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Abstract: In the 21st century, humanity is facing unprecedented climate and food crises caused by
population growth, urbanization, environmental pollution, and carbon emissions. As a response to
the climate and food crisis, the following concept has emerged: smart urban agriculture that can
reduce carbon emissions from buildings and achieve self‑sufficiency in food. Various architectural
designs that include smart farms are being explored worldwide. Nevertheless, the concept does not
seem to have gained sufficient popular traction. This study attempted to materialize the concept
by presenting types and characteristics from an architectural planning and design perspective by
examining cases of smart farm constructions worldwide. After collecting 171 smart farm cases from
around the world and building a database in terms of city, architecture, environment, and crops,
the types were classified through SOM analysis, an artificial neural network‑based cluster analysis
methodology. As a result of the analysis, smart farm types were classified into seven types, and the
characteristics of architectural planning and design were extracted for each type. It is meaningful
that a specific form was presented so that planning and design can be easily accessed according to
the situation placed through the type of smart farm.

Keywords: urban agriculture; smart farm; architectural planning; architectural design; carbon
neutrality; self‑organizing map; typological analysis

1. Introduction
1.1. Background

In this century, society is facing climate and food crises. The world’s population is
growing rapidly with an aging population. More than half of the world’s population
lives in cities [1,2]; this rapid urbanization leads to increased environmental pollution [3–6]
and carbon emissions caused by poor development and population concentration, and de‑
creased agricultural land that has been taken over by urban expansion [7–10]. In addition,
as the aging population increases, the population that is involved in agriculture decreases,
which is expected to cause problems in food supply stability [1,7–10]. The problem of
global warming caused by carbon emissions further accelerates the threat to food security.
Climate change is causing abnormal climatic conditions, such as droughts, floods, abnor‑
mally high temperatures, and a rise in sea levels throughout the globe. These conditions
significantly impact crop production [1,8–11]. The recent COVID‑19 pandemic and the
unstable international situation, such as the wars in Eastern Europe, have revealed food
transportation and distribution problems, further heightening the severity of food secu‑
rity [12–14].

Climate and food crises are expected to intensify, and the concept of urban agricul‑
tural smart farms is emerging as a way to overcome them [8–10,15–23]. The goal is to
create an effective environment for crop production with smart technology by providing a
space for producing crops on the inside or outside of rooftops on buildings. This strategy
can promote the production of crops that can be self‑sufficient in an urban environment.
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Urban agricultural smart farms offer several benefits, such as recycling a building’s en‑
ergy and reducing load, maximizing crop production andminimizing manpower through
smart technology, reducing transport energy due to self‑sufficiency, stabilizing food sup‑
ply and demand, and revitalizing local communities. Most rooftops of buildings in urban
areas are often left empty. Installing a smart farm using the rooftop space can suppress
the heat island phenomenon that causes buildings to become hot. Techniques such as roof
greening can reduce the load on heating and cooling inside the building. There are many
advantages in energy utilization if the waste heat and carbon dioxide emitted from the
building’s heating and cooling facilities are not thrown away and used in connection with
the smart farm. By creating an environment optimized for plant growth through smart
sensors, crop production can be maximized, and the problem of manpower shortages due
to aging can be overcome because crop growth is maintained through an automated sys‑
tem. Most crops produced by the smart farm can predict a certain amount of productiv‑
ity. Production costs can also be lowered because the distribution stage is unnecessary.
Programs such as rest, eating, education, production, and sales can be provided for each
building type, and programs linked to the local can contribute to the revitalization of re‑
gional boundaries.

It is clear that if urban agricultural smart farms become common in cities worldwide,
theywill contribute to reducing carbon emissions and stabilizing food supply and demand.
Nevertheless, there have been several limitations to the worldwide growth of smart farm
popularity. Several problems, such as the return on profits compared to investment facil‑
ities, need to be addressed. One of the reasons that smart farms have not yet found their
footing as a popular form of architectural planning and design is that it is still a newly
emerging concept. This is because, in addition to designing a simple greenhouse, an un‑
derstanding of smart technology and knowledge related to crop growth is required. Ac‑
cordingly, this research aims to help practically materialize smart farms by analyzing the
characteristics of the different types of smart farm construction cases around the world.

1.2. Questions and Goals of the Study
The questions in this study are as follows.

• What kind of architectural existence does the smart farm show by type?
• What are the architectural planning considerations for the dissemination and diffu‑

sion of urban smart farms?

The purpose of this study is to present the architectural types of smart farms world‑
wide and identify their characteristics. In order to understand the concept of smart farms
that have yet to become common, it is necessary to understand the architectural concept
through case analysis of current smart farms. The tangible approach shown in the case can
help understand the architectural concept of smart farms and contribute to the spread of
smart farm architecture.

1.3. Materials and Methods
The study is conducted in four stages: case collection, DB construction, SOM analysis,

and tangible characteristics.
First, 171 cases of smart farmarchitectureworldwidewere collected through literature

and websites. Regional and urban characteristics were identified through map or aerial
photo information. The background, program, facility, plant, and operationmethod of the
case were collected through the website. The architectural characteristics were identified
through image information.

The second collected cases were divided into four perspectives: “City,” “Architec‑
ture,” “Environment,” and “Crops,” and architectural planning and design elements were
constructed as DBs. DB was built from the perspective of architectural planning and de‑
sign of smart farms, and DB was designed to explain cases well from the perspective of
form and function.
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Third, a self‑organizing map (SOM) analysis was conducted on the case DB. Seven
typeswere derived that can optimally explain the entire case. SOMpreserves the hierarchy
of multivariate variables with a neural network‑based clustering analysis methodology, so
it is possible to explain the characteristics of the type clearly. It is output as a U‑Matrix
classifying type and a Plane Map describing each variable. It is a data mining technique
that intuitively represents data and is applied in various fields.

