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Distributed energy resources are important measures to increase energy self-
sufficiency and overcome the global carbon reduction problem. However,
individual planned renewable energy generation poses a significant threat to the
power grid. Therefore, virtual power plant (VPP) is attracting considerable attention
as a means of aggregating distributed energy in urban areas. This study proposed a
VPP model consisting of updating high-efficiency appliances and photovoltaic and
energy storage systems. A comprehensive analysis for assessing the technical,
economic, and environmental benefits derived from the VPP was presented,
indicating the feasibility of a smart community to achieve power self-sufficiency
with the support of the VPP. A smart community in Japan was selected as the
research object, with a peak power demand of 57,350 kW. The VPP’s load leveling
performance, return on investment (ROI), and CO2 emission reduction were
analyzed. In addition, external factors, such as electricity price changes and FiT
policies, are considered to assess the impact on the economics of the VPP. The
results show that the introduction of the VPP system in the community can
effectively stabilize the grid load with a peak shaving rate reaching 42.55% and
improve the energy self-sufficiency rate of the region reached 100%, besides
providing superior economic and environmental benefits (16.26% CO2 emission
reduction) on the demand side. Furthermore, the economic performance of VPP
shows a good prospect with the fall in equipment prices and the future trend of
carbon tax growth. This study provides important insights into the development of
VPP in other countries, especially for low-energy self-sufficiency regions.
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1 Introduction

Consumption of fossil fuels has an increasing trend because of the high growth rate of
energy demand, which increases global greenhouse gas (GHG) emissions. Since the Fukushima
crisis in 2011, Japan has increased its use of fossil fuels, resulting in a rapid increase in GHG
emissions in the energy sector. In 2013, it emitted a record 1.4 billion tons of GHG. Our
overreliance on traditional energy sources and strategies has caused environmental degradation,
climate change, and various geopolitical issues. As an important environmental issue, global
warming diverts governments’ attention toward energy systems with low carbon emissions.
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Japan has committed to reducing its GHG emissions by at least 46% by
2030 and achieving net zero emissions by 2050, which is one of the
world’s most laudable climate goals, given the unique challenges the
country faces (IEA, 2021). In addition, the building sector accounts for
more than 50% of the electricity usage in different countries, leading to
significant GHG emissions (Li et al., 2018; Srivastava et al., 2019).
Consequently, all countries worldwide are progressively transforming
their energy systems for the building sector to accomplish the Paris
Agreement goals.

1.1 Motivation

Development and construction can be achieved by optimizing
energy demand and changing energy supply. The Japanese
government has been promoting the concept of energy
conservation for a long time. Wakiyama and Kuramochi (2017)
indicated that electricity consumption in the residential sector
could be reduced by introducing energy-saving technologies in
Japan. Energy-efficient technologies help reduce total electricity use
and maintain the reduction level over time by replacing inefficient
technologies with high-efficiency devices (Nishio, 2015). Meanwhile,
the penetration of renewable energy resources, such as solar and wind,
also allows Japan to reduce its dependence on energy imports and
realize the decarbonization goal. According to D’AMBROGIO (2021),
Japan will generate 50%–60% of its electricity from renewable sources
by 2050. In particular, solar and wind energy will play an important
role in the future in countries with low energy self-sufficiency rates.
However, as renewable energy increases, its intermittent output puts
management pressure on the public grid and system. Under these
circumstances, the vulnerability of the energy system has become
more obvious. Therefore, energy storage is essential to balance the
renewable power system. A new concept called a virtual power plant
(VPP) has been proposed to resolve the aforementioned problems.

1.2 Literature review

A VPP is a practical concept that aggregates various renewable
energy sources (RESs) to enhance energy management efficiency and
promote energy trading (Rouzbahani et al., 2021). The VPP is
receiving increasing attention as a means of integrating distributed
energy systems (DESs) to provide stable electricity. Compared with
conventional power plants, the VPP has substantial advantages in
terms of efficient transmission infrastructure, flexible physical
characteristics, and highly regulated control architectures (Bhuiyan
et al., 2021). Essentially, VPPs are clusters of distributed generation
resources, energy storage systems, and controllable loads connected to
a centralized entity that superintends the energy flow within the
aggregation (Setiawan, 2007). VPP can be divided into commercial
VPP (CVPP) and technical VPP (TVPP) (Bhuiyan et al., 2021). The
main objective of CVPP is financial efficiency. However, TVPP is
always associated with complex computations and analysis, as well as
technological applications.

The financial efficiency of CVPP participation in the energy
market has been widely discussed in many studies. Baringo et al.
(2021) discussed strategies for the provision of VPP for participation
in energy and reserve power markets. Shabanzadeh et al. (2017a) and
Shabanzadeh et al. (2017b) proposed the modeling of a cooperation

system among neighboring CVPPs to maximize the opportunities for
power commercialization. Ju et al. (2019) designed a novel concept of
power-to-gas-based VPP and considered the variability of VPP profits
when risk management participates in competitive markets. Zapata
Riveros et al. (2015) provided a stochastic optimization evaluating the
optimal bidding strategy of a VPP considering combined heat and
power and intermittent renewables. Pandžić et al. (2013) considered a
VPP composed of an intermittent source, a storage facility, and a
dispatchable power plant, which sells and purchases electricity in both
the day-ahead and the balancing markets to maximize its profit.
Dietrich et al. (2015) maximized the profit of the VPP and
minimized the cost of self-consumption of the VPP by the iterative
process using the CPLEX solver. Ju et al. (2022) took the Lankao Rural
Energy Revolution Pilot program as an example and proposed a
benefit allocation strategy based on Nash negotiations, considering
the following factors of risks, benefits, and carbon emission reduction.
Naval and Yusta (2021) addressed the participation of VPPs in
different electricity markets. The aforementioned studies have well
demonstrated the economic feasibility of CVPPs for power
commercialization. CVPP can be seen as an aggregator between
DERs and the energy market, as it can trade energy on behalf of
smaller DERs unable to participate in the electricity market. As CVPP
only performs commercial aggregation, the network limitations and
the impact on power load are not always considered in its operation.

