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Abstract: To build sustainable smart energy cities (SECs) around the world, many countries are
now combining customized services and businesses within their energy infrastructure and urban
environments. Such changes could then promote the development of platforms that ultimately
provide benefits for citizens such as convenience, safety, and cost savings. Currently, the development
of technologies for SECs focuses on independent products and unit technology. However, this is
problematic, as it may not be possible to develop sustainable cities if there is a lack of connectivity
between various elements within the SEC. To solve such problems, this paper presents an Al-based
physical and virtual platform using a 5-layer architecture to develop a sustainable smart energy city
(SSEC). The architecture employs both a top-down and bottom-up approach and the links between
each energy element in the SSEC can readily be analyzed. The economic analysis based on return on
investment (ROI) is carried out by comparing the economic benefits before and after the application
of this system. Deploying the proposed platform will enable the speedy development and application
of new services for SSECs and will provide SSECs with measures to ensure sustainable development,
such as rapid urban development, and cost reductions.

Keywords: energy; Internet of Things; artificial intelligence; layering architecture; smart
home/building; sustainable smart energy city; platform; digital-twin

1. Introduction

The smart city (SC) concept has gained substantial attention over the last few years, as it applies
advances in the Internet of Things (IoT) technology to enhance the quality and efficiency of services
and resources. SC is an urban area that uses different types of sensors to collect electronic data and
supply information that is then used to manage assets and resources efficiently. Such data include those
relating to citizens, devices, and assets, and they are processed and analyzed to enable monitoring
and management of traffic and transportation systems, power plants, water supply networks, waste
management, law enforcement agencies, information systems, schools, libraries, hospitals, and other
community services [1]. A city that optimizes its energy use with an emphasis on energy management,
and thus saves energy efficiently, is called a smart energy city (SEC) [2—4]. Figure 1 shows the concept
of a future SEC, and it refers to the five components required for its implementation: smart energy;,
smart energy data analytics, energy prosumer, energy security, and renewable energy. The future
construction of sustainable SECs (SSECs) will employ the efficient management and trade of energy
through the links between these energy elements.
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Figure 1. Future sustainable smart energy city (SSEC).

1.1. Description of a Sustainable Smart Energy City (SSEC)

The sustainable smart energy city (SSEC) concept presented in this paper is platform-driven and
provides convenience, safety, and cost savings to its citizens by combining customized services and
businesses into various environments within the existing urban energy infrastructure [5]. Sustainability
in this context implies that it can be maintained, that is it is capable of sustaining being sustained
of, relating to, or being a method of harvesting or using a resource, such that it is not depleted
or permanently damaged, and relating to a lifestyle involving the use of sustainable methods [6].
This can be considered in two ways. The first is the energy saving aspect. Sustainability in a
SEC combines intelligent elements of the energy sector, such as smart grids, micro grids, smart
homes/buildings/factories, smart street lights, and smart farms [7]. The second aspect of sustainability
is the social and economic factors, that is the SEC platform includes sustainable development with
respect to social and economic aspects [8]. Here, platform means building an infrastructure for
the efficient development of technology within the city [9]. Basically, this involves building a SEC
within the energy infrastructure of the city to solve social and economic problems by establishing an
infrastructure for continuous development [10]. This will enable a secure and happy life, and a fast
and cost-effective city using smart infrastructure. In this paper, we aim to build a SEC platform in a
quick and cost-effective manner using the SEC platform. As cities have diverse social and cultural
environments, pre-analysis is required to implement an SSEC. Sustainable development of an SEC
require intelligent and systematic application of technologies and an analysis of each of the city’s
components using a composite top-down and bottom-up platform. In general, sustainability in the
energy industry means the efficient use of energy, but it also refers to the development and application
of energy technologies to enable the efficient operation of the platform [11].

1.2. Current Problems Relating to Development of SECs

The current technologies being developed for SECs focus on independent products and unit
technology, making it difficult to develop SSECs due to poor connectivity between city elements.
Alexandr Krylovskiy et al. [12] revealed that despite standardization efforts and widespread adoption
of web standards and cloud computing technologies, IoT based large-scale SC platforms remain
challenging, in practice. They suggested that dynamically changing the IoT environment requires
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scalability and evolution of these systems over time, and the adoption of new technologies and
requirements. In particular, the absence of standardization when securing connectivity between
unit technologies in the loT-based energy industry creates hurdles in connecting products and
services between businesses. Such a phenomenon is an impediment in the creation of SSECs [13].
Komninos et al. [14] provided an explanation for the low impact of various individual applications of
smart cities and discussed ways of improving their effectiveness by overall SC ontologies. Moreover,
they showed the relationships of ontology and discussed its role in improving the effectiveness of
SC applications, combining expert and user-driven ontological designs with the integration and
arrangement of applications over platforms and larger city entities. Thus, they recognized the problems
of SC connectivity and proposed an efficient way based on ontology to solve them.

1.3. Proposed SSEC

Currently, established standards pertaining to energy fields for the development of SECs are
lacking despite numerous efforts. Furthermore, current technological developments address only unit
elements of energy technology, and lack a synergistic approach (taking into account all unit elements
of energy) for the development of a SEC. The SSEC involves several technologies, including smart
energy, smart meters, smart home/building/factory, smart grids, and electric cars. In order to truly
realize the concept of a SEC, these elements need to be linked intelligently. This paper suggests that
these connections must be considered and developed prior to the development of individual elemental
technologies. This would lead to a more feasible, rapid, and cost-effective development of SECs.
Following questions are the motivation behind this study.

e  Problems: The components of a SEC are not linked to other technologies because current
technology development focuses on unit elements of energy technology. This is because no
standardized SECs have been established yet in energy fields.

e  Solutions: For effective functioning of a SEC, smart system elements should function as stand-alone
entities, as well as be compatible with other elements. The connections between all individual
elemental technologies must be considered and developed prior to the development of the
technology itself. This would lead to more feasible, rapid, and cost-effective development of SECs
in future. Therefore, this study proposes a 5-layer architecture for analyzing the connectivity of
technology elements before building a SEC.

