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Abstract: We propose a model for the integration of electric vehicles (EVs) into the grid power
system in Japan. The potential of the switchover from conventional vehicles to EVs and the incurred
charging loads for the EV fleet were evaluated based on the results of a Japanese road traffic census.
Furthermore, an EV battery operation model was incorporated into the production cost analysis
model, which is capable of determining the optimal electricity supply and demand, considering the
existing interconnector power flows. The potential economic and environmental contributions of
EV charge and discharge controls, with the ultimate goal of realizing the introduction of a massive
renewable energy source in the future, were also evaluated. We found that EVs can greatly contribute
to expanding the use of renewable energy and reducing system cost by charging and discharging not
only at the owner’s home but also at his/her workplace.

Keywords: electric vehicle integration; production cost model; demand response; road traffic
census survey

1. Introduction

Although there are several alternative fuel-conversion mechanisms that could be used to phase
out fossil fuels, electricity is a particularly promising means of reducing CO2 emissions, particularly in
the transport sector. In 2018, both the French and British governments announced their intention to
ban the manufacture of new petrol and diesel automobiles to accelerate the deployment of electric
vehicles (EVs) by 2040. Other countries are expected to follow their lead.

In 2017, Japanese CO2 emissions in the transport sector totaled 213 million tons, making up
17.9% of the total emissions for that year. Emissions from road vehicles accounted for 86.3% of the
total for the transport sector (15.4% of the overall total), with 49.8% being emitted by passenger cars
(8.9% of the total) and 36.5% by trucks (6.5% of the total) [1]. One way the Japanese government is
pursuing countermeasures to reduce CO2 emissions by vehicles by 2030 is through the introduction of
next-generation vehicles, including hybrid vehicles (HEVs), EVs, plug-in hybrid vehicles (PHEVs), fuel
cell vehicles, and clean diesel vehicles (CDVs). Other countermeasures include the promotion of traffic
flow measures, modal shifts, autonomous cars, and fuel economy improvements for individual vehicles.
The addition of EVs and PHEVs, in particular, is expected to not only lead to energy conservation
but also ensure that the flexibility of the required power system is in accordance with the renewable
energy expansion that contributes to drastic reductions in CO2 emissions. As of 2017, HEVs were well
established in the Japanese market, with approximately six million on the road, whereas the number of
EV vehicles was only 75,000 [2]. There are some obstacles to EV popularization, such as their high
price, limited cruising distance, and the insufficient EV charging infrastructure numbers. At the same
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time, there is also concern about the impact on the electricity supply with the ongoing electrification
of vehicles.

To promote the growth, usability, and applicability of EVs, it will be is necessary to grasp the
potential of EV conversion, determine the available charging and discharging characteristics, and assess
the value of EV integration into the electric power supply and the effects of demand on the network.

In this study, the potential of conventional vehicles switching to EVs by estimating the necessary
charge amounts of EV fleet is evaluated. Here, an EV battery operation model was integrated into
a production cost simulation model to evaluate the impacts of EV batteries on power systems in
Japan, such as economic value, CO2 reduction effects, and the evading curtailment of over-generated
renewable electricity.

2. Literature Review

To correctly evaluate the impacts of EV integration into future power systems, including large
amounts of renewable energy resources, a realistic EV driving pattern model and EV production cost
model for the power system (including EVs with appropriately consolidated resolution) are required.
Each index is quantified in terms of economic efficiency, CO2 reduction, energy efficiency, and power
system reliability. There is much to research in the field of EVs, and several papers have reviewed the
ongoing research since 2010. For example, References [3,4] reviewed the modeling and evaluation of
studies of EV integration into the power grids. Reference [5] classified the methods for smart charging
and introduced control strategies and their commonly used algorithms. Furthermore, a systematic
review of the approaches adapted to model electric vehicle use and changing patterns across a variety
was described in [6]. Below, we focus on a review of the evaluation of the impact of EVs on the
balancing of power systems, as it relates to our study.

There have been several studies related to the impacts of EV and PEV integration into power
systems and their ability to overcome the problem of intermittent renewable energy generation.
References [7–11] focus either on nationwide or utility-wide power system simulations (including EVs
or PHEVs), whereas References [12] and [13] center on smaller microgrid systems. The latter studies
generally simulated detailed operations, including the unit commitment of power generators.

Lyon et al. evaluated the impacts of moving the PEV charge times for the regional transmission
organization PJM (Pennsylvania New Jersey Maryland) interconnection and midcontinent independent
system operator markets in the United States (US) [7]. The PEV fleet model was based on a US national
household travel survey and they considered three types of charging patterns, implying that the charge
times and amounts were not the control variables in the model. The researchers used the simple
marginal cost curve calculated using plant capacity factors and forecast fuel prices to generate a cost
model. They confirmed that the total monetary savings from demand-shifting would be quite small as
a percentage of total electricity costs, with the value of smart charging policies varying significantly
across the chosen electricity grids.

Camus et al. targeted the 2020 Portuguese power system with several EV penetration and hydro
production scenarios [8]. In their study, an electricity market simulator was used, and the marginal
cost curve was based on supply costs for different kinds of energy generators. The EV driving pattern
was not considered. However, three types of charging patterns were prepared, in the same way as in
Reference [7]. The impact of EVs on a reliability scenario was estimated to be minimal in terms of the
load profiles and electricity prices.

In a Spanish case study, a detailed analysis of the impacts of EVs on the Spanish power system
was investigated in Reference [9]. Here, the mid-term operation model computed generation dispatch,
simulated hourly power system operations, as well as five types of EV driving patterns that were defined
for the model where charging and discharging were optimized together as a whole. Different scenarios
involving generation by variable renewable energy sources (VRE) and EV penetrations were studied,
and they confirmed that high levels of VRE generation combined with high EV penetration brought
considerable operational cost benefits to power systems.
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Wang et al. proposed a new unit commitment model that could simulate the interactions between
PHEVs, wind power, and demand response (DR) using four PHEV charging scenarios that were
simulated for the power system of Illinois, USA [10]. The PHEV fleet model was type-clustered, with
the last-trip end time being based on the results of a national household travel survey. Here, three
types of charging patterns were considered, with a smart charging operation determined by a unit
commitment model (i.e., off-peak hours) to fill in the valley of the load profile.

