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Abstract: Power imbalances such as power shortfalls and photovoltaic (PV) curtailments have
become a major problem in conventional power systems due to the introduction of renewable energy
sources. There can be large power shortfalls and PV curtailments because of PV forecasting errors.
These imbalances might increase when installed PV capacity increases. This study proposes a new
scheduling method to reduce power shortfalls and PV curtailments in a PV integrated large power
system with a battery energy storage system (BESS). The model of the Kanto area, which is about
30% of Japan’s power usage with 60 GW grid capacity, is used in simulations. The effect of large PV
power integration of 50 GW and 100 GW together with large BESS capacity of 100 GWh and 200 GWh
has been studied. Mixed integer linear programming technique is used to calculate generator unit
commitment and BESS charging and discharging schedules. The simulation results are shown for
two months with high and low solar irradiance, which include days with large PV over forecast
and under forecast errors. The results reveal that the proposed method eliminates power shortfalls
by 100% with the BESS and reduce the PV curtailments by 69.5% and 95.2% for the months with
high and low solar irradiance, respectively, when 200 GWh BESS and 100 GW PV power generation
are installed.

Keywords: batter energy storage systems; forecast errors; mixed integer linear programming; photo-
voltaic forecasting; unit commitment

1. Introduction

In recent years, the introduction of renewable energy has been significantly promoted
all over the world. In Japan, the installed capacity of photovoltaic (PV) power generation
has been increasing. Although the accumulated installed PV capacity in Japan was only
5.6 GW in June 2012, it reached 50.2 GW in March 2019 [1,2]. That is approximately
25% of the total grid capacity of Japan. The Japanese government has set 64 GW as the
installation target of PV power generation in 2030 [3]. However, 70% of the target has
already been installed and some estimates indicate that it will be between 100 GW and
300 GW in 2030 [4–6]. Thermal power generators have an important role in supply–demand
maintenance in bulk power systems. Large-scale thermal power generator activations
should be scheduled in advance because it takes a long time to startup or shutdown. The
generator schedule for the current day, which is called unit commitment (UC) schedule,
is generally determined in the previous day. The activation of thermal power generators
follows the UC schedule in the current day operation. The operating generators regulate the
outputs for supply–demand balance maintenance. In power systems with large PV power
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generation, the UC schedule is determined using the forecasted PV power outputs and the
thermal power outputs. The activations of generators cannot be changed at once. Therefore
the forecast accuracy improvement is important because supply–demand imbalances may
occur due to forecast errors [7]. Supply–demand imbalance is divided into power shortfall
and surplus. Although power shortfall can be completely avoided with high forecast
accuracy, power surplus may occur even if the forecast is completely accurate [8]. For
example, if 15 GW of the PV power generation is installed in the power systems with
10 GW of the maximum load, the generated PV power cannot be consumed by the load
and must be curtailed through PV power curtailment. Therefore, a hybrid solution with PV
power systems and energy storage devices such as battery energy storage systems (BESSs)
are necessary to efficiently use the surplus.

Hybrid solutions with different energy systems have been proposed to integrate
renewable energy generation into conventional power systems. Margeta and Glasnovic [9]
have suggested a photovoltaic-hydro hybrid system for sustainable energy production.
Francois et al. [10] have studied combined solar and run-of-river power in northern
Italy. Ghadikolaei et al. [11] have studied scheduling of hydro–wind hybrid system
considering uncertainties. Angarita et al. [12] have proposed a joint hydro-wind scheduling
method using stochastic optimization method. Shabani and Mahmoudimehr [13] have
compared PV pump storage hydroelectric system with the common PV-battery system.
Campana et al. [14] have optimized PV water pumping systems to design a cost effective
system. Purvins et al. [15] have studied several options for managing an electricity system
and their effectiveness on large-scale wind power integration.

If the energy storage devices are incorporated to the power systems, they would make
scheduling methods for power system operation more complicated. Yang et al. [16] have
done a comprehensive study on UC with renewable generation and plug-in electric vehicles
(PEVs). They have integrated a stochastic wind power model and solar energy model in
day-ahead UC. They have shown that using PEVs for charging and discharging can reduce
the total operational cost than using only for charging. Luburić and Pandžić [17] have
investigated the Flexible AC Transmission System (FACTS) devices and Energy Storage
devices in IEEE RTS96 system using mixed integer linear programming (MILP). They have
shown that energy storage devices are more effective in reducing the operational cost that
FACTS devices. Fu et al. [18] have used MILP to investigate the performance of renewable
energy sources with pumped hydroelectric energy storage (PHES). They have shown PHES
can be used to decrease the output of thermal units and to balance wind power fluctuation
according to the load demand. El Azab et al. [19] have investigated different combinations
of renewable energy sources and plug-in electric vehicles to reduce combined economic
emission dispatch. They have used a meta-heuristic water cycle optimization algorithm
to get optimal scheduling. They have compared results with dynamic programming and
genetic algorithm to validate the results.

Due to the unreliability of renewable energy sources, conventional optimization meth-
ods cannot be used effectively to find the optimal solution. Stochastic or meta-heuristic
optimization methods have been popular in finding optimal solutions involving renew-
able energy sources because of unreliability. Zheng et al. [20] have comprehensively
reviewed different stochastic optimization algorithms in UC. Saleh et al. [21] have com-
prehensively reviewed the recent approaches of UC in the presence of renewable energy
sources. Luo et al. [22] have suggested a new modified bat algorithm to find the optimal
scheduling for a microgrid system including a photovoltaic, wind energy, fuel cell and
battery energy storage system. The proposed algorithm leads to a faster computation time
compared to other evolutionary optimization methods. Wang et al. [23] have analyzed
the relationship between operational cost and wind curtailment using multi-objective UC.
They have modeled the objective function and constraints as a nonlinear function and
found the optimal solution using particle swarm optimization.

