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Abstract

This study proposes a scenario-based conceptual model for transforming underground
parking structures into sustainable interior green spaces, directly addressing two core
research dimensions: energy efficiency and user experience. The originality of the research
lies in repositioning subterranean spaces—often overlooked in urban planning—as climate-
responsive, multi-functional public environments. Using a site-specific case in downtown
Rize, Ttirkiye, three design scenarios—passive green walls, active modular systems, and
experimental micro-farming—were comparatively analyzed. These scenarios were assessed
through Al-assisted simulations and climate-based performance evaluations in terms of
environmental benefits, thermal regulation, carbon reduction, and experiential quality.
Underground space leads to green design interventions, which in turn generate environ-
mental, energy, and social benefits. The results demonstrate that passive systems provide
cost-effective improvements, active modular systems achieve balanced performance, and
experimental micro-farming yields the highest ecological and social benefits. The study
uniquely contributes to urban sustainable design by integrating climate-adaptive strategies,
biophilic design principles, and Al-supported visualization into the transformation of
underground structures. This research not only advances academic discourse but also
provides policy-relevant insights for local governments, developers, and communities in
the context of urban renewal.

Keywords: sustainability; underground structures; landscape; indoor landscaping; vertical
garden; artificial intelligence supported landscaping

1. Introduction

Global urbanization dynamics have profoundly reshaped the spatial relationship
between humans and nature over the past decade. Increasing population density, urban
expansion, and the reduction in natural areas have elevated sustainability to a central
concern in urban planning and design. Contemporary urban life, extending beyond basic
functions such as housing and transport, now directly influences individual physical and
psychological well-being [1]. Consequently, cities must be understood not only through
their built environments but also through their integration with natural systems—an area
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of growing importance for ecological and social sustainability. Reports from the United
Nations and UN-Habitat highlight that limited access to green spaces leads to declining
quality of life, rising climate inequalities, and loss of ecosystem services [1,2]. Although
protecting and planning open green spaces remain key objectives of sustainable urban
policy, these goals are increasingly challenged by urban density, high land values, and
shifting investment priorities [3].

To address this, strategies such as interior landscaping, vertical gardens, green roofs,
and micro-landscape systems have emerged to reintegrate nature into cities. However,
while these approaches primarily focus on surface areas, extensive underground structures
remain underexplored within landscape architecture and urban design. Urban develop-
ment inherently forms a multilayered system above and below ground, each presenting
unique opportunities and constraints. Whereas surface spaces offer openness and spontane-
ity, underground environments—though enclosed and controlled—are not disconnected
from nature; air, water, and vegetation can exist where sufficient light is available. Thus,
underground structures accessible from multiple levels or located beneath flat urban areas
possess the potential to create new spatial layers and depths, redefining them as active
components of sustainable urban form rather than isolated buried spaces [4-7].

Although above ground and underground spaces differ in form and perception, both
aim to meet human needs. The integration of natural elements into interior environments
has been widely studied for their restorative potential and behavioral influence. Nature-
based design promotes cognitive restoration and stress reduction by enhancing perceptions
of restorativeness and connectedness with natural systems [8,9]. Meta-analyses confirm
that natural environments consistently outperform urban settings in generating restora-
tive experiences [10], while contact with nature fosters pro-environmental and prosocial
behaviors that shape attitudes toward biodiversity and conservation [11]. Even simulated
or virtual nature experiences can elicit similar positive responses [12]. Thus, embedding
nature within underground interiors extends beyond aesthetics and ecology, enhancing
well-being and encouraging sustainable behavioral patterns.

A livable space requires essential qualities such as orientation, light, ventilation, and
acoustics. While surface structures often acquire these attributes naturally, poor planning
can lead to issues like congestion and reduced quality of life. Conversely, underground
spaces—such as metro stations, parking garages, and pedestrian passages—hold potential
as adaptable public environments but are often underused due to negative perceptions.
Redesigning these spaces according to user expectations, spatial comfort, and environ-
mental sustainability principles is therefore essential [13,14]. Comprehensive evaluation
of underground areas can facilitate the relocation of urban functions below ground, cre-
ating new open and green spaces and enhancing overall livability [15,16]. Integrating
greenery into underground structures further adds ecological, social, and aesthetic value,
strengthens human-nature connections, and promotes micro-scale sustainability in ur-
ban contexts [17-20]. This study addresses the dual challenge of enhancing both the
environmental performance and experiential quality of subterranean spaces. Integrat-
ing scenario-based modeling with biophilic design principles, it establishes a conceptual
framework that links energy efficiency with the psychological and social dimensions of un-
derground adaptive reuse. The approach emphasizes the synergy between environmental
optimization and user-centered design—an intersection rarely explored in underground
spatial transformation. This perspective aligns with the “experience—performance nexus”
proposed by Steemers (2003) and Ulrich (1984), which views energy efficiency and human
well-being as interdependent goals of sustainable architecture [21,22].

The study was conducted using Al-supported simulations in line with landscape
architecture and interior design principles. Design scenarios were visualized with tools
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such as Microsoft Designer, OpenAI DALL-E 3, and Artguru v2.0, and analyzed for plant-
ing patterns, interior material textures, spatial configurations, and energy performance
parameters, reflecting current approaches to integrating Al-generated content (AIGC) in
landscape and interior design [23-25]. The research investigates the potential of micro-
ecosystems specifically designed for underground parking structures to transform them
into next-generation public spaces that contribute to urban natural cycles while generating
aesthetic, social, and ecological value. Proposed designs include multi-layered spatial solu-
tions that enhance the user experience, support environmental sustainability, and integrate
both ecological and aesthetic functionality. Functionally diversified public space proposals
aim to maximize the social and cultural benefits of underground areas, emphasizing their
role beyond infrastructure to enrich urban life. By combining environmental performance
assessment with considerations of human experience, the study offers a holistic approach
to transforming underground spaces into sustainable, nature-inspired urban interiors.

1.1. Indoor Parking Lots and Sustainability

Sustainable urbanization entails not only the creation of new building areas but also
the reassessment of existing structures in environmental, social, and economic contexts [26].
In this regard, transforming indoor parking lots into sustainable interior spaces has gained
growing theoretical and practical significance. Increasing vehicle ownership and park-
ing demand reveal that single-function, user-unfriendly, and environmentally insensitive
designs contradict sustainability principles [27-29]. Converting these structures into mul-
tifunctional, environmentally responsive, and socially engaging spaces is thus central to
sustainable urban transformation. Such interventions enhance spatial efficiency, optimize
resource use, reduce environmental impacts, and improve urban life quality. Adaptive
reuse within sustainable urbanization policies extends beyond physical renewal to encom-
pass spatial identity reconstruction, support for ecological cycles, and the reshaping of
social relations [30]. Consequently, transforming parking structures into sustainable inte-
riors represents a new mode of spatial production that minimizes resource consumption,
fosters social interaction, and emphasizes that sustainable urban development depends on
generating new urban dynamics through existing building stock [31-33].

The concept of sustainable interior design incorporates multidimensional criteria
such as resource efficiency, environmentally responsible material use, and user health
and comfort. Technologies developed within this framework aim to maintain ecological
balance while enhancing living environments [34]. In the transformation of indoor parking
garages, energy efficiency and environmentally compatible approaches are critical deter-
minants. Research on sustainable architecture and thermal performance underscores the
necessity of employing energy-efficient strategies and technologies in adapting existing
structures [22,35,36]. Accordingly, the integration of energy-efficient systems, natural light-
ing and ventilation, sustainable material selection, and waste management constitutes a
key framework for achieving sustainability in such transformations.