Dallinger et al. investigated the way in which grid-connected EVs could contribute to the
integration of renewable generation sources under fluctuating conditions for a 2030 scenario in
California and Germany [11]. The study used an agent-based simulation model including real-time
prices as control signals to simulate driving behavior. However, only residual load duration curves
were discussed and not the system’s dynamic characteristics.

A recent analysis by the California Public Utilities Commission revealed the PEV infrastructure
needs in California from 2017 to 2025, using an EV infrastructure projection tool which incorporates
representative statewide travel data from the 2010–2012 California Household Travel Survey.
Based on spatial EV existence, they estimated sum-charging profiles (noted as a “dragon curve”).
However, the impacts of smart charging were not studied [14].

Many researchers have evaluated investigations addressing the impacts of introducing EVs into
the Japanese market. Zhang et al. examined the impact of integrating photovoltaic (PV) power into
future Japanese electricity systems, in particular in the Kansai area, with EVs and heat pump water
heaters under smart control strategies [15]. The study was based on a scenario analysis using the
developed input–output approach. All the EV batteries were regarded as being one large battery, with
charge and discharge operational controls based on planned strategies. Yabe et al. studied the effects
of EV optimization on the operational planning of integrated power systems in Japan [16]. While the
study was based on the results of a road traffic census, the production cost models for the generators
based on marginal fuel cost curves were simplified.

The electric power supply systems in Japan are divided into ten areas that are connected through
grid interconnector lines in the longitudinal direction. This is due to geographical issues, such that the
system is classified as being a “longitudinal transmission system.” Although the use of interconnector
lines was not common in the past, this is expected to change due to the indirect auction mechanism for
power trading that is due to start in 2020. It is likely that the number of trades over interconnection
lines will increase with an increase in the amount of renewable energy being produced. It is also
necessary to consider the desired electricity supply and demand in 2030, including the use of grid
interconnections (which trade power and stability) as well as the energy flexibility function, such as
DR and the control of the renewable output.

In view of the above, the present study set out to conduct electricity supply and demand
simulations using a production cost model that includes grid interconnector lines to evaluate the
impacts of EVs in Japan. The potential economic and environmental contributions of EV charge and
discharge controls on the future mass renewable energy infrastructure were also evaluated. The novelty
of this research is the high reliability of the evaluation, which uses a credible driving model by vehicle
type (based on actual driving data) as well as an electricity supply and demand simulation allowing
the consideration of interconnector power flows in Japan. While the conventional power operation
model at the country-level generally regards the use of EVs exogenously and adds it to the demand,
our model can optimize the operations of both generators and EV storage batteries endogenously
within the power system. We could determine the potential of EV flexibility, taking into account
regional demand, resources, such as renewable energy, and EV use characteristics.

The structure of this paper is as follows. Section 3 describes the modeling method applied to
an EV fleet with an estimation of the electric power demand in Japan. A production cost model
that considers interconnection power grid flows and an added EV battery model is addressed in
Section 4. Section 5 describes the simulation conditions and predicted results for 2030, followed by the
conclusions presented in Section 6.
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3. Estimation of EV Switching Potential in Japan

3.1. Road Traffic Census Vehicle Origin and Destination Survey

The "Road Traffic Census Vehicle Origin and Destination Survey” (OD survey) is part of a
nationwide survey of road traffic in Japan, carried out regularly by the Ministry of Land, Infrastructure,
and Transport [17]. The survey, carried out every five years, is based on a questionnaire that gathers data on
the purpose of use, origin, destination, mileage, etc. for each trip of each automobile. Specifically, day trips
taken on weekdays and holidays from mid-September to mid-November are targeted. Although the
survey results for 2005 and 2010 were available for our analysis, there was no noticeable difference in the
outcomes for both years. Therefore, this paper is based on the results for 2010.

The results of the OD survey are listed in Table 1. Private cars were clustered based on the mileage
data given in Section 3.3. The total travel distance was estimated from an individual’s vehicle mileage
multiplied by the expansion coefficient that was added to each vehicle and then aggregated by the ten
utility areas. The number of vehicles used was based on the actual value calculated for FY 2017 while
the operational rate (i.e., the ratio of vehicles driven on a particular day as per the OD survey) was
used for the estimation.

Only the mileage of those vehicles returning to the point of the first departure within 24 hours
was covered. The following vehicles were excluded:

• Vehicle trip data that comprised of missing or mismatched departure/arrival times and trip mileage;
• Vehicles that drove over 150 km/h.

The final effective data number was found to be 145,582 during weekdays and 73,242 during
holiday outings.

Taxi fleets were also excluded from this study because only customer trips were captured by the
OD survey. For reference, taxis accounted for approximately 0.4% of the total number of cars evaluated,
which is approximately 0.01% in terms of the total distance traveled in Japan. In addition, fixed-route
bus fleets were also excluded because their arrival and departure times were not part of the OD survey.

We set the upper mileage criteria of the EV switching potential to 150 km/day for private and small
freight vehicles, and 300 km/day for buses, full-size freight vehicles, and other special-purpose vehicles.

Figure 1 shows the ratio of EV switching potential to EVs in terms of travel distance and number.
Here, the definition of “commuter vehicle” is based on the destination including workplaces and an
absence from the home of at least six hours. Private/personal commuter vehicles are a good match for
the EV market because the EV switching potential was almost 100% in terms of number and more
than 95% in terms of mileage. The annual mileage total was found to be 583 billion km, while the EV
potential mileage (which was below the criteria) was 448 billion. This corresponds to 77% of the total
mileage, with more than 90% of vehicles being candidates for switching to EVs, except for buses.

