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Abstract: Residential photovoltaic (PV) battery systems are key technology in the design of low-
carbon and resilient energy systems; however, limited research has assessed their profitability. This
study aims to evaluate the economic performance of PV battery systems for end-users. The evaluation
takes geological, technological, and socio-economic factors into consideration, thereby making the
evaluation more comprehensive. We used PV power generation data and power consumption data
of more than 40,000 all-electric houses in Japan. We performed scenario analyses with a sensitivity
analysis. The results showed that residential PV battery systems were highly profitable when their
storage battery operation modes were appropriately utilized at the end of the purchase period for
solar power generation in Japan’s feed-in-tariff (FIT) scheme. The profitability, however, varied
across regions. The results also indicated that the PV self-consumption rate was more than 50% when
charging the battery with surplus power. The results of the sensitivity analysis suggested that the
unit prices of grid electricity and the purchasing price of surplus power after the FIT scheme had a
significant effect on the profitability of residential PV battery systems.

Keywords: residential photovoltaic; smart-meter data; photovoltaic self-consumption; sensitiv-
ity analysis

1. Introduction

In recent years, electricity storage batteries have gained attention as one of the tech-
nologies that can close the gap between unsteady solar power generation and demand for
shifting peak solar generation, which contributes to decarbonizing energy and improving
the resilience and stability of electric power systems. The International Renewable Energy
Agency’s analysis predicts that the equipment costs of stationary storage batteries will
decline to between 50% and 60% of the current costs by 2030. It also anticipates the number
of stationary storage batteries currently installed in the world to increase from 2 GW to
more than 200 GW by 2030 [1] (p. 132). The growing interest in PV battery systems has
encouraged the examination of their economic performance, and research into the factors
to influence the performance has been conducted. As to residential PV battery systems, in
particular, several evaluation studies considering the situation in Germany, for instance,
have been conducted [2–5].

The Japanese government has encouraged the use of renewable energy, including
residential solar power generation systems, and more so since the Great East Japan Earth-
quake in 2011 with the Fukushima Daiichi Nuclear Power Plant accident. The introduction
of stationary storage batteries—which was triggered by the government’s subsidized
projects—has progressed and the cumulative amount of installed storage batteries has
steadily increased to 1754 MWh [6] (p. 40). In recent years, residential photovoltaic (PV)
battery systems, which combine residential solar power generation and storage batteries,
have gained prominence. The configuration of a residential PV battery system assumed for
the purposes of this study is shown in Figure 1. In this system, both PV power generation
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and storage batteries are connected to a hybrid power conditioner. The direct current
is transmitted from these batteries to the conditioner. The output power of the power
conditioner is then converted to alternating current, which is consumed in the home.

Figure 1. Typical configuration of a residential PV battery system used in this study.

Residential PV battery systems offer the advantages of high charging efficiency, the
ability to charge PV output during output control, and storage battery operation modes
that can be changed by users. These advantages enable many manufacturers to develop
and market their residential PV battery systems [7–12]. Some manufacturers also provide
services that allow potential residential PV battery system users to test the profitability
of the systems by running simulations [13,14]. However, the validity of the results of
these simulations is hard to assess due to the lack of disclosed assumptions used in the
simulation models.

In Japan, there are some existing case studies which address the effects of residential
PV battery systems by using measured data on power consumption and solar power
generation. Omine et al. (2013) evaluated the economic performance of the systems
considering different power demands and the storage battery life of the systems in the
Kansai region in Japan [15]. Yabe and Hayashi (2018, 2019) examine the unit price of
rechargeable batteries and the optimum rechargeable battery capacity using data from Ota
City, Gunma Prefecture in Japan [16,17]. The findings of these studies are difficult to be
generalized to the whole country, however, because the data are limited to the geographical
areas that they covered. It seems that there is a need to evaluate these systems’ profitability,
and develop the required methods for the evaluation, in order to promote the wider use of
residential PV battery systems.

The profitability of residential PV battery systems depends on geographical factors
that influence power consumption and solar power generation as well as technical and
socio-economic factors, as listed in Table 1.

Table 1. Potential factors that influence the profitability of residential PV battery systems.

Geographical Factors Power Consumption/Solar Power Generation

Technical factors
- initial system performance
- performance degradation over time
- battery operation mode

Socio-economic factors

- electricity rate plans
- increase in electricity rates
- levy on renewable energy
- electricity sales price
- equipment prices and subsidies

Analyzing the effects of these factors quantitatively is crucial for developing this
technology. The present study aims to evaluate the profitability of residential PV battery
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systems while considering factors that have not been sufficiently examined to date. It
makes full use of a large dataset—measured data on power consumption and solar power
generation from about 40,000 houses in Japan—to examine the use of residential PV battery
systems. Geographically speaking, our data cover most regions of Japan. The assumptions
made for the scenario analyses in our study reflect social circumstances in Japan today.
To address uncertainty factors, we also performed a sensitivity analysis to evaluate the
profitability of residential PV battery systems and examine the impact on self-consumption
rates of solar power generation under various conditions. Based on the outcomes of
the analyses, we present factors that may determine the profitability of residential PV
battery systems.

