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Abstract: Population growth, urbanization, and climate change have significantly contributed to
environmental degradation, posing severe consequences for humans and other species. By integrating
ecological objectives with human-centric goals, a path towards a sustainable, multi-species future
is possible. Current sustainable design principles have shown positive environmental impacts
by addressing human-centric objectives such as enhancing green infrastructure, energy efficiency,
thermal comfort, and more. However, the incorporation of multi-species design criteria remains
unresolved. This paper proposes a conceptual framework in which human-centric and ecological
design objectives are defined and associated through the selection of key performance indicators
(KPIs) represented by numerical thresholds. But, while the objective-KPI relationship is an established
path in architectural design, the same does not apply for preserving and promoting biodiversity.
The proposed conceptual framework identifies, defines, and associates the relevant objective-KPI
relationships for all stakeholders and becomes the basis for evaluating the project computationally.
Such an approach is currently lacking.

Keywords: design objectives; key performance indicators; multi-species building envelope; objective-
KPI framework; evaluation; multi-species design

1. Introduction

In the coming years, humanity will face dramatic challenges relating to population
growth, urbanization, and climate change. Urban resilience towards a sustainable and safe
future requires understanding the complexity that governs urban environments and how
we need to design our communities and buildings per se [1]. The rising rate of environmen-
tal degradation has led government sectors, policymakers, and professional practitioners
towards the establishment of Sustainable Development Goals (SDGs) through green infras-
tructure and green building practices [2,3]. Such goals are mainly underlined in the work
of the UN SDG [4]. This work entails the implementation of human-centric objectives, i.e.,
enhancing thermal comfort (indoors/outdoors), advancing energy efficiency, improving
air quality, reducing noise pollution, promoting green infrastructure, and more [5–10].

However, human impact on the physical environment, as a result of the above pressing
issues, affects ecosystem services on a global as well as local scale [10–13]. Nevertheless,

Buildings 2024, 14, 250. https://doi.org/10.3390/buildings14010250 https://www.mdpi.com/journal/buildings

https://doi.org/10.3390/buildings14010250
https://doi.org/10.3390/buildings14010250
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-0322-4670
https://orcid.org/0000-0001-9401-1170
https://orcid.org/0000-0001-7828-3336
https://orcid.org/0000-0003-0415-8246
https://orcid.org/0000-0001-8898-8727
https://orcid.org/0000-0003-4683-4601
https://doi.org/10.3390/buildings14010250
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14010250?type=check_update&version=1


Buildings 2024, 14, 250 2 of 24

conventional architecture, as well as green architecture, is mainly human-centric, and
the setting of ecological design objectives alongside the architectural ones is not common
practice. Different ranges of ecosystem functions, relating to different contexts, climates,
and data collection, need to be adapted to a variety of contexts, with the urban environment
being one of them. In this paper, we introduce ‘ecological design objectives’, characterized
by non-human stakeholders and formulated based on ecological knowledge to meet the
needs of these stakeholders. The introduction of ecological knowledge into architectural
design through the consideration of other stakeholders will enhance biodiversity within
the urban fabric.

Architectural design requires criteria for evaluation, i.e., design objectives towards
improving a building’s performance [14,15]. Topics could refer to accessibility, architectural
composition, cost-effectiveness, preservation, sustainability, and more. Objectives are
perceived as project goals that are identified early in the design process, relate to the project
context, and become part of the traditional design brief [16–18]. Indicators can evaluate
these goals and confirm success or failure. In that respect, key performance indicators (KPIs)
offer a systematic approach by evaluating performance in reference to the objectives set [19].
Concerning the environmental performance of sustainable buildings aiming to reduce
environmental impact, for example, indexes are needed for measuring environmental
performance [20]. The process requires the selection of sustainable building indicators as
well as their degree of importance. So, an objective-KPI framework needs to be developed.

We propose that ecological parameters, e.g., the composition and distribution of
plants and animals, together with the ecological objectives that may accompany them, are
integrated into urban planning through the design of the building envelope. The envelope
becomes a multi-species living space supporting the lives of diverse inhabitants, including
procaryotes, fungi, algae, mosses, ferns, vascular plants, unicellular and multicellular
animals, and humans. Weisser et al. (2022) suggested that multi-species design can be
applied to ecolopes, i.e., ECOlogical building enveLOPE, where the stakeholders are humans,
plants (including fungus), animals, and microbiota [21,22]. Weisser et al. (2022) brought
forward the requirement for evaluating the performance of multi-species design through
the selection of KPIs, defined for each stakeholder [22].

However, currently, there is no architectural or ecological framework to support multi-
species design. In addition, the main professions that have traditionally built the urban
environment are landscape architects, architects, urban planners, and landscape planners.
This means that informed ecological knowledge on green infrastructure is currently lacking,
i.e., ecological knowledge integrated into architectural design, contributing both to human
well-being and nature conservation. Nevertheless, the advanced knowledge of ecosystem
services and ecological design necessitated in planning has to come from a multidisciplinary
approach [23–25]. Therefore, we propose the addition of a new layer of information in the
sustainable design of cities that considers ecological parameters alongside architectural
design by developing a conceptual framework for multi-species design. The process entails
ecological design objectives alongside architectural design objectives, through the selection
of suitable KPIs.

Regarding the allocation of KPIs to different stakeholders, our approach involves
utilizing a range of KPIs. We advocate for an adaptable strategy that embraces diverse
perspectives on defining objectives. As a result, the KPIs presented here are not definitive
but rather exemplify the rationale behind several potential approaches to KPI implementa-
tion. An important consideration in the objective-KPI relationships is that they have to be
computable for evaluation as part of the project’s future steps. In addition, the objectives of
human and non-human stakeholders can be contradictory or synergistic.

The following sections introduce a multi-species objective-KPI framework through
multi-stakeholder objectives and the connections with the KPIs that define them. This paper
begins (Section 2) with a background section on integrating ecological design objectives
into the architectural design environment. Section 3 delves deeper into the objective-KPI
relationships for all stakeholders through the introduction of generic themes that the KPIs
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may derive from. Section 4 discusses the potential common ground between human-
centric design and the integration of other stakeholders within building design. Section 5
puts forward the requirements for the evaluation of the project through the integration
of an ecological modeling layer (plants, animals, and microbiota) into the 3-dimensional
architectural environment (humans). The process suggests linking quantifiable KPIs to
architectural and ecological objectives. It does so through KPI synergies and trade-offs,
represented by numerical thresholds, through the “nested hierarchy” methodology.