3.2. EV Travel Patterns and Electricity Consumption

Figure 2 shows the results of hourly mileage accumulation for the EV switching potential by
vehicle type. Here, the mileage covered by private/personal-use vehicles was found to dominate.
The commuter vehicle morning and evening peaks were more prevalent on weekdays, while the
proportion of non-commuting vehicles was particularly large on holidays.

If we assume the EV efficiency to be 7 km/kWh for private and small freight vehicles,
and 2.3 km/kWh for all other types of vehicles (calculated from the fuel consumption ratio of a
conventional car), then the annual overall electricity consumption for a complete switch to EVs was
estimated to be 79 TWh. In FY 2016, the total electric power demand in Japan was 890 TWh, so the
potential increase in demand as a result of a complete switch to EVs was 9%. The EV switching
potential in private vehicles was approximately 60 million units, which brought 2.4 TWh/day of
electricity demand and 180 GW of adjusted capacity if we assume that the battery specification was
40 kWh/3 kW per unit. The latter was larger than that the peak Japanese electricity demand, of 180 GW,
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which occurred in 2016. When other types of EV cars are incorporated into the switching potential,
and assuming the battery specifications for long-distance vehicles to be 100 kWh/10 kW, then the values
become 3.9 TWh/day of electricity demand and 334 GW of adjusted capacity.

Figure 3 shows the potential capacity of an EV battery and the ratio of the total capacity to the
area peak demand, as calculated from the EV switching potential by area, arranged in order from
north to south. In this case, the proportion of freight vehicles in northernmost Hokkaido was large,
while in other areas, private cars accounted for about 70% of the total. The percentage of commuter
vehicles was low in the Tokyo and Kansai areas (due to the public transport infrastructure being well
developed). The EV potential capacity in Hokkaido, Tohoku, Kyushu, and Okinawa exhibited by far
the largest proportion of peak demand, while the smallest was the Kansai region. Figure 4 shows the
potential EV electricity demand share and the ratio of total demand to total area. About 60% of the
total fleet was private car use in certain areas. Hokkaido, Tohoku, Kyushu, and Okinawa accounted
for the largest proportion of the total demand (more than 11%). The smallest proportion (6.6%) was
attributed to the Kansai region.
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Figure 1. Travel distance and ratio of electric vehicle (EV) switching potential by vehicle type.

Table 1. Definitions of vehicle types.

Vehicle Types in the OD Survey Vehicle Types in this Paper

Private light passenger vehicle Private personal use vehicle (commuting, non-commuting)
Private and corporate use vehiclesPrivate passenger vehicle

Bus Bus
Light truck Small freight vehicle

Small freight vehicle
Regular freight vehicle Regular freight vehicle
Special purpose vehicle Special purpose vehicle
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Figure 2. Hourly mileage of the EV switching potential by vehicle type.
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3.3. EV Clustering

Basically, EV charging and discharging would need to be completed for an individual vehicle.
However, we had to treat the EV batteries as one large battery in order to model the charge and
discharge control functions for EVs in the system-wide demand and supply simulation model.

Japanese vehicles are virtually all used for short journeys, and only a fraction of their battery
capacity will be used for driving when daily charging is assumed. This means that if all cars are treated
as one large battery, the degree of freedom of charge and discharge would be too high. To prevent this
problem, we attempted to cluster the EVs for each travel pattern, with charge and discharge operations
completed within each cluster. Based on the mileage covered, the vehicle types that are more likely to
be switched to an EV are private cars, and so we classified them into five different clusters based on
24-hour travel data obtained from the OD survey.

The k-means ++ approach, which is a non-hierarchical clustering method for improving the
selection method of the initial value of the conventional k-means method, was used to cluster the travel
patterns of the vehicle and day types [18].

We used 24-hour travel distances as cluster keys and, after trying several cluster numbers, we chose
five clusters that were easy to interpret visually.

Figures 5–7 show the clustering results for private/personal use vehicles. Figure 5 shows the
average mileage (nationwide) for each cluster, arranged in ascending order by mileage type. Figure 6
shows the home and workplace existence ratio which corresponds to the availability of charging
and discharging for each cluster. Figure 7 shows the corresponding ratio of each cluster by area,
which includes non-operated vehicles. For weekdays, vehicles were classified into five types, namely,
CL1 which includes about half of the commuting cars and half of the non-commuting vehicles and for
which the mileage is smaller, CL2 which mainly includes commuting vehicles which leave early and
return dispersively, CL3 which mainly includes commuting vehicles which leave early and return early,
CL4 which mainly includes vehicles which leave early and return late, and CL5 which mainly includes
non-commuting vehicles for which the mileage is greater. On weekends, vehicles were classified into
five types, namely, CL1 for which the mileage is smaller, CL2 which mainly includes commuting
vehicles, CL3 which leaves in the morning, CL4 which leaves around noon, and CL5 which leaves in
the afternoon.

The average mileage of private personal-use vehicles was approximately 24.8 km per day on
weekdays and 27.6 km per day on holidays. Here, 60–70% of the vehicles were classed as “CL1,” given
that the average mileage was below 15 km per day. The total existence ratio of the operated vehicles
at home was 39% on weekdays and 37% on holidays. At the workplace, the values were 14% on
weekdays and 3% on holidays. The ratio of non-operated vehicles was higher, with the values being
37% on weekdays and 49% on holidays. The smaller mileage for operated cars and a higher ratio of
non-operated cars indicates that, in Japan, vehicles are parked for most of the time.
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4. Production Cost Model Including EV Operation

In the present study, we used an electric production cost model called ESPRIT-multi-regulation
(MR) analysis [19] to conduct power supply and demand simulations to evaluate the impacts of
EVs in Japan. The ESPRIT-MR is a tool that can perform power supply and demand analysis that
takes into consideration factors that are applicable only in Japan, such as interconnector line flows
and renewable energy supplies. The ESPRIT-MR model was developed to analyze a years’ worth
of operational interconnections with a heavy penetration of VRE sources, such as PV and wind.
It minimized the power generation costs in Japan, with power unit outputs, pumped storage operation,
and interconnecting line flows, as well as supply and demand adjustment flexibility, as variables.
The Gurobi Optimizer [20] was used as the solver for this model.