This paper presents a 5-layer-based physical and virtual SEC platform to solve current issues
associated with SSEC development. Based on a composite top-down and bottom-up platform, the
deployment of SSECs can be achieved. The paper attempts to configure the complexities of a SC
through the SEC platform, by answering the following questions:

e  How do the energy elements that constitute the SECs link together to form an organic platform technically,
economically, and socially?

e  How can energy elements be organically linked to implement Al-based smart energy cities for intelligent
energy efficiency management?

o Is it possible to build smart energy cities quickly and cost-effectively by organically-linking the SEC
platform?

This paper presents an analysis of the linkages between energy elements in a city based on
the Al-based 5-layer SEC architecture and presents an SSEC that is based on physical and virtual
platforms. Through this method, a structured SSEC infrastructure can be quickly developed to enable
mass-customization [11] of urban services based on platforms. By implementing this platform-driven
infrastructure, cost-effective solutions can be made. The cost savings related to the deployment of
SSEC are analyzed using a ROI (return on investment) method and presented within this paper.
This paper presents the architecture and platform for the SEC that has not been established yet rather
than providing a solution for any stand-alone system. Moreover, the economic analysis of the proposed
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architecture based on ROI was carried out and conclusions were drawn, that is a comparison of
the economic benefits before and after the application of this system (reduction of smart system
construction cost, energy saving by smart system, growth rate of Al-based energy saving, economic
gain by applying vehicle to grid/electrical vehicle (V2G/EV), and system performance degradation)
was undertaken. With this proposed architecture, the following benefits were obtained:

e  Connectivity: Overall system connectivity can be strengthened by classifying the characters of
energy element technologies in urban areas.

e  Promptness: A SSEC can be built that responds quickly by establishing a cyclical structure based
on a composite top-down and bottom-up platform.

e  Manufacturing process and cost-effectiveness: Efficient SSECs can be built by mass-customization
based manufacturing process based on a composite top-down and bottom-up platform.

e  Guidelines for pre-analyzing obstacles and risk management: This platform provides guidance
for pre-analyzing obstacles and managing risks when applying services [15].

The remainder of this paper is presented as follows: Section 2 presents related works and
investigates past papers and theories related to the architecture proposed; Section 3 presents the
proposed SSEC structure; Section 4 presents specific scenario-based linked models and analyses;
Section 5 extracts the elements necessary to implement a SSEC from a cost-effective perspective; and
Section 6 summarizes the paper.

2. Related Works

2.1. Sustainable Smart Energy City (SSEC)

Efficient energy management methods have been previously researched with the aim of building
SSECs. Such methods have usually aimed to establish an energy management plan and have involved
the following steps. An energy consumption model is constructed by analyzing information relating
to members involved in the SC, and the energy management plan is constructed based on an energy
consumption model [16]. After organizing the energy management plan, the infrastructure required
to operate it is constructed and built around the IoT to enable implementation of the plan [17].
The IoT-focused infrastructure transforms smart cities into SSECs, and the main role is to analyze
energy data generated through the IoT and implement efficient energy management simulations [18].
Zaheer Allam et al. [19] tried to determine economically how SC technologies and approaches could
be used to fit into the old urban fabric; moreover, they tried to restore and regenerate it rather than
redevelop it into a modernist architecture. However, as no efficient platform currently exists for the
utilization of the IoT infrastructure, the benefits of the proposed SSECs have not yet been realized.
In addition, although energy-oriented platforms have been proposed, they have been insufficient, and
do not present the economic benefits of reducing infrastructure cost for sustainable development by
our proposed architecture [7].

2.2. Artificial Intelligence (Al)

Artificial Intelligence (Al) research is defined as the study of “intelligent agents” and of any device
that perceives its environment and takes actions that maximize its chance of successfully achieving
its goals [20]. Kaplan and Haenlein define Al as “a system’s ability to correctly interpret external
data, to learn from such data, and to use those learnings to achieve specific goals and tasks through
flexible adaptation” [21]. Shahzad Khan et al. [22] presented Al-based smart city (SC) concepts by
applying edge computing nodes and IoT sensors to optimize the benefits from microgrids in residential
areas, neighborhoods, campuses, enterprises, and community levels. Zaheer Allam [23,24] showed
an Al-based theoretical model in order to achieve increasing complexities in smart cities. This paper
proposes smart design technology and a methodology for use in realizing a sustainable city based on
Al In this paper, Al is closely related to the cyclic structure of the proposed architecture (top-down,
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bottom-up approach). As can be seen from Section 3.2. and 3.6. the cyclical structure starts with the
initial hardware platform and ends with a virtual layer in building SEC. As this is an ongoing process,
the recursive structure will not be finished on a piece-by-line basis but will continue to progress and
the data will continue to accumulate. When the monthly, quarterly, yearly, and 10-yearly empirical
data are accumulated, the service is upgraded. A more detailed description is shown in Section 3.4.

2.3. Layering Architecture

Studies have been conducted to build the infrastructure for SSECs, and although several forms of
architecture have been suggested, most have similar network structures as follows: the main layer of
the structure is the service layer required for the SSEC, the application layer relates to service provision,
the IoT layer involves service performance, and the final network layer provides communication
between all layers [10,18,25]. Additional layers can then be provided to enable a data analysis of data
relating to the IoT, or to consider laws and cultures within cities [26]. However, such architecture
focuses on network technologies and energy efficiency platforms and does not consider the economics
of scalability and sustainability that could be achieved by platforms in SEC. With an expansion in
the domain size of SEC, the proposed paper can provide management efficiency for infrastructure
construction and operation based on the proposed platform.

2.4. Physical and Virtual Platform

Building an infrastructure for an SSEC that is scalable requires one that is domain-centric and
physical and one that is digital and virtual that can interact in real time. These infrastructures should not
be separate from each other and act independently, and they should be utilized as a platform. However,
previous research has focused on either physical or virtual platforms, and only data generated from
physical platforms has been collected and analyzed [27]. In addition, the results obtained from virtual
platforms have not been implemented on the physical platform because existing SSEC virtual platforms
are not linked to the physical platform [28-31].

2.5. Digital Twin

The link between a physical platform that manages the IoT of the SSEC and a virtual platform
and which can derive services that are valid for the SSEC is known as the SSEC digital twin. Currently,
SSEC digital twin research is at the level of modeling city infrastructure and managing it within a
virtual space via virtual reality (VR) equipment [32]. Although this is a step towards implementing a
virtual platform, a link with the physical platform has not yet been made. However, the link between
the physical and virtual platforms can be implemented using current technology if the hardware
performance and network speed are improved.

