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ABSTRACT: Climate change and rapid urbanisation constitute wicked problems to which the design community
must respond. This paper focuses on hybrid smart Nature Based Solutions (NBS) which combine digital,
engineered and natural components. Based on case studies and interviews, this paper presents a model to enable
manufacturing organisations to navigate the complexities of designing and commercialising such complex systems,
focusing on the inter-organisational partnerships required and mitigation techniques to address complexities
throughout the project lifecycle. This work challenges existing concepts of hybrid, complex systems to account for
NBS and their unique complexities. We argue that smart Nature Based System is a more apt way to conceptualise
these solutions which incorporate digital twin, A.I and weather data to deliver urban resilience and sustainability.
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1. Introduction

1.1. The 'wicked' problem of climate change - from nature-based
solutions to smart nature-based systems

The risks posed by climate change to urban habitations globally has precipitated a greater emphasis on both
the 'resilience' and 'sustainability' of products designed for, and diffused into, the construction sector.
Integrating sustainability objectives enhances the adaptive capacity of ecosystems, resilience reinforces a
systems' capacity to absorb and recover from climatic disturbances. Multiscalar problems such as how to
innovatively renature cities and enable climate sensitive development requires a system of systems
approach including Nature-based solutions (NBS), particularly those which have sensing technologies and
are supported by digital twins (D.T) and (A.L.). The European Commission (2023) defines NBS as
“Solutions that are inspired and supported by nature, which are cost-effective, simultaneously provide
environmental, social and economic benefits and help build resilience...” Little critical attention has been
paid to the design of the engineered solutions required to support NBS or their adoption. Galle et al. (2019)
and Voeten et al. (2020) have alluded to the possibilities of what they term the 'internet of nature' or 'high
tech NBS', but do not suggest any new frameworks for the design of such hybrid solutions. The concept of
'nature tech' also lacks the theoretical underpinnings to adequately explain smart NBS (Djurickovic, 2023).
The transition of these 'solutions' to 'systems' is challenging due to the diversity of such interventions and
their applications. For the purposes of this paper, the focus is on solutions which are 'engineered' and
utilised in urban settings, described as type 3 NBS (Cohen-Shacham, 2016). Whilst Bressane et al. (2024)
describe what they term 'intelligent nature-based solutions' to address urbanisation challenges, they do not
address the complexities at product or system level. Examples of 'smart' NBS' include smart green blue
roofs, tree pits, raingardens and living walls. Below shows the 'Polysync' smart green blue roof, one of the
case study systems selected for this research:
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Figure 1. Smart roof system

'Smart nature-based system' is our definition of such hybrid, modified, naturally occurring systems linked
to weather data, augmented by sensing, D.T and A.I technology to deliver optimum ecosystem services,
social and economic value. Porter and Heppelmann (2014), describe the evolution of smart connected
products to systems of systems and the new 'technology stacks' required to offer optimal value. They
warn of the impact this transition to a system of systems has on what they term 'legacy organisations',
particularly manufacturers. Momeni et al. (2023) highlight the structural, sociopolitical, and emergent
complexities they associate with digital servitization in manufacturing firms, a useful starting point to
understand the sources of complexity when developing smart nature-based systems.

