaboration with the green spaces department
and the botanical garden, resulting in over 60 stakeholder
touchpoints (workshops, focus groups, interviews, team
meetings), including three extended in-person workshops
with an average of 15 participants. Figure 4 gives an
overview of the stakeholder touchpoints throughout
the ADR phases (see the supplementary material for a
more detailed representation and for a description of the
types of the expert interaction and their role in the ADR
project). The study involved 21 stakeholder groups from
different stakeholders such as the research institution,
the urban green spaces department and the botanical
garden of the city of Frankfurt am Main. For a detailed
overview of all stakeholders and their roles in the project,
see the supplementary material. In our ADR project,
together with the R&D team of the research institution,
representatives from the two main stakeholders formed
the “ADR team.” While the R&D team had the main
responsibility for developing the artefacts, representatives
from both the urban green spaces department and the
botanical garden were closely involved by creating first
drafts of their own DRs, constantly giving feedback on
early artefact versions, and testing and validating the more
mature versions of created artefacts.

Results

In the following section, we present the created artefacts. We
first report the level 2 artefacts, which comprise the problem
statements, DRs, DFs, and DPs that structure the conceptual
knowledge developed during the project. The twelve prob-
lem statements lead to 18 DRs. The DRs are implemented by
twelve DFs. The DFs are abstracted to six DPs. The mapping
between them is visualised in Figure 5 and represented in
the tables in this section. The mapping diagram represents
a framework (Hassan et al., 2022), as it structures the main
concepts and their interrelationships, thereby providing an
integrated view of the developed design artefacts. Then, we
present the level 1 artefacts, which include the click dummy,
the process models, the system and data architecture and the
software prototype.

Problem statements

The problem statements were formulated to capture the
central challenges of urban irrigation management and
to provide a rigorous, evidence-based foundation for
the subsequent design activities. We combined multiple
sources of knowledge, including a structured literature
review, an analysis of relevant practitioner initiatives,

project specification and alignment workshops, focus
groups with operational personnel, and an analysis of the
initial project specification. This triangulated approach
ensured that the identified problem space reflects both the
state of the art in research and the realities of day-to-day
irrigation practice.

First, we conducted a structured literature search. Fol-
lowing Leidner’s (2018) polylithic framework of research
and theory development papers, we classify our review
as an ‘“assessing review” as its objective was to iden-
tify and synthesise research at the intersection of urban
resource management and design science, with a focus on
uncovering research needs and opportunities for devel-
oping novel design knowledge. The review process was
structured according to the three steps proposed by Vom
Brocke et al. (2015) consisting of search strategy and
literature search, selection, and synthesis.

Search strategy and literature search

As our topic is interdisciplinary, we selected literature
bases covering IS and other fields, such as innova-
tion management and sustainability research. First, we
searched AISeL, as it provides comprehensive coverage
of key IS outlets, including both leading journals and con-
ference proceedings. Further, we searched for relevant
existing design knowledge across disciplines using the
Web of Science Core Collection. Web of Science indexes
major IS outlets, including 49 out of 51 of the IS Jour-
nal Litbaskets.io Core Set defined by Boell and Wang
(2019), and including all journals from the AIS Senior
Scholars’ List of Premier Journals. Additionally, it cov-
ers a broad range of high-quality research from diverse
disciplines, making it a suitable source enabling inter-
disciplinary retrieval of relevant literature. We filtered
for peer-reviewed publications in the English language
published either in conference proceedings or in journals.
Our search string focused on relevant contributions to
design knowledge in smart city contexts and consisted
of three conceptual blocks, namely (1) the target set-
ting of urban or municipal environments, (2) irrigation
and related resource management topics, and (3) meth-
odological anchors in ADR and DSR. The applied search
string was: (cit* OR urban OR municipal*) AND (irri-
gat* OR watering OR resource management OR water
management OR energy management OR waste manage-
ment) AND (“Action Design Research” OR “Design Sci-
ence” OR “design principle*” OR “design artefact™” OR
“design requirement®” OR “design feature*” OR “design
knowledge”). We filtered for title, abstract, topic and key-
words. The search yielded 382 results (372 in Web of
Science and 10 in AISeL).
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Time

Sep 2024 —

Feb 2025 —

Jun 2025 — Mar 2025 -

Jul 2025

Jun 2025 —

Sep 2025 —

Jan 2025

Mar 2025

May 2025

Aug 2025

Nov 2025

i

' Software prototype

i evaluation |
i

i

i

Software prototype |
evaluation

Key stakeholder Further stakeholder Total
touchpoints touchpoints number of
stakeholder
° . . ' Green spaces ! Botanical ' Interested touchpoints
2 Main project | i i .
= manager ! department ' garden ' representatives
A~ i representatives | representatives :  of other cities
&2 | Project specification 3 Jour Fixes
S8 1 T 5
=] - i i
DR refinement ! '
- | Co-design 2 Jour Fixes
. n ‘ 1 technical meeting on
En | Technical affordances f sensor data 8
3 : ! 2 IS researcher focus
| :
| DR & DF refinement ; groups
Sprint planning 1 : i 6 Jour Fixes
| Data architecture alignment 3
Sprint review 1 i
= i
* i
£ | Process models '
k! , ‘ | ! !
£ Sprint planning 2 ! i 15
= : " |
2 . '
2 | Click dummy i
E :
| Click dummy ;
Sprint review 2 3 3
Sprint planning 3 i i
i DR refinement 2 Jour Fixes
! - 2 expert
: i Data :drchltecture interviews with
& ' alignment ! sensor providers 3
=
DF refinement i
Sprint review 3 3 i 2 Jour Fixes
Sprint planning 4 : 3
| Sprint review 4 i
« I :
2+ . . i
£ | Sprint planning 5 '
§ ; Data architecture 1"
°E’ i alignment
.l; : Expert interview
£ ! on DRs and DFs
I L :
| Sprint review 5 ;
| Training session for testing |
| User acceptance testing |
; ; Software pertolype 4 Jour Fixes
i ' evaluation i L
! 2 inter-municipal
| Inter-municipal dialog dialog preparation
5 | meetings
"-El I Software prototype 2 (IS) researcher focus 13
;_% evaluation | groups :

Fig.4 Overview of data collection in interactive sessions
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Problem Statements

Design Requirements

DRO1 Area-Based
Irrigation Planning

DRO2 Sensor Data
Integration

DRO3 Weather Forecast
Linkage

PO1 Manual Irrigation
Planning

DRO4 Irrigation
Recommendations

Design Features

DFO1 Role-Based Access
and Navigation Control

P02 Fragmented Data
Sources

DROS5 Data Accuracy &
Validity

DF02 Web-Based
Responsive Front End

P03 Outdated or Missing
Data

DRO6 Centralised Data
Management

DFO03 Tree Management
and Field Observation

P04 Inconsistent Data
Formats

DRO7 Data Visualisation

Design Principles

DF04 Sensor Data
Collection &
Harmonisation Pipeline

DP1 Continuous Irrigation
Tracking and Monitoring

P05 Manual Data
Exchange

DRO8 Smart Analytics

DFO5 Integrated Weather
Forecast

DP2 Unified Data
Integration as a Single
Source of Truth

P06 Human Error

DRO09 Mobile Usability

DFO06 Unified Data
Integration Layer

DP3 Transparent and
Explainable Irrigation
Decision Support

P07 Limited Mobile
Access

DR10 Logging &
Traceability

DF07 Decision Support
and Recommendation
Engine

DP4 Resource-Optimised
Irrigation of Urban Green
Spaces

P08 Lack of Traceability

DR11 Notes and
Annotations

DFO8 Interactive
Dashboards and Visual
Analytics

DP5 Context-Relevant
and Role-Specific
Information Delivery

P09 Limited Human
Capability

DR12 Low Training
Requirements

DF09 Data Quality
Monitoring

DP6 Digital Sustainability
and Open-Source
Architecture

P10 High Resource
Constraints

DR13 Low Cost for
Implementation

DF10 Area-Based
Planning and
Coordination

P11 Limited Scalability

DR14 Flexible
Deployment

DF11 Comprehensive
Logging and Audit Trail

P12 Low Digital Literacy

DRI1S5 Scalability &
Extensibility

DF12 Flexible and Cost-
Efficient Deployment
Architecture

DR16 Standardised &
Structured Formats

DR17 Role-Based Access

DR18 Multi-User
Collaboration

Fig.5 Mapping diagram of the created level 2 design artefacts

Selection

We screened titles, abstracts, and keywords of the 382
studies (Vom Brocke et al., 2015). After title screening,
123 papers remained, which were reduced to 18 after
abstract screening and 11 after full-text analysis. For
the selection, we followed our pre-determined inclu-
sion criteria (Webster & Watson, 2002): (A) The focus
lies on the development of IS design knowledge, (B) the

application is planned for an urban smart city context
and (C) the knowledge is generalisable to our smart and
sustainable irrigation context. An exemplary reason for
exclusion was that the focus was not put on the design
of IS, e.g., a study on environmental design features for
green infrastructure stormwater management systems
(e.g., Deeb et al., 2018). After full-text reading and add-
ing two articles through forward and backward searches,
a final sample of 13 publications resulted. An overview

@ Springer



72 Page 12 of 34

Electronic Markets (2026) 36:72

of these publications can be found in the supplementary
material.

