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Abstract: Recently, the off-grid smart house has been attracting attention in Japan for considering
global warming. Moreover, the selling price of surplus power from the renewable energy system by
Feed-In Tariff (FIT) has declined. Therefore, this paper proposes an off-grid smart house with the
introduced Photovoltaic (PV) system, Solar Collector (SC) system, Hot Water Heat Pump (HWHP),
fixed battery and Electric Vehicle (EV). In this research, a multi-objective optimization problem is
considered to minimize the introduced capacity and shortage of the power supply in the smart house.
It can perform the electric power procurement from the EV charging station for the compensation
of a shortage of power supply. From the simulation results, it is shown that the shortage of the
power supply can be reduced by the compensation of the EV power. Furthermore, considering the
uncertainty for PV output power, reliable simulation results can be obtained.

Keywords: off-grid smart house; fixed battery capacity; electric vehicle; NSGA2

1. Introduction

In recent years, as an alternative resource to replace fossil fuels, the development and spread of
renewable energy have been deployed to suppress the temperature rise due to global warming [1].
It was agreed in the Conference of Parties 21 (COP21) in Paris in December 2015 that the average
temperature rise of the world compared to before the Industrial Revolution has to be suppressed by less
than two degrees. Therefore, further widespread usage of renewable energy needs to be world wide.

In Japan, the Feed-In Tariff (FIT) is performed, and renewable energy systems, such as Photovoltaic
(PV) and Wind Generators (WG), are increasing. However, PV output power is limited because of the
over adjustable amount. Furthermore, purchase price by FIT tends to reduce every year. Therefore,
customers who are introducing PV are getting less from the sales of PV electric power.

On the other hand, the reduction of the electricity price is expected by competition between many
electric power companies after liberalization of retail electricity sales by April 2016. However, in an
area having a large number of remote islands, such as Okinawa in Japan, the transportation cost of fuel
is high because there are mainly diesel electric power generation systems. Moreover, the entry of new
electric power companies is difficult because of the small electric demand. Therefore, the electricity
price is expensive, and it is considered that the price is kept after liberalization. Therefore, there is the
need to introduce renewable energy, but that introduction is difficult because of the adjustable amount.
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From the above analysis, buildings have introduced PV in these small islands that cannot utilize
PV output power when connected to the power system of the electric power company. Additionally,
electricity cost is high because the purchased power is high. Therefore, it is proposed that PV output
power be only consumed in the building and not connected to the power system. Furthermore,
if energy consumption of the building is supported by only renewable energy, the electricity cost tends
to be zero, and carbon-dioxide emissions will be reduced. A house is not connected to the external
power grid and gas line, the performances of which have been verified in [2]. Such a house is also
effective when an electric outage occurs due to a natural disaster. Therefore, it is very effective in
areas that have much typhoon damage, like Okinawa in Japan. However, there is very little research
on the optimization of introduced capacity in an off-grid house, and multi-objective optimization for
considering the procurement capability of energy by residents has not been studied yet [3]. On the
other hand, there is research on the Net Zero Energy House (NZEH) [4,5]. NZEH has two good
points. The first one is cost. Surplus power occurs by generating the same amount of purchased power.
Therefore, the residents in NZEH can gain profits by selling surplus power. The second one is that
the burden on the environment can be reduced. The consumption of primary energy can be reduced
by using renewable energy without using fossil fuel. The off-grid house has these good points and
the possibility to be better. Electricity bills have tended to increase in Japan since the Great East Japan
Earthquake. However, PV panel costs and fixed battery costs are decreasing. Therefore, the off-grid
house having PV and a fixed battery can result in decreasing operating costs and environmental
burden compared with the conventional house.

This research proposes an off-grid smart house that includes PV, Solar Collector (SC), Hot Water
Heat Pump (HWHP), fixed battery and Electric Vehicle (EV). For the off-grid house, there is a research
of minimizing for operation cost [6]. In [6], the loads are operated, but the procurement of electricity is
not discussed. Therefore, it is desired to operate the equipment considering the procurement capability
of residents.

