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Abstract

Vertical farms, associated with mass production and devoid of influence on the shaping of
a healthy urban biome, face new possibilities. Policies such as climate change declarations,
adopted by many European capitals regarding the transition to “zero emissions”, open
potential directions for shaping new multifunctional urban systems. The aim of this article
is to indicate how the multifunctional vertical farm system can coexist with existing and
planned blue—green urban infrastructure systems of the future. This article draws attention
to the possibility of creating innovative food systems for cities while considering closed-
loop circulation and the efficient management of key resources such as water and energy.
Model solutions are proposed at various spatial planning scales: suburban zone, city,
district, and neighborhood.

Keywords: vertical urban farms; multiscale and multifunctionality of urban agriculture;
model of vertical farming

1. Introduction

In 2015, approximately 55% of the world’s population (and nearly 75% of Europeans)
were living in cities or large urban agglomerations. According to forecasts by the United
Nations, by 2050 the proportion of the urban population is expected to rise to over 66%
globally and 82% in Europe [1,2]. Urbanization is not necessarily correlated with an im-
provement in the quality of the natural environment. In many countries, green areas
are being reduced, air and water pollution levels are increasing, habitat fragmentation is
leading to loss of biodiversity, and forest cover is systematically decreasing [3]. Strong
demographic growth is projected to continue in many developing countries in Africa,
South Asia, and South America. According to UN data, by 2100 the global population
could exceed 21 billion [4]. Moreover, approximately 80% of the world’s arable land is
already in use, and the remaining 20% often consists of degraded areas that are unsuitable
for cultivation because of prior mismanagement [5]. Given the increasing urbanization
and limited land resources, it is essential to implement innovative solutions in the fields
of bio-architecture and urban spatial planning. Increasing attention is being paid to the
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need to build resilient food systems capable of ensuring food security with minimal en-
vironmental impact. A significant problem remains, i.e., the inefficient management of
food—current estimates indicate that over 30% of global food production is lost or wasted,
which has substantial climatic, economic, and social consequences [6-8]. Vertical farming, a
system of intensive plant production conducted in vertical arrangements under controlled
environmental conditions, represents an advanced agrotechnological solution dedicated to
urban areas with limited access to agricultural land. Its implementation in urban spaces
arises from the necessity to optimize space use, increase local food self-sufficiency, and
adapt agricultural production to anthropogenic conditions and environmental pressures.

2. Materials and Methods

Vertical systems, using hydroponic and aeroponic technologies along with Controlled
Environment Agriculture (CEA) systems, enable high-efficiency plant cultivation with
significantly reduced use of natural resources, particularly water and soil. Simultaneously,
the elimination of the need for plant protection agents and full control over environmental
parameters (such as lighting, temperature, humidity, CO, concentration) allows for year-
round production with high-quality consistency, regardless of variable and often extreme
external climatic conditions [9,10].

From urbanistic and ecological perspectives, vertical farming systems constitute a
significant component of cities” adaptation strategies to challenges related to the climate
crisis and the growing demand for food [11,12]. A reduction in the length of supply
chains results in decreased greenhouse gas emissions associated with transportation, and
the localization of production in close proximity to consumers increases the stability of
distribution systems and urban resilience to logistical disruptions [13]. Moreover, vertical
farming can serve as a catalyst for socioeconomic transformation in cities, offering new
forms of employment in sustainable technology sectors, supporting educational activities in
agroecology, and contributing to the revitalization of degraded urban areas by transforming
them into productive units of the urban bioeconomy [14].

The integration of such systems with circular infrastructure (e.g., use of rainwater, heat
recovery, and composting of biowaste) strengthens their role in building a synergistic and
low-emission model of urban functioning. In the light of the above circumstances, vertical
farming should be perceived not as a supplement to traditional agricultural production
but as an integral element of modern urban planning strategies aimed at increasing city
resilience and achieving Sustainable Development Goals (SDGs), particularly in the areas
of food security, technological innovation, and climate adaptation.

This study adopts an analytical-conceptual approach based on a comparative analysis
of three vertical farm models—intensive, extensive, and dispersed—in the context of their
potential integration at various urban scales. The functional compatibility of the models
was evaluated at the following levels: suburban zone, city, district, and neighborhood. The
analysis used subject literature, strategic documents, and urban data, as well as design
assumptions resulting from the implementation of the project “‘Food production and provi-
sioning through Circular Urban Systems in European Cities’ (please see acknowledgements
for more detail). Furthermore, the locational, environmental, and social features were
categorized to develop a comparative table for the functioning of large-scale vertical farm
models. In this article, following the generally accepted classification of agriculture into
intensive and extensive systems, it is assumed that a similar distinction can also be applied
to vertical farming. Additionally, due to the specific scale and spatial characteristics of
this form of agriculture, a dispersed model has been introduced alongside the intensive
and extensive models. Particular emphasis has been placed on analyzing the circularity of
vertical farming within the framework of Controlled Environmental Infrastructure (CEU),
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which is of fundamental importance for this type of artificially implemented agricultural
system within the urban fabric, especially in terms of maintaining a healthy urban biome.
Based on these analyses, the study further develops an original conceptual model for the
development of three types of vertical farm systems introduced by, Zareba, Krzemiriska and
Kozik [15] integrating them within the broader urban context and considering key aspects
such as urban density, nature-based solutions (NBS), and emerging technologies. Further-
more, the article examines the challenges associated with vertical farming, identifying
potential barriers that may affect its successful implementation and development.