2.6. Mass-Customization

Mass-customization is a marketing method that provides a highly competitive ability when
customizing and mass producing goods [33]. In this study, mass-customization is used from an
engineering perspective in IoT design as an economic concept that considers a large consumer
group with individual needs. In this respect, it relates to a mass production method that meets
various needs to the greatest extent possible by identifying and categorizing common consumer
requirements [34]. It is an economic concept used to reduce production costs by minimizing marginal
costs through the customization of various and specific parts of the sensors and mass-producing
common parts of the sensors to satisfy various IoT services. A method has been presented for
producing cost-effective IoT devices [11], which addresses the grand scale of the IoT paradigm through
the above economic concept. The mass-customization methodology is very important to build a
cost-effective SEC. Mass-customization is a marketing term, which means that mass production is
combined with customization to build various smart systems within the SEC, making it more cost
effective. This cost-effectiveness is presented and verified in Section 5 of this paper. Many kinds of
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mass-customization-based papers have been presented; however, they consider the energy saving
and convenience aspects. This paper suggests an architecture to enhance the overall infrastructure
construction and operation efficiency in the city.

There are many articles related to SSEC, artificial intelligence, layering architecture, physical
and virtual platform, digital twin, and mass-customization. However, it was hard to find a paper
that considered all of these factors. This paper applies the energy infrastructure of the city based
on a 5-layer based platform to build a sustainable city by increasing the economic/social/technical
efficiency of construction and operation, as well as improving the overall energy efficiency and network
infrastructure performance. Moreover, this paper examines the effects and benefits of economic (smart
system energy saving), social (smart system construction cost reduction), technical (Al-based energy
saving increase rate, economic efficiency through V2G/EV application, Gain) aspects by ROI, and
calculates the payback period. Table 1 shows the summary of related works and analysis of novelty

between each paper.

Table 1. Summary of related works and analysis of novelty between each paper * Category (SO: Social, T:
Technical, EC: Economical, S: Sustainability, P: Integrated Platform, A: Al, DS: Digital-twin/Simulation,

E: Energy Efficiency, L: Low-cost).

Category
- Novelty
Author(s) Description Purpose T EC (Keywords)
A DS L
L1 Energy management Energy consumption -

2817;(;11, A-etal. and planning in smart  model planning in v inoecl{gly efficiency
cities smart cities
Efficient energy

Ejaz, W. et al. management for the IoT-based EMS for

(2017) internet of things in smart cities loT-based EMS
smart cities
IoT software

Brundu, EG. et al. leI:;‘jStrlI:;E;e i(r)rrlen t ToT based simulation v ToT-based

(2017) and §1};n ula ti(;gn in for smart cities simulation
smart cities

Allam, Z. et al. Econo'm.lc.a Ly Propose a smart urban Smart urbfm
incentivising smart . v regeneration

(2018) . regeneration model
urban regeneration model
Versatile modeling

. platform for Modeling a platform E
g(aﬁ,;)s hi, Y. etal. cooperative energy including cooperative N frlrala;fr(:rcrir;is:sed
management systems ~ EMSs
in smart cities
Artificial intelligence Scalable deep-learning

Khan, S. etal. framework for smart based framework in vV Scalable

(2018) . . . . . framework
city microgrids microgrid
Achieving
neuroplasticity in Artificial neural .

Allam, Z. (2019) artificial neural networks based smart vV ﬁ: b;ssgeslxart
networks through city modeling ¥ 8
smart cities

. Smart cities for a Iluminating the need .
i/}[la;u:f I’gg;l ;') sustainable for establishing smart il:;t:tl rclfatble
' ' urbanization urban infrastructures 1y
Iso-standardized smart Smart citv platform
Zdraveski, V.etal.  city platform rtcity p User friendly
: architecture and V

(2017) architecture and dashboard dashboard

dashboard

Sholla, S. et al.
(2017)

Ethics aware
object-oriented smart
city architecture

Object-oriented
layered architecture

Socio-cultural
and ethical
aspects
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Table 1. Cont.

Category
. Novelty
Author(s) Description Purpose SO T EC (Keywords)
S P A DS E L
Interne? (.)f things for IoT for smart cities e
Ahlgren, B. et al. smart cities: with interoperabili v v Interoperability
(2019) interoperability and P ty for smart cities
open data and open data
Postranecky, Virtual HUB-A testbed Ff;?;‘:qoffrc;ﬁar ¢ v N Platform-based
M. et al. (2014) for smart cities Ic) ities smart cities
Virtual reality smart . .
Lv, Z.etal. (2016)  city based on VR based 51mulatl9n Y, v \{R—bas¢d
WebVRGIS system for smart city simulation
Prendinger, E::;grgzgt;:?g cities 3D internet-based v 3D smart cities
H. etal. (2013) internet smart cities simulation simulation
Mohammadi Provide predictive Digital-twins
N. etal (201% Smart city digital twins  insights by digital v based smart city
: : twins in smart city modeling

Proposed paper (Al-based physical and virtual platform with 5-layered v N v N v v Integrated
architecture for sustainable smart energy city development) platform

3. Proposed Architecture for Sustainable Smart Energy City (SSEC)

3.1. 5-Layer Based SEC Physical Platform Architecture

Figure 2 shows the architecture of a 5-layer based SSEC and also shows the physical platform
part of the architecture. In this respect, the digital layer represents Layer 1 in Figure 2, the physical
layer represents Layers 2—4; and the virtual layer represents Layer 5. The layering structure starts
with Layer 4, as the infrastructure layer is the most basic energy infrastructure of the city: it contains
the energy smart grid, network infrastructure (4G, 5G, etc.) and IoT devices (sensors, actuators,
etc.). Layer 3 represents the mobility layer, which represents the moving elements (such as electric
vehicles, unmanned vehicles, and public transport). In this paper, smart phones are also included
in this layer. Layer 2 represents home and buildings. Most of the elements that make up a city are
buildings, and energy (including cooling and heating energy [35-37]) is mainly consumed in buildings;
therefore, a lot of energy can be saved by analyzing only the energy element of buildings. These
elements include smart homes, smart buildings, and smart factories. Layer 1 represents the digital
layer, which is a virtual cloud that stores data collected from the physical layer (Layers 2-4). Layer 5
provides information for optimizing sensors in the physical layer and actuators. The five layers can be
summarized as follows.

e Layer 1: Digital layer: data-based collection—-transmission and analysis technology;

e  Layer2: Home and buildings layer: smart homes, buildings, and factories;

e  Layer 3: Mobility layer: electric vehicles and smart mobility;

e  Layer 4: Infrastructure layer: sensors, actuators, network infrastructure, and energy grid;

e  Layer 5: Virtual Layer: energy optimization technology through simulation based on augmented
reality/virtual reality (AR/VR) and digital twin technology.
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Figure 2. Layering architecture of physical sustainable smart energy city (SSEC) platform.