1.2. Complexity and smart nature-based systems - delineating from
other complex adaptive systems

We argue that there are forms of complexity specific to the integration of natural, engineered and
technological components that constitute a smart nature-based system, which distinguishes them from
other complex engineered systems (CAS). Ahmad et al (2024) advance a novel definition of complex,
adaptive systems including adaptation, aggregated behaviour, learning, self-organisation and emergence,
memory, evolutionary process and complexity as components of a CAS. They refer to the concept of
'agency' when considering a system's capacity to leverage memory and learning to self-organise and
evolve over time. We argue that this question of 'agency' in terms of smart nature-based systems
distinguishes them from other CAS. Human interventions using engineered physical systems and digital
infrastructure to augment and enhance urban nature presents additional complexity when we consider
agency. The living element of the nature-based solution design will have its own natural evolutionary
trajectory and adaptations but when we integrate D.T, A.I and sensor technologies, remotely intervening
in the maintenance of the system, we are transforming the 'agency' of the natural infastructure we are
looking to support. Sheard and Motashari (2010) advanced six types of complexity including socio-
political which requires expansion to specifically address the cognitive complexities associated with a
world in which climate and nature are increasingly at the forefront of the decision-making process in the
construction / built environment sector. Their treatment of dynamic and structural complexity fails to
account for how living systems might be incorporated into their taxonomy. Maier's dimensions of
complexity (2009) ignores the difference between physical and digital technologies which is essential
when considering the new technological-ecological relationships being established with the advent of
smart nature-based solutions. His treatment of organisational complexity, focused on maturity, also
misses the specific complexities associated with inter-organisational partnerships. Young, Farr and
Valerdi (2010) conceptualise product complexity as purely physical and only refer to 'IT complexity'.
This illustrates the importance of revising such models to fully encompass systems in which physical
includes both man made and ecological elements and augmented with D.T and A.I technologies. Zou
et al. (2018), observe that multiplicity, diversity, interdependence and variability are common factors of
smart-connected products. Krucken and Meroni (2006) emphasise networks of relationships and
information exchange. Suh (2005) presents two views of complexity one being physical, the other
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functional. The functional focused on the uncertainties associated with user requirements and physical
related to the number of components. Complexity can also be time dependent or time independent. If the
system range changes over time, then there is a time-dependency element and by the very nature of smart
nature-based systems, functional requirements must be satisfied throughout seasonal changes,
accounting for extreme weather patterns and climate change. Magee and De Weck (2004) characterise
complex systems as having numerous components, interconnections, interactions and interdependence,
difficult to describe, predict, manage and design. De Weck (2023) observes that the complexity of both
artificial and natural systems has been increasing and that conserving complexity to deliver key
functional requirements is the first law of engineering. Functional complexity is driven by market/
consumer demand which in turn impacts structural and organisational complexity. De Weck notes the
diminishing returns from increasing system complexity. This trade-off phenomenon is explored in the
case studies and semi-structured interviews.

1.3. Aims and research questions

This research aims to understand how the complexity of hybrid systems involving the integration of
natural and digital infrastructure impacts the diffusion of such systems into the construction sector. It
aims to identify types of complexity in nature-based solutions which incorporate digital infrastructure,
looking at examples of how the sources of complexity are being managed. This paper is exploratory,
focusing on how the 'perceived complexity' of these novel solutions can be mitigated through a better
understanding of the design problem, the process of the development and how these solutions can be
managed 'in situ' when implemented in public realm and private commercial scheme. We pose the
following research questions:

1. To what extent can the specific complexities associated with nature-based systems be mapped onto the
project life cycle associated with the construction sector to provide further insights into potential
mitigation strategies?

2. To what extent can the complexities of such systems be reduced without impacting on perceived value
of these solutions by the Clients and Specifiers?

Through the use of Case studies and semi-structured interviews to answer the above questions, we
provide a novel taxonomy of smart nature-based systems, demonstrating the unique complexities
associated with the natural/engineered/digital components and their interface. We also provide a
framework which identifies how these complexities emerge throughout specific stages of the project
lifecycle and suggest the effective mitigation techniques which improve the successful adoption of these
solutions in construction projects.

2. State of the art

This paper brings the previously unconnected fields of NBS scholarship, systems and complexity
theories together to suggest new pathways to create resilient nature-based systems for the construction
sector.

2.1. Complexity in relation to smart nature-based solutions

A significant gap in the literature relates to the classification of complex systems with a specific emphasis
on the hybrid nature of natural-technological-engineered systems. Oftentimes the complexity of
engineered systems is presented in opposition to that of natural / naturally occurring systems. Magee and
de Weck (2024) in their classification of complex systems present just such a dichotomy alluding to
natural 'subsystems' but do not consider how 'nature' (green/blue infrastructure) can constitute the
operand of a complex system itself, and the functionality of the system (storage, transport,
transformation) focused beyond purely human wants. There has been little attempt to understand the
specific forms of emergent behaviours when the natural asset in a hybrid system develops novel
interactions with the associated technologies and responds to the automated, data-driven approaches to its
management.

