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Abstract—In recent years, photovoltaic (PV) systems have been 
installed in Japan at an accelerated rate. The application of PV 
generation forecasts and the utilization of energy storage devices 
in power system operation are essential to reduce supply–
demand imbalances and enable the use of more PV energy 
without curtailment. In this paper, assuming extremely high PV 
generation after 2030, we focus on the coordinated operation of 
a battery energy storage system (BESS) and conventional power 
plants. We propose a method of determining and updating the 
BESS charging/discharging schedule and generator unit 
commitment based on the day-ahead and intraday PV 
generation forecasts. We present an evaluation of this method 
based on the results of numerical simulations conducted for one 
year on a bulk power system model to demonstrate the 
effectiveness with which it reduces energy shortfall and PV 
power curtailment. 

Index Terms—Battery energy storage system (BESS); 
photovoltaic (PV) generation; PV generation forecast; power 
system; unit commitment (UC) 

I. INTRODUCTION 
In Japan, the installed capacity of renewable energy 

systems such as wind and photovoltaic (PV) power systems 
has been increasing rapidly due to the feed-in tariff policy, 
which started in 2012. In particular, PV systems have been 
installed at an accelerating rate. The accumulated installed 
capacity reached 20 GW at the end of 2015, and the 
governmental target is set to 64 GW in 2030 [1]. However, 
taking their low capacity factors into account, 64 GW of PV 
systems can supply only approximately 6% of the total 
electricity needed in Japan. Our research group has developed 
power system control and operation methods based on PV 
generation forecasts assuming future power systems with 
extremely high PV system integration, targeting a total 
installed PV capacity in Japan of 100–300 GW [2]. Although 
the application of renewable power generation forecasting to 
power systems in Japan has been investigated in numerous 
studies [3], [4], extremely high integration cases in which the 
PV power output could be greater than the maximum load 

demand of the entire power system were not considered in 
most of them. In such power systems, numerous problems 
must be solved such as supply–demand operation, 
transmission control, distribution control, etc. In this study, we 
focused on supply–demand operation for power systems with 
extremely high PV generation. 

PV systems are uncertain power sources whose power 
outputs are not controllable and that generate power only 
during the daytime. It is important for power systems to be 
both reliable, thereby decreasing the power imbalances caused 
by uncertain outputs, and energy efficient, thereby utilizing as 
much PV energy generated during the daytime as possible. 
Accurate PV power output forecasting is necessary for 
reliability, and energy storage devices are essential for energy 
efficiency. A method for updating the unit commitments 
(UCs) of thermal generators based on intraday PV generation 
forecasts was proposed in [3], and such short-interval UCs 
have been implemented practically [5]. Although the proposed 
method was evaluated by performing a one-day simulation [3], 
longer evaluation periods such as one year are necessary 
because solar irradiation and load demands vary significantly 
from day to day, and from season to season. The operation 
methods of generators with energy storage systems including 
UCs have been conventionally investigated [6], [7]; however, 
load leveling was targeted in those studies. Although a battery 
scheduling method considering forecasts was presented in [8], 
it was intended for consumers or prosumers to reduce buying 
cost and increase selling interest. Thus, the coordinated 
operation of generators and storage systems for utilizing 
renewable energy adequately to reduce supply-demand 
imbalances in large power systems has rarely been 
investigated 

We previously developed supply–demand operation 
methods with battery energy storage systems (BESSs) based 
on PV generation forecasts [9]-[11]. In those studies, we 
proposed and evaluated an operation method that decreases 
supply–demand imbalances by updating the UCs of thermal 
power generators based on both day-ahead and intraday PV 
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generation forecasts [9], a BESS operation method based on 
PV generation forecasts for efficient use of generated PV 
energy [10], and a coordinated operation method for thermal 
generators and a BESS assuming the PV installation target in 
2030 (a total of 64 GW in Japan) [11]. In this paper, 
expanding upon the method proposed in [11], we propose a 
supply–demand operation method with updating of the BESS 
charging/discharging schedule and UC of the thermal power 
generators based on both day-ahead and intraday PV power 
output forecasts released every 6 h, assuming extremely high 
PV generation after 2030 (a total of 300 GW in Japan). 
Although evaluations of the proposed methods for two months 
during the light-load season were presented in [9]-[11], in this 
study, we evaluated the proposed method based on the 
reliability and energy efficiency of the supply–demand 
operation for one year by conducting numerical simulations on 
a model of the power system in the Kanto area of Japan, 
which includes Tokyo city and is the largest power system in 
Japan. In addition, we evaluated the impact of the installed PV 
capacity on the proposed operation method, considering the 
installed PV capacity as a parameter. 

