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Abstract: The use of batteries of electric vehicles (EVs) for home electricity applications using a
bidirectional charger, a process called vehicle-to-home (V2H), is attracting the attention of EV owners
as a valuable additional benefit of EVs. To motivate owners to invest in V2H, a quantitative evaluation
to compare the performance of EV batteries with that of residential stationary batteries (SBs) is
required. In this study, we developed a multi-objective optimization method for the household of EV
owners using energy costs including investment and CO2 emissions as indices and compared the
performances of V2H and SB. As a case study, a typical detached house in Japan was assumed, and we
evaluated the economic and environmental aspects of solar power self-consumption using V2H or
SB. The results showed that non-commuting EV owners should invest in V2H if the investment cost
of a bidirectional charger is one third of the current cost as compared with inexpensive SB, in 2030.
In contrast, our results showed that there were no advantages for commuting EV owners. The results
of this study contribute to the rational setting of investment costs to increase the use of V2H by
EV owners.

Keywords: electric vehicle; vehicle-to-home; multi-objective optimization; optimal sizing; optimal
scheduling; solar power self-consumption

1. Introduction

The widespread use of electric vehicles (EVs) is essential to respond to the 2 ◦C scenario. Japan
has set the ambitious goal of raising the total percentage of EV and plug-in hybrid vehicle (PHV)
stock to 16% by 2030 [1]. Improving the value of EVs and PHVs by using them to contribute to the
supply-and-demand balance of electric power systems, including variable renewable energy sources,
is one solution proposed as a means of accelerating their spread. Representative technological examples
of this approach are vehicle-to-grid (V2G) and vehicle-to-home (V2H) systems. V2G can be applied to
use the batteries of EVs to operate power grids. In contrast, V2Hs use the batteries of EVs for energy
management in the domain of behind-the-meter systems such as the home of an EV owner. Therefore,
V2H can provide benefits to EV owners with a simple and small-scale system as compared with V2G.
To clarify the benefits of V2H, a quantitative evaluation of the economics of V2H systems has been
performed in some recent studies.
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Previous studies have focused on combinations of residential photovoltaic (PV), stationary battery
(SB), and V2H technology and have performed economical evaluations by optimizing the associated
operational schedules. The impact of SB and EV charging and discharging schedules on the economics
in houses with PV, V2H, and SB has been evaluated [2]. The revenue generated from power trading
under the DR program using PV, SB, and EV has also been analyzed [3]. Furthermore, the economics of
EV charging and discharging schedule have been analyzed using a model that considers the uncertainty
of PV power generation and EV trips [4]. Some studies have focused on the optimal sizing of equipment
to evaluate the economics considering capital investment costs. The optimal size of PV and SB in homes
with V2H under dynamic pricing have been examined [5]. In addition, the economically optimal size
of battery capacity and maximum power has been derived considering each investment cost [6]. Monte
Carlo simulation has also been used to evaluate the economically optimal sizing of PV, wind, and SB in
a house with V2H [7].

The previous studies described above only assessed the economic value based on the premise
of introducing V2H. V2H can be realized using a bidirectional charger, e.g., CHAdeMO protocol.
In other words, whether an EV owner will invest in a bidirectional charger was not considered in these
studies. HEV-TCP by IEA lists the investment cost of a bidirectional charger as a barrier to the spread
of V2H [8]. Clarifying the value of V2H could help motivate EV owners to introduce bidirectional
chargers. In addition, if a SB is enough inexpensive, V2H may not be selected by the EV owners.
Therefore, to motivate EV owners to invest in V2H, it is necessary to economically evaluate V2H
including the investment cost of bidirectional chargers as compared to SBs.

Additionally, consumer tastes are diversifying. A multi-optimization method, targeting both
environmental and economic issues, is necessary to develop an optimum plan for environmentally
oriented owners. A multi-objective scheduling method has been proposed to minimize the total
operational costs and emissions in a distribution network [9]. However, the multi-objective optimization
methods used previously did not focus on energy management of the EV owner’s home in conjunction
with V2H.