2.1. Vertical Farming

Vertical farming (VF), a form of urban agriculture, is based on intensive multilevel
plant cultivation systems in controlled environments using technologies such as hydro-
ponics, aeroponics, and aquaponics. A characteristic feature of such activity is the limited
demand for usable space, while simultaneously increasing production efficiency [16]. The
placement of vertical farms in adapted and degraded post-industrial facilities not only sup-
ports the rational management of existing urban infrastructure but also aligns with broader
strategies for revitalization and sustainable development [17,18]. Their functionality and
spatial form depend on a number of factors, such as location within the urban structure,
construction (technical characteristics of the buildings), production scale, and the chosen
cultivation technology [19].

2.2. Advantages of Urban Vertical Farms (Vertical Agriculture)
The environmental benefits resulting from the implementation of vertical farms include:

*  Significant reduction in greenhouse gas emissions, particularly CO,, due to the local-
ization of production at the point of consumption, and elimination of the need for
long-distance food transport [11,20].

*  Reduced water consumption through the use of recirculating systems and precise
resource dosing [21-23].

*  Ability to conduct production in environments isolated from external pollutants, mini-
mizing the risk of bioaccumulation of heavy metals and chemical contaminants [24,25].

e  Elimination of the need for pesticides and herbicides due to the closed cultivation
environment [26,27].

e Integration with urban circular economy systems, including composting of organic
waste and its use as a local source of fertilizer [28,29].

e  Lower energy demand compared to conventional agriculture, especially in terms of
mechanical and transportation tasks [30].

*  Reduction in anthropogenic pressure on arable land and ecologically valuable subur-
ban areas [31,32].

*  Support for the implementation of local climate and environmental policies related to
climate change adaptation, and improved quality of life in urban areas [33-36].

The economic benefits of vertical farms in cities include, among others:.

e  Year-round food production independent of seasonality, enabling multiple crop cycles
and control of phenological plant phases [37,38].

e  High productivity resulting from the multi-level arrangement of installations, dense
sowing, and optimal environmental conditions [39,40].

e Increased durability and quality of food products, including improved flavor through
the use of dedicated substrates and controlled growth parameters [38,41].

e  Shortened supply chains through local distribution, which lowers logistics costs and
reduces losses within the supply chain [32].

e  No need for crop insurance against weather events [16,18].
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e Increased availability of fresh, healthy food for residents of urban areas [32,42].

e  Use of degraded and underutilized urban spaces, including post-industrial buildings,
contributing to their economic and social reactivation [33,43].

e  Easyimplementation due to modular construction of cultivation installations, allowing
for rapid assembly, disassembly, or relocation [44,45].

e  Reduction in the demand for manual labor through the automation of cultivation and
harvesting processes [14,18].

e  Creation of new jobs in urban agriculture, logistics, food processing, and supporting
industries [46,47].

e  Development of local food markets and increased food self-sufficiency in cities [48,49].

e  Support for entrepreneurship and innovation in the agrotechnology and food tech
sectors [14,18].

e  Possibility of integration with social and educational functions, including the creation
of demonstration spaces, science centers, experimental gastronomy venues, or culinary
tourism destinations [50,51].

2.3. Multifunctionality of Vertical Farming

Vertical farming is an innovative agricultural practice based on food production in
vertically arranged modules within controlled environments, primarily in urban or peri-
urban settings. In response to global challenges such as urbanization, climate change,
land degradation, and food insecurity, vertical farming is increasingly recognized as a
solution with wide-ranging functional potential, including productive, environmental,
spatial, educational, and socioeconomic dimensions.

One of the fundamental functions of vertical farming is its contribution to urban
food security. VF systems enable year-round intensive production of lettuce, herbs, and
microgreens using hydroponic, aeroponic, or aquaponic methods. These crops are largely
independent of climatic conditions, pest occurrence, and soil quality, ensuring stable
yields even in extreme environments. As emphasized by Benke and Tomkins (2017), the
yield per square meter can be many times higher in vertical farms than in conventional
agriculture [39,52].

From the perspective of environmental sustainability, VF reduces pressure on arable
land and uses 90-95% less water than traditional agriculture due to recirculation systems.
Studies indicate that vertical farming enables water conservation, prevents nutrient runoff,
and functions within closed-loop resource systems [16]. Additionally, eliminating the
need for synthetic pesticides and shortening supply chains (reducing so-called “food
miles”) leads to lower greenhouse gas emissions and supports both climate adaptation and
mitigation strategies.

Vertical farming plays a key role in the spatial integration of urban environments. It
enables the reuse of unused or abandoned spaces such as rooftops, basements, or former
industrial buildings by transforming them into productive zones. Research has highlighted
the potential of vertical farms in the context of urban revitalization, mitigation of the
urban heat island effect, and the development of green infrastructure [40]. This type of
spatial development aligns with circular and compact planning models in line with the
SDGs, particularly SDG 11 (Sustainable Cities and Communities) and SDG 12 (Responsible
Consumption and Production).

The educational and social values of vertical farms further enhance their multifunction-
ality. Numerous urban projects serve as centers for environmental education, organizing
tours, cooking workshops, and school partnerships. Such initiatives promote ecological
awareness and engage the local community while also contributing to social cohesion
in densely populated neighborhoods [53,54]. Moreover, vertical farms frequently act as
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innovation testing grounds and co-creation spaces for farmers, engineers, designers, and
local stakeholders.

From economic and technological standpoints, vertical farming contributes to the
development of innovative agri-tech ecosystems. The integration of sensors, Al-based
control systems, LED lighting, and platforms for real-time environmental monitoring im-
proves the operational efficiency and generates high-skilled employment. Smart cultivation
platforms enable precise climate and nutrient management, thereby reducing costs while
maximizing yield [55]. Vertical farming systems enhance urban resilience to supply chain
disruptions, economic instabilities, and health crises. During the COVID-19 pandemic,
local food production models, such as VFE, proved effective in reducing dependency on
global chains and maintaining the local availability of fresh produce [56].