Finally, representative examples and architectural characteristics by type were pre‑
sented.

2. Theoretical Background
2.1. A Crisis That Threatens Human Survival

The crises of climate change, environmental pollution, population growth, urban con‑
centration, war, infectious diseases, and food crises do not operate independently but are
mutually influenced, and the risks they bring together are becoming increasingly serious.

The climate crisis caused by global warming is perhaps the most serious. Greenhouse
gases emitted by fossil fuels have caused global warming, and the temperature rise is creat‑
ing environmental conditions that are difficult for humans to live in, such as drought, wa‑
ter shortage, fire, sea level rise, heat waves and storms, and a decrease in biodiversity [24].
Some countries are losing their homes due to sea level rise. If global warming continues,
most countries’ low‑lying coasts are expected to be submerged [25]. Rising sea levels will
reduce human habitable land and agricultural land and increase global population den‑
sity. To develop strategies to slow down and prevent climate change, 196 countries signed
a long‑term agreement to keep the temperature rise below 1.5–2 degrees Celsius compared
to pre‑industrial levels through the ParisAgreement of theUNClimateChangeConference
(COP21) in 2015 [26]. However, although each country is establishing a plan to reduce car‑
bon emissions, it is expected that even if those country‑specific targets are achieved, there
will be difficulties keeping the temperature rise in check [27].

Problems with population growth and deepening urbanization are also emerging.
The world’s population has increased rapidly since 1950 and has reached 8 billion in 2022.
Although the population growth rate is decreasing, the overall population is still expected
to continue to grow to 10 billion by 2050 [1]. It is projected that by 2050, 70%more foodwill
be needed to meet the demands of the growing population [1]. Urbanization is accelerat‑
ing, and 55% of the world’s population lives in cities. The rate of urbanization by continent
is as follows: Africa (42.5%), Asia (49.9%), Europe (74.5%), Latin America (80.7%), North
America (82.2%), and Oceania (68.2%). In Asia and Africa, urbanization and population
numbers are rapidly increasing [2]. As urban areas expand, agricultural land decreases,
and the crop‑producing population continues to decrease. The food supply to meet the
food demand is also becoming unstable [8–10].

Farmland area has decreased by half (0.23 ha) since 1961 [7]. The recent rise in sea
levels caused by climate change is expected to further reduce the global land area [28].
Agricultural land has already been greatly reduced due to floods and droughts [1,7–11].

As populations become concentrated in cities, the ones in rural areas gradually de‑
crease. In countries where the aging populations are increasing, it is expected that there
will be difficulties in the population that have the physical capacity to produce crops [2].

Urbanization also affects environmental pollution and carbon emissions [3–6]. As
environmental pollution continues, the problem of contamination of crops produced on
farmland is also becoming a common issue. Therefore, countermeasures for supplying
healthy and fresh food are required [1].

Most countries produce crops on farmland far from the city or import grains from
abroad. However, this process emits considerable carbon in correlation to the increase in
transport distances [29]. This method not only exposes problems in carbon emission but
also affects food supply and prices if there is a problem in distribution or transportation.
Due to the recent COVID‑19 outbreak, border closures and social functions have been par‑
alyzed, causing difficulties in crop production and disruptions in transportation and distri‑
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bution [12–14]. The 2022 Ukrainian–Russian war has caused food supply disruptions and
a rise in global oil prices [30,31]. Since Ukraine and Russia produce a significant portion
of the world’s wheat, maize, and barley, countries that depend on them for grain imports
have suffered considerable food shortages [31].

2.2. Concept of Urban Smart Farm
The ongoing climate crisis and food crisis suggest the necessity for urban agriculture.

Many scholars have cited smart urban agriculture as having social, cultural, economic, and
environmental benefits. The concept of a smart farm is a relatively recent term. In the past,
the term urban agriculture was more commonly used.

The concept of urban agriculture is an extension of vertical agriculture. The term ver‑
tical farming first appeared in 1915 by Gilbert Ellis Bailey, who suggested the benefits of
hydroponics in a controlled environment [32]. The underlying concept of precision agri‑
culture appeared in the mid‑1980s, starting with the study of the agricultural production
system based on the optimal region, the optimal time, and the optimal prescription (‘Doing
the right treatment, at the right times, in the right place’). In 1988, Patrick Blanc presented
a patent for growing plants using felt material instead of soil [15]. Then, in the early 2000s,
the concept of vertical agriculture was established by Dickson Despommier. Vertical agri‑
culture is a vertical farm designed to produce many crops on a small piece of land for a
stable food supply in response to population and urban expansion [8–10].

As the internet of things (IoT) concept is applied to urban agriculture, precision agri‑
culture enables effective crop production with less labor and energy use [33,34]. For ex‑
ample, to create an optimal environment for plants to grow, sensors, digital controllers,
and control systems are connected through a network to build an automated agricultural
environment [35]. Even without the experienced farmer’s knowledge, it is possible to cre‑
ate an optimized environment for crop growth based on data and to maximize production
efficiency [36]. Artificial intelligence technology, which has grown rapidly since the 2000s,
can be applied to smart farms using IoT to bring out their potential [37–39].