In this paper, an EV model was added to the conventional ESPRIT-MR model where the optimal
charge and discharge operations were implemented to minimize the total cost. This model also
considers the “charging control only” and “charge and discharge control” methods of EV battery
operation. It was assumed that operating EVs were subject to charge control only while all EVs,
including non-operating vehicles, were subject to charge and discharge control.

When only charging control is applied, the EV model was subject to constraints including the
upper and lower limits for the charge amount, sufficient state of charge (SOC) to ensure the required
fleet loads, and the termination conditions of SOC. The hourly charging conditions were also optimized
to minimize the total operational cost. For the charging and discharging control method, constraints
on the upper and lower limits of the discharge amount were added, with either the charge amount
or discharge amount per hour being optimized. Here, the chargeable/dischargeable amount was
determined based on the battery capacity per unit, while the existence ratio at the home or workplace
was estimated from the previous section.
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This formula is shown below, based on an objective function defined by the minimization of total
annual operational costs for the Japanese power grid system:

min
24∑

t=1

Ngrid∑
ig=1

idxig+NGig−1∑
i=idxig

Ft
i

(
Pt

i

)
=

24∑
t=1

Ngrid∑
ig=1

idxig+NGig−1∑
i=idxig

(
biPt

i + ciUt
i

)
(1)

Constraints:

(1) Supply and demand balance:

idxig+NGig−1∑
i=idxig

Pt
i+

idpig+NPGig−1∑
j=idpig

(Pgt
j − Ppt

j) −
Np f∑

m = 1
k ∈ Np fig, f rom

P f t
m

+
Np f∑

n = 1
l ∈ Np fig,to

(1− lossn) × p f t
n + (Ppvt

ig − SVpvt
ig)

+(Pwdt
ig − SVwdt

ig) + Pcgt
ig +

NEVig∑
c=1

EVcht
ig,c +

NEVig∑
c=1

EVocht
ig,c

−

NEVig∑
c=1

Discht
ig,c = LOADt

ig

(2)

(2) Upper and lower limits on generator output:

Ut
i × PLi + LFCdownt

i ≤ Pt
i ≤ Ut

i × PUi − LFCupt
i (3)

(3) Restriction on VRE upper and lower limits:

SVwdt
ig ≤ Pwdt

ig, SVpvt
ig ≤ Ppvt

ig (4)

(4) Interconnected power flow limits:

P f Lm ≤ P fm ≤ P f Um −mrgm (5)

(5) Capacity constraints on pumped storage reservoir:

Pst
i = Pst−1

i + Ppt
i −

Pgt
i
ηi

PsLi ≤ Pst
i ≤ PsUi (6)

(6) Pumping input/output upper and lower limit constraints:

PsLi ≤ Pst
i ≤ PsUi

Upt
i × PpLi ≤ Ppt

i ≤ Upt
i × PpUi (7)
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(7) LFC capability restrictions:

idtig+NTGig−1∑
i=idtig

LFCup
t
i +

idhig+NHGig−1∑
i=idhig

(
Pht

i × adjhi
)
+

idpig+NPGig−1∑
i=idpig

(
Ugt

i × PgUi × adjpgi
)

+
idpig+NPGig−1∑

i=idpig

(
Ugt

i × PpUi × adjppi
)
+ BTig × adjbtig

+ pt
cgig
× adjcgig + LFCreceivet

ig − LFCsendt
ig

≥ (LOADt
ig × orloadig) +

(
PUwdig ×

(
1−

SVwdt
ig

Pwdt
ig

)
× orwdig

)
+

((
Ppvt

ig − SVpvt
ig

)
× orpvig

)
(8)

(8) Simultaneous constraints on pumping and power generation in pumped storage:

Ugt
i + Upt

i ≤ 1 (9)

(9) Pumped storage balance constraints:

idpig+NPGig−1∑
i=idpig

Pgt
i
ηi
−

idpig+NPGig−1∑
i=idpig

Ppt
i = 0 (10)

(10) LFC adjustment power supply upper/lower limits:

LFCupt
i ≤ Ut

i × PUi × adjpui (11)

LFCdownt
i ≤ Ut

i × PUi × adjpui (12)

(11) Upper and lower limits and balance constraints on LFC adjustment power:

LFCsendt
ig ≤

Np f∑
m = 1

k ∈ Np fig, f rom

mrgm

LFCrecieve t
ig ≤

Np f∑
n = 1

l ∈ Np fig,to

mrgn

(13)

Ngrid∑
ig=1

(LFCsendt
ig − LFCrecieve t

ig) = 0 (14)

(12) Must-run unit constraints:
Ut

imustrun = 1, Ut
imuststop = 0 (15)

(13) Maintenance constraints:
Ut

imainte = 0 (16)

(14) EV battery balance:

EVsoct
ig,c ≥ EVsoct−1

ig,c + ηCh× (EVcht
ig,c + EVocht

ig,c) − EVloadt
ig,c −

Discht
ig,c

ηCh
(17)
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(15) EV charging and discharging control constraints:

a. Charging upper limits for charging control only (only operated EV batteries are used):

EVcht
ig,c ≤ EVhomet

ig,c (18)

b. Charging upper limits for charging and discharging control (all EV batteries are used):

EVcht
ig,c + EVocht

ig,c ≤ EVhome2t
ig,c (19)

c. Discharging upper limits in charging and discharging control (all EV batteries are used):

Discht
ig,c ≤ EVhome2t

ig,c (20)

(16) EV SOC constraints:

a. Required SOC at time t (this is the SOC that exceeds the fleet demand and charge/discharge
amount after time t − 1):

EVsoc t
ig,c ≥

24∑
i=t+1

EVload i
ig,c −

24∑
i=t+1

ηCh× EVch i
ig,c +

24∑
i=t+1

Disch i
ig,c (21)

b. conditions for SOC:
EVsoc 24

ig,c = EVsoc 0
ig,c (22)

c. EV SOC upper and lower limits:

BTcapminig,c ≤ EVsoc t
ig,c ≤ BTcapmaxig,c (23)

5. Simulation

5.1. Simulation Conditions

In the present study, a potential future power system for Japan was modeled based on the scenarios
presented in a 2015 Japanese government report on the “Long-term energy outlook in 2030” [21].
The simulation conditions are described in the following sections.

