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Abstract: A smart house generally has a Photovoltaic panel (PV), a Heat Pump (HP), a Solar Collector
(SC) and a fixed battery. Since the fixed battery can buy and store inexpensive electricity during the
night, the electricity bill can be reduced. However, a large capacity fixed battery is very expensive.
Therefore, there is a need to determine the economic capacity of fixed battery. Furthermore, surplus
electric power can be sold using a buyback program. By this program, PV can be effectively utilized
and contribute to the reduction of the electricity bill. With this in mind, this research proposes a
multi-objective optimization, the purpose of which is electric demand control and reduction of the
electricity bill in the smart house. In this optimal problem, the Pareto optimal solutions are searched
depending on the fixed battery capacity. Additionally, it is shown that consumers can choose what
suits them by comparing the Pareto optimal solutions.

Keywords: smart house; fixed battery capacity; shiftable load; real-time pricing; NSGA2

1. Introduction

Currently, power systems reform has been performed in Japan. In 2015, the Organization for
Cross-regional Coordination of Transmission Operators (OCCTO) was established for the purpose
of supply and demand adjustment of the national power transmission and distribution equipment,
and in April 2016, full liberalization of retail electric power had started [1]. Therefore, the reduction
of electricity prices will be expected due to the entry and competition of many new electric power
companies [2]. Furthermore, smart meters, which can be checked remotely, will be installed, so in
the future, it will be expected to construct a smart grid that can have a two-way communication
with electric power demand in real time [3,4]. Consequently, it will be expected that Time Of Use
(TOU) in addition to Real-Time Pricing (RTP) set one hour aheadwill be performed [5]. The RTP price
becomes expensive in proportion to the demand of electric power, and therefore, Demand Response
(DR) smooths the electric power demand. Actually, full liberalization of retail electric power has been
performed in Illinois, USA, and there is an electric power retail company that provides RTP price for
general consumers [6]. This company notifies consumers having a smart meter of the next day RTP
price on the previous day. A consumer can reduce the electricity bill by modifying the time of electric
appliance usage depending on the notified RTP price [7,8].
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On the other hand, in the Conference of Parties 21 (COP21) in December 2015 in France, there
was a motion to restrain the average temperature rise in the world [9]. To achieve a low-carbon
society in reality, in addition to the conversion of liquefied natural gas, renewable energy power
generation equipment, such as solar power generation equipment, has been attracting attention, and
its development and widespread use are desired in the future to contribute to the local production
for local consumption [10]. In Japan, it is possible to sell renewable energy generation power by the
Feed-In Tariff (FIT). However, there is a tendency that the cost of renewable energy power generation
equipment becomes less expensive, and there are FIT financial resources in addition to the electricity
bill of consumers, so the purchase price by the FIT is reviewed annually and has a declining trend.
Therefore, it is considered in the future that electricity will be sold at the electricity market price [11].

In this way, in the future of the power distribution system, it is assumed that electricity trading
will be performed mainly in the electricity market. However, electric power in the electricity market is
traded in proportion to the power demand. Therefore, there is need to decrease the electricity market
price and the electricity bill price and to improve the economy [12–14]. A smart house can regulate
the power demand by being associated with a smart grid [15–18]. When this operation method is
performed, controllable loads, like a fixed battery and Heat Pump (HP), are used, so it is possible to
adjust. However, since the power consumption of appliances depends on the use plan and contracted
power, this is difficult to modify. Therefore, many research works on the optimization of energy
management, which imposes a penalty for the planning of power consumption management, have
been carried out using the multi-objective optimization method [19,20]. In [19,20], a penalty for the
usage plan adjustment of electric appliances has been introduced, and the electricity bill can be reduced
by using the DR. However, as a problem in this research, the unit of penalty has not been generalized.
Furthermore, a case that introduces renewable energy power generation equipment like PV is not
considered. Therefore, a new multi-objective optimization algorithm is required, which includes the
DR, a generalized penalty index and a smart house with renewable sources.