2. Materials and Methods
2.1. The Period for Scenario Analyses

The operation period for residential PV battery systems in our analysis was set to
25 years, from 1 January 2020 to 31 December 2044. The period, 25 years, was chosen
because the warranty periods of residential PV battery systems on the market range from
up to 20 to 25 years, as noted by the Power Generation Cost Verification Working Group
of the Agency for Natural Resources and Energy, the Ministry of Economy, Trade and
Industry (METI) [18].

2.2. Electricity Consumption and Solar Power Generation

The dataset for the analysis contains power consumption (kWh) data and power gen-
eration (kWh/kW) per PV power generation data measured in all-electric houses, provided
by a housing manufacture. These data were gathered from approximately 40,000 all-electric
houses, from 2012 to 2017, evenly distributed throughout the whole country, except Ok-
inawa. The time resolution of the data was one hour. The following procedures were
performed, and we obtained 97 samples of all-electric houses to be used for the analysis:

1. Houses that had joined renewed rate plans for all-electric houses offered by major
electric power companies in 2017 were extracted from the all-electric houses. This
allowed us to predict the electricity consumption pattern of the households closer to
the pattern found after the deregulation of electricity rates;

2. We identified houses that had a one-year period without data loss (i.e., 8760 h), and
extracted the data of the houses for this period;

3. The houses included in the extracted data were classified according to where they
were located. Then, a maximum of 10 houses from each of the nine power jurisdiction
districts (all districts except Okinawa) were chosen. These houses were randomly
selected on the condition that their average annual power consumption and that of
standard deviation were the same as those of each region. The data obtained from
these houses were used for the analysis.

Figure 2 shows the average annual power consumption and solar power generation
of the sample houses by regional jurisdiction. The reference values of the annual power
consumption by regional jurisdiction, shown in the figure, were drawn from the typical
amounts of power consumption on the new electricity rate plans for all-electric houses of-
fered by major electric power companies [19–27]. The reference values of annual PV power
generation in the figure were taken from the Japan Photovoltaic Energy Association [28].

Figure 3 shows the 24 h change in the amount of power consumption of the reference
value and that of sampled data, arranged by month. A peak of power consumption was
recorded at midnight in every month. This is because houses that provided data were
all-electric homes with the installation of an anticlogging method of natural coolant heat
pump type water heater, which boils water for hot water supply at midnight when the unit
price of electricity is low.
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Figure 3. Power consumption per hour of sample average and that of reference values across the year.

The relative error of the annual power consumption sample average was less than
5%, excluding Kyushu Electric Power Company (which had a small number of samples),
and the relative error of the annual PV power generation sample average was less than
10%. This suggests that the sample average value and the reference value were not far
different from each other. The sampled data were expanded to cover 25 years and analyses
were conducted.
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2.3. Electricity Rates

The analysis used the new rate plans for all-electric houses that were launched by
major electric power companies after electricity deregulation. In these rate plans, one day
is divided into either two time zones (daytime and nighttime hours) or three time zones
(daytime morning, daytime evening, and nighttime hours), for which different unit prices
are set. The unit price is set high during the daytime hours when the demand for electricity
is at its highest, while the unit price is set low during the nighttime hours when the demand
is low. The unit prices and time zones may vary depending on holidays and the season.

Table 2 shows the price plan of each power company with power unit prices (per
1 kWh, including tax) and time zones. Five companies—Tokyo Electric Power Company
(TEPCO), Hokuriku Electric Power Company, Chugoku Electric Power Company, Shikoku
Electric Power Company, and Kyushu Electric Power Company—adopt two time zones,
while four companies—Hokkaido Electric Power Company, Tohoku Electric Power Com-
pany, Chubu Electric Power Company, and Kansai Electric Power Company—use three
time zones. The basic charge of electricity was not considered in the analysis, as it is fixed
the same, regardless of the presence or absence of solar power generation and storage
batteries and is not related to the amount of power consumption.

Table 2. Electricity unit prices and time zones in rate plans for all-electric houses applied by electric power companies.

Electric Power Company
Time Zones and Corresponding Electricity Unit Prices

Daytime Hours Morning Hours and Evening Hours Nighttime Hours

Hokkaido Electric Power Company
40.68 JPY (April–October: 13:00–18:00)
36.61 JPY (November–March:
13:00–18:00)

30.91 JPY (April–October: 8:00–13:00,
18:00–22:00)
27.82 JPY (November–March:
8:00–13:00, 18:00–22:00)

14.64 JPY (April–October: 22:00–08:00)
13.18 JPY (November–March:
22:00–08:00)

Tohoku Electric Power Company

43.14 JPY (July–September:
10:00–17:00, December–February:
16:00–18:00)
39.22 JPY (March–June,
October–November: 10:00–17:00)

26.73 JPY (March–November
8:00–10:00, 17:00–22:00,
December–February: 8:00–16:00,
18:00–22:00)

11.43 JPY (year-round: 22:00–08:00)

Tokyo Electric Power Company 25.80 JPY (year-round: 6:00–01:00) 17.78 JPY (year-round: 01:00–6:00)

Hokuriku Electric Power Company

34.95 JPY (July–September, weekdays:
8:00–20:00)
25.07 JPY (October–June, weekdays:
8:00–20:00)
19.64 JPY (holidays: 8:00–20:00)