Synthesis

For the synthesis, we followed a structured approach by
systematically extracting and documenting existing design
knowledge from the selected publications. In line with Vom
Brocke et al. (2015), we coded relevant elements, such as
problem statements, DRs, DFs, and DPs, into a structured
data extraction scheme. These elements were then iteratively
compared, aggregated, and abstracted to identify recurring
patterns, relationships, and gaps in the literature. This syn-
thesis process enabled the consolidation of prior design
knowledge and provided a foundation for the subsequent
development of our design artefacts.

In addition to academic literature, we reviewed prac-
titioner initiatives that demonstrate how municipalities
address irrigation and green spaces management. This
included an analysis of digital irrigation and tree-monitor-
ing approaches in cities such as Augsburg (Stadt Augsburg,
2024) and Hannover (Wesemann et al., 2025), as well as
the QTrees project in Berlin (Technologiestiftung Berlin,
2022). These initiatives provided insights into existing
approaches, degrees of digital maturity, and the organisa-
tional conditions required for effective implementation. Fur-
thermore, we examined a previous irrigation-related project
conducted in the city of Frankfurt am Main (Gimpel et al.,
2021), which offered valuable context on local constraints.
These practitioner initiatives highlighted both promising
practices and persistent limitations that informed our prob-
lem analysis.

Further, we analysed the initial project specification pro-
vided by the city of Frankfurt am Main. The project speci-
fication comprised two files: (1) a detailed project descrip-
tion for the overall project that made this ADR project
possible and (2) a basic requirements definition for the pro-
totype. These analyses were complemented by qualitative
insights from expert interviews and focus groups, which
provided practitioner perspectives on existing irrigation
practices, data flows, organisational routines, and system
limitations. Together, these sources enabled us to derive a
set of problem statements that captures recurring issues in
municipal irrigation planning and execution. These prob-
lem statements were refined in the ADR phases. Table 2
depicts the final set of problem statements. For each of
them, we added supporting literature from our structured
literature review and from recently published ADR projects
as described in the Research Approach section.

The identified problem statements reveal several over-
arching challenges that constrain efficient and sustainable
irrigation management in urban environments. A central
issue is the absence of a data-driven approach. Irrigation

@ Springer

decisions often rely on fixed routines rather than current
soil moisture conditions or weather forecasts. This leads
to irrigation on days when it is not required and creates
substantial inefficiencies in water use. Manual planning
practices therefore increase the risk of both over-irrigation
and under-irrigation (PO1).

Another major challenge concerns the fragmentation
and quality of available data. Sensor measurements (when
available), weather information, and operational records
exist in isolated systems and are sometimes outdated or
incomplete (P02, P03, P04). Staff members cannot form
a reliable and unified picture of the actual soil moisture
situation. This problem is intensified by manual data entry
processes that introduce errors and reduce trust in digital
recommendations (P05, P06).

Operational constraints intensify these issues. Many
practitioners work primarily in the field and lack mobile
access to relevant information (P07). As a result, data
recording is often postponed or omitted entirely. The
lack of consistent documentation limits traceability and
accountability for completed irrigation activities (POS).
At the same time, municipal staff face increasing work-
loads and limited resources. They cannot manually monitor
large numbers of trees or conduct complex analyses across
heterogeneous data sources (P09, P10, P11). This reflects
decision-making under conditions of bounded rationality
(Arnott & Gao, 2022; Kahneman, 2003; Simon, 1990).

Further, current irrigation practices for urban green
spaces involve extensive manual work by botanists and
gardeners. For example, to water trees across the city, the
service staff must first fill the tank of an irrigation vehicle,
then drive to each tree individually and water it using a
hose. To date, this work has required only minimal digital
support, implying a generally low level of digital literacy
(P12) among practitioners when it comes to using IS in their
daily routines.

Together, these challenges demonstrate that effective
irrigation management requires automated data integration,
mobile accessibility, and decision support based on real-
time conditions rather than static routines. In this sense,
the problem statements articulate a question as a product of
theorising (Hassan et al., 2022), structuring and delimiting
the phenomenon of interest and highlighting the need for a
system that reduces manual effort, increases transparency,
and supports evidence-based irrigation planning.

Design requirements

The DRs were developed by integrating insights from the
problem analysis with evidence from academic literature,
the project specification, and extensive practitioner engage-
ment across all ADR phases. Rather than emerging from a
single event, they were iteratively shaped through co-design



72

Page 13 of 34

(2026) 36:72

Electronic Markets

($20T “'Te 10 TUOM
1670 “Te 30 WL, $H70T “Te 39 [PLdQ SHT0T “Te 319 LI (9[(T “[e 10 0IsTwayD)

(810¢ “Te 10 uBYUIWIS <[0T “e 12 [oduiD)
(#20T “'I2 19 [UQM HT0T “Te 1 LIye)
(#20T 12 30 TUQM HT0T “Te 1 [o1dQ 40T “[e 30 Iy
(#20T “Te 12 Iy SG7OT T8 30 s1oyoIoq)
(£20C T 32 nKY *H0T “e 30 LIyeT)
(#20T “Te 1 [o1dQ 40T I8 30 HIyeT)
(20T “Te 1
TUOM *STOT e 10 eyuIsLIeURqqNS 70T “Te 10 [P t7z0T “Te 10 eAuakureN)
(810 “Te 32 UBYWIWIIS $70T “¢ I° [PLdQ)

(20T "2 P
eyUIISLIRURAqNS HTOT “T8 1 [PUdQ HZ0T T8 10 LR STOT T8 19 s1oyoIog)

(010T “'Te 12 UOSIEA 20T “Te 12 [PLdQ 20T “Te 10 Liye)

(120T “'1e 10 [odwiin)

SIom Arep ur [eonoeld

jou o1 31050 Sururen ySry Surrmbax s[oo], “S[IS L] POIWI] QARY SIOSN SWOS
pa1oddns jou st $1o1nsIp A[dn[nu SSOIOR $991)

Jo spuesnoy) 03 Suress ‘seare 39} [[ews Jo 3[Inq dre suonnjos joyid Juern))
paydope 2q 03 A[oyI[un 1€ SUOTIN[OS

A1809 10 X9[dwo)) "payruI] ATk $90IN0sal [Quuosiod pue sja3png redoruny
Suruuerd uone3Lur uoim Ul SUN[NSAT ‘JJeIs WAYM

-IOA0 UBD BIEP ISUJEam PUB JOSUSS JO sjunowe da5Ie[ Jo sIsA[eue [enuewr oy,
PAIoJEM QIOM $I9I) AIYM PUE USYM AJLIOA Jouued siostazadns <59

‘sde3 Ay1T1qeIunoooe $93eard sIy ], “pa330] A[JULISISUOD JOU I8 SJUIAD JULIDJBAN
PpaAe[op aIe UM RW-UOISIOANP Pue AIUd BIEp 00} A[PUSLIJ-9[IqOUI B JNOYIIA

'SwA)SAs do)sap 0) SSOI0E JIB[ PUB P[AY ) UI YIOM SIOQUIW JJels AU
SPI0OI SUISSIW JO SAN[BA JOILIOJUT SB [ONS SAYBISIW 0} Pesd] ued

(sSurpeor Josuas ‘syunowe SurIAlem S°9) BIEp JO I9JSULT) pue AIUS [eNUEBIA

uonnoaxa pue Suruued ur seTOUL)SISUOOUT puk sAe[Op Sursned
syooyspeaids o ‘s[[eod auoyd ‘sysif 1oded e1a pareys Apyuonbaij st uonewLIOU]