II. DETERMINATION AND UPDATING OF BESS SCHEDULE 
AND UC   

In this paper, we assume a large power system that 
consists of numerous conventional power plants such as 
thermal, nuclear, and hydropower plants; plenty of PV 
generation; and a large BESS. We focus on the daily supply–
demand operation for numerous thermal generators and a 
BESS. (The power outputs of nuclear and hydropower plants 
are assumed to be constant.) We also assume that the BESS is 
used not for reserve capacity to avoid outages or to 
compensate for short-term power fluctuations, such as in load 
frequency control (LFC), but rather for efficient use of PV 
energy when it is expected to be surplus; that the inverter and 
battery capacities of the BESS are sufficient; and that the 
initial and final states of charge (SOCs) of the BESS are 
identical on each day. Fig. 1 shows a time chart of the 
determination and updating of the charging/discharging 
schedule of the BESS and UC of the generators. 

Firstly, after checking the constraints of the upper limits of 
the PV power output and BESS discharging power in each 
time period based on the forecasts released at 12 local time 
(LT) on the previous day, the charging/discharging schedule  
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Figure 1.  Time chart of BESS schedule and UC determination/updating. 

and UC are determined. Then, after checking the constraints 
of the upper limits again based on the latest forecasts released 
every 6 h, the charging/discharging schedule and UC are 
repeatedly updated. (The UC is determined or updated just 
after the BESS schedule is determined or updated.) We 
assume that the load demand can be forecasted with high 
accuracy at 12 LT on the previous day. 

A. Constraints of Upper Limit of PV Power Output  
The number of thermal generators at time j, NG

j, should 
satisfy the following three equations to avoid short-term large 
power flow fluctuations and power shortfalls or surplus with 
adequate regulating capacity [11], [12]. Here, the thermal 
generators start in the order i = 1, 2, …, NG

j. 
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where Ci
LFC is the LFC regulating capacity of generator i; CH 

is the total LFC regulating capacity of hydropower generators; 
Pj

D is the total load demand at time j; Pj
PV is the total PV 

power output at time j; RD and RPV are the ratios of the 
required LFC regulating capacities to the load demand and the 
PV power output, respectively; PNU and PH are the total power 
outputs of nuclear and hydropower plants, respectively; and 
Pi

MIN and Pi
MAX are the minimum and maximum outputs of 

thermal generator i, respectively. 

Eq. (1) is the constraint for securing LFC regulating 
capacity, while (2) and (3) are the constraints for maintaining 
supply–demand balance. The PV output is maximized with the 
smallest Nj

G that satisfies (1)–(3), which is the upper limit of 
the PV power output in the time period. Eqs. (1) and (2) can 
be transformed into (4) and (5),which represent the facts that 
the PV power output is restricted by the LFC regulating 
capacity constraint or the supply–demand balance constraint, 
respectively. The smaller of the maximum PV power outputs 
in (4) and (5) is defined as the upper limit of the PV power 
output, Pj

PV_MAX. In this study, before determining or updating 
the BESS schedule and the UC, the hourly upper limits of the 
total PV power output in each time period after the released 
time of the forecasts were calculated. 

 
1

1
G
jN

PV LFC H D D
j i jR

i
P C C R P

R =

 
≤ ⋅ + − ⋅ 

 
 
∑  (4) 

 ( )
1

G
jN

PV D NU H MIN LFC
j j i i

i
P P P P P C

=

≤ − − − +∑  (5) 



B. Setting of Upper Limit of BESS Discharging Power 
We assume that the BESS charges while the PV power 

output is forecasted to be surplus and discharges during the 
other periods. Thus, the supply–demand balance can be 
represented as (6) during BESS charging or PV curtailment 
and (7) during the other periods; 
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where Pi,j
G, Pj

PV_C, Pj
Charge, and Pj

Discharge are the power output 
of thermal generator i, curtailed PV power, and charging and 
discharging powers of the BESS at time j, respectively. As 
shown by transforming (7) into (8), the upper limit of the 
discharging power Pj

