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The rapid growth of the world’s population and urbanization has resulted in the
conversion of agricultural land into urban areas. This has led to a reduction in
green spaces and an increased carbon footprint due to longer food distribution
processes. This study addresses this issue by proposing the concept of edible
architecture, which uses plants as primary architectural elements to enable spatial
flexibility that adapts to environmental changes. This study employed literature
reviews and secondary data from previous studies, complemented by location
analysis to obtain primary data. Design exploration was conducted through study
models to examine various forms and applications of the refitable concept in
edible landscapes. The results suggest that a refitable approach to edible
landscapes enables the modification of landscape elements according to
specific needs, seasonal changes, and design concepts, creating dynamic and
sustainable spaces. Furthermore, integrating atmospheric design into growing
spaces generates interactive, responsive spatial experiences that align with plant
growth cycles. This approach could contribute to potential annual energy savings
of 67,500 kWh/year, specifically in the roof-based primary structure scenario.
These findings demonstrate that the refitable edible landscape concept enhances
architectural adaptability and innovation, contributing to environmental
sustainability and strengthening the relationship between humans and the
natural environment.

KEYWORDS

adaptive architecture, green architecture, living structures, sustainability, tropical
architecture

1 Introduction

The world population is expected to increase by more than a third, or 2.3 billion people,
between 2009 and 2050 (Ritchie et al., 2023). Additionally, urbanization is expected to
continue growing rapidly. According to the FAO (2023), urban areas are expected to
account for 70 percent of the world’s population by 2050 (up from 49 percent today), while
the rural population. After peaking in the following decade, it is projected to decline. As the
population grows rapidly, especially in urban areas, agricultural land is being converted to
residential areas. This is a serious problem because the amount of agricultural land in urban
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areas is decreasing, making it challenging to meet the food needs of
urban residents. Urban communities are increasingly dependent on
other regions for their food, leading to longer food distribution
routes and higher energy consumption. The researchers found that
global food distances are equivalent to about 3.0 gigatons of carbon
dioxide equivalent (GtCO2e) - higher than previously estimated.
This suggests that transport accounts for 19% of total food system
emissions (Liew et al., 2019). Continuous energy use can contribute
to a significant carbon footprint, potentially leading to climate
change if sustained. The conversion of agricultural land to
residential areas can harm the ecology, leading to the loss of
green spaces and reduced biodiversity. Research has shown that
the availability and accessibility of green space in urban areas are
essential factors in determining the sustainability of cities and the
quality of urban life (Samodra et al., 2020). The presence of urban
green space is positively correlated with residents’ satisfaction and
wellbeing (Qureshi et al., 2023). Therefore, if left unaddressed, the
loss of this green area can lead to a decline in the quality of life for
urban residents. Addressing these challenges requires not only
integrating food production and green spaces into urban
architecture but also ensuring that such designs remain adaptable
to future changes in environmental, technological, and social
conditions.

As discussed in the preceding findings, the edible architecture,
similar to the other understanding related to the edible landscape of
edible city, meaning architecture that can be eaten, is an effort to
integrate architecture and food at the material level (Klobukowski
etal., 2025; Russo and Escobedo, 2022; Kallipoliti and Markopoulou,
2022; Russo et al., 2020; Russo and Cirella, 2019; 2017; Zheng and
Chou, 2023; Khalilnezhad et al., 2024; Sartison and Artmann, 2020;
Artmann et al., 2020). This integration uses sustainable materials,
such as plants, to mitigate the carbon footprint associated with the
distribution of food and materials commonly used in architecture.
By treating plants as material, a design becomes unstable.
refitable, with
performance adjustments to accommodate or follow the growth
of its material (Schmidt and Austin, 2016). Sustainable architecture
is increasingly embracing “living” or “edible” architecture,