In urban transformation projects, the principle of sustainability should be considered
not only in the design of new buildings but also in the reuse of existing structures. It
is emphasized that transformation projects in Turkey are often limited to the physical
dimension, whereas socio-economic and cultural aspects should also be considered [19].
In this context, the transformation of indoor parking lots into sustainable interior spaces
reflects a multi-dimensional approach. Repurposing defunct parking lots in city centers to
meet social needs will improve the quality of urban life. Blurring the boundaries between
public and urban interior spaces and creating layered spatial experiences in multifunctional
transformation projects is being discussed [37]; such relationships will enhance the user
experience in parking lot transformations and support spatial sustainability.
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It is stated that technologies and products developed within the scope of sustainable
architecture support the effective and efficient use of natural resources throughout the
life cycle of buildings [34]. In the transformation of indoor parking garages, the use
of such technologies and products will both reduce energy consumption and minimize
environmental impact [38]. Furthermore, studies on operational energy savings highlight
the necessity of using energy-efficient strategies and technologies in the transformation of
existing buildings [36]. In this context, elements such as the integration of energy-efficient
systems, the implementation of natural lighting and ventilation solutions, sustainable
material selection, and waste management are prominent in the process of transforming
indoor parking garages into ecologically functional interior spaces [39—-41]. Transforming
public spaces and urban interiors is a crucial aspect of sustainable urbanization. The
Helsinki example illustrates how integrating public interiors with the urban landscape
through multifunctional projects supports sustainable urban and cultural development. The
Lasipalatsi Square and Amos Rex Underground Museum exemplify this interior-exterior
continuity within the framework of sustainable urban transformation (Figure 1) [37].

—
S

Figure 1. Helsinki’s Lasipalatsi Square and the Amos Rex Underground Museum [42,43].

This example demonstrates that parking garages can be transformed into sustainable
interior spaces serving public functions. Multifunctional transformation projects emphasize
blurring the boundaries between public and urban interiors and fostering layered spatial
experiences, which enhance user engagement and support spatial sustainability [1,36,44].
During this transformation, criteria such as resource efficiency, natural resource man-
agement, waste reduction, and user health should be prioritized alongside social needs.
Technologies developed within sustainable architecture frameworks promote efficient re-
source use throughout a building’s life cycle [34]; their integration into parking garage
transformations reduces energy consumption and minimizes environmental impacts.

1.2. Indoor Parking Lots and Green Areas

Transforming underground structures into climate-adaptive green interiors presents
an innovative strategy for addressing the dual challenges of urbanization and environmen-
tal sustainability. Grounded in biophilic design principles, this approach seeks to strengthen
the human-—nature connection within urban settings. Nature-integrated design extends
beyond the mere addition of greenery; it represents a holistic framework that embeds
natural elements into architecture and urban planning to minimize ecological footprints
while enhancing psychological and physiological well-being [45,46]. Despite infrastructural
expansion in the 21st century, the neglect of natural environments has created significant
urban challenges [47]. As societies grow increasingly detached from nature, reintroducing
natural features into urban spaces has become essential. Studies demonstrate that integrat-
ing trees, gardens, and natural habitats enhances urban biodiversity and contributes to
residents’ mental health and overall well-being [16,31,48].

A critical aspect of transforming underground spaces lies in effectively integrating
light, greenery, and natural forms to evoke biophilic responses. Studies show that envi-
ronments incorporating natural materials, daylight, and nature views significantly reduce
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stress and enhance mood [32,49]. Indoor gardens and living walls serve not only aesthetic
purposes but also function as therapeutic elements that improve occupant health and
productivity [33,50]. Reimagining underground spaces—often built for purely functional
uses and neglected over time—as green interiors can help urban residents reconnect with
nature and foster well-being and social cohesion [45,51]. Given that these areas are major
sources of environmental burden due to vehicle-induced carbon emissions and air pollu-
tion [52,53], integrating energy-efficient systems with greening strategies yields multiple
benefits, including improved air quality, moderated microclimates, and enhanced water
management [54,55]. Green infrastructure thus plays a vital role in improving the environ-
mental performance of subterranean interiors where natural elements are scarce [45,56].

Moreover, enhanced access to nature has been shown to increase social interaction
and overall quality of life [57,58]. Sustainability in underground interior planning should
therefore encompass not only energy performance but also ecological resilience. The use
of native plants supports self-sustaining, low-maintenance landscapes, while rainwater
harvesting systems can create habitats that benefit both people and local wildlife, reinforc-
ing urban biodiversity—a core tenet of biophilic urbanism [14,15,59]. Ultimately, biophilic
transformation of underground structures, through restorative design and sensory inte-
gration, offers a pathway to healthier, more resilient urban environments that mitigate the
stresses of dense city living and promote long-term well-being [60,61].

1.3. Research Questions

Considering the environmental burden posed by underground car parks and the
growing interest in their ecological and social renewal through greening strategies, it is
essential to investigate not only the environmental outcomes of such transformations but
also their impact on user experience and urban life. The research adopts a dual focus:
Optimizing the environmental performance of underground spaces through biophilic and
passive design strategies, and Enhancing user experience via perceptual comfort, biophilic
engagement, and social usability. This dual structure forms the conceptual backbone of the
study. Accordingly, the research is guided by the following questions:

1. How do green infrastructure interventions in underground parking structures af-
fect environmental outcomes such as air quality, energy efficiency, and microcli-
matic regulation?

2. How do these interventions affect user comfort, perceptual experience, and psycho-
logical well-being?

2. Literature Review

The integration of green infrastructure in urban environments has long been recog-
nized for its ecological and social benefits. Im (2019) highlights that urban greening inter-
ventions such as green streets and parks effectively mitigate heat island effects, improve
air quality, and support stormwater management [62]. Onishi et al. (2010) demonstrated
that converting surface parking lots into vegetated areas significantly reduced localized
surface temperatures by up to 5-7 °C [63]. However, as cities become denser, attention
shifts toward underground spaces, which present unique environmental challenges. Un-
derground parking garages contribute notably to urban pollution due to carbon emissions
and poor ventilation [52,64]. On the other hand, Cao et al. (2022) show that green tech-
nologies, such as light guide systems in subterranean infrastructure, can substantially
reduce electric lighting demands, promoting performance improvements and ecological
integration [65]. Additionally, field experiments by Kondo et al. (2000) demonstrated that
installing high-velocity fan-diffuser units in underground parking garages significantly
improves ventilation efficiency by reducing the age of air, which has positive implications
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for both air quality and thermal comfort [66]. This finding underscores the value of design
interventions targeting pollutant removal and indoor environmental improvements in
subterranean public facilities. Regarding user experience, Novalia et al. (2024) found
that green roofs installed above underground structures significantly enhance perceptual
comfort, with visual comfort being especially important for users relocated from surface to
subterranean environments [67].

Transforming underground parking structures into sustainable interior environments
requires a multidimensional understanding of green infrastructure performance, encom-
passing climatic compatibility, energy efficiency, user well-being, and ecological impact.
Research shows that green wall systems enhance both functional and aesthetic qualities;
Akkan Cavdar (2025) found that applying green walls to a sports hall facade reduced
annual heating loads by 6.84% and carbon emissions by 4.54%. Broader studies report
that such systems can lower urban temperatures by up to 31 °C and absorb over 80% of
noise pollution [68]. Al-assisted simulations further enable effective visualization and
assessment of these strategies. Collectively, these findings demonstrate that green walls
significantly improve ecological, thermal, and experiential aspects of urban spaces. Applied
to underground parking transformations, they can elevate environmental quality and user
experience. Similarly, Vaverkova et al. (2024) show that both intensive and extensive
green roofs on underground garages yield positive environmental, social, and economic
outcomes, supporting comprehensive sustainability goals [69].