This paper concludes with an outline of the computational methodology supported
by a preliminary case-study example. While the computational approach has not been fully
explored to-date, its realization will enhance planning practices by introducing combined
architectural and ecological knowledge.

The project’s key definitions are the following:

1. Ecological design objectives: design objectives for non-human stakeholders.
2. Stakeholders: humans, plants, animals, and microbiota.
3. KPIs: General indicators of performance that focus on critical aspects of outputs or

outcomes [19].
4. Objectives: Direction of decision-making attributes to improve upon the decision-

making problem [26].
5. Goals: Goals are quantitative representations of objectives expressed in a specific

space and time [26].
6. Common KPIs: Common KPIs are described by overlapping thresholds used to correlate

between the stakeholders (a minimum of two) within the optimization process.
7. Nested hierarchy: A hierarchical strategy, like Matryoshka dolls, is to associate de-

scriptive objectives with quantifiable key performance indicators.

2. Ecological Design Objectives

Urbanization affects land transformations and their ecosystem properties, such as
biodiversity [27,28], biogeochemical cycles [29,30], local climatic conditions [31–33], and
species abundance [34–36]. As anthropogenic environments expand, it becomes even more
important for scientists to predict the biological responses to different and interacting
pressures in order to design effective management strategies [37,38]. However, ecological
and environmental processes, as well as the interactions between humans and natural
systems, are multifaceted and require higher levels of interactions and feedback dynamics.
Traditional approaches have primarily concentrated on integrating natural ecosystems into
the urban environment by establishing protected areas, such as nature parks and reserves,
and creating ecological corridors [39]. While these approaches have provided significant
benefits, they are no longer sufficient to address the escalating rate of species extinction
and the diminishing human-nature interactions [40].

The urban species pool is affected by several hierarchical filters. These include regional
climate and biogeographical factors, socioeconomic and cultural factors, human land-use,
and migratory species that spent a portion of their life-cycle in the area or were introduced
by humans, intentionally or unintentionally [41]. Questions arise on how many and
which species are able to live within the urban environment [42,43], as well as what
conditions cities can provide for the regional species pool [44]. Urban landscaping portrays
a high heterogeneity in scales, varying between green patches, parks, and meadows,
scattered within the gray infrastructure. Studies on the spatiotemporal changes of landscape
patterns in response to urbanization revealed that green patch size, shape, connectivity,
and percentage of valuable habitats preserved were the most important attributes [45,46].
These small and disconnected green urban patches still provide spaces for biodiversity
while forming interconnected ecological networks [47].

However, given the increasing urbanization on a global scale, better solutions need
to be developed in order to preserve, enhance, and create more ecologically valuable
options that facilitate connectivity between urban habitats [48–50]. Yet, contrary to human-
centric objectives, non-human objectives are not so clearly and easily defined. Today, we
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have numerous examples of human-centric objectives to be achieved through nature-based
solutions and green infrastructure, such as cooling, noise reduction, and pollution reduction
through vegetation. Thus, non-human stakeholders, in particular plants and, to a lesser
degree, animals and microbiota, are already involved in human-centric design. But current
objective-KPI relationships derive from the perspective of enhancing human well-being.

The same is true for ‘sustainable design’, ‘sustainable building’, and ‘green building’
practices. These commonly used terms are assessed through rating systems towards better
environmental outcomes, however, with an anthropocentric character [51,52]. Similarly,
‘ecosystem services’ portray mainly human-centric objectives with no clear benefits to
other stakeholders [53,54]. On the other hand, initiatives such as ‘regenerative design’
and ‘healthy ecosystem’ present better correlations in human-nature relationships, though
methodology and performance are still unclear [55,56]. The acknowledgement that cities
may also serve as biodiversity hotspots emphasizes the necessity for pioneering research
endeavors that investigate the possibilities of integrating nature-based design strategies at
the building scale [57].

In this paper, we discuss a building envelope design from the point of view of the differ-
ent stakeholders to mitigate the numerous environmental issues that cities create. Currently,
informed knowledge of the ecological benefits of green infrastructure is lacking. Such knowl-
edge includes aspects of ecological connectivity, food resources, plant and animal habitats,
and more. Grobman et al. discussed current perceptions and trends of multi-species design at
the building scale while pointing out the challenges and gaps for achieving this goal [21]. The
review underlines that a successful outcome requires a systematic design approach for inte-
grating ecological design objectives with architectural ones. Here, we explore the dynamics of
architecture and ecology through the objective-KPI methodology.

We suggest clearly differentiating objectives for each of the four main stakeholders
(humans, plants, animals, and microbiota) so that they are considered and applied in the
same way as the human-centric objectives during design. The aim is to introduce ecological
services alongside human welfare benefits through a multi-objective methodology [58].
This process dictates the implementation of KPIs that relate to the functions of all four
stakeholders instead of just humans. The end-result is the optimization and evaluation of
designs through KPI thresholds that range within acceptable values for all stakeholders. In
relation to the non-human stakeholder KPIs, we identified several requirements that the
objective KPI framework should meet:

• Present sound ecological knowledge;
• Acknowledge that biodiversity is multi-scalar with relationships between the scales

(diversity of species and ecosystems, local and regional diversity);
• Acknowledge that biodiversity is multidimensional, with relationships between the

dimensions (taxonomic and functional diversity);
• Acknowledge existing frameworks and metrics already in use in biodiversity conser-

vation, restoration, and/or monitoring;
• Integrate nicely into the next step, which is the computational aspect of this project.

In the following sections, we focus on the objective-KPI relationships that involve
human and non-human stakeholders. Current research refers mainly to human-plant
stakeholder relationships.

3. Methods: Defining Objective-KPI Relationships

When deciding upon the main objectives that guide the design process and the KPIs that
define them, expert knowledge as well as a literature review are of critical importance [59,60].
Mosca and Perini’s review of architectural KPIs highlights the growing interest in using
KPIs as performance indicators in the design process, with building sustainability having
the highest rate of occurrence [61]. Selvan et al. conducted a systematic literature review
on integrating ecological knowledge into architectural design [60]. In the review, common
term occurrences were extracted for the multiple-criteria decision-making (MCDM) processes,
some of which could possibly represent KPIs.
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So, the KPIs that drive the design process originate from the adoption of certain
methodologies. The challenge is to create a framework to identify, define, associate, and
evaluate relevant KPIs for the effective monitoring of objectives. Kylili et al. (2016) dis-
cussed ‘sustainable building renovation’ KPIs through the employment of generic cate-
gories and sub-categories. These included economic KPIs, environmental KPIs, social KPIs,
and more as the most frequently employed KPIs [62]. In this research paper, the following
generic categories, referred to as themes, have been identified. They frame the sustainable
well-being of human and non-human stakeholders. The themes support the multi-species
objective-KPI relationships through the employment of a range of KPIs that may derive
from them and act as performance measurement for the objectives set.

