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Abstract: This paper presents the design, development, and testing of an interactive planning tool
for urban-wetland systems. The tool targets initial architectural and urban design stages, enabling
a broader understanding of natural-urban synergies, ecosystem services, and sustainable systemic
design strategies for water management, energy ef�ciency, on-site food production, community,
coastal protection, and security. Targeting a test study site in Queensland, Australia, this paper
aims to establish proof of concept for the tool algorithm used to calculate quantitative values for
each sub-system and two novel system assessment criteria: ‘fair share’ (FS) and bene�t cost (BC)
ratio. The FS criterion is based on the permaculture FS ethical principle and tracks system diversity,
resilience, and self-sustenance. The BC criterion builds on cost-bene�t valuation methods but includes
non-market values, providing a holistic assessment of system costs and bene�ts, including ecosystem
services. Good practise (GP) and best practise (BP) design scenarios are developed for this study
site and compared against a business-as-usual (BAU) case. Results demonstrate the relevance of FS
and BC as assessment criteria to aid in the development of sustainable designs. Compared to the
BAU scenario, the GP and BP scenario BC ratios increased 12 and 14 times, respectively. Yearly cost
of living reductions for GP were equivalent to 26,990 AUD per site inhabitant, with BP resulting in
a negative yearly cost of living (a yearly bene�t equivalent to 6420 AUD per site inhabitant). The
use of the FS and BC assessment criteria and tool highlights a potential new approach to planning
and development processes, integrating aspects currently omitted within planning requirements
and assessments.

Keywords: sustainable design tool; urban wetland; system thinking; software design; sustainability;
ecosystem services; bene�t-cost analysis

1. Introduction
Wetland ecosystems represent a vital global resource and provide a wide range of

ecosystem services. However, wetland areas are declining across the globe, in part due to
increased urbanization and its associated pressures for land conversion [1]. In this context,
sustainable design approaches that holistically map, maximise and link urban and wetland
ecosystem services may help mitigate threats to this ecosystem while accommodating
both urban and wetland growth. This paper details the development and testing of an
interactive tool designed to foster sustainable strategies for conserving and expanding
wetlands amidst urban development. The tool targets early design stages, providing a
simple graphical interface and a system-level assessment method holistically accounting
for a multitude of urban and wetland services. This complements other existing modelling
approaches by: focusing on systemic urban-wetland interdependencies; providing an
accessible graphical interface and system map; including small-scale and user behaviour
aspects; and alternative wetland uses.

The vast majority of existing models are more detailed in terms of inputs and calcula-
tions but focus on a limited number of functions and bene�ts rather than systemic links.
Some examples include the SUWMBA V2 2020 model [2] which focuses on site-scale water
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cycles, and energy modelling software such as PHPP V9.6a [3] or INFEWS V2020.1 [4]
which focuses on bene�t cost analysis for water-sensitive urban designs. The tool is de-
signed to provide an overview of the relationships between these different sub-systems
and allows for inputs to be adjusted according to more accurate calculations conducted
with other software.

The need for tools that manage trade-offs in a systemic way is also highlighted by
Hamel et al. [5] and He et al. [6], who propose similar holistic modelling approaches.
InVEST V3.13.0 [5] is a GIS-based software that combines various models (including
urban, green infrastructure, and community functions) to assess trade-offs, bene�ts, and
ecosystem service provision and can include but is not exclusively focused on wetlands.
The software combines the individual models via GIS mapping, but each assessment
is modelled separately, and use of the software requires speci�c modelling skills. In
contrast, while the urban-wetland tool does require some general knowledge for user
inputs, the graphical interface and its design make it intuitive and accessible for a wider
range of users, with no speci�c modelling skills required. In terms of outputs, despite the
exclusive focus on coastal wetlands, the tool includes impacts of user behaviour (e.g., water
consumption), provides information regarding per-person consumption, bene�ts, and
costs, and includes alternative wetland uses such as mangrove-derived foods, highlighting
ecosystem functions less commonly considered for wetland services models. The tool
provides an alternative perspective, complementing the larger scales and conventional
ecosystem functions included in other software (e.g., InVEST) with small-scale user-centred
approaches and alternative wetland uses. Focusing speci�cally on urban wetlands, He
et al. [6] highlight the potential for integrating ecosystem functions and valuation within
building information models (BIM). Connecting spatial design and wetland functions
across scales directly through BIM would indeed provide a valuable way of parametrically
designing to maximise wetland services. However, this is an emerging research direction
and has yet to be implemented in practise. In this regard, the tool methodology could
be interpreted as a stepping stone, with the assessment criteria and approach in general
providing a potential direction for future BIM implementation methods.

This paper builds on a previously published literature review and analysis [7], which
mapped urban-wetland interactions and developed a graphical system thinking concept
map describing urban-wetland relations as a single connected system. The concept map was
based on a comparative analysis of key state-of-the-art theoretical urban design principles,
which were then used to link urban functions with practical design parameters and wetland
functions. The theoretical background and current state of research in this area are discussed
in detail in the review paper (see [7]), which also identi�ed two key opportunities and
further research directions.

The �rst opportunity identi�ed was that the integration of practical parameters allows
for the map to be weighted quantitatively, providing further de�nition regarding the links
and contributions of each sub-node to the entire system. A second, further opportunity
consists of adapting the permaculture �fair share� (FS) ethical principle, which implies
a fair distribution of resources and surplus to support people and nature [7,8]. Within
the tool, FS ratios (percentages) are used as indicators for the degree of contribution of
natural, urban, and hybrid functions supporting the system. The use of the FS ratio as an
assessment criterion allows for various quantitative inputs to be normalized, thus providing
a homogenous and simple method of assessing the contribution of individual nodes as
well as the system-wide division of supporting urban, ecological, and hybrid elements.

Small-scale development, especially when located within conservation area buffer
zones, can have a marked impact on the future development of conservation areas, having
the potential to limit climate change adaptation strategies for �ora and fauna [7]. At the
same time, given the pro�t-driven and time-constrained nature of small-scale development,
managing complex urban-ecological interactions by involving various experts within an
interdisciplinary design team may be an untenable strategy towards practically achieving
synergies between natural wetlands and urban developments.
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In this context, the development of the concept map as a design and planning tool
that relies on quantitative information but provides system-level assessment criteria may
create opportunities for managing complexity and achieving synergies between small-scale
development and adjacent wetland areas. Additionally, the application of the FS princi-
ple for weighting inputs presents an opportunity for early-stage assessment of bene�t-
cost (BC) contributions using a weighted average approach. This responds directly to
the pro�t-driven nature of small development and, by assigning monetary value to eco-
logical services, may aid in creating and highlighting incentives for more ecologically
sound solutions.

To achieve this, an algorithm that allows the input of quantitative values and expresses
the weighted FS and BC contributions for each of the concept map nodes was developed.
Given that managing complexity was a key challenge identi�ed for small developers [9],
the algorithm was integrated within an interactive digital tool that allows user input and
provides a graphical interface for visualizing the impact of various design parameters
through the concept map.

In overview, the tool focuses on small-scale development and aims to provide an
interface that targets decision-makers in early design stages, helps manage complexity, and
provides a method of assessing design directions in terms of their BC ratios and potential
ecological impact (FS ratio).

To test and optimise the design of the tool, an Australian case study site was used
(Figure 1). The site was selected based on two key criteria: proximity to a natural wetland
conservation area and opportunity for small-scale development. The selected plot is located
near the northern border of the Gold Coast administrative area of SE Queensland, with the
region being located along the corridor linking Brisbane to the City of Gold Coast.
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Figure 1. (a) Case study site location; (b) Study site region within the Gold Coast administrative area.

Although presently characterised by rural and agricultural development, the area’s
strategic location along the Brisbane-Gold Coast corridor suggests a high likelihood of
future suburban residential expansion. This study site has a total area of approximately
7 ha and adjoins the Moreton Bay RAMSAR reserve, Cabbage Tree Point Conservation
Park, and the residential area of Cabbage Tree Point (Figure 1). Its positioning, therefore,
meets the two selection criteria. Additionally, proximity to the RAMSAR international
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reserve provides a further opportunity to explore the potential of supporting global wetland
networks through adjacent small-scale development.

Tool Interface Overview
The planning and design tool interface aimed to provide a simple graphical interface

that allows users to select speci�c design criteria and then visualise the impact of each
design aspect on the resulting urban-wetland system. The interface is split into four distinct
tabs representing the system as a whole and design parameters for the primary site �users�:
people, animals, and plants.

The default tab (Figure 2) features the concept map and is the key system output and
visualization tab. The concept map is weighted based on user-inputs selected in the other
tabs and adjacent menus. The map is designed to be navigable and interactive, allowing
users to zoom in and out in order to view speci�c nodes of the system. The information
panel on the left-hand side shows the overall system and individual selected node FS and
BC ratios, as well as the individual contributions of each node to the higher tier functions,
the whole system contribution, and the yearly per-person cost and bene�t equivalent. The
percentage contribution of individual nodes to higher functions can help inform design
decisions, either by improving the ef�ciency of the function that has the most impact or by
reassigning levels of contribution via design changes. Coupled with the BC information,
this feature allows the optimisation of individual subsystems to achieve the best BC/FS
ratio for a speci�c function (see Sections 3 and 6).
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Figure 2. Snapshot of the tool showing the �default� tab-weighted concept map (A), information
panel with individual node information (B), and system FS, CB, and yearly cost per person equivalent
values (C).

However, one of the challenges of designing urban-natural synergies is that, due to
the complexity of the system and its interrelated nature, optimising a particular sub-system
may lead to unintended consequences and sub-optimal results for other sub-systems. The
interface, therefore, allows for tracking the impact of individual nodes across different
sub-systems. Given that a speci�c ecosystem or urban function may contribute to multiple
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features of the overall system, individual function nodes may repeat within different sub-
branches of the map. They are highlighted in relation to user selection, and information is
provided in relation to their weighted contribution to each sub-branch. Interconnectivity,
FS, and BC can therefore be optimised from both bottom-up (individual function) and top-
down system interrelation and synergy potential (system or sub-branch level) perspectives
(see Sections 5 and 6).

In summary, the outcomes and weighting of the map are in�uenced by three intercon-
nected factors: user-de�ned design speci�cations, environmental conditions, and physical
site characteristics. These factors represent the key inputs of the interface and can be
adjusted either through the interface (user-de�ned speci�cations and site characteristics) or
via supporting.csv �les (environmental conditions, cultured species, and technologies). The
speci�c options and calculation methods, as well as the overall approach to input, output,
and testing, are discussed in detail in the following sections.

2. Materials and Methods
2.1. System Representation and Interface

The concept map and the key types of functions, nodes, and relationships were derived
via a literature review process, which is detailed in [7]. The structure of the algorithm and
interface therefore follow the categories, objectives, and functions de�ned through the map
and literature review, using the graphical concept map as the system representation.

The interface was developed using Processing (https://processing.org/, accessed on
26 June 2023), an open-source software that allows for standard visual and interactive
outputs as well as bespoke algorithm coding to integrate calculations and translate the
concept map into an interactive weighted system graph.

2.2. Base Data
The main inputs that determine the outcomes, overall system performance, and

evaluation potential of the tool can be split into two categories: base data and in-tool user-
de�ned options. The base data includes environmental, site, and performance parameters,
allowing for a customizable range of in-tool options. These parameters represent typical
design speci�cation aspects that impact energy and water ef�ciency and potential on-site
crop outputs. The in-tool user options connect each interface parameter with the associated
range of the base data, which further informs the quantitative value calculation assumptions
for each sub-system (see Section 3 for a detailed explanation).

Base data are stored in �ve main categories (Figure 3) of comma-separated values (.csv)
�le formats that can be altered using any text editor (e.g., Notepad or Excel) but are not
directly editable through the interface. The base data �le for building, water, energy, and
space standards summarises the requirements of local and international standards for each
category and is centred around providing average, good, and best practise target ranges
for the associated in-tool user options. The use and combination of standards provide a
robust, tried-and-tested base for the user-de�ned design speci�cations.

Standard target ranges are complemented by the technologies data �le, which includes
data regarding the performance and speci�cation of various renewable energy products as
well as on-site water treatment and supply solutions (e.g., constructed wetlands, solar stills),
which can be selected through the interface. We compiled the technology �le through a mix
of literature reviews, comparative product performance analyses, and online information
from individual manufacturers.

The climate and site data �le used is speci�c to the case study site and includes monthly
averaged values for a series of environmental parameters such as mean solar radiation, sun
hours, minimum and maximum temperatures, wind speeds and prevailing directions, and
tide levels. Monthly averages were calculated based on Australian Bureau of Meteorology
(BOM) 2014�2020 data. To ensure completeness of information for all parameters, we
collected climate data from three locations within the Gold Coast administrative region:
BOM Station 04319 Rocky Point Sugar Mill (for solar exposure), BOM Station 040854 Logan

https://processing.org/


Sustainability 2023, 15, 15533 6 of 54

City Water Treatment Plant (for temperature, rainfall, and wind), and Gold Coast Seaway
(for tide tables).
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Figure 3. Base data types (From [9]).

The food species and requirements data �les are also speci�c to the case study site and
relate to potential on-site food production. The requirements �le includes recommended
daily intakes (KJ/person day�1) for each of the �ve food groups as de�ned by the Australian
National Health and Medical Research Council (NHMRC) Guidelines [10]. Similar to the
technology data, we compiled the food species �le through a literature review, including
energy values and yields for plant and animal species that could be cultured at the case
study site and can be selected through the interface.

In the case of food species and technologies, the databases compiled are demonstrative
and were expanded only to the extent to which they ensured a broad enough range of
options to allow for testing the algorithm.

2.3. Tool Testing and Optimisation
The reliance of the model on local and international standard ranges, the use of

peer-reviewed literature and manufacturer data sheets to determine the performance of
technologies and the nutritional and yield information of cultured species, as well as the use
of conventional formulae to calculate energy outputs, provide a robust basis for calculation
at the input and individual node weighting levels. The aspects requiring further testing
and optimisation are related to the design of the interface itself, output, and assessment
criteria, as well as its usefulness and ease of use for its intended purpose.

Following an initial development phase of the tool, we sought feedback through a
focus group workshop that brought together key local stakeholders and two conference
presentations and panel discussions with relevant experts (see Section 4). Following this
feedback round, we adjusted the interface and in-tool user options to respond to key
stakeholder requirements and solidi�ed the FS and BC algorithms and calculation methods
(see Section 5).

The output and assessment criteria tests are divided into two phases. The �rst phase
consisted of individual parameter testing for the food, water, and energy nexuses. We �rst
tested each sub-system to determine sensitivity and best performance at the sub-branch
level. To account for interconnectivity, we derived two combined scenarios, which consider
the initial testing performance of both sub-branch and system, and compared them with a
base �business as usual� (BAU) case (see Section 6).

The second testing phase relates to the spatial testing of the numerical solutions. The
tool outputs are not spatially prescriptive, aiming to allow for greater design freedom in
later phases. The output, therefore, is a series of ideal areas and quantities for key function
nodes, which need further testing in terms of the feasibility of spatial arrangement and
application within a designed approach. This second phase is part of the future work re-
quired. To test the outcomes of the tool within a spatial design, the combined tool scenario
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outputs will be used as a design brief to inform an outline spatial design proposal for the
case study site. The spatial requirements of the design will then be cross-compared with
tool outputs to identify potential feed-back loops, compromises, or optimisations that can
be achieved through design. This phase will also include design strategies and typolo-
gies that can mitigate possible environmental impacts and ensure the feasibility of tool
output implementation.

3. Model and Interface Development
This section describes the weighting algorithm modelling phase and interface de-

velopment that relate directly to the main tool inputs and calculations for individual
sub-branches. The underlying calculations and assumptions for each area type are detailed
in the Supplementary Files�File S1. The user-de�ned design speci�cation and site charac-
teristics inputs relate to the so-called food, water, and energy nexus as well as urban land
use and building typologies. The impact of these decisions at the urban level is detailed
below and can be traced across natural ecosystem service contribution percentages derived
through the urban and natural area calculations described below as well as FS and BC ratio
calculations (see Section 5). The tool, therefore, includes animals and plants as functional
ecosystem service providers and inhabitants of the urban-wetland system.

3.1. Urban Development Areas
According to the classi�cation derived from the concept map and associated theoretical

principles, the system functions considered were split into three distinct categories: natural,
hybrid, and urban functions. The three categories are applied to all functions that support
�ve key system purposes: protection, productivity, transmission, security, and community
(see [7]). Urban development area calculations include all strictly urban areas such as
housing or access roads but also include some hybrid technical areas such as constructed
wetlands for water �ltration, roof raingardens, or renewable energy infrastructure. The
hybrid areas included here are considered a spatial subtype of urban development because,
although they may aid in increasing biodiversity (e.g., constructed wetland) or decreasing
overall resource consumption (e.g., energy infrastructure), the sub-systems connect directly
to the functioning of urban fabric and are linked only indirectly to ecosystem processes.