In this study, we examine whether V2H is economically and environmentally rational for EV
owners as compared to residential SBs, including the investment cost of the bidirectional charger.
Specifically, a multi-objective optimization method is developed to derive the optimal operation
schedule and the size of equipment, such as PV and SB, to be installed in the home, using the
home energy costs and CO2 emissions as indices. The method is formulated in a mixed integer
linear programming (MILP) framework, which generalizes the model constructed by the authors [10].
The case study analyzes the sensitivity of the cost of the bidirectional charger to a low-cost SB in the
future, assuming different uses of EV. The results of this study provide guidance on the future cost
targets of bidirectional chargers to motivate EV owners.

2. Method

2.1. Modeling

The energy flow structure of the household is presented in Figure 1. This structure includes a
residential PV, SB, EV, and EV discharging (V2H) as the power supply and demand from the grid to the
residential power demand. The sources of power supply are the grid and PV. The power demand to
drive the EV is divided from the residential power demand. The SB can be used for residential power
demand or EV charging. The EV battery can be used not only for driving but also for residential power
demand with the V2H option. Selling back to the grid is only possible from the PV.
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This structure is formulated as a multi-objective optimization problem based on MILP. We use
this formula to optimize energy flow at hourly granularity and capital investment based on perfect
forecasts of the residential power demand, the power demand of EV, and PV power generation.
The optimization indicators are total energy costs and CO2 emissions at home. Equation (1) shows the
objective function to minimize the weighted sum of the cost and CO2 emissions:

F(x1, x3, y2, y8, z18) = w
fcost(x1, x3, y2, y8, z18)

min
{
fcost(x1, x3, y2, y8, z18)

} + (1−w)
fco2(x1)

min
{
fco2(x1)

} (1)

where x1 and x3 represent the hourly amount of energy purchased from the grid and sold back to
the grid, respectively; y2 and y8 denote the size of PV and SB, respectively; and z18 represents the
binary variable, which denotes the investment for the bidirectional charger for V2H (z18 = 0 when not
investing in a bidirectional charger, and z18 = 1 when investing in a bidirectional charger). A set of
Pareto solutions related to the economy and environment can be calculated with the weight value w
from 0 to 1, i.e., the minimum CO2 solution is when w = 0, and the minimum cost solution is when
w = 1. In Equation (1), fcost represents the total energy cost during the time horizon of the optimization
problem T (hour) and is calculated using the sum of the grid purchase costs, the income from selling
power to the grid, and the equipment costs as follows:

fcost =
T∑

t = 1

{
pbuy(t)·x1(t) − psell(t)·x3(t)

}
+ (CPV·y2 + CSB·y8 + CV2H·z18)·T (2)

where price fluctuations such as dynamic prices can be considered by giving an exogenous value at
time t (hourly granularity) to the purchase unit price pbuy(t) and the selling unit price psell(t). CPV, CSB,
and CV2H are cost coefficients of PV, SB, and the bidirectional charger of base size (1 kW, 1 kWh, and 1
unit, respectively), and these values include the investment and maintenance costs as follows:

CPV =
( IPV

LPV
+ MPV

)
/8760 (3)

CSB =

(
ISB
LSB

+ MSB

)
/8760 (4)

CV2H =
( IV2H

LV2H
+ MV2H

)
/8760 (5)

where, IPV, ISB, and IV2H are investment costs; LPV, LSB, and LV2H are the product life (in years); and
MPV, MSB, and MV2H are annual maintenance costs. The value 8760 in Equations (3) to (5) refers to
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the number of hours in a year. Notably, the investment and other costs of the EV are not included
because it is assumed to be an independent investment for mobility reasons only. In Equation (1), fco2
represents the total CO2 emission from the grid power during the time horizon of the optimization
problem T and is calculated by Equation (6).

fCO2 =
T∑

t = 1

egrid·x1(t) (6)

The optimization constraints are expressed as: Equations (7) to (28), including the balance of
supply and demand, the power of equipment, storage, junctions, charging or discharging efficiency,
and availability of EV. Equation (7) states that the power supply from PV x2(t) can be calculated by the
normalized power production PPV_unit(t) and the size of PV y2.