To handle the unreliability of PV power generation, our research group has focused
on the application of the PV power generation forecast and the contribution of BESS
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to the supply–demand schedule and operation for power systems with large PV power
generation [7,8,24]. In the previous study, Kobayashi et al. [24] proposed a coordinated
operation method for thermal power generators and a large BESS in a bulk power system.
They showed that the supply–demand imbalance was reduced by updating the genera-
tor UC and BESS schedules based on the PV power generation forecasts released every
6 h. However, the reduction effect became worse with larger values of the installed PV
capacity due to the forecast errors. More frequent updates for the schedules based on
more frequent releases of PV forecasts would improve the effectiveness of the reduction of
power imbalances.

Various studies have been done on supply–demand schedule update. An energy
management system for a microgrid which consists of wind and PV power generations,
diesel generators and BESS is proposed by Palma-Behnke et al. [25] where the schedule
including the UC was updated every hour. The grid capacity was only 28 kW and the
detailed constraints for diesel generators had not been considered in [25]. The generator
UC and BESS charge/discharge for every 0.5 h for 6 GW grid capacity of the IEEE 118-bus
system has been calculated by Warrington et al. [26]. The up/down time constraints were
not considered, and a simple forecast model based on the normal distribution function
was employed in [26]. Vagropoulos et al. [27] sequentially scheduled and evaluated the
supply–demand operation of a 550 MW power grid for one year. However, the sudden
supply–demand imbalances could not be handled because the schedule was updated only
once a day. Saint-Pierre et al. [28] evaluated the impact of the update frequency and the
schedule period on the supply–demand operation of 11 kV distribution networks where
the UC schedule of large generators in bulk power systems were not focused.

In this study, a new scheduling method is proposed for determining the actual opera-
tion of the generators and the BESS while updating the generator UC and BESS schedules.
The proposed method, which uses MILP technique, performs a rapid update with an
interval of 0.5 h for the schedules based on the actual PV power outputs at the current
time and the most recent forecasted PV power outputs. The actual PV power output at
the current time observed every 0.5 h, and the forecast dataset (period: 38.5 h ahead, unit
time: 0.5 h) released every 3 hours are employed. The detailed operation constraints of
thermal generators and BESS such as ramp rate, up/down time and the state of charge
(SoC) are considered, which were not taken into account in the previous study [24]. The
effectiveness of the proposed method is evaluated by numerical simulations conducted on
a bulk power system model with over 100 thermal generators. The impacts of the installed
PV and BESS capacities are also analyzed. The network constraint of the power system
and BESS sizing and placement is not considered in this study. The installation or mainte-
nance cost of energy generators or BESS is also not considered. Such costs are important
for making investment planning or grid planning. Kryzia et al. [29] have examined the
operational flexibility of energy investment using combined cycle turbines but our study
mainly focuses on the system operation part.

There are few research works found in the literature which engaged on the schedule
update for bulk power systems considering the detailed constraints of a large number of
thermal generators and the meteorological forecast model. Most of the research literature
focuses on the optimal scheduling of generators and energy sources. In this study, the
power imbalances that occur at the real-time are studied. These studies are very important
to the utilities which have the responsibility to maintain the supply–demand balance in the
real-time operation as well as to make the daily supply–demand schedule with sufficient
upward/downward reserve capacities.

2. Operation and Schedule Update Method for Generators and a Large BESS
2.1. Time Chart of the Schedule Update

In this study, a large number of thermal power generators and a large BESS are used for
supply–demand maintenance based on the total actual and forecasted PV power outputs
installed in the whole power system. In general, it takes a long time to startup or shutdown
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large thermal power generators. We assume that the activations of the thermal power
generators cannot be changed from the current time to 6 h ahead. We examine two case
studies that determine and update the BESS and generator UC schedules. We only consider
the forecast errors of PV power outputs assuming that the load demand can be accurately
forecasted. In this study, 0.5 h time resolution is used for the UC and BESS schedules.

2.1.1. Case 1 (Base Case)

Case 1 is considered as the base case. In Case 1, the generator UC schedules from 00:30
to 24:00 local time (LT, LT = UTC + 9 h) of the day n + 1 and BESS schedules from 19:00 LT
of the day n to 24:00 LT of the day n + 1 are determined based on the forecasted PV power
outputs released at 18:30 LT of the previous day. The schedules are determined only once
and not updated until 18:30 LT of the day n. After the release of the 18:30 LT forecast of the
day n + 1, the UC and BESS schedules are updated in the same way for day n + 2.

In the current day operation, the generators startup and stop follow the day-ahead
UC schedule whereas the BESS charge and discharge follow the day-ahead charging and
discharging schedule. The operating generators regulate the outputs to maintain the
electricity supply–demand balance. As a result that the activations of the generators cannot
be changed from the day-ahead UC schedule, the load shedding (power shortfall) or the PV
power curtailment (power surplus) will be done to maintain the supply–demand balance
when the total PV power output is out of the range of the total reserve capacity. Figure 1
shows the time chart of the schedule and operation in Case 1. The vertical axis represents
the current time (Tcu) and the horizontal axis represents the time interval of the BESS and
UC schedules and forecast period.