3.2. 5-Layer Based SSEC Physical/Virtual Platform Architecture

This subsection shows the proposed SSEC architecture, as presented in Figures 3 and 4, which
consists of a total of nine blocks that are designed to show the effective linkage between each of the
parts (Figure 4). The architecture is divided into three rows and three columns: each row is grouped
by functional aspects relating to the SSEC and each column is grouped by structural aspects of the
SSEC. The first row represents the virtual layer, the second represents the physical layer, and the
third represents the digital layer. Each row is divided into a digital layer and a virtual layer, the
physical layer is centrally placed between them. The first column represents the physical platform,
the second column represents the virtual platform, and the third column represents the data center.
Each column is divided into a physical platform and data center on the left and right sides of the
virtual platform. The IoT devices installed in the SEC collect IoT-based energy data in the physical
area (physical platform—physical layer) and the collected energy data are transmitted in a digital layer
(physical platform—digital layer) initiated from the hardware platform (virtual platform—physical
layer). The transmitted data are transferred to the classification area (data center—digital layer) through
the software platform (virtual platform—digital layer). Through processing the collected data, the
first simulation can be obtained in the physical simulation area (data center—physical layer), and
the virtual simulation can be obtained in the virtual simulation area (data center-virtual layer).
Physical and virtual associated data are collected through physical-virtual simulations and deduced
from the service-business platform area (platform-virtual layer); they are then transferred to the
physical-virtual layer (architecture-physical layer) to provide guidance and information for Al-based
intelligent energy control. The following shows the cyclic structure of the platform relating to each
area and associated details:
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Procedure: Network platform — Physical layer — Digital layer — Data platform — Classification
— Physical simulation — Virtual simulation — Business platform — Virtual layer

3.2.1. Physical Platform (5-layers)

Digital layer: A virtual cloud that stores data collected from the physical layer.

Physical layer: The actual physical space of the SEC. Sensor networks are installed in the physical
space to collect energy data (home/buildings, mobility, and infrastructure).

Virtual layer: Provides business guidelines and an optimization model from the business platform
to Al-based optimization of physical layer sensors and actuators

3.2.2. Virtual Platform

Data platform: Manages data clouds stored in the digital layer.
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e  Network platform: Sensor and actuator network platform to be installed in the physical layer.
e  Business platform: Provides business guidelines and an optimization model to managers and
users through virtual simulation.

3.2.3. Data Center

e C(lassification: Receives data from the software platform and processes it as metadata
through classification.

e  Physical simulation: Visualizes physical modeling and simulation based on processed metadata.

e  Virtual simulation: Digital-twin and augmented reality (AR)/VR-based virtual monitoring
for optimization.

A 5-layer based SSEC architecture is proposed, and the following section relates to the virtual platform
(Figure 3 shows the 5-layer architecture based on the physical/virtual platform). The virtual platform
of a city does not represent real energy elements, but it represents invisible elements that are the
virtual infrastructure of the sustainable city. If the smart system is applied to the city based on
the platform, it can be provided with the connectivity, promptness, and efficiency referred to in
Section 1. In other words, to build smart elements in a city, it is necessary to build them in a connected,
fast, and cost-effective manner based on the virtual platform. Therefore, it is important to use a
mass-customization based system manufacturing methodology [11], and in this paper, we present the
ROI to determine the cost effective construction of a SSEC system in Korea based on this platform.
Figure 4 shows the relationship between the platform and the data center within a 5-layer-based
city through the cyclic structure of this platform. The data center is responsible for visualizing the
simulation of energy elements within the city, and it provides information for managers and users
to enable energy optimization in the city. Importantly, this cyclic structure allows for Al-based
optimization control. Continuous data acquisition, analysis, and optimization based on data collected
from the control tower and historical data enable future optimization and optimal control of the system.

3.3. System Overview

Figure 5 shows a schematic diagram of the overall proposed system as follows:

The hardware company manufactures IoT-based sensors and actuators and implements the
system in the city.

IoT-based sensors collect data based on edge computing through the implemented system and
transmit them to the cloud.

The cloud stores the data and sends it to the data center for monitoring.

The data center processes and monitors the data.

The data center conducts a physical simulation to visually confirm the processed data, and also
conducts a virtual simulation to enable intelligent optimization.

This provides a model for ensuring physical control through physical simulations.

This provides an optimization model through virtual simulations.

@O ©®©ee © 6

By providing an optimization model, the service/business guidelines for optimal system
installation in the city can be provided to managers and users, and operators and users cyclically
perform energy system Al-based optimal management.
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3.4. 5-Layer Architecture Connection Flow Chart for AI-Based Management and Optimization

Figure 6 shows the 5-layer architecture connection flow chart for Al-based management and
optimization. The elements of each row and column are linked by arrows. Moreover, the five layers
are categorized into six categories, as shown in Figure 6. Each of the detailed elements of the five layers
are linked to the six categories by arrows to perform their respective functions. The six categories are
® Data, @ Platform, ® Supply, @ Optimization, ® Service, and ® Policy, which match each element
in the architecture of Figure 7 as follows:

Data — SEC data collection

Platform— SEC platform

Supply— Eco-friendly energy supply

Optimization: — Smart energy demand prediction and management
Service — Smart energy service/business

ONCRONCNCONS)

Policy — System improvement and dissemination by SEC platform
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Figure 6. 5-Layer architecture connection flow chart [38—40].