Discharge_MAX exits during each time period. 
Thus, the integral of the upper limit of the discharging power 
for a day is that of the discharging energy in a day, 
considering the constraint that the initial and final SOCs of the 
day are identical.  
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C. Charging Schedule 
Based on the latest forecasts while determining or updating 

the schedule, the BESS charges when the PV power output is 
forecasted to be larger than the upper limit mentioned in 
Section II-A. Firstly, the charging schedule is determined or 
updated assuming that the total power over the upper limit can 
be charged according to 
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where Pj
PV0 is the potentially available PV power output 

before charging or curtailment at time j. Secondly, the total 
charging energy in a day is compared with the integral of the 
upper limit of the discharging power. If it is larger, the 
charging power is modified and the curtailed power is set as 
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where η is the charging efficiency of the BESS; t is the time at 
which the forecast is released; ΔT and T are the time unit and 
scheduling period, respectively (ΔT = 1 h and T = 24 h in this 
study). 

D. Discharging Schedule 
After determining or updating the charging schedule, the 

discharging schedule is determined or updated by employing 
quadratic programing, where the objective is to minimize [11] 
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Here, fDischarge represents the squared sum of the power 
supplied by the power plants other than those that generate PV 
power. Minimizing fDischarge is intended to reduce the 
operational cost of the thermal generators by leveling the gross 
daily load curve. The constraints include the prohibition of 
simultaneous charging and discharging, the balance between 
the charging and discharging energies in a day, and the initial 
and final conditions of the stored energy.  

The BESS does not discharge when it charges, since 

 00 >= geChar
j
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The constraint of the balance between the charging and 
discharging energies is given by 
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The stored energy at time j, Ej
BESS can be expressed as 
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The constraint of the initial and final conditions of the 
stored energy is given by 

 BESS
T

BESS EE =0
. (15) 

Although it is a strict constraint, we have considered it to 
evaluate the proposed method in terms of the daily scheduling 
and operation. 

E. Decision Variables in Schedule Updating 
The decision variables involved in determining or updating 

the charging/discharging schedule discussed in Sections II-C 
and II-D are Pj

Charge and Pj
Discharge. The values from time j = 1 

to T are obtained in the first determination and those from time 
j = t to T are obtained in the subsequent updates. In the 
updates, Pj

Charge and Pj
Discharge before the forecast release time 

are not decision variables, but rather fixed values obtained 
during the previous scheduling. 



F. UC of Thermal Generators 
The UC of the thermal generators is determined or updated 

by employing dynamic programming, where the objective is 
to minimize [11], [13] 
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where FCi and SCi are the fuel cost function and startup cost 
of generator i, respectively; N is the total number of thermal 
generators; and ui,j is the operation state of thermal generator i 
at time j (ui,j = 1: operating, 0: stopped). The scheduling period 
is from j = 1 to T in the determination and from j = t + 6 to T 
in the subsequent updates. The margin to start up the thermal 
generators after updating the schedules is 6 h. The constraints 
include the supply–demand balance, upper/lower limits of the 
thermal generators, upward reserve capacity, LFC regulating 
capacity, and priority dispatch for PV generation. The supply–
demand imbalance constraint considers the charging and 
discharging powers and PV curtailment obtained in the latest 
BESS schedule.  

III. CURRENT DAY OPERATION OF BESS,THERMAL 
GENERATORS, AND PV SYSTEMS 

A. BESS Charging and Discharging 
In the current day operation, the BESS charges or 

discharges by following the latest schedule at the time [11]. It 
is not used for emergency control to reduce sudden supply–
demand imbalances. 

B. Optimal Load Dispatch for Thermal Generators 
In the current day operation, the thermal generators start or 

stop following the latest UC at the time [11]. The load 
dispatch for each generator is obtained by employing 
quadratic programming, where the objective is to minimize 
the total fuel cost of all of the operating generators [11], [13]. 
The constraints include the supply–demand balance 
considering the actual PV power output and 
charging/discharging power of the BESS; upper and lower 
limits of the generators; LFC regulating capacity; and priority 
dispatch for PV generation. 