In this research, multi-objective optimization for a smart house applying RTP as DR is proposed.
For the assumed smart house, PV, the Solar Collector (SC), in addition to controllable loads, like HP and
a fixed battery, are introduced. Furthermore, electricity is purchased at the RTP price, and the surplus
power of renewable energy is sold at the RTP price. The owner of a smart house can modify the usage
time of the electric appliances considering the RTP price. Therefore, a multi-objective optimization
technique is proposed to minimize the regulation effort of the electricity appliances and electricity
cost. By this simulation, it is possible to plan the use time of the electric appliances and the operation
method of controllable loads. Moreover, in this simulation, the Pareto optimal front is compared for
different cases of the capacity of the fixed battery. Evaluating the Pareto optimal front, the effect of the
reduction of the regulation effort and electricity bill cost by increasing the capacity of the fixed battery
is shown.

2. Power System Model

The schemes of the smart community and power trading are shown in Figures 1 and 2, respectively.
As illustrated in Figures 1 and 2, customers constitute the smart community, and the RTP price is
announced based on the electricity market price of the previous day. Customers operate electric
appliances (i.e., different loads) based on the RTP price from the DR aggregator. The DR aggregator
performs its business using expected demand data [21]. This research focuses on a customer
participating in this smart community. In this section, the structure of the system introduced in the
smart house is explained. Sections 2.1–2.4 describe the assumed smart house model, supply-demand
balance of the smart house, the PV system and the water heating system.
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Figure 1. Scheme of the smart community. DR, Demand Response; RTP, Real-Time Pricing.
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Figure 2. Scheme of power trading.

2.1. Smart House Model

The smart house model used in this research is illustrated in Figure 3 [22]. PV, SC and HP are
introduced into this model. It is assumed that hot water is used in the morning and evening times.
Target temperatures are 50 ◦C and 60 ◦C at 6:00 a.m. and 19:00 p.m. for the storage tank’s water. If the
hot water temperature in the storage tank is lower than the target temperature, HP heats the water to
the target temperature. Regarding HP, the rated heating capacity is 1 kW/4 kW; the value of COP is
4.0; and the hot water storage capacity is 370 L.



Sustainability 2016, 8, 1273 4 of 22

DC bus

P
PVt

One-unit house

SC

DC
DC

Storage 

Tank

P
HPt

PV

Infinite bus

AC
DC

P
It

Electricity

Heat

Water

Load

DC
DC

P
Lt

DC
DC

P
BAt

Battery

Heat 

Pump

DC
AC

Hot Water

Load

Figure 3. Smart house model.

2.2. Supply-Demand Balance of the Smart House

PIt, PLt, PPVt, PBAt and PHPt in Figure 3 represent the interconnection point of power flow (kW),
the power consumption excluding controllable loads (kW), PV generator output (kW), discharge and
charge power of fixed battery (kW) and the power consumption of the HP (kW). In Figure 3 of the
smart house model, the following equations are described from the relationship between the supply
and demand balance.

PIt = PLt + PHPt − PPVt − PBAt (1)

Furthermore, the value PLt is constructed by shiftable loads PSLt and non-shiftable loads PNSLt.
Hence,

PLt = PSLt + PNSLt (2)

In addition, the following equation sums up power consumption PSLit for shiftable electrical
appliance i:

PSLt = ∑
i∈I

PSLit (3)

where I is a set of shiftable electrical appliances i. Table 1 shows the shiftable electrical appliance
and power consumption considered in this research. As listed in Table 1, non-shiftable loads are
the refrigerator, lighting, IH (Induction Heating) cooking heater, television and air conditioner, and
shiftable loads are the clothing washer, dish washer, iron and cleaner.

Table 1. Electric appliances data.

Electric Appliance Power Consumption (kW) Use Time Zone

Refrigerator 0.25∼0.3 non-shiftable
Lighting 0.1∼0.5 load

IH (Induction Heating) cooking heater 0.2∼0.7 PNSLt (kW)
TV 0.085

Air conditioner 0.2∼0.4

Clothing washer 1.4 shiftable
Dish washer 1.2 load

Iron 1.2 PSLt (kW)
Cleaner 1.0



Sustainability 2016, 8, 1273 5 of 22

2.3. Photovoltaic System

In this research, the conversion efficiency of the solar cell array ηPV is 14.4%; the number of
panels nPV is 18 panels; the array area per panel SPV is 1.3 m2. When the amount of solar radiation
Ia (kW/m2), PV output PPV (kW) is calculated by the following equation [23].