3. Research
3.1. Vertical Farm Model: The Dimension of Vertical Agriculture Intensity

The dimension of vertical agriculture intensity refers to vertical farms in cities that
could play potentially significant, but still underdefined role in nature-based solutions
(NBS) and the provision of ecosystem services. In the context of climate change, ongoing
environmental degradation, and loss of agricultural land, urban vertical farms offer an
alternative to traditional agriculture, potentially supporting the development of sustainable,
self-sufficient, and climate-neutral cities. Embedded within the blue—green infrastructure
of urban areas, these farms can serve not only as food production bases, but also as new,
valuable ecological, social, and economic nodes, particularly in light of the transformations
triggered by the COVID-19 pandemic and global geopolitical instability.

Vertical farms can be divided three archetypes based on the intensity of urban agricul-
ture: intensive, extensive and dispersed.

3.1.1. Intensive Model (Highly Urbanized Model)

The intensive model represents a complex and technologically advanced vertical farm-
ing system primarily located in central urban areas within modern multifunctional urban
development projects (Figure 1). It is characterized by the use of multistory structures
in which food production occurs in fully controlled environments, utilizing advanced
technologies such as hydroponic systems, LED lighting, and indoor microclimate manage-
ment. The high intensity of cultivation allows for high unit efficiency, making this model
particularly suitable for urban food self-sufficiency. However, it also requires significant
investment and energy input, resulting in high construction and operating costs.

Intensive Model
(Highly Urbanized Model)

Extensive Model Rural farms

(Neighborhood .

Integration Model) Dispersed Model and fOQd
(Micro-scale Network Model)  Processing

Urban farms

Figure 1. The Dimension of Vertical Agriculture Intensity (own elaboration).

This model holds significant social potential, especially when facilities are integrated
with public services, such as retail, gastronomy, or education. The negative environmental
impacts of such investments decrease when the system is powered by renewable energy
sources and incorporates closed loops for water, energy, and organic waste.
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3.1.2. Extensive Model (Neighborhood Integration Model)

The extensive variant of urban vertical agriculture is primarily developed in residential
districts with high building density and peripheral areas, often in the form of adaptations
to existing vacant lots or shared spaces. The spatial structure of this model is based on
low-rise functionally diverse buildings that are an integral part of the local urban landscape.
Production uses less advanced technologies than intensive models, resulting in moderate
yield levels and lower investment and operational costs. This makes the model more
financially accessible and operationally feasible for local communities to implement.

A major strength of the extensive model is its social function, which includes ed-
ucational, integrative, and participatory activities, making it a tool for strengthening
neighborhood ties and raising environmental awareness. It can provide positive local
environmental impacts which can be enhanced through integration with local climate
adaptation strategies.

3.1.3. Dispersed Model (Micro-Scale Network Model)

The dispersed model refers to small-scale vertical installations distributed across vari-
ous locations in a city. These include green roofs, vertical gardens mounted on building
facades, temporary container farms, and portable gardening modules. Their main features
are spatial flexibility and relatively low implementation costs, which facilitate their real-
ization through civic actions, pilot projects, or Non-Governmental Organization (NGO)
initiatives (Figure 2).

VERTICAL AGRICULTURE MODELS

Urban centers, integrated into new

Peripheral urban areas and residential

Isolated implementations across

@ Location real estate developments districts various parts of the city
Multi-story buildings specifically Low-rise, multifunctional buildings Scattered systems including green
@ Spatial designed for high-efficiency complementing existing structures roofs, vertical gardens, temporary or
Structure cultivation modular installations
High productivity per unit area Moderate productivity Low productivity per site, potentially
(| Agricultural high when aggregated at the city
Productivity seal
High capital investment and Moderate investment requirements Low unit cost and minimal
Economic operational expenditures maintenance demand
Cost
Moderate; increases with inclusion of  High; promotes local community Moderate; impact depends on
Social citywide public services (e.g., engagement, education, and social visibility and accessibility
o restaurants, retail outlets offering cohesion
Fl'mc‘h$ﬁresh produce) —
Moderate, conditional on the use of Moderate, conditional on the use of Moderate, dependent on
Ecological renewable energy sources renewable energy sources implementation scale, typology, and
Potential integration with urban infrastructure

Figure 2. Comparative Characteristics of Vertical Agriculture Models (own elaboration).

Although the productivity of individual units is limited, at the scale of the entire
agglomeration they can form a significant component of local food systems and contribute
to supporting ecosystem services, including improving air quality, increasing water re-
tention surfaces, and strengthening urban biodiversity. The social significance of the
dispersed model is moderate and depends on the degree of community involvement in the
management and use of these spaces.

3.2. Vertical Farm Model: The Multiscale Dimension

The intensity dimension of vertical farming systems (intensive, extensive, and dis-
persed models) can be examined across three spatial planning scales: city, district and local.
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Using the examples of vertical farms presented below, analyzed within these different
planning contexts, each spatial scale influences the selection and integration of services is
highlighted, thereby directly affecting the degree of multifunctionality achieved by vertical
farming systems.

An analysis of three diverse case studies—Sungiao Urban District (Shanghai), Sky
Greens (Singapore), and Farm One (New York City)—demonstrates that it is possible to
design urban farms that not only produce food, but also serve numerous additional social,
educational, ecological, and recreational functions (Figure 3). Sky Greens in Singapore
represents an example of a multi-tiered vertical farm operating within an intensive model,
primarily focused on maximizing the supply of fresh food for urban residents. In contrast,
the Sungiao Urban District in Shanghai exemplifies an extensive vertical farming model—a
10,000 m? district that integrates a significant portion of the city’s urban fabric. Beyond
ensuring local food production, the project combines public spaces with social functions,
creating an innovative example of an urban system characterized by circular flows of
water, energy, and other resources. Farm One, a rooftop vertical farm located in Brooklyn,
serves as a representative example of the dispersed model of vertical farming. It provides
a wide range of services for local residents while simultaneously ensuring access to fresh
agricultural products, demonstrating the multifunctional potential of small-scale, locally
integrated farming systems.