<

QA1suduI-1oqe| swojie[d [ redorunw ojur uoneigayur Suryewt ‘(sJdd
‘ASD ‘[99XH) S1BULIOJ PINIONIISUN JO SNOAUIT0IIAY SN SW)SAS Funsixyg
110ddns uorsIoop [eNSIP Ul JSNI) SOUTULIDPUN SIY], “PANIWISUL)
9q J0U ABW SoNJeA IO ‘[Tef UBD SIOSUAS ‘PIAL[Op 9 UBD BJEp 2IMSIOW [0S
Suruuerd
UONESLLI J0] MIIA PAYIUN B 9)JBISUIT 0] JNOLYIP IT SOYBW SIY ], "SWISKS
eredos ur paios are eyep feuonerodo pue ‘s)seddI0) IYIEIM ‘BIBP IOSUDS
BIEp [10S dwn-[eal Jo peasur sisi 1oded uo £jar s10
-uopires ‘ojdwrexs 10,1 "UonESLIII-IopUN JO -TOAO 0} SUIPES] “Bjep Uey) JOy)el
saunnol paxy Jo 20uarIadxo feuosiad Uo paseq UJo Te SANPAYDS FULIAJBA

Koexayr rendig mo1 Z1d
Ayiqereog paywiry 114
syurensuo)) 901n0say YSIH 01d
Aqede) vewny paymury 60d
Aiqeaserf, jo yoeT 80d
$SQ00Y 9[IQOJA paarwr | /0d
Jo1g uewnyg 904

a3ueyoxH vie(q [enuBN S04
SIBWLIO,] BJB(] JUAISISUOOU] (04

eye(q SuIssipy 1o paepnQ  €0d

$901n0¢ BIeq paruswSer] Z0d

Suruuelq uone3Lu] [enuelN  [0d

e Suntoddng

uondrosag

QWEeN dar

sjuowaje)s woyqoid Jo IsIT z 3|qeL

pringer

As



72 Page 14 of 34

Electronic Markets (2026) 36:72

workshops, technical affordances discussions, and feedback
on early level 1 artefacts such as the click dummy and pro-
cess models, which provided concrete representations of
system functionalities and prompted targeted practitioner
input. This iterative process ensured that the final DR set
reflects both domain-specific requirements and the practical
realities of municipal irrigation management.

Across the subsequent ADR phases, the DRs were itera-
tively adapted and consolidated. Regular touchpoints such as
weekly R&D meetings, jour fixes, and daily operational plan-
ning meetings supported continuous evaluation and adjustment
of the emerging DR set. Field insights from the real-world
field tests and user acceptance workshops further enabled the
refinement of DRs related to usability, mobile interaction,
data quality, and traceability. This iterative and collaborative
process resulted in a comprehensive set of DRs, which is pre-
sented in Table 3. In this set, we focus exclusively on DRs that
provide specific added value for data-driven irrigation manage-
ment. General application requirements such as authentication,
standard security measures, or generic user experience and
user interface requirements are not incorporated, because they
represent baseline expectations for any modern software sys-
tem and do not contribute directly to the domain-specific chal-
lenges of municipal irrigation. They are also excluded from
further design artefacts such as the DFs and DPs.

The analysis revealed several DRs that are central to
addressing the most pressing challenges in municipal
irrigation management. First, the SSIS must enable data-
driven irrigation planning (DRO1). This includes the inte-
gration of soil moisture sensors, weather forecasts, and
environmental data to reduce reliance on fixed routines
and to prevent unnecessary or mistimed irrigation (DR02,
DRO3, DR04). Second, the SSIS must provide centralised
and reliable data management. Fragmented and inconsist-
ent data sources need consolidation to establish a single
source of truth for operational decision-making (DROS,
DRO06). The data should then be visualised in an easy-
to-understand dashboard (DRO07), which includes smart
analytics for predictive insights for the irrigation planning
process (DRO8).

A third DR concerns mobile usability and field acces-
sibility. Irrigation staff work predominantly on-site, which
requires a mobile-friendly interface that supports data entry,
documentation, and decision-making in the field (DR09).
Fourth, the system must ensure traceability and accountabil-
ity. Complete logging of all watering actions and the ability
to attach notes or contextual information enable transparent
documentation and reduce information loss (DR10, DR11).
These functions support transparency and allow supervisors
to track the progress of irrigation tasks.

Finally, the DRs highlight the need for low training
effort, scalability, and cost-effective implementation.

@ Springer

Municipal environments operate under resource constraints,
so the solution must be easy to adopt, extendable, and fea-
sible within typical public-sector budgets and infrastruc-
tures (DR12, DR13, DR14, DR15, DR16). Multiple users
in different roles (e.g., administrator, irrigation planner,
gardener) must be able to work simultaneously in the appli-
cation without conflicts (DR17, DR18). These core DRs
form the foundation for designing an SSIS that improves
efficiency, reduces manual workload, and supports evi-
dence-based operational planning. As such, the DRs can
be understood as statements (Hassan et al., 2022), as they
articulate concrete design-oriented prescriptions derived
from the problem space and define how the SSIS should
respond to the identified challenges.

Design features

The DFs describe the functional and architectural char-
acteristics that the application must provide to satisfy the
DRs and support smart and data-driven irrigation manage-
ment in an urban context. They were derived by analysing
the DRs together with insights from literature, practitioner
workshops, conceptual modelling, and feedback on early
artefacts and prototypes to identify recurring functional
solution patterns. This step translated the requirement-
oriented perspective into a set of concrete system capa-
bilities for the SSIS. Individual DFs were not derived
from single DRs in isolation but emerged from recurring
patterns across multiple DRs and empirical observations.
Figure 6 depicts the derivation process of the DFs, from
the input basis through solution pattern identification and
DF formulation to iterative artefact-based refinement and
final consolidation.

The initial set of DFs emerged during the first Design
phase through co-design activities and early architecture
sketches and was iteratively refined as level 1 artefacts
such as the click dummy, process models, and software
prototype made system functions tangible for practitioners.
This allowed feedback to move from abstract requirements
towards concrete interface and workflow decisions. The DFs
were ultimately validated in a user acceptance workshop and
assessed for generalisability by representatives from nine
German cities in the inter-municipal workshop, confirming
their completeness and applicability in diverse municipal
irrigation contexts.

Together, these activities resulted in a set of DFs that
specify the capabilities required for data-driven urban irriga-
tion management. Table 4 provides the final set of DFs. We
include only DFs that add specific value for smart irriga-
tion, whereas basic application elements (e.g., authentica-
tion and security) are omitted as they are expected system
functionalities.
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Fig.6 Derivation process of the
design features

Input basis

DRs

Literature

Empirical insights from stakeholders
Level 1 artefacts

Solution pattern
identification

Identification of recurring functional solution patterns across
multiple DRs and empirical observations

Discussion rounds within the R&D team to resolve ambiguities
and overlaps

DF formulation

Translation into concrete system functionalities
Domain-specific and operationally grounded
Baseline functionalities excluded

Iterative artefact-
based refinement

Workshops within the ADR team (researchers and practitioners)
Click dummy and process model feedback

System and data architecture and prototype feedback

User acceptance workshop

Final consolidation

Final set of DFs

The consolidated DFs demonstrate several central
insights into the DRs of SSIS in municipal environments.
First, they emphasise the need for role-based interaction and
secure, context-aware navigation (DFO1). This reflects the
organisational complexity of municipal irrigation teams and
ensures that the system supports task-specific workflows for
gardeners, irrigation planners, and administrators. Second,
the DFs highlight the importance of mobile usability and
field-based interaction. Irrigation work is predominantly
location bound. A responsive, web-based front end therefore
enables staff to record data, access recommendations, and
document watering actions directly on site (DF02, DF03).
This supports timely data capture and reduces information
gaps. Third, the DFs show a strong focus on data integra-
tion and harmonisation (DF04, DF05, DF06). A unified
data integration layer, together with pipelines for process-
ing sensor readings and weather forecasts, forms the basis
for reliable and consistent operational decision-making.
These capabilities enable analytical functions such as dash-
boards, trend visualisations, and recommendation engines
for area-based irrigation planning and coordination (DFO07,
DFO08, DF09, DF10). Fourth, the DFs underscore the cen-
tral role of traceability and accountability. Comprehensive
logging mechanisms and annotations ensure transparency
across irrigation activities and improve the reliability of

@ Springer

operational records (DF11). Finally, the DFs reflect the
constraints of municipal environments. They include low
training requirements, flexible deployment options, and
cost-efficient architecture (DF12). These aspects support
adoption across diverse organisational and technical settings
and ensure long-term sustainability and scalability. Taken
together, the DFs outline the functional and architectural
foundations for a municipal irrigation system that is trans-
parent, data-driven, scalable, and aligned with the realities
of urban green spaces management. As such, they constitute
concepts (Hassan et al., 2022), representing a structured set
of ideas associated with the design of data-driven irrigation
systems.