Da
y 

n

Day n+2Day n+1Day n 6 12 18 0

18:00
18:30

19:00
19:30

6 12 18 00 6 12 18 0

…

…

Time [h]

H:M : Current time (LT)
: Generator operation
: Scheduled BESS operation
: Generator UC schedule
: BESS schedule

The forecasts from 19:00 (n) 
to 9:00 (n+2) are available.

20:00
20:30

21:00

Figure 1. Case 1 time chart; unit commitment (UC) and battery energy storage system (BESS)
schedule is calculated once a day from 19:00 LT of day n to 24:00 of day n+1 using forecast at 18:30 LT
on day n.

2.1.2. Case 2 (Proposed Case)

Case 2 is the proposed scheduling method in this study. Figure 2 shows the time chart
of the schedule and operation in Case 2. The operating points of the generators and the
actual operation of the BESS are calculated and those schedules are updated at the current
wall time (Tcu). The operating point calculation and the schedule update are both repeated
by the unit time of 0.5 h. The datasets of the PV power generation forecast from 0.5 h ahead
to 38.5 h ahead (unit time: 0.5 h) are released every 3 h. As shown in Figure 2, five datasets
released from 9:30 LT of Day n to 21:30 LT of Day n can be used for the schedule from 0:30
LT to 24:00 LT of Day n + 1.

On Day n, the BESS charge/discharge power and the thermal power generator outputs
are set at time Tcu. When Tcu is between 0:30–9:00 LT, the charging and discharging
schedule from Tcu + 0.5 h to 24:00 LT of the same day (day n) and the generator UC
schedule from Tcu + 6 h to 24:00 LT of the same day is calculated. When Tcu is between
9:30 and 24:00 LT the charging and discharging schedule from Tcu + 0.5 h to 24:00 LT of the
following day (day n + 1) and the generator UC schedule from Tcu + 6 h to 24:00 LT of the
following day is calculated.
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For example, when Tcu is 11:30 LT of Day n, the BESS power and the generator outputs
at 11:30 LT are determined at the same time as the BESS schedule from 12:00 LT of Day n
to 24:00 of Day n + 1 and generator UC from 17:30 LT of Day n to 24:00 of Day n + 1 are
updated based on the actual PV power output at 11:30 LT and the forecast dataset released
at 9:30 LT of Day n for half-hourly values from 10:00 LT of Day n to 24:00 LT of Day n + 1.

2.2. Problem Formulation
2.2.1. Optimization Problem

We find the unit commitment of thermal generators (ui,t), and BESS charging sched-
ule (pbc

t ) and discharging schedule (pdc
t ) in an optimization horizon (T) by minimizing

the function

f =
N

∑
i=1

T

∑
t=tc

{
ui,tFCi(pi,t) + si,tSCi

}
+

T

∑
t=tc

{
curtld

t LCt + curtpv
t PCt

}
+ xsocCsoc , (1)

where the fuel cost function is

FCi(pi,t) = ai + bi pi,t + ci p2
i,t . (2)

subjected to linear constraints (3)–(23). Here we use generator status (ui,t) start up cost
(si,t), PV curtailment (curtpv

t ), load curtailment (curtld
t ) and SoC difference (xsoc) as decision

variables in the objective function.
Supply–demand constraint at time t is given as

N

∑
i=1

ui,t pi,t + Pnu
t + Ph

t + Ppv
t − curtpv

t + pbd
t = Pld

t − curtld
t + pbc

t , ∀ tc ≤ t ≤ T . (3)

The power supplied at time t by thermal generator i is pi,t, PV generation is Ppv
t ,

nuclear power plants is Pnu
t and hydro power plants is Ph

t . Pld
t is the load at time t. Here,

extra photovoltaic power and load is curtailed at an extremely higher penalty value in the
objective function.

Load frequency control (LFC) and thermal operation constraints are represented as

ui,t(Pmin
i,t + Clfc

i ) ≤ ui,t pi,t ≤ ui,t(Pmax
i − Clfc

i ) , (4)
N

∑
i=1

ui,tC
lfc
i + Ch ≥ Rd(Pld

t − curtld
t ) + Rpv(ppv

t − curtpv
t − pbc

t ) , (5)

where
Clfc

i = 0.05Pmax
i and tc ≤ t ≤ T .

Here, Pmin
i,t and Pmax

i are minimum and maximum rated output power at time t of

generator i. The operating generators can generate power by removing LFC (Clfc
i ).
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Figure 2. Case 2 schedule for UC and BESS operations. Vertical axis represent the current time and
horizontal axis represents the time interval of BESS and UC schedules.

The reserve capacity constraint can be formulated as

N

∑
i=1

ui,tPmax
i + Pnu + Ph + Ppv

t − curtpv
t + pbd

t ≥ (1 + Ro)Pld
t + pbc

t , ∀ tc + 11 ≤ t ≤ T . (6)
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Here, Ro is the ratio of upward reserve capacity.
BESS charging and discharging is represented as follows.

0 ≤ pbc
t ≤ xtPbc

inv , (7)

0 ≤ pbd
t ≤ ytPbd

inv , (8)

0 ≤ xt + yt < 1 . (9)

Here binary variables xt and yt are used to mutually exclude charging and dis-
charging of the BESS and Pbc

inv and Pbd
inv are charging and discharging inverter power

of BESS, respectively.
The charging and discharging of the BESS can be formulated as

cB
t = cB

t−1 + ηpbc
t ∆T + pbd

t ∆T , ∀t > tc , (10)

0 ≤ cB
t ≤ CB

max , (11)

where cB
t is the SoC of BESS at time t, η is the battery efficiency and CB

max is the maximum
battery SoC capacity. At the start of the simulation, we set the BESS SoC to 50% of the
maximum BESS SoC capacity.