Regarding TVPP, several studies have focused on the energy
management and dispatching of various distributed energy sources
(DESs). In view of energy management, Kasaei et al. (2017) developed
an optimization meta-heuristic algorithm to determine the optimal
energy management of a VPP with RESs, energy storage, and load
control in a case study. Azimi et al. (2021) presented the energy
management of industrial VPPs using demand response loads and
available electric vehicles in car parks to improve grid reliability under
peak load conditions. Yang et al. (2021) developed a blockchain-based
energy management platform for a VPP. For optimal scheduling, Liu
(2022) proposed a multiple-region VPP optimal scheduling method
for multi-energy complementarity and low carbon, which solves the
threat of high-permeability renewable energy power generation and
grid connection faced by the VPP. Rahimi et al. (2021) modeled a
stochastic scheduling problem for a VPP while considering network
security constraints and uncertainties in power and thermal loads,
wind speed, solar radiation, and market prices to satisfy thermal and
electrical loads. Sheidaei and Ahmarinejad (2020) proposed a
hierarchical model for the simultaneous modeling of microgrid
scheduling and VPPs energy management problems. Technologies
for integrating different DESs are also a popular topic worldwide. Tan
et al. (2021) proposed a VPPmodel containing carbon capture devices,
explored the cooperative operation mode of a carbon capture system
and power-to-gas, and developed a comprehensive demand response
mechanism for the VPP. Naval et al. (2020) presented a VPP
combining large- and small-scale distributed renewable energy
generation technologies, and its practical application in the
operation of irrigation systems is introduced. Royapoor et al.
(2020) aggregated various controllable loads in a commercial office
building, including air conditioning, lighting, and elevators, into
heterogeneous and reliable components of a VPP and described the
substantial flexibility that exists in commercial office buildings. The
reviewed studies generally presented models that include control
variables of different types of DESs and discussed the optimization
of power flow, network architectures within VPPs, and operational
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specification solutions. However, few of these models involve a
combination of distributed rooftop PV self-consumption facilities,
energy storage devices, and the management of building-side efficient
appliances (this combination of the VPP model always has great
application potential in urban areas).

In the current academic field of VPP, the practice of integrating
VPP with communities to achieve energy self-sufficiency has
limitations. A simulation case study selected a coastal site in Hong
Kong comprising eight high-rise residential buildings and two mid-
rise office buildings to evaluate the technical and economic feasibility
of a zero-energy community using a hybrid offshore wind and tidal
stream energy generation (Li M. et al., 2022), and the carbon emission
reduction potential was identified. Another simulation case study in
Cairo, Egypt, has been conducted to explore different RESs, and
different building materials were used to reduce energy
consumption and carbon emissions in a community (Fouad et al.,
2020). A recent study proposed the concept of Building VPP (Luo
et al., 2021), discussing building design and supporting technologies
for aggregating buildings into VPP. However, these case studies are
based on simulation data and are rarely supported by real-world data.
In real-world cases, different building types (e.g., residential, office,
commercial, and industrial), geographical locations, and technology
combinations will lead to different energy consumption patterns.

1.3 Scientific gaps and objectives

Diversification of power loads and uncertainty of renewable
energy generation pose challenges to conventional power system
operation. According to the aforementioned studies, much
uncertainty still exists:

(1) Because of the maturity of the technology, most of the current
studies focused on directly connecting to the public grid after
integrating distributed energy sources. However, relatively little
attention has been paid to the potential, benefits, and feasibility of
coupled small-scale photovoltaic energy storage systems (PV-
ESSs) and building efficient appliances.

(2) Most studies on VPP are based on idealized software simulations
and lack of variation in building types. There is limited knowledge
of the VPP design with the goal of regional energy self-sufficiency
and the corresponding grid load matching the performance of
VPP systems deeply integrated into communities, which is
affected by the demand side’s electricity usage characteristics.

To address the aforementioned knowledge gaps, the novelty of this
research is as follows:

(1) A VPP model comprising RESs, ESSs, and updated high-efficient
appliances was proposed to realize energy self-sufficiency. The
effects of each technology applied to different types of buildings
are investigated, and the sensitivity analysis between different
technologies of VPP is evaluated.

(2) The proposed VPP model was introduced into the community,
and the effect after the formation of VPP was simulated. The load
characteristics of the community and the corresponding load-
matching performance after the formation of the VPP were
investigated. The technical, economic, and environmental

performances were comprehensively compared based on the
demand side.

The remainder of this study is structured as follows: Section 2
introduces the comprehensive methodology, including the
optimization and analysis approach of VPP. Section 3 briefly
describes the research area, data source, and data pre-processing.
Section 4 presents a case study of VPP based on real-world data.
Section 5 provides a sensitivity analysis of VPP. Finally, Section 6
summarizes the paper.

2 Methodology

2.1 System description

Although distributed energy is already widely used worldwide, a
concern remains about how to efficiently aggregate and integrate
various resources within a community. Against this background, the
VPP in this research comprises power-saving technology, distributed
photovoltaic (PV), and ESSs. Figure 1 briefly describes the main
components of the proposed VPP system, electricity, cash, and
information flow. The system boundary is set at the interface with
the public grid. The community-owned co-generation power plant
and rooftop PV are the main power generators for self-sufficiency.
Considering the limited capacity of the co-generation power plant and
the intermittence of the PV generation, the community energy system
is also connected to the public grid to guarantee a reliable power
supply. All buildings are consumers. The planning of the VPP is
considered in two stages. First, in terms of electricity demand
reduction, high-efficiency appliances (e.g., lighting and AC) are
responsible for energy saving to reduce the power demand directly
(Step 1). Then (Step 2), the electricity from renewable sources will be
consumed by demand sides. In addition, the surplus and shortage of
renewable energy can cause the community to export or import power
from the public grid at any time of the year. Consequently, the ESS not
only stores unconsumed electricity generated by PV, but also has the
effect of load leveling in the proposed VPP system. It is worth noting
that the aforementioned technologies (including energy-saving
technologies, rooftop PV, and energy storage systems) are all
distributed rather than centrally deployed. Therefore, the building
sector is no longer a mere consumer; it has been converted into a
prosumer. The ability to perform energy arbitrage is the biggest
motivation for individual users to install distributed technologies.
Improving the economic benefits of distributed application
technologies on the demand side will facilitate negotiations and
profit allocation among upstream stakeholders (government and
power contractors). Meanwhile, this is the keystone of the
realization of VPP. In the proposed energy-saving technology
system, rooftop PV directly reduces electricity bills by reducing
electricity demand or by self-supply. The individual EESs are
aggregated into a large portfolio to provide community-scale
ancillary services (load leveling). Thus, ESS can gain revenue based
on optimal market management. Therefore, an overview analysis of
the introduction of VPP in the community from the perspectives of
“electricity production,” “electricity storage,” and “electricity saving”
will be proposed. The aforementioned three aspects will also
determine the capacity of the VPP.
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2.1.1 Power-saving technology
According to the decomposition of carbon emission change

factors from 2006 to 2019 by the Ministry of the Environment of
(Japan), energy conservation measures contributed more emission
reductions until 2011. However, electricity-saving measures were
insignificant (even increased carbon emissions in 2007 and 2010).
The demand side can reduce energy consumption by upgrading
the building with advanced high-efficiency appliances (HEA),
such as lighting and air conditioner, which are responsible for a
large amount of energy consumption in buildings. Power
consumption reduction through improving the electricity
efficiency of the appliances can be seen as the VPPs formed
among the aggregated buildings on the demand side (Li et al.,
2017). Load shedding potential through updating HEA in the
building sector will be modeled in this part. According to the
Agency for Natural Resources and energy, compared to 10 years
ago, high-efficiency lighting can save 20%–86% of electricity.
Fluorescent lamps were mainly popular in the market 10 years
ago. Therefore, the replacement of fluorescent lamps with LED
lamps was adopted with an average energy-saving rate of 21% in
the residential sector and 24% in the office, commercial, and
public sectors (METI, 2022b; ESCO, 2022). Moreover, high-
efficiency AC was updated with an average energy-saving effect
of 17% (METI, 2022a).