Design principles

The DPs capture the underlying logic of the solution space
and articulate the knowledge gained about how a system
should be designed to support data-driven irrigation man-
agement in urban environments. The initial version of these
DPs emerged during the Design #2 phase. At this stage, the
DFs had already reached a mature form, which allowed us
to abstract their core rationales into first-order design knowl-
edge. Figure 7 depicts the process for the derivation of the
DPs.
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scheduling, and monitoring of watering rounds without

user conflicts or data inconsistencies

(Opriel et al., 2024)

DRO5, DR10, DR17, DR18

Captures every irrigation action and critical configuration

DF11 Comprehensive Logging and Audit Trail

change with timestamp, actor, and context, supporting

traceability, accountability, and compliance

(Gimpel et al., 2021; Namyenya et al.,

DR13, DR14, DR15

Utilises a configurable architecture that supports deploy-

DF12 Flexible and Cost-Efficient Deployment

2022; Opriel et al., 2024; Simmhan

et al., 2018)

ment in local, municipal, or cloud environments, minimis-

ing implementation costs and simplifying ongoing

maintenance and updates

Architecture

Based on insights from the literature, the practitioner work-
shops, and the growing set of level 1 artefacts, including the
system and data architecture, the R&D team grouped the DFs
based on recurring functional themes. This thematic clustering
aimed to identify cross-cutting concerns and coherent solu-
tion patterns that emerged across multiple DRs and empirical
observations. The clustering process was conducted collabora-
tively within the R&D team and iteratively discussed to resolve
overlaps and ensure conceptual clarity. The resulting clusters
reflected central functional dimensions of the system, such as
data integration, decision support, transparency, and traceabil-
ity. Based on these clusters, the R&D team abstracted an ini-
tial set of DP candidates following the guidelines provided by
Gregor et al. (2020). The abstraction of DPs followed several
criteria. First, the DPs are grounded in the specific context of
smart and sustainable urban irrigation to ensure relevance to
the problem domain. Generic system aspects such as security
or authentication were deliberately excluded, as they represent
baseline functionalities and do not contribute to domain-spe-
cific design knowledge. Second, they are formulated at a level
of abstraction that enables generalisability and transferability
beyond the specific use case. Third, the DPs are independ-
ent of technologies, specific tools or system implementations
to ensure long-term applicability, while still allowing general
architectural principles such as open-source and modular
design. Finally, the relationship between DFs and DPs follows
a many-to-many structure: individual DFs can contribute to
multiple DPs, and each DP is typically informed by several
DFs. Figure 5 visualises the mapping between DFs and DPs
and thereby supports a more transparent and understandable
reconstruction of the abstraction process. It shows which DFs
inform each DP and highlights the many-to-many structure of
the design knowledge contributions.

In line with Hevner et al. (2004), who describe design
as a search process, the initial set of DPs was iteratively
refined throughout the ADR process. Early versions were
developed in workshops within the R&D team and subse-
quently revised based on feedback from practitioners and IS
researchers. These iterations led to continuous improvements
in wording, clarity, and conceptual structure. Several DPs
were restructured and reordered to achieve a more coherent
and logically consistent set. For example, the final DP on
digital sustainability and open-source architecture emerged
from the loosely defined concept of open collaboration,
which was later conceptually sharpened and integrated into
the final DP set.

A central step in this process was the inter-municipal
workshop, which brought together representatives from the
green spaces department, the botanical garden, the green
spaces IT department, external experts, the sensor provision
team, and interested city representatives from nine cities.
This workshop provided extensive feedback on the gener-
alisability and transferability of the DPs. Participants were
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Fig.7 Derivation process of the
design principles

Input basis

* DFs

» Literature

* Empirical insights from stakeholders
e Level 1 artefacts

Thematic clustering

* Grouping DFs based on recurring functional themes
* Discussion rounds within the R&D team to resolve

ambiguities and overlaps

v

Abstraction to DPs
(aligned with Gregor et
al., 2020)

* Domain-specific grounding
» Abstracted for generalisability and transferability
* Technology-independent

v

Iterative refinement

*  Workshops within the ADR team

¢ Practitioner feedback and validation
e IS researcher feedback and validation

(researchers and practitioners)

Final consolidation

¢ Final set of DPs

invited to vote on each DP using a three-point Likert scale
with the options “I like it that way”, “I am neutral”, and
“I dislike it that way” that we adopted from Matzler et al.
(1996). The results showed strong support for almost all
DPs. DP1, DP3, DP5, and DP6 received only positive votes.
DP2 received twelve positive and five neutral votes. DP4
received 17 positive and two negative votes. The negative
votes for DP4 reflected a common concern that artificial
intelligence might replace human workers rather than sup-
port them. Based on this feedback, we adjusted the phrasing
of DP4 to emphasise that the system provides decision sup-
port for planners following a hybrid intelligence approach
and does not aim to replace human expertise.

The DPs were also evaluated by a focus group of ten IS
researchers, who provided free-text feedback on each DP
and assessed the completeness, generalisability, and utility
of the full set. The completeness of the DPs was rated as
complete (2 votes) or somewhat complete (2 votes). The
generalisability was assessed as somewhat generalisable
(2 votes), with one respondent noting slight reservations.
The accompanying comments explained that full generalis-
ability would not always be desirable, because the DPs are

intentionally rooted in the context of irrigation manage-
ment. The researchers highlighted that several DPs could be
transferred to other resource-management domains in cities,
such as waste management, while a broader transfer to unre-
lated topics, for example, mobility, would be limited. Since
the aim of this work is not to achieve full cross-domain
generalisability, this feedback aligns well with the intended
scope. The utility of the DPs was unanimously rated as high
(4 votes), with all participants selecting the answer “yes” to
the respective question. The free-text answers provided rich
conceptual feedback that complemented the practitioner
perspectives gathered earlier in the project. Based on this
input, we improved the clarity and ordering of the DPs and
refined their phrasing to increase precision and readability.

In the Evolution phase, representatives from three German
cities assessed the relevance and applicability of the DPs in
their own municipal contexts. Their feedback confirmed that
the DPs are transferable beyond the project context and appli-
cable to a broad range of urban irrigation settings. Figure 8
and Table 5 present the final consolidated set of DPs.

The final set of DPs reveals several important insights
into the requirements for data-driven urban irrigation

@ Springer
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Digital Sustainability and Open-Source Architecture

DP1 DP2
Continuous Irrigation R Unified Data
Tracking and "| Integration as a Single
Monitoring Source of Truth

DP3
Transparent and

Explainable Irrigation
Decision Support

DP4
Resource-Optimised
Irrigation of Urban

Green Spaces

DP5
Context-Relevant and Role-Specific Information Delivery

Fig.8 Overview of the design principles

systems. Each DP addresses recurring challenges observed
in the problem analysis, is grounded in municipal practice,
and reflects design knowledge that is transferable to similar
urban resource-management contexts. Following Hassan
et al.’s (2022) products of theorising, the DPs can be under-
stood as statements, as they express generalised, prescriptive
knowledge that defines how systems should be designed to
address classes of problems beyond the specific case.

DP1 highlights the importance of reliable tracking mech-
anisms that document irrigation activities and soil mois-
ture as well as other relevant data. “Continuous” does not
imply constant or real-time monitoring. Instead, it refers to
regular and systematic recording at meaningful operational
intervals, for example once every few days or each morning
before field deployment. This enables staff to verify that
watering instructions have been carried out correctly and to
assess the effects of past irrigation actions. By providing a
reliable historical record, the system supports more informed
and consistent decision-making over time.

DP2 captures the need to reduce data fragmentation
by consolidating tree, soil, weather, and operational data
into a unified semantic model. This need is also supported
by literature. For example, Wohl et al. (2024) argue that
collaboration systems should provide interfaces to all rel-
evant IS so that users must operate only one tool to access
required data. Fragmented data environments increase
cognitive load and contribute to cognitive overload, as
decision-makers must manually integrate and reconcile
multiple information sources. By consolidating hetero-
geneous data into a unified and structured representa-
tion, DP2 reduces information complexity and supports
more systematic information processing. A unified data
layer improves consistency, reduces manual reconcilia-
tion efforts, and provides a trustworthy basis for analyt-
ics and machine-learning models. Standardised Extract-
Transform-Load (ETL) pipelines, validation routines, and

@ Springer

Application Programming Interface (API) synchronisa-
tion ensure that data from multiple sources can be com-
bined in a reliable and reproducible way.