Grimm et al. (2017) describe hybrid urban NBS as intermediaries between extremes of engineered,
technological and ecological. Alberti (2008) maintains that the urban ecosystems into which these
products are diffused are hybrid, the consequence of coupled human and ecological dynamics. Salliou
and Stritih (2023), argue that active interventions in NBS are only required when complexity is low and
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the conditions for self-organisation not present, that complexity is key condition for natural assets to
thrive and human in the loop design approaches undesirable. Mahmoud et al. (2024), characterise
technologies ' in and for green' as critical to supporting the diffusion of NBS; regulating their costs,
mitigating emerging behaviours associated with living systems. We need to rethink what a 'system’
means in this context. A useful synthesis can be made between 'Design Thinking', '‘Systems Thinking'
and 'Nature Based Thinking'. 'Nature Based Thinking', a mindset that works across practices and sectors,
governance levels to create space for nature (Randrup et al., 2019) suggests the integrated pathways and
multidisciplinary practices that will be required for successful smart nature-based system design. As
argued by Potts et al (2020), the complexity of complex system-of-systems presents management
challenges that need to be addressed. When managing complex systems, particularly in the construction
sector, the use of lean principles to deliver customer value are often the most popular amongst
organisations. If, as Howell and Koskela (2000) argue, 'lean’ strives for perfection, an ideal, future state,
valuable only as the ultimate goal for improving processes, which takes time, this type of approach to the
project process does not lend itself to the delivery of complex systems with a living asset for which a
perfect, utopian state will be at constant risk of external changes to the urban ecosystem and contested by
multiple stakeholders. Krinner et al (2011) argue that the formation of cluster groups and the creation of
Design teams as well as Design support teams transmitting information to the receiving group of
Consultants and Engineers can be overlaid onto a DSM. This therefore enables organisations to better
manage through a modularised organisational DSM, the complexities of inter-organisational
collaborations. Whilst the above approaches to managing complexities associated with more
conventional engineered systems such as the DSM suggested by Repetski et al (2019) provide a
useful approach for specific stages of the design process, a more detailed and specific framework is
required for practitioners working in the NBS space.

3. Methodology

Case studies and semi-structured interviews incorporating a wider cross section of industry specialists
were undertaken to provide rich datasets and uncover the relationships between the multiple forms of
complexity specifically associated with nature-based systems and reveal the degree to which
organisations were able to mitigate these complexities throughout the project lifecycle process.

3.1. Case studies

Six separate case studies have been selected from the UK and Europe with the purpose of comparing the
identified complexities of the different smart nature-based systems used in each project. The table below
lists the type of nature-based system application in which smart technologies were incorporated:

Table 1. Case studies

Case Study System Application

Bloc Polysync Smart Roof
Mannoury Confidential [Smart Roof

Site in Spain RainUp Smart Tree Pit
Site in NL RainUp Smart Pitches
London and Liverpool |Confidential [Smart Raingardens

To be selected, the case studies had to include a technological system that exhibited the qualities of a
'smart' system with the concomitant autonomous decision-making, algorithmic complexities, use of
digital twin technologies and real-time control. Purely sensing technologies which are far more common
were excluded. Three of the case studies all utilised the same physical technologies to support the natural
asset named Permavoid, a shallow geocellular solution which can provide passive sub-surface irrigation
to the vegetation above.
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Figure 2. Permavoid with passive irrigation

Other case studies utilised different geocellular drainage systems and smart systems. Stakeholders were
selected from across the Design, Execution and Post-installation phases of the project life cycle. The
design logic of the actors through the development phase, partnership working across organisation to
commercialise the solution, the viewpoints of Consultants, Clients and End-users enabled the Researcher
to establish connections between sources of complexity, the impact on the development and diffusion of
the systems and the choice of mitigations to satisfy the Client.