The HEA update can provide persistent power demand reduction
regardless of time. The energy saved by HEA can be described as
follows:

Esave,ac � Eac × rac . (1)

Eac represents the electricity demand of AC, rac is the electricity-
saving ratio of updating AC, and Esave,ac is the electricity-saving
potential of updating AC:

Esave,light � Elight × rlight . (2)
Here, Elight represents the electricity demand for lighting, rlight is the
electricity-saving ratio of updating AC, and Esave,light is the electricity-
saving potential of updating lighting. Based on the aforementioned
conditions, we can calculate the VPP capacity of updating high-
efficiency appliances as follows:

CapVPP,HEA � Caporigin,ac × rac + Caporigin,light × rlight . (3)

2.1.2 Power generation technology
There are many distributed generation technologies. Currently,

gas turbine units, wind turbines, and PV are relatively mature
distributed generation technology (Zhang et al., 2023). Tidal stream
energy and offshore wind energy also attract the attention of many
researchers (Fouz et al., 2022; Hoeser and Kuenzer, 2022). The
development of renewable and clean energy sources offers a great
prescription to ease the increasingly serious energy crisis and
environmental issues. PV systems are an essential substitution
energy source with a wide range of applications (Azarpour et al.,
2022). The maturity of PV technology has been well-studied by many
researchers (Ogunjuyigbe et al., 2016; Ghosh and Norton, 2019).
Numerous studies have shown that widespread urban rooftop PV
deployments can cover a significant portion of electricity consumption
(Al-Saqlawi et al., 2018; Schardt and te Heesen, 2021). Kobashi et al.

FIGURE 1
System description of the proposed VPP model.
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(2021) proposed an integrated system of cities’ rooftop PV and EVs
providing affordable and dispatchable electricity to urban research
without CO2 emission. In the “2050 Carbon Neutral and Green
Growth Strategy,” the plan for the PV industry is included in the
“Home and Office” section. This reflects the close integration between
Japanese PV power generation and building. Due to terrain
constraints, Japan lacks large-scale centralized PV power generation
sites, so distributed building attached PV is the main direction of PV
development. Its main function is to generate electricity, which does
not conflict with the function of the building, does not destroy or
weaken the function of the original building, and is not restricted by
the site. While renewable energy is widely believed to reduce carbon
emissions, challenges, such as the intermittency of renewables, will
pose increasing pressure on the stability of the main grid.
Consumption of renewable energy locally instead of interacting
with the main grid can be one of the solutions. As the FiT price of
PV power is declining year by year, dropping to 10 JPY/kWh in 2022,
the self-consumed PV gains increasing popularity.

The life expectancy of the PV system used in this research is
20 years. In this research, we adopt Panasonic’s PVmodule with a unit

price of 250,000 JPY/kW (1 USD = 108 JPY; this price already includes
the PV panel, construction, and invertor fees, as well as other fees).
The module dimension is 1.26 m2 with a capacity of 250 W (Panasonic
Industry, 2022). The weather data in Kitakyushu are shown in Table 1.
The PV power generation can be described as

ppv t( ) � PR ×
R
Rref

( ) × 1 + NT + Tc − Tref( )[ ]. (4)

Here, ppv(t) represents PV panel generated electricity at time (t),
PR refers to the rated power of the PV module, and R refers to the
region solar irradiation as shown in Figure 2; the unit is W/m2. Rref is
1,000 W/m2, andTref equals 25°C.NT represents module temperature
coefficient equal to −3.7 × 10−3 (1/℃). The module temperature can
be calculated as follows:

TC � Tair + NOCT − 20
800

( ) × R[ ]. (5)

Here, Tair is the ambient temperature (°C) and TC refers to normal
operating temperature (°C). NOCT refers to a specification stated by
PV module manufacturers, respectively. w refers to the number of
modules. Therefore, we can calculate the PV power generation as
follows:

Genpv � w × ppv t( ). (6)

TABLE 1 Weather data in Kitakyushu (JMA, 2022).

Feature Annual solar radiation Hours

Data 4,500 MJ/m2 1,860

FIGURE 2
Weather factors and PV generation of typical weeks: (A) a summer week, (B) a winter week.
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The weather factors for a summer week and a winter week are
shown in Figure 2, and the power generation of a single PV module
(250 W) is calculated according to Eq. 4–6.

2.1.3 Power-storage technology
Because the instability of renewable energy power generation

poses a risk to the safety and reliability of the power grid, in
regard to providing high-quality power, the renewable energy
generation system should be incorporated with other power
sources to ensure a steady supply of electricity and increase the
local utilization of renewable energy. Galvan et al. (2020)
demonstrated that networked microgrids with rooftop solar PV
and battery storage systems could improve distribution grid
resilience to natural disasters. As an attractive option, ESS can
significantly increase the availability of loads while being
insufficient to provide long-term energy demand (Ren et al., 2016;
Li et al., 2022c). In this research, we select the sodium-sulfur (NAS)
battery with a life expectancy of 15 years or approximately 4,500
charge/discharge cycles (NGK, 2022). The charge–discharge efficiency
of the NAS battery is 0.9, and there is no self-discharge (Divya and
Østergaard, 2009; Rodrigues et al., 2015). The unit price of this NAS
ESS is 25,000 JPY/kWh. In this research, the ESS is restricted to work
within an allowable range.

An important characteristic of the ESS is the time coupling
characteristic in relation to the charge–discharge status (SOC). The
SOC (%) dynamics can be defined as follows:

SOC t + 1( ) � SOC t( ) + ηcha · ∑pw t( ) ×ΔT
CapESS

, (7)

SOC t + 1( ) � SOC t( ) − ∑pw t( ) ×ΔT
CapESS · ηdis

. (8)

Here, SOC(t) indicates the charge status of ESS at time t, η indicates
the efficiency, pw is rate power at time t, and Capsb represents the
capacity of ESS. T refers a one-day time series with a time step of ΔT
and is characterized as T = {1, 2, 3,...24}.