DP3 establishes that irrigation recommendations must be
understandable and explainable to planners and administra-
tive staff. Transparency is essential for several reasons. First,
irrigation experts rely on their domain knowledge and must
be able to verify how a recommendation was generated. A
black-box model would impede meaningful human over-
sight. Second, explainability increases acceptance of deci-
sion-support systems, a finding supported by Crome et al.
(2023). From a behavioural decision theory perspective,
explainability addresses key limitations of bounded rational-
ity by reducing cognitive load and uncertainty in information
processing (Arnott & Gao, 2022; Simon, 1990). Explain-
able system outputs help structure information and make
underlying decision logic transparent, thereby reducing reli-
ance on potentially biased heuristics, enhancing trust in the
system’s output and enabling more consistent and informed
decision-making. Third, transparency supports institutional
accountability. Municipal departments must justify (potable)
water use, particularly during droughts or times of public
scrutiny. Interpretable algorithms, traceable model outputs,
and human-readable rationales therefore play a central role.
They allow experts to understand the logic behind a rec-
ommendation and to communicate decisions confidently to
supervisors, administrators, and citizens.

DP4 focuses on the support of resource-efficient irriga-
tion through data-driven insights. It does not imply full
automation of irrigation actions. Instead, it frames the
system as a decision-support tool that assists planners
and gardeners in determining where and when irrigation
is required. Predictive models and sensor data help iden-
tify watering needs, adjust volumes, and avoid waste. By
providing data-driven recommendations while preserving
human control, the SSIS supports more informed decisions
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without removing the ability to apply contextual knowl-
edge and expertise. This DP was generally well received
by practitioners. The few critical comments reflected com-
mon concerns about artificial intelligence replacing human
judgement. These comments informed minor revisions to
emphasise that the system shall support and not replace
human expertise.

DP5 addresses the challenge of balancing rich contex-
tual information with the cognitive limitations of users
performing operational tasks. Irrigation planning involves
many data elements, such as sensor readings, historical
watering actions, geographic layout, and tree-specific
attributes. Presenting all information at once can over-
whelm users and reduce decision quality. Context-aware
user interfaces mitigate this risk. They filter and prioritise
information based on the user’s role, responsibilities, and
current workflow. By reducing information complexity and
structuring decision-relevant inputs, these interfaces lower
cognitive load and support more focused and consistent
decision-making. Personalised dashboards and adaptive
navigation help gardeners, supervisors, and administrative
staff focus on what is necessary at each moment, without
losing access to deeper information when required.

DP6 emphasises the importance of sustainability in digi-
tal public infrastructure. Open-source and modular archi-
tectures support long-term maintainability, cross-city reuse,
and collaborative development. These aspects are particu-
larly relevant because the software prototype is funded
with public resources. At the same time, they address the
increasing need for scalable and transferable solutions, as
a growing number of cities worldwide are projected to face
water scarcity due to climate change and rising demand (He
et al., 2021). Open interfaces and transparent governance
structures enable other municipalities to adopt, extend, and
contribute to the solution. This aligns with broader smart
city objectives and ensures that public investments generate
lasting value beyond the original project context.

Click dummy

The click dummy represents the first instantiated level 1
artefact. Its development followed an iterative, feedback-
driven process across the Design #1 and Implementation #1
phases. First, we created initial wireframes, which can be
described as design sketches that explored key system func-
tions for different user groups. These wireframes included
an overview interface for irrigation planners, connected to
requirements such as area-based coordination and dashboard
use (DF10, DF08), and a mobile view for gardeners, aligned
with needs for data entry, logging, and field-based interac-
tion (DF02, DF11, DF03) (Fig. 9).

After presenting and discussing these wireframes within
the ADR team, we transformed them into a functional and
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more sophisticated click dummy that illustrated concrete
workflows. These workflows demonstrated key irrigation
processes, for example the assignment of a new irrigation
task to a gardener and the subsequent execution of the task
(Fig. 10).

Both the wireframes and the click dummy were itera-
tively refined through structured stakeholder engagement.
The wireframes were first created for the four-hour co-design
workshop held in February 2025, involving the R&D team,
the main project manager representing both the botanical
garden and the green spaces department, the green spaces
department project manager, and four additional irrigation
managers of both the green spaces department and the botan-
ical garden. Further, the wireframes were adjusted in early
feedback sessions in the form of 30-min jour fixes between
the R&D team and the main project manager. Subsequently,
the click dummy was developed over multiple demonstra-
tion and feedback meetings in May 2025, each of a duration
between 1 and 1.5 h, with the R&D team, the main project
manager, the green spaces project manager and the green
spaces chief irrigation area manager participating. The itera-
tive refinement included feedback from irrigation planners,
gardeners, and the botanical garden’s representatives, ena-
bling the research team to validate usability assumptions and
clarify operational requirements.

The wireframes and the click dummy fulfilled two cen-
tral functions in the ADR process. They helped uncover
implicit knowledge about existing routines and practi-
cal constraints because stakeholders used it to point out
missing functions, misunderstandings, and new require-
ments. They also guided the development of other level 1
artefacts. Insights from both versions directly influenced
the process models, the system and data architecture, and
the implementation priorities for the software prototype.
In addition, the wireframes and click dummy shaped the
ongoing refinement of level 2 artefacts by clarifying sev-
eral DRs and DFs related to mobile usability, traceability,
and role-specific information needs, and informed the later
abstraction of DPs. Most notably, they contributed to DP5
by making visible that irrigation planners and gardeners
require different information, functions, and interaction
logics. The mobile task-execution views also informed
DP1 by illustrating how irrigation activities, progress, and
completion can be documented in the field and fed back
into supervisory processes. To a lesser extent, the planner-
oriented overview screens also provided early insights rel-
evant to transparent decision support and resource-efficient
coordination (DP3 and DP4).

Additional depictions of the wireframes and the click
dummy can be seen in the supplementary material. The
click dummy versions were presented in German, ensuring
that all stakeholders could readily understand and assess the
envisioned system functionality.
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Process models

The process models capture the main workflows of the
SSIS for the three defined user roles: administrator, irri-
gation planner, and gardener (DFO1). The administrator
role focuses on managing access rights. These activities
concern generic system administration and do not relate
specifically to irrigation. Therefore, they are not discussed
further in this paper.

The core process for irrigation planners concerns the
identification of watering needs and the creation of irriga-
tion tasks. The SSIS supports this role through decision-
support capabilities (DF07) and interactive visual analyt-
ics (DFO08). The process reflects the necessary analytical
steps: assessing water availability, determining which trees
or areas require irrigation, and assigning these elements to
responsible staff members.

The main process for gardeners concerns the execution
of assigned irrigation tasks. This includes conducting the
watering activities, providing real-time feedback on task
progress through continuous tracking (DF11), and adding
notes or observations on tree conditions to support field-
based monitoring (DF03). This process is illustrated in

Figure 11. All other process models are depicted in the
supplementary material.

All processes were modelled using Business Process
Model and Notation. Initial drafts emerged during Design
#1 and were refined through several focused interactions
with municipal practitioners. One main session to improve
the process models was the demonstration and feedback
meeting in April 2025 during Implementation #1, which
generated detailed improvements to workflow logic and
role responsibilities. The creation of the models supported a
clearer understanding of both the existing and the intended
workflows. In line with the notion of models as abstractions
and simplifications of real-world phenomena (Hassan et al.,
2022), these process models represent the key activities,
roles, and information flows involved in irrigation manage-
ment. They also informed the development of the software
prototype by providing structured reference processes and
contributed to the continued refinement of level 2 artefacts.

System and data architecture

The system and data architecture provides the technical
foundation of the SSIS. The core application is built as a
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Next.js web application that runs on a virtual machine and is
accessible through a browser-based user interface. A reverse
proxy handles secure routing between users and the applica-
tion. Supabase serves as the backend platform and provides
a PostgreSQL database and authentication services. It man-
ages user accounts, role-based access, irrigation-planning
data, tree information, and field observations.

