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Abstract: The electric vehicle (EV) industry has emerged in response to the necessity of reducing
greenhouse gas emissions and combating climate change. However, as the number of EVs increases,
EV charging networks are confronted with considerable obstacles pertaining to accessibility, charg-
ing time, and the equilibrium between electricity demand and supply. In this paper, we present a
techno-economic analysis of EV charging stations (EVCSs) by building type. This analysis is based
on public EVCS data and considers both standalone local grid operation and integrated operation
of distributed energy resources (DERs) and the local grid. The analysis has significant implica-
tions for the management of the electricity grid and the utilization of sustainable energy, and can
result in economic benefits for both residential, commercial, and public buildings. The analysis
indicates that integrating DERs with the local grid at EV charging stations can reduce local grid usage
relative to EV demand. Nevertheless, there are also complexities, such as initial investment and
maintenance costs, especially the weather-dependent performance variability of solar, which require
financial support mechanisms, such as subsidies or tax incentives. Future research should focus
on different DER integrations, regional and seasonal variability, user behavior, installation location,
policy and regulatory impacts, and detailed capital expenditure analysis. Such research will advance
DER and EVCS integration and contribute to increasing the efficiency and sustainability of urban
energy systems.

Keywords: techno-economic analysis; electric vehicle charging station; electric vehicle fast charger;
distributed energy resource; electricity tariff; distributed energy resource simulation

1. Introduction

Information and communication technology (ICT) continues to advance through in-
creased data collection, faster network speeds, and the advent of artificial intelligence. These
technologies are transforming industrial paradigms beyond traditional vertical industries
encompassing fields such as the environment, energy, construction, and transportation [1].
Among these, the mobility industry is particularly notable. Historically, the mobility in-
dustry has been a critical mode of transportation for people worldwide. Nevertheless,
the majority of its energy sources remain dependent on fossil fuels, particularly gasoline
and diesel. The increase in fossil fuel-based internal combustion engines has led to higher
carbon emissions, which result in adverse environmental impacts, such as air pollution,
greenhouse gas emissions, and climate change [2].

In order to reduce carbon emissions worldwide, the mobility industry is investing
in and researching low-carbon energy technologies and infrastructures [3]. This effort
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is rapidly shifting the industry sector from internal combustion engines to low-carbon
energy-based EVs. This transformation drives the restructuring of the automotive industry
towards a low-carbon framework, which creates new value chains in battery materials,
charging technology, equipment, and energy trading. A representative example is the
EVCS. The EVCS facilities are designed to charge EV batteries and provide drivers with
fast and slow charging devices and spaces. However, several factors, such as limited
accessibility, insufficient charging speeds, and the quality of the equipment used, are
currently suboptimal for drivers of EVs [4].

First, there is a shortage of EVCSs relative to the number of EVs on the road. According
to the 2022 IEA report, South Korea’s EV sales accounted for nearly 12% of all vehicles
sold globally (approximately 28,000 units). Concurrently, the global penetration rate of EV
charging stations is considerable. However, out of the 205,000 operational EVCSs, only
21,000 are fast chargers. This indicates a shortage of EVCSs equipped with fast charging
facilities relative to the EVs in use [5].

Second, it is challenging to minimize the waiting times for fast chargers. Fast chargers
are typically located in public facilities, commercial areas, and other locations with high
EV driver traffic. However, charging typically takes 30 to 60 min, which can cause delays
and problems when vehicles suddenly queue up. For instance, during the Arctic cold
wave in the winter of 2023 in the United States, the efficiency of EV batteries dropped
sharply, which led to long queues at charging stations and multiple EVs being discharged
completely. Seasonal variations can also cause charging times to double in winter and
summer compared to spring and autumn, which can lead to a 20% reduction in the average
driving range [6]. These are some reasons why faster charging is highly desirable.

Third, the increase in the number of EVCSs can lead to significant energy supply
problems, especially in urban areas [7]. In order to address this challenge, it is essential to
utilize sustainable distributed energy resources (DERs). Continuing to use fossil fuel-based
energy would not contribute to carbon reduction. Using sustainable DERs, such as photo
voltaic (PV) energy, can also mitigate energy supply problems in urban areas [8]. However,
integrating DERs into the EV industry and achieving carbon neutrality requires careful
consideration of the economic feasibility of construction and operation.

Equipping more EVCSs with fast chargers requires a distributed energy management
plan that leverages both local grids and renewable energy. Installing EVCSs in build-
ings involves the consideration of factors such as power supply, charging patterns, and
overload [9]. Thus, a thorough economic analysis of EVCSs according to building type is
desirable. Currently, the installation of most EVCSs prioritizes the convenience of setup
over user convenience, which results in the availability of mainly slow chargers and a
notable shortage of fast chargers. Furthermore, to alleviate overload due to limited energy
supply, a careful analysis of the DERs is needed that takes into account both accessibility
and real-life demand [10]. This paper investigates the operation of fast chargers by building
type to facilitate the expansion of EVCSs equipped with fast chargers. Additionally, it
introduces a method for economic analysis that compares the operational status of EVCSs
through the integration of local grids and DERs.

The remainder of this thesis is organized as follows: Section 2 presents a review of
the literature on the design of the EVCS infrastructure, optimized charging methods, the
calculation of charging service tariffs, and the combined operation of DERs and EVCSs.
Section 3 provides an overview of the research approach taken in this thesis and presents an
analysis of the testbed selection and operational characteristics of different building types
(residential, commercial, and public) using public EVCS data, disaggregated by month,
week, and hour. Section 4 presents a techno-economic analysis of district grid-based EVCSs,
based on the selected testbed data for each building type. This section begins by examining
the revenues generated by EVCS charging services. It then derives the electricity costs used
for fast charging services and discusses the return on investment (ROI) process based on
EVCS revenues. Subsequently, a techno-economic analysis of the regional grid operation of
the EVCS testbed is presented. Section 5 outlines the methodology employed in the techno-
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economic analysis of EVCSs with integrated DERs and district grid operation. To this end,
a DER simulation utilizing PV is conducted, with the resulting data integrated into the
EVCS operation algorithm for a techno-economic analysis of the integrated EVCS testbed
and regional grid operation. Furthermore, a comparison of two operational scenarios is
conducted through an ROI analysis.

(1) Utilizing solely the local grid infrastructure.
(2) Employing an integrated DER and local grid configuration.

Finally, Section 6 presents the findings of the study and outlines potential avenues
for future research, taking into account the limitations encountered during the course of
the investigation.

2. Related Work

This paper presents a comprehensive analysis of existing studies that address the
design of the EVCS infrastructure, optimization strategies for EV charging, the pricing
of EVCSs, and the interconnection between DERs and EVCSs. In order to conduct this
economic analysis, data pertaining to the operation of fast chargers within various building
types, as recorded by the EVCS, were employed.

2.1. Studies on Infrastructure Design of EVCS

The specific design of the EVCS infrastructure is crucial for the widespread adoption
of EVs. Key elements include the selection of the optimal EVCS locations, addressing
technical problems, and ensuring economic feasibility. When selecting locations for EVCSs,
the design approach takes into account traffic patterns, grid impact, and user conve-
nience [11]. In order to alleviate the challenges associated with long and inconvenient
charging times, a multi-charging system was reported to mitigate grid problems caused
by EV charging [12]. EVCSs were also shown to be more energy efficient through the
use of grid availability/unavailability modes that enable fast charging at higher voltage
levels. Additionally, optimizing the routing EVCS involves installing charging equipment
at facilities, e.g., multiple depots, which allows sustainable logistics development and
operational cost efficiency [13]. Another research group reported considerations and mea-
sures for implementing residential EVCSs, which are accessible to the public in future
smart cities [14].