x2(t) = PPV_unit(t)·y2 (7)

Equations (8) and (9) state that x16(t) and x19(t) are always equivalent to the power demands
DEV(t) and Dhome(t), respectively. PPV_unit(t), DEV(t), and Dhome(t) are provided as exogenous variables.
In other words, they are perfectly predicted in the optimization process.

x16(t) = DEV(t) (8)

x19(t) = Dhome(t) (9)

Equations (10) to (14) represent the equation of continuity at the junctions.

x2(t) = x3(t) + x4(t) (10)

x1(t) + x4(t) = x5(t) + x6(t) (11)

x5(t) + x10(t) = x11(t) + x12(t) (12)

x11(t) + x18(t) = x19(t) (13)

x15(t) = x16(t) + x17(t) (14)

Equations (15) to (18) represent the efficiency of charging or discharging (ηSB_Ch. ηSB_DisCh. < 1,
ηEV_Ch. ηEV_DisCh. < 1).

x7(t) = ηSB_Ch.·x6(t) (15)

x10(t) = ηSB_DisCh.·x9(t) (16)

x13(t) = ηEV_Ch.·x12(t) (17)

x18(t) = ηEV_DisCh.·x17(t) (18)

Equations (19) and (20) state that the state of charge (SoC) of the batteries (SB and EV) are
dependent on the charging or discharging history, as follows:

x8(t) = x8(t− 1) + x7(t) − x9(t) (19)

x14(t) = x14(t− 1) + x13(t) − x15(t) (20)

where the initial values x8(0) and x14(0) are given as a predetermined ratio rSB_ini. and rEV_ini. to the
capacity sizes (i.e., x8(0) = y8 rSB_ini. and x14(0) = Cap.EV rEV_ini.). In addition, the SoC of the batteries
has a lower and upper limit, as follows:

0 ≤ x8(t) ≤ y8 (21)
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lbEV_SOC ≤ x14(t) ≤ ubEV_SOC (22)

where lbEV_SOC and ubEV_SOC are given from the specification of the EV.
Equations (23) to (26) denote the limit of charging or discharging power of SB or EV. The charging

and discharging power of SB are limited by the rates of capacity size given by Equations (23) and (24).

0 ≤ x7(t) ≤ rSB_Ch.·y8 (23)

0 ≤ x9(t) ≤ rSB_DisCh.·y8 (24)

In contrast, the EV can be charged or discharged when the EV is parked at home, i.e., the charging
and discharging powers are given as follows:

0 ≤ x12(t) ≤ PEV_Ch.·δEV(t) (25)

0 ≤ x13(t) ≤ PEV_DisCh.·δEV(t) (26)

where PEV_Ch. and PEV_DisCh. are the maximum power of the EV charger and discharger, and δEV(t) is a
binary parameter that represents the absence of the EV based on its driving pattern (δEV(t) = 0 while
the EV is absent, and δEV(t) = 1 while the EV is parked at home).

Equations (27) and (28) represent the maximum sizes of PV and SB.

0 ≤ y2 ≤ PVmax (27)

0 ≤ y8 ≤ SBmax (28)

To obtain a set of Pareto solutions, the optimization equations are adopted in the following
three steps:

1. To obtain min{fcost(x1, x3, y2, y8, z18)} in Equation (1), the problem takes the following form:

min. objective function Equation (2)
subject to: optimization constraints Equations (7) to (28)

(29)

2. To obtain min{fco2(x1)} in Equation (1), the problem takes the following form:

min. objective function Equation (3)
subject to: optimization constraints Equations (7) to (28)

(30)

3. Substitute min{fcost(x1, x3, y2, y8, z18)} and min{fco2(x1)} calculated in the previous two steps into
Equation (1) to solve the problem described as following form:

min. objective function Equation (1)
subject to: optimization constraints Equations (7) to (28)

(31)