Sensor data is ingested through the urban data platform
of the city of Frankfurt am Main. The integration includes
soil moisture readings and related metadata. Weather data
from the German weather service complement these inputs
(Deutscher Wetterdienst, 2025). Both data sources are
retrieved through automated, scheduled tasks and processed
in an ETL pipeline. This pipeline cleans, validates, and har-
monises the data before storing them in the database. Special
cases, such as maximum sensor values that may indicate
either dry soil or sensor malfunction, are handled transpar-
ently and flagged for users to support accurate interpretation.

The database consolidates sensor data, weather infor-
mation, tree records, and irrigation-related data (DF06). It
also structures multi-user collaboration by linking irrigation
tasks to responsible users, tree assignments, and progress
updates. Notes and annotations from gardeners are stored
and linked to trees and irrigation tasks, enabling continuous
documentation and traceability. The schema supports scal-
able ingestion of sensor streams, structured domain data for
planning processes, and operational data generated during
irrigation execution.

The system and data architecture was first conceptualised
during the technical affordances workshop in February 2025
and compared with alternative design options at that stage.
Implementation began in Implementation #1, following agile
development practices. A working prototype of the archi-
tectural core was available early in this phase and was itera-
tively refined throughout subsequent sprints. Continuous
feedback from stakeholders ensured alignment with opera-
tional requirements and supported incremental improve-
ments to data flows, integration logic, and system stability.
The resulting architecture provides a reliable, extensible, and
maintainable backbone for the SSIS and enables data-driven
irrigation management at scale. In doing so, it also serves as
a model (Hassan et al., 2022), abstracting and simplifying
the key system components, data flows, and their relation-
ships into a structured representation of the system.

Software prototype

The software prototype constitutes the central level 1 artefact
of this study. It operationalises the system and data architec-
ture in a working Next.js web application. Implementation
began in Implementation #1 and continued in Implemen-
tation #2. Development followed one-month sprints, each

with a dedicated sprint planning and sprint review meeting
and produced early executable versions that were available
already after the first sprint. This agile approach allowed
continuous refinement of the prototype in close interaction
with irrigation planners, gardeners, and administrators.

Functionally, the prototype realises the core DFs for
role-based, context-aware interaction (DFO1, DF02, DF08,
DF10). It implements a fine-grained access model with dis-
tinct interfaces for administrators, irrigation planners, and
gardeners. Planners use a live map and tabular overview
to inspect sensor-equipped trees, filter by district or irriga-
tion area, and drill down into detailed dashboards. These
dashboards integrate sensor time series, tree master data,
and weather forecasts, and apply a colour-based status logic
for irrigation urgency (see Fig. 12 top and bottom left). In
doing so, the prototype instantiates unified data integration,
analytics, and visual decision support (DF04, DF05, DF06)
and provides a concrete embodiment of DP2, DP3, and DP4.

The prototype supports the end-to-end irrigation work-
flow. Irrigation planners create and manage irrigation
rounds, assign them to areas and gardeners, and monitor
their progress. Gardeners access a mobile-optimised inter-
face that lists their assigned tasks, displays only the relevant
trees on a map, and provides a checklist-style execution view
(see Fig. 12 right). They can record completion status and
add notes on tree conditions directly in the field. These func-
tions implement continuous tracking, logging, and annota-
tion (DF10, DF11, DF03) and thereby instantiate DP1 and
DPS5 in practice. Data quality safeguards, such as transpar-
ent handling and flagging of extreme sensor values, further
reinforce explainable and trustworthy decision support in
line with DP3.

Further, the prototype embodies the principles of digital
sustainability and open, reusable public digital infrastructure
(DF12, DP6). The modular web architecture, the reliance on
open-source components, and the separation between appli-
cation, database, and integration services support scalable
deployment in other municipal contexts. The web applica-
tion will be released as open-source software, which ena-
bles reuse and collaborative further development by other
municipalities and research institutions. The implemented
data model enables separation of organisations and role-
specific access rules, which prepares the system for multi-
city use. More screenshots of the software prototype can be
found in the supplementary material.

Evaluation of the prototype took place throughout the
ADR process. During Implementation #1 and #2, stake-
holders provided feedback in sprint reviews and dedicated
demonstration sessions. In the real-world field tests, gar-
deners and planners used the prototype during actual irri-
gation rounds, supported by a training session and a user
acceptance workshop in August 2025. Their feedback led
to adjustments in navigation, mobile usability, and progress
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Fig. 12 Screenshots of the user interface of the software prototype (top
left: dashboard overview with live map, filters, and irrigation status
indicators (map data from OpenStreetMap, landscape map © Leaflet);

tracking. In the Evolution phase, the prototype was further
assessed in an inter-municipal workshop and in software
prototype evaluation workshops with representatives from
several German cities, as well as in researcher focus groups
and a senior scholar discussion round. These evaluations
confirmed the perceived usefulness of the prototype, the fit
with municipal work practices, and the transferability of the
underlying design knowledge. Thus, the software prototype
both demonstrates the technical feasibility of the SSIS and
serves as a key vehicle for validating and refining the level
2 artefacts.

Discussion
State-of-the-art literature on smart and sustainable irri-

gation of urban green spaces demonstrates the technical
feasibility and the resource- and especially water-saving

@ Springer

bottom left: detailed analytics view showing soil water tension time
series and contextual filters; right: mobile-optimised irrigation execu-
tion view for gardeners)

potential. Prior research has mainly focused on imple-
menting prototypes for singular cases, as evidenced
by the existing case study research (Canales-Ide et al.,
2019; Gasser et al., 2024; Lu et al., 2025; Rambhia
et al., 2023). Further endeavours focus on the techni-
cal implementation of smart urban irrigation (Aldeghe-
ishem et al., 2022). This opens space for design-oriented
research that tailors smart irrigation solutions to real-
world constraints and user practices, which was first
explored by Gimpel et al. (2021), who evaluated the
feasibility and usefulness of the smart and sustainable
irrigation of urban young trees.

By applying an elaborated ADR approach (Mullarkey
& Hevner, 2019) across six iterative phases, we created a
comprehensive set of design knowledge contributions at
multiple levels of abstraction (Gregor & Hevner, 2013).
Rather than treating these artefacts in isolation, their
value lies in the progression from empirically grounded
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problem statements through prescriptive DRs, DFs, and
DPs to a functioning software prototype, resulting in a
coherent chain from problem understanding to operational
instantiation. Interpreted through the lens of products of
theorising (Hassan et al., 2022), this chain encompasses
questions, frameworks, models, concepts, and statements
that collectively advance IS design knowledge for SSIS.
Crucially, the elaborated ADR process enabled this pro-
gression to remain responsive to practitioner realities
throughout, embedding sustainability into the artefacts
by design rather than as a post-hoc consideration.

Beyond the creation of design artefacts, the study
highlights the central role of data as an enabler of sus-
tainability in municipal irrigation. The SSIS illustrates
how continuous soil moisture sensing, combined with
weather forecasts and operational data, can support
more sustainable resource use. Sensor data provide an
important basis for shifting from routine-based irriga-
tion towards needs-driven decision-making, potentially
reducing unnecessary watering and mitigating the risk
of both over- and under-irrigation. This data-driven
approach can improve water efficiency while maintain-
ing ecosystem health, thereby translating environmental
data into concrete sustainability outcomes. Thus, with
the SSIS, we provide a smart sustainable city solution
that deploys digital technologies to improve effectiveness
in the environmental domain of urban life (Dameri, 2013;
Giffinger & Haindlmaier, 2009; Silva et al., 2018). The
findings show that sustainability in urban green spaces is
not achieved through digitalisation alone, but through the
purposeful integration, interpretation, and operational
use of high-quality environmental data in everyday deci-
sion processes.

When environmental data are purposefully used in
everyday decision processes, the ecosystem services
lens (Millennium Ecosystem Assessment, 2003) helps to
position the contribution of our SSIS within a broader
sustainability context. By enabling demand-oriented
and resource-efficient irrigation, the proposed system
is primarily designed to strengthen regulating ecosys-
tem services, such as local climate regulation, air quality
improvement, and urban water regulation. Healthy and
well-irrigated trees and green spaces enhance evapotran-
spiration and shading effects and mitigate heat stress. At
the same time, the system is designed to reinforce cul-
tural ecosystem services by helping to preserve the recre-
ational, aesthetic, and well-being functions of urban green
spaces, which are increasingly threatened under drought
and heat conditions. While less central, the system may
also support provisioning ecosystem services, for example
by safeguarding the long-term availability of biomass or
fibre from urban trees. Overall, the SSIS shall increase
the resilience and value of urban green infrastructure by

stabilising and amplifying the ecosystem services it pro-
vides under conditions of climatic and resource stress in
the long run.