The tool calculates total urban areas and their associated footprints (see File S1�3.1)
as a sum of three types of urban areas: housing, access, and community. Technical areas are
not added to the total urban footprint calculation but form a subcategory of urban-hybrid
footprints. The extent to which the addition of these urban-hybrid functions can help tilt
the balance of the resulting urban versus natural footprint can be tracked within the concept
map across several nodes, such as food and water supply, rainwater catchment areas, or
as a means of diversifying site functions to include research, education, and alternative
revenue streams. The areas required for each of the four functional types (housing, access,
community, and technical urban-hybrid) vary according to the speci�cations selected in the
interface. The tool speci�cation options and system-level implications for each of the four
functional types are described below.

3.1.1. Housing Areas
The calculation for required housing areas is dependent on the number of people

inhabiting a given site and user options for the compactness of the design. The number
of occupants can be selected through the interface. The compactness options de�ne low
and medium �oor area per person requirements based on Australian averages and high
compactness required area per UK Nationally described space standards [11]. Within
the tool, the low, medium, and high compactness options correspond to single-detached,
duplex, shop-top, and high-rise housing typologies.

The resulting total housing areas (see File S1�3.1.1) represent gross internal areas cal-
culated as a function of the selected number of people and compactness options. However,
in terms of de�ning the urban-natural balance, building footprints represent a more robust
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metric. A generic, indicative occupancy and massing were therefore assumed for each of
the compactness scenarios (Figure 4).
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Figure 4. Snapshot of tool housing options (left) for compactness (A), building energy standard
(B), access type (C), and housing location (D); typology assumptions (right) for footprint, occupancy,
and height levels (Adapted from [9]�revised average occupancy per household; high rise per person
areas; and added annotation).

In the context of the case study site, the low and medium compactness options re�ect
a business-as-usual scenario for the area, while the high compactness allows exploration
of medium-rise (3�6 storeys) and high-rise (7+ storeys) options as de�ned through local
planning guidelines [12].

The housing footprints and areas calculated connect directly to the energy demand
of the site (see Section 3.3.3) and, in conjunction with the access and community space
options discussed in the following sections, re�ect the total urban footprint of a proposed
development. Additionally, the potential to enhance ecosystem services through urban
insertions will vary depending on the relative location of the wetland ecosystem. The
tool provides options for locating housing along four key site elevation zones (Figure 4D).
The housing area assigned to each zone is calculated as an even split. Although real-life
scenarios would likely entail uneven distribution, the assumption allows for exploring
system impacts. For example, locating stilt housing within wetland areas can contribute to
coastal protection by enhancing accretion or forming wind and wave buffers. This may
imply higher costs for foundations and limitations in terms of achievable heights and the
number of units. However, inhabiting only dryland areas entails a smaller number of
interventions supporting coastal protection and redundancies for the system. This may
result in increased stress on the ecosystem and an overall less robust system that lacks
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redundancies. These trade-offs can be assessed through the concept map and can inform
decision-making in later project stages.

3.1.2. Access Areas
The interface provides options for access and transport types required, which may aid

in decreasing the total urban footprint and may have an impact on the type of community
inhabiting the site. In relation to the above example of the impacts of housing location
along site gradients, a potential solution to obtaining a higher number of units (higher
occupancy) while also accounting for cost savings, redundancy, and additional coastal
protection interventions may entail retaining denser housing typologies within dryland
areas but deploying light access infrastructure to support wetland areas. The tool, therefore,
allows a degree of exploration through access and transport options. Access type options
include private, mixed, and public access to the site, while transport options allow for
provisioning for car, boat, or walking/cycling access (see Figure 4C). Each of the options
assumes a different distribution and associated access footprint based on the selected
housing area typology (see File S1�3.1.2).

Depending on the transport type selected (car, boat, cycling/walking), infrastructure
relating to each transport mode would be included or omitted from the calculation of the
total access area footprint. Although the access area calculation is a rough estimate, it
provides an indication of the scale and contribution of different access scenarios to the
overall urban footprint, as well as other systemic implications for other functions of the site.
An example is the impact that the location and type of access can have on the recreation
and environmental quality (community health) values assigned to the site. These functions
are supported by alternative transport means that are linked to outdoor activities and can
be enhanced by considering alternative access scenarios. A second relevant example is
that of nearshore area access paths, which can positively contribute to coastal protection
measures. However, the coastal protection bene�t needs to be balanced against the impact
on the transmission functions. Under the transmission-infrastructure impact sub-node,
the proportion of areas affected or altered by urban interventions is weighed against the
number of natural tidal creek areas, giving an indication of the scale of the urban impact on
the natural system. Highlighting these multiple impacts and interactions can help optimise
design to achieve a healthier, more diverse, and more productive pro�le for a given site.

3.1.3. Technical Urban-Hybrid Areas
Technical urban-hybrid areas, as previously described, relate to infrastructure that

provides some biodiversity or consumption reduction bene�t but does not directly connect
with the natural ecosystem. The urban-hybrid areas that entail an additional hybrid
footprint are those of water and energy infrastructure, with roof raingardens and vertical
farms assumed to be integrated within the design of the housing areas, thus creating no
additional footprint. The areas for raingardens and vertical farms, however, have an impact
on the overall system character and can impact �ood and storm surge protection strategies
as well as the overall research or education potential of the site.

The interface provides several options for constructed wetland types and food species
cultivated in the vertical farm, while the options for roof raingardens only allow for
inclusion or exclusion. Constructed wetland and vertical farm areas are therefore calculated
according to the food and water demands of the site, considering the �ltering capacity of
wetlands and the yield of selected vertical farm species. The calculations and assumptions
for food, water, and energy are discussed separately in File S1�3.3. If included, roof
raingardens are assumed to cover the entire roof of all housing units, the area being a
function of the compactness options and site occupancy discussed above.

Technical areas such as wetlands, raingardens, or vertical farms connect to the system
community node and contribute to the site’s potential use for research and education. The
potential use of these site areas for research and education creates a further link to the
productivity node, mapping the potential revenue diversity of the site. At the same time,
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from an ecological perspective, the technical areas help to increase diversity and create
additional habitat for plants and animals. This impact can also be mapped under the plant
and animal diversity nodes linked to overall site productivity.

Roof raingardens and constructed wetlands also have an impact on the storm protec-
tion function of the site. The contribution of each area can be assessed under the urban
catchment node of the concept map, which considers the number of permeable surfaces
that act to mitigate runoff during storms, therefore decreasing �ood risk.

Additionally, the vertical farming areas play a role in achieving system resilience in
terms of food security by diversifying food supply sources and types. The water and energy
infrastructure areas play a similar role, aiding to diversify water supply and treatment
methods, ensuring redundancies for energy supply, as well as providing cost savings and
ecological bene�ts. Figure 5 provides a visual representation of the nodes discussed above
and highlights which subsystems they can contribute to.
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Figure 5. System services and functions impacted by changes in technical hybrid-urban areas
(highlighted in green).
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3.1.4. Community Areas
The tool provides a series of options relating to wetland-derived community activi-

ties (e.g., wetland citizen science research, educational activities, leisure, mangrove food
and dye processing, ecotourism, etc.) as possible alternative site uses and potential addi-
tional revenue streams for the inhabitants of the site. Community areas include generic
community areas and community research, education, and retail areas.

The generic community space options are linked to the recreation and community
interaction nodes of the system map, allowing for the selection of either indoor or outdoor
space provision (Figure 6). The tool aims to provide �exibility for the use and activity types
associated with community spaces, considering potential uses as reading rooms, show
rooms, meeting rooms, or coworking spaces. Due to the type of potential uses considered,
indoor community spaces are linked to the community interaction map node and are
weighted against outdoor research, education, and retail community areas, re�ecting the
balance of human-to-human and human-to-nature degrees of interaction speci�c to the
design. If selected, the generic outdoor community space is counted as a hybrid type of land
use and aims to provide outdoor community recreation areas that accommodate outdoor
picnic areas. The recreation potential of the site can be assessed from the community point
of view as the ratio and balance between outdoor natural areas and the sum of outdoor
community, cycling, footpath, and shared tidal creek (water access) areas.
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Figure 6. Tool community options (left) and system services and functions impacted by changes in
community areas highlighted in green (right).

The options for community research and monitoring relate to speci�c site areas, which
may provide data of research interest. Depending on the combination of selected areas and
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uses, the sites’ research potential can be assessed in terms of the balance of contribution
between urban, hybrid, or natural areas of the site.

For the urban environment, monitoring of energy-ef�cient housing, roof raingarden,
and constructed wetland performance is considered. For hybrid land use monitoring and
research around sustainable on-site farming such as vertical dryland farms as well as salt
marsh, mangrove, and nearshore-derived food cultures, these were considered and inte-
grated within the interface options. Lastly, monitoring and research surrounding natural
habitats in connection with the RAMSAR and local conservation area were considered.

In terms of the total urban footprint component, research activities in constructed
wetland, natural, and hybrid cultured wetland areas entail the insertion of additional
infrastructure for access and maintenance (see File S1�3.1.4 for assumptions and dimen-
sions). Therefore, the tool calculation of the total urban area necessary to accommodate the
various community options may be used to assess the resulting urban-ecological balance of
speci�c designs. At the same time, the individual area type calculations that form the sum
total urban footprint allow for mapping interrelations and assessing trade-offs between
community and ecological bene�ts via the concept map. This allows for selecting and
optimising general design strategies that may be used in later spatial design processes.

3.2. Natural Environment Areas
Natural area calculations provide a counterpoint to the previously discussed urban

development areas and are used to highlight the balance of contribution between urban
and natural elements to the system as a whole, using footprints. Natural areas fall into four
different categories, which subdivide the site based on elevation and, implicitly, salinity, PH,
and inundation levels and frequency. The four categories are dryland, salt marsh, mangrove,
and nearshore areas, of which the last three form the wetland ecosystem (Figure 7).
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Figure 7. Division of the sites’ natural area zones and functions.

Dryland areas refer to areas not subject to tidal inundation. Salt marsh and mangrove
areas are characterised by infrequent and frequent inundation, respectively, while nearshore
areas are permanently submerged. The gradient of inundation and the hydrological cycle in
turn determine the salinity and other soil characteristics that have been linked to vegetation
distribution in various research studies over the past decades [13]. Although the biological
processes impacting vegetation distribution are complex, site zoning based on elevation
and inundation frequency provides a good indication of possible distribution and natural
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area extents. The extent and type of vegetation are important factors in determining the
type and amount of contribution each natural area can make to the entire system.

Total natural areas are calculated as a sum of user inputs regarding the initial extent
(m2) of each natural site zone from which urban and hybrid areas are subtracted based on
the speci�c design con�guration and urban footprints assigned to each zone. In terms of
hybrid areas, the natural environment includes hybrid area subgroups used for alternative
food cultures. In line with the approach detailed for urban-hybrid areas, natural-hybrids
form a distinct sub-category and are subtracted from the total natural footprint calculation.
In contrast to urban-hybrid areas, natural-hybrid subtypes connect directly to the surround-
ing ecosystem, sharing hydrological and nutrient cycles. For this reason, all hybrid culture
options included within the tool focus on sustainable farming techniques (e.g., techniques
that do not require external nutrient and fertilizer inputs) using adapted and endemic
species as alternative nutrient sources. The speci�c calculations for natural-hybrid areas
are discussed in File S1�3.3.1 as part of the food-water-energy nexus [14].

Preliminary �ndings derived from the initial development of the tool showed that of
the services and functions identi�ed through the literature review, 48% can be supported
through hybrid urban-ecological processes and applications, 27% can be supported strictly
by natural ecosystems, and only 25% require strictly urban processes and applications [9].
This indicates a high potential for providing a large portion of urban services via natural
and hybrid processes and infrastructure. Compared to traditional approaches, where
most of these services do not contribute to the conservation and expansion of surrounding
ecosystems, maximising the use of natural and hybrid services opens the possibility for
urban development to support and enhance adjoining ecosystems through a higher degree
of urban-natural symbiosis, which would bene�t both the natural and the urban.

Figure 8 provides an example, highlighting the system-wide impacts that natural and
hybrid mangrove areas can have. As evidenced in the diagram, mangrove areas can partly
support all the key urban system purposes identi�ed.

From coastal protection strategies to food production, alternative leisure activities,
community building, and creating research and education interest, hybrid and natural
mangrove areas could provide a huge number of services that can be exploited through
sensible design strategies. At the same time, implementing and simultaneously harnessing
all these services depends on a balanced approach, careful consideration of both natural
and urban needs, and the complex interrelationships that de�ne them.

In terms of mediating urban-natural interactions, hybrid processes and infrastructure
can provide a valuable connection point, as evidenced by the large number of services and
functions that they support. From the perspective of urban use of the site, the combined
hybrid infrastructures and applications describe the food-water-energy nexus and how the
sites’ resources are managed. The following section discusses the impacts of urban and
natural-hybrid food, water, and energy systems and available tool options, with calculations
and assumptions detailed in File S1�3.3.

3.3. Food, Water, and Energy Nexus
Urban and natural footprint balances have a marked impact on the type of community,

research, education, and revenue potential, as well as the type of ecosystem services that
can be supported. The way in which these activities and the site inhabitants relate to the
ecological resources of the site is important in terms of achieving synergies and maintaining
a balanced human-natural use of the site. These aspects are further discussed here through
the lens of the food, water, and energy nexus.

The in-tool options for food, energy, and water can be adjusted through the �People�
tab, which relates to the use of the site by people and links to the output map and system-
wide impacts, as well as the �Plants� and �Animals� tabs through the on-site food culture
options. Figure 9 shows a snapshot of the interface and identi�es the various menus in
relation to each of the three topics.
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Figure 8. System services and functions supported and impacted by hybrid and natural mangrove
areas (highlighted in green).

In terms of the systemic impact of these options, the food, water, and energy subsys-
tems connect primarily to the transmission and security nodes of the map, which can be
used to assess the balance of on-versus off-site resource use as well as the overall indepen-
dence and potential resilience of the system achieved through diversifying resource supply.
As seen in the previous section, there are also various secondary implications in terms of
opportunities for community activities, coastal protection, and increased productivity for
the site.
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Figure 9. Tool snapshot showing options for energy (A1,A2 windows), water (B1,B2 windows), food
(C1,C2 windows), and technology menus (D window).

All three categories include both resource supply and waste or recycling streams. For
energy, this entails energy production and excess energy, which could be stored or sold
back to the grid. Water services, mains, and alternative supply sources are considered
in conjunction with the resulting wastewater, which can be recycled for toilet use or fed
into the main sewage system as waste. For food production, off- and on-site food supply
are considered in conjunction with the different resulting household waste types, which,
depending on the waste type, can be recycled off-site or, for organic waste, reused in situ.

The calculations for supply and demand for each of the three systems are based on per
person demands and an adjustable target percentage of the demand that is met through
on-site applications, assuming that the total demand is met fully throughout the year.
Given that the performance of water �ltration and energy generation systems depends on
the technology used, various combinations of water and energy generation technologies
can be selected through the top drop-down menus (Figure 9D). Assumptions, options, and
calculation methods for each subsystem are described in more detail in File S1�3.3.

3.3.1. Food
The concept map and identi�ed links reveal that food sub-systems, especially on-site

hybrid culture areas, have multiple implications relating to all �ve system purposes. To
assess and weigh the corresponding system nodes, the tool uses per-person demands to
calculate required crop areas and resulting waste streams (see File S1�3.3.1) based on a
series of possible user options.

Food sourcing can be tailored based on user input within the �People� tab of the
interface (see Figure 9C2). The percentage of the total demand to be produced via on-site
cultures can be adjusted for each food group, determining the on-site food demand as
a function of the total yearly demand for a given number of site occupants. The on-site
food production targets relate to more detailed options in the �Plants� and �Animals�
tabs, which allow for selecting cultured species (see File S2 for a species list) and provide
information regarding required culture areas and energy values for each species. The
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general food options menu (Figure 9C1) allows users to select the types of cultures by
wetland zone. Further to the selection of species and adjustment of on-site production
percentages, the required crop area for each selected species is displayed in the afferent
plant or animal tab (Figure 10).
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Figure 10. Tool snapshot of the Plants Tab shows an example of how selected cultured species
information is conveyed.