To explain our methodological approach, we commence with four generic themes well-
known in human-centric architectural design, describing key human comfort
conditions [40,63–67]. These are: abiotic conditions, urban noise, air quality, psychol-
ogy, and well-being. Following that, we discuss the same themes in relation to the other
stakeholders, i.e., plants, animals, and microbiota, and address potential correlations.
The themes assist in drawing specific objective-KPI relationships. For example, ‘to in-
crease/reduce solar radiation’ may be an objective, whose KPI ‘solar radiation’ is grouped
in the theme of abiotic conditions, quantified by “W/m2”.

For multi-species design, non-human stakeholder objectives are feasible in a simi-
lar manner to nature conservation, such as species-based (focus on threatened species),
biodiversity-based (maximize species richness), habitat-based (restore habitat that occurs
in the surrounding area), and more. Contrary to the human-centric design objectives, the
setting of ecological design objectives, e.g., the ‘increase of urban habitat species’ as part of
architectural design strategies, is not a common practice. For example, ‘Enhance Species
Diversity’, quantified by the KPI ‘Species Richness’ [68], is not applicable architecturally,
meaning that currently there is no correlation between form and the number of species
present. The proposed approach dictates a new methodology, presented further down in
this paper through the ‘nested hierarchy’ [69].

The following non-human objective-KPI relationships originating from the generic
themes serve as indicators. While some may be important in the functions of plant, animal,
and soil communities, correlations may not be as direct. However, there are examples of
direct associations, such as between tree abundance and soil volume, as well as between
plant biomass and shading percentage. Further research on ecological design objectives
will consider more direct ecological correlations, like the ones that exist between ‘enhancing
ecosystem stability’ and ‘functional group (FG) biomass’. FG allows for the clustering of
species with similar characteristics. Examples of multi-stakeholder objective-KPI relation-
ships in relation to the proposed themes are presented in Table 1.

Table 1. Proposed examples of the relationships formed between the proposed envelope design
and the four stakeholders. The greyed-out selections refer to the specific stakeholders that the KPI
conditions describe. The direction that the KPI refers to is relative and may differ according to the
properties of the stakeholders.

Objectives KPI Themes KPI Measures

Abiotic Conditions

Achieve min. heating—cooling loads (humans)
Improve thermal comfort (humans) Temperature Outdoor Air (◦C)

Façade inclination (degrees)

Improve water and soil management (all stakeholders)
Maximize suitable area for plant colonization (animals, plants)
Upgrade green infrastructure (all stakeholders)
Provide grey water technologies (humans)

Humidity Relative/Absolute (%)

Precipitation and Rainfall Water quantity on the façade (cm)

Water
Retention

Water quantity (cm)
Façade inclination (degrees)

Enhance thermal comfort (humans)
Achieve max-min solar radiation (winter/summer) (humans)
Enhance plant growth (all stakeholders)

Solar
Radiation
Shading %

Direct solar radiation (W/m2)
Façade inclination (degrees)
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Table 1. Cont.

Objectives KPI Themes KPI Measures

Provide wind comfort (all stakeholders)
Complement natural ventilation (humans) Wind Speed Air Velocity (m/s)

Wind direction (orientation)

Enhance natural daylighting (all stakeholders)
Enhance visual comfort (humans) Lighting and Glare Daylighting/Shading (%)

Enhance thermal comfort (humans)
Enhance acoustic comfort (animals, humans)
Maximize area for plant colonization (animals, plants)

Soil Volume Volume (cubic meters
or liters)

Noise Levels

Provide acoustic comfort—noise reduction (animals, humans) Noise Levels Noise levels (dB)

Air Quality

Improve air quality through vegetation (animals, humans)
Upgrade air pollution mitigation strategies (animals, humans)
Upgrade green infrastructure against air-pollution (all stakeholders)

Air Quality Particulate matter (PM2.5)

Psychology and Well-being

Strengthen experiences with natural environments (humans) Proximity to
nature Green % on building

Building Design & Construction

Improve species connectivity (animals, plants, microbiota)
Enhance plant colonization (animals, plants, microbiota)
Provide Self-sustaining structure (humans)
Blur natural/artificial boundaries (all stakeholders)

Material
Properties

Green % on building
Building height

3.1. Human-Centric Objectives and KPIs
3.1.1. KPIs Related to Abiotic Conditions

Abiotic factors, or climatic variations, have a profound effect on human health and
well-being. The relationships formed between people’s thermal comfort perception and
outdoor atmospheric conditions are a topic of increasing interest [70–72]. Studies have
explored the relationships between thermal comfort and environmental conditions, such as
air temperature, intensity of solar radiation, wind speed and direction, relative humidity,
mean radiant temperature, and more [64,65]. Other studies point out the importance of land
surface temperatures and their spatial variations within a city environment [73–75]. So, if
the human-centric objective relates to some form of thermal comfort, the above parameters
could be considered relevant KPIs.

For example, increased winds on a building site could be filtered using vegetation on
and around the building, while the relevant KPI could be “m/s”. Another example is heat
stress under daytime summer conditions, which is in direct relationship to the presence of
shaded vs. unshaded (exposed solar radiation) environments using vegetation, trees, etc.
In that case scenario, the human-centric objective relating to human thermal comfort could
be ‘to increase green vegetation’, with the relevant KPI being ‘solar radiation’, measured
in “W/m2”. So, non-human stakeholders, in this case plants, modulate the environment
for humans, and thus, the KPIs concerning abiotic conditions can also include measures
involving plants.