We apply constraints to the SoC condition of the battery. We do not use rigid con-
straints to allow flexibility in the optimization problem. We do this by minimizing the
absolute value of the cB

t − 0.5CB
max where t = tmn. The SoC condition at midnight of each

day is forced to be closed to 50% of the total using a penalty in the objective function and
by using the constraints,

cB
t − 0.5CB

max ≤ xsoc , (12)

0.5CB
max − cB

t ≤ xsoc . (13)

for all t where t = tmn.
Ramp up and down constraints are given as

pi,t − pi,t−1 ≤ Rup
i ui,t + pmin

i si,t (14)

pi,t−1 − pi,t ≤ Rdown
i ui,t + pmax

i di,t, (15)

where Rup
i ui,t and Rdown

i ui,t are ramp-up rate and ramp-down rate of generator i at time t,
respectively. Here, we assume that the startup power rate is pmin

i + Rup
i for generator i and

the generator can be taken out from the system at any operating point below pmax.
Minimum down time (DTi) of the generator i at time t′ is given by the constraint

t′+DTi

∑
t=t′

(
1− ui,t

)
≥ DTi

(
ui,t′−1 − ui,t′

)
∀ tc ≤ t′ ≤ T. (16)

Minimum up time (UTi) of the generator i at time t′ is given by the constraint

t′+UTi

∑
t=t′

ui,t ≥ UTi
(
ui,t′ − ui,t′−1

)
∀ tc ≤ t′ ≤ T. (17)

In the MILP formulation, we use piece-wise linear approximation of the fuel cost
function in Equation (2). The piece-wise linear approximation is achieved using following
formulation

pi,t = ui,tPmin
i +

L

∑
k=1

vk
i,tλ

k
i (18)

where



Energies 2021, 14, 522 8 of 27

hiwk
i,t <= vk

i,t, (19)

vk
i,t <= hiui,t, for k = 1 (20)

and

hiwk
i,t <= vk

i,t, (21)

vk
i,t <= hiwk−1

i,t ∀ k > 1. (22)

For Case 2, we update the thermal and BESS schedule at each cycle γ. We assume
that it takes 6 h from the current time to start-up or stop each thermal power generator.
The time resolution in the optimization horizon is 0.5 h. Therefore, the activation of the
generators from tc to tc + 11 is done according to the previous schedule as

u(γ+1)
i,t = uγ

i,t+1 for tc ≤ t ≤ (tc + 11) . (23)

The time t in current cycle γ corresponds to the t + 1 in cycle γ− 1. The SoC of the
BESS is updated from the previous schedule cycle at t = tc.

c
Bγ+1
tc

= cBγ

tc+1 for γ > 0 . (24)

2.2.2. Economic Dispatch

We find economic dispatch for current time tc by minimizing the function

ftc =
N

∑
i=1

Ui,tc · FCi(pi,tc) + curtld
tc LCtc + curtpv

tc PCtc (25)

where

FCi(pi,tc) = ai + bi pi,tc + ci p2
i,tc

. (26)

subjected to following constraints. Here, Ui,tc is the day ahead generator schedule calcu-
lated by the day ahead unit commitment.

Supply–demand constraint at time t is given as

N

∑
i=1

Ui,tc pi,tc + Pnu
tc + Ph

tc + Ppv
tc
− curtpv

tc = Pd
tc − curtld

tc − Pbd
tc + Pbc

tc . (27)

Here, power shortfall and power surplus can occur with extremely higher cost in the
objective function in Equation (25). Pbc

tc
and Pbd

tc
are the BESS charging and discharging

values calculated by the BESS schedule, respectively.
LFC and thermal operation constraints are represented as

Ui,tc(Pmin
i + Clfc

i ) ≤ Ui,tc pi,tc ≤ Ui,tc(Pmax
i − Clfc

i ), (28)
N

∑
i=1

Ui,tc Clfc
i + Ch ≥ Rd pd

tc + RpvPpv
tc

. (29)

Ramp up and down constraints can be formulated as

pi,tc − pi,tc−1 ≤ Rup
i ui,tc + (pmax

i − Rup
i )si,tc , (30)

pi,tc−1 − pi,tc ≤ Rdown
i ui,tc + (pmax

i − Rdown
i )di,tc . (31)
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The optimization problem is solved using MILP method. Therefore the quadratic fuel
cost function is expressed as a piece-wise linear function using the following constraints.

pi,tc = Ui,tc Pmin
i +

L

∑
k=1

vk
i,tc

λk
i (32)

where

hiwk
i,tc

<= vk
i,tc

, (33)

vk
i,tc

<= hiui,tc , for k = 1 (34)

and

hiwk
i,tc

<= vk
i,tc

, (35)

vk
i,tc

<= hiwk−1
i,tc

∀ k > 1. (36)

3. Simulation

Numerical simulations are conducted on a power system model of the Kanto area
of Japan, which is the largest power system in Japan with approximately 60 GW of the
grid capacity. The model of the Kanto area is employed to verify the effectiveness of the
proposed method in large bulk power systems. In the simulations, we assume an extremely
large integration of PV power generation and BESS in the future [6]. The simulation period
is two months (April and January) with high and low solar irradiance. Both months have
days with under forecast and over forecast errors. The time step is 0.5 h because that
of UC schedules generally range from 15 min to 1 h. We assume the two cases for the
simulations as noted in Section 2.1. The optimization problem was solved using Gurobi
Optimizer 9.1 [30] with MILP solver.