The detailed information provided in the animal and plant tabs can help tailor on-site
food supply strategies and understand the relationship between food demand, plant yields,
nutrition values, and required crop areas. For example, crop species can be strategically
selected to minimise crop areas while maximising the nutritional value and diversity of the
crop. At the same time, the editable base data �le allows for �exibility and can be adjusted
based on crop optimisation software output or to include endemic species for different
site locations.

The concept map, on the other hand, allows for an understanding of how cultured
areas affect the overall performance of the system through hybrid, natural, and urban
system balances and possible bene�ts for each sub-system. Further opportunities relating
to community activities, possible alternative revenue streams, research and education
potential, coastal protection opportunities, and resource diversi�cation can also be linked
to hybrid food culture areas. The implications and opportunities vary depending on
the cultured species, their location within the four site zones, and the type of agricul-
ture practised. For example, innovative or sustainable farming practises may play a role
in the site’s research and educational values, while the culture of endemic or unusual
food species may create opportunities for on-site retail and other revenue-generating
activities. Therefore, the tool outcomes and analysis can inform on-site food produc-
tion design decisions and strategies in relation to both sub-system optimisation (optimal
crop selection and areas) and whole system implications (e.g., community, research, or
educational bene�ts).

In conjunction with food production strategies, the tool provides several waste man-
agement options, including composting, the use of crop residues as feed, and the use of
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farm manure as fertilizer (see Figure 9C2). In terms of the systemic implications, waste
streams, composting, and feed recycling options impact cost savings (see Section 6.3 and
File S6), as well as natural-urban balances supporting transmission and security system
purposes through waste reduction and creating incentives to minimize non-native feed and
fertilizer use and their impact on the health of adjoining ecosystems.

3.3.2. Water
Water sourcing, supply, and waste stream treatments are key design factors that

in�uence the resilience of the system as a whole as well as having an impact on resource
use and possible environmental contributions that offset this use. In relation to this, the tool
provides various options for exploring the system-wide implications of both conventional
and alternative water supply and treatment strategies (Figure 11). The impact of each
option is dependent on its quantitative weight, which is calculated based on some basic
assumptions and formulae detailed in File S1�3.3.2.
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Figure 11. Tool snapshot showing water and energy general menus (left) and information
display (right).

All the water treatment options are based on technologies that can be used to generate
potable water from their respective sources. Less common applications such as grey to
drinking water conversion through combined wetland and purifying �ltration [15] as well
as low-tech options such as solar distillation [16] were included in the technology list among
examples of typical small-scale RO desalination units and wetland con�gurations re�ecting
the major types of constructed wetlands (e.g., free, subsurface, horizontal, and vertical
constructed wetlands). While the list is not exhaustive, the selection currently included in
the tool (see File S3) represents the key technology types presently available for small-scale
use and allows for assessing the overall difference in terms of water output, required
footprints, contribution to the system, and overall health of the surrounding environment.
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Excess supply also has an impact on system resilience via the security purpose node, where
excess water and energy contribute to diversifying security functions and improving FS
ratios. Similarly, the tool assigns monetary equivalent bene�ts (current market cost) from
excess supply, which can improve the BC ratio of the security purpose node (see also
Section 6.4).

Aside from the supply and treatment of water for human use, the tool also considers
natural waterways and their role in maintaining continuous, healthy nutrient cycles. The
total area of a site’s natural tidal creeks can be introduced through the interface and is
weighted against total areas of shared waterways (e.g., for boating or agricultural usage)
and urban infrastructure as contribution (FS) percentages. As nutrient cycles are complex
processes and are not contained within rigid spatial boundaries, the tool only accounts for
the afferent area that supports nutrient cycles but not nutrient compositions and levels.
However, numerically comparing natural and hybrid use area sizes offers an indication as
to the levels of disturbance that speci�c design options might create.

3.3.3. Energy
Energy consumption is the third major way in which people interact with and may

utilise the natural resources of the site. At a systemic level, energy production impacts
the site’s urban-natural balance, with off-site energy generation categorised as an urban
function, regardless of the type of municipal or other public infrastructure. This is in
line with theoretical principles and system aims of maximising site usage, as well as
redundancies identi�ed through the literature review underpinning the development of the
concept map. Source diversity and redundancies impact the resilience of the system, linking
to the sites’ overall security measures. At the same time, on-site energy infrastructure may
also present opportunities to improve wetland processes through strategic placements that
work with existing hydrological cycles.

Energy demand is closely linked to the applied construction standard (tool housing
options) as well as the performance of appliances. The tool allows for selecting amongst
average, good, and best practise construction energy performance standards, with the total
demand varying according to the number of people and implicitly required construction
areas. To meet the resulting energy demand, energy sourcing options are provided through
the interface (Figure 11). Target percentages for the amounts of energy demand met via four
types of conventional and alternative sources (grid, solar, wind, and hydro) can be adjusted.
The energy demand calculations (see File S1�3.3.3) give an indicative consumption value,
suf�cient for the purpose of exploring the impacts and trade-offs for speci�c built standards,
performance con�gurations, and choices of energy generation technologies (see File S4 for
products included in the tool). Later design stages should include design and site-speci�c
energy modelling, the results of which could be fed back into the tool for a more accurate
calculation and re-evaluation of the FS and BC criteria.

The tool provides insights into the system-wide implications of common alternative
energy generation strategies as well as allowing a comparison between the performance
and footprints of different currently available products. Key systemic implications include
the relationship between investment costs and long-term savings from on-site energy
generation, the potential for community research activities in relation to innovative energy
generation systems, and, most importantly, the overall system resilience, which can be
improved by diversifying energy sources and through added redundancies. At the same
time, solutions catering to urban energy demand should be considered in relation to the
overall impact on the urban-ecological footprint balance, which in turn impacts the ability
of the surrounding ecosystem to provide vital services.

3.4. Summary and Subsystem Level Output
The calculations and assumptions described above de�ne the underlying method for

quantitatively weighting the system concept map function nodes (outermost circle of the
map diagram). Although several simpli�cations and assumptions were made, overall, the
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interface provides ample opportunity for comparative appraisal of different design options,
both at the level of system-wide implications and for individual sub-system optimisation.

Due to the complex interrelationships formed, it is not a foregone conclusion that
optimising each subsystem individually will lead to the best overall system design outcome.
The tool, however, allows for the various system-wide implications and implicit trade-offs
between the different site functions and their natural-urban footprint balance to be assessed
through the system map.

Although the tool makes speci�c recommendations for required areas, the recom-
mended areas are not prescriptive in terms of their spatial design. In other words, the
strategies derived from the tool output in the early design stages can be further enhanced
through considered spatial design. In a spatial design, the idealized tool output areas could
be minimized by integrating separate functions within the built fabric or could be divided
and distributed across the site to support speci�c ecosystem functions. The tool, therefore,
provides a basis for developing coherent systemic design strategies that inform the goals
and priorities considered in later spatial design stages.

To assist with the testing and implementation of the tool outputs in the context of
spatial design, the tool provides a subsystem-level output �le that can be exported from
the interface. The �le contains the output calculations for each of the key nodes impacting
urban, hybrid, and natural function footprints. The output �le summarises calculation
outputs in a format that may be used as a design brief component, highlighting required
spatial areas and indicative speci�cations for spatial design. Figure 12 shows the content,
parameters, and overall structure of the output �le.
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Figure 12. Sub-system-level output �le content and parameters.

The calculations, interface design, and sub-system outputs presented thus far formed
the basis of the initial tool development phase. The testing and improvement of the
interface, FS and BC algorithm development, as well as system-level output generated by
the tool, are discussed in the following sections.
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4. Feedback and Optimisation
The initial tool development phase included partial quantitative calculation scripting

and weighting of the system map, interface design and development, and conceptual
development of the FS and BC algorithm logic. Following this phase, feedback was sought
through two conference presentations and one focus group. While the conference presen-
tations provided a broad range of more informal feedback, the focus group speci�cally
targeted key stakeholders for the case study site and, more generally, the Australian context.
The following sections describe the conference presentation and paper content in relation
to tool development, feedback, and subsequent optimisation of the tool.

4.1. Conference Presentations
Preliminary �ndings based on the initial tool development were presented at two

conferences in 2021. Both conference presentations included round-table discussions and
peer feedback following the presentation sessions. The IAAC Responsive Cities Design
with Nature Symposium [17] was an international conference targeting an expert audience
in the �eld of architecture, speci�cally the theme of design with nature. The presentation
and associated conference paper (see Giurgiu and Baumeister [9]) introduced the tool
development methodology, key interface structure, and features, as well as preliminary
testing outcomes.

The second presentation took place at the International Association for Hydro-
Environment Engineering and Research’s (IAHR) �rst conference of the IAHR Queensland
Young Professional Network in 2021 and included a published, peer-reviewed extended
abstract and presentation [18]. The event targeted early-career researchers and provided
an opportunity for feedback and discussion with senior �eld-related experts. The presen-
tation focused more on the links and preliminary �ndings relating to the water and built
environment aspects of the tool.

In both cases, the tool was deemed to have the potential to provide relevant infor-
mation in early design stages and, in particular, to assist in correlating and optimising
early design aims to prepare and coordinate interdisciplinary collaborations necessary for
later project stages. At the same time, the question of validating results was raised in both
discussions with distinct nuances. The IAAC panel raised the question of implementa-
tion and aspects such as achieving the envisioned community involvement and necessary
lifestyle adjustments in practise, while the IAHR panel focused on validating outputs and
calculations, suggesting the use of modelling, and comparing existing cases.

The suggestion for validation via modelling was included in the methodology and
forms the topic of future work on spatial testing, as described in Section 3.1. The practical
implementation veri�cation would require further research, which may form a subsequent
development stage that goes beyond the proof of concept that the project currently aims
to provide.

4.2. Focus Group
While the two conference presentations provided an international and academic

perspective revolving around the perceived usefulness of the tool and potential steps to
verify results, the formal focus group focused on key stakeholders speci�c to the Australian
context and the chosen case study site. Key stakeholders identi�ed were split into three
types of interest groups: ecological, urban, and social. The ecological interest group
included animal and ecosystem conservation, permaculture, and climate change adaptation
sub-groups. The urban interest group focused on urban development in general and
included land developers, local planners, managers, and economic consultants as key sub-
groups. Lastly, the social interest group included local farmers, academics, and community
engagement experts as key subgroups.

The focus group was structured as a half-day workshop that aimed to bring together a
small number of stakeholders, with one or two stakeholders representing each subgroup.
The call for participants and information sheet (see File S5�Information Sheet) were sent
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to approximately twenty organisations and individuals, and a group of eight stakeholders
representing the majority of the sub-groups participated in the workshop (Figure 13). Due
to a lack of response, wildlife conservation, permaculture, and local management groups
were not represented at the workshop. However, the combined experience of each interest
group was deemed suf�cient to provide insight into all aspects of the interest group.
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Figure 13. Focus group participants by stakeholder interest groups and sub-groups. Grey sub-groups
were not represented in the workshop.

A brief presentation was given, which introduced the tool scope, preliminary �ndings,
and concept for assessment criteria. This was followed by a demonstration of the initial
tool, group discussion, and individual testing of the tool by each participant. Following
individual testing, each participant was asked to complete a written questionnaire (see
File S5�Questionnaire) addressing four key topics: perceived utility and ease of use
of the tool as a planning and design aid; perception of how fairly the agenda of the
interest group was represented through the tool; perceived gaps and opportunities for
developing the tool; perceived opportunities for other applications of the tool. Following
the workshop, a summary of the key topics and feedback points discussed was provided
to each of the participants to allow for any corrections or clari�cations (see File S5�Key
Discussion Points).

In relation to the interface design, stakeholders indicated that, although it may require
some prior training, the interface had an appropriate level of complexity for professionals
such as planners, developers, land managers, businesses, academics, and researchers. It
was noted that the interface may require further simpli�cation if the intended user group is
expanded to include members of the community or other laypersons.

In general, the information provided through the tool was deemed useful, and stake-
holders suggested several possible applications for the current format of the tool but also
highlighted the potential to adapt the underlying script for other applications. The oppor-
tunities for the current format were centred around the use of the tool as a visioning tool for
planning applications, an enabler for engagement between stakeholders, or a planning tool
for developing existing dryland areas into new wetlands. Alternative applications included
adapting the tool for other types of ecosystems and using the tool as an educational module.

Key suggestions for improvements came from the community social sub-group and
the developer urban sub-group. From a land developer perspective, it was suggested that
FS assessment criteria should be more closely aligned with the current legal, planning,
development, and �nancial context, providing insight into the relationship between the
output of the tool and current prescriptive targets, a view that was also supported by the
representative for the local farmer sub-group. At the same time, the panel noted that, as an
assessment criterion, the FS concept could provide exciting potential to streamline planning
processes through the use of a single indicator. The BC assessment criteria were deemed
aligned with current practise.
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This feedback was subsequently integrated by adjusting the ranges used for the base
data �les to include local targets such as energy caps, average housing footprints, and
spatial regimens. Additionally, the spatial testing design phase will include a comparison
between FS and spatial outcomes based on the tool and existing approved proposals
in relation to the current planning and development strategies, which should improve
correlation and clarify how the FS criteria may relate to the current indicators and strategies.

From the perspective of the community sub-group, it was suggested that the quantita-
tive approach created somewhat of a bias in terms of representing community interests,
which are not easily quanti�able. The initial tool version included a prescriptive approach
to community spaces, re�ecting quanti�able aspects for speci�c functions. It was suggested
that this may be overcome through the tool by providing a simple yes/no option to include,
for example, indigenous heritage present or adjacent to the site, which could further be
supported through other references external to the tool. This suggestion was integrated
partly into the main tool output, which, based on the options selected, provides some
guidance in terms of design strategies. Additionally, the approach to community space
calculations was adjusted to allow a range of possible functions. A quanti�able footprint
can still be calculated as described in the previous sections, but the speci�c function of
community space is not prescriptive.

Overall, both conference presentations and focus group provided a diverse range of
feedback from international and local peers as well as key local stakeholders. This allowed
for some optimisation of the basic assumptions and underlying workings of the tool, as
well as identi�cation of testing strategies and key points to be addressed in the following
project phase of spatial testing.

5. System-Level Output and Assessment Criteria
Given the positive feedback and following optimisation of the individual calculations,

the next development phase of the tool focused on the FS and BC algorithms, establishing
strategies for breaking down, calculating, and assigning cost, bene�t, and FS ratios in the
context of the decentralised structure of the system graph. The following sections describe
the underlying logic of the FS and BC calculations and the structure and content of the
system-level output.

5.1. Fair Share Ratio
The FS calculations are used to normalise quantitative inputs and provide an insight

into the amount of contribution each node provides for the system. FS is expressed as
the overall percentage contribution of urban, hybrid, and natural functions towards the
upper nodes for ‘means’, strategies, purposes and the entire system. Regardless of the tier
that it is located on, each node stores two types of information: local and global. Local
information is related to the sub-branches of each node, storing base values that are passed
inward from nodes on the outer circles. Global information represents the normalized
percentages of hybrid, urban, and natural supporting functions of each node and is passed
inwards towards the inner circles. The FS calculation is, thus, a step-by-step algorithm that
starts with the quantitative inputs on the outermost circle where function nodes are located,
passing the quantitative weight of each function node up to the inner circles representing
‘means’, strategies, and system purposes (Figure 14).
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Figure 14. FS calculation algorithm as a step-by-step process and its connection to the system graph.

The �rst step of the calculation is the most important and revolves around the quanti-
tative inputs stored in the function nodes as local information. Based on these quantitative
values, the global information of the weighted percentage contribution to the upper nodes
and system is calculated for each sub-branch. While most functional sub-branches share the
same quantitative units, the units vary across different sub-branches. Based on their units,
function sub-branches can be split into two categories, which employ different calculations
for the contribution percentage. The �rst calculation method applies to sub-branches that
track various footprints and are expressed in m2. For these branch types, the percent
contribution is calculated as the percentage of the whole site area represented by each
speci�c node. The percentages are then remapped from the range of 0 to sum total sub-
branch percentage to that of 0 to 100% to generate a weighted global value passed up
to the corresponding ‘means’ node. Additionally, each function node is assigned a type
(urban, hybrid, or natural), which is also part of the global information passed upwards.
The second calculation method refers to sub-branches with various quantitative units other
than m2. For these sub-branches, the global information also contains the type of the node,
while the percent contribution is calculated as the percentage of each node quantity of the
sum total for the sub-branch. As an example, in the case of energy and water supply, this
translates into a percentage of the total demand met by each function node, while from
an energy and water security viewpoint, the algorithm attributes weight according to the
percent excess energy and water generated by each source or function node.