2.1.4 Energy flow modeling
There is always a balance between PV generation, energy saved by

high-efficiency appliances, the grid, and the actual demand, which can
be calculated as follows:

Enet t( ) � Eload t( ) − EPV t( ) − EHEA t( ). (9)
Here, Enet(t) is the net electricity demand, Eload(t) is the total

energy demand, EPV(t) is the PV generation at time t, and EHEA(t)
represents the energy saved by high-efficiency appliances. The
relationship between net energy demand and ESS charge–discharge
state can be described as follows:

Enet t( )| | �
∑Echa t( ) · ηcha, Enet t( )< 0( )
0, Enet t( ) � 0( )∑Edis t( )/ηdis +∑Egrid−in t( ), Enet t( )> 0( )

⎧⎪⎪⎨⎪⎪⎩ , (10)

where Echa(t) represents the charge energy at time t and Edis(t) is the
discharge energy at time t. ηcha and ηdis are efficiency rates in the
charge–discharge process. Egrid−in represents the electricity import
from the grid. The individual ESSs can be aggregated into a large
portfolio through VPP to provide community-scale ancillary services
(e.g., load leveling). The relationship between the community-level

distribution network and individual ESS can be developed so that
individual ESS management systems can adjust charge and discharge
power with peak information from the distribution network based on
an intelligent communication system to achieve better load-leveling
performance. The battery charge and discharge states can be
described as

Echa t( ) �
E1,1
cha t( ) 0 / 0
0 E2,2

cha t( ) / 0

..

.

0

..

.

0

1
/

..

.

Ej,j
cha t( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (11)

Edis t( ) �
E1,1
dis t( ) 0 / 0
0 E2,2

dis t( ) / 0

..

.

0

..

.

0

1
/

..

.

Ej,j
dis t( )

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (12)

There are two stages for ESS, and it cannot be charged and
discharged simultaneously. First is the charging state: when
there is surplus PV power generation, for example, when∑Enet(t)< 0, the ESS is in a charging stage. j represents the
building sectors:

Ej
cha � ∑Ej,j

cha t( ) � ∑Enet t( )
∣∣∣∣∣ ∣∣∣∣∣/ηcha, if ∑Enet t( )

∣∣∣∣∣ ∣∣∣∣∣≤ pw · ΔT
pw · ΔT, if ∑Enet t( )

∣∣∣∣∣ ∣∣∣∣∣> pw · ΔT
⎧⎨⎩ .

(13)
The second is the discharging state: when there is insufficient PV

power generation, for example, when ∑Enet(t)> 0, ESS is in a
discharging stage:

Ej
dis � ∑ Ej,j

dis t( ) � ∑Enet t( )
∣∣∣∣∣ ∣∣∣∣∣ · ηdis, if ∑Enet t( )

∣∣∣∣∣ ∣∣∣∣∣≤ pw · ΔT
pw · ΔT, if ∑Enet t( )

∣∣∣∣∣ ∣∣∣∣∣> pw · ΔT
⎧⎨⎩ .

(14)

2.1.5 Optimization method
This research adopts a genetic algorithm (GA) as an

optimization algorithm to find the fittest ESS capacity. It is a
search heuristic inspired by Charles Darwin’s theory of natural
evolution (Wang et al., 2021). Li et al. (2022b) proposed a
method using GA that optimally deployed BESS and
determined their capacities in an energy-sharing framework.
The optimization flow is shown in Figure 3, which describes the
design and optimization methods of distributed ESS under a
VPP framework.

(1) Input data, such as original load profiles, updated high-efficiency
appliances, PV system capacity, solar radiation, and GA
parameters. The values of the genetic parameters in this study
were as follows: the maximum generations were 100 generations,
the population size was 20, the crossover rate was 0.8, the
mutation probability was 0.05, the mutation rate was 0.5, and
the elitism was 0.5.

(2) Calculate the net load of each building.
(3) Initialize the battery matrix that needs to be optimized.
(4) Calculate the energy exchange between buildings and ESS.
(5) Optimize each building’s ESS capacity to minimize the peak

demand for electricity in the area (with the goal of less than
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33,000 kW) and maximize the profit. The objective function of
this step can be described as

MP � Max Load t( )( ), (15)
where MP is the max load at time t:

Jf itness � min MP( )
max NPVESS( ){ , (16)

where NPVESS is the net present value of ESS.

The last step is to output the optimal solution.

FIGURE 3
Optimization flow of ESS.
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The optimization process is implemented in MATLAB, while the
programming models are also built using GA in MATLAB. Moreover,
the entire process is conducted on a computer with an Intel Core i7-
8700 processor, 16 GB RAM, and 3.2 GHz Clock Speed. The elapsed
time for the process is 493.2 s.

2.2 Establishment of economic model

In this research, the economic benefit of VPP comprises the
electricity cost saved by updated HEA, PV system, and ESS.
Therefore, the economic benefit of the VPP can be determined by
the following equation:

Btotal � BHEA + BPV + BESS. (17)
BHEA is the benefit of updating high-efficiency appliances and can

be calculated using Eq. 18. BPV refers to PV system’s benefit, which can
be determined by Eq. 19. BESS is the ESS’s benefit and can be computed
by Eq. 20:

BHEA � ∑
d
∑

t
Esave,ac × PR t( )[ ]

+∑
d
∑

t
Esave,light × PR t( )[ ],∀d ∈ ϑ ; t ∈ T (18)

Here, PR(t) refers to the electricity price at time t and ϑ represents day
collection ϑ = {1, 2, 3, ... 365}:

BPV � ∑
d
∑

t
PR t( ) × EPV t( )[ ], (19)

Here, EPV(t) refers to the PV power generation at time t:

BESS � ∑
d
ΔPR × Echa × ηdis + Ecur × PR t( )× ηdis× ηcha[ ]. (20)

ΔPR refers to electricity price difference caused by the peak-
to-valley electricity plans. Different electricity consumers will
choose different plans. Echa refers to the electricity stored by the
ESS, and Ecur represents the surplus PV power generation stored
by ESS.

The overall investment of the VPP can be described as follows:

Investtotal � CapVPP,HEA × MPHEA + CapPV × MPPV

+ CapESS × MPESS. (21)

Here, CapVPP,HEA is the installed capacity of the HEA, CapPV is
the PV system’s capacity, and CapESS is the ESS’s capacity, MPHEA is
the unit price of HEA,MPPV is the unit price of PV, andMPESS is the
unit price of the ESS, respectively.