Several economic and operational strategies address the impact of EVCSs on the
local grid and the challenges in constructing EVCSs. These strategies include suggestions
for maximizing revenue by applying specific economic scenarios to meet operational
requirements [15]. It has been proposed that the use of residential PV may serve to
enhance the equity of EV capacity and fast charging stations in medium- and low-voltage
distribution networks. This could prove to be an effective means of significantly improving
the equity and capacity of EVCSs [16].

Furthermore, the use of a particle swarm optimization algorithm to build EVCSs based
on uniform distribution was proposed [17]. In order to address the capacity problems
of EVCSs in commercial buildings, a modeling of the EVCS system using the Markovian
queues algorithm was described, which could reduce the waiting time by 60% and the
queue length by 42% compared to existing systems [18].

A network-based, low-carbon distributed energy charging station construction plan
focusing on the characteristics of EVs was also reported. This plan aimed to minimize
the annual total cost of the regional EVCS network through a carbon trading mechanism.
This was performed by establishing a collaborative planning strategy for charging station
networks that allocate low-carbon DER capacity through the network [19]. Moreover,
optimal construction plans for EVCSs with controllable charging and RE resources within
multiple microgrids were reported, which helps improve power quality and reduce the
overall system cost [20]. Assuming the widespread adoption of EVs and EVCSs in the
future, a scenario for energy sharing was proposed that could stabilize the energy supply.
Scenario-based simulations showed that it is possible to reduce electricity costs [21].
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2.2. Studies Focusing on Optimization Strategies for EV Charging

To determine the optimal charging strategy for different equipment types, a distributed
collaborative framework based on multi-agent deep reinforcement learning was reported,
which demonstrated the framework’s ability to resolve many different EVCS problems [22].
Comprehensive research on integrating EVs into existing distribution systems, considering
both slow and fast charging options, suggests that EVs could mitigate adverse impacts on
the node voltage in the distribution system [23]. In addition, a methodology to optimize
the layout of EVCSs was proposed that takes into account EV charging methods, sequential
charging demand, and additional impacts on the power system [24].

Another proposal included an optimization framework for low-carbon integrated
energy system management in response to EV demand, featuring a low-carbon district en-
ergy system model. This framework significantly reduced carbon emissions and decreased
the previously elevated economic costs associated with charging demand response [25].
Researchers also suggested a scheduling technique to maximize solar energy utilization
to optimize EV charging [26]. Furthermore, the proposal included a mixed-integer linear
programming model that addresses distribution system expansion planning problems,
considering distributed generation units, energy storage systems (ESSs), and EVCSs. This
model combined demand and renewable generation-related environmental impacts and
uncertainties, and it suggested the simultaneous optimization of investments in substations,
circuits, and DERs from an environmental perspective [27].

In proposing sensitive intervention points (SIPs) to achieve climate neutrality by
2050, they underscore the significance of expanding infrastructure related to the pervasive
adoption of EVs. They regard EVs as the principal conduit for supplanting conventional
internal combustion engine vehicles and assess the favorable impact of augmenting the
EV charging infrastructure on climate change mitigation. Their work represents a pivotal
contribution to optimizing and expanding the EV charging infrastructure to attain both
economic and environmental benefits [28].

In addition, when designing EVCSs for the parking lot of an office building, a load-
prediction model based on various charging scenarios can be established. This model
allows for load control that adapts to specific charging demands [29].

2.3. Studies Focusing on Service Fee Calculations for EV Charging

Charging fees for electric vehicles is crucial as they directly affect the costs of charging,
the efficiency of the grid, and the overall adoption of EVs. Time-of-use (TOU) pricing
has been proposed to lower charging costs and shift consumption to off-peak periods,
which can help avoid system congestion during peak times [30]. To address the demand
charge challenge, a significant barrier to EV industry growth in commercial and industrial
sectors, an analysis of TOU pricing for EVs from both customer and grid perspectives
was suggested [31]. In addition, another research group developed a pricing model for
public EVCSs based on prospect theory. Their model takes into account price factors and
the charge state of the battery and proposes that user behavior adjustments can benefit
the charging station operators and the power system [32]. The JoAP algorithm, which
jointly optimizes EV charging control, pricing, and scheduling, was used to maximize the
profit of EVCSs. In this way, higher revenues than traditional methods were achieved [33].
The objective of this study was to evaluate the impact of EV charging on the power
distribution system and to discuss the opportunities and challenges of integrating it with
DERs. The study addresses the impact of the integration of electric vehicles and DERs on the
power system [34].

Unfortunately, regulatory bodies and power companies have relatively little experi-
ence with EV-related rate design because the EV industry is so new. One study suggested
methods for developing EV-specific rate designs and policies using a database that includes
pilot rates and proposed rates from investor-owned utilities in the United States [35]. An-
other study evaluated the economic viability of implementing time-of-use (TOU) electricity
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rates, renewable energy, and battery storage systems within distribution systems to support
the expansion of EVCSs with fast chargers [36].

Furthermore, to improve profits for EVCSs and reduce carbon emissions, a carbon
revenue model for the participation of EVCSs in the carbon trading market was proposed.
This approach involved sharing carbon revenues with EV users to reduce their charging
costs, increase EVCS income, and decrease carbon emissions. This method can reduce EV
charging costs by 16.25%, increase the profit of charging stations by 30.09%, and decrease
carbon emissions by 74.68% [37].

2.4. Studies Focusing on the Integration of DERs and EVCSs

A new energy management approach for residential EVCSs was proposed that utilizes
ESSs and PV-based DERs. This approach was tailored to residential parking patterns, and
simulations for both summer and winter demonstrated its efficiency [38]. Moreover, an
electric hydrogen charging station (combining PV and hydrogen energy storage (HES)
systems) was suggested. Such a station minimizes operational costs through a model
predictive control (MPC) system that optimizes energy dispatch [39]. An energy manage-
ment system (EMS) for solar grid-connected EVCSs equipped with battery energy storage
systems (BESSs) was also reported. This approach yielded a 32% decrease in emissions and
a 29% cost reduction by considering the price and carbon emissions associated with the
energy transferred from the EVs to the grid [40]. In order to address the uncertainty related
to charging demand, a multi-purpose sizing method that integrates solar energy with
retired batteries for EVCSs was proposed. This study incorporated a battery life calculation
method based on a calendar life degradation model to predict the remaining life of retired
batteries. Demonstrations showed a 29.4% cost reduction in the long-term operation of
EVCSs that utilize these retired batteries [41].

The objective of this study was to evaluate the impact of EV charging on the power
distribution system and to discuss the opportunities and challenges of integrating it with
DERs. The study addresses the impact of the integration of electric vehicles and DERs
on the power system [42]. Another study investigated a multi-year planning framework
for integrating DER systems with EV charging in nearby business centers. This paper
considers two types of EVs with different probabilistic behaviors and proposes a new
data-driven method using actual weather data to generate different charging scenarios. The
findings included a reduction in economic costs and carbon emissions by 67.8% and 31.6%,
respectively [43]. To address energy supply issues and enable carbon reduction, another
research group suggested building a specific LSTM prediction model for a PV-based power
supply. Their model simulates the integration of EV charging platforms and offers solutions
for carbon emission reduction [44].

In another study, researchers configured a DC microgrid-based EMS to ensure power
balance and system stability via distributed control. The DC microgrid, which operated on
both PV and ESSs, employed a novel two-stage energy management strategy, which was
detailed with regard to its energy-saving measures [45]. Other researchers suggested an
improved EMS for microgrids that was designed to reduce energy costs and manage power
peaks. This approach achieved a 78% reduction in energy costs and a 70% reduction in peak
power using ESSs [46]. To address risk challenges stemming from long-term uncertainties
in DER demand, EV demand, RE production, and pricing, another group proposed a
modeling approach linking DERs and the distribution system [47]. In addition, a microgrid
approach was suggested that combines energy generated from DERs, storage capabilities
through ESSs, load entities in the form of EVCSs, and energy trading with the main
grid [48]. One study described an energy management optimization method for renewable
energy-integrated buildings utilizing PV and ESSs. Their approach improved important
sustainability indicators such as RE efficiency, economic resilience, and environmental
friendliness [49].