3.2.1. City/District Scale: Sunqiao Urban District (Shanghai)

The Sungiao Urban District is an example of a comprehensive urban planning ap-
proach in which vertical farms are integrated into the city fabric. This project covers
10,000 m? and combines urban agriculture with public spaces, education, and scientific
research (Figure 3) [57].

3.2.2. Single Investment: Sky Greens (Singapore)

Sky Greens demonstrates that a vertical farm could operate as an independent unit,
achieving high efficiency within a limited urban space. Its technological solutions focus on
sustainable production and minimal resource utilization [58-60].

3.2.3. Local Scale with Strong Social Integration: Farm One (New York City)

Farm One is an example of adaptive reuse of urban spaces for the production of
highly specialized food. It utilizes existing but under-utilized subterranean space in a high-
density urban environment. This project integrates urban agriculture with gastronomy and
education to offer unique user experiences and maximize the economic value of the limited
crop yield capacity of such a space-constrained location.

Considering the urban planning context, it can be emphasized that:

*  The intensive model responds best to the needs of densely built urban areas, offering
high production efficiency, albeit at a high cost.

e The extensive model demonstrates strong potential for social integration, particularly
at the district and neighborhood scale.

e  The dispersed model, although low cost, is optimal for small spaces.

The VAI (Vertical Agriculture Intensity) dimension of urban vertical agriculture inten-
sity points to the possibility of complementarily using all three approaches depending on
the urban context and the city’s spatial planning needs. By combining these models into a
coherent citywide system based on decentralized logistics and transportation network, it is
possible to create a sustainable and flexible urban food production system.
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Multifunctional Vertical Farms

— Case Studies

m FUNCTIONS KEY FEATURES MULTIFUNCTIONALITY

SUNQIAO
URBAN
DISTRICT

SKY
GREENS

FARM
ONE

s A 10 000 m*® spatial development plan by Sasaki Enhancement of food security

: :i:z::s;e' integrates vertical farms with public squares and green * |ntegration of public space
S e infrastructure. s  Synergy between research,

» scientific research, : . ; _ : : R .

B Sl s The project ;ombmesl commercial falrml_ng with Sotl:laL. and utilitarian functions
research, public education, water purification, and * Circular loops of water and
tourism. resource use.

* One of the world’s first commercial vertical farms, s local production of leafy
featuring a four-story rotating greenhouse producing vegetables
« food production, about one ton of leafy greens every two days s High energy and water
« energy efficiency * lUses a patented low-emission hydraulic system efficiency )
supporting vertical cultivation = Lnpact - spatiac ok
A SEe § integrated into the urban
s | pcal cultivation significantly reduces food miles and agricultural landscape
enables efficient use of urban land.
# |ocated in the Brooklyn and Tribeca districts, the
indoor hydroponic farm specializes in growing rare » Specialized food production
herbs, edible flowers, and microgreens for Michelin- * Culinary collaboration and

» urban agriculture, starred restaurants educational activities

» culinary innovation, = Offers sensory and tasting tours, as well as * Urban space revitalization

» education. educational classes on hydroponics and plant science. * Community engagement

# Transform underutilized basement spaces into through tours and workshops
dynamic urban farms integrated with local culinary
ecosystems.

Figure 3. Multiscale of vertical farms (own elaboration) [19,57,59-63].

3.3. Vertical Farms Model: The Circularity Dimension

Vertical farming systems, located mainly in urban and peri-urban spaces, not only
enable intensified production with reduced land use, but also align with the principles of the
circular economy. In this context, a circular economy entails minimizing waste, recirculating
resources, and regenerating ecological systems. Vertical farming is increasingly seen as a
platform for implementing circular processes that enhance resource efficiency and reduce
environmental footprint [64,65].

Circularity in vertical farming can be achieved through various complementary mech-
anisms. A closed water cycle is realized through hydroponic and aeroponic systems, which
allow for the recovery and reuse of over 90-95% of the water used in traditional farm-
ing [16]. Nutrients are recovered and redistributed within the production cycle and organic
residues can be converted into fertilizers or biogas, thereby reducing the need for external
supplies and supporting a zero-waste model [65].

The construction of vertical farms increasingly relies on recycled or biodegradable
materials, reinforcing the circularity aspect of their architecture. The integration of local
renewable energy sources, including heat recovery, promotes energy autonomy and reduces
dependence on external energy carriers [66,67]. Life cycle assessments (LCA) show that
well-integrated vertical farming systems can reduce their environmental footprint by up to
90% compared with traditional greenhouse horticulture [65].

Despite progress, there is still a lack of standardized indicators for evaluating circular-
ity in the vertical farming sector, particularly regarding closed loops for water, nutrients,
and energy [64]. Smart sensors, Al-based systems, and IoT platforms enable real-time mon-
itoring and optimization of resource flows, allowing for the precise control of irrigation,
lighting, and nutrient delivery [67]. Combined with local renewable sources or energy
recovery from nearby infrastructure, these technologies strengthen the circular potential of
vertical farming systems.
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3.3.1. Biowaste Management and the Closed Nutrient Cycle

Biowaste management plays a key role in shaping the closed-loop nutrient cycle in
cities by integrating the selective collection of biowaste at three levels: micro (households),
midi (district-level collection points), and maxi (municipal recycling centers), enabling
effective segregation and limiting losses at the source [68] (Figure 4).