In 2012, the Japanese government launched the new feed-in tariff
(FiT) act (Wen et al., 2021). This study also adopts different export FiT
schemes to evaluate the economy:

BFiT � ∑
d
∑

t
FiT × EPV[ ]. (22)

BFiT is the benefit of exporting PV generation to the public grid,
and FiT is the price of the FiT policy.

2.3 Economic evaluation indicator

This study adopts net present value (NPV) and returns on
investment to forecast the economy of VPP’s life cycle. The
expense of installing and maintaining the equipment and the

energy loss from the depreciation of the equipment are ignored,
and only the expense of the equipment is taken as the investment
of constructing VPP.

2.3.1 Net present value
NPV is normally used in capital budgeting and investment

planning to analyze the profitability of a projected investment or
project. After ignoring the operation and maintenance costs, the NPV
of the demand side can be presented as

NPV � ∑j

n�1Bn/ 1 + i( )n − Co0, (23)

where Bn is the annual benefit of the system, initial investment, and
generic year n = [1, 2, 3,...], and i is the discount rate, generally
referring to the bank rate. This research uses the Fukuoka Bank annual
interest rate of 4.5%.

2.3.2 Return on investment
Return on investment (ROI) is a performance measure used to

evaluate the efficiency or profitability of an investment or compare the
efficiencies of different investments. ROI tries to directly measure
returns on a particular investment relative to the investment’s cost. In
order to calculate ROI, the benefit (or return) of an investment is
divided by the cost of the investment. The result is expressed as a
percentage or a ratio:

ROI x( ) � B x( )
Invest x( ), (24)

where B(x) is the annual benefit of the x, x �
[Lighting, AC, PV, ESS, VPP].

3 Research object and data source

3.1 Introduction of the research object

The Higashida Area Smart Community (H Community) is
selected for the case study to investigate the techno-economic

FIGURE 4
Location of Higashida smart community in Japan.
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viability of the proposed VPP model. It is a model project for
“Environmentally Symbiotic Town Development” and is a part of
the national urban renewal project. By considering the geographical
advantages of Kitakyushu, the Imperial Steel Works were established
in Yahata in 1901, centered around Higashida. After that, companies
and factories sprung up in rapid succession, and Kitakyushu city
supported the industrial development of Japan as one of the country’s
four major industrial zones. Due to energy advancements following
World War 2, coal mines in the Chikuho region were shuttered and
steel plants were streamlined. The industrial economy of Kitakyushu
slid into decline, and this situation was called “tetsubie” (economic
slowdown caused by decreased steel production). The rainbow-
colored smoke, seen as a symbol of development as an industrial
city, became known as the chief source of air pollution, and pollution
became a severe social problem. However, Kitakyushu city went on to
overcome the pollution problem and promoted recycling industries.
Now the city has a unique presence as an “environmental future city”
and is a manufacturing city. The H Community is positively
promoting numerous low-carbon techniques to achieve energy self-
sufficiency and realize advanced zero-carbon areas early. It covers an
area of 1.2 km2 in Yahata Higashi, Kitakyushu, Fukuoka, as shown in
Figure 4.

3.2 Current energy situation

Currently, the regional electricity demand is firstly provided by the
Higashida co-generation (capacity of 33,000 kW). Then, the Kyushu
Electric Power provided the shortfall of electricity requirements. This
study collected the hourly electricity usage between April 2013 and
March 2014 in the H Community. The H Community has five types of
buildings: residential, commercial, office, public, and industrial. Each
building type has different activity schedules. Office buildings are
usually closed on weekends. Public buildings always have rest on
Sunday. Commercial and industrial buildings are open all year round.

Figure 5 shows the structure of electricity consumption of different
building sectors in the H Community, and the locations of buildings
are represented by five different colors within the research community.
The commercial sector accounts for 36.4% of regional energy
consumption, the office sector is 30.4%, the public sector is 16.3%,

the residential sector is 11.5%, and the industry sector is 5.4%. We
mainly collected the total energy consumption as well as the electric
light, heating and cooling loads in residential, public, office and
commercial buildings. Electricity consumption by lighting in
residential buildings accounts for 33% of total electricity
consumption; the electricity heating load, 26%; and the cooling
load, 10% of total electricity consumption. In commercial
buildings, the cooling load accounts for 28% of the total electricity
load, the heat load accounts for 18%, and lighting accounts for 22%. In
office buildings, the cooling load accounts for 21% of the total
electricity load; the heat load, 10%; and lighting, 24%. In public
buildings, the cooling load accounts for 19% of the total electricity
load; the heat load, 14%; and lighting, 22%. Due to the relatively
complicated electricity consumption of the industrial buildings, we
can collect the total electricity load only. We summarize the heating
and cooling schedule of different types of buildings. In commercial
and public buildings, the cooling season is April–November, and the
heating season is December–March. In office and residential buildings,

FIGURE 5
Distribution of buildings and structure of electricity consumption in different building sectors.

FIGURE 6
Energy consumption of the H Community in 1 year.
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the cooling season is June–September, and the heating season is
December–March. The yearly energy consumption of the H
community is shown in Figure 6. The colors from blue to red
represent the electricity load from low to high. It is clear that the
changes in the seasons obviously impact the electrical load. In the same
season, the daily energy consumption trend is similar. Moreover, the
trends of the electricity load exhibit evident peak-to-valley changes,
and the peak electricity consumption in the area is usually around
10–18 o’clock. The electricity consumption is much more in summer
than in winter. The peak electricity consumption reached 57,350 kW
in a year.

4 Effect analysis of VPP

In terms of effect analysis, the following assumptions are made to
simplify the mathematical model:

(1) Ignore the influence of other factors on the energy conversion
efficiency of each device (the efficiency of each component is a
fixed value in the optimization process).

(2) Ignore the feedback regulation time of the equipment (the
equipment completes the output regulation at the moment of
load change).

(3) Ignore the energy consumption of the energy network.
(4) Ignore the cost of building and maintaining the energy network.
(5) Ignore the case where there are multiple devices for the same

component.

Table 2 shows the originally installed and after-update capacity of
lighting and AC, as well as the saving potential of lighting and AC in
different types of buildings. Due to the complex power structure of
different types of industrial buildings, the update of high-efficiency
electrical appliances in industrial buildings is not considered.

The installation capacity of the PV system is related to the roof
area that can be installed. Commonly, part of the roof area is

designed for chimneys and ventilation pipes or sheltered by
surrounding buildings. In addition, the PV system also needs to
reserve maintenance channels. Therefore, we assumed that the
maximum installation ratio of the area on the roof where PV
modules can be installed is 50%. According to the statics, when
installing a 10 kW PV module on the roof (Japan, 2022), the
minimum area of the PV module is 49 m2; the minimum area of
10 kW PV module with an inclination angle of 35° on a flat roof is
100 m2; the minimum area of 10 kW PVmodule with an inclination
angle of 20° on a flat roof is 85 m2 (Solar Partners, 2022). Thus, we
can calculate the maximum capacity of the PV system. The
calculation results are shown in Table 3. As the integration of
renewable energy into the grid will affect the stability of the grid,
ESS needs to store surplus PV power first. The capacity of ESS can
be simulated by the proposed optimization flow in Section 2, and
the results of the installed capacity of PV and ESS are shown in
Table 3.