The MILP problem described in Equations (29) to (31) is a classical optimization paradigm and
can be solved using algorithms, such as the branch and bound method.
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2.2. Sample System

To compare the future V2H and SB economically and environmentally, Japanese EV owners living
in a detached house are chosen as typical case studies, in 2030. The time horizon of the optimization
problem, T, and the start time are set to one year (8760 h) and 0:00 in April 1, respectively. The eight
cases comprising two EV driving patterns and four combinations of equipment are evaluated, as shown
in Table 1. To compare the impact of different driving patterns on the economic and environmental
rationality of V2H, non-commuter and commuter cars were considered. In case 1, the power supply
from the grid meets the residential electricity demand and the non-commuter EV demand without
an investment in equipment. Case 2 adds the option of an investment in PV to case 1. Cases 3 and 4
add investment options of SB and bidirectional chargers for V2H to case 2, respectively. In cases 5 to
8, the driving pattern assumed is that of a commuter car. In cases 4 and 8, to explicitly compare the
effect of investment in V2H with the results of other cases, the necessity of a bidirectional charger z18 is
forcibly given as 1 and an optimization calculation is performed. All the case studies are conducted
using the MATLAB Optimization Toolbox [11] as a solver based on the branch and bound method.

Table 1. Combinations to be optimized.

Case EV Driving
Pattern

System Configurations

Grid PV SB V2H

1

Non-commuter

# - - -
2 # # - -
3 # # # -
4 # # - #

5

Commuter

# - - -
6 # # - -
7 # # # -
8 # # - #

In this study, the EV driving patterns are given as exogenous variables in the optimization process.
Therefore, this study evaluates an upper bound on the benefits that can be earned through the V2H
options. In reality, the value will be reduced due to EV availability forecasting error and range anxiety.
The one-year driving pattern of the non-commuter EV is estimated using Equations (32) to (35),
assuming that trips occur randomly with reference to the data based on a country-wide survey [12].
That is, the departure time (DT) is given by the probability shown in Figure 2, and the comeback time
(CT) is obtained by adding the stay time (ST) and driving period (DP) to DT, as follows:

CT = DT +
ST + 2 ∗DP

60
(32)

ST = N(60, 15) (33)

DP =
TL

V ∗ 60
(34)

TL =
∣∣∣N(8, 3)

∣∣∣ (35)

where ST and trip length (TL) are calculated by random variables with a normal distribution.
The average driving speed, V, is set to 30 km/h. Therefore, Figure 3a shows the existence ratio of the
non-commuter EV at home. The annual mileage of the non-commuter EV is estimated to be 4881 km.
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The driving pattern of a commuter car is assumed empirically, i.e., the EV is absent from 9:00 a.m
to 7:00 p.m. on weekdays and from 12:00 a.m. to 5:00 p.m. on Saturdays and holidays and travels
30 km/day. Figure 3b shows the existence ratio of the commuter EV at home. The annual mileage of the
commuter EV is estimated to be 9390 km. According to the analysis based on a nationwide survey in
Japan [13], the average mileage of private cars is approximately 9300 km/year, and the mileage of only
short-range cars including most non-commuter cars is below approximately 5475 km/year. Therefore,
the EV mileage estimated in this case study is considered to be adequate.

The assumed characteristics of EV are shown in Table 2. The power demand of the non-commuter
and commuter EVs, DEV(t), can be calculated by their driving pattern and the vehicle efficiency shown
in Table 2, and are shown in Figure 4a and b, respectively. The upper limit and lower limit of SoC are
empirically set to avoid battery deterioration.

Table 2. Characteristics of EV.

Vehicle efficiency 7 (km/kWh)
Capacity of EV battery (Cap.EV) 40 (kWh)
Ratio of initial SoC (rEV_ini.) 0.5
Lower limit of SoC (lbEV_SOC) 8 (kWh)
Upper limit of SoC (ubEV_SOC) 32 (kWh)

The yearly total of the residential power demand is approximately 5311 kWh based on the average
of the detached houses [14]. Figure 5 shows the time variation of the residential demand, Dhome(t),
estimated using previously presented information [15]. Figure 6 shows the PV power generation
curve per unit capacity, PPV_unit(t), estimated from solar radiation data [16] for Nagoya city, where the
capacity factor of the PV is 13.98%.
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Figure 5. Residential power demand.