3.2. Semi-structured interviews

A semi-structured interview technique was utilised to enable the researcher to interrogate the ways in
which organisations commercialising these systems, Specifiers, Industry Experts and Clients, interact to
manage the complexities associated with smart nature-based solutions. Through the gathering of rich
insights derived from a qualitative approach, relationships between specific complexities and their
management and the successful adoption of these innovations from a variety of stakeholder perspectives,
is ascertained. The table below highlights the stakeholder profiles and number of interviews undertaken:

Table 2. Stakeholder and interviewee numbers

Stakeholder Type No. Interviewed]|

Developer 4
Product Manager
Sales/ Commercial
Technology Expert
Green Blue Roof expert

Urban Tree Expert
Raingarden Designers
Client

Total Interviews 25

BlWwNIN AW W

3.2.1. Selection and coding

Interviewees were chosen based on their involvement with the selected case study projects and or their
expertise regarding smart nature-based systems. The interviews were semi-structured, half an hour
approximately, undertaken online and transcribed. Twenty-five interviewees were chosen. The
Researcher interviewing is an embedded researcher working for one of the companies who develops
smart nature-based systems. Interviews were coded with first and second order coding. The coding was
generated through a dialectic of top-down coding applied through an analysis of literature and bottom up,
derived from the interview data. The table below details the coding schemes used
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Table 3. Coding scheme

Coding Scheme Definition Sub Codes
Complexity Description of a complex system/concept Product Complexity
Structural
Functional
Institutional
Ecological
Risk Exposure / danger
Hybrid System Digital / Physical system Hybrid Engineered/ Natural
Hybrid Digital / Physical
Digital Twin Digital replica of physical object/person/system
Artificial Intelligence Computer performed tasks associated with intelligent beings
System of Systems Collection of systems that together create a novel, complex systeq System interactions
System boundaries
Smart Nature Based Solution|Nature-based solution with integrated smart technologies Real Time Control
Smart features
Data driven decision making
Value Functions / Requirements to deliver desired outcomes Multifunctionality

Ecosystem services
Social value
'Water management value

4. Findings

4.1. Complexities associated with hybrid smart nature-based
systems and the project lifecycle

Findings have been divided into identified complexities associated with the smart nature-based systems
and approaches to their management and value perception of these novel systems. The table below details
the observes complexities incorporating specific ecological and digital elements:

Table 4. Identified complexities

Form of Complexity Observations

Digital Integration of D.T and A.l

into NBS system

Third party tech integration
Sensor Failure

Installation complexity
Commissioning complexity
Accountability for whole system
Market uncertainities - 'smart' level

required

Physical Tank system and Sensor integration
Modularity
Site complexities

Ecological Passive irrigation design

Biodiversity metrics

Goal complexity

Link to wider Smart City objectives

wider SOS intergation

Algorithm development for complex ecology
Organisational Incompatible instutional logics

Knowledge transfer

Complexity absorption / reduction strategies
Commercials

Existing practices of Local Authorites
Resistance from Water Companies to mec/elec
infrastructure

We also noted the frequency of responses of a similar nature, focused on the same value perceptions of
the systems. These findings enable us to expand upon the existing characterisations of complexity
advanced by De Weck (2023) who focuses on structural, functional and organisational complexity of
complex systems. Our observations enable us to extend the analysis to consider how complexities
interact at the product, project and organisational level. Whilst De Weck delineates between engineered
complex systems and natural systems, we cannot separate these elements when accounting for smart
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Table 5. Response overview - perceived value

btakehnlderType Response related to 'perceived value' Frequency of response

Client "itwas so easy to demonstrate our sustainability credentials" 3

Client "planning was a much easier process” 2

Client "this system has enabled us to exceed our stated carbon reduction targets 2

Client " we want to be known for innovation, sustainability and to be pioneers, 1
this system demonstrates our comittment to that"