In the second step, function node global values are stored as ‘means’ node local
information in the form of the total urban, hybrid, and natural percentage of functions
supporting the speci�c ‘means’ node. To calculate the global value for a ‘means’ node,
the sum total of urban, hybrid, and natural percentages is calculated across all the ‘means’
sub-branches, with the ‘means’ node contribution being expressed as:

‘Means’ node contribution (%) = (å (U, H, N) node/å (U, H, N) ‘means’ branch) � 100 (1)
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where U, H, and N are the global percentages inherited from the function subbranches.
The global information transmitted from the ‘means’ nodes to the upper strategy

nodes is therefore the total contribution percent and percent of urban hybrid and natural
supporting functions for each node. The following calculations for strategy and purpose
nodes follow the same logic, passing upwards the total percentages of urban, hybrid,
and natural function support from all sub-branches and calculating the node contribution
across strategy branches. Applied to the purpose nodes, the same calculation yields the
FS ratios of the whole system, showing the total percent of urban, hybrid, and natural
supporting functions and the total percent contribution of each purpose node to the entire
system. Further to this, the same step-by-step logic is used to calculate the total percentage
contribution of each node to the entire system.

Figure 14 summarises the steps described above, providing a visual representation
of the FS calculation and the relationship of the calculation to the tool output graph and
node structure.

While the �gure describes the main steps of the calculation, the FS calculation algo-
rithm runs as a continuous feedback loop, updating and recalculating FS ratios according
to the user options selected for the parameters described in Section 3. Additionally, via
the default tool tab, the resulting contribution percentages for each tier can be viewed
both at the system level and at the level of each node, allowing for design optimisation on
multiple levels.

In terms of assessing design outcomes through the lens of FS ratios and system inter-
relations, there are two separate aspects to consider. Firstly, several strategies for achieving
synergies and increasing the diversity and robustness of the system were described in detail
in Giurgiu et al. [7]. The strategies were derived from state-of-the-art frameworks that
aimed to synthetise and translate principles for how natural systems function and maintain
their high diversity and resilience over time into urban system design. The system map
allows for tracking the degree to which these principles are integrated into a chosen design
option, providing a way to adjust design options to obtain a more diverse and resilient
system. Secondly, the concept of FS derived from the permaculture framework entails that
a balanced and equitable allocation of resources and space for both the urban and ecological
systems is required to enable sustainable outcomes. In practise, however, it is challenging to
determine a prescribed ideal ratio that would allow both urban and ecosystems to �ourish.
This is mainly due to the interconnected nature of ecological systems and the multitude
of overlapping processes that they rely on. For this reason, the outcomes of the fair share
calculations will be assessed against a business as usual scenario and analysed in terms of
the potential improvements and opportunities that applying the aforementioned princi-
ples may create relative to the current planning and development context (see Section 6).
Further to that, the BC ratios may provide insight on whether a speci�c FS con�guration
proves equitable or not (see Section 5.2). At the same time, BC ratios and yearly per-person
costs and bene�ts can be viewed as indicators for both the feasibility of implementing a
particular solution and the number of incentives for urban-ecological synergies created
through a speci�c design.

The following section describes the assumptions and calculation methods for the BC
algorithm applied.

5.2. Bene�t Cost Ratio
Bene�t cost analyses rely on itemised costs and bene�ts to determine the economic

performance of a speci�c design or system. Due to the structure of the system graph
and the division and duplication of nodes to calculate contributions according to speci�c
purposes, strategies, and means, the categories of bene�ts and costs calculated within BC
literature cannot always be applied directly to the system map nodes as they would result
in duplicate costs or partial representations of values. Two options for overcoming this
effect were considered for the BC calculations. The calculations could either be based on
analyses con�ned to a single system purpose, or single BC values could be distributed
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according to a weighted percentage. Upon an initial review of BC analysis literature, it
became apparent that the �rst option would be impractical as the majority of analysis
criteria were not easily correlated into the same categories used for system purposes.
The weighting option, however, had the advantage of being more easily linked to the
existing algorithm, presenting the opportunity to use system FS contribution calculations
as weighting percentages to distribute costs for repeating nodes. The BC algorithm is
therefore based on per-unit monetized BC values derived through a literature review for
each individual node.

For repeating nodes and composite nodes (e.g., sums of other nodes), the algorithm
assigns BC values as a fraction of the total cost or bene�t value. The fraction or weight
assigned for each instance of a node is linked to the total system contribution percentage of
each instance, whether as an individual node or as part of a sum. As an example, cultured
mangrove areas may support multiple purposes, and, given the representation convention,
the node would appear multiple times across the system graph. At the same time, some
strategies and purposes are linked to the total wetland area, of which cultured mangroves
are component parts. Although the quantitative value (total m2 of cultured mangroves) of
the node remains the same, the FS upper node and total system contribution percentages
will re�ect the weighting of that value within the context of the speci�c branch or system
purpose (see Section 5.1). To arrive at the weighting fraction for individual instances, the
FS system contribution percentage of each instance is added across the whole system,
with each instance being remapped from a range between 0 and the total FS contribution
of cultured mangroves to a range of 0 to 100 percent of the total cost and bene�t value
assigned to cultured mangroves.

The cost-bene�t values considered for each node are included within a linked editable
base data �le. The current �le includes a set of indicative BC values for each node (see
value tables in File S6). Cost values were de�ned through a value transfer method and
included both capital and operation and maintenance costs (O&M), while bene�ts focused
on total economic values and holistic valuation data, including both market and non-
market bene�ts. Based on monetized per unit costs and bene�ts, the current data �le
includes BC present values calculated in 2022 AUD, considering a 7% discount rate over a
10-year period. While the File S6 tables include breakdowns into per-unit capital, O&M,
and bene�t values, the algorithm relies only on the resulting present cost and bene�t values
of each node. More in-depth BC analyses can therefore be performed using other cost
evaluation software and linked into the tool outputs via the csv data �le. This also allows
for customising time ranges and discount rates, a feature not included in the in-tool options.

On the basis of the values associated with each node and the weighting strategy de-
scribed above, the tool algorithm calculates costs and bene�ts for each function node, with
upper node values representing the sum total of their respective subbranches. Depending
on the site occupancy and size, the resulting values may be quite large. To provide an easily
comparable and understandable result, costs and bene�ts for both nodes and systems are
expressed as a yearly per-person contribution. For individual nodes, per-person costs and
bene�ts are shown separately to provide more detail, while the system-level calculations
output the yearly cost of living per person as follows:

Cost of living pp = ((Total system costs � Total system bene�ts)/BCyears)/No. people (2)

where BCyears represents the BC value analysis period.
The ability to view BC information at both system and node levels allows optimisation

across various levels of detail and may highlight economic incentives and less evident
bene�ts. For example, the inclusion of nonmarket values in the ecosystem per unit cost and
bene�t calculation leads to overall system costs re�ecting wider community or intangible
bene�ts. The BC calculation results do not directly translate to pro�t but rather provide
an equivalent value that takes into account hidden costs and bene�ts that are normally
not considered in current planning schemes and subsequently within the resulting urban
development types.
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5.3. System Level Output
Similar to the sub-system outputs described above (see Section 3.4), the system-level

outputs represent data that can be exported via the tool interface and capture in broad
strokes the characteristics of a particular system design. The system output �le provides
information on the system FS and BC ratios achieved, key areas, and key approaches to
food, energy, and water supply (Figure 15).
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Figure 15. System-level output �le data structure and units.

In contrast to the sub-system-level output, this variant provides an overview of the ef-
fects and interactions of the selected in-tool options and focuses on a high-level description
of the system, highlighting broad key areas, percentages of important land usage types, and
self-suf�ciency levels of the design. To assess the potential of the FS and BC criteria and
their implementation within the algorithm, the tool and afferent system and sub-system
level outputs will further be compared through a series of test scenarios.

6. Scenario Testing Results
The following test scenarios implement the FS and BC algorithms described and aim to

provide further de�nition of the applicability and interpretation of the proposed assessment
criteria and tool output validation. To provide comparison with typical developments
in the case study area and a means of validation, a business as usual (BAU) scenario
is �rst developed. Individual testing of the impact of the food-water-energy nexus and
community parameters will then be used to determine the optimal BC and FS balances
as well as the maximum on-site supply and occupancy levels for each parameter. The
optimised individual parameters derived will then be applied concomitantly to assess
trade-offs and whole system impacts, with adjustments made to maximise the performance
of the system as a whole and derive optimised alternative future development options.

The optimised design options will target two key outcomes: maximising economic
bene�t and maximising ecosystem footprints and services. Finally, the optimised design
options will be compared against the BAU scenario and assessed against the key principles
derived from the literature review of theoretical frameworks [7].

All the design scenarios are based on the spatial dimensions of the Cabbage Tree Point
case study site, with a starting site occupancy derived from the residential area adjoining
the site. Site dimensions were calculated according to the elevation zones (dryland, salt
marsh, mangrove, and nearshore areas) as per the main tool inputs (Figure 16).

The nearshore area stretches inland from a 35 m distance off the shoreline, matching
the extent of adjoining property jetties (Figure 17), to the average low tide level. The
mangrove area was measured from the average low to high tide levels, while the salt marsh
area spans from the average high tide to the average king tide level, and dryland occupies
the remaining site area.
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Figure 16. Case study site areas for tool scenario input.
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Figure 17. Occupancy level and typology of residential development in proximity to the case
study site.

Although the tool input divisions suggest a distinct separation between zones, man-
grove and salt marsh vegetation will mix across both areas, as evidenced by the satellite
image overlay seen in Figure 16. However, the elevation-based zoning provides an edu-
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cated guess with regard to the degree and frequency of inundation of speci�c areas of the
site and the likelihood of the area accommodating particular vegetation. With regard to
inundation, it is interesting to note that the dryland area marked in Figure 16 was delimited
from the average king tide elevation to the historical maximum king tide elevation line,
which suggests that the site as well as the adjoining residential area may be prone to
�ooding in extreme weather conditions.

Elevation data were sourced from the City of Gold Coast Digital Elevation Model
(DEM), with a 1 m resolution. Tide levels were calculated as a 20-year average based on
Gold Coast Seaway data, with levels adjusted from the tide reference Lowest Astronomical
Tide datum (LAT) to the Australian Height Datum (AHD).

In terms of the planning context and existing site zoning, the case study site area
was expanded beyond the existing prescribed lots to include the tidal creek bordering the
north-eastern side of the plot, a feature that may impact BC and FS balances. Currently, the
north-eastern area of the site is zoned partly as a conservation area (Cabbage Tree Point
Conservation Park) and partly as a rural zone, with the rest of the site zoned as a waterfront
and marine industry zone. Both conservation and rural zoning codes limit development
density to a dwelling with a maximum height of 9 m; however, the waterfront and marine
industry codes limit building height to 15 m but have no restriction on density [19]. While
the scenarios interpret the entire site area as a single development plot, existing codes are
taken into account within the BAU scenario and �nal scenario comparison and analysis.

The occupancy levels of the scenarios were derived from the Cabbage Tree Point
residential area adjacent to this study site. The residential area has a mixture of single- and
double-story detached dwellings, broadly matching the low and medium compactness
options included in the tool. An area of approximately the same size as this study site
dryland area was considered to determine the site occupancy (Figure 17). To estimate
occupancy levels, each single-story building was assigned as a single household, while
two-story dwellings were assigned as two households, each with an average occupancy of
2.5 persons per household [20]. The total occupancy of the 3.26 ha dryland site was thus
estimated at 170 people, which is equivalent to an occupancy of c.a. 52 people per ha and is
further used to inform tool inputs for each scenario.

6.1. Business as Usual (BAU) Scenario
The BAU reference scenario envisages the redevelopment of the site as a residential

area. The scenario is based on the 52 people/ha occupancy and single detached dwelling
typology of the adjoining residential area. Given the rising population, urbanization,
and housing demand, the existing rural and waterfront/marine industry zones may be
repurposed as residential areas in the future, resulting in an urban con�guration similar to
the existing neighbouring areas (Figure 17). The redevelopment of the adjoining agricultural
areas has been under constant debate over the past years, including proposals for new
satellite cities [21] and industrial estates [22]. Given the shorefront location, however,
we deemed it more likely that this study site will be converted to residential rather than
industrial use. The BAU scenario assumes the retention of Cabbage Tree Point Conservation
Park as a conservation area and the in�lling and urbanisation of the remaining site area,
leading to a total development area of ca 5 ha and an occupancy of 260 people.

To re�ect the con�guration of existing development types in the area, the BAU scenario
incorporates low compactness (the tool equivalent of single detached dwelling typology),
private-type car-based access, and average values for the building standards relating to
energy and water consumption. Energy and water supply are also based on the current
typical con�gurations in the area and assumed to be entirely grid-based, respectively, with
no food being grown on site.

The scenario does not include any on-site waste recycling, alternative �ood/coastal
protection measures (e.g., green roofs, permeable paving, etc.), or community education
and research spaces. It also assumes that the development is not used for rental purposes.



Sustainability 2023, 15, 15533 29 of 54

Based on these inputs, the resulting FS ratios indicate that the system is supported
by a total of 71% urban, 29% natural, and no hybrid functions. The system BC ratio is
0.08, with an average yearly cost of living of 28,290 AUD per person. The living cost aligns
broadly with poverty line benchmarks, which estimate the income required to support
the basic needs of a single working adult at 611 AUD per week [23] or 29,328 AUD per
year. The poverty benchmark value, including housing, was selected as a comparison value
due to the fact that the BC calculation includes annualised investment costs for housing
construction. The resulting site cover of 49.7% also aligns with the 50% limit speci�ed in the
Township Zone Code [19] applicable for the sample area that informed the BAU scenario
occupancy. This suggests that the tool can provide realistic outputs.

To gain insight from these results, the distribution of both BC and FS ratios across
the system must be examined further. Figure 18 summarizes the key parameters of the
BAU scenario and shows how the system’s costs, bene�ts, and natural/urban shares are
distributed among the �ve purposes of the system.
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Figure 18. BAU scenario outputs and tool screenshots showing CB and FS distribution across
system purposes.

The transmission purpose, which incorporates food, water, and energy consumption
as well as transport and mobility, accounts for 72% of the entire system and is 90% reliant
on urban functions, external to the site, to meet the demand. However, the security
functions that describe the systems’ robustness and resilience by tracking redundancies and
alternative resource sourcing only make up 11% of the entire system and are predominantly
(65%) supported by natural functions. Taking both transmission and security ratios into
account, the results suggest that the BAU off-site food, water, and energy supply approach
has a strong impact on the system in general and may decrease overall system resilience
if not well distributed amongst natural, urban, and hybrid supporting functions. The
transmission purpose also accounts for an indicative balance between urban and natural
infrastructure, which may hinder or enable natural nutrient and other cycles. The high
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reliance on urban functions indicates a high potential for disturbance of natural cycles.
Depending on the particular design (e.g., materials, permeability, location, and orientation
relative to water �ows), the urban infrastructure may have both positive and negative
effects on the ecosystem. The result indicates a marked impact of urban interventions and
the need for aligning infrastructure design with natural processes, an aspect not commonly
considered in typical developments. Therefore, it can be argued that the BAU design option
provides little opportunity to support ecosystem transmission functions and cycles.

The lack of community, security, productivity, and protection function provision
typical for the BAU scenario, in conjunction with the signi�cant decrease in ecosystem
areas, leads to a smaller system contribution and a greater reliance on natural supporting
functions for each of these system purposes, indicating an unsustainable scenario. For
example, the site provides some intrinsic amenity and bene�ts through its natural areas,
location (seafront access), and inclusion of foot and cycle paths. These aspects are recorded
via the community purpose node, which accounts for 9% of the entire system and relies on
natural functions in a 71% proportion.

However, the scenario does not include any research, monitoring, or education activi-
ties that could provide opportunities for the community to, in turn, support the growth
and maintenance of the ecosystem, thus forming an inequitable relationship and increasing
risks to the ecosystem’s future survival. A similar relationship can be observed in the case
of the protection purpose node, which accounts for coastal and �ood protection measures
and contributes only 3% to the entire system, relying fully on natural functions. Given the
sites’ vulnerability to �ooding, the combination of low contribution and high reliance on
natural protection means indicates an increase in risk, as ecosystems require relatively large
areas to effectively provide coastal protection services. This effect can also be observed
within the security node, where the high proportion of natural supporting services is due
to the coastal protection potential of the site conservation zone.