This thesis distinguishes itself by complementing the shortcomings of existing studies
and proposing a new approach to EVCS infrastructure design and optimization.
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(1) A comprehensive analysis of different building types and a real data-based economic
evaluation are presented. Previous studies have focused on specific building types or
limited data, whereas this paper analyzes EVCS operation data from building types,
including residential, commercial/business, and public facilities. The characteristics
and challenges of each environment are identified, and real data provided by KEPCO
are used to evaluate the economics, ROI, and payback period, thereby obtaining
reliable results;

(2) Integration of DERs and the local grid: While existing studies mainly focus on either
DERs or the power grid, this paper proposes to maximize the efficiency and cost-
effectiveness of EVCSs through the integration of DERs and the local power grid. In
doing so, we explore ways to increase energy reliability, address grid congestion, and
generate additional revenue by selling excess energy from DERs.

(3) Optimization strategy through seasonal and hourly demand pattern analysis: While
existing studies mainly consider the overall demand pattern, this paper analyzes the
EVCS operation data in detail by monthly, weekly, and hourly data to understand
the variability in charging demand. Based on this, an efficient charging infrastructure
operation strategy is proposed, and policy and regulatory factors are considered to
provide effective support.

Through this approach, this thesis aims to contribute to the development and opti-
mization of the EVCS infrastructure by improving the efficiency and economy of EVCS
operation and suggesting policy support measures.

3. Process for EVCS Techno-Economic Analysis

It is imperative that the EV industry be revitalized in order to effectively address the
ongoing energy challenges that are being faced by urban centers. This will require the
proliferation of EVCSs. Nevertheless, the current ratio of EVCSs to EVs is insufficient. As a
result, drivers who wish to utilize fast charging facilities must often endure lengthy wait
times. An increase in the number of EVCSs, particularly in urban areas, could potentially
give rise to significant challenges in terms of energy supply. To address these issues,
a techno-economic analysis of local grid-based EVCS operation by building type and
integrated operation of the local grid and DERs is required. Such an analysis can help
mitigate energy supply challenges, ensure efficient charging infrastructure operations, and
ultimately provide a better service experience for EV users. Furthermore, the analysis can
identify SIPs in energy management, providing important insights for policymakers, energy
management organizations, and utilities to formulate and implement effective strategies.

Figure 1 depicts a descriptive architectural representation of EVCS operations. This
architectural framework is designed to facilitate discourse on the techno-economic analysis
of two operational scenarios: a regional grid-based operation of EVCSs by building type
and a regional grid and DER integration operation scenario. In this chapter, we present a
discussion on the characteristics of EVCS data and the process for selecting EVCS testbeds
by building type, with the objective of describing the techno-economic aspects of the
aforementioned operational scenarios.

3.1. Selection of EVCS Testbeds and Analysis of Building Types Using Public Data

To conduct an economic analysis of EVCSs, obtaining operational information on fast
charging is essential. In South Korea, both public and private institutions operate EVCSs.
However, to avoid information leakage, most institutions limit access to charger operation
data to specific personnel only. Therefore, data from EVCS operated by public institutions
were collected. Table 1 represents public data from EVCSs in Seoul, operated by KEPCO.



Buildings 2024, 14, 2546 7 of 27
Buildings 2024, 14, x FOR PEER REVIEW 7 of 27 
 

 
Figure 1. Schematic of the techno-economic analysis for EVCSs with different building types. 

3.1. Selection of EVCS Testbeds and Analysis of Building Types Using Public Data 
To conduct an economic analysis of EVCSs, obtaining operational information on fast 

charging is essential. In South Korea, both public and private institutions operate EVCSs. 
However, to avoid information leakage, most institutions limit access to charger operation 
data to specific personnel only. Therefore, data from EVCS operated by public institutions 
were collected. Table 1 represents public data from EVCSs in Seoul, operated by KEPCO. 

Table 1. Annual public data of EVCSs in Seoul. 

Type 2020 2021 2022 

Data Collection Period 
January 2020~ 

December 2020 
January 2021~ 

December 2021 
January 2022~ 

December 2022 
Number of EVCSs 

(EA) 391 409 443 

Amount of Collected Data 
(Sessions) 278,071 138,999 252,149 

The consequences of the global pandemic rendered the collection of data in 2021 and 
2022 more challenging than it had been in the preceding year. The outbreak of COVID-19 
in early 2020 led to movement restrictions and lockdowns around the world. However, 
South Korea did not implement a national lockdown and adopted a strategy of respond-
ing with short-term measures. As a result, the number of infections increased in the second 
half of 2020, and on 8 December 2020, South Korea maintained a tightened lockdown until 
2022 [50]. This also affected EVCS usage patterns. In addition, data collection in 2021 and 
2022 was incomplete due to poor management of fast chargers due to corona restrictions. 
Therefore, data for these years may be less quantitative and less qualitatively complete 
than in 2020. These factors may limit the techno-economic analysis based on real data. In 
this paper, we conduct a techno-economic analysis based on EVCS data collected in 2020. 

Table 2 presents a categorization of the 50 kW fast chargers in operation in Seoul, 
based on data collected in 2020. The categorization is organized according to the type of 
building where the chargers are installed, including public facilities, residential facilities, 
commercial/business facilities, educational/cultural facilities, neighborhoods, and other 
facilities. While it is important to categorize EVCS usage characteristics in a manner that 

Figure 1. Schematic of the techno-economic analysis for EVCSs with different building types.

Table 1. Annual public data of EVCSs in Seoul.

Type 2020 2021 2022

Data Collection Period January 2020~
December 2020

January 2021~
December 2021

January 2022~
December 2022

Number of EVCSs
(EA) 391 409 443

Amount of Collected Data
(Sessions) 278,071 138,999 252,149

The consequences of the global pandemic rendered the collection of data in 2021 and
2022 more challenging than it had been in the preceding year. The outbreak of COVID-19
in early 2020 led to movement restrictions and lockdowns around the world. However,
South Korea did not implement a national lockdown and adopted a strategy of responding
with short-term measures. As a result, the number of infections increased in the second
half of 2020, and on 8 December 2020, South Korea maintained a tightened lockdown until
2022 [50]. This also affected EVCS usage patterns. In addition, data collection in 2021 and
2022 was incomplete due to poor management of fast chargers due to corona restrictions.
Therefore, data for these years may be less quantitative and less qualitatively complete
than in 2020. These factors may limit the techno-economic analysis based on real data. In
this paper, we conduct a techno-economic analysis based on EVCS data collected in 2020.

Table 2 presents a categorization of the 50 kW fast chargers in operation in Seoul,
based on data collected in 2020. The categorization is organized according to the type of
building where the chargers are installed, including public facilities, residential facilities,
commercial/business facilities, educational/cultural facilities, neighborhoods, and other
facilities. While it is important to categorize EVCS usage characteristics in a manner that
reflects traffic volume and demographic characteristics, the objective of this study is to
analyze actual EVCS data by building type.
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Table 2. Classification by building type in 2020.