The system parameters of PV, SB, and the bidirectional charger for V2H, in 2030, are shown in
Table 3. The costs of PV refer to the 2030 forecast provided by the Power Generation Cost Verification
Working Group [17]. The costs of the SB are assumed based on previously presented information [18],
where the investment cost is approximately a quarter of the current market price in Japan [19].
The charging or discharging power ratio (rSB_Ch., rSB_DisCh.) is set to 0.333, which is the average value of
residential batteries in the current Japanese market [20] (i.e., 3 h to fully charge or discharge battery).
A lithium ion battery is considered for these characteristics of SB. The costs of the bidirectional charger
for V2H are assumed to differ as per different scenarios, ranging from the current typical price [21] to
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one third of the current price. The charging and discharging maximum power of the EV (PEV_Ch. and
PEV_DisCh.) are assumed to be identical to that of a normal charger in Japan.
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Table 3. System parameters of equipment.

Equipment Parameter

PV

Investment cost (IPV) 2064 (€/kW)
Maintenance cost (MPV) 1% of IPV (€/kW/year)

Product life (LPV) 30 (year)
Maximum size (PVmax) 10 (kW)

SB

Investment cost (ISB) 240 (€/kWh)
Maintenance cost (MSB) 2% of ISB (€/kWh/year)

Product life (LSB) 10 (year)
Maximum size (SBmax) 15 (kWh)

Efficiency of charging (ηSB_Ch.) 1.0
Efficiency of discharging (ηSB_DisCh.) 0.86

Ratio of initial SoC (rSB_ini.) 0.5
Ratio of charging power (rSB_Ch.) 0.333

Ratio of discharging power (rSB_DisCh.) 0.333

Charger or
Discharger for EV

Investment cost (IV2H) 3600, 2400, 1200 (€/unit)
Maintenance cost (MV2H) 2% of IV2H (€/unit/year)

Product life (LV2H) 10 (year)
Efficiency of charging (ηEV_Ch.) 0.9

Efficiency of discharging (ηEV_DisCh.) 0.9
Maximum charging power (PEV_Ch.) 3.3 (kW)

Maximum discharging power (PEV_DisCh.) 3.3 (kW)

The electricity price of grid pbuy(t) is assumed to be the minimum unit price for domestic customers
offered by the Chubu Electric Power company (0.185 €/kWh) [22]. The selling unit price, psell(t),
is assumed to be 0.04 €/kWh. The adopted CO2 emission rate for grid power was assumed to be the
Japanese target value for the year 2030 [23], i.e., 0.37 kg-CO2/kWh. The price and CO2 efficiency of the
grid are assumed to be constant values. Therefore, we ignored the economic impact of SB and V2H
due to fluctuations in electricity prices. In other words, we focus on the efficiency of SB and V2H for
self-consumption of PV power.

3. Results

Figure 7 shows the Pareto solution of the cost and amount of CO2 emissions for the cases of
non-commuter EV. Due to the limited number of calculations, these curves are approximation to the
exact Pareto curves [24]. For each curve in Figure 7, the left ends were the results of cost minimization
(w = 1) and the right ends show the results of CO2 emission minimization (w = 0). We ensured that the
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Pareto curves of cases 3 and 4 did not intersect when the investment cost of the bidirectional charger
was one third the current cost (i.e., IV2H is 1200 €/unit). V2H could reduce CO2 emissions and energy
costs as compared with SB, if the cost of the bidirectional charger was one third of the current cost.
However, when the bidirectional charger cost more than two-thirds of the current cost, the economic
and environmental performance of V2H is lower than that of SB. Figure 8 shows the cost structure and
the optimum sizes of PV and SB, with respect to the results of cost minimization. Case 4 has 6.5 kW of
PV, which is the largest as compared to other cases. According to Equation (33), if there is no excess PV
generation, the levelized cost of electricity [25] of PV (LCOEPV) is calculated as 0.073 €/kWh, which is
lower than the purchase unit price from the grid. In Equation (36), CPV is calculated by Equation (3),
and the discount rate is not considered in this study (see Appendix A for details).