Currently, smart agriculture is largely divided into four categories: (1) traditional
soil cultivation; (2) hydroponics that supply nutrient liquids to crops; (3) aeroponics that
enables plant growth with mist; and (4) aquaponics that utilizes the symbiotic relationship
between fish and plants [15]. As smart technology is applied, thesemethods are automated
through sensors, digital controllers, and control systems.

2.3. Necessity of Urban Smart Farm
The benefits of urban agriculture are generally presented as advantageous to social,

economic, and environmental contexts [16–18].
The social advantage is that it can promote physical and mental health through ur‑

ban farming activities. Fresh crops can be secured, [19,20] and community‑oriented ac‑
tivities help social participation and local community solidarity and can create secondary
effects such as local attachment and safety [15]. It can improve the public space of the local
community through landscape design [15,17,21,22]. It can also be used to create a human‑
friendly space for rest, recreation, and educational activities in the city [23]. Community‑
centered activities help social participation and solidarity within the local community and
can create secondary effects, such as regional attachment and safety [15].

Economically, urban agriculture businesses can create local employment opportuni‑
ties [22,40,41]. It can also contribute to the stability of food prices that have been affected by
international situations, climate change, urbanization, war, and disease [20]. As it is culti‑
vated in a controlled environment, it is possible to producemore efficiently in terms of time
and labor than natural cultivation [7–11,42]. In particular, it is very effective in urban areas
with high land density because it can produce a variety of crops using a small amount of
land [7–10]. By improving the existing transportation system and reducing transportation
time and cost, it is expected that about 60% of the cost can be saved [33].
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Environmentally, reducing carbon emissions through the urban heat island phenom‑
enon and energy recycling is possible [8–10,15–17,43,44]. When a green space or green‑
house is installed on the roof, it reduces the absorption of solar energy in summer, reduc‑
ing the cooling load by about 10 to 40% [45–47] and reducing the internal heat loss of the
building in winter [48,49]. When a greenhouse is installed in a building, it is possible to
use carbon dioxide or waste heat generated from heating and cooling facilities as an en‑
ergy source for plant growth. If the green area increases, the quality of harmful air can
be improved, the energy load of buildings can be reduced, and noise can be absorbed [15].
Crops produced in a controlled environment can be grown in an uncontaminated, clean en‑
vironment [15,42], unaffected by climatic conditions [50]. Since crops are supplied locally,
the carbon emission caused by the generation of transportation energy tomove crops from
distant farms to urban areas can also be greatly reduced [42,50].

As smart technology is applied, the aforementioned benefits of urban agriculture can
be maximized [51]. By optimizing the water supply, heating, and cooling energy, preci‑
sion agriculture that minimizes energy resource consumption but maximizes production
became possible [33,34]. In a situation where there is a shortage of agricultural workforce
caused by the increase in the elderly population, the agricultural automation system based
on smart technology not only solves the workforce problem but also enables the general
public, who lack the agricultural knowledge, to easily produce agriculture [36].

2.4. Prior Research on Smart Farm Construction Types
Smart farms, which have emerged as an alternative to solving urban and environ‑

mental problems, demonstrate their value by being applied to urban agriculture. More
than 20 years have passed since the smart farm concept first appeared in the early 2000s.
However, a transparent architectural concept has not been established yet. Most preced‑
ing studies suggest the necessity for urban agriculture as a solution for environmental and
population problems. They have also studied smart farms’ operation methods and effi‑
ciency from the perspective of sensing and control technology. However, little research on
architectural concepts, plans, and designs has been conducted.

Urban agriculture is not limited to smart farms and deals with comprehensive agri‑
cultural activities in urban areas. Zaręba et al. [15] presented the positive effects of urban
vertical farms at various scales on local communities’ social, economic, climatic, and finan‑
cial benefits. Haung et al. [52] presented the feasibility of rooftop farms in high‑density
urban areas through amodel that can expect maximum crop production with minimum ir‑
rigation resources. The researchwas conducted to point out the difficulties in the spread of
the popularity of urban agriculture, despite its advantages. Hardman et al. [53] presented
economic, soil quality, and facility maintenance difficulties in urban agriculture and sug‑
gested ways to overcome them. Ivascu et al. [54] presented the degree of contribution to
adopting urban agriculture ideas regarding confidence, society, pleasantness, and natural‑
ness. Grebitus et al. [55] investigated local communities’ environmental, social, economic,
and food‑related perceptions about adopting urban agriculture. Martellozzo et al. tried to
estimate the number of crops that could be produced in urban areas by using global city
data in a situation where most of the population is concentrated in urban areas [56].

The study deals with the architectural concept of smart farms as urban agriculture
and considers operating methods and morphological types in the construction process
but does not suggest specific plans or design directions. Fallmann et al. [57] suggested
that responding to climate change from the urban or architectural perspective would be
important. Krikser et al. [58] presented the characteristics of three types (Ideal Type, Sub‑
types, andMixed Types) from three perspectives (self‑supply, socio‑cultural, and commer‑
cial) that provide a support structure for practical decision‑making in urban agriculture.
Zaręba et al. [15] presented considerations for architectural techniques, such as modular
panels, container systems, and living walls in vertical agriculture. Korea, which has high
population density and urbanization, also has increased interest in smart farms using ur‑
ban buildings. Korea proposed five spatial types (residential building type, neighborhood
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type, city centers type, farm or park type, and school education type) for urban agricul‑
ture while implementing the Act on Development and Support of Urban Agriculture [59].
Oh et al. [60] derived satisfaction with the five types of urban agriculture suggested by the
Act and presented policies and factors that affect them.