Architecture must be adaptable, especially

integrating living organisms—most commonly vegetation, but
also algae, fungi, and even fauna—into buildings as functional
materials and spaces. This approach extends biophilic design by
incorporating multisensory aspects into architecture. It is used by
literally incorporating biology into the built environment, thereby
blurring the boundary between architecture and the ecosystem
(Chayaamor-Heil et al.,, 2024). Experimental implementations of
living architecture range from green facades and edible rooftop
gardens to novel “engineered living materials.” For example,
building-integrated farms and greenhouses have been designed to
grow food on-site (vertical farming or hydroponic systems), forming
symbioses with their host buildings: waste heat, CO,, and water from
the building can be reused to boost plant growth, while the
vegetation provides fresh produce, passive cooling, and carbon
sequestration (D’Ostuni et al., 2024). One study demonstrated
that integrating a rooftop greenhouse with its building reduced
overall energy demand and CO, emissions, highlighting the
potential of such systems to improve efficiency and sustainability.
Other experimental examples include mycelium-based composites
grown into insulation panels or bricks, which imbue structures with
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self-growing or self-healing properties (Sandak, 2023). Living walls
and vegetated facades have demonstrated multiple co-benefits: they
reduce building energy use by providing natural insulation and
shade, improve air quality by filtering pollutants, and even promote
occupant wellbeing. Studies report that exposure to vertical greenery
can alleviate stress and improve mental health (Goel et al., 2022).
These examples are presented to situate the study within the broader
spectrum of living and edible architecture, rather than as direct
objects of investigation. These nature-infused design elements thus
contribute to key sustainability goals, such as carbon reduction
through both sequestration and lower energy needs, biodiversity
support in cities, and greater urban resilience in the face of climate
change and food supply disruptions (Chayaamor-Heil et al., 2024).
Practical challenges, however, remain significant. Living
architectural systems often require careful maintenance (e.g,
irrigation, pruning, and monitoring of plant health) and can
entail high upfront costs before achieving ecological and
economic benefits (Salah and Romanova, 2021). Despite these
challenges, edible and living architecture exemplifies a cutting-
edge trajectory in sustainable design: one that not only
minimizes environmental impact but actively incorporates living
systems to regenerate ecosystems, engage communities, and enrich
the functionality of urban spaces.

In this study, edible architecture is defined not merely as the
integration of food production within buildings, but as an
architectural approach in which edible plants function as active
that
environmental performance, and user interaction. By treating

architectural  elements shape spatial  organization,
vegetation as a living material, edible architecture inherently
requires adaptability over time, particularly through refit
strategies that allow architectural components to adjust in
growth

conditions.

response to plant cycles, seasonal changes, and

environmental Complementing this approach,
atmospheric design is understood as the intentional modulation
of environmental parameters, including natural light, airflow,
humidity, thermal conditions, and sensory qualities, within
growing spaces. Rather than serving solely as a comfort-driven
strategy, atmospheric design in edible architecture operates as a
performative interface that aligns human experience with biological
processes, enabling spaces to respond dynamically to both plant and
user needs.

Adaptability itself has many interpretations. However, when
examined in terms of its characteristics, this adaptability can be
interpreted as the capacity of a building to effectively accommodate
the demands of an ever-evolving context, thereby maximizing its
value throughout its life (Schmidt and Austin, 2016; Tsoumpri,
2023). Adaptable architecture can be defined as a building’s capacity
to effectively accommodate the ever-evolving demands of its users
and environment, thereby maximizing its value throughout its
lifespan. A building can be said to be successfully adaptable if it
is always able to (re)stabilize the interaction of changing contextual
forces. The building then continuously adapts to negotiate changes.
Redefining itself in terms of time, space, size, use, performance, and
sometimes, location. In this way, buildings can coordinate,
juxtapose, stabilize, accelerate, and transform both political,
economic, social, technological, and environmental demands.
One important subtype of adaptability is refitable design, which
involves altering a building’s performance by modifying its space,
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FIGURE 1
Methodology research.

services, or skin. Such changes are often triggered by new laws,
environmental conditions, technologies, or materials, and typically
require temporary displacement or access through components in
the space and stuff plan layers. For instance, refitable design may
“design in” the potential to change a building’s skin and services to
improve thermal performance, thereby mitigating obsolescence
risks due to climate change, rising energy costs, or regulatory
shifts. Adaptability, including refitability, cannot be separated
from the concept of time (Aysha and Mani, 2017; Samodra et al.,
2020). Architecture not only discusses space, but time also becomes
essential in solving architectural problems. Time here becomes a
perspective that changes architecture from a static product to a
dynamic process. Its form can be linear or cyclical, reflecting the
balance of political, economic, social, technological, environmental,
and legal factors at that time.