Type Residential
Facilities

Educational/
Cultural
Facilities

Neighborhood
Facilities

Commercial/
Business
Facilities

Public
Facilities

Other
Facilities

Number of
EVCSs
(EA)

281 10 6 18 70 6

Number of
Fast Chargers

(EA)
301 21 13 35 101 8

EVCS
Charging

Session (times)
31,194 5936 9321 18,725 67,041 3939

EVCS
Charging Amount

(kWh)
780,323 152,814 221,760 437,545 1,609,891 98,662

Charging Time
(min) 2,314,955 322,653 447,157 947,566 3,487,964 223,283

Average Charge Time per Session
(min) 74 54 48 51 52 57

Average Charging Session
(Times) 85 16 25 51 138 11

The objective is to conduct a techno-economic analysis of EVCSs in three building
types, applying two scenarios: utilizing the local grid and integrating DERs and the local
grid. This necessitates the selection of an appropriate testbed, and a heatmap analysis was
conducted to identify EVCSs with high EV charging demand within the three building
types, as illustrated in Figure 2.

The installation of EVCSs in residential facilities is typically undertaken for the benefit
of the local community or to enhance the quality of life for residents. In order to qualify
for the installation of an EVCS and the provision of charging services, the facility in
question must have a minimum of 100 parking spaces. As illustrated in Figure 2, the
heatmap analysis reveals that J apartment exhibits the highest charging demand among the
281 residential EVCSs. The site has the capacity to accommodate 567 vehicles and is
equipped with a single 50 kW fast charger. This fast charger is employed for the provision
of fast charging services to residents, neighbors, and visitors.

The objective of operating EVCSs at commercial and business facilities is to facilitate
commercial activities. A total of 18 commercial and business facility EVCSs are currently in
operation within the Seoul region. The heatmap analysis presented in Figure 2 indicates
that T-Mart has the highest demand for EV charging services. This site has the capacity
to accommodate 2184 large vehicles and features a single 50 kW EV fast charger. This fast
charger provides fast charging services to tenants of the commercial and business facility
as well as to visitors from the surrounding area.

The objective of public facilities’ EVCSs is to address parking issues at the national
or regional level. In the Seoul region, there are 70 public facility-type EVCSs currently in
operation. As illustrated in Figure 2, the G Administration agency has a high demand for
charging services. This site has an outdoor parking facility for 120 vehicles and one 50 kW
EV fast charger. This fast charger provides fast charging services to government employees,
visitors to the facility, and nearby residents.

The objective is to employ the selected testbed data to conduct a more detailed analysis
of the operational characteristics of EVCSs, with a focus on the building type.
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3.2. Examination of the Operational Characteristics of EVCS Testbeds by Building Type

A comprehensive examination of the operational characteristics of fast chargers can be
conducted based on the data collected from the EVCS testbeds for the selected building
types. This analysis is based on the operational data collected from the EVCS testbeds
for each building type, which has been broken down into monthly, weekly, and daily
time-series data based on charge volume and number of charges. This approach provides
important information regarding the operational characteristics and patterns of fast charg-
ers for each building type, which can contribute to the efficient operation and management
of EVCSs in the future.

3.2.1. Monthly Operation Characteristics Analysis

Seasonal changes in temperature and ambient environment affect the energy consump-
tion of EVs [51]. To identify the seasonal demand for EV charging services, we conducted a
monthly characterization of EVCS targets by building type. Figures 3–5 depict the monthly
charging characteristics (using operational data from 2020) collected from EV fast chargers
in selected building facilities. The bar graph depicts the cumulative electric vehicle charging
data for each month, aggregated from the EVCS database. Monthly data shows that of the
selected building types, the public facility testbed has the highest charging, followed by the
commercial/business and residential.
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Figure 3 shows the monthly charging characteristics of the residential facility testbed.
The graph shows that the highest usage was in December, while the lowest usage was in
August. Figure 4 shows the data for the commercial/business facility testbed. In this case,
December featured the highest usage, whereas September and October had the lowest.
Figure 5 depicts the charge characteristics of the public facility testbed. The utilization rate
was highest in August and December, with the lowest being in May.

The analysis of monthly operational data for the EV fast charger across the three
building types revealed that the usage rate of charging services was highest during the
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summer (July to August) and winter (November to February). This can be attributed to
decreased EV battery efficiency.

Conversely, the usage rate was relatively low during spring (March to May) and
fall (September to October). Hence, strategies for providing EV charging services during
off-peak times (such as spring and fall) should be considered, based on the monthly
characteristics above.

3.2.2. Weekly Operation Characterization

In order to derive the greatest benefit from EV charging services at EVCSs by building
type, it is essential to analyze not only the monthly and hourly characteristics but also the
weekly characteristics [52]. To analyze usage patterns, the total of charging recorded for
each day of the week is calculated based on the weekly usage characteristics of the fast
charger for the three building types. We found that the public facility testbed utilized EV
charging services the most, followed by the commercial/business facility testbed and the
residential facility testbed. According to Figure 6, the residential facility testbed shows high
usage on Fridays and Saturdays and significantly lower usage on Sundays and Mondays.
Figure 7 indicates that the commercial/business facility testbed exhibits high usage on
Mondays and low usage on Saturdays and Sundays. Figure 8 indicates that the public
facility testbed shows high usage on Fridays and low usage on Saturdays and Sundays.
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The weekly analysis of fast charger usage for the building types reveals that EV charg-
ing service usage is higher on Fridays and lower on Thursdays and Sundays. Considering
these weekly characteristics, energy supply methods, such as DERs, should be considered
to provide EV charging services during off-peak days, like Thursdays and Sundays, to
improve both service efficiency and cost-effectiveness. Given these weekly characteristics,
strategies should be developed to supply energy from DERs to provide economic EV charg-
ing services on low-usage days, like Thursdays and Sundays, thereby improving service
efficiency and cost-effectiveness.

3.2.3. Hourly Operational Characterization

To gain insight into the usage patterns of the fast chargers by the three building types,
we calculated the total number of hourly charges on the fast chargers for the three building
types by time of day (0:00 to 23:00). The analysis revealed that the public facility testbed
had the highest usage rate of EV charging services, followed by the commercial/business
facility testbed and the residential facility testbed. As shown in Figure 9, for the residential
facility testbed, the utilization rate of charging services is high during night and early
morning hours but low during daytime hours on weekdays. In Figure 10, for the com-
mercial/business facility testbed, charging service usage is highest between 9 a.m. and
8 p.m., with low usage rates after 8 p.m. and during early morning hours. In Figure 11, for
the public facility testbed, the utilization rate of charging services increases from 7 a.m. to
12 p.m. and decreases from 8 p.m. to 6 a.m.
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As a result of analyzing the usage patterns of the EV fast charger by time across the
building types, it was found that the utilization rate was high at noon and low between
9 p.m. to 11 p.m. and 4 a.m. to 5 a.m. Considering these time-specific characteristics, it is
necessary to explore ways to manage energy during off-peak hours (from 9 p.m. to 11 p.m.
and 4 a.m. to 5 a.m.) to improve service efficiency and cost-effectiveness.

The preceding monthly, weekly, and hourly analyses of the testbed permitted the
elucidation of the characteristics of EVCSs by building type. Consequently, a particular
analysis is required to disseminate the EVCS industry, reflecting a multitude of factors,
including policy, EV industry investment, and facility management. The following chapter
presents a comprehensive examination of the techno-economic aspects of EVCSs with a
focus on their integration with the local power grid.

4. Techno-Economic Analysis for EVCS Based on Local Grid

A comprehensive examination is necessary to assess the economic viability of em-
ploying the local power grid in an EVCS testbed for each of the three selected building
types. This is to inform policymakers, investors, facility managers, and others to consider
a variety of factors, including cost-effectiveness, power demand management, stability
and reliability, environmental impact, and policy and regulatory compliance, in order to
stimulate the EV industry. In order to conduct a techno-economic analysis, data pertaining
to EVCSs are analyzed using fast charger data collected from three selected building type
testbeds. The data are provided in order to identify charging times and charge volumes,
while electricity rates are derived from the 2020 KEPCO rate schedule in order to reflect
the EVCS target rate. This allows for a discussion of the techno-economic analysis to be
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conducted by aligning the amount of electricity used to charge EVs from the local grid at
the selected testbeds with the local utility’s rates.