3.1. Simulation Conditions
3.1.1. Power and Control Resources

Table 1 shows the installed capacities of the conventional power plants in the Kanto
area of Japan, which was assumed in the previous study [24]. The nuclear power plant
output is constant at 100% of the installed capacity. The hydro-power plant output is
constant at 95% of the installed capacity and the remaining 5% is used for the LFC operation.
Table 2 shows the specifications of the thermal power generators, which are based on [31,32].
The operational constraints of generators such as ramp-up/down rates and up/down times
are mainly based on technical report, recommended a simulation model for automatic
generation control [32], by the Institute of Electrical Engineers of Japan (IEEJ). Two values
of installed PV capacity, 50 and 100 GW, are used in the simulations. The 100 GW of the
installed PV capacity in the Kanto area corresponds to 300 GW of all Japan, which is the
extreme target in [6]. The actual installed PV capacity was approximately 14 GW in this
area in March 2020 [33]. An extremely large PV installation that can be installed out in the
future is used for the simulations. The installed BESS capacity, which is currently almost
zero in this area, is also considered as a parameter, 0 GW/0 GWh, 50 GW/100 GWh and
100 GW/ 200 GWh (inverter capacity of the BESS in GW/battery capacity of the BESS
in GWh).
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Table 1. Installed nuclear, hydro and thermal capacity in MW in the Kanto Area of Japan [24].

Installed Capacity (MW)

Nuclear 6000
Hydro 1200

Thermal 60,850 (168 machines)

Table 2. Parameters of thermal generators [31,32].

Rated
Output
(MW)

Lower
Limit
(MW)

Coefficient of Fuel Cost Function Start-up
Cost
(JPY)

Ramp
-Up
Rate

(%MW
/min.)

Ramp
-Down

Rate
(%MW
/min.)

Up
Time

(h)

Down
Time

(h)

Num-
ber
of

Gene-
Rators

Total
Capacity

(MW)
ai

(JPY
/MWh)

bi
(JPY

/MWh)

ci
(JPY

/MW2h )

Coal
1000 300 550,000 400 0.70 2,380,000 3.0 3.0 3.0 3.0 12 12,000

700 105 182,000 1300 0.16 1,670,000 3.0 3.0 3.0 3.0 4 2800

CC
250 63 120,000 1400 1.66 378,000 5.0 5.0 1.5 1.5 74 18,500

100 30 104,000 900 0.73 151,000 5.0 5.0 1.5 1.5 21 2100

LNG
700 140 117,000 2400 0.40 1,060,000 3.0 3.0 1.5 1.5 19 13,300

200 80 66,000 2200 2.50 302,000 3.0 3.0 1.5 1.5 13 2600

Oil

700 175 260,000 5000 0.38 1,060,000 3.0 3.0 1.5 1.5 4 2800

500 100 200,000 5000 0.05 756,000 3.0 3.0 1.5 1.5 6 3000

250 50 316,000 4600 1.05 378,000 3.0 3.0 1.5 1.5 15 3750

Total 168 60,850

3.1.2. Load Demand Data

We employ the hourly actual data on the load demand of the Kanto area for two
months from April 2 to 30 of 2016 and from January 2 to 30 of 2017 [34]. The data are
linearly interpolated into the half-hourly values. As noted, we assume that the load
demand can be perfectly forecasted in the previous day.

3.1.3. PV Power Output Data

We employ the datasets of the forecasted PV power output and the data on the
estimated PV power output from April 1 to 30 of 2016, and from January 1 to 30 of 2017.
The estimated PV power dataset is based on Ohtake et al. (2018) [35], and the forecasted PV
power dataset is made by the same manner, except for the forecast input data which were
presented in [36–38]. On the tilt angles of the PV systems, a flat angle is assumed because of
no statistical information on tilt angles in Japan [35]. The PV power output was estimated
by satellite estimated surface solar radiation data obtained from a geostationary satellite
Himawari 8, which was presented in [39,40], monitoring data. The detailed algorithm of
estimation of the solar radiation from a satellite monitoring data was described in Takenaka
et al. (2011) [41], which is called “AMATERASS” dataset. We received the AMATERASS
dataset through the Solar Radiation Consortium [42]. PV power installation, solar radiation
and PV module temperature are considered in our PV estimation algorithm for the regional
area. The detail of the estimation method of the PV power generation was noted in the
previous study [35]. Estimated output is considered as the actual PV power output in
the simulations.

PV power forecast for each municipality was made from the operational weather
prediction model, the meso-scale model (MSM) of the Japan Meteorological Agency [36]
and PV installation capacity for each area. Each MSM forecast dataset was released every
3 h (00:30, 03:30, 06:30, 09:30, 12:30, 15:30, 18:30 and 21:30 UTC) and consists of the half-
hourly forecasted values from the release time to 38.5 h ahead. The forecasted PV power
output was calculated by AIST by the same manner of the estimated PV power output
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data noted in the previous paragraph. As the input data, solar irradiance forecasts (i.e.,
downward shortwave flux) by the MSM are used. Validation results of solar forecasts from
the MSM are described in the previous studies using surface observation [37,38]. They
indicate that MSM tends to under-forecast in the summer seasons and over-forecast in
winter seasons because of the issues regarding the reproduction of cloud covers in the
model. A bias correction has not been performed in this study for the PV power forecast.
The total number of the datasets used in the simulations is 240 (8× 30) for each month.

Both the forecasted and estimated data were obtained by the municipality based on
the actual installed capacity in 2016. Hence, we total the data in the Kanto area, normalize
them by the capacity, and convert them according to the installed PV capacity assumed in
the simulations.