In architecture, the design of buildings incorporating living
trees, where living wood is used as a construction material, has a
long tradition (Figure 1; source: Living Root Bridge: https://www.o-
l-a.eu/baubotanik-en/; Espalier: https://www.finegardening.com/
article/how-to-grow-espalier-apple-trees?srsltid=AfmBOoqv7ICqF
HO0Z{06XJT5FpC9d9Zz5KLRrDuAy2aD_cNIvH4F43uY3; Tanzlin
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de Tree: https://www.henrykuppen.nl/en/trees-to-make-you-happy
-the-tanzlinde-of-peesten; Baubotanik Tower: https://www.o-l-a.eu/
project/baubotanischer-turm). Vernacular precedents such as the
living root bridges of Meghalaya, the espalier techniques in
horticulture, and Germany’s traditional Tanzlinde trees illustrate
how communities have historically cultivated living structures as
both functional and cultural artifacts (Shu and Ludwig, 2023;
Alnsour et al., 2024). These genealogical roots situate the broader
trajectory of “living architecture” as a practice of merging natural
growth with human design intentions. Modern advancements
extend this lineage, most notably through Baubotanik, which
employs a building method that creates structures through the
interaction of technical integration and plant growth. Living and
non-living elements are combined in such a way that they unite to
form a technical composite structure of plants. Each plant combines
to create a new, larger whole organism, and the technical elements
grow into the plant structure. In parallel, architecture’s relationship
with food has developed differently. There has been no concept of
architectural integration with food that directly uses food as the
architecture itself. Instead, most precedents illustrate integrating
architecture with food through urban farming, where architecture
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refers to buildings that house food production activities and serve as
precedents for edible materials. Contemporary “edible architecture”
builds on this genealogy through concepts like Building-Integrated
Agriculture, leveraging hydroponics, controlled-environment
systems, and renewable energy to embed food production within
buildings—promoting resource efficiency, reducing food miles, and
enhancing urban food resilience (Jimenez et al., 2024; Cortesdo and
Lenzholzer, 2022; Djedjig et al., 2015; Giyarsih et al., 2023). Based on
this gap, the objective of this study is to examine how edible
architecture can extend these precedents by positioning food not
only as a product cultivated within buildings but also as an
that

ecological outcomes. Accordingly, this paper aims to articulate

architectural element shapes spatial, functional, and
edible architecture as a refitable design strategy, highlighting its
potential to enhance adaptability, address seasonal variation, and

support sustainable food-urban systems.

2 Methods

This study employs an algorithmic research methodology to
systematically advance edible architecture as a design-centric
exploration integrating living systems, adaptability, and the tenets
of tropical architecture. The process begins with a thorough review
of the literature and an analysis of previous work on edible
Baubotanik,  adaptable
architecture, and tropical design (Figure 1). This sets the stage

architecture,  living  architecture,
for building a conceptual framework using a top-down, concept-
driven approach. In the next phase of exploratory design
development, an iterative architectural investigation is used to
assess conceptual alignment carefully. This includes mapping,
physical study models, and three-dimensional modeling. Designs
that meet the conceptual requirements proceed to the classification
stage of edible architecture. At this stage, the levels and functional
responsibilities of the edible parts of the architectural system are
defined. This classification separates design parameters into two
groups: architectural elements, such as structure, envelope, and
services, and the mixing of living and non-living elements; and
spatial elements, such as spatial organization, programmatic
arrangement, accessibility, retrievability, and user interaction. The
characteristics are synthesized into a single design that combines
ideas for edible-living architecture with flexible building methods
suited to a tropical setting. The resulting conceptual design output is
then rigorously evaluated against constructability, adaptability, and
sustainability criteria based on literature-derived standards and
comparative analyses. The research employs iterative feedback
loops within the algorithm to ensure methodological rigor and
conceptual coherence, culminating in a validated architectural
that
implications of edible architecture as a systematic design

model demonstrates the feasibility and architectural
methodology.

This research employs an exploratory design methodology
commonly used in architectural studies. The design models
than

construction-ready technical drawings. Rather than conducting

function as conceptual and relational tools rather

experiments through laboratory-based testing or full-scale

physical prototyping, the study adopts an iterative design
exploration approach. The experimental component consists of
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building-scale design scenarios developed through digital
modeling and conceptual mock-up studies. All environmental
estimations are calculated based on building-scale design
scenarios rather than full urban-scale deployment. These design
experiments are used to test spatial organization, refitability
strategies, and the integration of living and non-living
architectural elements within a tropical context. This study does
not include long-term in situ monitoring or real-time performance
measurements. Instead, the environmental and energy-related
values reported in the paper are derived from literature-based
coefficients, precedent benchmarks, and ecological footprint
calculation frameworks. Accordingly, these values should be
interpreted as indicative estimates supporting comparative and
conceptual evaluations rather than as empirical performance
outcomes derived from constructed prototypes.