Client/Key Partner |"as a water companywe need the pilots and this data to prove that new business 2
models and practices are essentialto reach our shared goals"

IClient /Key Partner |"biodiversity and problems with our sewers have to be addressed in a way 4

Local Authority thatuses data and enables us to optimise the nature based solutions we install”

IClient and Designer| "data means efficency and less resource, we can be more targetted"” 4

nature-based assets. The ecological components of complexity are inextricably linked to other
complexity forms identified above which transcend the product level. The interplay between the product /
system / project and institutional levels must be accounted for in the development of subsequent models.
Eckert et al. (2004) argue that design of product-systems can be constituted of products, processes, users
and organisations and that there is no singular theory that yet captures these interactions. Whilst they
identify uncertainty and incompleteness of data as key challenges this is not extended to a useable model
or framework. They advocate transforming time dependent combinatorial complexity of a system to
periodic complexity where uncertainty is reset at regular intervals. This is informative when applied to
the development of smart nature-based systems in which multiple aspects of time are embedded within a
complex, hybrid system; the design life of the engineered layer, the digital layer and lifespan and
regenerative properties of the living asset being supported.

4.2. Management strategies to mitigate complexity for clients and
specifiers from design and development to project
implementation

The table below presents the complexities associated with the natural and the digital elements of the
nature-based systems and strategies leveraged. Interviewees were also asked if these approaches had
been successful in expediting the adoption of the systems on such projects.

Table 6. Complexity mitigation table

Complexity identified Natural / Digital Stage of Project Lif le| Mitigation Strategy Strategy Successful?
Specialist soil for retrofit Natural Design Expert consultant for project Yes
Integration of specialist sensors Natural and Digital Design, Execution, Install |Bespoke sensor development No
Hydrology of whole system Natural Design Design partners to model each scheme No
Passive irrigation performance Natural Design and Install Specialist component fabrication Yes
Biodiversity metric and whole system Natural and Digital Design Third party tech integration Yes
Configuration of alogrithm to green blue roof system |Naturaland Digital Design Bespoke code Yes
Integration of valve and actuators of the roofs Digital Install Remote recalibration No
Seasonality of nature based system performance Natural Design and Execution Allow system to operate at 50 per cent capacityinwinter |No

Table 7. Sample responses and frequency

Mitigation Strategies and Impressions Frequency
"The major challenge is data security so right partnering is critical”

"l ater companies don't like to adapt new innovations especially where electrics are involved "

"Specitying the right soil w as a real challenge particularly on retrofit schemes but it w as essential for passive imigation”
"bespoke sensors were costly but a necessity if the solution was going to work accurately with Permavoid system”
"using simpler, less functional sensors was the only was to show the Client we could be cost effective

"they were willing to trade -off the degree of smartness they required fram the system”

from a product development perspective, the algorithm design for complex natural systems requires

= unigue approach and particularly when we have to provide multiple benefits”
"we have to configure the system of every unique site which is time and resource intensive, theres no off the shelf way”
"Clients don't ultimately know what they w ant fram the system and itz hard ta navigate that”

"the issue is knowledge and we haven't yet been able to effectively train teams to install and comission the system”

modelling a nature based solution hydraulically is difficult especially when we are changing how we design the below ground attenuation system”
"different stakeholders want the system ta do different things and the more metrics we add the more costly it becomes which can defeat the paint”

"speaifying carrect plants and understanding the ecolagy has 2 huge rale in project suscess long term”
"simplified systems and interfaces help us to promate the system to the Client”

Y P [ I 8 [ )

[N [ 25 N X [ g

It was also possible to ascertain the degree to which the trade-off between the value delivered by the
system and the increased complexities associated with their multifunctionality was managed. Whilst some
Clients were willing to go purely to a monitoring only set up, the majority focused on keeping the real time
control and autonomous decision-making components of the systems offered which were perceived to be
the most costly and complex aspects of these schemes but offering the most long-term value.
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5. Proposed model