12.51 JPY (year-round: 20:00–08:00)

Chubu Electric Power Company 38.71 JPY (weekdays: 10:00–17:00) 28.52 JPY (weekdays: 8:00–10:00,
17:00–22:00, holidays: 8:00–22:00) 16.30 JPY (year-round: 22:00–08:00)

Kansai Electric Power Company

27.51 JPY (July–September, weekdays:
10:00–17:00)
25.01 JPY (October–June, weekdays:
10:00–17:00)

21.75 JPY (weekdays: 7:00–10:00,
17:00–23:00, holidays: 7:00–23:00) 14.44 JPY (year-round: 23:00–07:00)

Chugoku Electric Power Company

32.68 JPY (July–September, weekdays:
9:00–21:00)
30.62 JPY (October–June, weekdays:
09:00–21:00)
14.87 JPY (holidays: 9:00–21:00)

14.87 JPY (year-round: 21:00–09:00)

Shikoku Electric Power Company 29.24 JPY (weekdays: 9:00–23:00)
19.48 JPY (holidays: 9:00–23:00) 19.48 JPY (year-round: 23:00–09:00)

Kyushu Electric Power Company

26.84 JPY (July–September,
December–February, weekdays:
8:00–22:00)
23.95 JPY (March–June,
October–November, weekdays:
8:00–22:00)
21.22 JPY (July–September,
December–February, holidays:
8:00–22:00)
17.82 JPY (March–June,
October–November, holidays:
8:00–22:00)

13.21 JPY (year-round: 22:00–08:00)

The average unit price for household electricity—excluding renewable energy surcharges—
has increased at an average rate of 0.22 JPY/kWh/year from 2010 to 2018. The average unit
price is expected to increase further due to rising fuel prices, more stringent environmental
regulations, and price revisions reflecting an increase in consumption tax [29] (p. 38). There-
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fore, we set three patterns for future electricity unit price increases: 0.00 JPY/kWh/year
for a small increase, 0.22 JPY/kWh/year for medium, and 0.44 JPY/kWh/year for a
large increase.

A renewable energy power generation promotion levy is levied on the cost of pur-
chasing renewable energy electricity through the feed-in tariff (FIT) system. The amount
collected is obtained by multiplying the amount of electricity used by the unit charge. The
levy unit price is revised in May of every year. For the 2019 fiscal year (May 2019 to April
2020), it was 2.95 JPY/kWh.

In our analysis, we set three future unit price levy cases, as shown in Figure 4. As
renewable energy is introduced more and more and becomes more common under the
FIT system, the levy unit price will increase until the 2030 fiscal year. In the first case, the
measures for mitigating the burden on the people was assumed to be effective and a low
levy unit price was set, at 3.50 JPY/kWh in the 2030 fiscal year [29]. In the second case, a
high unit price was set at 4.66 JPY/kWh in 2030, assuming that the increase in the levy unit
price from 2017 to 2019 (0.16 JPY/kWh/year) would continue until 2030. The third was
an intermediate case between the first one and the second one; a levy unit price in 2030
was set at 4.08 JPY/kWh. As the FIT system is expected to become more independent from
2030 onwards, the levy unit price will then start to decrease.

Figure 4. Future renewable energy unit price levies.

2.4. Sale of Surplus Solar Power

In our scenarios, the purchase price and the period of surplus electricity in the FIT
system for residential solar power (less than 10 kW) were set at 21 JPY/kWh and 10 years,
respectively [30]. Until now, the purchase price of residential solar power has been different
in areas where there is no obligation to install output control equipment (e.g., in the
jurisdiction of TEPCO, Chubu Electric Power, and Kansai Electric Power) than in areas
where it is obligatory (other than the above). However, from fiscal year 2020, a nationwide
uniform purchase price will be adopted.

Regarding electricity sales prices after the end of the purchase period, three cases—
7.3 JPY/kWh as a low price, 9.3 JPY/kWh as a medium price, and 11.3 JPY/kWh as a
high price—were set with reference to the suggested purchasing prices provided by retail
electric power companies [30].
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2.5. Residential PV Battery Systems

A system consisting of a single-crystal solar panel and a lithium-ion iron phosphate
battery was used in the analysis. The values shown in Table 3 were set based upon the
specifications provided by both the Power Generation Cost Verification Working Group [18]
and by commercial products [7–12] to be used for the initial performance of the system.

Table 3. Initial system performance.

Parameter (Unit) Set Value

PV capacity (kW) 4.5
rated capacity of storage battery (kWh) 5.65

effective capacity of storage battery (kWh) 4.80
battery charge capacity (kWh/h) 2.20

battery discharge capacity (kWh/h) 3.00
storage battery charge/discharge efficiency 0.95

Concerning performance deterioration of the system over time, we set three cases, as
shown in Table 4. Assuming that the solar power generation output decreases linearly, the
output reduction rate was set based on existing experimental results by Choi et al. of the
outdoor exposure of solar modules [31]. Performance of the storage battery was set based
on the assumption that the effective capacity and its charging/discharging efficiency decay
exponentially. We set the low performance case of the storage battery as 60% of the initial
performance, the middle performance as 70%, and the high performance as 80%, based on
the capacity retention rate of some commercial products [7–12]. The operation mode was
assumed as one cycle per day in this study, and 12,000 cycles is equivalent to 30 years.