Figures 3 and 4 show the day-ahead (blue) and intra-day ahead (orange) mean bias
errors (MBEs) and root mean square errors (RMSEs) between the forecasted and estimated
PV power outputs from 7:00 to 15:00 LT (17 time periods of unit 0.5 h) from April 2 to 30 of
2016 (29 days), and from January 2 to 30 of 2017 (29 days), respectively.

−0.04

−0.03

−0.02

−0.01

0

0.01

0:30 3:30 6:30 9:30 12:30 15:30 18:30 21:30 0:30 3:30 6:30

Previous day Current day

M
BE

Release Time [LT]

(a)

0

0.1

0.2

0.3

0.4

0.5

0:30 3:30 6:30 9:30 12:30 15:30 18:30 21:30 0:30 3:30 6:30

Previous day Current day

RM
SE

 

Release Time [LT]

(b)

Figure 3. Error analysis from April 2 to 30. (a) Mean bias error (MBE) of the day-ahead and intraday
PV power forecasts. (b) RMSE of the day-ahead and intraday PV power forecasts.

The unit of the horizontal axis is release time (local time, LT), whereas that of the
vertical axis is the MBE or RMSE normalized by the installed PV capacity (GW). They show
the averaged values per hour. The hourly MBE and RMSE in units of GWh in the area can
be obtained by multiplying the total installed PV capacity. MBE and RMSE are calculated
at each release time (RT) by
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MBE =
30

∑
d=2

30

∑
t=14

(
p f

d,t,RT − pa
d,t

29 ∗ 17
) , (37)

and

RMSE =
30

∑
d=2

30

∑
t=14

√
(p f

d,t,RT − pa
d,t)

2

29 ∗ 17
, (38)

respectively.
Most of the MBEs are negative, which indicates that the PV power outputs tended to

be under forecasted. The forecasts seem improved with time because the RMSEs tend to
become small with the release time. The RMSE values in Figure 3b are larger than those in
Figure 4b because of high solar irradiance in April.
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Figure 4. Error analysis from January 2 to 30. (a) MBE of the day-ahead and intraday PV power
forecasts. (b) RMSE of the day-ahead and intraday PV power forecasts.

3.2. Simulation Results
3.2.1. Total Imbalance and Cost

Figures 5 and 6 show the daily-averaged total curtailed PV energy, total energy
shortfall, total operational costs of thermal generators and total energy loss for installed PV
capacity of 50 GW and 100 GW, respectively, for the simulation period from April 2 to 30
(29 days). Figures 7 and 8 plot the same details for the simulation period from January 2 to
30 (29 days).
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According to Figures 5a, 6a, 7a and 8a, the total curtailed PV energy decreases with
the increase of BESS capacity. The total curtailed PV energies in Figures 7a and 8a are much
smaller than those in Figures 5a and 6a, respectively, because of lower solar irradiance.
The amounts without BESS in Case 2 in Figures 7a and 8a are 11% and 39% of those in
Figures 5a and 6a, respectively. The PV curtailment can be completely avoided in Case 2
with 200 GWh BESS in Figure 7a. The proposed scheduling method (Case 2) reduces the
PV curtailment compared to convectional scheduling (Case 1). The effectiveness of the
Case 2 method becomes large with the increase of BESS capacity. According to our study,
the PV curtailment for months with lower solar irradiance can be reduced to almost zero
with BESS. Similarly, in a study by Wang et al. [23], the wind power curtailment has been
reduced to zero with the energy storage by increasing the operational cost. In our study,
the PV curtailment for months with higher solar irradiance can be unavoidable even with
BESS. It is because the energy surplus cannot always be charged (or discharged) because of
the SoC constraint when the installed PV capacity is so large, which will be presented in
detail in Section 3.2.2.
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Figure 5. The simulation results averaged per day with installed PV capacity of 50 GW for Case 1 and Case 2 with BESS
capacities of 0, 100 and 200 GWh for the simulation period from April 2 to 30 (29 days).
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Figures 5b, 6b, 7b and 8b show that the total energy shortfall in Case 1 for the period
increases with BESS capacity. This is due to the BESS charges just following the schedule
even if the actual PV power output is much smaller than the forecasted PV power output.
The amounts of the energy shortfall in Case 1 in Figures 5b and 8b tend to be smaller than
those in Figures 5b and 6b because of lower solar irradiance. In Figures 5b, 6b , 7b and 8b,
the proposed algorithm (Case 2) with the BESS completely eliminates the power shortfalls
for all cases with the immediate discharge and the schedule update.