Other, similar examples could relate to humidity, stormwater, etc. The soil-plant
interactions, including the physical, chemical, and biological properties of soil, play an
important role in rainwater retention as well as the immobilization of pollutants, amongst
other important topics in urban sustainability [76–78]. And while the water interception of
plants has positive effects on human thermal comfort [79], rainwater retention through the
soil-plant systems offers positive solutions against flooding in the built environment [80].
On-site rainwater treatment techniques have been greatly emphasized through ‘urban water
management concepts’ [81], ‘water sensitive urban design’ [82], ‘low impact development
on stormwater management’ [83,84], and other similar technologies that treat rainwater at
its source. The above goals could be seen as potential objectives, while the relevant KPI
here could be “soil volume”, measured in “m3 or L”.
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3.1.2. KPIs Related to Noise Levels

An increasingly important urban environmental challenge nowadays is road traffic
noise pollution [85,86]. Three-dimensional noise maps are gradually becoming more
common in densely populated urban areas and major urban cities for the characterization of
noise levels in accordance with international standards on noise control [87–91]. According
to the World Health Organization (WHO), 0 dB is considered the hearing threshold at which
it is possible to hear a signal, 50 dB is the level of acoustic comfort, 65 dB is a desirable limit,
85 dB may result in damage to the ear, and 120 dB relates to a pain threshold [92–94]. Urban
environments today mainly range between 45 dB (quiet neighborhood streets) and more
than 80 dB (busy roads and highways). Effective management of urban noise-induced areas
includes noise assessment reports, while further research is needed on both the ecological
and human-related consequences of chronic noise exposure.

Plants can also mitigate urban noise, and hence a noise-related KPI may refer to the
addition of plants. For example, mitigation strategies involve the use of vegetation on
building envelopes and low-profile barriers [95], while research outcomes reveal that the
noise absorption qualities of plants depend on the leaf shape, size, thickness, and height of
the plant [96,97]. The noise absorption qualities of specific plant and vegetation formations
have also been a topic of interest in research studies [98–100]. Lacasta et al.’s (2016) compar-
ison study between a traditional wall and a green wall revealed an absorption coefficient
of 0.7 and a reduction of 4 dB due to the vegetated volumes [101]. Moreover, research
revealed that soil volume performs well at low sound frequencies, whereas vegetation
performs better at middle and high frequencies. In addition, dry soil has higher absorption
rates than in the case of increased soil saturation [98]. So, if the design brief dictates a
need for reducing ‘noise levels’, then the relevant KPIs could be referring to the volume of
plants and soil.

3.1.3. KPIs Related to Air Quality

The elevated pollutant concentrations of urban environments worldwide [102,103], in
line with the impacts of climate change and weather variability [104], dictate the implemen-
tation of effective management strategies. Plants can also be used to improve the quality of
the air. Current studies focus on the absorption qualities of harmful substances in indoor
plants [105,106], while research on the air pollution mitigation qualities of outdoor plants
is evolving [107]. The Gourdji (2018) study discusses the pollution reductions of different
green roofs, with a focus on the capabilities of plants in reducing the levels of particular
matter (PM), ozone (O3), and nitrogen dioxide (NO2) [108]. Chen et al.’s (2016) study on
the effectiveness of different plant species in removing PM from Beijing’s air revealed that
it was relevant to species selection [109]. Still, similar studies recognize green infrastructure
(GI) as one of several promising passive control systems for air pollution [110], while a
pollution-free urban environment enhances the health and well-being of all life present in
such an environment. Similarly, to the noise levels section above, if the design brief dictates
a need for enhancing air quality, then also the KPI becomes ‘air quality’ and is quantified
by measuring, for example, the percentage of harmful particles in the air.

3.1.4. KPIs Related to Psychological and Indirect Health Issues

Experiences with natural environments can have beneficial effects on human well-
being, such as forest bathing [111–113]. Such experiences embody different kinds and scales
of nature, from wilderness [114] to neighborhood parks [115], gardens [116], and green
design around residences [117]. Hartig and Kahn’s (2016) study supports the idea that
acknowledging the psychological benefits of nature will assist in better integrating nature
into architecture, infrastructure, public spaces, and urban areas [66]. Research supports the
psychological benefits of just viewing natural features [118], while animal contributions can
also provide positive benefits, e.g., through bird song. Kardan et al.’s (2001) demographic
study in Toronto underlines the importance of green infrastructure on public health and,
more precisely, the correlations between ‘tree density’ and incidence numbers of heart and
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metabolic disease [119]. An increasing number of research examples also relate nature
exposure to a decrease in other health risks, such as the risk of developing allergies, with
microbes being implicated as the mediating agent [120]. However, psychology and well-
being, as themes relating to human-centric objectives and their association to quantifiable
KPIs, are considered more abstract than the ones mentioned above.

3.2. Animal, Plant, and Microbiota Objectives and KPIs
3.2.1. KPIs Related to Abiotic and Biotic Conditions

In regards to species, environmental conditions determine and control their key life-
cycle transitions [121]. Overall, for each environmental factor, an organism has a tolerance
range within which it is able to survive. This tolerance range could be the proposed KPI
threshold in this case. The environmental factors affecting species are divided into biotic
(living) and abiotic (nonliving) factors [122,123]. Regarding abiotic environmental data
and the 3D urban environment, lines are drawn between species distribution and species
richness, i.e., how plants are affected by the shading of buildings [124], how the water flow
affects soil development [125], how the built environment upsets plant dispersal [126], and
more. Biotic conditions, on the other hand, influence animal movement and, thereby, their
home range formation possibilities [127]. Biotic factors include impacts by members of the
same and other species on the development and survival of the individual, i.e., species
present in the regional pool [128,129].

The main abiotic factors are light, temperature, water, and atmospheric gases that influ-
ence the form and function of the individual during evolution, while during its lifetime they
affect species distribution and species richness [130,131]. Species richness and distribution are
also relevant to the region-specific historical variations in climate and habitat [132–136]. Signi-
fying what differences exist in the species richness of similar assemblages in different regions
is a norm [137–139]. Vegetation variation also depends on other environmental variables, such
as altitude and slope, annual precipitation, water availability, and physical and chemical soil
properties [140,141]. In regards to vegetation, important variables are temperature, rainfall,
topography, and soil type formation [142–144], while soil-vegetation relationships determine
species abundance. On the other hand, depending on the local climatic conditions, the rela-
tionships formed between plant spatial patterns and ‘water infiltration capacity’ determine
plant community compositions, i.e., the percentage of species in semi-arid sites, as a result of
the hydro-physical properties of soil [145].