5.1.1. Available Generators and Electricity Demand

The available generators for 10 areas in Japan were chosen based on both the 2015 Japanese
government report (mentioned in the previous section) and the future plans for each major utility [21].
Although the nuclear power plants in Fukushima were shut down as a result of the 2011 earthquake,
these were also considered in the simulation. With regards to the VRE, we assumed the total capacity of
the PV to be 103.4 TWh (86.7 GW, facility utilization rate 13.6%), wind power generation to be 75.2 TWh
(32.2 GW, facility utilization rate 26.7%), geothermal power generation to be 10 TWh, and biomass
power generation to be 39 TWh. The inhomogeneous distribution of VRE between areas was set based
on the resource potential, scale of each area, actual introduction to date, and the outlook of industry
groups. Note that the introduction of PV and wind power has exceeded the projections of the long-term
energy outlook report as a result of reflecting actual deployment trends [21]. We also assumed the
capacity and operation of combined heat and power (CHP) in Japan for 2030 [21]. The generation of
CHP is 119 TWh (16.9 GW), with 70 TWh (12.5 GW) of traditional use, 3 TWh (0.7 GW) of CHP for
area-wide use and commercial fuel cell use, 16 TWh (3.7 GW) of residential fuel-cell use, and 30 TWh of
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CHP that can be exported to external markets. We assumed the share of several CHP types according
to the current deployment data.

Figures 8 and 9 show the amount and share of the generation capacity per given area. We found
the share of PV and wind power generation to be high in Hokkaido, Tohoku, Chugoku, Shikoku,
and Kyushu, but low in Tokyo, Chubu, Kansai, and Hokuriku. As it is difficult to balance supply and
demand in Hokkaido, Tohoku, and Kyushu due to non-flexible generators, such as VRE and nuclear
power, the curtailment of PV and wind power generation was inevitable in these areas.

The rated capacity, minimum output, station service power ratio, thermal efficiency including
partial load characteristics and required periodic repair days, were set for each unit for both thermal
power and nuclear power generation. The average generated power and available output by month
were also set for hydroelectric power generation. For pumped hydro generators with constant speed
generation or variable speed generation, the rated capacity, minimum output, and efficiency were each
set by unit.
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Figure 8. Generation capacity per given area.

Energies 2019, 12, x FOR PEER REVIEW 12 of 22 

 

power and nuclear power generation. The average generated power and available output by month 
were also set for hydroelectric power generation. For pumped hydro generators with constant speed 
generation or variable speed generation, the rated capacity, minimum output, and efficiency were 
each set by unit. 

 
Figure 8. Generation capacity per given area. 

 
Figure 9. Share of the generation capacity per given area. 

5.1.2. Hourly Profile of Electricity Demand and VRE Generation 

The hourly electricity demand profile for each of the ten areas (grids) in Japan for 2030 was 
estimated based on fiscal 2013 (April 2013 to March 2014), and the total demand was assumed based 
on the energy conservation case in the 2015 Japanese government report as shown in Figure 10. The 
hourly PV power generation output was estimated based on solar radiation, temperature, and wind 
speed data for 2013 for each region. The hourly wind power generation was based on actual wind 
farm data for 2013. 

 

0
20
40
60
80

100
120
140

H
ok

ka
id

o

To
ho

ku

To
ky

o

Ch
ub

u

H
ok

ur
ik

u

K
an

sa
i

Ch
ug

ok
u

Sh
ik

ok
u

K
yu

sh
u

O
ki

na
w

aG
en

er
at

io
n 

ca
pa

ci
ty

[G
W

]

CHP
PV
Wind
Pump
Hydro
COMB
LNG
Geo
Biomas
Coal
Oil
Nuclear

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

H
ok

ka
id

o

To
ho

ku

To
ky

o

Ch
ub

u

H
ok

ur
ik

u

K
an

sa
i

Ch
ug

ok
u

Sh
ik

ok
u

K
yu

sh
u

O
ki

na
w

aG
en

er
at

io
n 

ca
pa

ci
ty

 S
ha

re

CHP
PV
Wind
Pump
Hydro
COMB
LNG
Geo
Biomas
Coal
Oil
Nuclear

0
5000

10000
15000
20000
25000
30000
35000
40000
45000
50000

1 3 5 7 9 11 13 15 17 19 21 23El
ec

tri
ci

ty
 d

em
an

d 
pe

r a
re

a [
kW

]

Hour
Hokkaido Tohoku Tokyo Chubu Hokuriku

Kansai Chugoku Shikoku Kyushu Okinawa

Figure 9. Share of the generation capacity per given area.

5.1.2. Hourly Profile of Electricity Demand and VRE Generation

The hourly electricity demand profile for each of the ten areas (grids) in Japan for 2030 was estimated
based on fiscal 2013 (April 2013 to March 2014), and the total demand was assumed based on the energy
conservation case in the 2015 Japanese government report as shown in Figure 10. The hourly PV power
generation output was estimated based on solar radiation, temperature, and wind speed data for 2013 for
each region. The hourly wind power generation was based on actual wind farm data for 2013.
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Figure 10. Hourly profile of electricity demand per given area on 1 April.

5.1.3. Available LFC Supply Capacity, Required LFC Capacity for VRE, and Demand Fluctuation

The available LFC capacity of the generators was set to ±5% of the rated capacity for thermal
power, ±20% for hydropower, ±20% for pumped storage stations in generating mode, and ±20% for
variable speed pumping in both generating and pumping modes.