Establishing strategic collection points near intensive forms of urban agriculture and
using decentralized transport systems minimizes the carbon footprint and accelerates
recovery logistics [69]. In the context of vertical farms, in situ composting is recommended,
as confirmed by microbiological analyses of the composting activity, which demonstrate
high efficiency of local waste processing [70].

Additionally, the solid fraction of the biowaste can undergo anaerobic digestion or
composting, generating biogas for heat and electricity production. The purified liquid
fraction of the digestate can serve as a component of hydroponic nutrient solutions. Re-
search has shown that purified digestate, after a controlled nitrification process, can replace
mineral fertilizers in soilless cultivation systems [71,72].

Modern nutrient recovery technologies include struvite, biochar, and membrane
processes such as electrodialysis and reverse osmosis, which are effective in recovering
phosphorus, nitrogen, and potassium [73]. This approach fits within the framework of the
circular bioeconomy, enabling the partial substitution of mineral fertilizers in hydroponic
systems [68].

Production of biogas and
compost: The solid fraction
of biowaste undergoes
composting or anaerobic
digestion to generate
biogas for heat and
electricity on vertical farms,
whereas the purified liquid
fraction is used in
hydroponic nutrient
solutions.

Selective collection of
kitchens and green biowaste
at micro (household), midi

Establishment of strategic
organic waste collection
points near intensive urban
agriculture zones
connected via
decentralized transport
systems.

11n situ composting of
organic waste ?enermed by
vertical farms.

(district collection points),
and maxi (municipal
recycling centers) scales.

The integration of water

recovery systems with the
Nutrient recover( BIOWASTE purif\cgﬁgn of fh:’liquid
technologies that allow fraction from biowaste
partial replacement of MANAGEME NT FOR enable the reuse of water
mineral fertilizers in from anaerobic digestion
hydroponic systems. VE RTlCAL FARMS and composting processes

in closed-loop irrigation or
hydroponic nufrient
preparation.

Sensors and automation Education and
for biowaste cycle implementation of systems
management on farms, for shared responsibility
using loT-based systems to over the biowaste stream:
monitor waste flows, Engaging local
compost temperature, communities through

Biotransformation of
organic waste using
insects.

liquid fraction quality, and environmental education,
nutrient levels, enabhn? the incentive systems, or

dynamic control o biowaste for food
recovery processes. exchange points.

Figure 4. Diagram of a biowaste management for vertical farms (own elaboration).

3.3.2. Circular Water Management in Vertical Farms

Sustainable urban food production systems, particularly in the context of growing
water shortages and increasingly extreme climate events. By integrating retention and
recycling systems, these farms can significantly reduce the demand for potable water
(Figure 5).

Rainwater collection from rooftops and facades, followed by purification using mem-
brane filters (UF/RO) or plant-based biofilters, allows for its reuse in hydroponic sys-
tems [68,69]. Simultaneously, the closed water cycle in hydroponic and aeroponic cultiva-
tion, supported by mechanical, biological, and UV filtration, enables the recovery of over
90% of the water, greatly improving the water-use efficiency of the system [73].
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Additional water sources include the condensation of water vapor from HVAC systems
and the recovery of transpired water from plants, which, under controlled conditions, can
significantly contribute to the overall water balance. Particularly valuable is aquaponics, a
symbiotic system between fish and plants—which not only provides protein and vegetables,

but also maintains a stable, closed loop of water and nutrients [74].

Modern vertical farms employ digital water monitoring and management systems,
enabling precise consumption control and dynamic adjustment of system parameters in
response to changing environmental conditions [72]. These integrated solutions make

vertical farms exemplary models of urban closed-loop water-management systems.

Collection and retention
of rainwater from rooftops
and facades of
greenhouses, followed by
filtration (e.g., UF/RO
membranes and plant-
based biofilters) and use
in hydroponic cycles.

Water recycling in
hydroponic and aeroponi
systems (re-filtering and
reuse of circulating wate

using mechanical
biological, and UV filters)

Integration of rainwater
recycling with water
filtering from hydroponic
cultivation.

Water recovery from
vertical farms
(condensation of water
vapor from HVAC
systems).

SUSTAINABLE Adhaponics e sami eal
WATER relg?iZidsh(i)gss r‘gwi;)ef;% fish

bietenrec ey Fompich MANAGEMENT FOR oy
VERTICAL FARMS A e

/

limate-resilient systems
are designed to adapt to
the increasing frequency
of extreme weather events|
(clrouc?hts, heavy rain, and
floods) using adaptive
retention systems and
flood /drought risk

management.

Integration of vertical
farms with urban blue-
green infrastructure
and their coupling with
elements of blue-green
infrastructure at various
planning scales such as
rain gardens, infiltration
basins, green roofs, or
retenfion ditches.

Use of greywater—for
exc:mp?e, from hand
washing, laundry, or sinks
after freatment in the
cultivation of non-edible
plants, or as a source of

technical water

Digital water cycle
management and the use
of loT sensors to monitor

humidity, flow, water
quality, and nutrient level|

Figure 5. Diagram of the sustainable water management for vertical farms (own elaboration) [75].

3.3.3. Renewable Energy and Heat Recovery

According to recent studies, the use of hybrid systems combining micro wind turbines
and solar collectors can cover up to 80-85% of the total energy demand of vertical farms
in temperate climates while simultaneously reducing CO, emissions [76] (Figure 6). Ad-
ditionally, HVAC systems equipped with air recuperators and heat exchangers allow the
capture and reuse of waste heat generated by LED lighting, compressors, and heat pumps,

which significantly reduces the demand for additional heating sources [77].