In the design, a concept-based framework is employed, utilizing
a top-down thinking approach and the concepts of propositions
from the domain outside architecture and theory to generate
hypotheses. Then, mapping is carried out to propose moments
and arrange elements (Plowright, 2014). In developing the design
proposal, an edible-living architecture approach is employed,
including design experiments through mock-up studies and the
use of 3D modeling tools. To address the problem issues, edible
architecture is proposed that applies living architecture. This living
architecture refers to Baubotanik (Ludwig and Rauscher, 2007). In
Figure 2, a building method is shown that creates structures through
the interaction of technical integration and plant growth. Living and
non-living elements are combined in such a way that they unite to
form a technical composite structure of plants. Each plant combines
to create a new, larger whole organism, and the technical elements
grow into plant structures.

In realizing this design, the theory of adaptable architecture is
applied to a tropical seasonal context, particularly in terms of
refitability. That is a building design principle in tropical
architecture that can be applied to alter a building’s performance
by modifying its space, services, or protective layer, in close
alignment with the thermal environment (Schmidt and Austin,
2016). With this concept, a part of a building can be easily
replaced or renovated by considering several factors that
These

components or parts, the building’s operational functionality,

influence it. factors include the age of different
accessibility to components, and their compatibility with new
technologies. Various study data for design considerations were
collected through secondary sources, including literature reviews
and precedent studies. Additionally, in the context of the location, a
more in-depth analysis was conducted, utilizing both primary data
and secondary data. Study models were also used to explore and

experiment with form.

3 Results

A study of edible architecture is shown in Table 1, which begins
with an exploration of living architecture techniques. This technique
is then applied to plants that can grow and adapt to a tropical
climate, as the experimental design research site location. After that,
the selected plants are modified and adjusted to certain building
elements or details. In the context of edible architecture—living
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FIGURE 2

Adaptation method.

TABLE 1 Experiment scheme to become the target form.

Plant type/
technique

Applicable plant
examples

Modification type

Architectural
element

Target form

Grafted and espaliered
fruit trees (small-scale)

Climbing vines
(creeping plants)

Auxiliary support
plants (scaffolds)

Herbaceous edible
plants in planters

Mango, lime, tangerine, bitter
bean, water apple, guava, and
starfruit

Betel vine, cucumber, green bean,
yardlong bean, luffa gourd, and
pumpkin

Curry leaf tree and cassava

Mustard greens, water spinach,
amaranth greens, cabbage,
eggplant, chili pepper, and tomato

Edible (fruit-bearing); grafted and
espalier-trained into a structural frame

Edible climbers can be trained into open
trellis forms or dense foliage cover

Non-fruit-bearing; serve as live scaffolds
for other plants

Edible vegetables, grown in soil or
hydroponic planters, are integrated into
the structure (not self-supporting)

Primary structure
(columns, beams)

Walls, roofs (facades,
canopies)

Structure (temporary
scaffolds)

Floors, walls (via
integrated planters)

Living trunks act as columns, and
fused branches serve as beams,
creating a load-bearing plant-based
frame

Vine networks are guided over a
support frame to form either a vertical
green wall or a shaded roof canopy,

with foliage providing shade and

ventilation

Fast-growing woody plants function
as an interim support system to guide
the shape of the main living structure;
they can be pruned away once the
primary structure is self-supporting

Contained planting areas built into
floors or walls (e.g., raised beds,
vertical planters) where vegetables are
cultivated; these provide food and
greenery but do not carry structural
loads

Groundcover and
edible border plants

Sweet potato, ginger, turmeric,
galangal, lemongrass, and corn

Edible groundcover; planted as living
mulch or border edging (non-structural)

Floor (groundcover,
landscape edging)

Low-growing cover plants form a
“living carpet” on the ground, or rows
of taller herbs (such as corn) define a
soft boundary; they protect the soil
and mark the space, but are not load-

bearing elements
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TABLE 2 Experiment criteria based on refitability evaluation.

Design

Requirements
component

Influencing factors

10.3389/fbuil.2026.1741584

Experimental criteria

Structure Robust, long service life, and effectively Solar radiation, soil, humidity, | A woody tree with a strong root system and sufficiently flexible
distributes loads and wind branches and twigs
Roof Protects from rain and excessive heat Solar radiation, temperature, Plants that can be densely arranged or combined, such as
wind, and rain flexible woody trees, climbing plants with dense foliage, and
plants with strong branches and twigs
Floor Solid and capable of bearing loads effectively Solar radiation, humidity (No specified criteria)
Wall Partially enclosed or fully enclosed Solar radiation, temperature, Plants that can be densely arranged or combined, such as
humidity, wind, and rain flexible woody trees and climbing plants with dense foliage
Door Capable of being opened and closed, it serves to Solar radiation, humidity Plants that can be densely arranged or combined, such as
separate spaces climbing plants with dense foliage
Ventilation/opening Capable of opening and closing, it facilitates air =~ Solar radiation, humidity, wind, (No specified criteria)
circulation and natural illumination and rain
Details Strong connections, minimizing the use of Solar radiation, humidity, and Utilizing natural plant connections, using auxiliary artificial