4.1 Electricity saving potential of different
building sectors

Based on the obtained capacity of high-efficiency appliances,
energy-saving potential, installed PV capacity, and ESS capacity,
the effect of different technologies applied in different types of
buildings can be obtained. Figure 7 shows the monthly electricity
saving ratio and the original monthly electricity demand, the
monthly electricity generated by PV, and the monthly electricity
savings after updating the appliances. The effect of the ESS is not
shown in the figure because the ESS is only used as a carrier for
charge–discharge electricity, and it does not produce electricity by
itself. The polyline in the figures shows the electricity saving rate. It
can be observed that the commercial, office, and public buildings
have the same characteristics in that the electricity consumption in
July and August is higher than in other months of the year. The
electricity consumption of residential buildings in December and

TABLE 2 Capacity and saving potential of lighting and AC.

Residential Commercial Office Public Industry

Originally installed capacity of lighting (kW) 1,946 16,781 13,555 6,287 —

Originally installed capacity of AC (kW) 2,423 7,821 7,855 2,728 —

Saving potential of lighting (%) 21 24 24 24 —

Saving potential of AC (%) 17 17 17 17 —

Capacity of lighting after update (kW) 1,537 12,753 10,301 4,778 —

Capacity of AC after update (kW) 2,011 6,491 6,519 2,264 —

TABLE 3 Installed capacity of PV and ESS.

Residential Commercial Office Public Industry

Roof area (m2) 36,258 91,944 23,546 39,594 12,535

Installed capacity of PV (kW) 2,317 5,910 1,517 2,544 797

Installed capacity of ESS (kWh) 19,000 30,800 19,000 6,000 1,400
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January is higher than in other months. PV generation is higher in
summer than in winter because of the longer daylight hours and
higher intensity of sunlight in summer. Among the five types of

buildings, residential buildings have the highest energy-saving rate
after introducing VPP, 35.11% in June. It can be observed that the
electricity demand of the building is low at this time, but the power

FIGURE 7
Electricity load and saving rate in different building sectors (A) Commercial building (B) Office building (C) Public building (D) Residential building (E)
Industry building.
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generation of PV is the highest in the year. In January, the electricity
saving rate in residential buildings is the smallest, 17.53%. The
energy-saving potential of PV is significant except for office
buildings because the office has a high demand for electricity
but a low PV installation capacity. The electricity saving rate of
commercial buildings after the introduction of VPP is relatively
stable. Although AC saves much electricity and PV systems
generate a large amount of electricity because of its large
original electricity consumption, the energy-saving rate is
14.61%–27.29%. In office buildings, the energy-saving rate
during the summer (June–September) is higher than in other
months due to the higher space cooling consumption. Public
buildings show similar characteristics to commercial buildings in
terms of the trend of electricity saving rate; both commercial and
public sectors’ energy saving rates show two peaks in June and
November. In industrial buildings, only the PV system was
introduced, and the installed capacity is small, so the energy-
saving rate is lower than in other buildings.

4.2 Load leveling performance

We selected a typical day in each season to simulate the effect of
peak load shaving after the introduction of VPP to the H
Community; results are demonstrated in Figure 8. The blue line
represents the original electricity load. The red line represents the
load-leveling effect of the VPP, which shows the final electricity

demand load. Figure 8 also shows the electricity load after applying
different technologies. The original electricity load presents
“double peaks” in summer and winter and “double peaks” in the
morning and afternoon throughout the day. In summer and winter,
the effect of updating high-efficiency appliances is more
pronounced than in spring and fall because of the seasonality of
AC use. The part where the green line exceeds the red line means
that the ESS is discharging. Otherwise, the ESS is charging. It can be
observed that electricity consumption is higher in summer than in
the other seasons. The peak electricity consumption in summer
reached 57,350 kW at 12 o’clock, and the difference between peak
and valley electricity loads reached 41,050 kW. At the same time,
after the introduction of the VPP, the peak-to-valley difference
between day and night is significantly reduced (41,050–9,610 kW),
and the VPP contributes a peak shaving ratio of 42.55% on that day.
The capacity of the VPP on that day equals 24,400 kW. Electricity
demand is the lowest in spring, and the load after introducing the
VPP in spring is the smoothest. The peak-to-valley difference of
power load is only 4,450 kW after the introduction of the VPP. The
peak of electricity consumption in spring usually occurs in the
afternoon, and the peak shaving ratio reaches 42.31%. Electricity
loads in the fall are similar to the spring. However, the peak of
electricity consumption always occurs around 12 o’clock. In winter,
the VPP can achieve a peak shaving rate of 34.81%. In summary,
after the introduction of VPP, the uncertainty of renewable energy
generation is compensated by the energy diversity of VPP. Note
that the capacity of VPP is not constant but will be changed by

FIGURE 8
Peak-shaving effect of VPP on a typical day of each season.
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several factors, such as weather and demand side’s electricity usage
habits. The following analysis is based on the results obtained from
our proposed VPP.

4.3 Economic performance analysis

Under the premise of ensuring the stable operation of the
power grid, the technical and economic viability of VPP in the
transition to energy self-sufficiency in communities should be
taken seriously. As the equipment that the demand side can import
spontaneously, economic benefits are often the most concerned
factor on the demand side and can even affect the demand side’s
willingness to install it. Thus, after the establishment of the VPP
model, this section mainly discusses the economic performance of
VPP in different building sectors and external network factors that
can affect the economic performance of VPP. First, the primary
purpose of demand sides installing VPP is to save electricity, and
the intuitive economic performance of electricity saving is the
electricity bills that demands can save. The electricity price model
in the H Community is the peak-to-valley price model, as shown in

Table 4, and the corresponding electricity price model can be
found on the Kyushu Electric Power official website. Another
important parameter for calculating profit is the initial
investment. We list the price of the equipment and its lifetime
in Table 5. Figure 9 shows the result of annual electricity bill saving
for different types of buildings and technologies. Electricity bill
saving provided by ESS in residential buildings (about 69 million
JPY) is the highest compared to other technologies because the
profit model of ESS is energy arbitrage, that is, charging electricity
from the grid when the electricity demand is lower than the
electricity supply and discharging to the demand side when the
electricity demand is insufficient. Another factor is that residential
buildings have the highest peak-to-valley price difference, so the
bill saving is the largest. In addition, this is also related to the
electricity consumption habits of the household sector. The PV
system contributes a bill saving of 58 million JPY and about
15 million JPY savings of updating AC for residential buildings.
In commercial buildings, the PV system contributes the highest
electricity bill saving (about 118 million JPY) because it has
installed the most PV panels. In addition, there are
considerable benefits to upgrading high-efficiency appliances in
commercial buildings, as AC in commercial buildings is operated
all year round, resulting in higher electricity savings. Similarly, the
electricity savings from upgrading high-efficiency appliances are
higher in office buildings. The PV system saves 275 million JPY
within a year and 313 million JPY by updating HEA. The ESS saves
237 million JPY within 1 year. The results show that the VPP
formed by the various technical technologies introduced in the H
Community has significant economic potential.