Fluctuations in both demand and power generation for PV/wind power output in the LFC field
were dependent on the demand characteristics and power generation characteristics, which contained
the smoothing effects of PV/wind power generation based on the location within each area. In the
present study, the required LFC capacity was set to ±2% of the hourly demand fluctuation, ±10% of
the PV output, and ±5% of the wind power output. In this analysis, an EV battery was not used for
LFC regulation.

5.1.4. Interconnection

Table 2 lists the interconnection capacities for the electricity and adjustment exchange between the
ten areas addressed in this study. The bidirectional operational capacity of each line was found to differ
depending on the constraint factors selected for the grid, such as heat capacity, synchronous stability,
voltage stability, and frequency retention. We assumed that the LFC adjustment output fluctuation for
renewable energy was performed using the interconnected line margin, with the available capacity set
to 10% of the interconnected line capacity.

Table 2. Capacity of interconnected lines (MW).

From To
Energy Exchange Capacity

Send Receive

Hokkaido Tohoku 810 810

Tohoku Tokyo 4455 585

Tokyo Chubu 1890 1890

Chubu Hokuriku 270 270

Chubu Kansai 1656 2250

Hokuriku Kansai 1440 1170

Kansai Chugoku 2430 3600

Kansai Shikoku 1260 1260

Chugoku Shikoku 1080 1080

Chugoku Kyushu 495 2331
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5.1.5. EVs

For an at-home or workplace EV, we assume that charge and discharge devices are available, to which
the EV is constantly connected while parked. As described in Section 3.1, the target for EV switching was
private-use vehicles, with the distance traveled and charge/discharge availability patterns estimated in
five clusters for each area. A charge and discharge cycle was completed for each cluster, with two types
of controls considered, these being the “charge control only” and “charge and discharge control” modes.
Regarding the EV specifications, 40 kWh was used for the storage battery capacity and 3 kW as the charge
and discharge capacity (assuming that the charge/discharge efficiency was 90%). The EV fleet efficiency
was set to 7 km/kWh, with the initial and last state of charge for the EV battery on any particular day set to
50%. Since there were only two driving patterns for a vehicle (weekdays or holidays), the same driving
patterns were used for holidays and weekdays throughout the year.

In 2030, the number of EVs in use was predicted to be 8.96 million, which is approximately 16%
of the total number of private passenger vehicles (56.01 million) in 2016 [21]. In our study, we also
considered that the ratio of non-operating vehicles was half of that estimated based on the OD statistics
shown in Figure 7. This prediction was based on the premise that EVs would be purchased at a
higher price than conventional vehicles and used relatively frequently. As a result, the EV mileage in
2030 was assumed to be 7,468 km/year for each vehicle, which is 1.3 times greater than the personal
passenger vehicle average based on OD statistics. The distance is less than the actual yearly mileage
of 100 EVs (approximately 17,781 km/year) in the US [22]. The electric power demand per unit was
1,067 kWh/year, while the actual EV average power demand in the US was 3,269 kWh/year [22].

5.2. Simulation Cases

The scenario-based simulations were set as follows, considering the control methods (with charge
control only or with charge and discharge control and the availability of workplace control):

Case 0. No EV cases
Case 1. At-home dumb-charging case
Case 2. Charging control at home only
Case 3. Charging control at home and at the workplace
Case 4. Charging and discharging control at home only
Case 5. Charging and discharging control at home and at the workplace

In the dumb-charging scheme, an EV was charged immediately after a return day trip at a charging
capacity of 3 kW.

5.3. Simulation Results

5.3.1. Electricity Generation

Figure 11 shows the nationwide annual electricity generation amount for each power generation
type, while Figure 12 shows the changes to the generated power, with reference to the case lacking any
EV (Case 0). An EV shift to dumb-charging led to an increase in the total generated electrical energy
of 7.5 TWh (0.7%), from 1,108 TWh to 1,116 TWh. In this case, coal, LNG, and pumped generation
also increased.

Compared to the dumb-charging scenario, the charge and discharge controls made LNG and
pumped generation decrease, while coal generation (with lower fuel costs) increased. In Case 5,
the curtailment of the charge and discharge controls, both at home and at the workplace, decreased as
a result of the curtailment in the VRE generation but increased for PV and wind-power output.

There remains a need to discuss these results and determine how they can be interpreted in light of
the results of previous studies and the working hypotheses. The findings and their implications should
be discussed in the broadest context possible. Future research directions may also be highlighted.
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Figure 11. Nationwide annual electricity generation amount (by generation type) for each simulation.
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Figure 12. Change in generated power with reference to Case 0.

5.3.2. Operational Costs

Table 3 summarizes the simulation results for each case. Operational costs include the start-up
costs and the fuel costs for nationwide power generation. The VRE curtailment ratio is calculated as the
curtailed power divided by the generated power from PV and wind generation. The CO2 emissions
originate from thermal power plants. In the following, the knowledge obtained from the difference
between the values for the respective cases in Table 3 will be described.

Figure 13 shows the difference in operational costs of power generation in Japan, including the
start-up costs and fuel costs. The cost is seen to increase with a shift towards EVs with dumb charging
(Case 1), relative to the scenario with no EVs (Case 0). This increase was approximately $1,090 million
per year. The effects of reducing the operational costs by controlling the EV charging and discharging
regime increased from $334 million per year in Case 2 to $778 million per year in Case 5. These figures
correspond to a cost reduction of 31%–71% compared to the incremental cost by dumb charging.
Changes in the operational cost per vehicle are shown in Figure 14. Here, the cost of an EV shift in
the dumb charging scenario (Case 1) compared to the scenario with no EVs (Case 0) increased by
$122s per year. The effects of these operational cost reductions resulting from the application of EV
charging and discharging controls increased from $37 per year in Case 2 to $87 per year in Case 5.
Meanwhile, the cost merit per vehicle for the workplace charging control method, determined by the
difference between Case 2 and Case 3, was $12 per year. The cost merit per vehicle of the workplace
charging/discharging control, as determined by the difference between Case 4 and Case 5, was almost
double that of the workplace charging control method, at $21 per year.
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Table 3. Nationwide simulation results in each case.