artificial materials

rain materials that are resistant to heat and rain

architectural structures composed of plants, particularly those that
thrive in Surabaya’s climate—the table below outlines various plant-
based construction techniques and their applications. For each
technique or plant category, it lists example species, the type of
modification applied (e.g., whether it yields edible parts and the
openness or density of the form), the architectural element it
contributes to, and the specific target form achieved in the
design. This process aims to produce a material form or
structure that can be implemented in the final design (Baper
et al, 2020). The design is carried out through several tests
guided by Table 2. Experiments are based on the design section,
which includes structure-to-detail, drawing on precedents, and
synthesizing site analysis. This mapping yields experimental
criteria whose results or targets.

Large building types require tropical woody tree plants such as
guava trees, Kemang trees (whose leaves and fruit are edible)
(Kallipoliti and Markopoulou, 2022; Chino, 2010; Klobukowski
et al, 2025; Russo and Escobedo, 2022), mango trees, starfruit
trees (whose fruit is also edible), and cinnamon trees (whose
bark can be used as a spice). Meanwhile, for small building
types, the approach is similar to that for large building types,
except that the tree arrangement is less dense and does not
require trees that can grow very tall. For the pergola type,
suitable plants include climbing plants such as passion fruit and
labusiam (chayote).

3.1 Experiment 1: architectural elements

Based on a study conducted by Baubotanik (Ludwig et al., 2023),
it was found that the use of pure plant materials is less effective and
efficient in floor design, as it takes a very long time to connect
branches or roots into a single plate that can be stepped on or
inhabited by humans. That way, the design will be more effective
and efficient if it uses a combination of natural and artificial
materials. As shown in Figure 3, the floor is made from
additional materials, with supporting columns and beams from
living structures (trees). It illustrates the integration of the
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refitability concept in the design of the experimental section. The
application of tall floor heights, around 4 m, is designed to
accommodate the access area for connections and utilities. In the
spatial concept, standardization and component accessibility are
applied, with tree diameters ranging from 30 to 60 cm, leaving up to
1 m of space for access to connections between living and artificial
structures. This facilitates access to utilities and connections in the
event of repairs being needed (Schmidt and Austin, 2016; Shu and
Ludwig, 2023; Samodra et al., 2018). In addition, wide circulation is
also applied to accommodate various circulation scenarios, tree
growth needs, and different room layouts. In general, the concept
of structure and floor is as follows: distribution of loads based on the
area of the floor plate, floor plates can be dismantled or added, or
reduced based on the size/strength of the tree, and between floor
plates that are far apart are connected by a bridge, while the void lets
sunlight into the inner area.

3.2 Experiment 2: spatial elements

To facilitate assembly and disassembly, the design employs
clamped bracket connections on both the floor panels and the
shade structure. This approach aligns with design-for-disassembly
principles, enabling components to be quickly installed or removed
without damaging the living-tree support. Using non-invasive
clamped brackets (rather than bolts or nails) minimizes injury to
the tree by avoiding direct penetration into the trunk, thereby
preserving the tree’s vitality (Szewczyk et al, 2024). Figure 4
illustrates a system of standardized floor panel sizes calibrated to
the tree’s load-bearing capacity—panels can be made larger or smaller
depending on the tree’s strength. This modular adaptability ensures
that the platform’s dimensions can be adjusted as the tree grows or
its structural condition changes, keeping loads within safe limits.

The removable shade canopy is designed with an ETFE (ethylene
tetrafluoroethylene) membrane, chosen for its superior lightweight
and durable properties (Lamnatou et al, 2018). ETFE is a
fluoropolymer known for exceptional transparency (it can
transmit ~95% of visible light, while remaining fully waterproof
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FIGURE 3
Experiment 1.

and chemically inert. Importantly, ETFE film has a non-stick, self-
cleaning surface: rainwater washes off easily without “ponding” on
the membrane. As a result, even during heavy rain, the canopy
remains clear, allowing abundant natural light to illuminate the
space below and maintain a bright environment (Figure 4 illustrates
how the tensioned ETFE surface sheds rainwater smoothly, with no
water pockets). The ETFE shade is supported by a lightweight frame
with modular connectors, making its installation and removal
straightforward. The membrane is held taut by a tensioning
system; to detach the shade, this tension is released—for example,
in the case of an inflated ETFE cushion, reducing the internal air
pressure will slacken the membrane for safe removal. All installation
and dismantling procedures are carried out using appropriate lifting
equipment to ensure safety and efficiency, allowing the shade and
floor units to be removed or reattached with minimal risk on-site.