Model applications of heat recovery technologies for heating cultivation areas in
vertical farms demonstrate that approximately 60-75% of waste heat can be effectively
reused, enabling the operation of farms covering several thousand square meters and
reducing the energy demand by up to 37% [77]. Moreover, the use of heat pumps powered
by renewable energy sources, particularly geothermal pumps which reduce the energy
consumption by approximately 30%, confirms the potentially high thermal efficiency of

vertical farms.

Optimization of microclimate parameters can be achieved through the control of light-
ing, ventilation, and heat recovery based on IoT sensors and machine learning algorithms,
which can reduce energy consumption by an additional 20-25% [55]. The combination of

these solutions can transform vertical farms into nearly energy self-sufficient.
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The application of circular economy principles to vertical farming provides opportuni-
ties to significantly reduce resource consumption, increase the resilience of urban systems,
and lower the environmental footprint of food production (Figure 7). Achieving these goals
entails several challenges. High initial costs and technological requirements may pose
barriers to the implementation of these solutions, particularly for small and medium-sized
enterprises. The lack of uniform regulations and tools for assessing circularity hinders the
comparability and scalability of the models.

Photovoltaic installations
(BIPV) and wind turbines on
the roofs of greenhouses,
and modules powering LED

lighting.

Biogas cogeneration:
Biogas from biowaste
fermentation power

enerators, sugplying
electricity to LED lamps,
and heat for heating or
drying biomass waste.

/

Heat recovery from HVAC
systems, including heat
pumps reclaiming energy.

ENERGY
MANAGEMENT FOR
VERTICAL FARMS

Storage of energy surpluses
in batteries ensuring
continuity of supply during
peak energy J;mand
periods.

1

Green roofs and walls:
Cultivation of edible plants

on roofs and building walls,
improving thermal
insulation, and reducing
the need for air

Efficient greenhouse
design utilizing natural
light, ventilation, and heat-
accumulating materials
instead of artificial heating

and lighting.

conditioning.

Figure 6. Diagram of energy management for vertical farms (own elaboration).

Selective collection of kitchens and green biowaste at the macro scale; biogas and compost production;
WASTE composting of crganic matter; nutrient recavery technologies, integrated water and waste recovery systems;
use of sensors and automation in biowaste cycle management within farms; resident education.

Water recycling in hydropanic and systems; rainwater harvesting from rooftops and facades of
greenhouse buildings, including filtration through UF/RO membranes and plant-based biofilters for
reuse; integration of rainwater and hydroponic water filtration systems; recovery of plant transpiration

WATER and cendensation from vertical farms; digital water cycle management using loT sensors for menitoring
moisture, flow, and water quality; climate-resilient system design with adaptive retention systems, flood

\ and drought management; use of treated greywater from sinks, laundry, etc, for irrigation; integration of

INTENSIVE MODEL (—

wvertical farms with urban blue-green infrastructure.

Photovoltaic [BIPV) installations and rooftep wind turbines; biogas cogeneration using bio-waste fermentation
ENERGY for electricity production; heat recovery from HVAC systems including heat pumps; energy surplus storage in
batteries; efficient greenhouse design using natural light, ventilation, and thermal mass materials.
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WASTE cellection paints near urban agriculture intensification zones; composting of arganic matler; sensar-
based biowaste management; public education and implementation of shared responsibility systems

for biowaste streams.

EXTENSIVE Recycling of water in hydroponic and aeroponic systems; rainwater harvesting from rooftops and
facades, including filtration with UF/RO membranes and plant biofilters for reuse; integration of
MODEL —— | WATER 'ainwater and hydropenic water recycling systems; recovery from transpiration and condensatian;
use of aquapenics; digital water cycle management using loT sensors for menitering moisture, flow,
and quality, climate-resilient systems adapted to Increasing extreme weather events (droughts,

floods); Integration with urban blue-green Infrastructure.
‘ Photoveltaic (BIPV) installations and rooftop wind turbines; green roofs and walls with edible crops tha

ENERGY improve building insulation; efficient greenhouse design maximizing natural light, ventilation, and|
thermal mass.

Selective collection of kitchens and green biowaste at the micro scale; composting of erganic

/ WASTE  matter; community education.

Rainwater harvesting and retention; climate-resilient design incorporating plant species suited
DISPERSED MODEL [ WATER ; cuireme weatner, integration with biue-green urban ifrastructure

\ Photovoltaic (SBIPV) installations and rooftop wind turbines; green roofs and walls with edible
ENERGY BRI B o

plants that enhance thermal insulation of buildings.

Figure 7. Multi-Scale Model of Vertical Farming—Circularity (own elaboration).
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3.4. Multifunctional Vertical Farms Model

A comprehensive, multifunctional model of urban vertical farms can integrate envi-
ronmental, social, economic, and landscape functions. Supplied with rainwater through
blue—green infrastructure and energy generation, vertical farms constitute one of the ele-
ments of a city’s circular system. Such solutions may become a new standard for integrating
public spaces with local food and greening services to respond to the needs of urban com-
munities. Vertical farming is an excellent platform for the implementation and testing of
closed-loop strategies in urban environments (Figures 8-10). The multi-scale nature of
the model demonstrates the feasibility of implementing vertical greenery in cities across
various climatic zones while considering different planning scales. Cities can adapt to
combinations of various strategies depending on available resources and environmental
priorities. In a world where undeveloped spaces are increasingly difficult to find, the
rational and sustainable use of every piece of land, including abandoned or neglected
urban plots, post-industrial sites and zones, under-utilized subterranean spaces, former
military sites, and degraded inner-city districts, becomes critical. A potential solution to
these challenges may lie in the development of novel vertical farming systems, which, in
addition to food production, are designed to perform a range of complementary functions
within the urban environment.