Item Case 0 Case 1 Case 2 Case 3 Case 4 Case 5

Operational costs
(US$ billion/y) 46,439 47,529 47,195 47,094 46,936 46,751

VRE curtailment ratio (%) 17.2 17.1 16.4 15.8 14.8 14.1

CO2 emissions (Mt/year) 309.2 312.0 312.5 312.2 312.5 311.8Energies 2019, 12, x FOR PEER REVIEW 16 of 22 
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Figure 13. Nationwide operational costs for power generation changes compared to no-EV case.
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Figure 14. Nationwide operational costs for power generation changes per vehicle compared to
no-EV case.

5.3.3. Reduction in VRE Curtailment

A curtailment in the VRE generation indicates the electric power suppression needed to minimize
the total system costs with respect to the amount of electric power that should have been generated,
based on the solar radiation and wind conditions. As shown in Figure 8, the generation capacity led
to a 33.9-TWh annual curtailment in VRE in Case 0, which corresponds to 16.5% for PV and 18.2%
for wind power generation. In contrast, Figure 15 shows the effects of reducing the VRE curtailment
through the introduction of EVs and control. Here, the EV shift in the dumb-charge scenario had the
potential to reduce the curtailment by approximately 0.7%, as the electricity demand increased with
respect to the no-EV case. This remarkable improvement was higher when workplace controls were
available because they can greatly contribute to the mitigation of PV output curtailment during the day.
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5.3.4. CO2 Emissions

Changes in the CO2 emissions are shown in Figure 16. We found that the electricity demand
increased due to an increase in the EV shift at 2.9 Mt per year in the dumb-charging scenario. On the
other hand, assuming that all conventional vehicles were fueled by gasoline, the CO2 emissions of the
overall transportation sector decreased by approximately 13.4 Mt per year due to the electrification of
vehicles. Here, the fuel efficiency of such vehicles was 11.9 km/l, based on Reference [23]. The CO2

emission intensity of gasoline was 2.38 kg CO2 /l CO2, where emissions increased through EV battery
control (i.e., Cases 2 to 4) compared to the dumb-charging scheme (Case 1). The latter was due to the
objective function of the model being cost minimization, which did not impose CO2 emissions penalties.
The charge/discharge controls for the EVs contributed to the load leveling that enabled an increase in the
generation of cheaper coal-fired power, which resulted in an increase in CO2 emissions. However, these
were only small increases that had the potential to be offset against gasoline consumption.
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5.3.5. Daily Operations

Figure 17 shows the nationwide charging and discharging patterns, SOC by cluster, and change in
net demand for each case on 1 April.

The upper graphs in Figure 17 show the potential and optimized controlled values for EVs, while
the middle graphs show the total SOC for EVs in each cluster. The net load in the lower graphs
indicates the demand curve, subtracting PV, wind power generation, co-generation, and interchange
power from the original demand. The adjusted net load indicates a demand curve by reflecting the
curtailment for VRE output, as well as the optimal EV charging and discharging. Here, the amount of
discharge on the upper graphs does not include the discharge for the EV fleet.

While the charging demands occur in the evening for the dumb charging scheme, the degree of
freedom of battery utilization on EVs increased for Case 2 to Case 5.

In the case when only charge control is applied, the controlled amount was limited because the
fleet charging load was the only parameter that could be controlled. The charging and discharging
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controls made it possible to discharge power in the evenings, which flattens the residual load curve.
Since the non-operating vehicles were also controlled, the discharging control potential increased.

In addition, the availability of workplace controls shifted the charge from early in the morning to
midday. This contributed to mitigating the PV output curtailment.

The upper graphs in Figure 17 show that the controlled EV amounts almost reached the available
charge, while the middle graphs show that the SOC varied between 40 and 70%. This indicates that the
controlled variable for the EV was limited not by the kWh capacity (40 kWh/unit), but by the kW capacity
(3 kW/unit). Therefore, it is expected that the controlled amount will further expand through the use of
inverters with a larger capacity for charge and discharge. This, however, may lead to risks related to
the restrictions on the distribution network, such that the tradeoff should be considered carefully.
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could not be used to make EV batteries contribute to the grid. Both charging and discharging 
control did allow the batteries of non-operating vehicles to be utilized, which led to an increase 
in the control potential.  

- The introducing of EVs to a point where they constituted 16% of all private cars in 2030 increased 
the nationwide electric power system demand by 0.7%. As the control amount for EVs increased, 
the curtailment of VRE was reduced, the overall power generation of pumped storage and 
natural gas decreased, while the use of inexpensive coal increased. The introduction of EVs 
increased the generation costs in a dumb-charging scenario, however, in that the application of 
charge to an EV battery could reduce the incremental cost by 31%–40%, while the 
charge/discharge control could reduce it by 54%–71%. 

- A 17% curtailment in VRE occurred without the introduction of EVs. Here, the curtailment was 
reduced by 0.7% in the dumb-charging case, by 4.6–7.7% for the charge control only case, and 
by 13.9–18.1 % in the case when both charge and discharge controls are applied. 

Figure 17. Daily operational results on a case by case basis (Nationwide, 1 April, 2030).

6. Conclusions

We have proposed a model for integrating and assimilating electric vehicles (EVs) into the power
grid system in Japan. An EV driving model was constructed based on the results of a Japanese
road traffic census and a production cost model for the entire power system. The contribution of
EVs as a flexible resource was evaluated by considering the availability of EVs both at home and at
the workplace.

We simulated the supply and demand forecasts for 2030, assuming a 16% introduction of EVs to
the private vehicle sector, and determined the following:

- Japanese vehicles travel shorter distances, with nearly half of all vehicles being unused on a daily
basis, based on a 2010 OD survey. As a future scenario, assuming that the ratio of non-operating
vehicles is half that found in 2010, the travel mileage per vehicle equaled 7,468 km per year, which
was less than half of that found for EVs in the US. Therefore, the charge control method could
not be used to make EV batteries contribute to the grid. Both charging and discharging control
did allow the batteries of non-operating vehicles to be utilized, which led to an increase in the
control potential.