In “@® Data”, data center is constructed to perform energy data extraction and collection of the
integrated physical environment and real-time monitoring function. In “@ Platform”, data entered
into the platform are connected through the energy platform Steak architecture, and energy simulation
and guideline are performed. An eco-friendly energy supply is provided in “@® Supply” and intelligent
control is performed through demand resource management. In “@ Optimization”, smart energy
demand prediction is performed to optimize energy demand and supply. In “® Service”, smart energy
service/business models are created to build a package to facilitate the supply and expansion of future
SEC models. In “(® Policy”, system improvement and dissemination are performed using the SEC
platform through law and regulation and data standardization. By this structure Al-based management
and optimization becomes possible, and details are presented in Sections 3.5 and 3.6. Figure 7 shows a
fully connected architecture.

3.5. SEC Physical/Virtual Platform Architecture

Figure 7 shows the SEC physical/virtual platform architecture, which consists of six categories.
It collects IoT-based data, processes the data, and supplies eco-friendly energy through intelligent
algorithms based on the collected data, thereby leading to the creation of a service and business model.
Each of these performance modules are demonstrated in Figure 7.
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3.6. What Is the Artificial Intelligence (Al)-Based Optimal Management in SSEC?

Ref. [41] spoke the key elements that make a city smart are Livability, Workability, Sustainability
and Learnability. They add Learnability, the equitable access to quality learning opportunities across
a coordinated ecosystem from birth through careers. Career means the empirical data accumulated
over a long period of time. Empirical data refers to long-term data for more than a year obtained
from smart energy activities in the city. The cyclic structure of this proposed architecture enables the
empirical accumulation of such data and is stored in the data pool presented in Section 4.1 below. This
will be an important guideline and factor for future energy optimization in urban areas. Moreover,
Zaheer Allam [23] showed an Al-based theoretical model for achieving increased complexity in
smart cities. Furthermore, he showed the geometry of a multi-layer artificial neural network (ANN).
Fukumizu [42] mentioned that ANNs are multi-layered; in addition to the output and input layers, they
also have connections between layers in their neighborhood that are linked by weighted connections,
representing the effectiveness of synaptic connections in biological neurons. In this paper, Al-based
SEC architecture is configured considering this method.

Figure 8 shows the Al-based optimal management in SSEC. The upper half of Figure 8 shows the
basic neural network structure. A neural network basically consists of an input layer and an output
layer. It is expressed through a close linkage with the hidden middle-layer, and through each weight,
which expresses complex and difficult problems. The input layer represents a total of five input sensors
that collect data from the SEC. Hidden layer 1 represents the technology in SEC, and consists of four
technologies. Hidden layer 2 represents the services that make up SEC, and is composed of three
services in total. The inference data for performing the optimization simulation is formed by weighting
and linking each of the components, and a guideline for the optimal demand/supply of energy is
performed. This is represented by three blocks in the middle of the figure. The virtual layer is located
in the front and performs virtual management and optimization functions. This affects the physical
layer in conjunction with the output layer. The physical layer receives the inferred data supplied from
the output layer to make the actuator perform an Al-based intelligent role. This structure is called the
cyclic structure of SEC. Cyclic structure management is performed by deep-learning by multi-layered
architecture and deep-application and management by cyclic structure (deep-optimization).
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Figure 8. Artificial Intelligence (Al)-based optimal management in the SSEC.
4. Scenarios

4.1. Physical/Virtual Connection Scenarios

Section 4.1 presents physical/virtual layer scenarios. There are three layers interconnecting the
main parameters of the physical layer: the infrastructure layer, mobility layer, and home/building layer.
The main components of the infrastructure layer are the energy grid, network, and advanced metering
infrastructure (AMI)/IoT; the main components of the mobility layer are EVs (electrical vehicles) and
smart pads; and the main components of the home/building layer are smart homes/buildings and
factories. Figure 9 includes two scenarios: the first is a smart energy management system that includes
all the parameters of the infrastructure layer, mobility layer, and home/building layer. AMI/IoT collect
the home/building data through the IoT network infrastructure, and these data can be monitored by a
smart pad that controls the home/building for optimal energy management. The modified data are then
stored in a smart data pool. The other scenario represents the smart EV charging and energy sharing
system. This scenario represents an exchange of optimal energy information through information
about electric energy charging of electric vehicles. With this scenario, all data are also stored in the
smart data pool. A data pool is a set of data stored over a long period of time. Based on these empirical
data, it will be performed refined Al-based optimization over long periods of various data in cities.
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Figure 9. Schematic representation of physical connection scenarios.

Figure 10 presents the total connection scenarios involving the use of all platforms presented in
the paper and shows how the two scenarios are applied to the entire platform. The hardware platform
is the initial starting point that is applied to cities to build the smart energy management system
and smart electric vehicle (EV) charging and energy-sharing system. All data collected through the
hardware platform are collected from the network infrastructure, and guidelines are provided for
optimal control through monitoring and simulation of these data. The used data are simultaneously
collected in a data center through a software platform, and Al-based virtual control and optimization
control are then performed based on the collected data. Through such a data recursive structure,
systematic collection and analysis of all data in the city are upgraded to determine the point where
optimal management can be applied. This paper calls this entire concept an Al-based SSEC.
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Figure 10. Schematic representation of total connection scenarios.

4.2. Scenarios

4.2.1. Scenario 1: Smart Clean Zero Energy City platform

Figure 11 shows a scenario for the Smart Clean Zero Energy City. The ESS receives energy from
the renewable energy system installed in the building and transmits energy data from the sensor to
the data platform. Supply and demand management is achieved through intelligent demand and
supply forecasting from the energy data, which varies depending on the environment. This demand
management enables intelligent energy storage and consumption through a connection with the Smart
V2G/EV.
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Figure 11. Smart clean zero energy city platform and scenario flow chart.
4.2.2. Scenario 2: Collaborative Smart Energy Prosumer Platform

Figure 12 shows an energy trading system scenario for efficient prosumer trading between
distributed power energy trading. This scenario enables the implementation of intelligent prosumer
transactions between distributed power energy trading through the establishment of an energy trading
system. The specific service flow is shown in the table below.
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Figure 12. Collaborative energy robotics-based smart energy prosumer platform.
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Service Scenario #1 Scenario details