Table 4. Performance degradation over time.

Parameter (Unit) Low Intermediate High

reduction rate of solar power output (%/year) 0.47 0.61 0.75
effective capacity of storage battery, 12,000 cycles (kWh) 2.88 3.36 3.84
storage battery charge/discharge efficiency, 12,000 cycles 0.570 0.665 0.760

We also assumed three types of storage battery operation modes, as shown in Figure 5.
Storage battery operation mode 1 includes a “boosting mode” to increase the sale of
solar power by charging with grid power at night and discharging during the day. In
non-boosting mode, however, the purchase of grid power during the day is reduced by
consuming solar power in-house and compensating for the shortage by discharging the
storage battery. Storage battery operation mode 2 refers to “non-boosting (night charging)
mode” with the system’s power being charged during nighttime hours. Storage battery
operation mode 3 refers to a “non-boosting (PV charging) mode”, a mode where the surplus
from PV power generation was used for charging.

2.6. An Energy Supply–Demand Simulation

We simulated hourly residential energy supply and demand based on the data and
assumptions described in Sections 2.2–2.5. The simulation was performed using IBM SPSS
modeler 18.2.
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Figure 5. Storage battery operation modes 1, 2, and 3.

Energy supply–demand balance in PV power generation was calculated using
Equation (1), that of storage batteries was calculated with Equation (2), that of grid power
with Equation (3), and that of power consumption was calculated with Equation (4). For the
energy supply–demand balance in storage batteries, a loss during charging and discharging



Sustainability 2021, 13, 5370 9 of 22

from the grid was considered. A loss due to direct current transmission between solar
power generation and the storage battery was not considered.

Epv(y, t) = Epv→dm(y, t) + Epv→bt(y, t) + Epv→gr(y, t) (1)

Ebt(y, t) = Ebt(y, t− 1) + Epv→bt(y, t) + Egr→bt(y, t)·
√

ηbt(y, t)− Ebt→dm(y, t)/
√

ηbt(y, t) (2)

Edm(y, t) = Epv→dm(y, t) + Ebt→dm(y, t) + Egr→dm(y, t) (3)

Egr(y, t) = Egr→dm(y, t) + Egr→bt(y, t) (4)

In the equations above, y = {1, . . . , 25}: years, t = {1, . . . , 8760}: hours, Epv: PV
power generation (kWh), Epv → dm: PV power self-consumption amount (kWh), Epv → bt:
photovoltaic power charge (kWh), Epv → gr: photovoltaic power sales (kWh), Ebt: electricity
storage (kWh), Egr → bt: system power charge (kWh), Ebt → dm: discharge (kWh), η_bt:
battery charge/discharge efficiency, Edm: power consumption (kWh), E(gr→ dm): system
Electricity consumption (kWh), and Egr: power purchase amount (kWh).

As shown in Equation (5) below, the storage battery operates so as to store less than
the effective capacity.

Ebt(y, t) ≤ CAPbt(y, t) (5)

CAPbt: Storage battery effective capacity (kWh)
The profit P (JPY) from the purchase of system power and the sale of solar power was

calculated using Equation (6). The total profit NetP (JPY) was calculated as the discounted
present value using Equation (7). The discount rate r was set to 1.5% with reference to the
fixed-rate mortgage “Flat 35” [32].

P(y, t) = UnitPsell(y, t)·Epv→gr(y, t)−UnitPbuy(y, t)·Egr(y, t) (6)

NetP = ∑
y

∑t P(y, t)
(1 + r)y (7)

UnitPsell: Power purchase unit price of grid power (JPY/kWh), UnitPbuy: photovoltaic
power sale unit price (JPY/kWh).

2.7. Scenarios and Assessments

In our analysis, we assumed seven scenarios for residential energy supply and demand
simulation, as shown in Table 5. Scenario Ref was a reference scenario where neither solar
power generation nor a storage battery was introduced. Scenario PV introduced only
solar power generation, while Scenario PV + BT is an umbrella term in which both a PV
power generation and a storage battery were introduced. In this scenario (PV + BT), there
were five different storage battery operation modes. Of these, three scenarios (a, b, and c)
adopted only a specific battery operation mode, while two scenarios (a–c and b–c) switched
the battery operation mode at the time when the FIT purchase contract period was over.
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Table 5. Scenarios concerning the combination of solar power generation and storage battery.

Scenario Solar Power
Generation Storage Battery Battery Operation Mode

Ref no no -

PV yes no -

PV+BT_a yes yes With boosting effects

PV+BT_b yes yes Without boosting effects
(nighttime charge)

PV+BT_c yes yes Without boosting effects (PV charge)

PV+BT_a-c yes yes
First 10 years: with boosting effects
11th years and afterword: without

boosting effects (PV charge)

PV+BT_b-c yes yes

First 10 years: without boosting effects
(nighttime charge)

11th years and afterword: without
boosting effects (PV charge)

The profitability of Scenario X, ECON (JPY), was calculated using Equation (8) as a
difference between Scenario Ref and the total profit. In addition, the self-consumption
electricity rate of PV power generation under Scenario X, i.e., SELF, was calculated by
Equation (9).