Theoretical Framework: From Underground Space to Green Design Outcomes

The theoretical framework developed in this study conceptualizes the transformation
of underground parking structures as a systemic process in which the latent capacities
of subterranean space are activated through targeted green design interventions, pro-
ducing measurable environmental, energy, and social benefits. Interventions such as
daylight integration, vegetated envelopes, passive ventilation, and modular planting medi-
ate thermal behavior, resource flows, and perceptual qualities; improved environmental
performance and enriched user experience thus form a mutually reinforcing nexus that
guides the scenario-based comparative analysis. This integrative framing draws on the-
ories of adaptive reuse, urban metabolism, and biophilic urbanism [70-72] and provides
the logical scaffold for linking specific design choices to both performance metrics and
experiential outcomes.

3. Materials and Methods
3.1. Materials

This study proposes a conceptual design model for transforming underground struc-
tures into indoor landscape areas to meet the need for sustainable urban green spaces. The
underground parking garage used as a sample in this study is in the city center of Rize,
in the Black Sea Region of Turkey, near the Faculty of Theology at Recep Tayyip Erdogan
University (41.0373° N, 40.4972° E). Due to its location, which is both a busy pedestrian
area and a hub for academic and social activities, it also represents high value for green
transformation in terms of user experience and social interaction (Figure 2). The region
exhibits the typical characteristics of the Black Sea climate, characterized by high humidity
and heavy rainfall throughout the year. The average annual rainfall exceeds 2000 mm, and
precipitation is frequent and heavy, especially in autumn and winter. These humid and cool
climatic conditions support the lush vegetation throughout the year, but they also increase
the humidity load on buildings and require attention to air circulation. The parking lot
has a total of approximately 822 m? of vertical wall surface on all four sides. Different
green wall systems that could be applied to all these surfaces were compared on a scenario
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basis. Designs and scenarios were created in line with the data produced by the software.
Designs suitable for the interior spaces of underground parking garages in the city center
were proposed.

FINDIKU

WORLD o AROESEN

Figure 2. Location Map of Rize [Created by authors].

3.2. Methods

This research, conducted within the framework of qualitative research methods, adopts
a holistic methodological approach that combines literature review, theoretical framework
development, artificial intelligence-assisted visualization, and spatial simulation processes
using computer-aided design tools. The primary objective of the study is to develop a
scenario-based conceptual design model for the transformation of underground structures
into sustainable indoor green spaces. To this end, the theoretical basis was established by
reviewing national and international literature on sustainable interior design, biophilic
and biomimicry-based approaches, underground structure reuse, and nature-based so-
lutions [73]. Existing indoor parking structures in the city center of Rize were selected
as the study area for applied design analyses. These areas were evaluated in terms of
their physical accessibility, structural suitability, and transformation potential, and served
as a sample for simulation applications. The underground parking lot transformation
design proposed in this study was evaluated not only from an architectural perspective
but also in terms of energy efficiency and user well-being based on local climate data.
For this purpose, psychrometric analyses, light level criteria, and passive design strategy
inferences were conducted using hourly climate data for Rize province using Climate
Consultant 6.0 software (Build 17, UCLA Energy Design Tools, Los Angeles, CA, USA),
based on the Rize (RI) TMYx 2009-2023 dataset obtained from the Turkish State Meteoro-
logical Service (Ankara, Tiirkiye). These climatic data were not employed for full-scale
dynamic energy simulations, but rather as decision-support inputs to define the local
environmental context and to guide passive/active design strategies. Specifically, they
informed the selection of plant species, building envelope strategies, lighting systems, and
ventilation models, ensuring that the Al-assisted design remained climatically responsive
and performance-oriented [74,75]. The design process was conducted using Al-powered
tools such as Microsoft Designer, OpenAI DALL-E 3, and Artguru v2.0. These tools visual-
ized different scenarios in terms of planting patterns, interior atmosphere, user orientation,
and spatial functionality. The visuals allowed for the evaluation of the user experience
within the framework of interaction with nature. During this process, natural light trans-
mission, ventilation mechanisms, plant layout schemes, and the integration of ecosystem
components into space were tested in digital environments. Finally, all visual and spa-
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tial outputs obtained during the data analysis process were evaluated using qualitative
content analysis. The proposed design scenarios were comparatively analyzed in terms
of aesthetic integrity, ecological functionality, spatial livability, and urban contribution.
This comparative analysis was carried out by the research team, consisting of landscape
architects, an interior architect, and an urban planner, drawing on their respective expertise
in ecological performance, energy and comfort parameters, and spatial quality. The eval-
uation was guided by criteria synthesized from established frameworks in the literature,
including LEED (Leadership in Energy and Environmental Design) and WELL Building
Standards, as well as restorative environmental design principles. Accordingly, each design
scenario was reviewed in terms of aesthetic integrity, ecological functionality, environmen-
tal comfort, and urban contribution. This approach ensured that the analysis was both
literature-based and discipline-informed, providing a multi-perspective assessment of the
proposed transformations. All simulations and graphical analyses generated in Climate
Consultant 6.0 are based on the Typical Meteorological Year (TMYX) file for Rize, Turkey
(2009-2023). The dataset was compiled from the ERA5 and NCEI ISD reanalysis archives
and represents a 15-year period of hourly climate records. This composite dataset provides
statistically typical conditions for energy and environmental performance modeling in
the study area. Simulation outputs generated in Climate Consultant 6.0 were evaluated
against simplified thermal balance models and empirical benchmarks reported in compa-
rable underground-space studies [63]. Parameters used in the Al-assisted design process
such as daylight levels, ventilation rates, planting density, and material reflectivity were
calibrated based on literature values and real-world precedents. This multi-step validation
ensured the consistency of simulation-derived environmental indicators with physical and
experiential conditions observed in subterranean environments. These analyses enabled
the understanding of the multi-layered contributions of design components to urban life
and their optimization according to sustainability criteria.

During the modeling phase components such as vertical gardens, green walls, modular
plant units, domes providing natural light transmission, energy-efficient lighting systems,
artificial ponds, misting systems, and biofilters were designed in the digital environment.
The functional roles and technological features of these components are comprehensively
discussed to support environmental sustainability as well as their aesthetic contributions
(Table 1).

Table 1. Nature-integrated Design Components in Underground Areas.

Tkon Design Description Technological Functional Role/
Component P Infrastructure Area of Use
p Plnied el somatcgaon, P 3 0
>
@g Vertical Gardens into the interior root SENSOLS, integrity, enhances
surfaces of the photosynthetic LED the biophilic
1 systems P
building experience
Plant tissue attached . Contributes to
to the wall with Moisture sensors, thermal insulation
Green Walls i drip irrigation L
artificial or natural systems sound absorption

support systems and visual aesthetics
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Table 1. Cont.

Tkon Design Description Technological Functional Role/
Component P Infrastructure Area of Use
€% Portable and Self-watering zﬁgﬂiﬁjiiﬁig’
Plant Module interchangeable containers, humidity P Y
5 seasonal change,
plant containers control sensors .
ease of maintenance
o Low energy
S Floor Lighting consumption light LED .hght bands, Routlpg, security,
systems integrated motion sensors night use
into walkways
=Y
' Greywater Recycling Treatment and reuse  Gray wa?er. FECOVELY Saves water, creates
' I of wastewater for smart irrigation .
> System L sustainable cycle
irrigation purposes systems
Vertical or horizontal Nutrient solution Space savings,
Hydroponic Module plant'systel‘ns pumping sys.tems, con'trolled
working with automatic production and low
hydroponics light/water balance maintenance
Domed openings or Allows sunlight to
R, Natural Light Dome fiber tul?es' that Light tubes, glass reach upderground,
) transmit light floor panels reducing energy
through the surface consumption
Seating elements .
. . . Provides spaces for
. . integrated into the Acoustic panels, s .
Urban Seating Unit . . social interaction and
structure, integrated =~ modular furniture
. allows users to relax
with nature
Linear light elements LED strips, timers orier?:;iirz)%lthseer::irit
Guiding LED Strip embedded in the > 1PS, ! - y
motion sensors and spatial
ground

perception

Plant material selection was carried out in accordance with specific criteria, consid-
ering the limited natural light and air circulation conditions of underground spaces, and
differing from conventional landscaping approaches. Shade-tolerant epiphytes, ferns, suc-
culents, ivy species, and hydroponic plants, which are suitable for low-light tolerance,
humidity requirements, root development, and maintenance requirements, were selected.
The selected species were integrated into space in accordance with biophilic design prin-
ciples, supported by artificial lighting systems such as photosynthetic LED lighting. This
aimed to improve air quality, promote psychological comfort, and enhance spatial aesthet-
ics. Furthermore, within the scope of nature-inspired design strategies, channel systems
based on the passive ventilation logic of termite nests and modular landscape solutions

referencing the structural characteristics of fungal mycelial networks were developed and

functionally integrated into the design (Table 2).
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Table 2. Types of Plant Materials, Ecological Requirements and Purposes of Use in Underground