LCOEPV =
CPV ∗ 8760∑8760

t = 1 PPV_unit(t)
(36)
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If excess electricity is generated by increasing the size of PV, cost reduction will be possible by
preventing a decrease in the utilization rate of PV power generation with an inexpensive storage. There
are many opportunities for non-commuter EVs to charge PV.
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Figures 9–12 show the relationship between the residential supply-demand balance and the
operation schedule of the batteries (EV and SB) on some specific days as examples of the optimized
schedule in the minimum cost solution. The results of cases 3 and 4 on the day with a large amount
of PV power generation (October 1) are shown in Figures 9 and 10, respectively. From Figure 9a,
in case 3, daytime residential power demand was met using PV, and excess power was used to charge
the SB and EV. The SB discharged in the evening and grid power was purchased at night. From
Figure 9b, the SoC of EV battery was sufficient for driving, and the EV was charged while at home.
From Figure 9c, the SoC of SB circulated from empty to full charge in one day. As shown in Figure 10a,
in case 4, the excess power generation was used to charge the EV and the residential power demand
was met by V2H at night. From Figure 10b, with the use of V2H, the SoC of EV battery increased or
decreased significantly in one day. In contrast, Figures 11 and 12 show the energy flows in cases 3
and 4 on October 2, when PV power generation is low. As shown in Figure 11a,c, because excess PV
power was low, charging and discharging of the SB was slight and the EV was not charged in case 3.
From Figure 11b, the SoC of the EV battery was found to be sufficient for the driving demand, hence,
the SB was preferentially charged on this day. From Figure 12a,b, in case 4, there was limited excess
power generation, however, V2H could satisfy the residential power demand without purchasing grid
power. Therefore, in case 4, we found that the EV batteries with a larger storage capacity than the SB
encouraged the use of excess PV power at night when bidirectional chargers were of low cost.
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Figure 11. Optimized energy flow in case 3 on the day with small amount of PV power generation (a)
residential supply-demand balance, (b) operation schedule of EV battery, and (c) operation schedule
of SB.
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Figure 12. Optimized energy flow in case 4 on the day with small amount of PV power generation (a)
residential supply-demand balance and (b) operation schedule of EV battery with V2H.
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Focusing on CO2 minimization, Figure 13 shows that the PV and SB sizes reached the installation
upper limits to reduce the use of grid power as far as possible. The self-consumption rate, rsc, shown
in Figure 9 is calculated by Equation (37).

rsc = 1−
T∑

t = 1

x1(t)
Dhome(t) + DEV(t)/ηEV_Ch.

(37)
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The self-consumption rate in case 2 is approximately 50% because the PV is used at daytime.
In case 3 and case 4, the self-consumption rate is over 90% because battery discharge is added at night.
Although the battery capacity of the EV is larger than that of SB, the minimum CO2 emission in case 4
is larger than that in case 3. Under the conditions applied in this study, it is found that the SB with a
capacity of 15 kWh can charge excess PV more than the EV because of the probability of the absence
of EV.

Figure 14 shows the Pareto solution of the cost and amount of CO2 emission for the cases of
commuter EV. In the case of a commuter car, the tendency of cases 5, 6, and 7 is similar to the case
of a non-commuter car. However, in case 8, it is clear that even if the cost of V2H is one third the
current cost, it is inferior in environmental and economic performance as compared to case 7. This is
because the probability of absence during the day time is high and power generation from PV cannot
be charged.

World Electric Vehicle Journal 2019, 10, x FOR PEER REVIEW 14 of 18 

𝑟  =  1 − 𝑥 (𝑡)𝐷 (𝑡) + 𝐷 (𝑡) 𝜂 _ .⁄  (37)

 
Figure 13. Self-consumption rate and optimum sizes of PV and SB. 