2.5. Application of SOM for Structural Typological Analysis
Classifying multiple smart farm cases into several types may lead to different results

because the criteria for classification vary depending on the researcher. As the number of
explanations for the architectural plans and design features of smart farm cases increases, it
is difficult to classify them objectively. It is necessary to secure objectivity through a quan‑
titative cluster analysis method and classify according to the objective criteria of the data.
There are various types of quantitative cluster analysis methodologies. Still, among them,
we want to apply an artificial neural network‑based SOM analysis method that preserves
the hierarchy of high‑dimensional variables and visually expresses the cluster analysis re‑
sults [61–64]. This method has the advantage of understanding the representative types of
smart farms and the planning and design characteristics that contribute to them.

Kohonen, T. devised the SOM method, which makes it possible to visualize data
by non‑linear projection based on an unsupervised learning single‑layer neural network
consisting of an input layer and an output layer [61–64]. The result is output as a two‑
dimensional map composed of grid or polygon nodes [61–64]. Each node has a weight
vector value and exhibits self‑organization characteristics with properties similar to neigh‑
boring nodes [61–64]. Since this map preserves the hierarchy of high‑dimensional data
with a non‑linear structure, it is easy to understand the relationship between variables and
types [65]. Various attempts have been made to verify the reliability of the SOM method‑
ology [66]. As it is effective in feature extraction and classification, it has been applied to
various fields, such as biology, climate and meteorology, medicine, engineering, ecology,
data science, IT, and architecture [65,67].

Although there are not many cases where SOM methodology has been applied in ar‑
chitecture, there have been attempts to classify building types. Park et al. classified the
characteristics of resident behavior according to the type of dwelling [68]. Shon et al. pre‑
sented the types and characteristics of residents’ housing satisfaction concerning the physi‑
cal environment of housing through SOM [69]. The characteristics of traditional city streets
and exteriors of buildings were also presented by classifying them through SOM [65,70].

3. Representative Types through Case Analysis of Smart Farms
3.1. Worldwide Smart Farm Cases and Analysis Criteria

Smart farm construction cases from around theworldwere collected through the liter‑
ature and the Internet. Data about the related websites, articles, and photos were collected,
the information was checked using Internet searches, and the buildings and surroundings
were checked based on their addresses. The collected cases were classified into four as‑
pects of cities: architecture, environment, crops to explain architectural planning, and de‑
sign characteristics. It was divided into 47major categories according to the four criteria of
city, architecture, environment, crop, and data values that can explain the cases that were
entered for each category (Table 1). The 47 classification criteria were selected as items that
could affect smart farm construction, and information that could not be collected from the
website or the literature was excluded. The information related to cities was input from the
surrounding environment, region, and urban scale of smart farm cases. The information
related to the architecture was input about the size, construction year, application location,
construction, structure, materials, and building programs. The environment was input for
eco‑friendly planning techniques and facilities related to smart farm buildings, and the
plant was input for the type and method of plant growth.
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Table 1. Criteria for Classifying Smart Farm Cases.

Class Main Category Subdivision

Urban

Nearby green area
Nearby width of road
Specific use district
Nearby Density
Urban area

Urban density
city population size
Ratio of Agricultural

Population *
Food self‑sufficiency rate *

Urban Climate
City Income

Agricultural GDP *
Urban Land Price *

Existence/non‑existence
3 to 42m

Residential/Commercial/Green/Manufacturing Area
Low density with non‑skylighting/High density

with skylighting
0 to over 100,000 km2

0 to over 100,000 person /km2

less than 50,000 to more than 10 million
City Ranking
City Ranking

Tropical/Temperate/Cold/Cold/Dry
<0.60/0.60‑1.65/1.65‑2.76/2.76‑5.06/>5.06

City Ranking
City Ranking

Architecture
Environment

Control
Plant

Lot Area
Total Floor Area

Stories *
Construction Year *

Smart‑farm Total Floor Area
Smart‑farm Stories *
Size of smart farm

Smart‑farm application location

Smart farm applied part
Application space

Smart farm installation method

Uses other than smart farm
Program

Building type
Growth area ratio in smart farm

Structure
Smart farm construction method

Column protrusion
Smart‑farm floor height
Smart‑farm Elevation
Window Area Ratio

Bonding method with building

Mobility of smart farm
architecture

Smart‑farm insulation
modularity element
Finishing material

Smart‑Farm Passive
Technology

Smart‑Farm Active
Technology

Environmental control
Smart‑Farm System Elements

Productive crop
Cultivation method
Growth method
Planting module

Vertical Growth Density

0 to over 100,000 m2

0 to over 100,000 m2

‑
‑

0 to over 10,000m2

‑
Small/Medium/Large Size

Part of the building/Whole building
Rooftop/Ground Floor/Basement

Interior Space/External roof/External Terrace/
External Wall

New construction/Existing building
Business/Residential/Commercial/Factory/

Education/Research/Etc.
Growth room/Exhibition/Education/Sales/

Experimental/Office
General architecture/Temporary

construction/Non‑building
Under 20%/20–50%/50–80%/80% over

RC Wall/RC Ramen/SRC/S/Light Steel/Wood/Etc.
Dry/Wet/Pre Fab.