ECON(x) = NetP(x)− NetP(Re f ) (8)

SELF(x) = 1−
∑y,t Epv→gr(x, y, t)

∑y,t Epv(x, y, t)
(9)

2.8. Factor Analysis Using Multiple Regression Analysis

Power consumption, solar power generation, and electricity rate plans differ across
households and regions. This difference can affect economic efficiency. To quantitatively
clarify the degree of influence, factor analysis using a multiple regression model was per-
formed using “IBM SPSS Statistics 25”. The dependent variable of the multiple regression
model was the economic efficiency ECON (JPY) in each household. The independent vari-
ables were the following four: the annual power consumption (kWh/year) in each house-
hold, the annual solar power generation amount per 1 kW of capacity (kWh/kW/year),
the daily average of the power unit price (JPY/kWh), and the price difference between
daytime/morning/evening time and nighttime (JPY/kWh) (hereinafter referred to as
day/night price difference). The latter two variables are shown in Table 6.

Table 6. Daily average of the power unit price and day/night price difference by region.

Daily Average of The Power
Unit Price (JPY/kWh)

Day/Night Price Difference
(JPY/kWh)

Hokkaido 25.08 18.93
Tohoku 23.71 21.06
Tokyo 24.13 8.02

Hokuriku 18.65 12.28
Chubu 25.37 15.54
Kansai 20.05 8.42

Chugoku 20.17 10.61
Shikoku 23.19 6.36
Kyushu 19.13 10.14

Table 7 shows the correlation coefficient between the independent variables. When the
correlation between the explanatory variables is large, i.e., ±0.7 to ±1.0, it is necessary to
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pay attention to multicollinearity, in which the estimator cannot be obtained correctly. This
analysis, however, does not have explanatory variables with a large correlation. To select
explanatory variables, the stepwise method was used, and the optimum combination of
explanatory variables was searched for by adding and deleting four explanatory variables
one by one.

Table 7. Scenarios concerning the combination of solar power generation and storage battery.

Annual Power
Consumption

The Amount of
Annual Solar

Power Generation

All-Day Average
Unit Price

Day/Night Price
Difference of

Unit Price

The amount of annual
power consumption 1.00

The amount of annual
solar power generation −0.24 1.00

All-day average
unit price 0.31 0.00 1.00

Day/night price
difference of unit price 0.33 −0.49 0.43 1.00

2.9. Sensitivity Analysis
2.9.1. Uncertainty Analysis of Parameters

As described in Sections 2.3–2.5, there is uncertainty in some parameters, and these
may change depending on future trends. Therefore, one of the six parameters shown in
Table 8 was set to change from low to high, while the remaining five parameters were set
to be in the middle level in the analyses. We also evaluated the effect of self-consumption.
In all the analyses, except for the sensitivity analysis, all parameters in Table 8 were set to
the middle level.

Table 8. The settings of parameters.

Parameter Low Intermediate High

increase in unit price of electricity
(JPY/kWh/year) 0.00 0.22 0.44

future levy unit price (JPY/kWh) See Figure 3
selling price after the FIT expires

(JPY/kWh) 7.3 9.3 11.3

reduction rate of solar power output
(%/year) 0.47 0.61 0.75

effective capacity of storage battery,
12,000 cycles (kWh) 2.88 3.36 3.84

storage battery charge/discharge
efficiency, 12,000 cycles 0.570 0.665 0.760

2.9.2. Impact Analysis of Aging Deterioration in Effective Capacity of Storage Batteries

There are two types of factors to explain deterioration of the capacity of storage
batteries. One is cycle deterioration influenced by the number of charge/discharge cycles.
The other is calendar deterioration which is subject to the influence of the time elapsed.
The effective capacity of the storage battery shown in Table 8 mainly considers the effect
of cycle deterioration. However, the effects of calendar deterioration have not been fully
considered for the fact that no data available for analysis were available. Therefore, to
evaluate the effect of the performance deterioration of the storage battery in consideration
of the calendar deterioration, the effect analysis of the effective capacity of the storage
battery due to the aging was performed. We therefor evaluated the effect of a decrease
in effective capacity on economic efficiency by performing simulations by altering the
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capacity retention rate of the storage battery after 30 years between 10% and 80%. The
effective storage battery capacity shown in Table 8 corresponds to a retention rate of 60%
for the low level, 70% for the medium level, and 80% for the high level.

3. Results
3.1. Profitability
3.1.1. Comparing Scenarios

Figure 6 shows the profitability of each scenario. In all scenarios, the profitability
has a positive value, demonstrating that the use of solar power generation and storage
batteries increases profit. The highest economic performance among the PV+BT scenarios
were Scenario PV+BT_a-c and Scenario PV+BT_b-c, in which the battery operation modes
were switched after the FIT expires. As the unit sales price of solar power generation
drops to less than half its original value, the economic performance was higher when the
no-boosting (PV charging) mode was selected after the expiration of the FIT scheme. The
profitability of Scenario PV+BT_a, in which boosting mode continued to operate, was low.
In this mode, the amount of surplus electricity sold was large; therefore, the purchase price
was high, and it was profitable at the beginning of FIT. However, as the purchase price has
fallen sharply, the merits of boosting became limited. This means that Scenario PV+BT_b
without boosting became more profitable.