The self-consumption rate in case 2 is approximately 50% because the PV is used at daytime. In 
case 3 and case 4, the self-consumption rate is over 90% because battery discharge is added at night. 
Although the battery capacity of the EV is larger than that of SB, the minimum CO2 emission in case 
4 is larger than that in case 3. Under the conditions applied in this study, it is found that the SB with 
a capacity of 15 kWh can charge excess PV more than the EV because of the probability of the 
absence of EV. 

Figure 14 shows the Pareto solution of the cost and amount of CO2 emission for the cases of 
commuter EV. In the case of a commuter car, the tendency of cases 5, 6, and 7 is similar to the case of 
a non-commuter car. However, in case 8, it is clear that even if the cost of V2H is one third the 
current cost, it is inferior in environmental and economic performance as compared to case 7. This is 
because the probability of absence during the day time is high and power generation from PV cannot 
be charged. 

 
Figure 14. Pareto solution of the cost and amount of CO2 emission for the cases of commuter EV. 

4. Discussion 

0

25

50

75

100

0

5

10

15

20

Case 1 Case 2 Case 3 Case 4 Se
lf-

co
ns

um
pt

io
n 

ra
te

 r s
c

[%
]

O
pt

im
um

siz
es

 o
f P

V
 a

nd
 S

B
[k

W
 o

r 
kW

h]

PV SB self-consumption rate

0

500

1000

1500

2000

2500

700 800 900 1000 1100 1200 1300 1400 1500 1600

C
O

2
em

iss
io

n 
[k

g/
ye

ar
]

Total energy cost [€/year]

◇ Case 5, □ Case 6, △ Case 7, ○ Case 8

IV2H: 1200 €/unit
(current 1/3)

IV2H: 3600 €/unit
(current)

IV2H: 2400 €/unit
(current 2/3)

Figure 14. Pareto solution of the cost and amount of CO2 emission for the cases of commuter EV.
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4. Discussion

In the case of non-commuter cars, we found that if the cost of a bidirectional charger for V2H
is one-third the current cost or less, it is economically and environmentally superior to SB. Recently,
it was reported that bidirectional chargers will be sold at approximately half their prices because of cost
reduction [26], but if the SB cost is assumed to be low, as in this study, it is necessary to further reduce
the cost of V2H to motivate EV owners to use V2H. In contrast, in the case of a commuter car, there is
no merit in introducing V2H even if the cost is one third the current cost because the EV is absent in
the daytime and cannot be charged by solar power. Furthermore, as shown in Figure 4, even if the
cost of the bidirectional charger is zero, it can be estimated that there is no significance in introducing
V2H. In other words, the probability of the EV staying at home greatly affects the effectiveness of V2H,
and therefore a dissemination strategy that considers the target user’s driving pattern is necessary.
In future work, the analysis of V2H superiority based on the driving data of diverse EV using the
method used in this study could help motivate EV owners to install V2H. In addition, to get an overview
of the trends, a parameter study that considers aspects such as the following is required: fluctuations
in the grid power price, the cost of PV and SB, the size of the EV battery, and the charge/discharge
power of EV.

5. Conclusions

In this study, we developed a multi-objective optimization method to evaluate the economic and
environmental performance of V2H using the energy costs including investment in equipment and CO2

emissions as indices. We evaluated the economic and environmental efficiency of a typical EV owner’s
detached house in Japan as a case study and compared the performance of V2H and SB. As a result,
we found that V2H could be better than the low-price SB, in 2030, for non-commuting EV owners if
the investment cost of a bidirectional charger is one third the current cost. In contrast, in the case of
a commuting EV, V2H would not be economically and environmentally rational because the EV is
absent during the daytime. The results of this study will contribute to the rational setting of investment
costs for spread and the selection of EV owners to invest in V2H. In future work, we could evaluate
additional future scenarios regarding diverse driving patterns using our optimization framework
for fluctuations in the grid power price, the cost of PV and SB, the size of the EV battery, and the
charge/discharge power of EV.
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Nomenclature