The above-described abiotic factors influence each species differently. Meaning that
the objective-KPI relationships of the non-human stakeholders become more challenging.
One way to approach this issue is by describing specific species, or even better, in terms
of simplicity and reduced computational power, FG. Ecologically, this means that the
objective could be in relation to enhancing a specific plant species, or FG, and the KPI
helps to accommodate such a goal. In that case, a more direct approach to the ecological
objective-KPI relationships could be, for example, to ‘enhance ecosystem stability’ with the
relevant KPI being the ‘biomass of animal group X’.

3.2.2. Noise Levels Related KPIs

Studies also focus on the effect of anthropogenic noise on wildlife [146,147]. Evidence
suggests that noise levels impact acoustically oriented animals while also influencing
the distributions of organisms with no clear links to the acoustic realm [148,149]. Noise
levels may alter species behavioral patterns, such as acoustic communication, foraging,
and movement [150,151], while there is also documented evidence of changes to species
physiology, fitness, population dynamics, and ecosystem functioning [152,153]. Further
research suggests that species may also be affected by noise distributions in relatively quiet
areas adjacent to the noise-exposed ones [154]. In that respect, noise levels could be a
proposed KPI measured in decibels, similarly to the noise levels KPI discussed previously
for humans.
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However, as noise is only relevant to some animals, e.g., mammals, the noise KPI
becomes less important among ecological KPIs. Nevertheless, in terms of the ecological
objective-KPI relationships, connectivity is quite important, and connectivity is impacted by
roads. As roads are also a source of noise, there is a clear connection between connectivity,
as a potential KPI, that influences both connectivity and noise levels. In that respect, the
quality of the roads designed in terms of the accessibility of cars, humans, and animals plays
an important consideration. Through these kinds of relationships, it is possible to state that
KPIs could relate to architectural features and environmental parameters, underlying the
possible synergies and trade-offs between the different stakeholders.

3.2.3. Air Quality-Related KPIs

Drawing parallels to humans, animals are also affected by poor air quality, especially
traffic-related air pollution (TRAP). Respiratory complications and lung inflammations are
common diseases among urban animals, including feral dogs, pigeons, and squirrels [155–157].
Research revealed that air pollution is mostly detrimental to smaller-scale animals, particularly
birds [158–160]. Additionally, ozone has been shown to decrease photosynthesis rates in
plants [161]. On the other hand, plants absorb air pollutants mainly through their leaves, and
while this is an established human-centric strategy for improving air quality [162], air pollution
negatively impacts plant growth and structure [163]. Another consequence of air pollution is
acid rain, caused by the burning of fossil fuels. The effects of this increase the acidity of lakes
and ponds, greatly affecting fish and other living organisms [164]. Acid rain also makes the
soil more acidic, resulting in the removal of soil minerals and nutrients while increasing the
availability of toxic heavy metals, affecting plants and animals alike [165,166]. And while the
above examples are only beginning to frame the environmental consequences of poor air quality,
the ecological design objectives are numerous, with the relating KPI, similar to the human one,
being ‘air quality’, quantified by the percentage of harmful particles in the air.

3.2.4. KPIs Related to Well-Being and Indirect Health Issues

Given the increase in urban sprawl, questions arise on how to best promote human and
wildlife existence in the urban environment. “One Health” framework is a newly formed
operational definition jointly created by the Food and Agriculture Organization of the
United Nations (FAO), the World Organization for Animal Health (OIE), the United Nations
Environment Program (UNEP), and the World Health Organization (WHO) [167]. The One
Health approach aims towards the sustainable balance and optimization of people, animals,
and ecosystems by recognizing that all three are closely linked and interdependent [168]. In
that respect, enhancing the urban environment through green infrastructure, including trees,
flowers, wetlands, ponds, and their connections, can increase species habitats and ecological
functions [169,170]. Examples of objective-KPI relationships here are ‘connectivity between
green patches’, as well as ‘percentage of green volume’.

4. Results: Common Objectives and Common KPIs

The above themes on human and non-human stakeholders underline ecological dy-
namics and human comfort conditions. Human health and well-being are contingent on
certain thresholds and conditions in the outdoor environment. Regarding non-human
stakeholders, whether an urban location may provide an individual with a place to live is
dependent on a number of conditions that relate to the appropriateness of the environment
for the individual to complete its life cycle [171–174]. Such conditions are relevant to
adequate access to food, mates, chances of survival, and environmental conditions. The
benefits of such connections are multi-dimensional and create a common ground between
human-centric design and the integration of other stakeholders within building design
strategies. The list of themes could expand to incorporate further relationships between the
stakeholders. Regarding the non-human objective-KPI approach, relationships could refer
to urban ecosystem stability, ecosystem services, and others.
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On the building envelope scale, which is the focus of this paper, design objectives relate
to the interactions between the stakeholders (animals, plants, humans, and microbiota). So,
objectives inform the boundaries of the design brief, guided by the KPIs. In short, KPIs
form the multi-species design components of the envelope by providing a structure that
quantifies design objectives. Canepa et al. (2022) and Weisser et al. (2022) first introduced
non-human stakeholders into the design brief as part of the ECOLOPES project [22,175].
Figure 1 presents specific examples of human-centric design objectives that have paved their
way into planning strategies and building design, alongside potential design objectives
relating to non-human stakeholders. The illustration underlines the fact that for the
realization of a multi-species building design, it becomes important to consider design
objectives for all four stakeholders, as depicted on the left-hand side of the figure.

Buildings 2024, 14, x FOR PEER REVIEW  10  of  25 
 

4. Results: Common Objectives and Common KPIs 

The above themes on human and non-human stakeholders underline ecological dy-

namics and human comfort conditions. Human health and well-being are contingent on 

certain  thresholds  and  conditions  in  the outdoor  environment. Regarding non-human 

stakeholders, whether an urban location may provide an individual with a place to live is 

dependent on a number of conditions that relate to the appropriateness of the environ-

ment for the individual to complete its life cycle [171–174]. Such conditions are relevant 

to adequate access to food, mates, chances of survival, and environmental conditions. The 

benefits of such connections are multi-dimensional and create a common ground between 

human-centric design and the  integration of other stakeholders within building design 

strategies. The list of themes could expand to incorporate further relationships between 

the stakeholders. Regarding the non-human objective-KPI approach, relationships could 

refer to urban ecosystem stability, ecosystem services, and others. 