The SC is effective in areas where the amount of solar radiation is high, such as Okinawa, and it is
possible to efficiently heat water using the HWHP [7,8]. Furthermore, by using the fixed battery in
addition to the PV, the battery is charged when there is PV surplus power, and it discharges to the house
when there is a shortage of power. Therefore, it is possible to regulate the power for a house-owner
using the charging and discharging of the fixed battery. However, large equipment is needed because
this method uses large PV output power and a fixed battery. Therefore, if it is possible to compensate
the shortage of energy from the charging EV, it is possible to reduce the introduced equipment costs.
In this research, it is possible to procure the needed energy from the charging EV at the EV charging
station. In recent years, the EV charging station has been developed by the PV system; hence, it is
possible to procure energy that comes from 100% renewable energy [9,10]. Therefore, in this research,
the proposed smart house is required to solve a multi-objective optimization problem to minimize the
amount of energy procurement from the EV and the capacity of PV and the fixed battery [11,12]. Here,
the amount of energy procurement is equal to the shortage of power in the off-grid smart house, and it
is the difference between the PV cost and the fixed battery cost per one unit.

Therefore, in this research, the problem addressed is to minimize the Rate of Supply Power
Shortage(RSPS) and equipment costs of PV and the fixed battery in the smart house. A multi-objective
optimization problem has been designed, and optimal equipment capacity has been shown for the
off-grid house. Furthermore, It is shown that the proposed off-grid smart house can run without
a shortage of power because it can compensate the shortage of power from the charging EV. Extensive
simulation analyses have been done by MATLAB software.

Contributions of This Paper

This paper’s contributions are the HWHP model, the compensation model and simulation through
a year considering uncertainty. Power consumption due to housing heat supply can be determined
by using the HWHP model. The shortage of the power occurring for the off-grid smart house can
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be compensated by using the compensation model of EV. Simulation through a year considering
uncertainty can indicate equipment capacity and the cost for operation. This paper discusses these
models and the simulation results.

2. Off-Grid Smart House Model

The off-grid smart house model is illustrated in Figure 1. This model includes PV, SC, HWHP,
the fixed battery and EV. PLd,t (kW), PHPd,t (kW), PPVd,t (kW), PBAd,t (kW) and PE2Hd,t (kW) in Figure 1
are the power consumption of the house, the power consumption of HWHP, the PV power output,
the charge and discharge power of the fixed battery and the discharge power from EV at time t of
operation date d. The power supply from PV and the fixed battery is proportional to the magnitude of
the capacity. The EV is used as a vehicle from 8:00 a.m.–18:00 p.m. every day and connected to the
house at other times. Furthermore, the EV is charged at an EV charging station.

In this section, the mathematical model of each system is described. The photovoltaic system,
solar collector system and fixed battery model are each explained in Sections 2.1–2.3, respectively.
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Figure 1. Off-grid smart house model. SC, Solar Collector.

2.1. Photovoltaic System

The output power of PV is calculated by the following equation [13]:

PPV = NPVηPVSPV IAt(1− 0.005(TCRt − 25)) (1)

where PPV is output power of PV, ηPV (%) is the conversion efficiency of the solar cell array, NPV is
the number of panels, SPV (m2/panel) is the array area per panel, IAt(kW/m2) is the amount of solar
radiation per panel and TCRt (

◦C) is the cell temperature. In this research, the cell temperature is the
outside air temperature for simplicity. The output power of PV PPVd,t (kW) at time t of operation date
d is proportional to the number of PV panels NPV .

2.2. Solar Collector System

The mathematical model of the solar collector system is illustrated in Figure 2 [7]. The solar power
is obtained by the solar collector QSC (kW), which is calculated by the following equation:

QSC = {FR(τα)e Ia − FRUL(Th − T)}SSC (2)

where FR is heat removal efficiency, (τα)e is the effective transmission absorption factor,
UL (kW/(m2·◦C)) is the integrated solar thermal loss coefficient, Th (◦C) is the hot water temperature
in the storage tank, T (◦C) is the outdoor temperature and SSC (m2) is the solar collector area
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per collector (SSC = 4.8 m2). In Equation (2), the value FR(τα)e is 0.77, and the value FRUL is
5.0 × 10−3 (kW/(m2·◦C)). Furthermore, the angle of inclination of the thermal collector panel is
30 degrees.
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Figure 2. Model of the solar collector system.

The dynamic characteristics and temperature change of the water in the storage tank can be
expressed by the following equation:

QSC + QHP −Qtl + Qsw −Qloss = βAw
dTh
dt

(3)

QHP = βAw(Td − Th) (4)

Qtl = βvtlTh (5)

Qsw = βvswTsw (6)

vtl = vsw (7)

Qloss = Ust(Th − T) (8)

where QHP (kW) is the thermal dose from HP, Qtl (kW) is the thermal energy for hot water supply, Qsw

(kW) is the thermal energy from the water supply, Qloss (kW) is the thermal energy of heat transmission
between the hot water temperature in the storage tank and the outside temperature, β (kW/(L·◦C))
is the volumetric specific heat of water, Aw (L) is the storage tank capacity, t (h) is time, Td (◦C) is
the target temperature, vtl (L/h) is the amount of used hot water from the storage tank, vtl (L/h) the
amount of supplied water to the storage tank, Tsw (◦C) is the city water temperature, vtl (L/h) is the
amount of supplied hot water to the house and Ust (kW/◦C) is the heat loss coefficient of the storage
tank between the storage tank and the outside temperature.