PPV = ηPVnPVSPV Ia(1− 0.005(TCR − 25)) (4)

Here, TCR (◦C) is the cell temperature, but this paper is using outside air temperature to simplify.

2.4. Solar Collector System

The model of the solar collector system is illustrated in Figure 4 [24–26]. The solar thermal energy
obtained from the solar collector QSC (kW) is calculated by the following equation:

QSC = {FR(τα)e Ia − FRUL(Th − T)}SSC (5)

where FR is the 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 hot water temperature in
the storage tank, T (◦C) is the outdoor temperature and SSC (m2) is the solar collector area per collector
(SSC = 4.8◦). In Equation (5), the value FR(τα)e is 0.77; the value FRUL is 5.0× 10−3 kW/(m2·◦C).
Furthermore, the angle of inclination of the panel is 30 degrees.

QSC
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+

+

-

Electrical  Water Heater

100

0 

T

0

Equation (7)

-

Equation (10)
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vtl
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Figure 4. Model of the solar collector system.
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The temperature change and dynamic characteristics of the water in the storage tank can be
expressed as:

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

(6)

QHP = βAw(Td − Th) (7)

Qtl = βvtlTh (8)

Qsw = βvswTl (9)

vtl = vsw (10)

Qloss = Ust(Th − T) (11)

where QHP (kW) is the thermal energy from HP, Qtl (kW) is the thermal energy for the 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, vsw (L/h) is the amount of supplied water to the storage tank and Ust (kW/◦C) is the heat loss
coefficient of the storage tank between the storage tank and the outside temperature.

3. Optimization Method

In this section, the formulation of the multi-objective problem in this research and the optimization
method are explained. Section 3.1 explains the regulation effort evaluation method; Section 3.2
describes the objective function and the constraint of the multi-objective problem; and Section 3.3
explains the multi-objective- optimization method.

3.1. Regulation Effort Evaluation Method

Residents of the smart house can reduce the electricity bill by modifying the time of use of shiftable
electric appliances. However, the electricity bill is not reduced by using the initial use plan. In this
research, the residents of the houses can modify the usage plan of the electric appliances and reduce
the electricity bill. This is know as the regulation effort of the electric appliances.

An example of the regulation effort is illustrated in Figure 5. As illustrated, the regulation effort
is the reduced electricity cost for which the resident moves the block of power consumption of the
electric appliances to the lower electric price time zone. On the other hand, when the resident moves
to the higher price, the regulation effort is defined as zero. The regulation effort Ce f f ort of electric
appliances i is expressed as the following equation:

Ce f f ort
i = PSLit(R0 − Rn)∆t i f Rn ≤ R0 (12)

where PSLit (kW) is the power consumption of shiftable electric appliance i, R0 (Yen/kWh) is the RTP
price by the initial use plan and Rn (Yen/kWh) is the RTP price by destination of the use time. The
RTP price tends to be expensive at the electric demand peak time. Therefore, a large regulation effort
is expected at the peak demand period.
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Figure 5. Example of the regulation effort.

3.2. Objective Functions and Constraints

The objective functions to be minimized are the electricity bill Ecost (Yen) and regulation effort
Re f f ort (Yen) in the smart house and are expressed as the following equation:

Minimize F{Ecost, Re f f ort} (13)

The objective functions are formulated as the following equations. In this research, the electric
power selling price is the RTP price for simplification.

Ecost = ∑
t∈T

Rt(PPt − PSt)∆t (14)

Re f f ort = ∑
i∈I

Ce f f ort
i (15)

Here, Rt (Yen/kWh) is the RTP price; PPt (kW) is the purchased electric power; PSt (kW) is the
sold electric power. Constraints on each piece of equipment are as follows:

PPVt ≤ Prated
PV (16)

PIt ≤ Pcontact
It (17)

|PIt − PI(t−1)| ≤ PFB (18)

|PBAt| ≤ Pmax
BA (19)

0.2 Cmax
BA ≤ CBAt ≤ 0.9 Cmax

BA (20)