On the building envelope scale, which  is the focus of this paper, design objectives 

relate to the interactions between the stakeholders (animals, plants, humans, and micro-

biota). So, objectives  inform  the boundaries of  the design brief, guided by  the KPIs.  In 

short, KPIs  form  the multi-species design components of  the envelope by providing a 

structure that quantifies design objectives. Canepa et al. (2022) and Weisser et al. (2022) 

first introduced non-human stakeholders into the design brief as part of the ECOLOPES 

project [22,175]. Figure 1 presents specific examples of human-centric design objectives 

that have paved their way into planning strategies and building design, alongside poten-

tial design objectives relating to non-human stakeholders. The illustration underlines the 

fact  that  for  the realization of a multi-species building design,  it becomes  important  to 

consider design objectives for all four stakeholders, as depicted on the left-hand side of 

the figure. 

 

Figure 1. Proposed relationships between human and non-human design objectives  towards  the 

realization of multi-species building design. 

Figure 2 illustrates anthropocentric and ecological design objectives, as these are de-

fined by purely anthropocentric or ecological design goals, as well as having a common 

middle ground of objectives and KPIs. This common ground of KPIs between the stake-

holders defines the synergies and trade-offs between them. For example, human-centric 

KPIs can partially depend on ecological design KPIs through the incorporation of ecosys-

tem  services,  i.e., noise being dampened by plant  cover, while ecological and human-

based KPIs may derive from a similar basis, a common ground, i.e., the ‘light’ conditions 

needed for biomass also relate to ‘solar radiation’ strategies applied to building design. 

Figure 1. Proposed relationships between human and non-human design objectives towards the
realization of multi-species building design.

Figure 2 illustrates anthropocentric and ecological design objectives, as these are defined
by purely anthropocentric or ecological design goals, as well as having a common middle
ground of objectives and KPIs. This common ground of KPIs between the stakeholders defines
the synergies and trade-offs between them. For example, human-centric KPIs can partially
depend on ecological design KPIs through the incorporation of ecosystem services, i.e., noise
being dampened by plant cover, while ecological and human-based KPIs may derive from
a similar basis, a common ground, i.e., the ‘light’ conditions needed for biomass also relate
to ‘solar radiation’ strategies applied to building design. So, KPIs evaluate human-nature
interactions by measuring the consequences of a particular design for human well-being
(objective) and for the abundance of non-human inhabitants (objective). Such complex rela-
tionships describe how abiotic conditions (such as precipitation, temperature, solar radiation,
etc.) interact with the architectural design to ensure human comfort conditions while also
providing an adequate environment for plants, animals, and microbiota.
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Figure 2. Diagram of the four stakeholders and the common ground of KPIs between them through
the multi-species design. The common ground defines the synergies and trade-offs between them.

Common stakeholders’ KPIs are evaluated in accordance with the KPI thresholds
defined for each stakeholder. Figure 3 illustrates such relationships where common KPIs,
like, for example, light conditions and solar radiation, are depicted as having different
thresholds for each stakeholder while also showing the possible correlations between them.
Common KPI thresholds draw lines of communication between the different stakeholders
while developing the multi-criteria analysis and rating strategies for the design solutions.
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between proposed anthropocentric-ecocentric relationships within the urban environment.

Table 1 provides a list of possible objective-KPI relationships, divided in accordance
with the generic themes. Objectives can be assigned to a specific theme or multiple themes
based on their targets, while KPIs provide the numerical thresholds of the different variables.
In brackets, adjacent to the proposed objectives, are the stakeholders that the objectives
may refer to. Assigning an objective to a KPI theme means that the objective is evaluated
in relation to the KPI thresholds. For example, the human objective to “enhance thermal
comfort”, found under the Abiotic Conditions theme, is associated with the “solar radiation”
KPI and quantified by “W/m2”. Similarly, the objective to “enhance light conditions”,
again under the Abiotic Conditions theme, is associated with the “Lighting and Glare” KPI
and is quantified by the “shading %”. By forming quantifiable objective-KPI relationships
for all four stakeholders, it becomes possible to evaluate a multi-species envelope, i.e., an
ecolope [22], computationally.
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5. Evaluation: Overall KPIs Framework for Computation

The above methodology entails linking quantifiable KPIs to architectural and ecologi-
cal objectives. However, a challenge is whether a quantifiable KPI can be computed or not,
due to a lack of ecological simulation tools adaptable for both design and ecology [22]. In
this process, it is important to consider what currently exists in terms of architectural and
ecological computational engines and what gaps need to be bridged for the evaluation of
the project. The ECOLOPES methodology, which this research paper refers to, suggests
the integration of an ecological modeling layer (plants, animals, and microbiota) into the
3-dimensional architectural environment (humans). In that respect, the successful integra-
tion of KPIs within the simulation environment ensures that the stakeholder’s thresholds
are met. However, while most KPIs, e.g., listed in Table 1, can be easily simulated within
3D modeling environments, the same does not apply for ecological simulations.

The introduction of ecological knowledge into architectural design poses a number of
challenges due to the differences in technical requirements and decision-making support
systems between the two disciplines [68], including potential conflicting design criteria [175].
A challenge is how to combine the modeling of ecological processes with the 3D architectural
modeling environment under the requirements of a specific site. In addition, the technical
aspects, further issues include aspects of interdisciplinary collaboration as well as the complex
and temporal nature of natural systems vs. the modeling legacy of the 3D architectural
environment. Such a computational platform is currently lacking. The task requires the
integration, translation, and transformation of architectural and ecological correlations into
actionable knowledge for multi-species computational design.

ECOLOPES approaches this through a simulation platform that combines plant func-
tional groups (PFG) and animal functional groups (AFG) as biological units, as well as a
soil development and classification model. In terms of ecological modeling, while there
are examples of simulation engines integrating ecological processes with land managers’
behaviors [176,177], urban biodiversity is not explored to that extent, with the various
ecological filters relating mainly to natural environments [178–180]. Regarding the urban
environment, the ecological processes differ, and that is mainly because of the presence
of humans [22,40]. Home range formation models (HRFM) are able to model the suit-
ability of a cell in relation to an individual, as well as community responses and species
interactions [22]. Regarding linking ecological KPIs with the 3D architectural design, in
existing ecological plant modeling, we have identified the following three: light conditions,
soil volume, and soil properties, used in FATE-HD [177].