- The introducing of EVs to a point where they constituted 16% of all private cars in 2030 increased
the nationwide electric power system demand by 0.7%. As the control amount for EVs increased,
the curtailment of VRE was reduced, the overall power generation of pumped storage and natural
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gas decreased, while the use of inexpensive coal increased. The introduction of EVs increased the
generation costs in a dumb-charging scenario, however, in that the application of charge to an EV
battery could reduce the incremental cost by 31%–40%, while the charge/discharge control could
reduce it by 54%–71%.

- A 17% curtailment in VRE occurred without the introduction of EVs. Here, the curtailment was
reduced by 0.7% in the dumb-charging case, by 4.6–7.7% for the charge control only case, and by
13.9–18.1 % in the case when both charge and discharge controls are applied.

- Since CO2 emissions were not restricted in this simulation, the CO2 release increased slightly
through the application of charge and discharge controls when operational costs were minimized.
However, due to the effect of fossil fuel substitution with the adoption of EVs, the CO2 emissions
were reduced by 10–11 Mt per year.

- The control effects of EVs were restricted by the kW capacity (3 kW). It was, therefore, suggested
that greater control effects could be attained by increasing the inverter capacity for the charge and
discharge scenarios. An increase in the kWh capacity (40 kWh) did not lead to an increase in the
effect under this assumption.

Given the results produced by our analysis, it was found that EVs can greatly contribute to
expanding the use of renewable energy and reducing system costs by charging and discharging not
only at home but also at the workplace. Thus, the installation of charging facilities at places of work is
a worthwhile venture that should be supported politically.

Our future work will include the analysis of various scenarios to determine the effect of integrating
EVs. In-depth parameter analysis should be promoted for the number of EVs, the battery kW and
kWh capacity, the SOC initial level, and different cluster methods. We will also develop an evaluation
model for multiple DR resources other than EVs.
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Nomenclature

Index
t Time slot
i Generator unit
ig Grid
m Interconnection line
c Electric vehicle (EV) cluster
imustrun Index of must-run generator units
imuststop Index of must-stop generator units
imainte Index of generator units under maintenance
Parameters
bi, ci Coefficients
NT Number of time slots
Ngrid Number of grids
NGig, idxig Total number and initial index of generator units in grid ig
NPGig, idpig Total number and initial index of pumped storage units in grid ig
NTGig, idtig Total number and initial index of thermal and nuclear generator units in grid ig
NHGig, idhig Total number and initial index of hydro, geothermal and biomass generator units in grid ig
Ntgig Set of thermal generators and nuclear generator units in grid ig
Nhgig Set of hydro, geothermal and biomass generator units in grid ig
LOADig

t System load at time t in grid ig
PLi, PUi, adjpui Lower and upper output and adjustment ratio of generator unit i
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PsLi, PsUi Lower and upper water storage capacity of pumped storage unit i
PgLi, PgUi, adjpgi Lower and upper output and adjustment ratio of pumped storage unit i
PpLi, PpUi, adjppi Lower and upper input and adjustment ratio of pumped storage unit i
ηi Pumping efficiency of pumped water generator unit i
Npf Number of interconnection lines
Npfig, from, Npfig, to Set of grids that are from side and to side connected with grid ig via interconnection lines
PfGUig, PfGLig Upper and lower limit flow via interconnection lines connected to grid ig
PfUm, PfLm Upper and lower limit flow in interconnection line m
mrgm Marginal capacity in interconnection line m
lossm Transmission loss in interconnection line m
BTig, adjbtig Battery capacity and adjustment ratio in grid ig

orloadig, orpvig, orwdig
Required adjustment ratio for system load, photovoltaic (PV) generation and wind power generation
in grid ig

NEVig Number of EV cluster of grid ig
EVhomeig,c

t EV chargeable capacity at time t in cluster c of grid ig
EVhome2ig,c

t EV chargeable and dischargeable capacity at time t in cluster c of grid ig
EVloadig,c

t EV fleet load at time t in cluster c of grid ig
ηCh EV battery efficiency
BTcapmaxig,c Maximum EV battery capacity in cluster c of grid ig
BTcapminig,c Minimum EV battery capacity in cluster c of grid ig
Variables
Pi

t Outputs of generator i at time t
Ui

t Unit commitment states of generator unit i at time t (0stop, 1start)
Ugi,ig, Upi,ig Unit commitment states of pumped storage unit i in grid ig (0stop, 1start)
Upi

t Unit commitment states for pumping of pumped storage unit i at time t in generator i (0stop, 1start)
Ugi

t Unit commitment states for generating of pumped storage unit i at time t in generator i (0stop, 1start)
Psi

t Water storage amount of pumped storage unit i at time t
Ppi

t, Pgi
t Pumping input and output amount of pumped storage unit i at time t

Phi
t, adjhi Output and adjustment ratio of hydropower unit i at time t

Pcgig
t, adjcgig Output and adjustment ratio of co-generation system at time t in grid ig

Ppvig
t,Pwdig

t Output of PV and wind power systems at time t in grid ig
SVpvig

t, SVwdig
t Curtailment of PV and wind power systems at time t in grid ig

Pfmt Power flow on interconnection line m
LFCsendig

t LFC (load frequency control) power from grid ig to other grids
LFCreceiveig

t LFC power from other grids to grid ig
LFCupi

t LFC reserve capacity to raise at time t in generator unit i
LFCdowni

t LFC reserve capacity to lower at time t in generator unit i
EVchig,c

t EV charging amount for EV fleet at time t in cluster c of grid ig
EVochig,c

t EV charging amount for other than EV fleet at time t in cluster c of grid ig
Dischig,c

t EV discharging amount at time t in cluster c of grid ig
EVsocig,c

t EV state of charge (SOC) at time t in cluster c of grid ig
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