Figure 6. Profitability of residential PV battery systems by scenario.

3.1.2. Comparison among Regional Areas

Figure 7 shows the profitability of three scenarios that yielded high economic perfor-
mance, i.e., Scenario PV+BT_b, Scenario PV+BT_a-c, and Scenario PV+BT_b-c. It is shown
by region.

Figure 7. Profitability of residential PV battery systems by region.
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Profitability is the highest in Chubu, ranging from 266.9 to 2.754 million JPY. Hokuriku,
on the other hand, has the lowest profitability with 201.0 to 2.026 million JPY. The regional
difference in profitability is large, marking a difference of 600,000 JPY or more. In Chubu,
the annual amount of solar power generation is large, and the unit price of electricity
during the daytime is high. On the contrary, in Hokuriku, the annual amount of solar
power generation is small, and the unit price of electricity during the daytime is low. As can
be seen from the results of the multiple regression analysis described below, the difference
between the day and night price of annual photovoltaic power generation and the unit
price of electricity has a positive effect on economic efficiency. The economic efficiency is
large in Chubu and small in Hokuriku.

In addition, the optimal scenario differs depending on the region. PV+BT_b is the most
economical in Hokkaido and Tohoku, and the difference from PV+BT_a-c and PV+BT_b-c
is 34,000 to 48,000 JPY. The economic efficiency of PV+BT_a-c and PV+BT_b-c is large in
other areas, and the difference from PV+BT_b is 12,000 to 190,000 JPY.

The economic performance is high in Hokkaido, which consumes a large amount of
electricity, and in Chubu and Shikoku, which consume large amounts of solar power. The
economic performance is low in Hokuriku. It can therefore be said that the results show
that the optimal scenario differs depending on the region. The rate plans for Hokkaido
and Tohoku have a three-level rate system, and the unit price of daytime electricity is high,
more than 40 JPY/kWh. Therefore, Scenario PV+BT_b is the most economical because it
boosts generation to reduce the purchase of grid power during daytime. In other areas,
Scenario PV+BT_a-c and Scenario PV+BT_b-c are more economical. Overall, Scenario
PV+BT_b-c tends to be the most economical.

3.1.3. Results of Multiple Regression Analysis

A multiple regression analysis was conducted to evaluate the effects of differences in
power consumption, solar power generation, and electricity rate plans in households and
regions on economic efficiency. Tables 9–11 show the results of regression analysis on the
economic efficiency of PV+BT_b, PV+BT_a-c, and PV+BT_b-c.

Table 9. Results of regression analysis: economic efficiency of PV+BT_b.

R2 Adjusted R2 F Sig.

Regression model 0.708 0.694 ANOVA 49.751 0.000

Partial regression
coefficient SD

Standard partial
regression
coefficient

t Sig.

(constant) −1,319,090.6 264,595.7 −4.985 0.000
Amount of annual power consumption 48.1 9.2 0.344 5.251 0.000

Annual amount of solar power generation 1926.4 208.1 0.668 9.257 0.000
Daily average of electricity charge unit price 29,181.2 7572.4 0.272 3.854 0.000

Day/night price difference of electricity charge unit price 25,369.8 4326.5 0.465 5.864 0.000

Table 10. Results of regression analysis: Economic efficiency of PV+BT_a-c.

R2 Adjusted R2 F Sig.

Regression model 0.718 0.705 ANOVA 44.401 0.000

Partial regression
coefficient SD

Standard partial
regression
coefficient

t Sig.

(constant) −1,372,748.5 259,448.7 −5.291 0.000
Amount of annual power consumption 40.6 9.0 0.291 4.525 0.000

Annual amount of solar power generation 1970.2 204.1 0.685 9.655 0.000
Daily average of electricity charge unit price 45,195.8 7425.1 0.422 6.087 0.000

Day/night price difference of electricity charge unit price 9231.6 4242.3 0.170 2.176 0.032
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Table 11. Results of regression analysis: Economic efficiency of PV+BT_b-c.

R2 Adjusted R2 F Sig.

Regression model 0.791 0.617 ANOVA 52.133 0.000

Partial
regression
coefficient

SD

Standard
partial

regression
coefficient

t Sig.

(constant) −1,384,576.7 261,127.7 −5.302 0.000
Amount of annual power consumption 40.2 9.0 0.287 4.454 0.000

Annual amount of solar power generation 1967.3 205.4 0.680 9.579 0.000
Daily average of electricity charge unit price 46,177.0 7473.1 0.429 6.179 0.000

Day/night price difference of electricity charge unit price 9055.8 4269.8 0.165 2.121 0.037