Urban Vertical Farms Intensive Model

@ z . :

H

FEATURES CHALENGES

Environmentally restorative: The goal of
this model is often to improve the
ecological value of the land while

creating opportunities for multifunctional

ecosystem services: food production,
biodiversity improvement (ex. planting
with indigenous species) The model
allows for a large amount of planting per
square meter of land area, making them
highly efficient in terms of space usage

Urban integration: These green buildings
placed in central or prime urban areas,
often become cities iconic structures or
part of mixed-use developments. This.

Challenges: The cost of construction
and operation can be high, it requires
significant energy input and water
resources management, The economic
value of using degraded land may be
lower, and retrofitting these areas can
require significant investment to meet
environmental and regulatory
standards.

City Scale Vertical Greenery: Maxi
Dimension approach focuses on converting
abandoned or degraded urban areas (e.g.,
brownfields, industrial areas, neglected
city centers) into productive green

H

TECHNOLOGIES

DESCRIPTION URBAN DENSITY

‘Advanced technology: Intensive

This model focuses on high-density
areas tailored for revitalized urban
zones and post-industrial districts,
and itis based on new mix-used
public investments grounded in bio-
architecture and bio-urbanism,

Multi-story structures: designed to
make the most of vertical space,
allowing for more usable area on

smaller footprints. They include
residential apartments, commercial
offices, or mixed-use developments

planned vertical greenery often utilizes
modern systems such as hydroponics,
aeroponics, and smart systems based
on ecological "green technologies,”
lallowing for lower energy consumption;
energy savings, the possibility of using

energy from renewable sources; and
low water consumption, which
contributes to better sustainable
resource

introduced from the outset with the
application of specific design
principles.

Figure 8. Multi-Scale Model of Vertical Farming—Intensive Model (own elaboration).

Urban Vertical Farms Extensive Model

‘ 2 3 4
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Environmentally restorative: Health and
Wellbeing (access to recreation and
green areas) Community Identity,
Access and Mobility (mix-uses,
accessible services, Energy (dispersed
energy system based on renewable
nergy resources - solar, wind, biomass|
geothermal), Water (reuse and recycle
water resources,), Habitat and
Ecosystem Functione

urban units designed with
consideration of minimal
environmental impact and the
smallest possible ecological footprint
must meet new demands related to
ongoing climate change.

Neighborhood Scale Vertical
Greenery: positive-energy green
districts (Midi Dimension)

Location and building design: (compact,
medium density residential area
consisting of four to eight story buildings
built using local and recycled materials)

i

TECHNOLOGIES

DESCRIPTION

This model is based on the
construction of new positive-energy
green districts.

URBAN DENSITY

Low-rise mix-used structures: The
vertical installations in this model
integrate seamlessly with
surrounding buildings

Technologies and strategies for
sustainable development include:
renewable energy, water management
and zero-waste practices, smart green
solutions, and rainwater harvesting
(rain gardens, bioswales, infiltration
ponds), which supply green spaces in
the district.

Figure 9. Multi-Scale Model of Vertical Farming—Extensive Model (own elaboration).
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Urban Vertical Farms Dispersed Model

@ 2 : ; @ : :

H i i

FEATURES CHALENGES

Environmentally restorative: Habitat
and Ecosystem Function (micro-

Scalability: While smaller in scale,
collectively, they contribute
significantly to cities biodiversity

‘Adaptation to existing infrastructure:
Rather than constructing new buildings or

Local Scale Vertical Greenery: (Mini
dimension) using large amounts of land, this model

solutions such as: herb and bee

Seeks to use unused spaces within the gardens increasing local biodiversity), improvement.
city, such as rooftops, balconies, fences, Water (reuse and recycle water
building walls, facades resources,), Community Identity,
Access and Mobility
DESCRIPTION URBAN DENSITY TECHNOLOGIES

Community-focused: It often
encourages community engagement,
with urban residents participating in

Lower technology: While advanced
technologies can be used, many
implementations are simpler, focusing
on soil-based gardening or low-tech
hydroponic systems.

This model emphasizes using
existing urban infrastructure like
rooftops, walls, facades to
incorporate greenery into the urban
fabricin a decentralized way.

gardening activities. Rooftop
gardens, community gardens, and
small-scale plots are common
examples.

Figure 10. Multi-Scale Model of Vertical Farming—Dispersed Model (own elaboration).

Each model presented below corresponds to different urban conditions and entails
varying consequences for spatial planning, sustainable development strategies, and the
implementation of NBS. Depending on the available resources, spatial constraints, and
adopted environmental goals, cities can implement selected elements of each approach or
combine them into integrated urban development strategies.

4. Discussion

The development of vertical farms can enable the urban fabric to gain additional usable
space. In a multiscale system, this can create mosaic connections that, through the strength
of their interlinkages, stabilize a given urban biome within the vertical space. The system of
solutions presented in this article, in terms of intensity (intensive, extensive, and dispersed
models), multifunctionality, and multi-scalarity (maxi—city scale, midi—residential district,
and mini—individual solutions), taking into account the principles of circularity, fits
within the five-level model of vertical farms integrated into the blue-green infrastructure
of the urban fabric proposed by Zareba, Krzemiriska and Kozik [15], and constitutes a
complementary element to it (Figure 11).

Levels 3-5 of vertical farms merging into blue—green infrastructure remain within the
sphere of potential redesigns of citywide systems in the future to enhance their integration
capabilities, and thereby increase multifunctionality and utility value.