Car Parks.
Vegetable Material/Species Area of Ecological Placement Rat{opa.le‘ for
Use/Purpose Demand Format Eligibility
Group
. Able to
. . Low light, o
Improving air Planters, modular  photosynthesize in
; . moderate . . e
Shade-Tolerant Indoor Plants  quality, creating a - vertical wall low light, providing
L humidity, low .
biophilic effect . panels visually dense leaf
maintenance
texture
Aesthetic and Ambient . Can survive
L e Hanging systems, = hydroponics, used
. . artistic accent on humidity is .
Epiphytic Plants 1 . . glued natural on top surfaces with
wall and ceiling sufficient, no soil
surfaces the advantage of low
surfaces needed )
weight
ACOuStlF 1nsu1at%0n, High humidity, No irrigation, low
aesthetics, creating . . .
constant Vertical surface biological
Moss Panels/Moss Walls a natural .
. temperature, low modules maintenance, sound
atmosphere in the ) .
SO light absorbing
interior
Production in a . .
controlled Support Wlt.h Raised systems, Hydropomc.
. . nutrient solution, : production possible,
Hydroponic Plant Systems environment, e 1 vertical L .
. artificial light . enabling integration
sustainable food . agricultural walls .
. requirement of urban agriculture
production
Natural lighting, Controlled . PrOV}des light .
. . . temperature, Vertical surfaces, production, aesthetic
Bioluminescent Plants /Fungi atmosphere . . o
. humid niche areas and experiential
creation .
environment value
Soft transitions on Humid . . Creates a natural
. . Micro-elevations, surface effect, covers
Creeping Groundcovers the ground, natural environment, low o .
. ecological islands the soil, low
landscape effect light .
maintenance
Medium light,
constant .
Dwarf Species of Bamboo/C. Modular p .lant humidity, can be La.r ge pot Proy1des struct ural
areas, creating a groupings, linear  uprightness, directs
Lucky Bamboo focal point supplemented lacement light upwards
p with artificial p ghtup
light
Filtering toxins in High humidity, . Contrll?utes to
. . ) Wall systems, indoor air quality,
Fern Species (Ferns) the air, balancing shade, good . :
1 . modular surfaces  provides visually full
humidity drainage

green texture

In this phase, three alternative design scenarios were formulated to represent different

levels of technological integration and ecological contribution:

@

@)

Passive Green Walls, which utilize soil-based or hydroponic vertical planting systems

to enhance interior air quality and aesthetics with minimal technological input;

Active Modular Plant Systems, which employ hydroponics, automated irrigation, and

artificial lighting to optimize resource efficiency and user comfort under controlled

conditions; and
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(8)  Experimental Micro-Farming Units, which explore productive uses of underground
interiors through small-scale cultivation systems integrating water recycling and
LED-based photosynthesis support.

These scenarios provided the comparative framework for subsequent evaluation of
ecological functionality, occupant well-being, and urban contribution.

4. Results

In this study, design scenarios developed for the re-functionalization of underground
parking lots were evaluated in terms of climatic suitability and thermal performance.
The extent to which the proposed strategies align with regional climatic conditions was
analyzed using the “Adaptive Comfort”’-based annual design guide generated for Rize
Province through Climate Consultant 6.0. Digital simulations were conducted in parallel
with these climate outputs, and the resulting data directly informed design decisions for
the parking structure. These analyses provided the basis for integrating passive lighting
systems, ventilation orientations, plant species selection, building envelope strategies, and
ecosystem components. The developed scenarios correspond closely with the climate-
responsive design principles outlined below. Based on the information provided by this
software, key design decisions were guided, including passive lighting strategies (glass
ceilings, translucent covers, light wells), natural ventilation orientations (west and northeast
openings, vertical air chimneys, semi-open buffer areas), plant species selection (shade-
tolerant epiphytes, ferns, succulents, ivy species, and hydroponic plants), and integration
of ecosystem components (modular plant units, misting systems, biofilters).

The “Illumination Range” graph for the study area reveals the distribution of light
intensity recorded during daylight hours throughout the year. According to the graph,
which compares direct normal and global horizontal light values monthly, both types of
light reach high levels between May and August, while light values decrease significantly
in December, January and February. Looking at the year in general, it is seen that diffuse
light is more stable than direct light in Rize, where cloudiness is high, and this should be
considered in design decisions. In this context, the glass ceiling applications proposed in
the study provide maximum utilization of daylight in the interior space and are supported
by shading elements to prevent overheating in summer. Likewise, it is proposed to support
energy production with solar panels in the summer months with high light intake, and
artificial lighting support is planned for low-light winter months. All these suggestions
show the applicability of passive lighting strategies in climates where diffuse light is
effective and reveal that the energy efficient scenarios developed in the context of the
re-functionalization of underground parking lots coincide with climate data (Figure 3).

According to the wind wheel graph of Rize province, the dominant wind directions
throughout the year are west (W), southwest (SW) and northeast (NE), and air movements
from these directions are frequently repeated throughout the year. Although the average
wind intensity is low, these regularly blowing prevailing directions offer significant po-
tential for natural ventilation strategies. Especially considering the high relative humidity
(70% and above) and moderate temperature ranges (20-24 °C), controlled airflow and hu-
midity management are of great importance to ensure thermal comfort inside the building.
Accordingly, the scenarios developed within the scope of our study, which include natural
ventilation orientations, vertical air chimneys and semi-open buffer areas open to the wind
(such as atrium, green wall, glass roof openings), are directly in line with climate data. In
line with the wind direction data, positioning these openings on the west and northeast
axes will increase cross-air flow and strengthen ventilation and moisture control in the
underground building layers. At the same time, the positioning of vertical green surfaces in
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these directions will not only provide ecological and visual contribution to the building but
will also provide strategic benefits in terms of filtering the microclimatic effect (Figure 4).
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Figure 3. [llumination Range graph for Rize province.
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Figure 4. Wind Wheel Graph for Rize Province.

According to the monthly daily averages graph of the province, it shows the hourly
change in temperature and radiation values throughout the year and the comfort range.
The graph provides comprehensive reading in terms of natural lighting and passive heating
strategies by presenting dry bulb, wet bulb and radiation (global, direct and diffuse) values
together. Accordingly, temperatures hover in the 20-26 °C range for most of the year,
which means that visual and physical continuity with outdoor spaces can be established.
Radiation curves show that global and diffuse radiation is high, especially between March
and September, while direct radiation remains low due to cloudiness. This suggests that
the passive lighting strategies proposed in our design scenarios, such as glass ceilings,
translucent covers and light surfaces, will be supportive for a significant part of the year.
In addition, the high level of diffuse light reduces the need for photosynthetic LEDs and
increases the year-round sustainability of natural light-powered vegetative systems. During
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the winter months, when radiation is low, it is recommended to complement these systems
with supplementary LED lighting. In line with these data, heat gain and natural lighting
scenarios in underground building layers seem to be compatible with Rize’s climate data
in terms of both energy efficiency and indoor comfort (Figure 5).
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Figure 5. Monthly Daily Averages Graph for Rize Province.