∑
i∈I

PLSit ≤ PLSi , i ∈ I (21)

Here, Prated
PV is the PV rated output (3.5 kW); Pcontact

It is the contract power (4.0 kW); PFB is the
interconnection point power flow fluctuation range (2.0 kW); Pmax

BAt (kW) is the active power of the
fixed battery; Pmax

BA (kW) is the maximum charge and discharge power of the fixed battery; CBAt (kWh)
is the state of charge for the fixed battery; Cmax

BA (kWh) is the fixed battery capacity maximum value.
Equation (16) is the constraint on the maximum output power of the PV; Equation (17) is the constraint
for buying power in the contract; Equation (18) is the constraint to limit sudden interconnection point
power flow fluctuation. Equations (19) and (20) are constraints related to the fixed battery. At last,
Equation (21) is the constraint to prevent the shiftable electric appliance i and the other appliances
from being used at the same time.
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3.3. NSGA2

Since there are two objective functions (i.e., minimization of the electricity bill and regulation
effort), the Non-dominated Sorting Genetic Algorithm-2 (NSGA2) is used as a multi-objective
optimization method. Many literature works about the multi-objective optimization method have
been published by using NSGA2 [27–29].

In order to achieve an optimal Pareto solution, the crowding distance is considered in the same
rank of the front, and it is the sum of the distances between the adjacent solution in each objective
function [30]. The outline and the flow chart of NSGA2 is illustrated in Figures 6 and 7 and is described
below.

Step 1: Making the initial population P of size N of the solution, P is the parent population.
Step 2: Crossover and mutation are performed on the individual parent population, making the

offspring population Q of size N.
Step 3: Combining the parent population P and the offspring population Q, R of size 2N is made.
Step 4: R is Evaluated by the objective functions; the Pareto front is ranked by the non-dominated sorting.
Step 5: The population is chosen till its size is N from the upper rank Pareto front; its population is

the parent population in the next generation. If the number of the same rank Pareto front is
over size N, a bad solution of diversity is deleted by crowding-distance computation.

Step 6: 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

Congestion
 degree
sorting

Rt

Rejected

Figure 6. Operation scheme of NSGA2.
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Figure 7. Flowchart of NSGA2.

4. Simulation Results

In this section, the results of the simulation are considered. The simulation conditions are
described in Section 4.1, and the discussion of the simulation results is described in Section 4.2.

4.1. Simulation Conditions

In this research, it is assumed that the simulation place is Naha city, Okinawa, in Japan.
The assumed PV output power, initial usage schedule of the appliance in Table 1 and price of the RTP
system of the next day are each illustrated in Figures 8–10. Residents in the smart house move the time
zone of the appliance in Figure 9 depending on the RTP price in Figure 10. Then, the reduced electricity
bill cost is the regulation effort. Furthermore, in this research, 30 L and 150 L of hot water are used at
7∼8 a.m. and 7∼10 p.m. Moreover, if the hot water temperature is less than 50 ◦C and 60 ◦C at 7 a.m.
and 8 p.m., the hot water is heated by HP. In this simulation, the electricity bill cost and regulation
effort are compared by the difference in the capacity of the fixed battery. This comparison is performed
for the cases of 1.0 kW/3.0 kWh, 1.5 kW/3.0 kWh and 2.0 kW/6.0 kWh. Here, 1.0 kW/3.0 kWh means
the inverter capacity of the fixed battery is 1.0 kW, and the maximum capacity of the fixed battery
is 3.0 kW.
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4.2. Discussion of the Simulation Results

The Pareto optimal front in each case obtained by the simulation is illustrated in Figure 11, and a
comparison of the solutions is shown in Table 2. From Figure 11 and Table 2, the relationship between
regulation effort and electricity cost has a trade-off, and it is found that a large regulation effort reduces
the electricity cost. Furthermore, it can be confirmed that a large capacity of the fixed battery reduces
the electricity cost and regulation effort more. Therefore, if the resident in the smart house has a large
capacity of the fixed battery, it is possible that a small regulation effort reduces the electricity cost.
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Table 2. Evaluation the result of the solutions.