VERTICAL FARMS IN THE BLUE- GREEN INFRASTRUCTURE OF THE URBAN FABRIC
FIVE LEVELS OF SPATIAL DESIGN

level 1

INITIATION OF THE DESIGN
PROCESS

In urban spaces, the establishment
of vertical farms is initiated either
through bottom-up community-
driven initiativesinvolving local
residents or via top-down
investments undertaken by the
public or private sector.

Level 2

FIRST LEVEL OF SPATIAL
DESIGN - LOCAL SCALE

Apatchwork system of cooperation
between newly established urban
farms begins to emerge, focusing
on the integration of green and
blue infrastructure. At this stage,
the system remains incomplete
and largely spontaneous.

Level 3

SECOND LEVEL OF SPATIAL
DESIGN - DISTRICT SCALE

The expansion and interconnection
of clusters of vertical farms evolve
into continuous networks at the
district scale. This stage reflects a
shift towards a more organized
system, enabled by spatial
planning processes integrated
within local development plans.

level 4

THIRD LEVEL OF SPATIAL
DESIGN — ADMINISTRATIVE
LEVEL, CITY SCALE

Further consolidation and clustering
of existing and planned vertical farm
areas occur through the creation of
a cohesive spatial network of
interconnected green areas, guided
by urban development strategies
encompassing the entire city.

Level 5

FOURTH LEVEL OF SPATIAL
DESIGN — ADMINISTRATIVE
LEVEL, METROPOLITAN SCALE

The formation of a comprehensive
ecological system within the city is
achieved through the full integration
of vertical farms into the urban fabric
and their connection with the city's
green infrastructure. This stage
establishes the foundation for
metropolitan-scale green planning
aimed at shaping sustainable urban
ecosystems.

Figure 11. Seamlessly Weaving Vertical Farms into the Green Tapestry of the Urban Landscape, based
on Zareba, Krzeminiska and Kozik [15] (own elaboration).
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The broader development of vertical farms can be facilitated through the (collabora-
tive) mapping and data sharing of potential sites, the formulation of urban strategies, the
provision of subsidies, tax incentives, and the streamlining of administrative procedures.
Equally crucial is the advancement of public-private partnerships (PPPs), which enable the
integration of municipal resources with private-sector capital and technological expertise.
Urban planners should incorporate the establishment of multifunctional vertical farms
into spatial development plans, aligning them with circular economy frameworks, for
instance, by utilizing recovered water, locally generated renewable energy, and locally
sourced bio-waste. The primary barriers to establishing such facilities include knowledge
about vertical farming options and under-utilized local spaces where these could be de-
veloped, high initial investment costs, inadequate regulatory frameworks (to support and
enable), and uncertainty about stakeholder and public acceptance, the latter of which can
be mitigated through educational initiatives aimed at increasing residents’ awareness and
engagement. A viable approach involves the implementation of pilot testing programs and
the development of performance monitoring tools for vertical farms, thereby bridging the
gap between conceptual frameworks and practical implementation mechanisms, ultimately
positioning vertical farming as an integral component of urban policy and sustainable
development strategies.

5. Conclusions

The three advanced, innovative models of vertical farms presented here, have been
examined and critically analyzed within the context of their potential contribution to the
implementation of sustainable cities principles, as well as within the broader framework of
strategies and actions aimed at fostering sustainable urban development. Their modular-
ity, spatial flexibility, and compatibility with digital technologies, nature-based solutions,
and overall circularity makes them well-suited to supporting sustainable spatial planning.
These systems are also aligned with the United Nations” Sustainable Development Goals
(SDGs), particularly SDG 11 (Sustainable Cities and Communities) and 12 (Responsible
Consumption and Production). The presented model solutions confirm the perception of
vertical farming as both a technological innovation and a systemic approach enabling the
integration of food production with the processes of sustainable urban development. The
original contribution of the research lies in presenting vertical farm models as compre-
hensive systems that can be implemented within diverse spatial configurations of the city,
thereby enhancing its circularity in the context of exergy, water, and waste management,
while simultaneously forming an integral component of urban green infrastructure sup-
porting social functions. Furthermore, the article highlights the growing scale of analyses,
implementations, and adaptations of such systems, emphasizing their potential in shaping
modern circular economy approaches and fostering the development of more resilient and
integrated urban ecosystems.

In light of growing difficulties in acquiring land for development, the sustainable use
of space is becoming increasingly important. This applies to urban wastelands and post-
industrial areas, including former military sites, former industrial zones, and industrial
districts, as well as densely built-up and neglected inner cities. In cities, where land is a
particularly scarce resource, modern multifunctional vertical greenery can provide and
integrate ecological, social, economic, and landscape functions. Combined with investments
in blue-green infrastructure, vertical farming further embeds rainwater as a key component
of the urban circular system and multifunctional vertical greenery can help to integrate
public spaces with the service infrastructure of local communities.

The integration of biowaste, water, and energy management within vertical farms cre-
ates closed resource loops that minimize losses, reduce emissions, and increase the food
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self-sufficiency of cities. However, implementing these solutions requires transdisciplinary col-
laboration among environmental engineers, CEA specialists, urban planners, and municipal
infrastructure operators to fully unlock the circular potential of vertical farming.

Vertical farming, combined with the principles of circular economy, creates a coherent
model of food production based on efficient resource use, low environmental impact,
and systemic resilience. The integration of closed loops for water, nutrients, and energy
has increased the ecological and economic feasibility of vertical farming in cities. To
fully realize this potential, it is necessary to develop methods for assessing circularity,
scaling up technological innovations, and implementing policies supporting the sustainable
transformation of food systems.

Vertical farming appears not only as a technological innovation, but also as a systemic so-
lution, offering cities a viable path toward local, regenerative, and sustainable food production.
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