Smart Clean Zero Energy City

. Service details:

1. Energy harvesting (bio energy, photovoltaics (PV) energy, waste energy harvesting)

2. Demand prediction (1) Energy harvesting — (2) Smart sensor-based real-time energy data collection
— (3) Send sensing data to Al/big-data platform — (4) Al/big-data-based real-time data analysis —
(5) demand response (DR) prediction — (6) Send predicted data to DR management

3. Smart vehicle to grid/electric vehicle (V2G/EV) connection (1) Demand prediction — (2) charging
through DR management — (3) Intelligent energy production and demand management

e  Service main target: Energy prosumer

° Service domain: Smart homes/buildings etc. V2G charging infrastructure installed in public institutions,
Smart ESS, and distributed power energy infrastructure

e  Related application technologies: Smart sensor-based situation recognition technology, actuator control
technology through smart sensor intelligent connection, distributed energy linkage technology, existing
buildings and grid power data transmission technology, real-time energy information transmission
technology, design of optimal data transmission and routing algorithm for each situation

e  Service effect:

1. Smart energy production and demand management, energy evolution through energy forecasting
2. Intelligent energy production and demand management
3. Smart energy linked with smart mobility

Service Scenario #2 Scenario details
Collaborative smart energy prosumer platform

. Service details:

1. Energy harvesting (bio energy, PV energy, waste energy harvesting)

2. Demand prediction (1) Energy harvesting — (2) smart sensor-based real-time energy data collection
— (3) send sensing data to Al/big-data platform — (4) Al/big-data-based real time data analysis —
(5) DR prediction — (6) send predicted data to DR management

3.  Smart autonomous transaction integration charge (1) Predictive smart DR management providing
smart energy billing information — (2) peer to peer (P2P)- based autonomous energy purchase —
(3) battery charging

e  Service main target: Energy prosumer for smart integrated billing

e  Service domain: Smart home/building etc. Smart V2G/EV + ESS + smart grid connected smart
charging infrastructure

e  Related application technologies: Smart V2G/EV link technology, Smart V2G/EV optimal
management technology

e  Service delivery method: Control of damper breaker, based on recognition of fire situation

e  Service effect:

1.  Data analysis and demand forecasting for autonomous energy trading
2. Predictive smart DR management
3. P2P-based autonomous energy purchase

5. Results (Economic Analysis)

The following presents cost-effective aspects relating to the construction of a smart energy system
in Korea based on this proposed SEC platform architecture. It shows the ROI when applying a building
energy management system (BEMS) and V2G/EV to the whole of Korea shown in Section 4.2 Scenario 1.
This analysis is based on the assumption that the most basic unit of the SEC is a building and V2G/EV.
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To provide a measure of the cost efficiency of this architecture, we present the ROI for a smart energy
system that is applied to all buildings within the Republic of Korea. In this paper, cost-effective
aspects of mass-customization-based manufacturing methods are also considered, and we thus present
a ROI based on mass-customization-based installation costs of IoT-based smart systems installed
in all the buildings within a SEC. Section 5.1 presents an economic analysis for application of the
proposed architecture.

5.1. Research Method

In this paper, the economic analysis of the proposed architecture based on ROl is carried out by
comparing the economic benefits before and after the application of this system (reduction of smart
system construction cost, energy saving by smart system, growth rate of Al-based energy saving,
economic gain by applying V2G/EV, and system performance degradation). All data are calculated
based on the proposed platform and are estimated based on reliable data through the current status of
the Republic of Korea.

5.2. Economic Analysis

5.2.1. Method of Economic Analysis

e  Economic analysis was conducted by measuring and comparing the costs and benefits of applying
a smart system (Figure 13).

Cost (Cy)

Typical Cost (No smart system applied)

Economical Cost (Smart system applied)

Social Cost (Construction cost of Smart system)

Mhnical Cost (By Al and V2G/EV)

Reduced
costs

tp Time (t,)

Figure 13. Economic graph for smart system application.

e  The benefits include reduced social costs, which are mitigated through energy savings.
e It can thus be said that there is a difference between the value generated when the smart system is
not applied and the energy saving value when the system is applied.

5.2.2. Economic Analysis Process

Following shows economic analysis process. Economic analysis for a smart system for SEC
involved the following steps:

(1) Total installation cost during the installation of smart building system in Korea was estimated.
This further involved:

e  Analysis on the status of buildings in Korea: Estimation of the total area of domestic buildings;
e  Estimation of total installation cost when installing smart building system in Korea;
e Additionally, estimation of installation cost when installing V2G/EV.

(2) Economic benefit cost when installing smart building system

e  Estimation of reduction rate of total energy use cost by smart building system.
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(3) Economic benefits when applying the proposed architecture
e  Estimation of reduction cost of total smart system installation [11];
e  Estimation of reduction cost of total energy use by Al and V2G/EV.
(4) Return on Investment (ROI) was calculated as;

e ROI [43] = (smart system installation cost (SSIC) — expected cost saving through proposed
architecture (ECSP))/total expected saving cost through system installation (T — ESCS).

5.3. Economic Analysis of Applying Smart Building System in SECs
5.3.1. Total Installation Cost When Installing Smart Building System in Korea

Analysis on the Status of Buildings in Korea: Estimation of the Total Area of Domestic Buildings

Table 2 presents statistics relating to the types of buildings in Korea [44]. There are 7,126,526
buildings nationwide occupying an area of 3,641,993 thousand square meters (1000 m?), according to
statistics on building types in Korea [45]. Depending upon their uses, the buildings are classified as
residential (64.72%), commercial (17.50%), industrial (4.34%), educational/social (2.69%), and others
(10.75%). This paper focuses on residential and commercial buildings. The application area can be
calculated based on the application specific weight.

Table 2. Statistics relating to building types in Korea (1000 m?).

e e 2017
Classification
Total Residential Commercial Industrial Educational/Social  Others
Total 7,126,526 4,612,604 1,246,859 309,519 191,739 765,805
% 100 65 18 4 3 11
Area of the Buildings 3,641,993 2,357,098 637,349 158,062 97,970 391,514

Average Cost of Smart Building System (Module)

Smart building system comprises of an IoT sensor system and a user mobile device. The IoT sensor
system consists of sensors for temperature, humidity, motion, smoke detection; beacon, communication,
power, and control modules; a battery, an external case, and other materials. Mobile devices include
the users” mobile smartphones such as Android or iPhone; server development for service operation
and application of these phones is required. The estimated hardware price of one IoT sensor system is
summarized in Table 3. Additional application and server development costs of mobile smart phones
is excepted, as it is not directly related to the number of buildings and area.