External protrusion/External non‑protrusion
Under 3m/3m to 6m/6m to 9m

Under 20%/20–50%/50–80%/80% over
On building/Metal bonding/RC bonding/Weld

bonding/Integral type
Fixed and non‑movable/Assembled and Attached

Move
Y/N

Column, beam/finished product/Plan
Glass/Brick/Aluminum/Stone/Wood/

Concrete/Steel/Etc.

Rainwater/Shape/Atrium/Plant/Insulation
Solar heat/Light of the sun/Geothermal heat

Integrated monitoring/Temperature,
humidity/Air/Moisture
Centralized/Individual

Plants/Gardening/Craft
Soil/Hydroponic/Aquaponics

Natural light/Artificial light/Water supply/
Rainwater

Y/N
1 Level/2 Level/3 to 10 Levels/over 10 levels

* The variables displayed were set on a ratio scale, and the rest were on a nominal scale.

Cases for which information could not be obtained according to the four criteria of
the survey method were excluded from the analysis, and 171 cases were finally targeted.
The study aims to derive the architectural planning characteristics of urban smart farms.
However, the cases were collected without distinction between urban and suburban areas.



Buildings 2023, 13, 93 8 of 25

3.2. Classification According to U‑Matrix
Currently, SOM analysis can be performed using various platforms. However, a com‑

mercial analysis program, Viscovery® SOMine®, was used in consideration of the reliabil‑
ity of analysis results and the visual representation of data [71]. SOM analysis allows the
creation of a map called a U‑Matrix, representing all types of clusters [71]. The area of the
cluster shown in this map represents the number of cases as an area ratio and represents
the adjacent properties of similar properties [69–71]. The optimal number of clusters can
be selected through the Dendrogram results.

The clustering results for smart farm cases show seven clustering results (Figure 1).
Seven typeswere derived by comprehensively considering the area ratio of cases by cluster
and the distance of clusters. The U‑Matrix is a map showing the areas of seven clusters,
and the number of cases in each cluster is C1 (43 Cases), C2 (31 Cases), C3 (29 Cases), C4
(22 Cases), C5 (24 Cases), C6 (15 Cases), and C7 (7 Cases) are shown. C1 is located in the
center of the map and is adjacent to most types, so it has similar characteristics to clusters
except C7. However, since the clusters located at the edges with C1 in the middle are
not adjacent to each other, there is a distance in similarity. The distance between C5 and
C7 is the farthest, showing a large difference in similarity. The results representing the
characteristics of the seven clusters are illustrated in Figures A1–A7.

Buildings 2023, 13, x FOR PEER REVIEW 9 of 26 
 

 
Figure 1. U-Matrix for 171 smart farm cases. 

3.3. Type Characteristics through the Relationship between Plane Map and U-Matrix 
The plane Map is a map that visually shows the characteristics of all variables for the 

entire cluster of U-Matrix and can identify the relationship between variables and clusters 
[71]. Figure A8 is a Plane Map for all 290 variables in the Plane Map: the area of the cluster 
is indicated by a line, and the characteristics of the variable are indicated by a red area 
(Figure 2). Figure 2, which shows a part of the Plane Map, will be explained as an example. 
variable of ‘Lot Area (m2): For the 2000–5000′, the red area occupies a slightly dispersed 
area in most clusters, and it is difficult to explain the contribution or characteristics of a 
specific cluster. The second variable, ‘Mobility of smartfarm: Fixed and non-movable’, ac-
counts for about half of the total cluster. Most of them appear in the C3 cluster, and about 
half appear in the C1 cluster. The third variable, ‘Mobility of smartfarm: Assembled and 
attached move’, is distributed in the opposite area to fixed and non-movable variables. 
This is because the variable of ‘Mobility of smartfarm’ is divided into two nominal varia-
bles. Finally, the ‘Nearby Density: High density with Skylight’ variable is intensively dis-
tributed in C2, which shows that this variable contributes to forming the C2 cluster. 

If the clustering area of the U-Matrix and the area occupied by a specific variable in 
the Plane Map coincide, it can be said that the contribution of the specific variable to the 
clustering is high. The correlation between variables can be identified by comparing the 
occupied areas between variables in the Pane Map and analyzing the degree of similarity.  

 
Figure 2. Part of the result of Plane Map. 

Figure 1. U‑Matrix for 171 smart farm cases.

3.3. Type Characteristics through the Relationship between Plane Map and U‑Matrix
The plane Map is a map that visually shows the characteristics of all variables for the

entire cluster of U‑Matrix and can identify the relationship between variables and clus‑
ters [71]. Figure A8 is a Plane Map for all 290 variables in the Plane Map: the area of
the cluster is indicated by a line, and the characteristics of the variable are indicated by a
red area (Figure 2). Figure 2, which shows a part of the Plane Map, will be explained as an
example. variable of ‘Lot Area (m2): For the 2000–5000′, the red area occupies a slightly dis‑
persed area in most clusters, and it is difficult to explain the contribution or characteristics
of a specific cluster. The second variable, ‘Mobility of smartfarm: Fixed and non‑movable’,
accounts for about half of the total cluster. Most of them appear in the C3 cluster, and
about half appear in the C1 cluster. The third variable, ‘Mobility of smartfarm: Assembled
and attachedmove’, is distributed in the opposite area to fixed and non‑movable variables.
This is because the variable of ‘Mobility of smartfarm’ is divided into two nominal vari‑
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ables. Finally, the ‘Nearby Density: High density with Skylight’ variable is intensively
distributed in C2, which shows that this variable contributes to forming the C2 cluster.
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If the clustering area of the U‑Matrix and the area occupied by a specific variable in
the Plane Map coincide, it can be said that the contribution of the specific variable to the
clustering is high. The correlation between variables can be identified by comparing the
occupied areas between variables in the Pane Map and analyzing the degree of similarity.