The operational cost becomes smaller with larger BESS capacity in Figures 5c, 6c, 7c and 8c. It
is because the net load demand is flattened with a large value of the BESS capacity. The
cost difference between the two cases is very small when the installed BESS capacity is zero
or 100 GWh. The cost with 200 GWh BESS in Case 2 is noticeably smaller than that in Case
1. We have only plotted the operational costs in thermal generators. The reduction of the
cost would be more significant if the energy curtailment and shortfall costs are taken into
account. The cost with 100 GWh BESS is almost the same as that with 200 GWh BESS in
Figure 7c because 100 GWh BESS can significantly reduce the PV curtailment as shown in
Figure 7a. The costs in Figures 7c and 8c tend to be higher than those in Figures 5c and 6c
because less PV energy is available in January with lower solar irradiance as well as the
load demand in January is heavier.
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Figure 6. The simulation results averaged per day with installed PV capacity of 100 GW for Case 1 and Case 2 with BESS
capacities of 0, 100 and 200 GWh for the simulation period from April 2 to 30 (29 days).
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The total energy losses shown in Figures 5d, 6d, 7d and 8d are the sum of the curtailed
PV energy (blue) and the BESS (green) charge/discharge energy loss. With the BESS
operation, it is important to reduce the total loss as well as the curtailed PV energy. The
total energy loss becomes small with larger BESS capacity except for Figure 7d where the
PV curtailment without BESS is quite small. When the BESS is used, the energy loss in
Figure 7d mostly consists of the loss due to BESS charge/discharge. That is because the PV
curtailment can be reduced to almost zero with 100 GWh BESS as well as 200 GWh BESS as
shown in Figure 7a. The total energy loss in Case 2 tends to be smaller than that in Case 1
for each BESS capacity in Figures 5d, 6d, 7d and 8d, respectively. However, the energy loss
due to charging and discharging in Case 2 is not always smaller than that in Case 1 (e.g.,
Figure 7d). It is because the objective function for the schedule update and operation is
set not for minimizing the total energy loss but for minimizing the operational cost of the
thermal generators. Therefore more charging and discharging occur with 200 GWh BESS
capacity. As a result, the cost with 200 GWh BESS is smaller than that with 100 GWh BESS
as shown in Figures 5c and 7c although the total BESS charge/discharge loss is larger.

0

50

100

150

200

250

300

0 100 200

A
ve

ra
ge

 S
u

rp
lu

s 
[G

W
h

]

BESS Capacity [GWh]

case 1 case 2

(a) Average curtailed PV energy (PV: 50 GW)

0

1

2

3

4

5

6

0 100 200

A
ve

ra
ge

 S
h

o
rt

fa
ll 

[G
W

h
]

BESS Capacity [GWh]

case 1 case 2

(b) Average energy shortfall (PV: 50 GW)

0

0.2

0.4

0.6

0.8

1

1.2

0 100 200

A
ve

ra
ge

 C
o

st
 [

JP
Y

 B
ill

io
n

s]

BESS Capacity [GWh]

case 1 case 2

(c) Average operational cost of thermal generators

0

50

100

150

200

250

300

case 1 case 2 case 1 case 2 case 1 case 2

0 100 200

A
ve

ra
ge

  L
o

ss
 E

n
e

rg
y 

[G
W

h
]

BESS Capacity [GWh]

PV Curtailment Loss BESS Operation Loss

(d) Average energy loss (PV curtailment and BESS)

Figure 7. The simulation results averaged per day with installed PV capacity of 50 GW for Case 1 and Case 2 with BESS
capacities of 0, 100 and 200 GWh for the simulation period from January 2 to 30 (29 days).
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Table 3 summarizes the impact of the proposed method on the PV curtailment re-
duction in different two months. The total energy demand, the average demand, the
total PV energy production, the average PV power, the total curtailed PV energy, the PV
curtailment ratio and the PV curtailment reduction ratio are shown for each installed PV
and BESS capacities.

The energy demand in January is approximately 25% larger than that in April, whereas
the PV energy production in January is approximately 30% smaller than that in April. There-
fore, the curtailed PV energy in January is smaller than that in April. The PV curtailment
ratio is obtained by dividing the total curtailed PV energy by the total PV energy pro-
duction. When the installed PV capacity is 100 GW, the PV curtailment ratio decreases
from 55.1% (without BESS) to 16.8% (with 200 GWh BESS) in April whereas it decreases
from 34.0% (without BESS) to 2.6% (with 200 GWh BESS) in January. The PV curtailment
reduction ratio with BESS is obtained by dividing the reduced PV curtailment with the
BESS by the curtailed PV energy without the BESS. When the installed PV capacity is
100 GW, the curtailment reduction ratio ranges from 39.1% (with 100 GWh BESS) to 69.5%
(with 200 GWh BESS) in April whereas it ranges from 88.9% (with 100 GWh BESS) to 95.2%
(with 200 GWh BESS) in January.
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Figure 8. The simulation results averaged per day with installed PV capacity of 100 GW for Case 1 and Case 2 with BESS
capacities of 0, 100 and 200 GWh for the simulation period from January 2 to 30 (29 days).
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Table 3. Result comparison between April and January.

Installed PV capacity (GW) 50 100

Installed BESS capacity (GWh) 0 100 200 0 100 200

April
(2–30)

Total energy demand (GWh)
(Daily average) 694

Hourly average demand (GW) 28.9

Total PV energy production (GWh)
(Daily average before curtailment) 219 438

Hourly average PV power from 7 to 15 h (GW)
(Before curtailment) 22.5 45.1

Total curtailed PV energy (GWh)
(Daily average for Case 2) 61.2 7.4 2.7 241 147 73.6

PV curtailment ratio ( % )
(Case 2) 28.0 3.4 1.2 55.1 33.6 16.8

PV curtailment reduction ratio ( % )
(Case 2 with BESS) - 88.0 95.7 - 39.1 69.5

January
(2–30)

Total energy demand (GWh)
(Daily average) 866

Hourly average demand (GW) 36.1

Total PV energy production (GWh)
(Daily average for before curtailment) 140 280

Hourly average PV power from 7 to 15 h (GW)
(Before curtailment) 15.6 31.2

Total curtailed PV energy (GWh)
(Daily average for Case 2) 6.9 0.0 0.0 95.3 17.1 7.4

PV curtailment ratio ( % )
(Case 2) 5.0 0.0 0.0 34.0 6.1 2.6

PV curtailment reduction ratio ( % )
(Case 2 with BESS) - 99.9 100 - 88.9 95.2

3.2.2. Daily generation curves

Figure 9 shows the difference between actual PV output and forecasted output at
different releases on April 5, which are normalized by the installed PV capacity (GW).
From this figure, it is obvious that the PV values are over forecasted and the forecast error
gets reduced with shorter range forecast (from day-ahead forecast to intraday forecasts).
Figures 10–13 show the daily generation curves in Cases 1 and 2 on April 5th for installed
PV capacities 50 and 100 GW. The unit of the horizontal axis is time (h). The black solid
line represents the load and the purple solid line represents the charging power. The
summation of hydro and nuclear power generation is represented by the orange area.
Thermal output, actual PV power, BESS discharging power, PV curtailment and power
shortfall are represented by blue, green, yellow, brown, and gray areas respectively. This
day was chosen as an example for a day with the larger shortfall.
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Figure 9. PV power output on April 5.