4.1. Examination of Revenue Generated by the EVCS Charging Services

In order to conduct a techno-economic analysis of EVCSs using the local electricity
grid, it is essential to have access to information regarding profit margins. This necessitates
the gathering of data concerning the revenue generated by the EVCS providing charging
services for each selected building type, in addition to the electricity tariff paid to the utility.

The initial step is to delineate the methodology employed for the calculation of revenue.
A single quick charger, situated within the testbed, is capable of providing charging services
to multiple EVs. To calculate the energy demand for a single quick charge service provided
by a quick charger in the EVCS testbed, one may utilize Equation (1). This equation allows
for the calculation of the power consumption and charging time per unit time of the fast
charger, thus providing the total energy demand. As this quick charger provides service
continuously, one may utilize Equation (2) to calculate the total energy demand for each use
of the charging service. Here, the variable “i” represents the number of times the service
is utilized:

EV Charging Energy Demand = Load Demand × t (1)

Total EV Charging Energy =
n

∑
i=1

EV Charging Energy Demand i (2)

To calculate the cost of using the EV fast charging service based on total energy
demand, use Equation (3) to calculate the total service cost based on total energy demand.
The service fee reflects the 2020 rate, which is USD 0.19 per kWh:

EVCS Revenue = Total EV Charging Energy × Service Fee (3)

In this way, Equations (1)–(3) allow you to systematically calculate your total energy
demand and the resulting total cost of service. In the next lesson, we shall discuss how
much you should pay your utility based on your total energy demand information.

4.2. Examination of the Cost of Electricity Used for EVCS Fast Charging Service

The preceding section addressed the monetization of charging services. This chapter
presents the methodology for calculating the cost of electricity consumed through EV fast
charging services at an EVCS. Table 3 presents a summary of the time-of-use (TOU) electric-
ity rates for EVCSs, provided by KEPCO in 2020. It is important to note that the applicable
rate schedule is dependent upon both the season and the load time. Consequently, EVCS
operators are able to calculate the electricity usage charge paid to the utility by reflecting
the aforementioned variables.

Table 3. 2020 TOU electricity tariff for EVCSs in South Korea.

Type
(Unit: USD/kWh)

Demand
Price

Energy Charge
TOU

Electricity Summer Spring,
Autumn Winter

Tariff
(EVCS) 1.87

Low load 0.045 0.039 0.052

Medium load 0.074 0.046 0.066

Peak load 0.09 0.049 0.076

Equations (4) and (5) delineate the methodology for calculating the contracted electric-
ity rate and the usage rate when utilizing a 50 kW EV fast charger in an EVCS, in accordance
with the electricity rate schedule delineated in Table 3. Equation (4) provides a means of
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calculating the contracted power price for a 50 kW fast charger at an EVCS. In this context,
“EV Fast Charger Capacity” refers to a 50 kW fast charger:

Demand Charge = Demand Price × EV Fast Charger Capacity (4)

Equation (5) provides a detailed methodology for calculating the usage power charge
for the EVCS, based on power consumption and the TOU electricity rate. In this formula, i
represents time-of-use (TOU) electricity, and j represents the season:

Total Energy Charge =
3

∑
i=1

3

∑
j=1

Energy Charge i,j × Total EV Charging Energy (5)

4.3. Examination of ROI Investment Process Based on EVCS Profit

This chapter builds on the preceding discussion of revenue generation from charging
services and the calculation of electricity costs. It elucidates the methodology for determin-
ing the profitability of an EVCS and demonstrates how this can be employed to ascertain a
return on investment. Equation (6) delineates the methodology for calculating the EVCS
profit margin:

EVCS Pro f it = EVCS Revenue − Demand charge − Total Energy Charge (6)

Equation (7) elucidates the methodology for leveraging the EVCS profit margin from
Equation (6) to ascertain the ROI for an EVCS. ROI analysis assesses the efficacy of an
investment by quantifying the return on investment. A higher ROI signifies a greater return
on investment, which is a pivotal consideration in determining whether to augment the
number of fast chargers or enhance existing infrastructure:

ROI =
EVCS Pro f it

Total Investment
× 100 (7)

4.4. Technical and Economic Analysis of Local Grid Operation to EVCS Testbeds

Figure 12 presents a graphical representation of the revenue generated by the EVCS
fast charger for each building type, based on the local electricity grid. The graph illustrates
the monthly sum of EVCS revenue, demand charge, total energy charge, and EVCS profit
for the operation of a single fast charger within the EVCS testbed for each building type.

The EV fast charger installed in the residential facility testbed paid a total energy
charge of USD 1131.17 and a demand charge of USD 1121.1 to the electric company out
of the USD 3760.27 in EVCS service revenue earned from charging services, resulting in a
final profit of USD 1508. The highest profit during the operating period was observed in
December when the USD 465.89 EVCS revenue was remitted to the electricity company
for a USD 161.09 total energy charge and a USD 93.42 demand charge, resulting in a final
EVCS profit of USD 211.37. The lowest profit came in August, when a USD 208.22 in EVCS
revenue resulted in a USD 43.3 profit after paying USD 71.5 in total energy charges and USD
93.42 in demand charges to the electric company. In August, the usage of charging services
was lower compared to other periods, and because of the seasonal and time-of-use power
load rates, profits were minimal. Upon analyzing the service usage times in August, there
were 65 total service uses, averaging 2.3 uses per day, with most of the usage occurring
during the nighttime and early morning hours.
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The EV fast charger installed in the commercial/business facility testbed paid USD
3365.24 in energy charges and USD 1121.1 in demand charges to the utility from the USD
9832.47 in EVCS service revenue earned from charging services, resulting in a final profit of
USD 5346.13. The highest profit during the operating period occurred in December, when
we paid the electricity company an energy charge of USD 406.43 and a demand charge of
USD 93.42 from our EVCS profit of USD 1063.3, resulting in a final profit of USD 563.45.
Although January, July, and August showed high usage of fast charging services, profits
were lower due to the seasonal and time-of-use power load rates. The lowest profit was
recorded in June, with the electric company being paid USD 309.42 in energy charges and
USD 93.42 in demand charges out of USD 729.14 in EVCS revenue. This resulted in a
profit of USD 326.30. In June, despite higher usage of EV charging services compared to
September and October, profits were not realized due to seasonal and time-of-use power
load rates. In analyzing the service usage times in June, out of 181 uses, 166 occurred
during peak and intermediate load rates in the daytime.

The EV fast charger installed in the public facility testbed paid USD 3741.29 in energy
charges and USD 1121.1 in demand charges to the utility from the USD 11,587.52 in EVCS
service revenue earned from charging services, resulting in a final profit of USD 6725.14.
The highest profit during the operating period occurred in December, when we paid the
electricity company USD 399.5 in energy charges and USD 93.42 in demand charges from
our USD 1080.26 EVCS profit, resulting in a final profit of USD 587.33. Although August
had higher usage of fast charging services compared to December, the high seasonal and
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time-of-use power load rates resulted in lower profits compared to December. The lowest
profit was recorded in June, with the electricity company receiving USD 350.49 in energy
charges and USD 93.42 in demand charges out of USD 888.32 in EVCS revenue. This
resulted in a profit of USD 444.41. In June, despite higher usage of EV charging services
compared to May, profits were not realized because of the seasonal and time-of-use power
load rates. Upon analyzing the service usage times in June, out of 187 uses, 141 occurred
during peak and intermediate rates in the daytime and nighttime.