The variableswith a high contribution form the seven types. Amongvarious variables,
the variables contributing to type formation can be identified quantitatively. However, not
all 47 variables contribute to cluster formation. Several variables contribute to the type, but
most do not. The variables that do not contribute to the type appear regardless of which
type, so they cannot be said to be a feature.

The characteristics of the seven types of smart farms can be intuitively understood
through the relationship between the U‑Matrix and Plane Map. An easier representation
of their relationship can be seen in Figures A1–A8. The relationship between the U‑matrix
and Plane Map can be understood through the graphs, and the characteristics of the seven
types are described according to the analysis results.

4. Characteristics of Architectural Plans and Design
4.1. Characteristics and Representative Cases of Smart Farm by Type

C1 is a glass‑building greenhouse‑type smart farm. It accounts for the largest pro‑
portion of all cases. Since the plan optimized for plant growth was made from the initial
building stage, the area and density used for plant growth are high. Glass finishing ma‑
terials are often used for steel structures to utilize solar radiation actively. As a building
for plant growth, smart facilities, such as heating and cooling facilities, water supply, and
growth monitoring systems, are systematically and actively applied. The C1 type is being
built regardless of whether it is in a downtown or suburban area. In suburban areas, it is
being built in a single story on a large site. In downtown areas, it is built consisting of two
floors, but the surrounding density is relatively low. These types often include functions
such as commerce and education, education and research.

Gotham Greens was built in Yolo County, CA, USA, in 2021 and has a relatively large
land and building area as it is located in a suburban area [72]. It provides educational
practice to students at nearby universities and supplies agricultural products to nearby
cities and the state of California [72]. It is a single‑story building. In contrast to this, the
production rates in high‑rise glass greenhouses are increased by harvesting crops 20 times
a year through hydroponic cultivation [72]. As environmental control and hydroponics are
achieved through smart technology, water resource saving, energy use, and production
efficiency can be maximized [72]. Vertical harvest Jackson is an example of a multi‑story
building built in Jackson, WY, USA [73]. Although it is a small city with a population
of about 9,000, it is located in the downtown area. This building is planned in relation
to housing, retail, and community facilities and is a three‑story greenhouse. Since it is a
duplex, there is an atrium that allows light to flow into each floor, and artificial lighting
is also used for spaces lacking natural light. Plant growth beds are configured in multiple
stages to increase production efficiency, and various crops are produced depending on the
space [73]. The space is characterized by an operatingmethod that aims to contribute to the
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local community, such as hiring the socially underprivileged in the region and supplying
crops to the region [73].

C2 is an indoor small smart farm. Most of these cases are located in dense urban ar‑
eas and are often operated on a small scale of less than 500 square meters. Since crops are
cultivated in areas with high urban density, they are cultivated using unused space within
buildings or container boxes. Since natural light is difficult to grow indoors, artificial light‑
ing is often used. Therefore, glass materials are rarely used for the exterior. While the
C2 type is difficult to mine, it has the advantage of maintaining a uniform environment.
Environmental control is achieved by actively utilizing smart facility systems for environ‑
mental control and growth, such as artificial lighting, temperature and humidity, airflow,
and nutrient solution control systems. The growth density is, therefore, high because crop
production is performed in a limited space.

Metro Farm is located inside the Sangdo Station in Seoul, Republic ofKorea. Although
the area is not large, a smart farm was created by utilizing unused space in the station.
Since the underground space in the subway cannot receive sunlight, it is very dependent
on environmental control facilities. Therefore, metro Farm controls the artificial lighting,
temperature and humidity, and the airflow environment and actively utilizes smart tech‑
nology related to plant growth [74]. It aims to maximize the production rate of crops by
uniformly controlling the indoor environment. Although small, there are research and
processing spaces, education and experience spaces, cafes, and sales spaces in addition to
the growing space [74]. The unused space is utilized at an affordable price, and the acces‑
sibility of subway users is good, so it is advantageous from a business perspective to sell
fresh salads.

C3 is a type of rooftop urban agriculture. Inmany cases, gardens or glass greenhouses
are installed on the rooftops of buildings in urban residential areas. In many cases, orna‑
mental plants and vegetable plants are produced together. Since the purpose of commu‑
nity formation for residents, leisure and hobby, and small‑scale self‑sales are made, the
plant growth density is low: for example, a plant growth space may be only on a sin‑
gle level. Lightweight soil is used for ornamental plants in building rooftop gardens, but
Aquaponics or Hydroponic methods are also used for vegetable growth. However, the
dependence on the facility system for environmental control is small. As it is installed
on the roof of a building, it actively accepts sunlight by using a steel frame structure and
glass exterior.

Jardins perchés de Tours is an example of a farm set up on the roof of an apartment
building in Tour, France [75]. It was planned as an experimental project combining social
rental housing and farms. A farm is being prepared on the roof and ground of the build‑
ing, and residents intend to revitalize the community through agriculture [75]. The glass
greenhouse installed on the roof of the building is made of a single layer. Crops are grown
through hydroponic cultivation and are composed of monolayers. Because the purpose
is to activate the community of residents, the growth density of crops is low. Part of the
rooftop space has space for rest and education, and education and sales for residents are
conducted by agricultural experts.