In summary, it can be argued that the BAU scenario works cross-purpose as a design
approach. In other words, the BAU urban system relies on the natural system to achieve
resilience, but by allocating insuf�cient areas for the functioning of the ecosystem and
focusing design options on urban aspects, it undermines its effectiveness and whole system
impact potential, in turn undermining its own resilience. The reduced impact of natural
areas also has a marked effect on the system BC balance, which indicates high costs deriving
from urban functions and high bene�ts associated with natural functions. A higher reliance
on natural services for community, protection, and security purposes could therefore help
to balance system costs by allocating suf�cient areas for the ecosystem and implicitly
increasing the system impact and ecosystem-derived bene�ts. On the other hand, FS and
BC balances for the transmission and productivity purposes of nodes could be enhanced
through hybrid uses of the site. For example, the productivity purpose accounts for overall
diversity in terms of natural habitat provision for the ecosystem but also includes urban
revenue diversity and monetization of the hybrid uses of the site. The BAU urban design
options, however, do not contribute to the site productivity node, which relies entirely on
natural functions and does not take advantage of the full potential of the site. While it may
be argued that hybrid site uses could adversely impact the ecosystem, associating revenue
with diversity and ecosystem health may also provide valuable incentives to conserve and
support ecosystem functions. Similarly, the potential provision of food, water, and energy
through hybrid sites that use af�uent resources for transmission purposes may increase BC
balances while encouraging more sustainable relationships between the urban and natural
systems. These potential alternative design solutions are analysed in the following sections.

6.2. Individual Parameter Balances
To derive improved design scenarios, individual sub-system optimisation should be

balanced out with the whole system performance. Ideally, the design options should lead
to the best possible BC ratios, the most diverse distribution of urban, natural, and hybrid
FS ratios, and the highest achievable level of self-reliance. Based on the BAU scenario
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�ndings, there is potential to improve the system BC ratio by maximising ecosystem
functions across the community, protection, and security nodes and maximising hybrid
functions across the productivity and transmission nodes. These hypotheses are tested here
through the individual parameters representing food, water, and energy supply as well as
community functions.

The individual parameter scenarios consider alternative options for residential devel-
opment on the case study site that do not require in�lling and conversion of the existing
wetland zones but either maintain or expand the ecosystem. The development area is thus
limited to the existing dryland area, and, to enable comparison, the same occupancy level
of 260 people as in the BAU scenario is retained. At this occupancy level, the reduced
development area is insuf�cient to accommodate a low-compact con�guration with private
car access. The required occupancy can, however, be met by either switching to a medium
compactness (equivalent to �ve people per single two-story dwelling) with private car
access or retaining the low compactness typology and switching to public transport access
only, thus reducing the access area footprint.

Given the prevalence of private car transport in Australia, the medium compactness
and private car access option was deemed more realistic and selected as a starting point and
baseline reference for the individual parameter test scenarios. Figure 19 shows the impact
of the two changes (switch to medium compactness and retention of original wetland areas)
and the resulting baseline system balance and con�guration before parameter optimisation.
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Figure 19. Baseline parameter scenario outputs and tool screenshots showing CB and FS distribution
across system purposes.

Compared to the BAU scenario, the additional natural areas increase the ecosystem
contributions to community and security functions, as well as the system impact of nat-
ural productivity and protection. The resulting fair share ratio shows that the system is
supported by 49% natural and 51% urban functions, with a site coverage of 23.7%.

In economic terms, the additional natural areas improve the system BC ratio to 0.13, an
improvement that is equivalent to a reduction of 12,060 AUD in the yearly cost of living per
person and is a result of both the decrease in construction and energy consumption costs
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and the added value of the ecosystem. It is, however, important to note that the ecosystem
component costs and bene�ts include non-market values (e.g., the value of supporting
migratory bird �yways, biodiversity, or leisure amenities), accounting for various services
that may bene�t the community but do not directly translate into income. In the BAU case,
the reduced ecosystem function minimised the impact of non-market values across the
system, yielding a baseline cost of living that re�ected household expenditures and was
thus comparable to existing benchmarks such as the poverty line. In contrast, in scenarios
with increased ecosystem contributions, the BC impact of natural components described
through non-market values and their associated cost of living should be interpreted as the
monetary equivalent of indirect bene�ts.

Starting from this baseline scenario, individual parameters will be further explored to
identify optimum con�gurations. For food, water, and energy supply, each parameter will
�rst be tested to ascertain the maximum level of self-suf�ciency that can be achieved given
the occupancy of the site and the design parameters required to accommodate this. The
results will then be assessed against the resulting BC ratios, formulating an optimal scenario
for each parameter. Assessing BC ratios, diversity of FS ratios (implicit redundancies), and
self-suf�ciency were chosen as testing criteria that re�ect the �ve key system objectives
identi�ed through the theoretical framework literature review: �maximize connectivity;
minimize impact; maximize diversity; integrate multifunctionality and redundancy; use
decentralized, locally adaptive elements� [7]. Potential con�icts between parameters will
be assessed, considering these factors in relation to the resulting system and sub-branch BC
and FS impacts.

6.3. Food
On-site food production has a marked impact on both the system FS and BC ratios.

At the level of purpose nodes, hybrid agricultural areas have both positive and negative
impacts. The most prominent positive impact is felt on the transmission purpose node,
where agricultural areas can greatly improve BC ratios by decreasing costs of purchasing
food off-site while also distributing supporting functions more evenly among urban, hybrid,
and natural parts of the system. A positive impact is also achieved in both protection and
security purpose nodes, where hybrid areas provide additional alternative protection
strategies and, in combination with alternative food sourcing, increase the overall number
of redundancies and resilience of the system. This is re�ected in a more even distribution
of the purpose node FS ratios and an increase in the overall system contribution of the
nodes. However, for both security and protection, there is a trade-off between increasing
the diversity of strategies and their associated costs. Although the bene�ts for each purpose
node still outweigh the costs, the BC ratio is reduced for both nodes. This is due to the fact
that, initially, both nodes were supported almost exclusively by natural functions, which
have very low costs and equally high bene�ts compared to hybrid areas. The positive
impact of a more robust and diverse protection and security strategy therefore has an
associated cost but provides a more sustainable, long-term strategy for both protection and
security. The negative impacts of the hybrid agricultural areas are felt in the community
and productivity nodes, both of which experience a reduction in the BC ratio. In both
cases, this is due to a reduced area of the natural ecosystem, which, for the community
nodes, translates into a reduced amenity area (implicit reduced system contribution) and,
for the productivity node, re�ects the reduced biodiversity of hybrid systems compared
to natural systems. The impact on the community node could be offset by introducing
community areas and activities (e.g., research and education) that connect to the hybrid
environment (see Section 6.6 and 6.7), while the impact on productivity could partially be
offset by maximising cultured species to achieve a more diverse hybrid environment.

Individual parameter testing was conducted to determine the achievable level of food
self-suf�ciency at the site as well as the overall impacts of these measures on the system FS
and BC ratios. Required food crop areas and system impacts were �rst tested for each food
group separately and then combined into the best self-sustaining food production scenario
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for the site. As evidenced in Table 1, each food group accounts for a different percentage of
the total food requirement (proportional to energy values recommended by NHMRC [10])
and will thus have a different impact in terms of BC. Also, due to different species and
their speci�c area requirements, there will be variation in terms of FS percentage, especially
hybrid contribution. To capitalise on the positive impacts described above, both individual
food groups and combined scenarios aimed to increase diversity by maximising the number
of cultured species and increasing the bene�ts of the transmission node by maximising
crop areas and the percent of food produced on site.

Table 1. Maximising onsite food production scenario testing and system parameters.

System Features Crop Areas (ha)

Scenario On-Site
Food% %U %H %N BC Ratio Yearly

Cost pp Dryland Salt
Marsh Mangrove Nearshore No. spp.

Vegetable max (100%) 15 46 15 39 0.44 $13,970 0.14 0.98 0.00 0.32 13

Fruit max (100%) 9 45 8 47 0.73 $9300 0.88 0.00 0.00 0.00 8

Lean Meat max (100%) 17 49 12 39 0.21 $15,070 1.39 0.00 0.56 0.22 7

Dairy max (100%) 21 47 0 53 0.23 $13,260 0.004 0.00 0.00 0.00 1

Grain max (9%) 3 46 14 40 0.14 $16,260 0.00 0.00 0.83 0.00 2

Existing site (9% grain) 66 37 35 28 0.99 $590 1.02 0.98 0.83 0.32 28

Existing site
(+ waste recycling) 66 28 45 27 1.05 $�2120 1.02 0.98 0.83 0.32 28

Extended mangrove
(30% grain) 74 36 44 20 1.11 $�4740 1.03 1.06 2.75 0.21 27

Extended mangrove
(+ waste recycling) 74 27 54 19 1.20 $�8600 1.03 1.06 2.75 0.21 27

With the site dimensions of the baseline scenario, the site can meet a maximum of 9%
of the grains and 100% of all other food group requirements for its 260 occupants. However,
given that the grain crops are based on mangrove-derived �our products, increasing the
percentage of grains produced on site would imply an increase in the sites’ mangrove areas.
The required crop areas for the adjoining salt marsh and nearshore zones are much smaller
and thus could be appropriated for mangroves. Additionally, without further reducing
the compactness of the housing areas, land could also be appropriated from the baseline
development zone. In total, by expanding both in-land and towards the sea, the mangrove
zone could be expended to 2.94 ha, which would allow for 30% of the required grains
to be produced on site while also fully covering the demand of the other food groups.
While areas of existing salt marsh and nearshore areas can be easily converted through
mangrove planting, converting the dryland area would require lowering site levels and
possibly forming new tidal creeks along the eastern development area boundary.

In terms of system-wide impacts, the two combined options (Table 1 existing site and
extended mangrove scenarios) have different FS distribution values, with the extended
mangrove zone option relying more heavily on hybrid functions. The BC system values
show very little variation, with both options nearing equal costs and bene�ts. If crop, food,
and farm waste recycling options are included, however, the system becomes pro�table
in both scenarios, and here, the extended mangrove zone scenario performs much better
(equivalent to an extra yearly bene�t of 2330 AUD per person). In both cases, the waste
recycling options were 60% conversion of crop residues into feed, full use of farm manures
for soil fertilisation and composting of the remaining organic wastes from both farm and
human food consumption. Additionally, waste recycling has the indirect impact of reducing
packaging waste proportionally to the amount of food produced on site, as well as reducing
general land�ll waste through composting. For the 260-person occupancy, composting
food organics would reduce land�ll waste by c.a. 28 tonnes per year, while growing food
on site would reduce waste by c.a. 21 tonnes of packaging waste per year.

In summary, both options provide a fair BC improvement over the baseline scenario.
The extended mangrove zone scenario involves more risk due to the unknown costs of
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lowering site levels (not included in tool calculations) and the higher reliance of the entire
system on the hybrid culture areas, resulting in less evenly distributed roles for natural,
hybrid, and urban components. The key advantage of this extended mangrove area,
however, is the increased system bene�t, which indicates not only the impact on occupant
revenues but, through the inclusion of non-market values in the CB calculations, also
the broader positive impact of the additional mangrove on the surrounding conservation
areas. In terms of the relationship between the site and its adjoining wetland reserves,
the extended mangrove area scenario can be described as actively contributing to the
propagation and overall expansion of the wetland areas, while the existing site scenario
represents a more passive approach.

6.4. Water
Similar to the food nodes, water sourcing and treatment have a strong impact on

the transmission and security purpose nodes. To increase system resilience, the options
explored focus on maximising the number of alternative sources while at the same time
maximising bene�ts and minimising footprint impact. In terms of footprint, the tool
considers alternative water sources as hybrid-urban types of land use, given that each
alternative water source also provides an indirect environmental bene�t. The strategies
employed to achieve a positive impact, however, should be tailored to harness bene�ts and
decrease trade-offs speci�c to each technology type. To identify the system impact of each
alternative source, testing was �rst conducted for 100% supply for each individual source.
Based on the results, a combined optimum water self-suf�ciency scenario was proposed
(Table 2).

Table 2. Alternative water sourcing and treatment scenario testing and system parameters.

Average AECB Good AECB Best

Scenario BC Ratio System
Cost Area (m2) BC Ratio System

Cost Area (m2) BC Ratio System
Cost Area (m2)

Mains 100% 0.13 $16,510 0 0.13 $16,420 0 0.13 $16,370 0

+ WELS 6 star 0.13 $16,190 0 0.14 $16,100 0 0.14 $16,050 0

SS1 100% 0.11 $29,550 6598 0.11 $27,850 5778 0.11 $26,990 5363

+ WELS 6 star 0.12 $23,780 3823 0.12 $22,070 3004 0.12 $21,210 2589

SS2 100% 0.15 $20,380 7852 0.15 $19,820 6877 0.15 $19,520 6383

+ WELS 6 star 0.15 $18,470 4550 0.15 $17,900 3575 0.15 $17,610 3081

CW1 100% 0.16 $19,900 138 0.16 $19,380 121 0.16 $19,120 112

+ WELS 6 star 0.15 $18,150 80 0.15 $17,640 63 0.15 $17,380 54

CW2 100% 0.16 $19,940 3140 0.16 $19,420 2750 0.16 $19,150 2553

+ WELS 6 star 0.15 $18,180 1820 0.15 $17,660 1430 0.15 $17,400 1232

RO smallest 100% 0.16 $20,250 60 0.16 $19,720 60 0.16 $19,420 60

+ WELS 6 star 0.15 $18,380 60 0.15 $17,790 60 0.15 $17,490 60

RO largest 100% 0.27 $18,570 60 0.28 $17,980 60 0.28 $17,690 60

+ WELS 6 star 0.29 $16,580 60 0.3 $15,990 60 0.3 $15,700 60

Combined 0.29 $18,460
SS: 327
RO:62

CW:1882/83
0.29 $17,890

SS: 284
RO:62

CW:1648/72
0.29 $17,620

SS: 273
RO:62

CW:1534/67

+ WELS 6 star 0.30 $16,540
SS: 196
RO:62

CW:1092/48
0.30 $15,960

SS: 152
RO:62

CW:858/37
0.30 $15,660

SS: 131
RO:62

CW:738/32

Notes: 1. All system costs expressed in AUD per person per year. 2. Combined entails water sourcing in the
following proportions: 5% Mains, 5% SS2, 30% RO largest, 60% CW. 3. Combines scenarios CW areas shown as
minimum area (CW1)/maximum area (CW2). Key: SS1-Solar still minimum area; SS2-Solar still best BC ratio;
CW1-Constructed wetland minimum area; CW2-Constructed wetland maximum area; RO smallest�Reverse
osmosis desalination unit 50 m3/day; RO largest-Reverse osmosis 1000 m3/day.
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The tool provides options for using mains, rainwater, seawater, or recycling water
on-site as key alternative sources. Rainwater sourcing assumes treatment through solar still
(SS) distillation, seawater sourcing through small-scale reverse osmosis (RO) desalination,
and recycled water sourcing assumes treatment through constructed wetlands (CW) and
additional secondary puri�cation processes.

The main advantages of SS distillation are the passive nature of the process and low
maintenance and cost, which need to be balanced with the low daily output, which, for
large systems, entails increased areas needed to accommodate the stills. At the same
time, the low investment and maintenance costs of SS systems are greatly reduced when
upscaling. For the individual SS testing scenario, water demand is assumed to be met fully
through rainwater collection and SS distillation.

Two SS panel types, representing the best performance and minimum required area
option (SS1) and the best BC ratio (SS2), were selected from the tool technology list (File
S3). SS1 was the experimental multi-effect active solar still described in Karimi et al. [24],
while SS2 was the double basin solar still with vacuum tubes described by Panchal [25]. As
evidenced in Table 2, even with the decrease in consumption achieved through the AECB
standard and WELS tool options (see Section 3.3.2), both SS1 and SS2 entail higher yearly
per person costs than the standard main supply as well as requiring large areas ranging
from a minimum of 0.26 ha to a maximum of 0.79 ha to meet the demand of the 260 site
occupants. However, the SS2 option improves the overall BC ratio of the system, likely
due to the added bene�t of the security node and overall system resilience. The combined
scenario therefore attempts to minimise footprint impact but retain the overall system
resilience bene�t, which can be achieved by reducing the demand for distilled rainwater
and retaining a smaller SS distillation system that provides redundancy and alternative
water sourcing.