Table 4 presents a summary of the operational results of a single quick charger in the
EVCS testbed, organized by building type, as illustrated in Figure 12. The data include the
total investment (fast charger, 1EA), EVCS revenue, demand charge, total energy charge,
EVCS revenue, ROI, and EVCS payback period. Equation (8) represents the payback period,
calculated based on the cost of the equipment and the total revenue generated:

EVCS payback period =
50 kW EV f ast charger price (1 unit)

EVCS pro f it
(8)

Table 4. Summary of economic analysis of EVCSs based on the local power grid.

Type
(Unit: USD)

Residential Facility
Testbed

Commercial/
Business Facility

Testbed

Public Facility
Testbed

Total Investment
(Fast charger, 1EA) 14,484.5 14,484.5 14,484.5

EVCS Revenue 3760.3 9832.5 11,587.5

Demand Charge 1121.1 1121.1 1121.1

Total Energy Charge 1131.2 3365.2 3741.3

EVCS Profit 1508 5346.1 6725.1

ROI (%) 10.4% 36.9% 46.4%

EVCS Payback Period (years) 9.61 2.71 2.15

The ROI analysis reveals that the public facility yielded the highest return on invest-
ment, followed by the commercial/business facility and residential facility. The fast EV
charger in the public facility testbed exhibited the shortest payback period, at 2.15 years,
while the commercial/business facility demonstrated a payback period of 2.71 years, indi-
cating a relatively rapid return on investment. In contrast, the residential facility testbed
required a considerably longer period, 9.61 years, to achieve a positive net present value.

In contrast to commercial, business, and public facility testbeds, a residential facility
testbed is not an appropriate setting for the implementation of rapid charging stations for
EVs. Usage is limited due to user constraints, which leads to lower utilization compared
to the other two building types. Also, charging service times are concentrated around
8 p.m. and 9 p.m. Furthermore, according to South Korean eco-friendly vehicle regulations,
both installation and operation must be completed within three years. Variable costs
such as labor and maintenance per charger, as well as electricity costs exceeding 10% per
fast charger, contribute to a longer payback period than initially predicted. In order to
shorten the payback period for the residential facility testbed, increasing profitability would
be necessary.

The following chapter presents a comprehensive examination of the potential for DERs
to enhance the economic viability of existing local grid operations. This is achieved through
a techno-economic analysis of DER integration with local grids in a building-specific
EVCS testbed.
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5. Technical and Economic Analysis of EVCSs Based on Integration of DERs and Local
Grid Operations

In the preceding chapter, we discussed the techno-economic analysis of EVCS oper-
ation with regard to the local grid. As the number of EVs gradually increases with the
development of the EV industry, the operation of EVCSs via the local grid may cause
a number of problems related to grid overload. This may pose a serious threat to the
stability of the urban power supply. Therefore, energy and EV industry players need to
comprehensively consider a variety of factors, including cost-effectiveness, power demand
management, stability and reliability, environmental impact, and policy and regulatory
compliance. DERs are critical to addressing these issues. This is because DERs can improve
grid flexibility, prevent congestion, maximize energy efficiency, and facilitate the integration
of renewable energy.

To maximize the sustainability and efficiency of EVCS operations, this chapter con-
structs a DER simulation with PV and correlates it with EVCS testbed data by building
type to perform a techno-economic analysis. It also compares the techno-economic analysis
between operation on the local grid alone and operation with the local grid and DERs to
evaluate the advantages and disadvantages of each approach.

5.1. Simulation of DERs Utilizing PV

A techno-economic analysis of DERs and the local grid for building-type EVCSs
necessitates the consideration of a variety of DER approaches. While there are numerous
types of DERs, this study concentrates on building-type EVCSs in urban areas, which
constrains the utilization of DERs such as wind and hydropower. This is due to the fact
that wind turbines and hydropower facilities necessitate a considerable amount of space
for installation, and the tall and expansive buildings in urban cores present challenges in
identifying suitable locations for installation and operation. Consequently, our objective is
to construct a simulation that integrates DERs in urban settings with the local grid.

In order to construct a simulation that integrates a DER in a city with the local grid, it
is imperative to meticulously calculate the precise amount of PV power required for each
space. In consideration of the geographical characteristics of the Seoul region, solar panels
have an efficiency of up to 20% and are capable of generating a capacity of 0.2 kWp per
1 m2 [53]. In accordance with the aforementioned considerations, the available area for
solar installation in the testbed, as detailed in Table 5, was duly measured. In accordance
with the aforementioned spatial data, a methodology was devised for the design of PV
power generation facilities within the confines of the testbed, employing Equation (9).

Table 5. Spatial measurement data for the DER simulation.

Type (Unit: m2) Residential Facility Commercial/
Business Facility Public Facility

Area 640 570 608

In order to calculate the PV-generating capacity per 1 m2, it is necessary to apply each
of the spatial information items from Table 5 to Equation (9). The value of 0.2 kWp per
area has been used. The results of this calculation show that within the three testbeds, it
is possible to design PVs with a minimum capacity of 114 kW, a maximum capacity of
128 kW, and an average capacity of 121 kW:

PV Energy = AreaAvg × 0.2 kWp (9)

The implementation of PV installations is constrained by legal regulations and spatial
limitations inherent to each testbed, thereby limiting the scope of data collection. Nev-
ertheless, our analysis was based on PV power generation data from other regions. The
PV power generation data utilized in this analysis was obtained from an operational PV
power plant in Dangjin, Chungcheongnam-do, South Korea. The plant consists of a 100 kW
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PV-generating facility and an ESS capable of storing the generated energy. The data were
collected from January to December 2020. As illustrated in Figure 13, PV generation occurs
between the hours of 6 a.m. and 6 p.m., while ESS charging occurs between the hours of
10 a.m. and 3 p.m. The stored energy is discharged from 4 p.m. to 11 p.m., after which it is
sold to the local utility. The average energy sale from a PV is approximately 15 kWh. The
maximum PV generation is 94.4 kWh, which generates the highest PV generation revenue,
while the minimum PV generation is 0.01 kWh.
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The data collected from the solar power sources were integrated with the DERs and
local grid, which were then applied to the EVCS for each building type. The simulation
conditional expression for the integration of DERs and the local grid within the EVCS is
provided by Equation (10). This equation will now be elaborated upon:

Energy DER



IF 6 ≤ t < 16, EnergyESS(t + 1) = EnergyESS(t) + PowerPV(t)
EVCharger(t) = PowerGrid(t)

IF 16 ≤ t < 24, EnergyESS(t + 1) = EnergyESS(t)− PowerCharge(t)
EVCharger(t) = EnergyESS(t)

IF Energy ESS(t) = 0, EVCharger(t) = PowerGrid(t)
IF 16 ≤ t < 24 and EVSession(t) = 0, PowerSell(t) = EnergyESS(t)

IF EnergyESS(t) = 0, EVCharger(t) = PowerGrid(t)

(10)

The EVCS is integrated with the DERs and the local grid, facilitating the charging of
the ESS via PV from 6 a.m. to 4 p.m. During these hours, the local grid is utilized to power
EV fast chargers, thereby enabling the provision of EV fast charging services. From 4 p.m.
to midnight, the ESS provides fast charging for EVs. EVs are charged by drawing energy
from the ESS, and when the stored ESS energy is depleted, the EV fast charger draws power
from the local grid to continue charging. In the event that no EV fast charger sessions are
utilized between the hours of 4 p.m. and midnight, the remaining energy within the ESS
is sold to the local utility company. Following the sale, the fast charger provides EV fast
charging services through the local power grid.