The irradiance range graph for the site shows the hourly averages of global horizontal,
direct normal and total surface irradiance values throughout the year. The graph reveals
that total surface radiation (orange area) reaches particularly high values between April and
September; direct radiation (green bar) is also effective during this period. This supports the
applicability of passive and active light control solutions such as glass ceilings, transparent
covers, solar panels and light well systems, which are prominent in the design scenarios. At
the same time, the proposed sloping surface integration and the use of southeast-west axis
openings based on directional radiation data will increase solar energy gain and increase
both indoor natural lighting and photovoltaic panel efficiency. Surface irradiance of over
250 Btu/ft?-hours for about seven months of the year provides an energy profile that solar
panels can work effectively, making it possible to utilize the roof surfaces of underground
parking lots or atrium spaces as energy generation surfaces. In December-February, when
irradiance is low, it is recommended that these systems should be alternately designed to
work on insulation instead of passive heating (Figure 6).
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Figure 6. Annual irradiance range graph for Rize province.
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The psychometric graph revealed that only 20.7% of the annual hours fall within the
thermal comfort range under the selected passive design strategies. This result suggests
that high humidity and low winter temperatures in similar locations such as Rize limit
the effectiveness of purely passive systems [76,77]. Furthermore, the illumination analysis
showed significant daylight utilization during winter months (November-February), jus-
tifying the integration of photosynthetic LED lighting to support low-light plant species
such as Spathiphyllum and Zamioculcas [78] (Figure 7).
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Figure 7. Psychrometric Graph for Rize Province.

The solar shading diagram for Rize province allows for the analysis of solar radiation,
temperature ranges and shading needs at different periods throughout the year. According
to the data in the diagram, temperatures above 24° C, defined as the hot period, are
encountered for only 103 h a year, and only 28 h of this period are shaded. While the
comfort temperature range of 20-24° C lasts 228 h per year, the shading requirement is
again quite limited. In contrast, temperatures are below 20° C for most of the year; a
total of 1466 h of sunlight is needed in this “cold” category, but only 275 h of this time is
shaded. These findings suggest that designs in the Rize climate should focus mainly on
directing sunlight indoors. Especially in the winter months, the sun moves at low angles,
so glass openings and short eaves are recommended to increase passive heat gain on the
south facades. In summer, the sun moves at high angles, making it possible to provide
natural comfort with horizontal shading elements. Maximum utilization of daylight in
areas with glass ceilings supports plant growth by increasing both passive heat gain and
photosynthetically active radiation (PAR) levels in the interior. Similarly, it is emphasized
in the literature that effective directing of sunlight provides significant effects on indoor
temperature regulation, efficient resources and plant health [79,80]. In this context, the
design strategies are designed as a multi-faceted sustainability approach that combines the
use of natural light, passive air conditioning and plant system efficiency (Figure 8).
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The adaptive comfort diagram for Rize province shows the relationship between dry
bulb temperature and relative humidity during the 24 h periods of each month and the
extent to which they overlap with the comfort zone. According to the graphic data, the
relative humidity is quite high throughout the year; it reaches 85-95% levels especially in
January, February, November and December, and hovers in the 70-85% band in the summer
months. In contrast, temperatures are generally low and only approach the comfort range
for a limited period between June and September. This reveals that high humidity and low
temperature conditions are dominant in Rize. These climatic characteristics play a decisive
role in both the selection of vegetation systems and indoor comfort [81,82]. Consistently
high humidity provides a favorable environment for the growth of moss panels, epiphytic
plants (e.g., Tillandsia spp.) and shade-tolerant species, supporting their moisture balancing
function. On the other hand, low temperatures increase the importance of designs that aim
to make the most of passive heat gain and daylighting. In this context, biophilic systems
offer not only aesthetic but also functional solutions that support climatic adaptation and
indoor air conditioning. The adaptive comfort diagram contributes to shaping these design
decisions based on climatic data (Figure 9).
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Figure 9. Adaptive Comfort Diagram Created for Rize Province.
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According to the design guide, the city’s climatic data shows that passive design
strategies are feasible in underground structures. While solutions such as glass ceilings and
light chimneys support natural lighting during periods when diffused light is dominant,
wind data necessitates that openings should be focused on west and northeast directions.
Temperature and humidity values require green surfaces and ventilation arrangements to
be planned in accordance with microclimatic data. The data obtained from the findings of
the climatic analysis served as a guide in the design process and played a decisive role in
making spatial decisions. Considering the microclimatic conditions specific to Rize, such as
high humidity, low insolation and heavy rainfall, a multi-layered approach was adopted,
from plant species to be used indoors to building envelope strategies, from lighting systems
to energy generation models. In this context, scenarios have been created in which both
passive and active systems are used together to increase user comfort and ecological
performance. The design proposals were supported by data on the existing structural
boundaries and potential functional transformation of the site; accordingly, decisions based
on basic principles such as energy saving, visual comfort, sustainable water management
and biophilic interaction were developed.

5. Discussion

In this study, three different design scenarios were developed for the ecological re-
functioning of underground parking lots. Each scenario was shaped in line with the existing
physical characteristics of the area, user needs and local climate data of Rize province. The
energy and heat loss calculations included in the study were made through predictive
models based on the example scenarios. All values assume that the systems operate
at average efficiency and may vary according to local climatic conditions, placement of
system components, maintenance status and other environmental factors. The proposals
cover different ecological objectives such as low-carbon energy strategy, microclimatic
balance, acoustic comfort, food production. The scenarios detail design decisions such as
plant species used, system components, light and water management, surface solutions,
and the expected environmental impacts and operational needs of each. Accordingly,
the design decisions presented are based on a scenario-based approach developed in the
light of available climatic data. Artificial intelligence-supported visuals are design images
that are proposals reflecting the spatial principles for the ecological functionalization of
underground parking lots and represent conceptual analyses.

5.1. Artificial Intelligence Supported Scenarios
5.1.1. Scenario 1: Passive Green Wall Transformation

This scenario is based on a low-tech, easy-to-maintain green surface wall strategy that
aims to create ecological value on the interior walls of underground parking lots without
increasing energy consumption. The systems used are generally hydroponic, suitable for
manual irrigation and shade-tolerant plants (Figure 10).
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Figure 10. Passive Green Wall Transformation Alternative Designs.

Design Components and systems:

Plants: Shade plants such as Spathiphyllum, Aglaonema, Zamioculcas were selected.
These species can also survive in low light conditions.

Surfaces: Modular moss panels and porous surface coverings contribute to both
thermal insulation and acoustic improvement.

Lighting: LED-assisted but low-consumption lighting provides visual comfort.
Relationship with Climate Data: Rize’s diffuse light characteristics and high humidity
allow these systems to function sustainably without much outside intervention.

Expected Effects:

20% reduction in thermal transmittance of the wall system.

Annual energy savings of approximately 1400 kWh.

An annual reduction of approximately 560 kg in CO, emissions is foreseen.

Positive effects on indoor air quality, visual comfort and user psychology.

Thanks to the acoustic contribution of moss panels, acoustic comfort is provided by
reducing echo and noise level.

It has high applicability as a low-cost and low maintenance solution.

The observed improvements in comfort and sound quality mainly result from the

moss panels’ porous and moisture-retentive structure, which functions as both insulation
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and sound absorber. This dual performance supports thermal stability and microclimatic
balance in confined areas.

5.1.2. Scenario 2: Active Modular Plant Systems

This scenario includes active, automation-supported green surfaces integrated into
wall systems. Supported by photosynthetic LEDs, the systems offer multifaceted contri-
butions such as humidity control, thermal insulation, CO, reduction and enhancement of
aesthetic quality (Figure 11).

Figure 11. Active Modular Plant Systems Alternative Designs.