ECOLOPES also puts forward an extra level of detailing that deals with the microscale
of architectural building design. One answer to this scale reduction in line with the general
complexity of ecological systems is suggested through the use of FG [181]. Ecologically,
maximizing the number of species on a 2D planar site (resolutions of 1 m2 to 1 km2 max) is
a reasonable objective for the plant stakeholder, and it is quantifiable, at least theoretically.
But, to compute the number of FG a particular building can support on its 3D envelope
(resolution of cm or greater), the ecological model should link architectural design to the
living conditions of species. Since such a model does not exist, a KPI referring to the number
of FGs cannot be calculated. ECOLOPES is currently developing such a model, making it
possible to calculate KPIs relating to the number and spatial distribution of individual FGs
on the envelope. This will allow analyzing the relationships between ecological KPIs and
abiotic environmental factors, like the ones mentioned previously, e.g., soil volume and
light conditions or shading percentage.

In architecture, several 3D architectural simulation environments today enable the
modeling of relatively complex urban geometries while calculating the energy fluxes
between the building and environmental parameters, such as temperature, solar radiation,
wind speed, and more. A smaller number also allows for the simulation of other variables,
like soil volume and water retention, that relate to KPI thresholds important in this research.
One such tool is ENVI-met, which enables the simulation of soil, vegetation, atmosphere,
and buildings alongside the inclusion of surface vegetation, i.e., grass, bushes, etc. [182].
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The program’s database can also be altered to fit specific requirements in terms of specific
plant species. However, it is currently missing information on the local species pool that
the multi-species envelope commands. Nevertheless, adding individual species would
not be applicable, as that would greatly increase the simulation load, an issue that can be
resolved with the use of FG. However, ecologically, ENVI-met is not the right tool to model
plant communities realistically, as it ignores competition.

Rhinoceros 3D modeling software, developed by McNeel, is an open development
platform that enables third-party plugin development. Grasshopper, a visual programming
tool tightly integrated into the Rhino UI, contains numerous plugins for parametric design.
Some of these plugins support the computation for the proposed architectural and ecologi-
cal objective-KPI methodology. For example, solar radiation can be calculated for any place
on the envelope of a building using the Ladybug plugin [183], and it can be used as a KPI
for plant growth, as plant growth increases with increasing light availability. In addition,
the parametric modeling tool, Grasshopper, provides the platform to support ecologically
informed plugins for design generation within a computer-aided design environment.
This will aid in forming the desired correlations between architecture and ecology that are
necessary to evaluate the multi-stakeholder project.

Future steps also need to be made for the integration of further KPIs in the ecological
simulation process, such as temperature levels, water retention, and more. A proposed
solution would be to start with what already exists to test the accuracy of the methodology,
i.e., the implementation of the conceptual framework within a computational environ-
ment, while also proceeding to integrate further ecological KPIs. The end-result of the
computational framework will be a multi-disciplinary tool that provides expertise to de-
signers, architects, planners, and ecologists for making more efficient design decisions on
sustainable building and urban planning strategies.

5.1. An Example of Human-Centric and Ecological Design Correlations

A challenge in the multi-species objective-KPI methodology is that ecological design
objectives account only partially for the complexity inherent in ecology, which results in
simplifications of their evaluation. To bridge the gap between ecological design objec-
tives and measurable indicators, objectives are linked to quantifiable KPIs through the
establishment of a ‘nested hierarchy’. ‘Nested hierarchies’ are integrated into the design
decision-making process by defining objectives, described by KPIs, and represented using
goals, i.e., target levels expressed in a specific space and time. This means that objectives
frame the KPI directions, i.e., to maximize or minimize a certain threshold, while goals
represent numerical KPI values. ‘Nested hierarchy’ also establishes connections between
higher-level objectives (Enhance Species Diversity) and lower-level objectives (Species Rich-
ness) towards the creation of synergies and trade-offs between architecture and ecology on
the road towards an optimum outcome.

The ‘nested hierarchy’ methodology was first presented by Selvan et al. to evaluate
multi-species design performances [69]. In this paper, we depict examples relating both
to a trade-off and a synergy between human-centric and ecological objectives (Figure 4).
The top diagram is a trade-off example where the human objective to improve ‘energy
efficiency’ (first level objective) translates into reducing ‘cooling loads’ during the summer
(second level objective) and reducing ‘solar radiation’ (third level objective), quantified
by “kWh/m2” (KPI). The ecological objective to increase ‘species diversity’ (first level
objective), which relates to an increase of ‘species richness’ (second level objective), and the
increase of ‘plant biomass’ (third level objective), is quantified by an increase in the ‘light
amount’ (%) and ‘soil volume’ (m3) KPIs. However, the decrease in solar radiation from the
first and the increase in light from the second are counteractive, resulting in a trade-off. In
the lower diagram, the human objective to improve ‘acoustic comfort’ (first level objective)
relates to an increase in ‘acoustic insulation’ (second level objective) and the reduction of
‘noise levels’ (third level objective), quantified by the KPI noise levels in “dB”. Here, the
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ecological objective to increase ‘species richness’ relates to the increase of ‘soil volume’ KPI,
which also helps to reduce ‘noise levels’, resulting in a synergy between the stakeholders.
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The end geometric parameters could account for potentially conflicting optimization
directions until they are optimized without compromising each other, i.e., KPI thresholds
between stakeholders [184]. The analysis that takes place along the way enables the
evaluation of the correlations between architectural and ecological knowledge. Inherent
challenges facing multi-species envelopes include how to evaluate data from the different
disciplines to be integrated in a meaningful way and how the proposed data-driven
design process and simulation results can encapsulate the various sub-systems and their
interactions in the best possible way.

5.2. Selecting Case-Study KPIs

Even though a simulation model of architectural and ecological correlations is still
lacking, this section aims to give an example of architectural design configured with the
addition of non-human stakeholders. Stakeholder KPIs relate to fundamental key life-cycle
thresholds that define each one, for example, light intensity (in relation to plant interaction)
and solar radiation (in relation to human thermal comfort). Further ecological information
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that is required in the evaluation of the multi-species envelope, such as leaf shape, size,
thickness, or plant spatial patterns, describes the properties of plants and is not considered
a KPI. This is also the case with the biological properties of soil, which play a vital role in
soil-plant interactions [177]. Soil volume, on the other hand, which is a measure of species
habitat quality, root depth, etc., as well as influencing other parameters, i.e., acoustics and
air quality, can be considered a KPI, with its thresholds varying according to the specific
requirements of the locality and the synergies/trade-offs between the other stakeholders.