C4 is a smart farm with a vertical extension of the building. The location of the glass
greenhouse smart farmon the roof of an urban building is the same asC3, but the difference
is that it is large and has a high production area and density (number of bed floors) for
production and sales. Smart facilities are being actively applied for high crop yields. The
harvested crops are served at local restaurants in buildings or sold at commercial facilities.

Verticrop is located on the roof of a parking lot building in downtown Vancouver,
BC, Canada [76]. Utilizing the roof space of an underutilized parking lot in the city center,
we tried to increase the utilization of the space and secure a locational advantage. The
greenhouse is tall, and the crop growth bed is densely constructed. It is a system in which
the bed moves through a conveyor for the efficiency of crop growth and management.
The temperature, lighting, and water supply are automated for minimum energy use and
maximum harvest [76]. Crops grown here are sold locally.
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C5 is a factory‑type smart farm. It is similar to C1 as the entire building is used as a
space for crop production. The important difference is that it has a high growth density
(number of bed layers) to maximize crop growth and controls the indoor environment by
blocking the external environment. A steel frame structure was used to form a large space,
and the indoor environmentwas controlled using opaque exteriormaterials and insulation
materials that cannot transmit light. Therefore, the indoor environment is controlled by ar‑
tificial lighting, temperature and humidity, airflow, nutrient supply, and an integrated con‑
trol system. Although located in cities, most cases of this type of building are distributed
in areas with low urban density because large‑scale growth spaces are required.

The Spread Kameoka Plant was built in Kyoto, Japan, in 2006 [77]. It is a large single‑
story building on a large plot of land in the suburbs. The interior space is not lit and forms
a large space with no pillars and a high floor height. Growing trays are placed in high‑
density, and mechanized facilities control the environment and manage crops. The goal is
to maximize productivity and profitability, and the annual crop of 770 tons is supplied to
markets throughout Japan [77].

C6 is a suburban smart farm. The entire building is used as a space for growing crops
and is similar to the C1 type, as the site area and growing space are very wide. The differ‑
ence is that it is made of a single story using lightweight steel frames or temporary build‑
ing structures. It is a type of architecture distributed in suburban farms, and various smart
technologies are introduced depending on the cultivation method and crop depending on
the case site. It is mainly distributed in small cities or suburban areas and has an extensive
growing space.

C6 is a farm created by Jinan‑Gun, a local government in Korea. A glass greenhouse
was built using lightweight steel frames and glass finishing materials in a building area
of 1.6 ha [78]. This structure is a greenhouse used primarily in rural areas in Korea, and
both soil and hydroponic cultivation are performed. In addition, smart technology that
manages temperature, humidity, light, carbon dioxide, soil, etc., is being introduced to
existing agricultural facilities [78].

C7 is theGreenwall high‑rise building. In these cases, plantingmaterials were applied
to the exterior of buildings for eco‑friendly, ecological, and aesthetic purposes rather than
for crop growth. The plant‑occupied area is a large part of the exterior of the building,
created by placing space for plant growth on the walls or balconies of the building. These
types do not use smart sensors or equipment systems significantly, and there are few cases
of growing edible crops, such as vegetables. In addition, the construction methods and
construction techniques, such as a device for planting on the outer wall of a building or a
waterproof construction and structure of a balcony, are required. These green wall tech‑
niques have the potential to be applied by extending them to balcony spaces or double‑skin
spaces in existing buildings.

One Central Park is a mixed‑use facility built in Sydney, Australia. A green wall was
installed on the outerwall of the building, where hydroponic cultivation occurs. Since each
plant is watered without soil through an irrigation system, it does not impose any struc‑
tural burden [79]. The building has a circulation system for water resources, so rainwater,
underground water, and sewage are utilized and supplied to the green wall plants [79].

4.2. Smart Farm Architecture Planning and Design Strategy in Urban Agriculture
Applying smart farms in urban areas can be divided into methods of constructing

new buildings and adding smart farm functions to existing buildings (Figure 3, Table 2).
In the case of building a smart farm in an urban area, reference can be made to instances
where the entire building is used as a farm (C1, C5) andwhere a farm is built in connection
with a sales facility (C4) (Figure 3, Table 2). The following additions can be made to build‑
ings to convert them into smart farms: a smart farm in an unused space (C2), installing a
greenhouse on the roof of a building (C3, C4), installing spaces to grow plants on an outer
wall or balcony of a building (C7) (Figure 3, Table 2). However, it is not easy to apply this
in the downtown area when the land area is large, such as C6 (Figure 3, Table 2). As such,
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although the characteristics of the above seven types can be referred to for smart farm plan‑
ning and design according to similar situations, it is necessary to think more deeply about
the application plan for existing buildings to popularize the supply of urban smart farms.

The 171 cases of smart farms around the world show different aspects depending
on their physical characteristics or sociocultural environment. The seven characteristics
of smart farms can be classified in terms of city/suburb location, building size, growth
space density, application location, mining utilization, and the degree of smart technology
introduction. In the cases where the land‑use conditions were relaxed, such as in suburban
areas, the scale of buildings was large. In urban areas, growing spaces were often installed
on unused spaces or rooftops. In the case of the active use of lighting, the exterior of the
building or the building to be extended on the roof was finished with glass materials. In
the case of not using lighting, it was confirmed that the growth environment was clearly
controlled by using environmental control facilities. Depending on the purpose of growth,
the growth bed is divided into a single layer or a double layer, and the density is divided
as well.
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Table 2. Characteristics of the 7 types of smart farm.