C. Supply-Demand Imbalances 
If output greater than the total maximum output is 

requested of the operating thermal generators when the 
supply–demand balance differs from the schedule due to 
forecasting error, power shortfall will occur. The power 
shortfall at time j, Pj

Shortfall, is given by 
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We assume that each PV system can curtail its output by 
the amount requested by the system operator in real time. If 
the PV power output is greater than the scheduled charging 

power during the time that the BESS charging is scheduled, 
the PV power output is curtailed. In this situation, the PV 
power curtailment at time j, Pj

PV_C, is given by 

 rgeCha
j

PV
j

CPV
j PPP −=_ . (18) 

If the PV power output is greater and (1) or (2) is not 
satisfied considering the discharging power during the time 
that BESS charging is not scheduled, the PV power output is 
also curtailed. In this case, Pj

PV_C is given by 

 _ _PV C PV PV MAX
j j jP P P= − . (19) 

IV. NUMERICAL SIMULATIONS 

A. Simulation Conditions 
Numerical simulations were conducted on a power system 

model of the Kanto area in Japan. (The maximum load 
demand is approximately 60 GW, which is one third of the 
total in Japan.) We assumed the future power system after 
2030, in which the installed PV generation capacity will 
continue to increase. The available capacities of the power 
plants are shown in Table I. The UC targets were 168 thermal 
generators with the specifications described in [13]. The 
thermal generators started up in order of ascending fuel cost at 
the rated output, and 5% of the rated output of each operating 
generator was available for the LFC regulating capacity. The 
total output of the hydropower plants was assumed to be 
constant at 95% of the available capacity, and the remaining 
5% was available for the LFC regulating capacity. The total 
output of the nuclear power plants was assumed to be constant 
at 100% of the available capacity during peak-load season 
(from July 15 to Sept. 14) and 66.7% during the other seasons. 
The ratios of the required LFC regulating capacities to the 
load demand and PV power output were both 2%. The ratio of 
the upward reserve capacity was 3% of the load demand. The 
installed capacity of the PV generation was considered as a 
parameter which changes from 0 GW to 100 GW, that 
corresponds to approximately from 0 GW to 300 GW of all 
Japan. The BESS capacity was assumed to be sufficient. The 
charging efficiency was 80%. 

The simulation period was one year, and the time unit was 
1 h. We used the hourly actual load demand data of the Kanto 
area in 2010 [14], the hourly actual solar irradiation data 
averaged over the six sites in the Kanto area in 2010 [15]. The 
PV power output was obtained by multiplying the normalized 
solar irradiation times the installed PV capacity and system 
coefficient (0.8 in this study) [9]-[11], [13]. We employed the 
hour ly forecas ted solar  i r radiat ion data  from the 

TABLE I.  AVAILABLE CAPACITIES OF POWER PLANTS 

Jul. 15 -Sept. 14 Other

Nuclear 9,000 6,000

Hydro

Thermal

Available capcity [MW]

1,200

60,850 (168 machines)  



abovementioned six sites calculated by AIST using the source 
code of a mesoscale model developed by the Japan 
Meteorological Agency [16], [17]. The hourly forecasts of the 
current day were released at 12 and 18 LT on the previous day 
and 0, 6, and 12 LT on the current day. The later the forecast 
release, the smaller the forecasting error [9]-[11], [16].   

We implemented three cases in the simulations. In Case 1, 
the charging/discharging schedule of the BESS and the UC of 
the generators were determined based on the forecasts released 
at 12 LT on the previous day and were not updated (Base 
case). In Case 2, the charging/discharging schedule and UC 
were determined and updated based on the forecasts released 
at 12 and 18 LT on the previous day and 0, 6, and 12 LT on 
the current day (Proposed case). In Case 3, assuming the 
forecasts to be completely accurate, the charging/discharging 
schedule and the UC were determined based on the perfect 
forecasts released at 12 LT on the previous day (Reference 
case).  

B. Simulation Results 
Although the objective function is the minimization of the 

operational cost as given in (16), the discussion of the cost for 
each case has little value because the cost decreases due to 
power shortfall. Therefore, we mainly focus on the simulation 
results of supply-demand imbalances in this section. 

Figs. 2–4 show the annual total energy shortfall, PV 
energy curtailment, and PV energy generation loss for each 
case and various PV installed capacities. The PV energy 
generation loss was obtained as the sum of the PV energy 
curtailment and the charge/discharge loss of the BESS [11]. It 
is important to evaluate the loss when considering BESS 
installation. In Fig. 2, the shortfall in Case 2 is smaller than 
that in Case 1 when the installed capacity is less than 60 GW, 
which demonstrates the effectiveness of the proposed method.  
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Figure 2.  Annual total energy shortfall. 
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Figure 3.  Annual total PV energy curtailment. 