Design Components and Systems:

e  Plants: Epiphytic species (e.g., Tillandsia) and ferns were selected and plants that can
tolerate high humidity were preferred.

e  System: Smart irrigation supported by a gray water cycle, LED lighting and photosyn-
thetic wavelengths.

e  Energy: The system is fed by solar panels, providing a net energy gain.

e  Relationship with Climate Data: While Rize’s high annual rainfall and humidity
provide advantages in meeting the biological needs of plants, limited natural light
conditions necessitate LED support.

Expected Impact:

e  The heat transmission coefficient of the wall system is reduced by 35% and the U-value
is reduced to 0.78 W/m2K.

An annual energy saving of approximately 2450 kWh is expected.

980 kg /year CO; emission reduction is achieved.

It contributes to maintaining the humidity balance of the space.

Improves user experience in terms of aesthetic and biophilic quality.

It is feasible with moderate cost and moderate maintenance requirements.
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The stronger humidity control in Scenario 2 is explained by the continuous evap-
otranspiration of epiphytic species and the feedback effect of automated irrigation and
ventilation modules, which maintain microclimatic equilibrium.

5.1.3. Scenario 3: Intensive Planting + Experimental Micro-Farming

This scenario envisages the repurposing of the glass-roofed or naturally ventilated
upper sections of the underground parking lots with dense green surfaces and limited-scale
micro-farming practices. Food production is no longer the primary objective, but is instead
treated as an educational, symbolic and biophilic contribution (Figure 12).

Figure 12. Experimental Micro-Farming Alternative Designs.

Design Components and Systems:

e Plants: Plants with low pollutant sensitivity, such as lettuce and basil, are used in
the experimental production areas, while hanging plants such as Hedera helix and
Chlorophytum form the backbone of the system.

e Lighting: Natural light is supported by photosynthetic spectrum LEDs and a
glass ceiling.

e  Energy: 10,400 W panels produce approximately 5000 kWh per year.

e  Water System: Water efficiency is ensured with gray water usage and sensor irriga-
tion system.

e  Relationship with Climate Data: The variability of natural light in Rize makes it
necessary to use a combination of both natural and artificial light in agricultural
scenarios. At the same time, the high humidity level of the region increases the
efficiency of hydroponic systems.

Expected Impact:

e  With the integration of wall and ceiling systems, a 45% reduction in thermal transmit-
tance is achieved and the U-value decreases to 0.66 W/m?K.

e Annual energy savings of approximately 3150 kWh are achieved.

e Anannual reduction of approximately 1260 kg in CO, emissions is foreseen.

e Sustainable food production is ensured within the city, creating opportunities for
direct participation for users.

e  Photosynthetic LEDs and daylight-assisted agricultural systems contribute to microcli-
matic regulation.

e  This solution has the highest ecological impact, but also high cost and high mainte-
nance needs.

Scenario 3 achieves the most stable temperature and humidity due to the combined in-
fluence of hydroponic water cycles and diffuse light distribution, providing both ecological
functionality and user comfort.
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Comparing these three scenarios, each has different advantages and disadvantages.
While the Passive System offers a basic approach with low cost and low maintenance, it
is more limited in terms of energy savings and environmental contributions. The Active
Modular System, on the other hand, requires moderate cost and maintenance, while
achieving higher energy savings and CO, reductions, as well as improved performance
in terms of plant diversity and user experience. The Experimental Micro-Agriculture
Scenario has the highest cost and maintenance requirements, but offers maximum energy
savings, CO; reduction and plant species diversity, and has the most positive impact on
user experience. Therefore, economic resources, maintenance capacity and environmental
objectives should be considered when making the choice (Table 3).

Table 3. Energy Performance Comparison of Different Scenarios.

Criteria Scenario 1: Passive Scenario 2: Active Scenario 3: Intensive
System Modular Agriculture

U-Value (W/m?K) 0.96 0.78 0.66
Energy Savings (kWh/year) 1.400 2.450 3.150
CO; Reduction (kg/year) 560 980 1.260

Plant Species Diversity Middle High Highest
Cost Low Middle High
Maintenance Requirement Less Middle High

User Experience Impact Middle High Highest

5.2. Total Energy Performance Assessment by Scenarios

In this phase of the study, to better assess the impact of green wall systems on building
energy performance, the heat loss and gain of the buildings were analyzed with a simplified
model. In the model, the heat loss was calculated using the heat transmission coefficients
(U-values) of the walls corresponding to the different scenarios, considering the total range
of effect of the three scenarios on the heat transmission coefficient. In this context, the
total annual energy savings and CO; emission reduction values of three different green
wall strategies starting from passive system to active modular system and dense planting
scenario are examined in detail.

5.2.1. Heat Loss/Gain and Energy Efficiency Analysis

To evaluate the contribution of the green wall systems of the area to the building
energy performance, the heat loss and gain of the buildings were analyzed with a simplified
calculation model. In the model, the initial heat transmission coefficient (U-value) of a
reinforced concrete wall was taken as 1.20 W/m2K, and new scenario-specific U-values
were calculated by considering the improvement rates achieved in this value under different
green wall scenarios.

The total effect range of the three scenarios on the coefficient of thermal transmittance
varies between 20 and 45% and the corresponding U-values were determined as 0.96,
0.78 and 0.66 W/m?K, respectively. These ratios are based on experimental studies reported
in the literature [80,82,83]. These studies have shown that green facade systems can improve
U-values by 10% to 50%. The annual energy savings and carbon emission reductions for
each scenario are calculated as follows:

e In the calculation of energy savings, the savings rate was determined based on the
difference between the improved U-values and the base (reinforced concrete) U-value
and the energy gain was calculated based on the total annual consumption (see 33).
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e  CO; reduction was calculated by multiplying the annual energy savings values ob-
tained by the IEA (2021) emission coefficient for Turkey of 0.40 kgCO, /kWh (Table 4).

Table 4. Energy and Carbon Performance of Green Facade Scenarios.

Scenario New U-Value Energy Savings CO; Reduction
(W/m?K) (kWh/year) (kg/year)
Passive Green Wall (20% improvement) 0.96 1.400 560
Active Modular System (35%) 0.78 2.450 980
Intensive Planting (45%) 0.66 3.150 1.260

These results show that green wall systems provide not only aesthetic or psychological
contribution, but also tangible energy efficiency and carbon emission reduction (Figure 13).
Similar rates of energy gain have been reported in some studies and the findings in this
study are consistent with the literature [80,82].

Green Wall Scenarios: Energy
Savings, CO, Reduction, and U-Value
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Figure 13. Scenario-based Performance Chart of Green Wall Strategies.

5.2.2. Plant Systems and Ecological Functions

Plant species used in underground spaces are particularly adaptable to low light
conditions and require minimal maintenance. In this context, plants such as Spathiphyllum,
Zamioculcas, Aglaonema, Tillandsia spp. and Nephrolepis spp. are important components
that support the ecological functions of the interior space [84,85]. NASA’s “Clean Air
Study” conducted in 1989 and many subsequent studies have shown that these species
have positive effects on improving indoor air quality, the absorption of volatile organic
compounds (VOCs) and thus the psychological well-being of users [84,86]. These plants
play a supportive role on both physical and psychological health by reducing toxic gases in
indoor spaces [87]. In addition, moss panels used indoors increase acoustic comfort with
functions such as sound insulation and moisture balance [88]. Research on the acoustic
performance of green wall systems in particular shows that these applications improve
indoor sound quality by shortening the reverberation time [89]. As a result, the application
of these vegetative systems increases psycho-physiological satisfaction and contributes
to indoor health in line with nature-integrated design principles. The positive effects of
biophilic and nature-imitating space design on human psychology, physiology and general
health are supported by numerous scientific studies [90,91]. Beyond restorative effects, the
presence of nature in indoor environments has also been shown to influence behavioral
orientations. For instance, empirical findings highlight that perceived restorativeness and
nature connectedness serve as mediators linking indoor greenery with improved quality
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of life and prosocial tendencies [8]. Similarly, meta-analytical research demonstrates that
restorative experiences are consistently stronger in natural settings compared to built
ones, reinforcing the idea that even limited biophilic interventions in enclosed spaces can
shape users’ affective states and interaction patterns [10]. These insights indicate that the
transformation of underground structures into biophilic interiors may not only enhance
individual well-being but also foster behavioral shifts aligned with sustainable urban living.