Compared to SS distillation, the CW scenarios show a similar positive impact on the
overall system BC ratio but much more ef�cient use of land areas. In general, constructed
wetland systems have a good bene�t-cost balance, and among the options included in
the tool database, the differences in bene�t-cost ratio between different wetland types are
minimal. The required area and land use therefore took precedence in selecting the CW
types for scenario testing. Opposed to SS distillation, where the infrastructure displaces
part of the ecosystem, CW provides greater bene�ts in terms of habitat and diversity,
contributing more to the ecological richness of the site. A larger CW area may, therefore,
have a positive impact on the system as a whole, populating dryland areas and extending
wetlands across the site. The two test scenario options therefore explored the impacts of
both the minimum area requirement (CW1) and the maximum area requirement (CW2).
From the options included in the tool, CW1 was identi�ed as a subsurface horizontal �ow
CW as described by Katsenovich et al. [26], while CW2 was represented by the subsurface
French vertical �ow (2-stage STP-HF) described by Stefanakis [27]. In terms of yearly costs
per person, fully recycled water sourcing with CW �ltration still leads to a greater cost
than solely using mains supply. However, the cost difference is far less than in the SS
scenario, achieving a minimum increase of only 1330 AUD per year in the CW1 scenario
with reduced consumption deriving from the best AECB and WELS standards applied,
with a marginal difference in the same standard in the CW2 scenario.

Among the available alternative water sources, CW represents the only land use that
contributes to the system productivity node, adding a hybrid element and therefore a
contribution to the site productivity. This positive impact is proportional to the wetland
area, supporting the potential for positive environmental impacts of CW. To capitalise
on this effect, the combined scenario therefore considers CW2 wetland type, maximising
CW areas.

Lastly, RO desalination represents the most ef�cient option in terms of land use
and daily water production quantities, but it also entails the highest investment and
maintenance costs. The investment costs of the system can be balanced out by monetising
excess water produced, with the cost effectiveness of the system increasing proportionally
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with the permeate �ow rate. The RO scenarios therefore explore the system impacts of
the smallest and largest capacity desalination plants included in the tool database. Both
options are based on the small-scale MAK Water reverse osmosis plants [28]. As shown in
Table 2, the larger capacity RO scenario has the highest system BC ratio improvement, with
the smallest option providing similar BC ratio improvements as the CW scenarios but at a
much higher per-person cost. The BC improvement is linked to the excess water produced
by the system, which is accounted for in the tool bene�ts at the rate of mains water supply.
The combined scenario therefore attempts to maximise the economic bene�ts provided by
the larger system by specifying a smaller demand.

Based on the results above, the combined scenario employs all the available water
sources to increase the system’s resilience and maximise redundancy while applying
different demand proportions that help minimise negative and maximise positive impacts
of each technology type. The scenario therefore employs mains and SS distillation to each
meet 5% of the total demand, which offsets the SS impact on the area and provides a
strategy for increasing the overall resilience of the system. It is interesting to note the
overall impact of applying water standards to reduce consumption on the yearly system
costs per person. While in the main scenario, applying AECB standards and increasing
appliance WELS ratings did not produce a marked effect, the alternative supply scenarios
are far more sensitive to changes in consumption levels. Indeed, the only scenarios less
costly than the baseline mains supply option were the combined source scenarios with the
best WELS rating and AECB Good or Best Practise standards.

In terms of the FS system balance, enabling alternative water sourcing results in only
marginal (1�2%) differences between the various alternative source options. However,
when compared to the mains-only option, the additional alternative source can increase the
hybrid supporting functions by up to 17%, depending on the demand apportioned to each
source. This leads to an overall more balanced system by allowing for more support from
hybrid-urban functions, which can contribute to both ecosystems and urban needs.

6.5. Energy
As some of the main supporting functions of the transmission purpose, energy supply

and consumption, have a high impact on the overall performance of the system, simi-
lar to water and food supply, aside from the BC impacts on the transmission node and
system, energy source diversity can have a marked in�uence over the overall resilience
and degree of self-reliance of the system. Compared to the food and CW systems, energy
generation technologies have a smaller environmental bene�t for the site. The resilience
and self-reliance bene�ts therefore need to be balanced against infrastructure footprints,
aiming to minimise required areas while increasing diversity, maximising on-site energy
production, diversifying sources, and maximising �nancial bene�ts. Due to the environ-
mental conditions of the case study site (water speeds), hydroelectric energy is not a viable
alternative in this case, leaving solar and wind energy as alternative options. To arrive at
an optimal balance, each source was �rst tested individually in the case of fully meeting the
sites’ energy demand. For each source, two products were selected from the tool database
to represent the minimum required area (best performance) and best product BC ratio
scenarios. For solar energy, the best-performing panel included in the database was the
SunPower Maxeon 5AC 400�420 W panel [29], while the best BC ratio was recorded for the
TrinaSolar Vertex 600 W panel [30]. For wind energy, the best performance and minimum
required area of the included turbines were achieved by the Solazone Q5-600 W turbine [31],
while the best product BC ratio was that of the Skystream 3.7 1.8 kW residential turbine [32].

As shown in Table 3, fully supplied solar energy is comparable in terms of yearly cost to
the grid-only option but has an almost double BC system ratio, indicating a positive impact
on the overall system. The required areas show slight variation between the two panels;
however, the resulting footprint without any energy consumption reduction measures is
comparable to the entire combined footprint of the housing and access development area.
With medium compactness and 260 occupants, housing occupies c.a. 0.72 ha, with a further
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0.35 ha accounting for access areas. Reducing the energy consumption by applying the
PHI Low Energy or Passivhaus building standards also reduces the required solar panel
area to an area that can be accommodated considering a standard roof-mounted option. In
contrast, wind turbines (assumedly roof-mounted) have a much smaller footprint and have
the advantage of freeing some ground/roof space for other uses. However, the BC ratio
of wind energy is also far smaller due to the higher initial investment and maintenance
costs. A result comparable to the PV and grid-only scenarios can, however, be obtained
using the turbine with the best product BC ratio in conjunction with a Passivahus Classic
building standard (Table 3 WE max bene�t scenario). This suggests that, for the small-scale
turbines considered in the tool, wind energy can be employed to diversify the system’s
energy sources, but this needs to be balanced out with BC performance, which is higher
with lower rates of consumption.

Table 3. Alternative energy sourcing scenario testing and system parameters.

Average PHI Low Energy PHI Classic

Scenario BC Ratio System
Cost Area (ha) BC Ratio System

Cost Area (ha) BC Ratio System
Cost Area (ha)

Grid 100% 0.14 $15,750 0 0.19 $14,810 0 0.20 $14,450 0

PV min area
100% 0.22 $15,900 1.60 0.21 $15,370 0.52 0.21 $15,110 0.26

PV max bene�t
100% 0.23 $14,360 1.70 0.22 $14,870 0.55 0.21 $14,860 0.28

WE min area
100% 0.10 $47,400 0.74 0.14 $25,640 0.24 0.17 $25,250 0.12

WE max bene�t
100% 0.15 $26,630 2.78 0.18 $18,870 0.91 0.19 $16,860 0.45

Combined 0.22 $15,410 1.7202 0.22 $15,030 0.56 0.22 $14,800 0.28

+ high
compactness 0.24 $11,220 1.20 0.23 $10,950 0.39 0.23 $10,790 0.20

Notes: 1. All system costs expressed in AUD per person per year. 2. Combined entails energy sourcing in the
following proportions: 5% Grid, 10% WE2, 85% PV2 and A+++ Appliance rating.

Based on the above observations, the combined scenario assigns a majority (85%)
of energy demand to solar panels, which have the most potential to save costs while
increasing energy source diversity. A further 10% is assigned to wind turbines, which, at
this low demand, provide an overall system bene�t while also helping to decrease required
solar panel areas. Lastly, as the scenario aimed to diversify energy sources as much as
possible, 5% is assigned to grid supply, which is included as an added redundancy and
resilience strategy but also implies a slight reduction in the footprint of wind and solar
infrastructure. While the yearly system cost per person varies marginally between the
grid-only and combined scenarios, the improved system BC ratio re�ects an overall positive
impact of alternative energy sourcing, albeit with the added initial investment costs. It is
also interesting to note the relationship between occupancy density, energy consumption,
and system BC values, where yearly costs and footprints can be signi�cantly reduced
by increasing the building’s compactness. The option shown in Table 2 entails a high
compactness scenario (55 m2/person) with housing distributed as 3-story high-density
apartment blocks rather than high-rise. Limiting the footprint by increasing the maximum
�oors does not have any further positive impact on reducing energy consumption.

In terms of the FS impact of energy supply, there is only marginal variation in the
combined scenario; however, in relation to the grid-only option, including alternative
energy sources can increase the hybrid function contribution by up to 12% and may help to
increase the productive urban contribution to the system.
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Based on the above analysis, the combined simple and high compactness scenarios
to the PHI Low Energy standard will be used as starting points for energy supply in the
�nal scenario.

6.6. Community and Urban Con�guration
This section discusses the impact of tool options relating to community and urban

design parameters, focusing on the parameters with the most impact potential. Urban
design parameters include the provision of rooftop raingardens and permeable paving
as hybrid-urban elements that contribute to the system’s water management strategies,
including storm protection, and add to the overall diversity of security and productivity
purposes. The impact on security re�ects the resilience of the system, while productivity
tracks overall biodiversity for natural and hybrid components and productive revenue
generation for urban components. The tool also allows for housing areas to be distributed
across the four site elevation zones, with nearshore housing having the most impact due
to its potential to contribute to the system’s coastal protection strategies. Additionally, a
percentage rental may be de�ned through the interface, shifting some of the community-
purpose costs towards rented property and thus migrating a fraction of the costs and
bene�ts associated with housing towards the site productivity purpose. The community
options that have the strongest impact in terms of the system BC ratio are the inclusion of
generic community space (indoor or outdoor) and the options to include ecotourism and
producing wetland-based products for sale on site (see Section 3.1.4 for details). Research
and education community options tie in to speci�c urban, hybrid, or natural areas of
the site and have a smaller impact in terms of BC ratios. However, the research and
education functions in�uence the distribution of FS ratios across the system, highlighting
an opportunity to deploy research and education activities within areas or to support nodes
that are less balanced in terms of their FS ratio. Therefore, the options with the strongest
BC impact were tested individually, while the balancing functions of community research
and education will be explored through the �nal combined scenario.

To arrive at an optimised combination of urban and community parameters, each
option was �rst tested individually, starting from the baseline scenario. Table 4 shows the
results of individual testing, highlighting trade-offs and the scale of improvements that can
be achieved through each measure.

The largest improvement in terms of the overall system BC ratio was achieved through
the wetland product retail options, followed by the inclusion of 40% rental areas and the
switch to permeable paving for all access areas. While all the options improved the overall
performance of the system, the indoor community space and wetland retail options also
had the effect of signi�cantly raising the yearly living cost per person. Additionally, due
to the large investment costs relative to achievable bene�t rates, the indoor community
space was the only measure resulting in a signi�cant decrease in the system BC ratio. The
combined best outcome scenario, therefore, includes all measures with a positive system BC
impact and excludes the interior community space. For the wetland retail option, although
higher per-person yearly costs are involved, when coupled with ecotourism and other
options, the cost per person can be reduced while retaining the overall positive system
impact. Indeed, with the introduction of further bene�ts from food, water, and energy
production in the �nal scenario, it may be possible to include both wetland retail and
indoor community spaces without adversely affecting yearly living costs.

In terms of FS ratios, both urban and community options generally have the effect of
diversifying the supporting functions of the strategies and purposes they relate to, therefore
increasing system resilience and balance. Given the polarization of the baseline scenario
between urban and natural supporting functions, hybrid components, such as raingardens,
have the most impact in terms of the system FS balance.
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Table 4. Community and urban design scenario testing and optimisation.

Scenario BC Ratio % U % H % N Cost pp Purpose Node Impact

Baseline 0.13 51 0 49 $16,510

Transmission node dominated by
urban functions with other

purposes relying almost
exclusively on natural functions

(i.e., lacking diversity).

+ Permeable Paving 0.20 51 0 49 $15,810

More diverse increased Security
and Protection but associated

decrease in purpose node
BC ratios.

+ Roof Raingarden 0.17 47 4 49 $16,780

More diverse/increased Security
and Protection, Productivity with

associated decrease in purpose
node BC ratios.

+ Boat Access 0.14 50 1 49 $16,520 Marginal impact on
coastal protection.

+ Nearshore housing 0.15 52 0 48 $16,590

Increasing protection contribution
by 2% and increased diversity for
Protection and Security purposes.

Marginal BC improvement
on Transmission.

+ 40 % rent 0.21 53 0 47 $15,020

More diverse and a 1%
contribution increase in

productivity and minor BC
improvement for the community
purpose. Shifts some costs to the
productivity purpose resulting in

decreased productivity BC.

+ Outdoor Community Space 0.16 51 0 49 $16,220

Slight increase of productivity BC
and decrease of Security BC.

Marginal impacts spread across
the system with positive

overall impact.

+ Indoor Community Space 0.09 51 0 49 $24,470

More diversity in Community
functions but high BC decrease in

Security (due to environment
quality node and additional

urban areas).

+ Ecotourism 0.16 46 0 54 $16,070
Slightly more diverse Productivity

with associated BC decrease.
Slight increase in Security BC.

+ Wetland product retail 0.40 53 0 47 $29,320
More diverse Productivity with

associated BC decrease on
Security and Productivity.

Combined best 0.47 49 4 47 $26,110

7% decrease in transmission
contribution (associate improved
BC). Protection and Productivity

contributions increased by 2% and
7% respectively. This is due to

more diversity/better FS balance
for each purpose but also results
in an increase in yearly cost pp.

Notes: 1. Table shows system BC, FS ratios and yearly cost per person in AUD. Improvements shown in green and
decline in red. 2. Improvements were applied individually and should be read in relation to the baseline scenario.
3. The combined best scenario applies all measures, except inclusion of indoor community space, concomitantly.
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6.7. Good and Best Practise Scenarios
To achieve an optimised alternative scenario, the combined best options for each

sub-system should be tested and applied in tandem. Given that each subsystem test aimed
to achieve the maximum bene�t and supply values, it is possible that the concurrent
application of all optimisation measures will require some adjustments. Decisions to reduce
subsystem functions should be assessed in accordance with the key system behaviour
�ndings identi�ed through the individual tests.

Individual subsystem tests revealed that the strongest impact on system BC ratios
and yearly cost of living can be achieved through on-site food production, followed by
combining urban design and community options. Alternative energy and water supply
strategies can provide further improvements, with water supply strategies having a larger
impact on the system BC ratio but a higher implicit cost of living than alternative energy
generation strategies. The impact scale of each of the subsystems indicates that hybrid
components tend to have a positive effect that is proportional to the degree of ecosystem
support they provide. BC and FS ratios are more strongly in�uenced by hybrid components
such as constructed wetlands or hybrid agriculture areas, which provide both ecosystems
and urban services. Priority should, therefore, be given to such hybrid infrastructure
while taking the BC, yearly living cost, and conservation of system diversity (balanced FS
ratio) into account for any necessary reduction decisions. At the same time, subsystem
components may have an indirect impact for a variety of purposes. To account for the
indirect implications of each con�guration, design decisions should be assessed not only
against the system BC and FS ratios but also against the �ve key purpose node ratios, as a
similar system BC may have quite different implications for the FS and BC ratios of each
purpose. Due to the inclusion of non-market values in the BC algorithm, the BC ratio is
not simply re�ecting revenues but may include wider community bene�ts. For this reason,
some functions, such as those supported by natural components, may have extremely high
bene�ts that are passed on to their associated purpose node if the node is dominated by
the natural component.

A very high or very low purpose node BC value may thus indicate an imbalance in
the FS ratios and overall purpose diversity and resilience. The individual parameter testing
indeed revealed that optimised options tend to increase the percentage of system contri-
bution of their associated purpose nodes while balancing urban and natural supporting
functions through hybrid components.

Taking the observations above into account, two separate optimised scenarios were
developed based on the combined results for each subsystem. The overall con�gurations
and system characteristics of the resulting good and best practise scenarios are shown in
Figures 20 and 21.

The two optimised scenarios, good and best practise, re�ect the water and energy
standards applied and the degree of site potential achieved. The good practise scenario is a
more passive approach that follows current building typologies and land use approaches
more closely. The best practise scenario, however, strives to explore the maximum potential
of the site by employing active strategies such as land use and nearshore area conversion
to expand wetland coverage, high-compactness building typologies, and switching to
alternative means and types of transport.