We propose a model that incorporates the digital, physical and ecological components of complexity
considering the interactions and emergence of these complexities at different stages of the project life
cycle. This consciously extends the work of De Weck and Eckert to account for changes required to
complexity management beyond the design phase. Whilst De Weck (2023) notes that complexity of
natural and artificial systems is driven by regulation, customers and competition, it is important to
understand the values that complex systems are required to encompass, to enable design teams to better
understand how much complexity needs to be absorbed and how much reduced without compromising
the performance of natural asset. NBS scholars address challenges of governance and stakeholder
engagement but do not address the technologies required to support them. Extant models focused on the
management of complex systems do not consider how the various forms of complexity are managed
throughout the project lifecycle. Eckert et al. (2004) focus specifically on the product complexity in the
design stage and do not extend this to the subsequent phases. Momeni et al. (2023) advance a model for
complexity management, divided into three stages; emerge, consolidate, evolve. They hypothesize that
complexity absorption is the most prominent approach during the emerge stage and that the choice of
complexity reduction or absorption is chosen in subsequent stages contingent on the type of
manufacturing enterprise studied. Whilst useful this model does not assist organisations to navigate the
balance between absorption and reduction of complexities based on the product, project and stakeholder
typologies in question.

Smart NBS Project Lifecycle |

i t hn;logy for a range of graen blue
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Figure 3. Smart nature-based system model

We also provide below a novel complexity taxonomy associated specifically with smart nature-based
systems. Whilst Mahmoud et al (2024) have provided a taxonomy of technologies 'in' and 'for' nature,
they do not link their taxonomy to specific interventions or suggest how these technologies can be
connected to specific ecosystems services delivered. The taxonomy also fails to provide detail on the use
of specific advancements in D.T and A.I technologies with a focus primarily on sensors and mapping
tools. Our taxonomy below focuses specifically on urban smart nature-based solutions:
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Nature Based Solution Taxonomy

Urban NBS Application | Technologies Multifunctionality
Smart Green Blues Roof ‘Weather Data ‘water Management
Urban Raingarden Sioil Maisture Sensors Urban Cooling
Urban Tree Pit Ultrasaonic level sensars Biodiversity
Urban Biosw ales BC Yalves and Actuators Carbon sequestration
el Urban Biodiversity
Blgorithms to enhance Species selection
MBS perfarmance and optimise
passive irmigation technaology
Digital twin of urban NES
connected to flood and sewer maps

Stakeholder Benefits

Utility Company - CS0 reduction

Landowner - Rebates for w ater volume reduction, sustainability and maintenance benefits

Metrics for planning applications

Community engagement and outreach

Local Autharity - Beduce maintenance of urban green blue infrastructure

Specifiers - simplified specification of 'systems’ rather than separate digital | physical ! ecological components
Integration with ather 'smart city’ platforms and informing decision making across multiple Local Authority departments
Designers! Developers - real time feedback loops to suppont design and upgrades of new smart nature-baszed systemy

Figure 4. Taxonomy of smart nature-based systems

6. Conclusions and recommendations for further research

Existing classifications of complex systems are insufficient to account for smart nature-based systems
being diffused into the market, presenting a false dichotomy between the natural and the artificial. A
model has been developed that considers the three key elements of a hybrid smart NBS; digital, physical
and natural, incorporating key findings which span product and project lifecycles accounting for design,
implementation and post installation, supporting manufacturing organisations commencing their digital
servitization journey. A taxonomy focused on smart nature-based systems and their concomitant
technological components linked to multiple benefits for the urban environment and stakeholders has
been produced which is a novel contribution, bridging the gap between conventional CAS taxonomies
and that produced by Mahmoud et al (2022). There are limitations to this research. We have focused on
specific proprietary technologies due to access to case studies and interview participants however future
research could take a comparative approach analysing a larger sample of manufacturing organisations
and their respective technology partners. An extended model of the one provided could incorporate
complexity absorption and reduction decision pathways, enabling organisations to decide if absorption or
reduction techniques will produce a more successful adoption outcome.
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