5.2.3. Energy, Lighting and Irrigation Systems

Optimized energy performance and sustainable water management are critical in
modern vertical farming and green wall applications. In this context, the scenarios include
LED-based photosynthetic lighting systems, sensor-controlled irrigation technologies and
solar panel integration. LED panels were integrated on a total surface area of 100 m? to
support plant growth. A 60 m low-voltage LED system is envisaged for directional lines.
Artificial lighting has a high impact on energy consumption, accounting for more than 50%
of energy consumption in vertical farming systems, especially in indoor areas. Ventilation
and irrigation systems have significant shares in total energy consumption [79,92]. In a
hypothetical scenario, the integration of solar energy systems can generate an average of
5000 kWh of electricity per year with approximately 10.400 W panels placed on glass roofed
areas. This production amount is calculated assuming an average radiation duration of
3.5 h/day in regions with moderate insolation such as Rize. The payback period of the
system is estimated to be approximately 11 years depending on the electricity tariff and
investment cost [93]. This is a promising indicator for the effective use of renewable energy
sources in vertical farming and urban green applications. In addition, gray water recycling
and smart irrigation systems contribute to sustainable water use; although the energy costs
of these technologies are affordable, their ecological benefits are frequently emphasized in
the literature [94,95]. Smart irrigation prevents water waste and optimizes plant health by
dosing according to the real-time water needs of the plant [96].

5.2.4. Heat Loss and Gain Analysis: Simplified Thermal Model

Heat loss and gain is one of the key parameters directly affecting the energy perfor-
mance of buildings. The simplified heat transfer model used in this study is intended to
calculate the estimated energy loss or gain through convection and conduction through
building elements (e.g., walls).

Q=UXxAXAT xt (@)

Equation (1): Heat transfer calculation equation through the building envelope.
This formula calculates the heat flow depending on the wall area, material properties
(U value), inside-outside temperature difference and time [97]. Application parameters:

e  Wall Area (A): 822 m?

e  Mean Temperature Difference (AT): In Rize winter season, the indoor average was
taken as 20 °C and the outdoor average was taken as 8 °C, and the difference was
determined as 12 °C [98].

Duration (t): 6 months * 30 days/month * 24 h/day = 4320 h

Material and System Scenarios:

Reinforced concrete wall U=12U=12U=1.2U = 1.2 W/m?K (TS 825, 2018)
Passive Green Wall (20% improvement): U=0.96 U=0.96 U =0.96 U =0.96 W/ m2K
Active System (35% improvement): U= 0.78 U =0.78 U = 0.78 U = 0.78 W/m?K
Dense Planting (45% improvement): U = 0.66 U = 0.66 U = 0.66 U = 0.66 W/m?K
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It shows the heat loss of different green wall application scenarios over a 6-month
period. Passive green wall applications reduce heat loss by about 20% compared to con-
ventional reinforced concrete walls, while active systems increase this rate to 35%. Dense
planting, on the other hand, provides up to 45% heat loss improvement due to the thickness
and density of the vegetative layer (Table 5). These results clearly demonstrate the contri-
bution of green walls to building energy efficiency and show that they play an important
role in sustainable building design [80,99].

Table 5. Estimated heat loss values for wall systems (kWh).

. . 2 6 Monthly Heat Loss
Scenario U-Value (W/m~K) (KWh)
Passive Green Wall (20% improvement) 0.96 40.908 kWh
Active System (35% improvement) 0.78 33.237 kWh
Intensive Planting (45% improvement) 0.66 28.124 kWh

5.2.5. Distribution and Functions of Vegetation Systems by Area

Within the scope of the design, different plant groups were placed according to
the light level and humidity regime of the areas; each species group was selected to be
compatible with the microclimatic conditions of the location. This approach aims to increase
spatial functionality and user comfort in accordance with biophilic design principles [90,91].
Accordingly, the function and distribution of the species used in the area is envisaged
as follows:

e  Shade-Tolerant Indoor Plants (Spathiphyllum, Zamioculcas, Aglaonema): These species
were used in areas without glass ceilings and in full shade. They were preferred
in modular green wall systems due to their ability to photosynthesize in low light
conditions and the density of their leaf tissues [84,85].

e  Epiphytic Species (Tillandsia spp.): These species, which do not require direct soil,
were placed in well-lit niches and hanging systems under glass ceilings. In addition to
their aesthetic contribution, they helped stabilize ambient humidity [100].

e  Moss Panels: Acoustic comfort is provided thanks to their sound absorbing properties
by using them on semi-open parking lot surfaces and interstitial spaces. It also
contributed to indoor quality by creating aesthetic and natural surfaces in areas with
constant humidity [101].

e  Creeping Species (Hedera helix, Pilea spp.): It was evaluated as a ground cover at
ground edges and micro-topographic elevations. They provided both microhabitat
and ecological continuity by creating a naturalization effect on transition surfaces [102].

e Hydroponic Aromatic Plants (e.g., basil, lettuce): Grown in raised systems under
glass ceilings in areas of high light intake and supplemented with photosynthetic LED
lighting. These systems provided an experimental model for in situ micronutrient
production on an urban scale [79,103].

e Bioluminescent Species/Fungi (e.g., Armillaria spp.): Placed in semi-dark niches,
they were evaluated both as an experimental landscape element and as a source
of atmospheric light. These species created an experiential layer that goes beyond
traditional lighting [104].

5.2.6. Cost-Return Analysis Energy Systems

To ensure the long-term sustainability of the proposed systems, the economic feasibility
was evaluated by calculating the payback period (P},) which represents the number of years
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required for the system to recover its initial investment through annual energy savings.
The payback period was obtained using Equation (2):

Total Cost installation(Cr)
Annual Energy Gain(E,)

Recycling Period(P,) = ()

Equation (2): Energy Return Analysis Equation

The “energy gain” here is obtained by multiplying the energy in kWh that the system
generates or saves per year by the average unit price of electricity for Turkey for the year
2025, which is 3.00 & /kWh (TEIAS, 2025 forecast data). In this context, as mentioned in
the energy systems, for example, the proposed system consisting of 10.400 W solar panels
is expected to generate approximately 5000 kWh of electricity per year. This production
generates an economic return of 15,000 b and gives a payback period of approximately
11 years when compared to the total installation cost of 160,000 b (Table 6). Similar
calculations were made for passive green walls, active modular system and algae panels
and it was determined to what extent their energy performances are feasible in terms of
cost-effectiveness. However, as emphasized in the literature [78,82], it is recommended
to consider not only energy input but also indirect effects such as thermal insulation,
moisture balance, acoustic comfort and psychological well-being in the evaluation of
vegetative systems.

Table 6. Cost and energy-based payback periods of the proposed systems.