The flowchart for the HWHP of the annual operation plan is illustrated in Figure 3. In this
research, the hot water is used every night throughout the year, and the target temperature, which is
the hot water temperature in the storage tank, is 50 ◦C at 8:00 p.m. If the hot water is heated by the
solar energy from the SC and it is less than the target temperature, the HWHP will be used to heat the
water up to the target temperature. Here, the capacity of the storage tank is 370 L; the rated heating
capacity is 1 kW/4 kW; and the value of COP is 4.0.
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Figure 3. Operation scheduling flowchart of the Hot Water Heat Pump (HWHP).

2.3. Fixed Battery Model

The charge and discharge power PBAd,t (kW) and the remaining energy amount CBAd,t (kWh) of
the fixed battery at time t of operation date d are calculated by the remainder of the PV output power
PPVd,t and total consumption power PLd,t + PHPd,t.

Case A1: (PLd,t + PHPd,t < PPVd,t): When the PV system of the smart house generates surplus power,
according to the following equation, the fixed battery will be charged.

PPV2Hd,t = PLd,t + PHPd,t (9)

PPV2Bd,t = PPVd,t − PPV2Hd,t (10)

CBAd,t = CBAd,(t−1) + PBAd,tηBA∆t i f PPV2Bd,t > 0 (11)

where PPV2Hd,t (kW) is the power supply from PV to the fixed battery, PPV2Bd,t (kW) is the power
supply from PV to EV, ηBA (%) is the charge and discharge efficiency of fixed battery and ∆t (hour) is
length of time (∆t = 1 (hour)).

Case A2: (PLd,t + PHPd,t ≥ PPVd,t): When the PV system of the smart house generates a shortage of
power, according to the following equation, the fixed battery will be discharged.

PB2Hd,t = PLd,t + PHPd,t − PPVd,t (12)

CBAd,t = CBAd(t−1) −
PPVd,t

ηBA
∆t i f PB2Hd,t > 0 (13)

Here, PB2Hd,t (kW) is the power supply from the fixed battery to the house.

3. Evaluation the Model of the System Capacity

In this section, the evaluation of the capacity of PV and the fixed battery model for the off-grid
smart house is proposed. This model can calculate the Rate of Supply Power Shortage (RSPS) (%) of
the house, the annual system cost of PV and the fixed battery and the power supply from EV to the
house to compensate the shortage of power supply.
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The calculation method of annual RSPS, the calculation method of annual system cost, the
calculation method of the power supply from EV and the evaluation algorithm of equipment capacity
are each described in Sections 3.1–3.4, respectively.

3.1. Estimation of the Shortage of Power Supply

When the shortage of the power supply occurs at time t of operation date d, the following equation
is obtained from the relationship between the supply and demand balance:

PSd,t = PLd,t + PHPd,t − PPVd,t − PB2Hd,t (14)

Therefore, annual RSPS is calculated by the following equation:

RSPS =
365

∑
d = 1

24

∑
t = 1

PSd,t

PLd,t + PHPd,t
∆t× 100 (15)

3.2. Estimation of Annual System Cost

The annual system cost of PV and fixed battery CPBy (×104 Yen) is calculated by the
following equation:

CPBy =
Cpanel

PV NPV + Cunit
BA NBA

Yli f e
(16)

where Cpanel
PV × 104 (Yen/panel) is the system cost of PV, Cunit

BA × 104 (Yen/unit) is the system cost of
fixed battery, NPV (panel) is the number of PV panels, NBA (unit) is the number of fixed batteries and
Yli f e (year) is the usable years.

3.3. Shortage of the Power Supply Compensation Model Using EV

When power supply from EV PEVd,t(PEVd,t > 0) (kW) compensates the shortage of power supply
PSd,t, the power supply considers two cases depending on the time when this occurred PSd,t.

Case B1: (PSd,t occurs when the EV is connected)

The power supply from EV to the house PE2Hd,t (kW) compensates the shortage of the power
supply PSd,t at time t of date d.