Theoretical contributions

First and foremost, the study extends existing design knowl-
edge contributions for SSIS for urban green spaces. Prior
work, such as Gimpel et al. (2021), demonstrates the fea-
sibility of data-driven irrigation via early stage prototypes
and establishes initial DPs focusing on monitoring, track-
ing, and adaptive decision-making. Our study advances the
conceptual scope of design knowledge by addressing smart
irrigation as a socio-technical system embedded in complex
municipal contexts by incorporating multi-stakeholder coor-
dination, heterogeneous data integration, and operational
workflows across organisational boundaries. The resulting
DPs extend previously existing irrigation-focused design
knowledge in scope and specificity, covering dimensions
such as unified data integration (DP2), explainable decision
support (DP3), role-specific information delivery (DPS5), and
open-source scalability (DP6). Taken together, these DPs
are not limited to irrigation but apply to data-driven DSS in
complex, multi-actor sustainability contexts more broadly.
For example, in smart energy systems, similar challenges
arise in integrating real-time sensor data and coordinating
multiple actors, where unified data architectures and scalable
infrastructures are critical (e.g., Alwakid et al., 2025; Lee
et al., 2013). In emergency management and public service
applications, role-specific information delivery and real-time
tracking mechanisms are essential to support coordination
between citizens, frontline workers, and authorities (e.g.,
Borchers et al., 2025; Namyenya et al., 2022). Likewise,
in smart waste and environmental management systems,
explainable decision support and user-centred interfaces
are required to foster trust, behavioural change, and effec-
tive resource management (e.g., Crome et al., 2023; Strunk
et al., 2024; Subbanarasimha et al., 2025). Thus, we con-
tribute to the abstraction of design knowledge beyond a sin-
gle application domain, in line with calls for IS research to
develop generalisable knowledge (Gregor & Hevner, 2013),
and provide guidance for designing socio-technical systems
that support data-driven decision-making in complex public-
sector environments.

Beyond this core contribution, the study also relates to
research at the intersection of behavioural decision theory
and IS. Our study applies the bounded rationality perspec-
tive to design digital DSS for complex urban irrigation con-
texts. Specifically, our DPs demonstrate how IS can miti-
gate cognitive limitations. For example, systematic tracking
and monitoring (DP1) externalise memory and make past
irrigation actions and sensor states traceable over time,
integrated data representations (DP2) reduce the need for
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manual reconciliation of fragmented information, explain-
able recommendations (DP3) enable irrigation planners
to better understand and justify irrigation decisions, and
context-aware interfaces (DP5) help different target user
groups focus on contextually relevant information instead of
processing excessive operational detail. In doing so, these
mechanisms transform irrigation decision-making pro-
cesses from predominantly heuristic and experience-based
assessments towards more structured, transparent, and data-
informed prioritisation of irrigation needs. In this way, our
work shows how digital systems can actively shape decision
environments to support more consistent and informed deci-
sion-making under bounded rationality, while preserving
human judgement (DP4). By linking behavioural decision
theory with prescriptive system design, we contribute to
IS research on DSS (Frame et al., 2024; Loh et al., 2022)
and provide a deeper understanding of how data-driven sys-
tems can be designed to address cognitive and informational
constraints in complex real-world contexts such as urban
sustainability management.

Our findings are additionally relevant for research on
smart sustainable cities (Abdipour et al., 2024; Silva et al.,
2018), Green IS (Aldegheishem et al., 2022; Gasser et al.,
2024), and the theorisation of environmentally oriented IS
(Watson et al., 2010). Specifically, the study demonstrates
how a data-driven and IoT-enabled system can support
more sustainable urban operations by linking environmen-
tal sensor data with operational planning to enable targeted
and resource-efficient irrigation. In light of the projected
increase in urban water scarcity worldwide (He et al., 2021),
our findings further illustrate how digital infrastructures can
enhance municipal service delivery through environmental
data integration, operational coordination, and scalable,
interoperable solutions. In addition, the study shows how
elaborated ADR (Mullarkey & Hevner, 2019) can support
the embedding of digital sustainability into public-sector
artefacts by design through iterative and multi-stakeholder
development processes spanning IoT and public-sector IS
contexts.

Boundary conditions for transferability

In line with Gregor and Hevner’s (2013) conception of
design knowledge maturation, specifying the boundary
conditions under which the proposed DPs are most likely
to produce their intended effects represents a constructive
step towards greater theoretical precision. While the DPs are
generally transferable to other data-driven DSS, the follow-
ing boundary conditions outline contextual factors that may
constrain their specific implementation in the irrigation con-
text. These conditions do not constrain all six DPs equally.
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Some are applicable under modest prerequisites, whereas
others presuppose specific technical or governance invest-
ments. We structure these conditions along the dimensions
of the socio-technical system (Bostrom & Heinen, 1977) that
frames our use case (Fig. 3).

On the technical system side, the DPs vary substantially
in their infrastructure dependency. DP1 presupposes func-
tioning soil moisture sensors and mobile device access to
track sensor states and irrigation actions. DP2 escalates this
further. It requires continuous, machine-readable sensor
data and a data platform capable of ingesting heteroge-
neous sources. Critically, DP2 also functions as a tech-
nical prerequisite for DP3 and DP4. The explainability
mechanisms in DP3 and the resource optimisation logic
in DP4 both presuppose a reliable, unified data founda-
tion. Cities lacking sensing infrastructure are not excluded
from adopting the design knowledge, but may need to treat
sensor deployment, data governance, and platform inte-
gration as prerequisite investments before DP3 and DP4
become operational. By contrast, DP5 and DP6 carry lower
technical requirements. DP5 requires a configurable user
interface layer and DP6 concerns architectural choices
that are feasible across a wide range of existing technical
environments.

On the social system side, the relevant conditions dif-
ferentiate primarily between DP1 and DP5 on one hand,
and DP4 and DP6 on the other. At the people level, DP1
and DP5 depend on field staff adopting mobile devices and
digital documentation routines. Where digital literacy is
low (P12, DR12) or resistance to change is pronounced,
more extensive onboarding and adoption management may
be required. At the structural level, DP4 requires more
than technical infrastructure: its decision support logic
assumes that irrigation responsibilities are institutionally
consolidated, with clear role allocation between planners
and executing staff. In cities where these responsibilities
are fragmented across departments without established
coordination structures, DP4’s operational deployment
may require prior governance clarification. DP6 simi-
larly depends on sustained institutional commitment and
procurement norms that permit or mandate open-source
approaches.

Finally, external contextual factors may shape how indi-
vidual DPs are put into practice. Data collection and storage
practices embedded in DP1 must comply with applicable
data protection frameworks and laws. Similarly, sensor cali-
bration parameters and soil moisture threshold configura-
tions in DP3 and DP4 will vary across climatic and eco-
logical contexts, but this variability concerns the level 1
instantiation rather than the structural validity of the level 2
design knowledge contributions.
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Practical implications

The study offers several actionable insights for different
stakeholder groups involved in urban irrigation manage-
ment. Urban irrigation planners and municipal green space
managers benefit from the identified problem statements
and DRs, which support the planning and prioritisation of
irrigation activities under conditions of limited resources
and increasing environmental pressures. These actors can
use the proposed decision support logic to improve the effi-
ciency and effectiveness of irrigation planning.

Gardeners and irrigation service providers, who are
responsible for executing irrigation tasks, benefit from the
system’s guidance in operationalising irrigation plans. The
concrete DFs and process models that align with real-world
constraints, including limited resources, mobile work rou-
tines, and multi-role collaboration, thereby facilitate more
efficient use of water and labour resources in day-to-day
operations.

Municipal IT departments play a key role in implement-
ing such systems and can draw on the presented system and
data architecture as guidance for integrating sensor infra-
structures and heterogeneous data sources. The architectural
design supports the development of scalable and interop-
erable solutions within existing municipal IT landscapes.

System designers and developers can draw on the DPs
and DFs as normative and actionable guidance. These ele-
ments address common operational challenges and provide
a transferable foundation for system development, procure-
ment, or adaptation to different urban contexts. Further,
the modular architecture and integration mechanisms offer
blueprints for building or adapting similar applications.