Total Installation Cost Annual Energy  Return Period

System (b) Gain (b) (years)
Passive Green Wall 540.000 b 4200 b 128 years
Active Modular System 600.000 b 7.350 b 81 years
Moss Panel 110.000 b 1.200 b 91 years

Solar Panel (Total) 160.000 b 15.000 b 11 years

5.3. Adaptation Assessment of Systems in the Context of Rize Climate

Rize is in the Eastern Black Sea Region of Turkey, with high humidity (75-85%), heavy
annual rainfall (2300-2500 mm), limited sunshine duration (1200-1300 h per year) and
distinctive climatic characteristics with an average annual temperature of 14 °C and 6-8 °C
in winter [98]. These specific climatic conditions have a direct determining effect on the
performance of the proposed crop and technological systems. In this context:

e  Impact of High Humidity and Low Winter Temperatures: Green wall systems regulate
ambient humidity and provide indoor moisture balance through transpiration and
evaporation mechanisms through the leaves [83]. In addition, leaf and soil layers
provide thermal insulation and minimize radiant heat loss, thus increasing energy
efficiency in winter [105].

e  Effect of Heavy Rainfall on Irrigation Needs: High annual rainfall is particularly ad-
vantageous for the sustainable development of epiphytic species (Tillandsia spp.) and
moss panels. As these plants naturally thrive in environments with constant humidity,
the rainfall regime in the region significantly reduces irrigation requirements [99,100].

e Impact of Limited Sunshine on Lighting: The average annual insulation of 1200-1300
h in the region provides sufficient natural light for plant growth, but especially areas
with glass ceilings ensure that this light is used with maximum efficiency. In this
way, plant physiology is supported by meeting the photosynthetically active radiation
(PAR) requirement and the amount of artificial photosynthetic LED lighting needed
can be reduced [79].
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e  Design and Ecological Integration: The selection of the system was made not only
for aesthetic or functional purposes, but also to sensitively adapt to local climatic
conditions. This brings multiple benefits such as energy savings, water management
and user comfort as part of climate-based sustainability strategies [80].

6. Conclusions

In response to the growing demand for nature-based solutions in dense urban areas,
this study proposes a scenario-based model for transforming underground parking lots
into green interiors with ecological, energy-efficient, and biophilic qualities, aligned with
climate-responsive design and sustainability principles. Passive, active, and experimental
design strategies reveal the ecological and functional potential of these underutilized spaces.
Al-supported simulations and climate-sensitive spatial planning tools demonstrate the con-
tributions of green wall systems in enhancing energy efficiency, reducing carbon emissions,
and improving user comfort. When combined with sustainable insulation technologies,
passive green walls significantly boost energy performance and reduce emissions, sup-
porting low-carbon targets in the building sector [106]. Green infrastructure also improves
microclimate conditions, enables multi-layered water management, and mitigates urban
heat island effects through renewable energy integration [107].

In microclimatic regions such as Rize—characterized by high humidity, limited sun-
light, and mild temperatures—adaptive reuse of underground structures can yield eco-
logical, spatial, psychological, and energy-related benefits. Although these conditions
traditionally increase energy consumption, appropriate design interventions, including epi-
phytic plants, passive ventilation, and photosynthetic structures optimized for diffuse light,
transform these challenges into advantages [78,81]. Moreover, Rize’s steep topography
and reliance on multi-story and subterranean construction make reconsidering under-
ground spaces a spatial necessity. Sustainable transformation in such contexts therefore
extends beyond new construction to the climate-based optimization of existing buildings,
emphasizing adaptive reuse as a strategy for low-carbon urban development [82].

The model presented in the study offers a unique and necessary solution specific to
the natural, structural and climatic context of Rize, both on a scientific and practical level.
Comparative analyses of the three scenarios developed have led to recommendations that
are scalable and have high implementation potential in terms of both energy performance
and user experience. Green infrastructure systems [80,105], which are generally discussed
in the literature in the context of exterior facades, roof gardens or open public spaces [80,105]
were modeled for the first time in this study within the framework of the internal climate
conditions of underground spaces, filling an important theoretical and practical gap in
this respect.

Although underground structures are usually considered as invisible parts of urban
infrastructure, this study reveals that these spaces can be transformed into multifunctional,
user-friendly spaces with high environmental performance. The scenario-based approach
comparatively evaluates different levels of technological and ecological solutions, from
passive green walls to automated active systems and even micro-agriculture integration,
and presents multidimensional outputs such as perceptual comfort, energy savings, carbon
reduction and acoustic quality. The proposed design scenarios reflect different levels of
technological integration and ecological contributions when compared with international
examples. For example, Passive Green Walls are like the vertical green facades of the Oasia
Hotel Downtown in Singapore, where these facades are covered with climbing plants to
improve indoor environmental quality and reduce energy consumption [108,109]. Active
Modular Plant Systems are parallel to the Pasona HQ underground farm in Tokyo, where
hydroponic and soil-based production systems and controlled environmental conditions
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optimize productivity and user well-being. Finally, the Experimental Micro Farming Units
are compatible with advanced vertical and indoor agriculture initiatives, demonstrating
that underground spaces can be used for sustainable food production. These comparisons
reveal that each scenario both reflects current international trends and offers innovative
strategies in urban interiors.

In addition, the planning of the selected plant species in coordination with local
climatic data shows that the design is not only an aesthetic, but also a biophysical and
psychological improvement strategy. The positive effects of indoor planting on occupant
psychology and air quality have been frequently emphasized in the literature [84,86,90]; in
this study, these effects are integrated with energy efficiency and microclimatic adaptation
at the underground building scale.

The findings also enabled the evaluation of the proposed systems in terms of energy
gain and cost-effectiveness relationship and produced realistic outputs at the scale of
implementation. The ecological gains of high-cost solutions were found to be higher; in
this context, a basis was prepared for decision-makers to develop planning models based
on resource-cost-effectiveness balance. Economic payback analyses for energy systems
are important in terms of making visible the long-term return of urban sustainability
investments [93,95].

As a result, the transformation of parking lots into sustainable interiors is not only
a structural re-function but also an effective strategy for the transformation of cities into
livable spaces with low carbon emissions, climate resilience and integrated with nature.
This study reveals that in sustainable urban transformation, underground spaces can be
redesigned not only as technical infrastructure or temporary solution spaces, but also as
multifunctional, climate-compatible and ecological living spaces. The proposed model
offers a comprehensive transformation scenario in terms of user experience, indoor health
and energy efficiency as well as the physical environment through the coordinated use of
green infrastructure, human-nature connectedness approach, adaptive comfort theories
and passive-active energy systems. In this respect, it makes a unique contribution to urban
design and architecture literature by showing that sustainability-oriented interventions can
be made not only in the upper levels but also in the lower levels of the urban space [80,90].
The flexible nature of the model provides a methodological framework that can be adapted
to different climate zones, below-ground building typologies and user needs, making it
replicable and developable not only regionally but also globally. In addition, by proposing
a re-evaluation of the existing building stock in line with climate data, this study generates
alternative low-carbon strategies for new construction and proposes an alternative planning
model that focuses on deepening instead of horizontal expansion in the production of urban
space. In this respect, it can be integrated into city-scale policies and planning to reduce
carbon footprint [82,110].

Although the findings of this research are mainly conceptual, they also indicate sev-
eral directions for practical implementation. The proposed transformation model can be
incorporated into urban renewal strategies by integrating green retrofitting criteria into mu-
nicipal design codes and zoning regulations. For local governments, such transformations
may serve as low-cost tools for increasing urban green coverage and mitigating heat-island
effects without consuming additional land. For private developers, underground greening
offers opportunities to enhance property value and environmental certification potential.
For residents, these interventions can improve everyday well-being by providing cooler,
quieter, and more nature-connected urban experiences. Future pilot projects in existing
underground parking structures could provide empirical data to refine this conceptual
model and guide scalable implementation.
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Future research can develop holistic approaches that evaluate not only physical but
also social dimensions of space production processes by examining the behavioral, social
and economic impacts of such scenarios in more depth in line with different urban scales,
socio-economic user profiles, spatial inequality levels and intended uses. In this context,
re-functionalization models based on contemporary urbanism theories such as participa-
tory planning, spatial justice [111] and urban inclusiveness can be created by going beyond
sustainability principles. At the same time, investigating issues such as qualitative user ex-
periences, perceptual comfort levels and social acceptance of green infrastructure will create
important new research areas for landscape architecture and urban planning disciplines.
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