Case Case 1 Case 2 Case 3

Solution A B C D E F G H I

Regulation effort Re f f ort (Yen) 0 11.2 22.6 0 11 23.1 0.2 10.4 22.6

Electricity cost Ecost (Yen) 16 4.0 −7.0 7.0 −5.0 −17 −3.0 −14 −26

The results of the solution in Cases 1, 2 and 3 in Figure 11 and Table 2 are each illustrated in
Figures 12–14,Figures 15–17 and Figures 18–20. In these figures, (a) is the modified use plan of the
appliance and power consumption of HP; (b) is the temperature of hot water in the storage tank; (c) is
the state of charge of the fixed battery; and (d) is the purchased and sold power. When comparing (a)
of the same case, it can be confirmed that a large regulation effort reduces the power consumption of
the appliance at the peak time. Furthermore, when comparing the use plan in a nearly equal regulation
effort in the three cases, it is found that the use plan of the appliance is different. This is due to the
changed use plan regardless of the type of appliance. Moreover, in the modified use plan of the
appliance, since there is constraint Equation (21), use plan is not for the same time. Therefore, it is
possible to perform a high feasibility regulation effort. From (b) in all cases, it can be confirmed that
the target temperatures are satisfied at 7 a.m. and 8 p.m. by heating SC and HP. For (c) in all cases, the
fixed battery is charged in the time zone of the low RTP price and is discharged in the time zone of
the high RTP price. Therefore, it can be confirmed that the purchased power and electricity cost are
reduced in the high RTP price. Comparing (d) in the same cases, a large regulation effort increases
the purchased power in the low RTP price time zone and the sold power in the high RTP price time
zone. Therefore, it can be confirmed that the electricity cost is reduced. Furthermore, comparing the
solution in all cases, since a large capacity of the fixed battery increases the purchased and sold power,
the electricity cost is reduced. Therefore, in a small regulation effort, the electricity cost is reduced by
using a large capacity of the fixed battery.
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Figure 12. Simulation result for Solution A (Case 1): (a) used power of the appliances and the Heat
Pump (HP); (b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d)
purchased and sold power.
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Figure 13. Simulation result for Solution B (Case 1): (a) used power of the appliances and the HP;
(b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d) purchased and
sold power.
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Figure 14. Simulation result for Solution C (Case 1): (a) used power of the appliances and the HP;
(b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d) purchased and
sold power.
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Figure 15. Simulation result for Solution D (Case 2): (a) used power of the appliances and the HP;
(b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d) purchased and
sold power.
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Figure 16. Simulation result for Solution E (Case 2): (a) used power of the appliances and the HP;
(b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d) purchased and
sold power.
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Figure 17. Simulation result for Solution F (Case 2): (a) used power of the appliances and the HP;
(b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d) purchased and
sold power.
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Figure 18. Simulation result for Solution G (Case 3): (a) used power of the appliances and the HP;
(b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d) purchased and
sold power.
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Figure 19. Simulation result for Solution H (Case 3): (a) used power of the appliances and the HP;
(b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d) purchased and
sold power.
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Figure 20. Simulation result for Solution I (Case 3): (a) used power of the appliances and the HP;
(b) water temperature in the storage tank; (c) state of charge for the fixed battery; (d) purchased and
sold power.
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5. Conclusions

In this research, the multi-objective optimization of a smart house applying the RTP system
was proposed. The assumed smart house has PV, SC and, in addition, a fixed battery and HP as
the controllable load. Consumers in the smart house plan the usage of the appliances depending on
the RTP price. Reduced electricity cost is evaluated as the regulation effort. In [20], inconvenience,
such as the time shift, is not generalized, but it can be indexed as the electricity cost by using the
regulation effort. Optimal operation to minimize the regulation effort and the electricity cost was
planned using the multi-objective optimization method. Moreover, the Pareto optimal fronts obtained
in the simulation for different capacities of the fixed battery were compared. From the results of the
simulation, it was indicated that it was possible to make an optimal operation plan that gives priority
to the regulation effort or the electricity cost. Moreover, a consumer with a large capacity of the fixed
battery reduces the electricity cost by a small regulation effort. Furthermore, it was indicated that a
consumer with a small capacity of the fixed battery reduces the electricity cost by a large regulation
effort.
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