The adjusted coefficient of determination (adjusted R2) was 0.617 to 0.705, and the
results of analysis of variance indicated that all regression models were significant at
the 0.1% level. In addition, all four explanatory variables were adopted in all regression
models, which were significant at the 5% level. Next, comparing the standard partial
regression coefficients of each explanatory variable, the annual amount of photovoltaic
power generation was the largest and the degree of influence on economic efficiency was
the largest in all regression models. From the value of the partial regression coefficient,
the economic efficiency increases by 1926 to 1970 JPY by increasing the annual amount of
solar power generation (per 1 kW of capacity) by 1 kWh. The explanatory variables that
had the second largest impact after the annual solar power generation amount differed
depending on the scenario. In PV+BT_b, the day/night price difference of the electric
energy charge unit price was the explanatory variable that had the second largest impact. In
PV+BT_a-c and PV+BT_b-c, the daily average of electricity charge unit price was the second
most influential explanatory variable. With PV+BT_b, which charges grid power during
the nighttime, the greater the day/night price difference between the electricity charge
unit prices, the higher the profitability. When the day/night price difference increased
by 1 JPY/kWh, the profitability of PV+BT_b increased by 25,369 JPY. This explains the
fact that PV+BT_b had the highest profitability in Hokkaido and Tohoku, where the price
difference between day and night is large. After the FIT purchase periods, PV+BT_a-c
and PV+BT_b-c, which were charged with surplus electricity generated by solar power
generation, were easily affected by the daily average of electricity charge unit price. When
the daily average of the electricity charge unit price increased by 1 JPY/kWh, the economic
efficiency of PV+BT_a-c increased by 45,196 JPY, and the economic efficiency of PV+BT_b-c
increased by 46,176 JPY.

3.1.4. Analyzing the Unit Price of PV Power Generation and Storage Batteries in View of
Investment Recoverability

Figure 8 shows the relationship between PV power unit price (JPY/kW) and storage
battery unit price (JPY/kWh (rated capacity)) (both including tax) in Scenario PV+BT_b-c.
Due to space limitations, only the results for Chubu and Hokuriku are shown. Regarding
the power conditioner, the price and lifespan were assumed to be 2,205,000 JPY and
12.5 years respectively, based on data from the Procurement Price Calculation Committee
(2020) [30].
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Figure 8. Relationships between solar power generation unit price and storage battery unit price.

The results of our analysis indicate that the conditions for investment recovery differ
depending on the region. In Chubu, solar power generation and storage systems were
shown to have the highest profitability, meaning that it was easy to realize investment re-
covery. At the current market price, solar power generation costs 200,000–300,000 JPY/kW,
and storage battery power 150,000–300,000 JPY/kWh. It is possible to recover the invest-
ment within 20 years by selecting the appropriate equipment. Conversely, Hokuriku is the
region with the lowest profitability and the conditions for return on investment were more
severe. If the unit price of solar power generation is 200,000 JPY/kW, investment recovery
within 20 years cannot be realized unless the storage battery achieves the target price of
90,000 JPY/kWh in 2020 [33].

3.2. Self-Consumption Rates of Solar Power Generation
3.2.1. Comparing Scenarios

Figure 9 shows the self-consumption rate of each scenario. Among the PV+BT sce-
narios, Scenario PV+BT_c, Scenario PV+BT_a-c, and Scenario PV+BT_b-c have high self-
consumption rates, and more than half of the generated power was privately consumed.
As these scenarios use no-boosting (PV charging) mode, which charged the surplus power
of PV power generation, the self-consumption rate increased. On the contrary, the self-
consumption rates of Scenario PV+BT_a and Scenario PV+BT_b, both of which do not
adopt the no-boosting (PV charging) mode, were the same as or lower than that of PV alone.
Therefore, it is important to not only introduce self-consumption of PV power generation
but also to select an appropriate battery operation mode.
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Figure 9. Self-consumption rate by scenario.

3.2.2. Comparing Regions

Figure 10 shows the changes in the self-consumption rate at five-year intervals for
Scenario PV+BT_b, Scenario PV+BT_a-c, and Scenario PV+BT_b-c, all of which showed
high economic performance, as described in 3.1. For Scenario PV+BT_a-c and Scenario
PV+BT_b-c, in which a switch to the no-boosting (PV charging) mode when the purchase
contract period of FIT was over, the self-consumption rates increased significantly when the
switch happened. The private consumption rate of Scenario PV+BT_b, however, gradually
increased. This is because power generation output decreases due to the age deterioration
of PV power generation, leading to the decline in the amount of surplus power sold.

Figure 10. Changes in self-consumption rates.

Figure 11 shows the economic performance of Scenario PV+BT_b, Scenario PV+BT_a-c,
and Scenario PV+BT_b-c by region. In Kyushu, where power consumption was low and
solar power generation was high, the self-consumption rate was small. Comparing the
self-consumption rates of each scenario in the same region, the self-consumption rate of
Scenario PV+BT_b-c was the highest in all regions, except for Shikoku. We can therefore
assert that the regional difference in the magnitude relationship of each scenario is small.
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Figure 11. Electricity Self-Consumption Rate by Region.