The condition was applied to the EVCS for each building type, and the revenue gener-
ated by the residual energy was derived for each period through the use of a conditional
expression. To derive the revenue, the unit price of PV generation was applied using Equa-
tions (11) and (12), based on the renewable energy certificate (REC) and system margin



Buildings 2024, 14, 2546 20 of 27

price (SMP) from the Korea Power Exchange (KPX). Equation (11) employs the residual
energy and REC unit price to ascertain the REC revenue, whereas Equation (12) utilizes the
residual energy and SMP unit price to determine the SMP revenue. Equation (13) derives
the DER revenue associated with the EVCS from the REC and SMP revenue:

REC Pro f it = Energy DER × REC Price (11)

SMP Pro f it = Energy DER × SMP Price (12)

Residual Energy Sales Revenue =
n

∑
i=1

REC Pro f it +
n

∑
i=1

SMP Pro f it (13)

Table 6 presents a summary of the outcomes of residual energy sales of DER and local
grid integration in the EVCS testbed for each building type over time.

Table 6. Residual energy sales revenue by building type from integrated DER and local grid operations
for EVCSs.

Operational Period Residential Facility
(Unit: USD)

Commercial/
Business Facility

(Unit: USD)

Public Facility
(Unit: USD)

Jan 2020 481.7 284.5 336.3

Feb 2020 475.5 326.8 313.3

Mar 2020 671.1 495.8 566.8

Apr 2020 817.6 697.3 676.9

May 2020 774.8 657.8 665.8

Jun 2020 674.4 522.5 515.5

Jul 2020 570.2 405.7 369.5

Aug 2020 554.8 352.4 304.0

Sep 2020 633.3 519.8 445.4

Oct 2020 734.5 568.8 550.2

Nov 2020 544.7 403.1 340.5

Dec 2020 572.3 397.1 361.6

total 7504.8 5631.6 5445.7

5.2. Technical and Economic Analysis of EVCS Testbeds Integrated with DERs and Local Power
Grid Operations

Simulations of DER and local grid connections in urban contexts were applied to EVCS
testbeds for each building type to derive returns. This approach was employed to analyze
the technical and economic aspects of EVCSs with DERs and the local grid. Equation (14)
was used to derive the profit margins for DER and grid-connected EVCSs.

EVCS Pro f it = EVCS revenue + Residual Energy Sales Revenue
−Demand Charge − Total Energy Charge

(14)

Figure 14 presents a graphical representation of the monthly integration of EVCSs
with DERs and the local grid, based on data on EVCS power usage, EV fast charging service
charges, and DERs.



Buildings 2024, 14, 2546 21 of 27
Buildings 2024, 14, x FOR PEER REVIEW 21 of 27 
 

 
Figure 14. Techno-economic analysis of EVCSs integrated with DERs and local grid. 

The EV fast charger installed in the residential facility EVCS testbed generated USD 
3760.30 in revenue from charging services, as recorded in the EVCS service revenue 
ledger. Of this amount, USD 688 was paid in total energy charges, and USD 1121.10 was 
paid in demand charges to the electricity company. The residual energy sales revenue 
generated by the DERs was USD 7504.8, resulting in a final profit of USD 9456.0 for the 
residential EVCS testbed. The highest profit of the operational period is observed in April, 
with an EVCS revenue of USD 465.89. The electric company remits a total energy charge 
of USD 33.8 and a demand charge of USD 93.4, while the DERs generate USD 817.6 in 
residual energy sales revenue, resulting in an April EVCS profit of USD 991.2. The lowest 
profit is observed in August, with an EVCS profit of USD 208.2. The total energy charge 
paid to the electricity company is USD 40.2, while the demand charge is USD 93.4. The 
residual energy sales revenue generated by the DERs is USD 554.8, while the EVCS profit 
for August is USD 629.4. The diminished EVCS profit in August can be attributed to a 
reduction in the utilization of the charging service in comparison to other months. Fur-
thermore, a comparative analysis of meteorological data with a simulation of the DERs’ 
integration with the local grid revealed that August was characterized by a total of 20 days 
of precipitation, which coincides with the rainy season. This weather pattern led to a de-
cline in PV power generation, consequently reducing the revenue generated from energy 
sales.  

The EV fast charger installed in the commercial/business facility EVCS testbed 
yielded a total of USD 9832.50 in revenue generated from charging services. A total of 
USD 2285 in energy charges and USD 1121.10 in demand charges were remitted to the 
electric company. The remaining energy sales revenue generated by the DERs was USD 
5631.6, resulting in a final profit of USD 12,057.9 for the residential EVCS testbed. The 
highest profit during the operating period is in April, with an EVCS revenue of USD 805. 

Figure 14. Techno-economic analysis of EVCSs integrated with DERs and local grid.

The EV fast charger installed in the residential facility EVCS testbed generated USD
3760.30 in revenue from charging services, as recorded in the EVCS service revenue ledger.
Of this amount, USD 688 was paid in total energy charges, and USD 1121.10 was paid in
demand charges to the electricity company. The residual energy sales revenue generated
by the DERs was USD 7504.8, resulting in a final profit of USD 9456.0 for the residential
EVCS testbed. The highest profit of the operational period is observed in April, with an
EVCS revenue of USD 465.89. The electric company remits a total energy charge of USD
33.8 and a demand charge of USD 93.4, while the DERs generate USD 817.6 in residual
energy sales revenue, resulting in an April EVCS profit of USD 991.2. The lowest profit is
observed in August, with an EVCS profit of USD 208.2. The total energy charge paid to
the electricity company is USD 40.2, while the demand charge is USD 93.4. The residual
energy sales revenue generated by the DERs is USD 554.8, while the EVCS profit for August
is USD 629.4. The diminished EVCS profit in August can be attributed to a reduction
in the utilization of the charging service in comparison to other months. Furthermore, a
comparative analysis of meteorological data with a simulation of the DERs’ integration with
the local grid revealed that August was characterized by a total of 20 days of precipitation,
which coincides with the rainy season. This weather pattern led to a decline in PV power
generation, consequently reducing the revenue generated from energy sales.

The EV fast charger installed in the commercial/business facility EVCS testbed yielded
a total of USD 9832.50 in revenue generated from charging services. A total of USD 2285 in
energy charges and USD 1121.10 in demand charges were remitted to the electric company.
The remaining energy sales revenue generated by the DERs was USD 5631.6, resulting in
a final profit of USD 12,057.9 for the residential EVCS testbed. The highest profit during
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the operating period is in April, with an EVCS revenue of USD 805. The electric company
pays a total energy charge of USD 135.9 and a demand charge of USD 93.4. The residual
energy sales revenue from utilizing the DERs is USD 697.3, resulting in an EVCS profit
of USD 1273 in April. The lowest profit is observed in November, with an EVCS profit of
USD 761.4. The total energy charge paid to the electricity company is USD 210.4, while
the demand charge is USD 93.4. The residual energy sales revenue from the DERs is USD
403.1, and the EVCS profit in August is USD 860.7. The utilization of the EV charging
service was comparable to that observed in April, yet the residual energy sales revenue
was diminished. A comparison of the weather data to the simulation with the DERs and
the local grid indicates that precipitation occurred on 12 out of 30 days in November, which
demonstrates that PV generation reduces the energy sales revenue.

The EV fast charger installed in the public facility EVCS testbed generated USD
11,587.50 in revenue from charging services, as recorded in the EVCS account. A total of
USD 2555.60 in the energy charge and USD 1121.10 in the demand charge were remitted
to the electricity company. The remaining energy sales revenue generated by the DERs
was USD 5445.7, resulting in a final profit of USD 13,356.5 for the residential EVCS testbed.
The highest profit of the operating period is observed in April, with an EVCS revenue of
USD 938.8. The electric company remits a total energy charge of USD 158.7 and a demand
charge of USD 93.4, while the residual energy sales revenue from utilizing the DERs is USD
676.9. This results in an EVCS profit of USD 1363.6 for April. The lowest profit is observed
in November, with an EVCS profit of USD 933.2. The electric company remits a total energy
charge of USD 224.6 and a demand charge of USD 93.4. The residual energy sales revenue
from the DERs is USD 313.3, and the EVCS profit for August is USD 928.5. A comparison
of the weather data with the simulation of connecting the DERs to the local grid indicates
that the utilization of the EV charging service was similar to that observed in April, but
the residual energy sales revenue was lower. The weather data for February indicates that
17 out of 29 days had fog, rain, or snow, which suggests that the reduction in PV generation
contributed to the decline in energy sales revenue.