Type Urban/Suburban Building
Scale

Growth
Density

Application
Location Lighting

Dependence
on Smart

Technology

C1 entire building glass
greenhouse type smart

farm
Urban/Suburban Large High ground floor lighting High

C2 indoor small smart
farm urban Small High Underground Non‑lighting High

C3 rooftop urban
agriculture urban Small Low Rooftop lighting Low

C4 smart farm with a
vertical extension of the

building
urban Large High Rooftop lighting High

C5 factory‑type smart
farm Urban/Suburban Large High ground floor Non‑lighting High

C6 suburban smart farm Suburban Large Low ground floor lighting normal
C7 Greenwall high‑rise

building urban Large Low Exterior Wall lighting Low

If there are no legal regulations or problems with the structure or construction during
installation, it is possible to install a smart farm in any building, even in an underground
or rooftop space. However, regardless of whether it is installed in any building, it is neces‑
sary to utilize a greenhouse and program linkage by seeking relationships among building
users. Smart farms that link necessary spaces, such as schools (students and teachers: edu‑
cation, practice, rest), sales facilities (seller: processing, research, users: sales, rest, experi‑
ence), and business facilities (employees: rest, leisure, experience) enhance their function.
For example, in the Republic of Korea, the construction type of high‑rise apartment houses
accounts formore than half of all dwellings; common facilities, landscaping facilities, some
spaces in underground parking lots, and rooftop spaces in residential complexes can be in‑
stalledwith smart farms. As in the case of Jardins perchés de Tours, hobbies and leisure life
among local residents can be supported, the community can be improved through local ac‑
tivities, and the crops produced can be consumed or sold by residents within the complex
to be used for operating expenses. In addition, using unused spaces, such as basements
as indoor smart farms, can increase space utilization, and crime anxiety can be reduced.
The rooftop space is often closed for safety reasons, but it can also be used as a common
relaxation space for residents of the complex.

Rooftop greenhouse‑type smart farms are often installed and operated independently.
It will depend on the use and conditions of the existing building, but it is desirable to
consider circulation, space, and energy linkage. If there is a shared space, such as an atrium
or hall in the building, it is desirable to remove part of the roof slab. This is because if the
traffic lines are connected, it will be easier to link the spaces between the existing building
and the greenhouse.

The electrical wiring between the building and the greenhouse can also be consid‑
ered. At the same time that light is introduced into the room, polluted air in the building
can be circulated through temperature difference ventilation, and a plan can be prepared
to introduce oxygen emitted by plants through photosynthesis into the indoor space of
the building. The waste heat discharged from the machine room of the building can be
used as an energy source for growing plants in the greenhouse by collecting rainwater
for plant growth or using it as multi‑purpose water within the building. This will mini‑
mize the energy used in the greenhouse and further reduce the heating and cooling load
of the building.

Figure 4 shows an example of a smart farm installed on the basement, ground floor,
and building rooftops. The smart farm is vertically extended on the roof of the building,
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and an indoor basement is installed on the ground floor and the balcony. Although glass
materials with high energy performance and improved airtightness are used, insulation
can be used in specific directions to prevent cold winter winds and further improve en‑
ergy performance. The rooftop greenhouse is spatially linked to the existing building, and
energy circulation is carried out throughout the building. The air introduced into the dou‑
ble outer skin of the building is naturally ventilated through the indoor atrium. Rainwater
is collected from the rooftop greenhouse, used for humidity control, and stored in a water
tank in the building. Solar radiation flows into the rooftop greenhouse and uses rainwater
to store heat or generate electricity with Building Integrated Photovoltaic (BIPV). The car‑
bon dioxide and waste heat generated by air conditioners and heaters in the basement can
be utilized for crop growth in the rooftop greenhouse.
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5. Conclusions
The urban smart farm concept has emerged as a solution to the problem of climate

change, food shortages, and environmental pollution. However, it is a relatively new con‑
cept that needs more architectural planning and design information. By collecting cases
of smart farms worldwide and analyzing their types, this study tried to materialize the
architectural plan and design concept of smart farms.

The characteristics were examined through representative cases of seven types de‑
rived through analysis. The seven characteristics of smart farms can be classified in terms
of city/suburb location, building size, growth space density, application location, mining
utilization, and degree of smart technology introduction. Although seven types of char‑
acteristics can be referred to for planning and designing smart farms, it is necessary to
consider how to apply them to existing buildings to spread in urban areas. To this end, we
presented three points of consideration: the linkage between programs and greenhouses
according to building use, the linkage between buildings and greenhouses and space and
circulation, and the linkage of energy between greenhouses and buildings.

This study is meaningful in that it embodied the concept of smart farm planning and
design through case analysis. In future studies, it is necessary to present a more specific
design proposal when smart farms are applied to buildings in urban areas.
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Appendix A
The variables that contribute to forming U‑matrix clusters are shown in the profile

graph [71], where the characteristics of each type can be understood. If the graph is located
on the right side of the center, it indicates that the variable belongs to the corresponding
cluster. Conversely, if it is located on the left side, it indicates that the variable does not
belong to the cluster. This graph shows the relationship between the occupied area of the
U‑Matrix and the Plane Map. A variable that appears in the graph has as high a frequency
of occurrence (occupied area) as a variable that contributes to clustering. This is because
the variable can occupy other clusters. For the contribution of a cluster, it is necessary to
check the tendency of a specific variable to appear only in a specific cluster. In the graph
below(Figures A1–A7), the variables marked with red borders represent the variables that
contributed significantly to the formation of clusters.
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