Table 3. Estimated average cost of smart building system (module).

Classification Configuration Device/Module Estimated Price (KRW)
Temperature Sensor High-precision humidity
1 I 25,000
Sensor Humidity Sensor sensor/clommumcatlon suPpo.rt
Motion Sensor Radar or infrared/communication 30,000
support
Gas Sensor CO; gas or flammable gas sensor 15,000
Beacon module,
Communication module, Linux embedded development
IoT Development board Power module, board (Raspberry Pi 3) 45,000
Management module
Battery Lithium polymer based on 10,000 20,000
Oth mAh
er Case Aluminum case 20,000
Other materials Sensor PCB, LED, etc. 15,000

Total Expected IoT sensor system cost 170,000




Sustainability 2019, 11, 4479 23 of 30

Total Installation Cost of Installing Smart Building System in Korea

Based on the purpose/function of the building, the range (area) in which one IoT sensor system
operates and provides service can be estimated as Table 4. Based on the above estimated service area,
the number of IoT sensor systems required to be installed can be calculated based on the area of the
building and its purpose, as applied at the country level as Table 5.

Table 4. The range (area) of operation of one IoT sensor system.

Classification Residential Commercial Industrial Educational/Social  Others

Area (m?) 20 30 60 30 40

Table 5. Number of IoT sensor systems (1000 m?).

Classification Sum Residential Commercial Industrial Educational/Social  Others
Area 3,641,993 2,357,098 637,349 158,062 97,970 391,514
Numberof 5, 707737 117854898 21,244,959 2,634,375 3,265,654 9,787,856
IoT Systems

The average area per building in Korea is approximately 511 m?. When applied to individual
building categories, the average size of residential, commercial, industrial, and educational buildings
is 26,17, 9, and 17, respectively. The others requires an average of 13 installations, and the number
of IoT sensor system installations required by the product of the average value and the number of
buildings is as Table 6.

Table 6. Number of devices

Classification Sum Residential Commercial Industrial Educational/Social Others
Total number of 7,126,526 4,612,604 1,246,859 309,519 191,739 765,805
buildings
Average Number ) % 17 9 17 13
of Devices
Number of Devices 79,096,534 60,223,851 10,856,174 1,346,166 1,668,749 5,001,595

Estimation of the required number of IoT system installations can be calculated by multiplying
the estimated unit price of the system by the average required number of devices, derived from the
above two estimation methods. This paper focuses on residential and commercial buildings the final
costs were calculated to be 17.86 (trillion KRW).

5.3.2. Economic Benefits of Installation of Smart Building System

Table 7 shows the electricity consumption and usage for the month of October 2018 in Korea [46].
The total cost of electricity used in Korea for this month is 3.8 (trillion KRW)). At this time, the cost of
electricity used in the building was calculated as 1.5 (trillion KRW) considering 41% of the total cost
according to the US DOE 2011. It is assumed that on an average, approximately 11% cost reduction can
be obtained via the smart building system [47-49]; assuming that it is the best cost-saving option in
Korea, the total savings can amount up to 19 (trillion KRW) in a year.
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Table 7. Electricity usage in October 2018 in Korea (KRW).

Classification Number of Customers Electricity Usage Electricity Cost
Street lamp 1,911,808 304,477,507 33,663,433,372
Education 20,986 528,152,156 50,322,575,003
Agricultural 1,764,578 1,216,707,442 60,752,904,386

Industrial 420,076 24,087,789,722 2,226,143,945,153
Normal 804,166 498,712,119 28,381,961,421
Standard 3,157,320 8,055,963,989 955,703,815,963
Residential 15,271,199 5,285,672,914 518,092,390,863

Sum 23,350,133 39,977,475,849 3,873,061,026,161

5.3.3. Economic Benefits when Applying the Proposed Architecture

As shown in Section 1.3, the benefits of applying the proposed architecture can be observed in
terms of as cost-effectiveness due to mass-customization-based installation. The benefit of applying
the proposed architecture to mass-customization-based installation of the smart system is that system
installation cost can be reduced by 15.9% [11].

5.4. Result

5.4.1. Return on Investment (ROI)

Economics analysis is used to calculate the difference between economic losses that would be
incurred if the system was not applied, and the economic gains that would be perceived if the system
was applied. Table 8 summarizes the average values calculated, based on general system costs.

Table 8. Economic analysis of smart system application to domestic buildings.

Classification Unit Contents
Smart System Installing Cost in all buildings in Korea (SSIC) trillion KRW 17.86
Electricity fee for one year trillion KRW 19
Energy saving rate due to installation of smart system % 11
Additional Energy saving variation rate due to Al-based smart system % 2
Expected Cost Saving through System installation (ECSS) trillion KRW 2.09
V2G/EV Supply and Installation Costs (VSIC) trillion KRW 1.38
Expected Cost Saving due to installation of V2G/EV (ECSV) [50] trillion KRW 0.01136
System performance degradation rate % 5
System Maintenance rate % 3
Cost saving rate due to proposed architecture [11] % 15.9
Expected Cost Saving through Proposed architecture (ECSP) trillion KRW 2.83

Table 8 presents an economic analysis of applying the smart building system to domestic buildings.
It is expected to cost approximately 17.86 (trillion KRW) to install this system to all buildings in Korea.
The expected economic losses from not installing the smart system in domestic buildings are calculated
as being 2.09 (trillion KRW). This is based on the assumption that the energy saving potential would
be 11% [47-49] of the total energy consumption of the building: the annual electricity reduction tariff
would thus be 2.09 (trillion KRW) [46] if the system were applied, and the total investment return
period would be 8.52 years. Additional installation costs would be expected to decrease 15.9% [11]
when installing by proposed architecture, a mass-customization-based system, and the payback period
can be calculated as 7.16 years. As be showed in Section 5.2.1, the payback period (ROI) for the smart
system installation can be calculated as follows:

Smart System Installation Cost (SSIC) — Expected Cost Saving through Proposed architecture (ECSP)
Total Expected Cost Caving through System installation (T — ECSS)




Sustainability 2019, 11, 4479 25 of 30

(1) Typical payback period when applying system to domestic buildings (ROI-S)

e ROIS= 2¥& =17.86/2.09 = 8.52 (year)
(2) Payback period when applying the proposed system architecture (ROI-P)

e ROI-P = BKEESE — (17,86 — 2.83)/2.09 = 7.16 (year)
(ECSP = 2.83; 15.9% more economic gain through mass-customization-based manufacturing)

5.4.2. Simulation Result

Figure 14 shows cost saving due to installation of smart system. It shows that cost saving patterns
can be seen to increase with system intelligence. On the other hand, we set system performance
degradation rate and system maintenance rate as 5% and 3% like Table 8, so, Figure 14 shows the
system performance is decreased as time passes. Figure 15 presents the results of an economic analysis
conducted with respect to applying this architecture. It was found that there was a difference compared
to the ROI mentioned above in Section 5.3.1 because the system performance degradation rate was
considered in this simulation. It consists of three ROIs. ROI-S is obtained by configuring a smart
system before reflecting the proposed architecture. ROI-P is the ROI that can be obtained based on the
proposed architecture. ROI-AV represents the ROI that can be obtained by applying Al and V2G/EV to
the proposed architecture. From this simulation, we set the factor of energy saving variation rate due
to Al-based smart system as time passes as 2 [51] (Yi Liu et al. proposed energy savings of more than
50% per day are achieved through DRL (deep reinforcement learning)-based energy scheduling for
40 households in each 5 communities. In this paper, it is assumed that energy saving is possible by 30%
after 10 years as time passes by Al-based smart system considering the performance degradation and
other exceptional cases.), and expected cost saving due to installation of V2G/EV is 0.01136 [50]. It can
be seen that ROI-P is faster than ROI-AV and ROI-S with the passage of time. The reason ROI-P is
faster than ROI-AV, ROI-AV is relatively slower than ROI-P is that initial construction costs (V2G/EV)
are incurred. Nevertheless, the benefit of ROI-AV is 2.81 trillion KRW more than ROI-P after 25 years
later. Also, it is possible to build a smart system that can be mass-customized by considering certain
environmental factors of domestic buildings, and it is possible to construct a smart system that is
designed optimally for a building environment by considering various environmental factors, service
factors, and functional factors. Using a combination of various customized sensors and actuators and
mass producing them would enable the systematic installation of a cost-effective system in various
types of domestic buildings. The sensor system’s cost can be reduced when system expansion is
considered. Compared to the general system construction costs, it is anticipated that the installation
costs of this system will be lower; furthermore, new jobs can be created to activate small companies
and start-ups.
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6. Conclusions

6.1. Implications

This study suggested an Al-based physical and virtual platform using a 5-layer architecture
to develop a SSEC. The architecture employs both a top-down and a bottom-up approach, has a
cyclic structure, and the links between each energy can be readily analyzed. It was demonstrated
that deploying the platform associated with this architecture will enable the speedy development
and application of new services for SSECs. Based on this platform, the deployment of SSECs can be
achieved and the following benefits obtained:

e Connectivity: As emphasized in this paper, connectivity is the most important element of a SEC
platform. This paper presents an analysis of the interconnection between technology elements of
a SEC. The system is designed to enhance the linkage of the entire energy system within the city
through classification and analysis of the energy characteristics therein. The cyclic structure of the
SEC platform is also shown, and it is considered possible to achieve sustainable development
through a collaboration between researchers, operators, and users within the city.

o The rapid speed in which the platform can be developed and applied: The second important
element of the SEC platform presented in this paper is rapid speed of development. The SEC
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platform is based on a complex top-down and bottom-up cyclic structure, and it is possible
to create a SEC infrastructure rapidly in order to quickly provide an organized SEC through
collaboration between various operators and users [9].

e Manufacturing process and cost effectiveness: Based on the combined top-down and bottom-up
platform, it is possible to build mass-customization-based SEC infrastructure that is cost effective
to implement and use [11]. Through an analysis of the links between software and hardware
providers, it is expected that costs can be reduced by the mass-customization and manufacture of
sensors and actuators. This would also enable small businesses and start-up companies, as well
as large enterprises, to participate and achieve balanced economic development.

e  Guidelines for pre-analyzing obstacles and risk management: Guidelines for applying services
will be provided through physical and virtual simulations based on digital twin-based analysis
and risk management of the SEC infrastructure [15].

6.2. Future Prospects

With respect to SSECs, the proposed 5-layer architecture will provide a platform to ensure
sustainable development, rapid urban management [9], cost reductions [11], obstacle analysis, risk
prevention [15], improved employment efficiency [52], and methods to provide an appropriate
economic framework to accompany and facilitate the implementation of the model.

e  Rapid urban establishment: Parker, Van Alstyne, and Choudary [9] pointed out that through
platform, the development of smart and sophisticated IT technology can achieve speed and
efficiency beyond time and space limitations. It is anticipated that the proposed top-down and
bottom-up platform with a cyclic structure will contribute to the rapid and efficient construction
of smart energy cities in the future.

e  Cost reduction:Section 5 demonstrates the cost-effective aspect of this architecture. Applying this
architecture, it is possible to reduce the cost of system construction due to the efficient aspect of
mass customization in various environments. In this paper, the ratio is presented as 15.9% [11].

e  Obstacle analysis/risk prevention: This architecture ensures obstacle analysis/risk prevention by
employing rapid and cost-effective measures prior to the building of SC, while also providing a
preliminary analysis of the construction. Based on the digital twin, risk analysis and its prevention
measures are taken into account in advance, and SC plans verified accordingly [15].

o  Improved employment efficiency: Mass-customization of the proposed architecture makes it
possible to construct smart systems specifically for domestic and industrial applications. This
can reduce manufacturing costs and lead to the development of new industries. New small-scale
localized start-ups and job opportunities [52] are expected in various domestic industries like
information and communication technology (ICT)/IoT involving manufacturing, transportation,
service industries, new HW/SW derivatives, and consulting.
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