Case 1 when the installed PV capacity is extremely large. The 
reason will be presented in the latter part of this section. In 
Figs. 3 and 4, the effectiveness of the proposed method is 
evidenced by the facts that the curtailment and loss in Case 2 
tend to be smaller than those in Case 1. However, they are 
almost the same when the installed PV capacity is 100 GW. In 
contrast to energy shortfall, PV curtailment can be seen even 
in Case 3 when the installed PV capacity is greater than 80 
GW because the charging power of the BESS is restricted by 
the constraint of (10).  

Figs. 5 and 6 present the monthly total energy shortfall and 
PV energy curtailment for each case when the installed PV 
capacity is 40 GW or 100 GW. Although the shortfall in Case 
2 tends to be smaller than that in Case 1 in Fig. 5a, Fig. 5b 
shows a reverse trend particularly around May. In addition, 
the curtailments from April to June in Case 2 are larger than 
those in Case 1 in Fig. 6b. It was concluded that if the installed 
PV capacity is extremely large, the effectiveness of the 
proposed method is limited during such seasons, when the 
irradiation is very strong and the entire energy surplus cannot 
be charged and discharged during one day due to (8)-(10).  
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Figure 4.  Annual total PV energy generation loss. 
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(a) PV: 40 GW 
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(b) PV: 100 GW 

Figure 5.  Monthly total energy shortfall 



Figs. 7 and 8 show the required inverter and battery 
capacities of the BESS for each case and various PV installed 
capacities. The required inverter capacity was obtained as the 
maximum charging or discharging power in one year. The 
required battery capacity was calculated as twice the 
maximum stored energy during a day through one year 
assuming the initial and final SOCs to be 50%. In Figs. 8 and 
9, both the inverter and battery capacities increase with 
increasing installed PV capacity. In Figs. 7 and 8, the capacity 
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(a) PV: 40 GW 
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(b) PV: 100 GW 

Figure 6.  Montly total PV energy curtailment. 
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Figure 7.  Inverter capacity of BESS. 
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Figure 8.  Battery capacity of BESS. 

in Case 3 is not always the smallest because the BESS 
sometimes charges higher energy in Case 3 than in Cases 1 
and 2 with the under-forecasted errors. 

Fig. 9 presents the daily load curves on April 7, when the 
installed PV capacity is 100 GW and the proposed method is 
effective. The generation types, BESS charging/discharging, 
PV curtailment, and shortfall are color-coded. In Case 1, the 
BESS operated because the PV power outputs were over-
forecasted at 12 LT on the previous day. In Case 2, the BESS 
schedule was updated not to operate and the charging loss was 
avoided. In addition, the shortfall decreases from Case 1 to 
Case 2 to Case 3.  

Fig. 10 presents the daily load curves on March 22, when 
the installed PV capacity is 100 GW and the proposed method 
is not effective. Curtailment is evident even in Case 3 because 
a BESS cannot discharge if all of the surpluses are charged, as 
shown in Fig. 3. The charging energy in Case 1 is almost the 
same as that in Case 3. The curtailment increases from Case 1 
to Case 2 because the PV power outputs were under- 
forecasted on the current day. A power shortfall occurred from 
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(c) Case 3 

Figure 9.  Daily load curve on April 7 (PV: 100 GW). 
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(c) Case 3 

Figure 10.  Daily load curve on March 22 (PV: 100 GW). 

0 to 6 h because the UC during this period was determined 
under the assumption that the discharging power would be 
larger. Thus, the shortfall in Case 2 becomes larger than that in 
Case 1 when the installed capacity is extremely large, as 
shown in Fig. 2. 

V. CONCLUSION 
In this study, we proposed and evaluated a method for 

determining and updating BESS charging/discharging 
schedules and generator UCs. The one-year simulation results 
obtained using various installed PV capacities demonstrated 
the effectiveness with which the energy shortfall and PV 
curtailment can be reduced by updating the BESS schedule 
and UC based on more accurate forecasts. However, they also 
showed that both the shortfall and curtailment reductions are 
limited when the installed PV capacity is extremely large. In 
future work, we will improve the BESS scheduling method by 
extending the scheduling period from a day to several days 
and develop a method for the current day BESS operation to 
avoid not only power surplus, but also power shortfall. 
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