Both scenarios start with the combined best options for the urban and community
parameters. Energy and water options apply the optimal sourcing percentage and tech-
nologies applicable to each of the combined individual testing options. The good practise
scenario applies the AECB good practise water standard, PHI low energy standard, and
median values for both WELS and energy appliance ratings. The best practise scenario
includes the AECB best practise water standard, the PHI Classic energy standard, and the
best WELS and energy appliance rating.
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Figure 20. Good practise scenario outputs and tool screenshots showing CB and FS distribution
across system purposes.
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Figure 21. Best practise scenario outputs and tool screenshots showing CB and FS distribution across
system purposes.
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In terms of land use, the two scenarios employ different strategies based on the two
combined food production options. The good practise scenario re�ects the more passive
approach of utilising site areas to their existing extent (Table 1: Existing site�9% grain
combined parameter options), while the best practise scenario considers the expansion of
existing wetland areas as described in the food parameter testing section (Table 1: Extended
mangrove�30% grain combined parameter options).

In terms of research and monitoring community options, the balancing effects can
be observed in the FS ratio of the community node, where these functions have the
most impact.

As monitoring, education, and research can also be linked to ecosystem health and
good management practises, both scenarios utilise the full range of monitoring and educa-
tion opportunities provided via the tool.

Compared to the individual parameter optimisations, for the best practise scenario,
the initial combined application of the parameter optimisations resulted in the protection
node being supported by nearly 80% of hybrid functions. In the case of other nodes, hybrid
functions are themselves more diverse, allowing for a higher dominance. For the protection
function, the mangrove culture areas add the bulk of hybrid support. Taking the site
location and �ood risk into account, grain production for the best practise scenario was
reduced to 25%, and additional urban housing areas were assigned to the mangrove and
nearshore areas, resulting in an increase in both urban and natural protection functions.
Although the best practise scenario is based on a high-compactness, medium-rise (�ve-
storey) urban typology option, it should be possible to accommodate the additional urban
areas within the mangrove and nearshore zones. While the tool does not account for design
solutions with mixed typologies, any solution that would retain the overall footprint and
surface area (impact on energy consumption) would still perform at the same level. It
is also interesting to note that reducing on-site grain production to 15% with the same
urban typology and the removal of two of the cultured species would allow the same site
to accommodate an extra 140 people, a total of 400 occupants or 184 people per ha, with
a similar FS ratio, a smaller (1.05) but positive BC ratio, and a yearly bene�t per person
of c.a. 2730 AUD. To enable comparison, the best practise scenario was kept at the same
occupancy level as the BAU and good practise scenarios. The �nding, however, high-
lights the potential to sustainably increase site density while retaining ecosystem services
and bene�ts.

7. Discussion
7.1. Scenario Comparison

In comparing the results of the tool calculations, it is apparent that the good and
best practise scenarios offer signi�cant improvement both in terms of FS and BC over
the BAU scenario. As shown through the individual testing, the BC and yearly per-
person cost of living values are sensitive to both actual revenues and wider community and
ecological bene�ts resulting from non-market valuation. When applied within a sustainable
design, BC ratios re�ect the degree of sustainability, allowing for comparison between
the achievable bene�ts. However, improved BC ratios could in principle be achieved
in unsustainable scenarios (e.g., BAU with 100% rental), where the design measures do
not take ecological impact and system resilience into account. It is therefore important
to consider BC and the yearly cost of living together with FS ratios and system-purpose
contributions. FS ratios can be interpreted as indicators of resilience, diversity, and self-
sustenance. The more distribution and variety can be seen among urban, natural, and
hybrid supporting functions, the more diverse, resilient, and self-sustaining the design
scenario. Given that strictly urban components tend to have negative environmental
impacts, the hybrid component FS ratio can be interpreted as an indicator of the degree
of support that urban functions direct towards supporting natural ecosystem services.
Maximising hybrid and especially natural-hybrid components within the limits of sustained
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diversity can therefore lead to a more symbiotic urban-natural relationship and increased
system bene�ts.

These �ndings are evidenced through the overview comparison of the three scenarios
(Figure 22) which shows that signi�cant improvements can be achieved when optimising
BC and FS ratios to achieve the most bene�ts within a resilient, self-sustaining system
where urban and ecosystem processes are both supported through hybrid components.

���ž�œ�•�Š�’�—�Š�‹�’�•�’�•�¢�1�X�V�X�Y�ð�1�W�[�ð�1�¡�1�������1���������1�������������1 �Z�[�1 �˜�•�1 �[�\�1
�1

�1

���’�•�ž�›�Ž�1�X�X�ï�1���Ÿ�Ž�›�Ÿ�’�Ž� �1�œ�Œ�Ž�—�Š�›�’�˜�1�Œ�˜�–�™�Š�›�’�œ�˜�—�1�•�‘�›�˜�ž�•�‘�1�œ�¢�œ�•�Ž�–�1�����1 �Š�—�•�1�����1�›�Š�•�’�˜�œ�1�û�•�˜�™�ü�1�Š�—�•�1�’�—�•�’�Ÿ�’�•�ž�Š�•�1
�™�ž�›�™�˜�œ�Ž�1�œ�¢�œ�•�Ž�–�1�Œ�˜�—�•�›�’�‹�ž�•�’�˜�—�œ�1�Š�—�•�1�����1�‹�Š�•�Š�—�Œ�Ž�œ�1�û�‹�˜�4�˜�–�ü�ï�1

���‘�’�•�Ž�1�’�•�1�’�œ�1�–�˜�›�Ž�1�•�’���Œ�ž�•�•�1�•�˜�1�š�ž�Š�—�•�’�•�¢�1�•�‘�Ž�1�•�Ž�•�›�Ž�Ž�1�˜�•�1�•�’�Ÿ�Ž�›�œ�’�•�¢�1�˜�‹�•�Š�’�—�Ž�•�1�•�‘�›�˜�ž�•�‘�1�•�‘�Ž�1�����1
�•�’�œ�•�›�’�‹�ž�•�’�˜�—�ð�1 �•�‘�Ž�1 �™�ž�›�™�˜�œ�Ž�1 �—�˜�•�Ž�1 �•�’�œ�•�›�’�‹�ž�•�’�˜�—�1�•�’�Š�•�›�Š�–�œ�1�û���’�•�ž�›�Ž�1 �X�X�ü�ð�1 �Œ�•�Ž�Š�›�•�¢�1 �œ�‘�˜� �1 �•�‘�Š�•�1 �•�‘�Ž�1
�˜�™�•�’�–�’�œ�Ž�•�1�œ�˜�•�ž�•�’�˜�—�œ�1�‘�Š�Ÿ�Ž�1�Š�1�–�˜�›�Ž�1�Ž�Ÿ�Ž�—�1�•�’�œ�•�›�’�‹�ž�•�’�˜�—�1�˜�•�1�—�Š�•�ž�›�Š�•�ð�1�ž�›�‹�Š�—�ð�1�Š�—�•�1�‘�¢�‹�›�’�•�1�•�ž�—�Œ�•�’�˜�—�œ�1
�Š�Œ�›�˜�œ�œ�1�•�‘�Ž�1�œ�¢�œ�•�Ž�–�1� �‘�’�•�Ž�1�›�Ž�•�ž�Œ�’�—�•�1�•�‘�Ž�1�’�–�™�Š�Œ�•�1�û�Œ�˜�—�•�›�’�‹�ž�•�’�˜�—�–�ü�1�˜�•�1�•�‘�Ž�1�•�›�Š�—�œ�–�’�œ�œ�’�˜�—�1�™�ž�›�™�˜�œ�Ž�1
�Š�—�•�1�’�—�Œ�›�Ž�Š�œ�’�—�•�1�•�‘�Ž�1�’�–�™�Š�Œ�•�1�˜�•�1�•�‘�Ž�1�›�Ž�–�Š�’�—�’�—�•�1�™�ž�›�™�˜�œ�Ž�1�—�˜�•�Ž�œ�ï�1

���—�1�•�Ž�›�–�œ�1�˜�•�1�•�Š�—�•�1�ž�œ�Ž�œ�ð�1�•�‘�Ž�1�œ�Œ�Ž�—�Š�›�’�˜�1�Œ�˜�–�™�Š�›�’�œ�˜�—�1�›�Ž�Ÿ�Ž�Š�•�œ�1�•�‘�Š�•�1�˜�™�•�’�–�’�œ�Ž�•�1�œ�˜�•�ž�•�’�˜�—�œ�1�Ž�—�•�Š�’�•�1
�Š�1 �–�˜�›�Ž�1 �Š�Œ�•�’�Ÿ�Ž�1 �ž�œ�Ž�1 �˜�•�1 �‹�˜�•�‘�1 �•�›�¢�•�Š�—�•�1 �Š�—�•�1 � �Ž�•�•�Š�—�•�1 �£�˜�—�Ž�œ�ï�1 ���’�•�ž�›�Ž�1 �X�Y�1 �œ�‘�˜� �œ�1 �•�‘�Ž�1 �Š�›�Ž�Š�1 �û�‘�Š�ü�1
�Š���Ž�›�Ž�—�•�1 �•�˜�1 �Ž�Š�Œ�‘�1 �•�ž�—�Œ�•�’�˜�—�1 �•�¢�™�Ž�1 �•�˜�›�1 �‹�˜�•�‘�1 �•�›�¢�•�Š�—�•�1 �Š�—�•�1 � �Ž�•�•�Š�—�•�ð�1 �Š�•�•�˜� �’�—�•�1 �Š�1 �Œ�˜�–�™�Š�›�’�œ�˜�—�1
�‹�Ž�•� �Ž�Ž�—�1�•�‘�Ž�1�•�‘�›�Ž�Ž�1�œ�Œ�Ž�—�Š�›�’�˜�œ�ï�1���—�1�•�‘�Ž�1�������1�œ�Œ�Ž�—�Š�›�’�˜�ð�1�•�‘�Ž�1�•�›�¢�•�Š�—�•�1�£�˜�—�Ž�1�’�œ�1�•�˜�–�’�—�Š�•�Ž�•�1�‹�¢�1�•�‘�Ž�1
�ž�›�‹�Š�—�1�•�Ž�Ÿ�Ž�•�˜�™�–�Ž�—�•�1�û�‘�˜�ž�œ�’�—�•�1�Š�—�•�1�Š�Œ�Œ�Ž�œ�œ�ü�1�•�˜�˜�•�™�›�’�—�•�1 �˜�•�1�Š�1�œ�–�Š�•�•�1 �—�Š�•�ž�›�Š�•�1�£�˜�—�Ž�ï�1���—�1�Œ�˜�—�•�›�Š�œ�•�ð�1
�‹�˜�•�‘�1�•�˜�˜�•�1�Š�—�•�1�‹�Ž�œ�•�1�™�›�Š�Œ�•�’�œ�Ž�1�œ�Œ�Ž�—�Š�›�’�˜�œ�1�•�Ž�Œ�›�Ž�Š�œ�Ž�1�•�‘�Ž�1�ž�›�‹�Š�—�1�•�˜�˜�•�™�›�’�—�•�1�‹�¢�1�Š�•�•�’�—�•�1�Š�Œ�•�’�Ÿ�Ž�1�Š�—�•�1
�‘�¢�‹�›�’�•�1�ž�œ�Ž�œ�1�û�Ž�ï�•�ï�ð�1�•�˜�˜�•�1�Œ�›�˜�™�œ�1�Š�—�•�1�Œ�˜�—�œ�•�›�ž�Œ�•�Ž�•�1� �Ž�•�•�Š�—�•�1�•�˜�›�1� �Š�•�Ž�›�1���•�•�›�Š�•�’�˜�—�ü�ï�1���‘�Ž�1�•�’�Ÿ�Ž�›�œ�’�•�¢�1
�˜�•�1�•�‘�Ž�1�����1�›�Š�•�’�˜�ð�1�•�‘�Ž�›�Ž�•�˜�›�Ž�ð�1�Š�•�œ�˜�1�Ž�—�•�Š�’�•�œ�1�•�‘�Ž�1�•�’�Ÿ�Ž�›�œ�’�•�¢�1�Š�—�•�1�•�’�œ�•�›�’�‹�ž�•�’�˜�—�1�˜�•�1�•�Š�—�•�1�ž�œ�Ž�œ�1�’�—�1�˜�›�•�Ž�›�1
�•�˜�1 �Š�Œ�‘�’�Ž�Ÿ�Ž�1 �‘�’�•�‘�Ž�›�1 �‹�Ž�—�Ž���•�œ�ï�1���•�1 �•�‘�Ž�1 �œ�Š�–�Ž�1 �•�’�–�Ž�ð�1 �•�‘�Ž�1 �Š�•�•�’�•�’�˜�—�1�˜�•�1 �Œ�˜�—�œ�•�›�ž�Œ�•�Ž�•�1 � �Ž�•�•�Š�—�•�œ�1�Š�—�•�1
�™�˜�•�¢�Œ�ž�•�•�ž�›�Ž�1�•�›�¢�•�Š�—�•�1�•�˜�˜�•�1�™�›�˜�•�ž�Œ�•�’�˜�—�1�£�˜�—�Ž�œ�1�–�Š�¢�1�‹�˜�˜�œ�•�1�•�‘�Ž�1�˜�Ÿ�Ž�›�Š�•�•�1�‹�’�˜�•�’�Ÿ�Ž�›�œ�’�•�¢�1�˜�•�1�•�‘�Ž�1�œ�’�•�Ž�ð�1
�•�‘�ž�œ�1�’�—�•�’�›�Ž�Œ�•�•�¢�1�œ�ž�™�™�˜�›�•�’�—�•�1�•�‘�Ž�1� �’�•�Ž�›�1�Ž�Œ�˜�œ�¢�œ�•�Ž�–�ï�1

���•�1���›�œ�•�1�•�•�Š�—�Œ�Ž�ð�1�•�‘�Ž�1�������1�œ�Œ�Ž�—�Š�›�’�˜�1�™�›�˜�Ÿ�’�•�Ž�œ�1�Š�1�•�Š�›�•�Ž�›�1�—�Š�•�ž�›�Š�•�1� �Ž�•�•�Š�—�•�1�Š�›�Ž�Š�ï�1�
�˜� �Ž�Ÿ�Ž�›�ð�1
� �‘�Ž�—�1 �Œ�˜�–�™�Š�›�Ž�•�1 �•�˜�1 �•�‘�Ž�1 �˜�›�’�•�’�—�Š�•�1 �œ�’�•�Ž�1 �•�’�–�Ž�—�œ�’�˜�—�œ�1 �û� �’�•�‘�˜�ž�•�1 �Š�—�¢�1 �•�Ž�Ÿ�Ž�•�˜�™�–�Ž�—�•�ü�ð�1 �’�•�1 �Œ�Š�—�1 �‹�Ž�1
�˜�‹�œ�Ž�›�Ÿ�Ž�•�1�•�‘�Š�•�1�•�‘�Ž�1�������1�œ�Œ�Ž�—�Š�›�’�˜�1�•�Ž�Œ�›�Ž�Š�œ�Ž�œ�1�•�‘�Ž�1�•�˜�•�Š�•�1� �Ž�•�•�Š�—�•�1�Š�›�Ž�Š�1�‹�¢�1�X�ï�W�1�‘�Š�ð�1� �‘�’�•�Ž�1�•�‘�Ž�1�•�˜�˜�•�1
�™�›�Š�Œ�•�’�œ�Ž�1 �œ�Œ�Ž�—�Š�›�’�˜�1 �•�Ž�Œ�›�Ž�Š�œ�Ž�œ�1 �•�‘�Ž�1 � �Ž�•�•�Š�—�•�1 �Š�›�Ž�Š�1 �‹�¢�1 �V�ï�Y�\�1 �‘�Š�ð�1 �Š�—�•�1 �•�‘�Ž�1 �‹�Ž�œ�•�1 �™�›�Š�Œ�•�’�œ�Ž�1 �œ�Œ�Ž�—�Š�›�’�˜�1
�’�—�Œ�›�Ž�Š�œ�Ž�œ�1�•�‘�Ž�1� �Ž�•�•�Š�—�•�1�Š�›�Ž�Š�1�‹�¢�1�Š�—�1�Š�•�•�’�•�’�˜�—�Š�•�1�V�ï�]�\�1�‘�Š�ï�1���‘�Ž�1�‹�Ž�—�Ž���•�œ�1�˜�‹�•�Š�’�—�Ž�•�1�•�›�˜�–�1�•�‘�Ž�1�•�˜�•�Š�•�1
� �Ž�•�•�Š�—�•�1�Š�›�Ž�Š�œ�ð�1�‘�˜� �Ž�Ÿ�Ž�›�ð�1�Š�›�Ž�1�•�Ž�™�Ž�—�•�Ž�—�•�1�˜�—�1�•�‘�Ž�1�œ�ž�œ�•�Š�’�—�Š�‹�’�•�’�•�¢�1�˜�•�1�•�‘�Ž�1�Š�Œ�•�’�Ÿ�Ž�1� �Ž�•�•�Š�—�•�1�ž�œ�Ž�œ�ï�1���—�1
�•�‘�Ž�1�˜�™�•�’�–�’�œ�Ž�•�1�œ�Œ�Ž�—�Š�›�’�˜�œ�ð�1�•�‘�Ž�1�œ�•�’�•�‘�•�1 �•�Ž�Œ�›�Ž�Š�œ�Ž�1�’�—�1�•�ž�•�•�¢�1 �—�Š�•�ž�›�Š�•�1� �Ž�•�•�Š�—�•�1�Š�›�Ž�Š�1�û�Œ�˜�—�œ�Ž�›�Ÿ�Š�•�’�˜�—�1
�£�˜�—�Ž�ü�1�’�œ�1�Œ�˜�–�™�Ž�—�œ�Š�•�Ž�•�1�•�‘�›�˜�ž�•�‘�1 �•�‘�Ž�1�Š�•�•�’�•�’�˜�—�1�˜�•�1�‘�¢�‹�›�’�•�1 �Š�Œ�•�’�Ÿ�Ž�1 �ž�œ�Ž�œ�1�œ�ž�Œ�‘�1�Š�œ�1�œ�’�•�Ÿ�˜���œ�‘�Ž�›�’�Ž�œ�ð�1
�˜�¢�œ�•�Ž�›�1�Š�—�•�1�‘�Š�•�˜�™�‘�¢�•�Ž�1�Œ�›�˜�™�œ�ð�1� �Ž�•�•�Š�—�•�1�Ž�Œ�˜�•�˜�ž�›�’�œ�–�ð�1�›�Ž�œ�Ž�Š�›�Œ�‘�ð�1�Š�—�•�1�Ž�•�ž�Œ�Š�•�’�˜�—�1�Š�Œ�•�’�Ÿ�’�•�’�Ž�œ�ï�1���˜�•�‘�1

Figure 22. Overview scenario comparison through system BC and FS ratios (top) and individual
purpose system contributions and FS balances (bottom).