PE2Hd,t = PEVd,t = PSd,t (17)

PLd,t + PHPd,t = PPVd,t + PBAd,t + PE2Hd,t i f PBAd,t > 0 (18)

Case B2: (PSd,t occurs when EV is not connected)

Shortage of the power supply EE2Bd (kWh) when EV is not connected to the house and the
shortage of the power comes from the fixed battery at 8:00 a.m. of the operation date d, before EV
leaves the house.

EE2Bd =
18

∑
t=9

PSd,t∆t (19)

CBAd,(t=9) = CBAd,(t=8) + EE2Bd (20)

CEVd,(t=9) = CEVd,(t=8) −
EE2Bd

ηBAηEV
(21)

Here, CBA(t = 9) and CBA(t = 8) (kWh) are the amount of energy remaining at 9:00 a.m. and
8:00 a.m.
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EV is charged with the compensation energy for the next day EC2B(d+1) at 17∼18 of the operation
date d. The charging is conducted at the EV charging station.

EC2E(d+1) =
24

∑
t=1

PS(d+1),t∆t (22)

CEVd,(t=18) = CEVd,(t=17) + EC2E(d+1) + EVD(d+1) (23)

Here, EVD(d+1) (kWh) is the energy necessary to use it as a vehicle for the next day d + 1.
From the above, shortage of the power supply after compensation PCSd,t (kW) is obtained by the

following equation:

PCSd,t = PLd,t + PHPd,t − PPVd,t − PCBAd,t − PE2Hd,t (24)

where PCB2Hd,t is discharge power from the fixed battery to the house after compensation.

3.4. Capacity-Evaluating Algorithm

A flowchart of the capacity-evaluating algorithm is illustrated in Figure 4, and a flowchart of the
shortage of the power supply compensation model is illustrated in Figure 5. The procedure of this
algorithm is described below:

Step 1: Calculate PPVd,t and PBAd,t from a given capacity.
Step 2: Calculate system cost CPBy and the Rate of Supply Power Shortage RSPS.
Step 3: Compensate annual shortage of the power supply from EV.
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4. Problem Formulation and Optimization Method

In this section, the formulation of the multi-objective optimization problem and the optimization
method of this research are described. Objective functions and constraints for this multi-objective
optimization problem are described in Section 4.1, and the multi-objective optimization method is
explained in Section 4.2.

4.1. Objective Function and Constraints

In this research, the minimization of the annual equipment costs of the PV system and the
fixed battery CPBy(×104 Yen) is performed, and the Rate of Supply Power Shortage RSPS (%).
Considering the prediction error of PV output power, it is possible to optimize this [14,15]. Therefore,
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PV output power has uncertainty, which is based on the normal distribution function, as illustrated in
Figure 6, and several scenarios are considered. Objective functions minimize the expected value of the
created scenarios.

Objective functions:
Minimize F{F1, F2} (25)

F1 =
S

∑
s = 1

Ps
365

∑
d = 1

24

∑
t = 1

Ps
Sd,t

PLd,t + PHPd,t
∆t× 100 (26)

F2 = CPBy (27)

Here, objective function F1 is minimizing the expected value of RSPS, and objective function F2 is
minimizing the annual system cost.
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Figure 6. Forecast error probability distribution for PV output power.

Furthermore, Ps is the probability of scenario s and Ps
SD,t (kW) is the shortage of the power supply

of scenario s. Constraint conditions are as follows.
Constraint conditions:

PPVd,t ≤ NPV Prated
PV (28)

|PBAd,t| ≤ NBAPrated
BA,inv (29)

PE2Hd,t ≤ Pinv,1
EV (30)

EE2Bd,t ≤ NBAPrated
BA,inv∆t (31)

ECVEd,t ≤ Pinv,2
EV ∆t (32)

0.2NBACrated
BA ≤ CBAd,t ≤ 0.9NBACrated

BA (33)

0.1Cmax
EV ≤ CEVd,t ≤ 0.9Cmax

EV (34)

PCSd,t = 0 (35)

where Prated
PV (kW/panel) is the rated output of a PV panel, NPV (panel) is the number of PV panels,

Prated
BA,inv (kW/unit) is the inverter capacity of a fixed battery, NBA (unit) is the number of fixed batteries,

Pinv,1
EV (kW) is the inverter capacity of EV in the house, Pinv,2

EV (kW) is the inverter capacity of EV in the
EV charging station, Crated

BA (kWh/unit) is the rated energy storage capacity of a fixed battery and Cmax
EV

(kWh) is the maximum storage capacity of EV.
Equation (28) is the constraint of maximum PV output power; Equation (29) is the constraint of the

maximum charge and discharge of the fixed battery; Equation (30) is the constraint of the maximum
discharge from EV to the house; Equation (31) is the constraint of the maximum power from EV to the
fixed battery; Equation (32) is the constraint of the maximum charge from the EV charging station to
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EV; Equation (33) is the state of charge for the fixed battery; and Equation (34) is the state of charge for
EV. Equation (35) is the constraint when the shortage of the power supply is zero after compensation
by EV.