The walls in this design are dynamically shaped by plant
selection and seasonal development, reflecting a strategy
consistent with recent advances in modular living wall systems.
Plant species, with their unique stem, leaf, flower, and fruit
characteristics, contribute to changing visual textures over
time—an approach noted in bio-inspired modular living walls,
where  species-dependent  morphology  enhances  facade
adaptability and aesthetic variability (Jimenez et al, 2024;
Cortesao and Lenzholzer, 2022; Djedjig et al., 2015; Zhao et al,,
2024). The inclusion of filler plants between structural columns
further modulates the wall’s generative forms, paralleling the layered
complexity observed in continuous and modular living wall

typologies, which employ combinations of shrubs, perennials,
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and climbers to create rich, structural tapestries. Artificial
materials, such as flexible pots, foam substrates, and trellises,
integrated with vegetation, contribute to a dynamic facade—a
technique explored in vertical greenery systems that emphasize
modularity and seasonal interchangeability (Gret-Regamey et al.,
20205 Cortesao and Lenzholzer, 2022). The concept of movable pots
and media for spatial partitions aligns with typologies of modular
living walls, enabling interchangeable plant matrices and thematic
seasonal replacements, and offering flexible, sustainable spatial
transformations. These strategies combine to yield a living wall
system that is visually responsive, programmatically flexible, and
ecologically robust.

3.3 Constructability and sustainability of
the design

The project is expected to reach full functionality over
approximately 5-15 years, as shown in Figure 5, depending on
the plant type and the ongoing regeneration process. The initial
stage begins with the construction of the living structure along with
the supporting frame in the first to second year (Ludwig and
Rauscher, 2007; Architects, 2020; Sandak, 2023; Goel et al., 2022;
Jimenez et al., 2024). Furthermore, in the third to fifth year, the
living structure begins to grow, and some supporting frames are
removed. Between the sixth and fifteenth years, the living structure
has fully developed and is bearing fruit, allowing the larger main
frame to be removed. After that, the project enters the final phase of
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FIGURE 4
Experiment 2.

FIGURE 5
The implementation of all the sustainability design.

tree or plant growth, during which growth duration varies by plant
type. In the final stage, the regeneration process is carried out
through new plantings to maintain the system’s continuity.

For environmental sustainability, Table 3 summarizes the
refitability proposal. The quantitative values presented in Table 3
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are not derived from direct on-site measurements or post-

occupancy monitoring. Instead, they are calculated using
established ecological footprint accounting frameworks, literature-
based coefficients, and comparative back-calculation methods

commonly applied in sustainability and building performance
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TABLE 3 Sustainability of refitability from an environmental perspective.

Architectural Food Energy Carbon Water Carbon Avoided Annual energy Energy Stormwater
element footprint footprint (gha/  footprint (gha/ footprint sequestration carbon saved savings (kg  management
(gha/year) year) year) (gha/year) (kg CO,/year) emissions CO,/year) (m3/year)
(kg CO,/
year)
Food Energy Carbon Water Carbon Avoided Annual energy Avoided Stormwater
footprint footprint (gha/  footprint (gha/ footprint sequestration emissions saved (kWh/ emissions retained (m3/
(gha/ year) = annual year) = CO, (gha/year) = (kg CO,/year) = (kg CO,/ year) = Area (kg CO5/ year) = area
YCEE energy saving reduction stormwater  luas area (m?) X year) = (m?) x YCEE (m?) x annual
annual (kWh/year) X EF  (tonne/year) x retention average number of consumption ETEL rainfall (m3/m?/
yield per kWh EF per  EF per tonne  (m®/year) x EF  absorption of production of AC energy, energy year) X
(tonne) x kWh = CO, EF per per m* EF per CO, (kg CO,/ (kg) x in average saved X retention
EF per 0.00013 gha/ tonne CO, = m?3 = m?/year) emission of (kWh/m?/ emission rate (%)
tonne EF kWh 0.27 gha/tonne  0.0002 gha/ transport per year) X factor (kg
per ( CO, m? ( kg (kg efficiency CO,/kWh)
tonne = ( ) CO,/kq) percentage (%)
0.5 gha/
tonne
(
)
Primary structure, 1.25 8.775 19.7451 0.585 5750 500 67500 57375 2925
roof
Floor 5.8 20.358 45792 1.3572 14500 2320 0 0 6786
Leveled floor 0.48 0.16848 0.378 0.011232 120 192 0 0 56.16
Wall, ventilation/ 0.09 0.2106 0.4752 0.01404 138 36 1620 1377 70.2
Opening, roof
Spatial partition, door, 0.7 0.2457 0.5535 0.01638 161 280 1890 1606.5 81.9
wall
Spatial partition 0.42 0.9828 22113 0.06552 700 168 0 0 327.6
Outdoor area 25 8.775 19.7424 0.585 6250 1000 0 0 2925
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studies. Food footprint values are estimated using yield-based
conversion factors expressed in global hectares (gha). Energy-
related indicators are derived by converting estimated annual
energy savings into ecological footprint values using published
gha per kWh coefficients, enabling comparison across different
environmental dimensions. Water and carbon-related indicators
are similarly based on precedent benchmarks and conversion
factors reported in the literature. Accordingly, Table 3 should be
interpreted as a comparative and indicative assessment of
environmental implications, rather than as empirically measured
performance data from constructed prototypes.