More broadly, municipal decision-makers and cities
that want to explore smart sustainable city solutions and
aim to implement data-driven smart and sustainable irriga-
tion systems, can evaluate whether they find themselves in
a similar problem space to the city of Frankfurt am Main
with the help of the problem statements and DRs. Our find-
ings and the established boundary conditions further suggest
a sensor-first adoption logic for municipalities seeking to
implement such systems incrementally. Soil moisture sens-
ing represents the indispensable starting point, enabling
more data-informed irrigation decisions and providing the
foundation for continuous monitoring and tracking (DP1).
The integration of additional data sources, such as weather
forecasts, operational records, and tree attributes (DP2),
then unlocks the full decision support potential of explain-
able recommendations (DP3) and coordination mechanisms
(DP4). Once this data foundation is established, role-specific
information delivery (DP5) can provide additional value for
different stakeholder groups. Throughout this process, mod-
ular architectures and open interfaces (DP6) support scal-
able deployment and future system evolution. This staged

implementation logic can help municipalities assess organ-
isational and technical readiness while planning adoption
incrementally. In the Evolution phase, the generalisability
of our artefacts was already validated by representatives of
a group of German cities, suggesting their relevance beyond
the initial case. Importantly, the open-source release of the
prototype supports digital sustainability by lowering adop-
tion barriers and enabling cross-city reuse, fostering an eco-
system of public digital infrastructure that aligns with the
principles of transparency, efficiency, and shared innovation.
However, we recognise that an application of our SSIS may
demand potential refinements based on the individual condi-
tions and requirements of each city.

Propositions for long-term effects

The present study focused on the design, instantiation,
and evaluation of the SSIS regarding artefact quality. In
particular, the evaluation examined the design of the arte-
fact, its usability, its fit with the practical context, and
its perceived usefulness for relevant stakeholders. The
findings indicate that the system provides a practically
relevant basis for more demand-oriented irrigation plan-
ning and execution. In the longer term, such a system is
expected to help reduce unnecessary irrigation, support
more efficient water use, and improve organisational pro-
cesses related to irrigation planning, coordination, and
monitoring.

At the same time, such medium- and long-term effects
cannot yet be robustly assessed within the scope of the pre-
sent study. Their evaluation requires longitudinal deploy-
ment across multiple irrigation seasons. This is necessary
because irrigation demand is strongly influenced by weather
conditions and because the introduction of a new socio-tech-
nical system is typically accompanied by transitional effects
during organisational adoption. Short observation periods
therefore do not allow robust attribution of changes in water
consumption, labour time, or tree-related outcomes to the
use of the SSIS alone. Nevertheless, the developed software
prototype creates an important basis for such future evalua-
tions. Through integrated operational data, systematic log-
ging, and improved traceability of irrigation activities, the
system enables the structured collection of evidence that can
be used in subsequent longitudinal studies. In this sense, the
present work focuses on artefact evaluation, while impact
evaluation remains a relevant next step for future research.

To guide such future evaluations, we derive the following
testable propositions (TP) for the medium- and long-term
effects of sustained SSIS use:

TP 1: Sustained use of the SSIS is expected to reduce
unnecessary irrigation and thereby lower water con-
sumption per irrigated area.

@ Springer
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TP 2: Sustained use of the SSIS is expected to reduce
the time required for irrigation planning and coordi-
nation.

TP 3: Sustained use of the SSIS is expected to increase
the completion and documentation rate of planned irri-
gation tasks.

TP 4: Sustained use of the SSIS is expected to contrib-
ute to improved tree vitality and lower establishment
losses over multiple irrigation seasons.

TP 5: Sustained use of the SSIS is expected to reveal
process weaknesses and generate operational insights
that support continuous improvement of irrigation
practices and governance.

Initial qualitative indications already point in this direc-
tion. For example, the analysis and discussions conducted
during this study have led the city of Frankfurt am Main
to place greater emphasis on monitoring whether irriga-
tion tasks are correctly executed by external irrigation ser-
vice providers. In addition, greater attention is now being
paid to the question of whether non-potable water can be
used more systematically instead of potable water. These
examples illustrate that the SSIS may contribute not only
to operational support, but also to organisational learning
and process improvement. However, these insights should
be interpreted with caution. While some propositions are
already supported by qualitative assessments, robust quan-
titative evidence requires longitudinal studies across mul-
tiple irrigation periods. Such impact-oriented evaluation
was beyond the scope of the present study but represents an
important avenue for future research.

Limitations and future research

While the study provides robust design knowledge contri-
butions and validated artefacts, several limitations must
be acknowledged. First, the project was conducted in
close collaboration with a single municipality. The result-
ing artefacts are thus deeply grounded in the operational,
organisational, and climatic context of Frankfurt am Main.
Although feedback from other cities during the Evolution
phase confirmed the perceived transferability of the design
knowledge, a broader empirical assessment of applicability
across different municipal environments remains outstand-
ing. We believe the DPs are well-suited for comparable
German cities, but their generalisability beyond this set-
ting, particularly in non-European contexts, requires fur-
ther study. Second, the participant sample, while spanning
21 stakeholder groups across diverse organisational roles
and nine additional cities, did not systematically capture
demographic attributes such as gender distribution or years
of experience. Our sampling prioritised role diversity and

@ Springer

depth of engagement over demographic representativeness,
which limits our ability to assess whether all relevant per-
spectives were adequately represented. Third, early artefacts
such as the click dummy may have introduced prototype
fixation effects, potentially anchoring stakeholder feedback
towards already-instantiated solutions. However, several
substantive design revisions resulting from practitioner
feedback suggest the process remained genuinely open to
redirection. Fourth, while the prototype successfully inte-
grates and interprets sensor data, the availability, quality,
and reliability of such data may differ in other cities. Local
infrastructures and procurement decisions may influence the
feasibility of sensor-based decision support. Fifth, the pro-
totype is intentionally designed as a DSS, not an automated
control system. It supports informed human decisions but
does not execute irrigation actions. While this is consistent
with the municipal use case, future projects may pursue
more automated configurations. Finally, long-term effects
have not yet been empirically established. The system was
evaluated in field tests and stakeholder workshops, but
longitudinal evidence on behavioural change, institutional
uptake, and ecological impact is still limited. Such evidence
will be necessary to evaluate the full sustainability potential
of the system.

Building on these limitations, we identify several avenues
for future research. First, quantitative evaluations should
assess the system’s impact on water use, labour efficiency,
and plant health once it is deployed at scale. This will pro-
vide measurable evidence of ecological and economic ben-
efits. Second, comparative studies across cities, regions, and
countries should examine how the proposed DPs perform in
different organisational, climatic, and infrastructural con-
texts. The relevance of smart and sustainable urban irrigation
has been demonstrated in diverse settings (e.g., Canales-Ide
etal., 2019; Gasser et al., 2024), suggesting the potential for
global application. Third, future studies should investigate
long-term effects of SSIS use. This includes user acceptance
and behavioural changes, for example how irrigation plan-
ners and gardeners engage with the system over time, and
how institutional routines evolve around digital irrigation
planning, as well as long-term ecological and operational
effects such as water savings, improved process efficiency,
and tree vitality. To guide such research, we formulated five
propositions for evaluating these longer-term effects. Fourth,
the integration of automated irrigation components, such as
valve control systems, could extend DP4 and support more
proactive resource management. Finally, future versions of
the system may benefit from advanced analytics and machine
learning. By combining soil, weather, and plant health data,
predictive models could further enhance irrigation recom-
mendations and contribute to sustainable infrastructures for
urban green spaces.
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Conclusion

In this study, we employed an elaborated Action Design
Research approach to address the question how smart and
sustainable irrigation decision-support systems for urban
green spaces should be designed. By integrating stake-
holder knowledge, sensor data, and digital technologies,
we designed and validated a comprehensive solution for
urban green space management embedded in a complex
socio-technical municipal environment that supports more
informed, transparent, and resource-efficient irrigation deci-
sion-making. The resulting design knowledge contributions
are both actionable and transferable, offering municipali-
ties concrete guidance for responding to challenges such as
increasing drought and resource scarcity.

Beyond the specific irrigation context, our findings dem-
onstrate how digitally enabled coordination and resource
orchestration can be achieved in networked public-sector
environments through interoperable digital infrastructures,
integrated data representations, and role-specific informa-
tion delivery. In this way, the study contributes to a broader
understanding of how municipalities can leverage socio-
technical systems to coordinate heterogeneous actors, data
sources, and operational processes in support of sustainable
urban service delivery.
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