3.3. A Sensitivity Analysis
3.3.1. Impacts on Profitability

Figure 12 shows the effect of changing the parameters described in Table 6 on the
economic performance of the PV power generation/storage system. Of the six param-
eters, the increase in the unit price of electricity was the most influential. The range of
changes in profitability were ±74,000 JPY for PV+BT_b, ±125,000 JPY for PV+BT_a-c, and
±127,000 JPY for PV+BT_b-c. The next biggest impact was the selling price of electricity
after the FIT purchase period. The range of changes in profitability were ±63,000 JPY
for PV+BT_b and ±38,000 JPY for PV+BT_a-c and PV+BT_b-c. Since the photovoltaic
power generation/storage system is profitable from the price difference between buying
and selling electricity, these parameter changes are directly linked to profitability of the
system. Interestingly, the impact of future levy unit prices on profitability of the system is
rather small. The change in profitability in this regard was ±10,000 JPY for PV+BT_b and
±16,000 JPY for PV+BT_a-c and PV+BT_b-c. This is because the increase in the levy unit
price is 0.16 JPY/(kWh/year) even in the high case, which is about one third of the increase
in the electricity charge unit price, and that the levy unit price is expected to decrease after
2030. The results of the sensitivity analysis revealed the following. The introduction of a
photovoltaic power generation/storage system reduce the amount of surplus electricity
sold, which reduce the future levy unit price. However, even if the levy unit price decreases
in the future, profitability of the system is not impaired. In other words, it was suggested
that household profits (improvement of economic efficiency) and public profits (decrease
in levy unit price) can be achieved at the same time by introducing a PV power genera-
tion/storage system. For other parameters, the decrease in the effective capacity of the
storage battery affects the economic efficiency of PV+BT_b to some extent. However, the
degree of influence is small compared with the rise in the unit price of electricity and the
selling price after the FIT purchase period. Regarding the other parameters, the decrease in
the effective storage battery capacity affects the profitability of Scenario PV+BT_sb to some
extent. However, the impact is smaller than the increase in the unit price of electricity and
the selling price after the expiration of the FIT period.
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Figure 12. Effects of parameter changes on profitability.

Figure 13 shows the results of the sensitivity analysis on the increase in electricity
unit price, which had the largest impact. The increase in the electricity unit price linearly
affects the economic performance of the system and the profitability rises as the unit price
increases. Moreover, the higher the unit price, the more profitable Scenario PV+BT_a-c and
Scenario PV+BT_b-c become.

Figure 13. Effects of the increased electricity unit price on profitability.

3.3.2. Effect of Time-Related Deterioration of Effective Capacity of The Storage Battery

Figure 14 shows the results of the sensitivity analysis that examines the effects of
capacity retention on profitability of the PV storage battery system. The decrease in the
capacity retention rate has a non-linear effect on the profitability of the system, and the
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lower the capacity retention rate, the lower the profitability. When the capacity retention
rate drops significantly to 10%, which is the lowest assumed this study, the profitability
was 2.160 million JPY for PV+BT_b and 2.188 million JPY for PV+BT_a-c and PV+BT_b-c.
These are almost the same as the economic efficiency when the increase in the electricity
charge unit price in Figure 13 is 0.055 JPY/kWh/year.

Figure 14. Effects of the capacity retention rate on profitability.

3.3.3. Impact on Self-Consumption Rate

Figure 15 shows the effect of changing the parameters listed in Table 6 on the self-
consumption rate of PV power generation.

Figure 15. Effects of parameter changes on self-consumption rate.
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A decrease in the output of PV generation and a decrease in the effective capacity
of the storage battery had some effect on the self-consumption rate, whereas the other
parameters had no effect.

4. Conclusions

This study analyzed the profitability of residential PV battery systems in Japan by
performing simulations to assess the self-consumption and economic performance of the
systems, while considering various factors that have not been sufficiently studied to date.
The main conclusions are summarized below:

• The profitability of residential PV battery systems can be increased by charging the
surplus PV power generated with a shift in the battery operation mode of the storage
battery when the purchase contract period of FIT is over. Profitable battery operation
modes and investment recovery conditions differ by regions.

• By selecting the operation mode to charge the surplus power, more than half of the
generated power can be consumed at home.

• The results of the sensitivity analysis showed that an increase in the unit price of
electricity, the selling price after the expiration of the FIT period, and significant
decrease in battery capacity retention rate greatly affect the economic efficiency of the
system. However, the economic efficiency of the system is not impaired when the
future levy unit price decreases due to an increase in private consumption.

In this present study, we evaluated the effect of introducing a home-use PV power
generation/storage system, assuming typical values of a PV power generation capacity
of 4.5 kW and a storage battery rated capacity of 5.65 kWh. We recognize that it may be
more profitable to introduce larger capacity photovoltaics and batteries in households that
consume larger amount of electricity. In the future, we would like to evaluate how the
difference in the installed capacity of PV power generation and storage batteries affects the
profitability of the system and the self-consumption rate. In addition, we calculated the
profitability based on the current electricity rate plan for all-electric homes. However, the
electricity rate plan itself may change due to changes in the power source composition over
the long term. It is necessary to combine micro-analysis focusing on individual households
and macro-analysis focusing on the power system to evaluate the impact of changes in
electricity rate plans on the effects of introducing home-use PV power generation and
power storage systems.

The scope of our research is limited to the current situation in Japan due to the fact that
the calculation results were obtained from electricity rate plans and power consumption
data in Japan. It is expected, however, that internet-of-things (IoT) devices such as home
energy management system (HEMS), that measure the power consumption of individual
houses, are in the process of being introduced in many countries across the world. The
simulation method employed in this study, which utilizes the actual power consumption
data of individual houses, can inform future studies on the profitability of residential PV
battery systems in other countries.
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