For a case, in addition to previous formulation and findings
(Galli et al., 2017; Borucke et al., 2013; Whittinghill and Rowe, 2012;
Shahmohammad et al., 2022), related to Energy Footprint (EF) and
using the formula Food Footprint (gha/year) = Annual Yield
(tons) x EF/ton, and assuming EF/ton = 0.5gha/ton, the value of
5.8gha/year of the most critical element (floor) means that the
Annual Yield is about 11.6 tons/year (5.8 + 0.5). The gha/ton
coefficient is used in the national footprint accounts method.
0.5 gha/ton is only a rough estimate; the actual food footprint
intensity varies depending on the product and the diet. As
architectural implications, every ton of food grown on or in a
building site should reduce the amount of land needed by about
0.5 hectares (about 8.6% of 5.8 hectares), in addition to the benefits
already shown, such as cooling and managing runoff. It has a
consequence of 0 Annual Energy Saved (kWh/year), while the
top score among the other elements, 20.358 (gha/year), was
achieved for energy footprint. Using the ecological footprint
accounting method, the Energy Footprint is 20.358 gha/year,
calculated by multiplying the Annual Energy Saving (kWh/year)
by the EF per kWh. In this case, we use an EF per kWh of
0.00013 gha/kWh, a value used in building/energy EF studies and
in line with the EF framework described (Wackernagel and Beyers,
2019). Back solving gives 20.358 + 0.00013 = 156,600 kWh/year of
implied energy savings, which is in line with published electricity EF
intensities of 107*-10"° gha/kWh, depending on the mix of
technologies and grid mix. When it expresses EF in gha, it
converts energy and carbon flows into the bio-productive area
needed to store emissions. This is why decarbonizing the
electricity supply significantly reduces EF.

The Primary structure-roof, as the comparison case, shows that
the environment has many different and connected effects: The
Food Footprint of 1.25 gha/year shows how much biocapacity is
needed to grow rooftop crops (yield x gha/ton factor). This aligns
with the Ecological Footprint method, which uses global hectares to
show how much biocapacity people need, and the forest sink factor
in the National Footprint Accounts (NFA) to convert CO, into land
units. The NFA guidelines use the world’s average forest
productivity as a “carbon sink” to turn energy consumption and
CO, reduction into gha units. The Energy Footprint is 8,775 gha/
year, and the Carbon Footprint is 19,745 gha/year. The Water
Footprint (0.585 gha/yr) is directly related to the Stormwater
Management (2,925 m*/yr). This aligns with the Water Footprint
Assessment, which links water volume to water resource pressures
and biocapacity. Plants and roof media shade, insulate, and promote
evapotranspiration, which are the physical processes that lead to an
Annual Energy Saved of 67,500 kWh/yr and Energy Savings of
57,375 kg CO,/yr. This is a common finding in studies of how green
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roofs affect building energy use. The number of emissions avoided is
in line with the carbon intensity of electricity, which varies across
power systems and countries (Castleton et al, 2010). From a
hydrological point of view, the significant runoff retention and
deceleration capacity of 2,925 m*/yr is in line with studies that
show green roofs can lower peak discharge and slow down flow
(Czemiel Berndtsson, 2010). The 5,750 kg CO,/year of carbon
sequestration shows that biomass and substrate can store and
take up carbon. Field studies show that green roofs can store
hundreds of grams of C per m? in biomass and substrate, but
this depends heavily on species and design. The avoided carbon
emissions of 500 kg CO,/year from local production and reduced
transportation are in line with studies that find “food miles”
contribute less to the total food footprint than the production
phase. This is still true as harvest volumes and logistics distances
grow (Weber and Matthews, 2008). The table shows that green and
productive roofs offer a range of benefits, including energy
efficiency, carbon reduction, and water management. These
benefits can be measured using established scientific methods
across different metrics (gha, kg CO,, m?).