In addition, it is important to consider the interactions of the 3D urban environ-
ment (orientation, land formation, building geometry, etc.) with the local environmental
conditions and the presence of humans, plants, animals, and microbiota. The proposed
multi-species design cases will be generated using a data-driven approach guided by the
selection of KPIs, as these are defined by the different stakeholders. For example, the
architectural geometry of the façade, in relation to floor height, panel surface inclination,
openings, etc., as well as the soil volume, water retention, and FG abundance, will be
designed in a way that encapsulates architectural design and ecological knowledge gained
through the created synergies and trade-offs (Figure 5). Such complex relationships can be
considered by also acknowledging the need for a design KPI.
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A design KPI may also serve as an indication of habitat diversity and could relate to
the ‘number of FG KPI that measures species richness and biodiversity [185]. Additionally,
species richness is relative to annual precipitation, temperature, light levels, and soil
volume, all of which could be considered potential KPIs that drive the design process [186].
Studies have reported that a lack of species richness within urban environments is due to
the shortage of natural habitats and habitat heterogeneity [185,187,188]. It is anticipated
that a proposed building simulation approach will be able to evaluate the ECOLOPE design
cases and quantify such relationships at the scale of the building. Currently, without a
working simulation model, we can assume links between ecological KPIs and functional
traits and also between certain functional traits and environmental factors, which may not
be entirely correct but seem like logical first steps for a first trial.

Selvan et al. tested a component of the multi-species computational framework, i.e.,
ECOLOPES, through a case study using the MCDM technique in Grasshopper [69]. The ar-
chitectural objective was to “improve thermal comfort” during summer, and the ecological
objective was to “improve plant growth”, using the common KPI “solar radiation” for both
stakeholders. The objective-KPI relationships between the stakeholders were evaluated
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through the “nested hierarchy”. The outcome was based on a trade-off between the need
to minimize solar radiation to satisfy the human objective and the need to maximize light
requirements for the plants (shading %). To achieve optimum shading vs. light variations,
one more objective was used to “increase panel variation”, using “standard deviation” as
a KPI. Results were ranked according to the highest and lowest performance scenarios
using TOPSIS. Figure 6 depicts the highest-performing and lowest-performing correlation
scenarios for optimum results between the stakeholders. More case studies are required
to test the objective-KPI relationships using additional KPIs, building design variations,
algorithms, parameters, patterns, and predictions, as well as stakeholder combinations, in
order to evaluate more precise correlations.
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Solar radiation values are depicted from the lowest (blue) to the highest (red) values. The figures
were previously published in (Selvan et al. 2023) [69].

Regarding assigning KPIs priorities, one way could be the importance of a KPI to a
stakeholder’s vitality, as well as the number of associations that exist between a KPI, the
different stakeholders, and the number of objectives, meaning that the higher the number
of associations, the higher the importance of the KPI. Additionally, measurable KPIs take
precedence over more abstract ones, i.e., psychological parameters and well-being (Table 1),
as they can be integrated easier in the next step, which is building simulation. Other KPIs
emerge from the specific characteristics of the locality, defined by the design brief. For
example, in the case of increased outdoor noise for a building located near a highway,
building acoustics will relate to the morphology of the façade and the inclusion of soil
volume on the building fabric, defined by the ‘noise levels’ KPI (refer to Figure 5 bottom). So,
KPI priorities are formed relative to other KPIs, using the “nested hierarchy” strategy. The
outcome will portray the best possible conditions for all multi-species envelope inhabitants,
i.e., the stakeholders, under the specific local conditions.

6. Conclusions

Multi-species design has the potential to act as an enabler of human–nature interac-
tions, overcoming the human–nature dichotomy as well as the difficulty of providing green
spaces within a dense city fabric. On one hand, it benefits different species by providing
additional urban habitats as well as connectivity and movement between them. On the
other hand, it benefits humans by enhancing their health and well-being, increasing one’s
exposure to natural environments, assisting in the improvement of city air quality, ther-
mal comfort, and more. The result will be an architectural, ecological, technological, and
cultural edifice.
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The aim of this paper, which is part of the wider ECOLOPES research program, was
the setting of a conceptual framework that defines objective-KPI relationships between
the different stakeholders towards the design of a multi-species building envelope, i.e.,
ecolope. The proposed framework explores the objective-KPI relationships created between
architectural parameters and ecological function. Multi-species design requires ecological
knowledge to be available to the designer during the architectural design process. This is
achieved by including other stakeholders alongside current human-centric design practices.
The process involves the development of a design approach based on a wide range of
expert knowledge on architectural and ecological principles. The task is to find architectural
solutions that enable synergies and limit conflicts between the different inhabitants and
named stakeholders.

Design objectives are stated at the beginning of a project, and their applicability is
tested through the selection of KPIs that essentially guide the design. The proposed method-
ology underlines the use of common KPIs between the stakeholders while acknowledging
each stakeholder’s thresholds. By assigning quantifiable KPIs to all four stakeholders, i.e.,
humans, plants, animals, and microbiota, it will become possible to evaluate and optimize
design outcomes computationally. One challenge is how to develop multi-stakeholder
design strategies to meet the requirements of a specific site. Ecologically, this involves a
reduction in scale, from the bigger scale of landscape urbanism and its limitations within
the dense urban environment to the much smaller scale of the building envelope. Another
challenge is the ability to define measurable stakeholder KPIs that can be used for design
generation and optimization.

Successful correlations between the objective-KPI framework of human and non-
human stakeholders will essentially form new knowledge in architectural design. For
example, the multi-species envelope design may be evaluated in relation to species diversity,
species habitat, and others, along with architectural composition. The outcome will be
knowledge-based and data-driven by combining ecological modeling with 3D architectural
computation. We are also aware of the challenges such a project might have in relation to
people’s perceptions and reactions to it, and we hope that through the accumulation of
knowledge, it will be possible to present a comprehensive, all-round view to the public and
prospective stakeholders on this research results.

The multidisciplinary character of the project and the challenges faced have been
outlined in various sections of this paper. The exchange of professional knowledge between
the different disciplines is discussed through the objective-KPI framework. ECOLOPES
brought together several professionals, including professors, research fellows, Ph.D.’s, and
masters students, from different disciplines and specializations, including architecture,
ecology, and computer science. This work entailed numerous conceptual and technical
meetings, both online and in person, workshops, conferences, and talks between the team
members representing four prominent universities. ECOLOPES findings have been pre-
sented at several international conferences and exhibitions. The proposed simulation
environment has the capability to become an important aspect of urban planning, comple-
menting other approaches, such as nature conservation within cities, by providing expertise
to architects, planners, and ecologists.
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