For the economic analysis, this study also discussed different
FiT schemes and renewable energy self-consumption for the
community. The different FiT prices can be found at METI
(2022d). The analysis compares the economic performance of
four FiT scenarios and the renewable energy self-consumption
scenario; results are shown in Table 6. In all scenarios, with the
FiT price decreasing, the revenue of buildings received from selling
PV power to the grid also decreased. When the FiT is less than the
building’s corresponding time electricity price, it will no longer be
profitable to sell PV power to the grid. Under the current FiT policy,
the VPP system investment cannot be compensated through
renewable energy export FiT incentives and electricity bill
savings, which indicates it is more cost effective for PV owners

TABLE 4 Electricity price model of different types of buildings.

Time period Commercial Residential Office Industry Public

Electricity price (JPY/kWh) 9:00–22:00 16.95 21.21 17.82 15.32 17.82

22:00–9:00 9.06 10.15 10.49 8.59 11.89

TABLE 5 Equipment price and lifetime.

Lighting AC PV ESS

Investment 100,000 JPY/kW 40,0000 JPY/kW 250,000 JPY/kW 25,000 JPY/kWh

Lifetime (years) 10 10 20 15

FIGURE 9
Annual electricity bill saving of different technologies.
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consume PV generation by themselves than selling to the grid.
Therefore, the subsequent analysis of this study is based on the
scenario of PV self-consumption.

Another important issue that can affect the VPP’s economic
performance is electricity price. The increased use of fossil fuels in
thermal power generation after the Fukushima crisis led to a rise
in electricity prices. Therefore, the economic performance
considering different electricity price scenarios was evaluated;
results are shown in Table 7. With the rise in electricity prices,

although the demand side’s electricity bill increased, the
electricity bill saving rate increased. With the rising price of
electricity in Japan, VPPs have a good future and can bring
better benefits to the demand side.

4.4 Environmental performance analysis

The reduction in CO2 emissions during the year after the
formation of VPP was simulated in this section to explore the
environmental impact of the introduction of VPP. Currently, the
CO2 emission by electricity generation is 0.488 kg/kWh in the
Kitakyushu (METI, 2022c), which is close to the maximum value
of the current CO2 emission price in Japan. The carbon tax price is
approximately 2.18 JPY/kWh. Based on the simulation of VPP’s
load leveling effect, the carbon emission reduction result is shown

in Figure 10. After the introduction of the VPP system, CO2

emissions have been significantly reduced. Originally, the highest
CO2 emissions appeared in August, 10.49 × 106 kg. After the
introduction of the VPP system, CO2 emissions have been
reduced to 8.75 × 106 kg. Table 8 lists the CO2 emissions
reduction rate of 12 months. In November, the CO2 emission
rate decreased the most, with a decrease of 23.69%. The rate of
carbon emission reduction is closely related to the energy
saving rate.

TABLE 6 Summary of the VPP annual electricity bill saving considering different FiT.

Self-consumption 2014 FiT = 32 (JPY) 2017 FiT = 21 (JPY) 2019 FiT = 14 (JPY) 2021 FiT = 11 (JPY)

Residential 146,612,838 177,770,404 147,270,361 127,861,243 119,543,049

Commercial 342,840,778 451,536,959 373,740,129 324,233,056 303,015,739

Office 174,350,741 200,630,787 180,661,618 167,953,964 162,507,827

Public 116,217,067 160,116,236 126,628,058 105,317,399 96,184,259

Industry 17,447,259 33,615,514 23,124,131 16,447,796 13,586,510

TABLE 7 Summary of the VPP annual electricity bill saving considering different electricity prices.

Original electricity price Electricity price, 10% rise Electricity price, 20% rise

Bill (JPY) Bill saving (JPY) Saving rate (%) Bill (JPY) Bill saving (JPY) Saving rate (%) Bill (JPY) Bill saving (JPY) Saving
rate (%)

Residential 388,701,062 146,612,838 37.72 418,935,866 167,125,864 39.89 449,170,669 187,638,893 41.77

Commercial 1,158,783,084 342,840,778 29.59 1,260,921,550 385,850,274 30.60 1,363,060,016 428,859,769 31.46

Office 992,229,334 174,350,741 17.57 1,073,502,325 197,834,129 18.43 1,154,775,316 221,317,517 19.17

Public 538,186,241 116,217,067 21.59 579,442,634 129,765,385 22.39 620,699,027 143,313,704 23.09

Industry 163,472,771 17,447,259 10.67 178,677,890 19,553,917 10.94 193,883,009 21,660,574 11.17

FIGURE 10
Carbon emission reduction.

TABLE 8 CO2 emission reduction rate.

Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar.

Reduction rate (%) 15.68 17.00 22.65 16.95 16.63 15.95 15.46 23.69 13.57 12.08 12.11 14.00
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5 Sensitivity analysis

The previous economic and environmental analysis indicates that
VPP has certain advantages not only in the economic aspects, but also
in the environmental aspect. This section provides analysis and
forecasts on the ROI of VPP and capability of carbon emission
reduction based on the influence of changes in equipment
installation capacities, as well as carbon tax and equipment prices.