From the above, since the prediction error of PV output power influences the magnitude of
the shortage of the power supply, it is necessary to solve the multi-objective optimization problem.
Comparing the case not considering the prediction error, it is possible to search for the optimal capacity
satisfying the constraints.

4.2. Multi-Objective Optimization Method

Since two objective functions in this multi-objective optimization problem have a relationship
with trade-off, it is necessary to search for the Pareto solution to minimize both objective functions.
In this research, NSGA2 is one of the multi-objective optimization techniques based on searching the
Pareto solution. NSGA2 is adopted in many research works, and it is possible to perform an efficient
search of the solutions [16–20]. NSGA2 performs the elitism strategy where the superior solution is
left to the next generation, non-dominated sorting where the superior solution and the other solution
are ranked and sorted and crowding-distance computation to choose the solution that is far in distance
between the adjacent solution [21]. Here, the outline and flowchart of the NSGA2 algorithm are
illustrated in Figures 7 and 8, and the description is given below:

Step 1: Making an initial population P of size N of solutions. P is the parent population.
Step 2: Mutation and crossover are performed in the parent population to make offspring population

Q of size N, and combining the parent population and the offspring population, R of size 2N
is made.

Step 3: Evaluating the objective function, the Pareto solution is ranked by non-dominated sorting.
Step 4: Individuals in the population are chosen till its size is N from the upper rank Pareto solution,

and its population is the parent population in the next generation. If the number of individuals
is over size N when the same rank population is chosen, crowding-distance computation
is performed.

Step 5: If the generation reaches the max generation, the search is finished. Otherwise, the process
returns to Step 2.

Pt

Qt

Non-dominated Sorting

Pt+1

F1

F2

F3

F4

Crownding
 distance
sorting

Rt

Rejected

Figure 7. Operation scheme of NSGA2.
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Figure 8. Flowchart of NSGA2.

5. Simulation Results

In this section, simulation results are analyzed extensively. The simulation conditions and results
are described in Sections 5.1 and 5.2, respectively.

5.1. Simulation Conditions

In this simulation, weather data at Okinawa, Japan, are utilized, and the usage time of the off-grid
smart house for one year is assumed. The parameters of the PV panel and fixed battery are listed in
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Tables 1 and 2, respectively. In this research, the usable time of this system equipment is 20 years. With
respect to the heat supply by the SC and HP, the hot water of 150 L is used at 8:00 8:00 a.m.∼10:00 p.m
throughout the year. Furthermore, the target temperature of hot water in the storage tank at 8:00 p.m.
is 50 ◦C, and if the hot water temperature is less than the target temperature, water is heated by
HP. The structure of EV is shown in Table 3. EV is used at 8:00 a.m.∼6:00 p.m. and connected to
the house at other times. Moreover, if shortage of the power supply occurs during no connection of
the EV with the house, the amount of shortage energy is supplied to the fixed battery from EV at
8:00 a.m. Furthermore, there is a need for energy to charge the EV for operation in the whole day, and
EV charging time is considered as 5:00∼6:00 p.m. Here, the power consumption on a summer day,
power consumption other days, outdoor temperature and the solar radiation of a year are illustrated
in Figure 9.

Table 1. Design parameters per one PV panel.

Rated output power Prated
PV = 0.260 kW/panel

Efficiency ηPV = 18.8%

Area SPV = 1.65 m2/panel

Cost Cpanel
PV = 9.59× 104 Yen/panel

Table 2. Design parameters per one fixed battery.

Energy storage capacity Crated
BA = 1 kWh/unit

Efficiency ηBA = 90%

Inverter capacity Prated
BA,inv = 0.5 kW/unit

Cost Cunit
BA = 20× 104 Yen/unit

Table 3. Constitution of EV.