4 Discussion

The findings of this research demonstrate that employing a
refitable strategy characterized by modular, adaptable design in
tropical edible landscapes significantly enhances spatial flexibility
and functionality. In this study, adaptability specifically refers to
spatial reconfiguration, functional adjustment, and climatic
responsiveness in a tropical context. Readaptability is primarily
achieved through circular processes of growth, harvesting,
replacement, and reconfiguration of vegetal elements, rather than
through drastic structural intervention. Such adaptable systems
integrate ornamental and productive elements, enabling
multifunctional use while responding to climatic variabilities and
evolving user demands. Recent case studies on raised-bed edible
gardens in home landscapes affirm that modular frameworks enable
quick spatial reconfiguration, supporting both aesthetic and yield-
focused objectives (Zheng and Chou, 2023). Similarly, integrated
greenhouse modules, such as open and closed-atrium systems
embedded within building forms, showcase the potential to
create dynamic buffer zones that maintain optimal microclimates
for plant growth while adapting to changes in occupancy and use
(Merzhievskay and Dunaievska, 2023). In tropical climates, these
modular greenhouses not only support year-round local cultivation
but also foster spatial resilience and community engagement
through their flexible design.

Furthermore, the study confirms that integrating atmospheric
design, that is, the deliberate control of natural light, airflow,
humidity, and sensory elements within growing spaces, creates
rich, multisensory spatial experiences aligned with the natural

plant cycle. Biophilic strategies, such as dynamic and diffuse

lighting, connection with natural systems, and thermal/
aerodynamic variability, encourage a shared “bioclimatic
envelope” that fosters co-presence between humans and

vegetation (Acedo et al., 2021). Empirical research indicates that
buildings incorporating these principles exhibit enhanced indoor
environmental quality, boosting occupant wellbeing, comfort, and
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productivity (e.g., Bell Museum case: improved IEQ satisfaction
scores). In tropical urban contexts, such an atmospheric approach
supports ecological harmony by aligning spatial design with the
rhythms of plant life and the psychological needs for interaction
with nature.

The novelty of this study lies in presenting edible architecture as
a refitable design strategy that connects living architecture, urban
farming, and atmospheric design. This perspective diverges from
conventional building-integrated agriculture, which primarily treats
food as a cultivated product within buildings. Instead, the proposed
approach considers food as an architectural element that actively
shapes spatial, functional, and ecological outcomes. In this study,
architectural biomorphism is not treated as a formal expression, but
as an emergent condition resulting from the integration of living
systems and refitable design logic. The proposed structures are
conceived as hybrid environments that combine food production
with human occupation, in which spatial comfort is addressed
primarily through passive atmospheric strategies rather than
mechanical systems. Those edible design also contributes to the
multisensory approach to growing architecture, which involves all
environmental elements, such as thermal, acoustic, and luminous
factors, in enhancing the resilience of tropical regions (Samodra,
2021; Samodra, 2017; Sartison and Artmann, 2020; Artmann et al.,
2020; Yu, 2025; Shi, 2023; Celik, 2017).

5 Conclusion

This study demonstrates an approach to edible architecture that
combines refitability with atmospheric design to create adaptable and
multifunctional growing spaces in tropical contexts. Through modular
and adjustable elements, edible landscapes can be reconfigured to
accommodate seasonal, functional, and spatial changes while
maintaining  ecological ~ productivity. Integrating  atmospheric
strategies, such as light, airflow, and humidity modulation, further
supports plant growth and creates dynamic spatial experiences that
evolve with the vegetation’s life cycle. Together, these two dimensions
position edible landscapes not only as food-producing systems but also
as active architectural components that shape space, function, and
ecological performance. The contribution of this study lies in
framing refitable, atmosphere-oriented edible design as a coherent
architectural ~ strategy, moving beyond conventional building-
integrated agriculture. Nevertheless, the findings are based on
conceptual and precedent analyses; full-scale prototyping and long-
term evaluation in tropical settings are required to test durability,

maintenance, and user adaptability.
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