Table 7 shows the payback periods according to the techno-economic analysis of
the EVCSs integrating DERs and the local grid by building type. The payback periods
were calculated using the cost of an EV fast charger and the revenue generated during
operation, as shown in Equation (8). Among the EVCS testbeds integrating DERs and the
local grid, the public facility has the shortest payback period at 1.13 years, followed by
the commercial/business at 1.23 years and residential at 1.57 years. To analyze the short
payback period, Figure 15 compares the ROI for the local grid operation scenario and the
DERs and local grid integration operation scenario.

Table 7. Summary of the techno-economic analysis of EVCSs integrated with DERs and local grid.

Type
(Unit: USD)

Residential Facility
Testbed

Commercial/
Business Facility

Testbed

Public Facility
Testbed

Total Investment
(Fast charger, 1EA) 14,484.5 14,484.5 14,484.5

EVCS Revenue 3760.3 9832.5 11,587.5

Demand Charge 1121.1 1121.1 1121.1

Total Energy Charge 688 2285 2555.6

Residual Energy
Sales Revenue 7504.8 5631.6 5445.7

EVCS Profit 9456 12,058 13,356.5

ROI (%) 65.3 83.2 92.2

EVCS Payback Period (years) 1.53 1.20 1.08
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Figure 15 provides a comparative and analytical overview of the ROI derived from
Tables 4 and 7. A comparison of the two scenarios reveals that the EVCS with DERs and
local grid integration can achieve notable benefits. In particular, the EVCS with the local
grid and DERs can save on average 1.53 times the amount of electricity charges compared
to the local grid alone. Moreover, the sale of residual energy has the potential to generate an
average of USD 6194.02 in operating revenue. The residential facility testbed can expect to
earn an average of USD 7504.80, the commercial facility testbed an average of USD 5631.60,
and the public facility testbed an average of USD 5445.70.

The ROI analysis further illustrates that operating an EVCS integrated with a DER and
local grid in a residential facility testbed results in total energy charge savings of USD 443.18
and residual energy sales of USD 7504.78 in comparison to traditional operations. This
results in an increase in the ROI from 10.4% to 65.3%, as well as a more rapid attainment of
profitability than in other building types.

In the case of a commercial/business facility testbed, the integration of DERs and the
local grid resulted in a reduction in the total electricity charge by a total of USD 1080.19, in
addition to a gain of USD 5631.58 in revenue from the sale of residual energy. This resulted
in a notable increase in the ROI, from 36.9% to 83.2%. Moreover, the ROI for the public
facility testbed increased from 46.4% to 92.2%. The total energy charge for the integrated
operation with the DERs and local grid was determined to be USD 1185.71 less than that of
the previous operation. Moreover, residual energy sales yielded a revenue of USD 6725.14.
This indicates that operating an EVCS with an integrated DER and local grid can facilitate
the storage and sale of greater quantities of energy, thereby generating higher revenue than
would be possible with a local grid in isolation.

The techno-economic analysis of EVCSs by building type showed that connecting
DERs to the local grid can reduce the use of the local grid relative to EV demand. Due to the
nature of urban buildings, PV was the predominant type of DER used, and revenue from
excess energy sales was affected by weather. Policy implications and recommendations to
address this issue are as follows:

First, governments and municipalities should mandate the installation of DER infras-
tructure in new buildings above a certain size and provide economic incentives to subsidize
a portion of the installation costs or provide tax credits;

Second, utilities should apply rate incentives during times of high DER use (e.g.,
4 p.m. to midnight) to lower electricity rates and encourage DER use, thereby reducing
local grid use and lowering overall costs;
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Third, utilities should prioritize the adoption of integrated DER and EVCS operating
systems and create successful operating examples in public parking lots and government
buildings to encourage private sector participation.

Implementing these policies will promote the integration of DERs and EVCSs and
improve the efficiency and sustainability of urban energy systems. These policies will help
the energy and EV industries improve the operation of EVCSs to reflect the characteristics
of urban buildings. This can be achieved, for example, through the expansion of the fast
charging and DER infrastructures, price incentives, and subsidies.

6. Conclusions and Discussion

This study conducted a technical and economic analysis of local grid operation scenar-
ios and the integration of DERs with the local grid for EVCSs, with a particular focus on
different building types from the perspective of urban energy supply. The analysis based on
both scenarios demonstrated that the integration of DERs with the local grid can contribute
to electricity cost savings and improve the efficiency of the EV charging infrastructure.
While the findings confirm the economic and technical benefits of integrating DERs and
the local grid with the EV fast charging infrastructure, especially the reduction in electricity
costs, which can bring economic benefits to both households and commercial buildings,
there are also some limitations.

First, the global pandemic posed significant challenges to ensuring the integrity of
data collection. The lack of data from 2021 and 2022 constrained the scope of the analysis
period. Furthermore, the investigation of technology economics was primarily focused on
urban centers, which may have yielded different results in rural areas. These limitations
highlight the need for a more comprehensive data-driven analysis in future research.

Secondly, the influence of variables beyond the classification of buildings on the
utilization of EVCSs was not sufficiently addressed in this study, indicating the necessity for
a comprehensive investigation of additional factors that may impact EVCS usage patterns.

Thirdly, the financial impacts of ESSs have not been sufficiently explored. The absence
of detailed capital expenditure (CAPEX) costs, including installation and maintenance costs
of ESSs, precludes a comprehensive economic analysis.

Finally, a lack of feasibility and sensitivity analysis was observed with regard to
additional data variables. This was particularly evident in the assumption that average
electricity bill savings are 1.53 times greater when DERs are integrated with the local grid.
It is therefore recommended that additional sensitivity analyses be conducted, considering
different variables and conditions, in order to increase the accuracy of the average electricity
bill savings.

In consideration of the aforementioned factors, we propose that future research focus
on the following areas:

(1) Integration of different DERs: Future research should investigate the integration of
various DERs, including wind and hydropower, in suburban and rural areas, with the
aim of enhancing energy efficiency and cost savings;

(2) Regional and seasonal variations: It is recommended that future research investigate
how geographic region and seasonal variations affect the integration and efficiency of
different DERs, not just solar power;

(3) User behavior and installation location: It is essential to analyze the impact of user
behavior, EVCS installation location, electricity supply reliability, price volatility,
and policy factors on EVCS usage patterns in order to improve deployment and
operational strategies;

(4) Policy and regulatory compliance: The impact of policies, regulations, economic
incentives, and subsidies on the integration and efficiency of DERs and EVCSs in
different regions must be investigated.

(5) CAPEX analysis: A comprehensive CAPEX analysis, including the costs associated
with ESSs, is essential to evaluate the economic viability of integrating DERs and
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EVCSs and to inform the development of effective financial support mechanisms
by policymakers.

In view of the preceding research, it is recommended that the introduction of in-
tegrated DER and EVCS operating systems be given priority. This can be achieved by
the establishment of successful operational exemplars in public parking facilities and
government buildings, with the objective of attracting private sector involvement. The im-
plementation of these recommendations will facilitate the integration of DERs and EVCSs,
thereby enhancing the efficiency and sustainability of urban energy systems.
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