Energy storage capacity Crated
EV = 24 (kWh)

Inverter capacity House Pinv,1
EV = 6.0 (kW)

EV charging station Pinv,2
EV = 50 (kW)

Efficiency ηEV = 90%

Power consumption 0.114 kWh/km

Mileage 61.4 km/day
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Figure 9. Power consumption and weather conditions: (a) power consumption on a summer day;
(b) power consumption on the other days; (c) outdoor temperature of a year; (d) solar radiation of
a year.

5.2. Simulation Results

An operation model of HP is illustrated in Figure 10. From Figure 10, it is found that since solar
radiation and outdoor temperature are low in winter, the power consumption of HWHP is high.
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Figure 10. Cont.
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Figure 10. Result of HP operation scheduling model: (a) water temperature of storage tank; (b) power
consumption of HP.

Two Pareto solutions, one case considers the prediction error and the other is without considering
the prediction error of PV output power, are shown in Figure 11. From Figure 11, it is possible to design
a variety of installed capacity by considering the prediction error. The expected value of the RSPS
F1, annual system cost F2, number of PV panels NPV , number of fixed batteries NBA, PV panel area
NPVSPV , capacity of the fixed battery NBACrated

BA and inverter capacity of the fixed battery NBAPrated
BA,inv

of Solutions A and B considering the prediction error (Figure 11) are shown in Table 4. From Table 4,
if the resident of the smart house wants to limit the system cost, he/she may choose the introduced
capacity of Solution A, and if the resident wants to limit the procurement energy of EV, he/she may
choose Solution B. By this selection, it is possible to operate the smart house according to resident
conditions. Monthly RSPS is shown in Figure 12. From Figure 12, RSPS in summer can be the smallest.
It is considered that collecting heat by SC and PV output power is large, since the solar radiation and
temperature are high in summer.
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Figure 11. Simulation results.

Dynamic responses for a smart house in summer and winter seasons of Solutions A and B are
shown in Figure 13. Figure 13a–e show the shortage of the power supply, discharged power from
EV to the house, supplied power from EV to the fixed battery, the state of charge for EV and the
state of charge for the fixed battery. Comparing Solutions A and B in summer and winter seasons,
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in Figure 13a–c, it can be seen that most of the shortage of the power supply is compensated by EV.
Furthermore, the total power from the EV to the home and the fixed battery is equal to the total of
shortage power supply, and power supply to the fixed battery is used when the EV is not connected to
the house and cannot supply power. In Figure 13d, EV is charging only for driving in summer, but EV
is charging for the compensation of the shortage of the power supply in addition to driving in winter.
This charging to compensate also occurs in Solution B with large equipment capacity, so even if large
capacity is prepared, compensation by EV is necessary. In Figure 13e, with Solution B having sufficient
equipment capacity, it is possible to possess sufficient energy in both summer and winter. However,
in Solution A with small capacity, the lower limit is often reached in winter, and it is necessary to
operate near the lower limit even in summer. Therefore, large compensation by EV is needed with
small equipment capacity.

Table 4. Result of Pareto optimal solutions.

Solution F1 (%) F2 × 104 (Yen) NPV (panel) NBA (unit) NPV SPV (m2) NBACrated
BA (kWh) NBAPrated

BA,inv (kW)

A 11.2 29 34 13 56.1 13 6.5
B 0.82 45 51 21 84.2 21 10.5
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Figure 12. Monthly expected value of RSPS for each solution.
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Figure 13. Dynamic responses in the summer and winter seasons for Solutions A and B: (a) shortage of
the power supply; (b) discharged power from EV to the house; (c) supplied power from EV to the fixed
battery; (d) state of charge for EV; (e) state of charge for the fixed battery.

6. Conclusions

This paper analyzed the off-grid smart house that includes PV, SC, HWHP, fixed battery and EV.
Models of HWHP, equipment capacity (e.g., PV panel, fixed battery, load) and the compensation of
EV determine the optimal size of the off-grid smart house. There is a trade-off between the RSPS and
annual system cost. If the annual system cost is increased, the RSPS will be decreased and vice versa.
Therefore, this paper obtained a Pareto optimal solution for this problem using the multi-objective
NSGA2 algorithm. This paper proposed two solutions: Solution A can limit the annual system cost,
but RSPS is increased, and the shortage of the power of the smart house can be procured from the
EV. Solution B increases the annual system cost, but RSPS is decreased. Depending on the availability
of power from EV, PV, SC, HWHP and the fixed battery, a resident may choose any of the solutions.
Dynamic responses of all devices are described in this paper. From the simulation analyses, the off-grid
smart house can be operated without a shortage of power using EV and the fixed battery.
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