5.1 Installation ratio

System size may be an important factor in the economic
performance of the system. The economic adaptability and
environmental performance of VPP in different types of buildings
are studied in this section, combined with the load characteristics of
different buildings. The ROI was adopted to evaluate how well the
different VPP technologies have performed in different buildings, and
the control variates were used to explore the effect of the installation
capacity of different technologies on ROI in different buildings. The
results are shown in Figure 11. The overall ROI for the community was
8.31%. Firstly, when all technologies are 100% installed, the ROI of
residential buildings is the highest (10.89%), the ROI of the
commercial building is 8.29%, the ROI of the public building is
7.63%, the ROI of the industrial building is 7.49%, and the ROI of
the office building is the lowest (6.78%). This shows that VPPs bring
the highest economic benefits and the best adaptability to residential
buildings. It can be observed from the relationship between ROI and
PV installation ratio, while the other technologies’ installation ratio is

100%, that when the installation rate of PV increases, the ROI of
commercial, public, and office buildings increases. ROI of residential
buildings decreases with the increase in the update ratio for lighting.
Updating AC gains increasing ROI in public, office, residential, and
commercial buildings. In all five building types, the ROI of ESS tends
to increase as the installation rate increases. In residential buildings,
ESS has the most significant ROI ups and downs; however, the ROI is
relatively stable in public, commercial, and industrial buildings. This is
mainly influenced by the electricity price difference. In industrial
buildings, with the increase in PV installation ratio, the ROI decreases
significantly. In summary, updating AC has good adaptability and is
more profitable in the community. As a renewable energy generation
technology with a high initial investment, PV has poor economic
adaptability to buildings.

Carbon emission is an important factor leading to global warming,
accounting for 80% of GHG. With the development of society,
population and energy demand increase, and CO2 emissions
progressively increase. The relationship between carbon emission
reduction and equipment installation capacity was studied. Results
are shown in Figure 12. With the increase in equipment installation
ratio, the VPP’s capability of carbon emission reduction also increased.
The installed capacity of ESS does not affect carbon emission
reduction, as ESS does not generate electricity. PV is the most
effective approach to reducing carbon emissions in all sectors
except in office buildings because the installed capacity of PV is
small in office buildings. Commercial buildings have the biggest
emission reductions because they have the largest HEA
replacement capacity and PV installation capacity. In summary,
updating HEA and installing PV provide good environmental benefits.

FIGURE 11
Relationship between return on investment and equipment installation ratio.
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5.2 Carbon tax

Research on carbon pricing is becoming a hot topic as an essential
intervention for global energy conservation and GHG emission reduction
(Qian et al., 2020; Zhao et al., 2020). Some studies have shown the
contribution of VPP in energy saving and GHG emission reduction
(Hadayeghparast et al., 2019; Shafiekhani et al., 2019). A carbon trading
mechanism is introduced to the VPP system to achieve low-carbon
operation (Yan et al., 2022). Compared with conventional power plants,
VPPs mainly aggregate renewable energy and various energy-saving
technologies, which can reduce carbon emissions. Therefore, when
considering the benefits of VPPs, it is necessary to consider the effects
of carbon emission price on holistic benefits. Carbon emission prices are
commonly used to compare technologies and build life cycle analysis
(Zhang and Wang, 2017). Since 2010, Japan has begun promoting the
application of carbon tax. Carbon emitters need to refer to the original
carbon footprint and reduce their emissions yearly according to a fixed
target (first stage 2010–2014; second stage 2015–2019). TheWorld Energy
Outlook (WEO) has presented the prediction of future carbon tax changes.
The carbon tax shows an upward trend from 2020 to 2040, as shown in
Table 9. By keeping the equipment prices steady and introducing the
carbon tax as the only variable in the system to calculate the economic
performance, the change in the NPV of the VPP after introducing the
carbon tax is presented in Figure 13. The life cycle of the VPP system was
set to 30 years. It needs to invest three times in HEA and two times in the
ESS.When theNPV is exceeds 0, theVPP system starts generating revenue.

FIGURE 12
Relationship between carbon emission reduction and equipment installation ratio.

TABLE 9 Carbon tax.

2020 2030 2040

Carbon tax (JPY/kWh) 2.18 10.88 15.23

FIGURE 13
Net present value of VPP with a different carbon tax.
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With the increase in the carbon tax price, the payback period shows a trend
of shortening year by year because, after the introduction of theVPP system
on the demand side, CO2 emissions have been reduced, increasing the
operating profit and shortening the payback period.When the carbon tax is
2.18 JPY/kWh, the payback period of VPP is reduced from 18 to 9 years. It
shows thatwhen the carbon tax price reaches 15.23 JPY, the payback period
is reduced by more than half (~5 years) compared to the original situation
(14 years).

5.3 Equipment price

The equipment price plays an essential role in the formation of the
VPP. There is great uncertainty in the costs chosen for economic
evaluation, especially the cost of capital investment. This uncertainty
can significantly affect the economic performance of the system and
potentially alter the economic advantages between them. Currently,
the prices of PV and ESS equipment are relatively high. In recent years,
in order to promote the DES to more buildings, the prices of PV and
ESS have also been declining year by year with the efforts of the
Japanese government. The price of PV is expected to drop to
150,000 JPY/KW within 10 years, and the price of ESS will drop to
5,000 JPY/kWh (METI, 2021). On the basis of this situation, the ROI
of VPP regarding the initial cost decrease in the lighting, AC, PV, and
ESS is calculated, and the results are shown in Figure 14. When the
equipment price decreases, the ROI of the entire VPP system
increases. The lines show the change in ROI with the different
technologies’ prices decreasing while other equipment prices
remain unchanged. The lighting price has the most significant
impact on ROI: with the decrease in lighting price, the ROI of
lighting increases rapidly. The green line shows that the ROI of PV
also increases with the price decrease. Good returns from falling
equipment prices show a bright future for VPP.

6 Conclusion

This study proposes an optimized VPP model comprising HEA,
PV, and ESS, with the goal of energy self-sufficiency. Then, the

effectiveness of the VPP in reducing electricity demand from the
power grid is verified based on the real-world case study. The techno-
economic feasibility and the adaptability performance of VPP in
different buildings are evaluated. The environmental benefits of
VPP are confirmed. Based on this study, the following conclusions
can be derived:

(1) The proposed VPP model in this research promotes the
realization of regional energy self-sufficiency, and the peak
shaving rate can reach 42.55%. The economic evaluation shows
that VPP can bring electricity bill saving of 825 million JPY/year
for the Higashida area smart community. Compared with a
conventional power plant, VPP can contribute 16.26% annual
carbon emission reduction for the community.

(2) In different building sectors, VPP brings the highest economic
benefits and the best adaptability to residential buildings. In
general, upgrading high-efficiency AC has better economic
benefits compared to lighting. The installation of PV in
commercial, office, and public buildings is more beneficial than
in other buildings. The installation ratio of the PV system has a
greater impact on ROI than other technologies.

(3) The introduction of the carbon tax could significantly increase the
economic benefits of VPP. As the FiT prices continue to drop, it is
better to self-consume than sell PV power to the grid. With a
continuous increase in electricity prices in Japan, the future
operation of VPP will be more economical. Moreover, the
expensive investment costs remain the main obstacle to more
widespread implementation of VPP. When the costs of these key
components fall in the future, the market competitiveness of the
proposed VPP system can be enhanced.

The findings of this research have high practical reference value.
This is particularly important in the context of the decarbonization
revolution of the power system.
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