Set
t index of optimization periods, t = 1, 2, ..., T (hour)
Variables
xi(t) (i = 1, ..., 19) energy flow or state of charge in period t (kWh)
y2 size of PV (kW)
y8 size of SB (kWh)
z18 necessity of V2H system (binary variable) (unit)
fcost total energy cost (€)
fCO2 total CO2 emission (kg-CO2)
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Parameters
T time horizon of the optimization problem (hour)
pbuy(t) purchase unit price in period t (€/kWh)
psell(t) selling unit price in period t (€/kWh)
CPV cost coefficients of PV (€/kW/hour)
CSB cost coefficients of SB (€/kWh/hour)
CV2H cost coefficients of V2H (€/unit/hour)
IPV investment cost of PV (€/kW)
ISB investment cost of SB (€/kWh)
IV2H investment cost of V2H (€/unit)
MPV annual maintenance cost of PV (€/kW/year)
MSB annual maintenance cost of SB (€/kWh/year)
MV2H annual maintenance cost of V2H (€/unit/year)
LPV product life of PV (year)
LSB product life of SB (year)
LV2H product life of V2H (year)
egrid CO2 emission rate for grid power (kg-CO2/kWh)
PPV_unit(t) normalized power production of PV in period t (kWh/kW)
DEV(t) power demand to drive EV in period t (kWh)
Dhome(t) residential power demand in period t (kWh)
Cap.EV capacity of EV battery (kWh)
rEV_ini. ratio of initial SoC
lbEV_SOC lower limit of SoC (kWh)
ubEV_SOC upper limit of SoC (kWh)
PVmax maximum size of PV (kW)
SBmax maximum size of SB (kW)
ηSB_Ch. efficiency of charging for SB
ηSB_DisCh. efficiency of discharging for SB
rSB_ini. ratio of initial SoC for SB
rSB_Ch. ratio of charging power for SB
rSB_DisCh. ratio of discharging power for SB
ηEV_Ch. efficiency of charging for EV
ηEV_DisCh. efficiency of discharging for EV
PEV_Ch. charging power for EV (kW)
PEV_DisCh. discharging power for EV (kW)
δEV (t) the absence of the EV in period t
DT departure time (hour)
CT comeback time (hour)
ST stay time (min)
DP driving period (min)
TL trip length (km)
V average driving speed of EV (km/h)
w weight of objectives

Appendix A

The formula of the levelized cost of electricity is defined by International Renewable Energy
Agency as follow [25]:

LCOE =

∑n
i = 1

Ii+Mi+Fi

(1+r)i∑n
i = 1

Ei

(1+r)i

(A1)

where:

LCOE = the levelized cost of electricity;
Ii = investment expenditures in the year i;
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Mi = operations and maintenance expenditures in the year i;
Fi = fuel expenditures in the year i;
Ei = electricity generation in the year i; r = discount rate; and
n = life of the system.

Based on Equation (A1), LCOEPV was formulated into Equation (36) in the main text with the
following process. The variables in Equation (A1) can be rewritten using the following nomenclature
in Section 2: Ii = IPV/LPV, Mi = MPV, Ei =

∑8760
t = 1 PPV_unit(t), and n = LPV. The PV needs no fuel, Fi = 0

and the discount rate is assumed to be zero in this study, r = 0. Therefore,

LCOEPV =

∑LPV
i = 1

(
IPV
LPV

+ MPV
)

∑LPV
i = 1

∑8760
t = 1 PPV_unit(t)

(A2)

IPV, LPV, MPV and PPV_unit(t) are independent of the year i:

LCOEPV =
LPV

(
IPV
LPV

+ MPV
)

LPV
∑8760

t = 1 PPV_unit(t)
=

(
IPV
LPV

+ MPV
)

∑8760
t = 1 PPV_unit(t)

(A3)

As a result of substituting CPV in Equation (3) into Equation (A3), Equation (A4) matches
Equation (36).

LCOEPV =
CPV ∗ 8760∑8760

t = 1 PPV_unit(t)
(A4)
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