In terms of system BC ratios, the good practise scenario was 12 times better performing
than the BAU scenario, with a yearly cost of living reduction equivalent to 26,990 AUD
per site inhabitant (a 95% improvement compared to BAU). The best practise scenario
performed even better, resulting in a negative yearly cost of living, indicating a yearly
bene�t equivalent to 6420 AUD per site inhabitant rather than a cost (a 122% improvement
compared to BAU).

While it is more dif�cult to quantify the degree of diversity obtained through the FS
distribution, the purpose node distribution diagrams (Figure 22), clearly show that the
optimised solutions have a more even distribution of natural, urban, and hybrid functions
across the system while reducing the impact (contribution%) of the transmission purpose
and increasing the impact of the remaining purpose nodes.

In terms of land uses, the scenario comparison reveals that optimised solutions entail a
more active use of both dryland and wetland zones. Figure 23 shows the area (ha) afferent to
each function type for both dryland and wetland, allowing a comparison between the three
scenarios. In the BAU scenario, the dryland zone is dominated by the urban development
(housing and access) footprint of a small natural zone. In contrast, both good and best
practise scenarios decrease the urban footprint by adding active and hybrid uses (e.g., food
crops and constructed wetland for water �ltration). The diversity of the FS ratio, therefore,
also entails the diversity and distribution of land uses in order to achieve higher bene�ts.
At the same time, the addition of constructed wetlands and polyculture dryland food
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production zones may boost the overall biodiversity of the site, thus indirectly supporting
the wider ecosystem.
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Figure 23. Land use scenario comparison showing dryland and cumulative wetland area uses.
BAU�Business as usual; GP�Good practise; BP�Best practise.

At �rst glance, the BAU scenario provides a larger natural wetland area. However,
when compared to the original site dimensions (without any development), it can be ob-
served that the BAU scenario decreases the total wetland area by 2.1 ha, while the good
practise scenario decreases the wetland area by 0.36 ha, and the best practise scenario
increases the wetland area by an additional 0.76 ha. The bene�ts obtained from the total
wetland areas, however, are dependent on the sustainability of the active wetland uses.
In the optimised scenarios, the slight decrease in fully natural wetland area (conserva-
tion zone) is compensated through the addition of hybrid active uses such as silvo�sh-
eries, oyster and halophyte crops, wetland ecotourism, research, and education activities.
Both hybrid and natural wetland-derived bene�ts therefore depend on the impacts of
these activities.

Strategies such as crop rotation, limiting the amount of material harvested for food
and retail uses, as well as the frequency of ecotourism, research, and education activities,
should be carefully considered in the later design stages. This aspect is already partially
re�ected in the tool unit costs and bene�t values, which apply conservative estimates
regarding production quantities for retail as well as the frequency and number of people
that would use the site outside of the 260 inhabitants. Although the active use of wetlands
implies some degree of risk, achieving a con�guration that allows the increase of wetland
areas through sustainable urban development provides a valuable means of decreasing
competition between urban and natural growth, increasing the chances of adapting to
predicted future population increases in a way that also increases natural areas and supports
ecosystem processes.

Another aspect to consider is the impact of each type of measure, which may aid
decision-making processes. As evidenced through the individual parameter testing, design
options can have varying effects on the system BC, yearly cost of living, and FS. Figure 24
summarises the measures applied in each optimised scenario and shows the percent of
system BC ratio improvement resulting from each measure. Similar to the individual
parameter test results, the optimised scenarios, show that on-site food production has the
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biggest impact in terms of system bene�ts. Water and energy supply vary only marginally
between the two optimised scenarios while the impact of altering urban form, rental
percent, and community functions varies greatly between the two scenarios. The urban
form includes water-sensitive design features, compactness levels, housing typology, and
location, as well as key access modes for the site. While the decrease in footprint between
the good and best practise cases allows for bene�ts to be harnessed from other natural
and hybrid functions, it also results in a reduced overall impact of the housing and rental
improvement measures. As the investment costs for these interventions may not vary
proportionally to their associated bene�ts, it is possible to obtain a negative impact value
with a reduced footprint. This is a similar situation to the cost-bene�t balance of community
wetland retail and indoor coworking space functions discussed in the previous sections,
where certain components have great potential to improve the overall system performance
but also have a high associated cost that needs to be mitigated through other means.
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Figure 24. Types and impact of different improvement measures for each scenario.

In the best practise scenario, the impact of urban form improvement is mitigated by
the % rental bene�ts. The variation in community node impact is due to the inclusion of
wetland retail options and indoor community spaces, with costs being absorbed through
the combined effect of other functions.

In summary, the scenario comparison shows that the use of FS ratios as assessment
criteria for diversity, resilience, and level of support for surrounding ecosystems, in con-
junction with BC ratios as a means of quantifying the degree of impact and sustainability,
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may greatly improve the bene�ts created by a particular development site and design
solution. It is interesting to note the implications in relation to current planning assessment
processes and zoning codes. For example, both BAU and good practise scenarios would be
fully compliant with the current township zoning code of the area, highlighting a lack of
recognition of these types of bene�ts and approaches within the current planning paradigm.
Indeed, while, due to climatic pressures such as increased �ooding, some measures (e.g.,
water-sensitive design options) are recognised within current planning discourse, other
factors such as on-site food production, non-market value bene�t generation and site
potential, system resilience, and, most importantly, the level of support offered by the
development to the surrounding ecosystem services are not accounted for in the design and
development of current urban areas. The tool and use of FS and BC ratios as assessment
criteria may therefore provide an additional dimension and incentive for more sustainable
future development.

7.2. Tool Opportunities
The comparison of tool outputs and scenario testing provide proof of concept for the

underlying algorithm and proposed assessment criteria, highlighting the potential bene�ts
of using the tool outputs to inform design processes. At the same time, the testing and
comparison also point to some strategies and opportunities to broaden tool applications.

The key advantage of the tool is the editability and �exibility of the inputs. This aspect
relates to the base data approach, which allows for inputs to be adjusted according to user
requirements. This entails �exibility in terms of accommodating various site conditions,
target standards, species, technologies, and BC values. As long as the information is
formatted to follow the �le structure (e.g., average, good, and best practise target ranges
for energy), the target values can be modi�ed for each factor. Energy and water ef�ciency
standards can be modi�ed to re�ect any applicable international or local standards. This
provides a degree of �exibility in terms of applying the tool in different legal, planning,
and other coastal wetland contexts. The same principle applies for cultured species, where
inputs and tool options can be modi�ed through the csv �les to include appropriate
endemic species for other sites.

Similarly, climate data inputs can be adjusted to re�ect the speci�c conditions of
any given site, providing an opportunity to test a particular design con�guration against
different or changing conditions. For example, by changing the climate input �le, the
performance of a design con�guration could be assessed under future climatic condi-
tions (e.g., drought or change in temperature) or sea level rise. There is also an oppor-
tunity to create feedback loops between tool outputs and iterative spatial design devel-
opment to determine the systemic impact of potential design compromises arising from
spatial con�gurations.

Another important aspect relating to �exibility is the numerical approach and mini-
mally prescriptive spatial con�guration. As the algorithm works on a quantitative numeri-
cal basis, the assessment outputs remain valid as long as the spatial design keeps to the
numerical rather than spatial assumption in the tool. For example, as shown in the case
study site analysis, vegetation can extend across mixed zones. An accurate representation
of bene�ts and FS ratios for a given site can still be obtained by inputting real areas of
vegetation cover instead of elevation zone areas. By adjusting these inputs, the tool could
also be used to inform decisions across later design and implementation stages. Another
pertinent example is that of energy consumption and spatial housing area design. While
spatially, the tool assumptions provide a reduced range of options, spatial design con�g-
urations need not follow the tool spatial assumptions to maintain tool scenario bene�ts.
In other words, any design con�guration that numerically keeps the same �oor area and
total footprint for each site zone selected will retain the energy and system performance
envisaged through the tool.

Lastly, the �exibility of tool inputs also allows for the tool to be easily used in addition
to other existing software or informed by specialist design team members. For example,
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bene�t and cost values, target energy and water ef�ciency ranges, and crop species mix
could be determined using specialist inputs or outputs from other more detailed models.
The tool, therefore, provides an opportunity to explore and coordinate the systemic impacts
of the various sub-systems.

7.3. Limitations and Future Work
With appropriate inputs, the tool algorithm can be applied to a variety of different sites

internationally. However, the calculations and interface design only target coastal wetland
sites. This is due to the inclusion of coastal protection functions and speci�c wetland-related
functions. While other con�gurations can be numerically modelled through the tool, the
results have yet to be tested within a different context and may not accurately re�ect system
BC and FS ratios for other site types. Additionally, the current tool version includes a
limited range of site-speci�c base data. The information used was tailored to the case study
site and only expanded to the extent of providing suf�cient relevant input to provide proof
of concept for the tool algorithm. In terms of applicability and �exibility, this entails a high
degree of user input necessary for applications on other coastal sites. While the default
inputs provided for water (e.g., user behaviour parameters) and energy generation are
based on internationally applicable standards, data relating to vegetation and cultured
species is site-speci�c and may need specialist input to ensure accurate results in different
conditions. To make the tool more accessible, a wider range of databases for speci�c site
typologies may need to be developed in the future.

One of the key limitations of the tool algorithm is that, while the simpli�ed calculations
allow for an intuitive interface, some factors such as soil characteristics, water quality
(chemical composition and nutrients), scale limits for BC values and ecosystem functions,
as well as climate-site-vegetation compatibility, are not accounted for. For example, the tool
does not account for the survivability of cultured species in inappropriate climates. The
results are therefore only relevant if the site conditions are appropriate for the proposed
options. This again leads to the necessity of more advanced user knowledge and input. The
limitation could be mitigated by further developing connections to other existing software.
Comparison to other software (e.g., InVEST, BIM, and function-focused tools) was only
brie�y touched upon upon re�ecting on the key existing application types in relation to the
tool, but was not the main focus of this paper, which aimed to test and demonstrate the
viability of the tool algorithm. Future work may, however, focus on a more in-depth review
of other applications to determine the exact differences and overlaps with other algorithm
outputs and potentially identify opportunities for improving compatibility and the tool’s
value as complementary software.

Lastly, the tool outputs represent idealised areas, which can be interpreted as a design
brief. Further testing is required to determine how the tool outputs can be deployed
spatially and identify potential feedback loops, improvements, or strategies to mitigate
compromises through design. At the same time, while the numerical approach provides
�exibility and design freedom, simply meeting the required areas may not be suf�cient
to successfully retain the bene�ts highlighted in later phases. Future work may therefore
include exemplars for design typologies and strategies to support the tool.

8. Conclusions
This paper described the development, optimisation, and testing of an interactive

planning and design tool targeting sustainable development in the context of small-scale
development located within coastal wetland conservation area buffer zones. The design
of the tool and algorithm were based on previously published literature review work
that mapped urban-wetland interactions by combining theoretical principles and practical
design strategies into a visual system-thinking concept map of the urban-wetland system
and relationships. The tool algorithm was developed to test the key conclusions of the
literature review, which highlighted the potential use of the concept map as a design tool
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and the use of quantitative data to assess sustainability and system balance by using FS
and BC ratios as system assessment criteria.

The underlying tool design, methodology, algorithm development, and optimisation
were described in detail (Section 3) while also exploring the impacts and implications of
speci�c sub-systems through the concept map. The calculations and base assumptions
underlying the algorithm were assessed and optimised in relation to international and
Australian standards and regulations, aiming to provide a set of relevant design parameters
re�ecting average, good, and best practise value ranges. Available technologies, environ-
mental conditions, and other site-speci�c parameters were explored through the use of
an Australian case study site located within the Gold Coast City administrative area and
adjoining the Moreton Bay international wetland reserve, as well as a smaller conservation
park area. Based on the case study site parameters and available technologies, a set of
demonstrative databases were developed to facilitate further testing of the tool algorithm.
The limited data included within the current tool databases were deemed a key limitation
of the current tool version but provided suf�cient detail to allow proof of concept for the
use of the tool and FS and BC ratios as assessment criteria.

Further to the initial development of the tool options, underlying links, and quanti-
tative weighting strategies, peer feedback was sought through two conference presenta-
tions and a formal focus group targeting key stakeholders related to the case study site
(Section 4). Key conference feedback points provided insight into validation methods
through modelling and spatial testing, as well as raising questions regarding how tool
outcomes could be tested through on-site implementation. Key feedback points of the focus
group revolved around a more accurate representation of community interests within the
tool and closer linking of the tool outcomes with current planning and development context.
The key points of both conference and focus group responses were used to improve the
tool’s functionality. Following this stage, the key FS and BC ratio calculation tool algorithms
were developed and implemented within the optimised tool design (Section 5).

Finally, the tool outputs and algorithms were assessed and validated through a series
of scenarios (Section 6). To validate tool outputs, a BAU scenario was �rst developed based
on the features and characteristics of the case study area. Tool modelling results showed
that the BAU scenario outputs were comparable to known occupancy and expenditure
levels, demonstrating realistic outputs. To assess the potential usefulness and implications
of FS and BC ratios as development assessment criteria, two optimised design scenarios
(good best practises) were developed for the case study site. Optimisations for tool food,
water, energy, and community parameters were �rst assessed individually and then applied
concomitantly to achieve the �nal good and best practise scenarios. The good practise
scenario is a more moderate approach that applies good practise building standards and
was conceived to meet the current planning requirements of the site. The best-practise
scenario explored the maximum bene�ts that the site could provide and what design
options and changes the measures would imply. Comparison to the BAU reference scenario
revealed a high potential for improvement for both good and best practise scenarios. In
terms of system BC ratios, the good practise scenario was 12 times better performing
than the BAU scenario, with a yearly cost of living reduction equivalent to 26,990 AUD
per site inhabitant (a 95% improvement compared to BAU). The best practise scenario
performed even better, resulting in a negative yearly cost of living, indicating a yearly
bene�t equivalent to 6420 AUD per site inhabitant (a 122% improvement compared to
BAU). Overall, the BC ratio proved a valid assessment criterion re�ecting the degree
of sustainability of a given design con�guration, allowing for comparison between the
achievable bene�ts. At the same time, results demonstrated that BC ratios should be
interpreted and used in combination with the FS ratios, which provided an adequate means
of assessing system diversity, resilience, and self-sustenance. Testing via the tool showed
that the maximisation of hybrid functions supporting ecosystems and urban processes
and the diversi�cation and even distribution of FS ratios can lead to high-bene�t design
con�gurations such as the good or best practise scenarios.
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In conclusion, the tool and associated FS and BC assessment criteria show great
potential for informing design decisions leading to more sustainable future develop-
ment. At the same time, it was noted that the outcomes re�ect areas currently omitted
within planning requirements and assessments, highlighting a potential new approach to
future development.
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