In Figure 10a, the shortfall occurs at around 10 h and 16 h because the forecasted PV
power output is larger than the actual output (over forecasted). The thermal generator
output is flattened in Figure 10b,c, which corresponds to the flattening of the netload.
The shortfall with the BESS can be seen from 10 to 15 h in Figure 10b,c because the BESS
is charging during the period just following the day-ahead schedule based on the over-
forecast error.

The amount of shortfall in Figure 11a is smaller than that in Figure 10a due to the
UC update. No shortfall can be seen in Figure 11b,c. The BESS gets discharged rapidly
to avoid the shortfall and then the charge power is adjusted by the new BESS schedule
update. Figure 11b is similar to Figure 11c because the actual PV power output is very
small on that day.

The amount of the shortfall in Figure 12 increases with a larger value of the BESS
capacity because the net load is flattened with larger BESS capacity. The trend of Figure 13
is similar to Figure 11. The shortfalls are completely reduced in Figure 13b,c where the
BESS charging schedules are modified.
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Figure 10. Daily generation curve on April 5 (Case 1, PV: 50 GW).
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Figure 14 shows the actual and forecasted PV power output on April 10th, which are
normalized by the installed PV capacity (GW). The PV power output tended to be under
forecasted. Figures 15–18 show the daily generation curves in Cases 1 and 2 on April 10th
for installed PV capacities are 50 and 100 GW. This day was selected as an example for a
day with large PV curtailment.

In Figure 15a, the PV power output exceeds the load demand and is curtailed because
the operating thermal generator outputs are reduced considerably. Most of the power
surplus is used for charging in Figure 15b,c. However, the PV curtailment can be seen
because the day-ahead forecasted PV power output tends to be smaller than the actual
output (under forecast) from the morning till 13 h. The shortfall occurs at 15 h with
200 GWh BESS because the forecasted PV power output is larger than the actual output at
around that time as shown in Figure 14. The BESS discharges during 0–5 h and 16–23 h.
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Figure 11. Daily generation curve on April 5 (Case 2, PV: 50 GW).
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Figure 12. Daily generation curve on April 5 (Case 1, PV: 100 GW).
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Figure 13. Daily generation curve on April 5 (Case 2, PV: 100 GW).



Energies 2021, 14, 522 21 of 27

0

0.2

0.4

0.6

0.8

1

0 4 8 12 16 20 24

N
or

m
al

ize
d 

po
w

er
 

Time [h]

Actual

Forecast released at 12:30 (previous day)

Forecast released at 18:30 (previous day)

Forecast released at 0:30

Forecast released at 6:30

Forecast released at 12:30

Figure 14. PV power output on April 10.
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Figure 15. Daily generation curve on April 10 (Case 1, PV: 50 GW).

In Figure 16, the larger the BESS capacity, the smaller the PV curtailment. Figure 16a is
similar to Figure 15a because the number and outputs of the operating thermal generators
are almost the same. The PV power output is curtailed after 13 h in Figure 16b because the
SoC of the BESS reaches 100% at that time. On the other hand, the PV curtailment cannot
be seen in Figure 16c because the BESS capacity is large enough.

In Figure 17, the larger the BESS capacity, the smaller the PV curtailment. The curtailed
PV energies in Figure 17 are larger than those in Figure 15.

In Figure 18, the larger the BESS capacity, the smaller the PV curtailment is. Re-
lationship between Figure 18a and Figure 17a is similar to the relationship between
Figures 16a and 15a. The SoC of the BESS reaches 100% at 11 h in Figure 18b and at
13 h in Figure 18c, respectively. If the installed BESS capacity is larger than 200 GWh, the
PV curtailment can be reduced more. However, the number and outputs of the operating
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thermal generators are almost minimum throughout the day in Figure 18c. Hence, the PV
curtailment cannot be reduced to zero unless a large value of xsoc is allowed.
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Figure 16. Daily generation curve on April 10 (Case 2, PV: 50 GW).
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Figure 17. Daily generation curve on April 10 (Case 1, PV: 100 GW).
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Figure 18. Daily generation curve on April 10 (Case 2, PV: 100 GW).

4. Conclusions

In this paper, we proposed a method for rolling schedule update and operation
of a number of generators and BESS in bulk power system based on the forecasted PV
power output released every 3 h and the actual PV power output. The effectiveness of the
proposed method was evaluated by numerical simulations conducted on the power system
model of the Kanto area of Japan, where the grid capacity is approximately 60 GW, with 50
GW and 100 GW PV integration and with 100 GWh and 200 GWh BESS introduction. The
proposed method was validated for April and January where the PV power output affects
the supply–demand balance most and least, because the load demand is light and the solar
irradiance is high in April whereas the former is heavy and the latter is low in January.

The results of the study indicate that the supply–demand imbalances such as energy
shortfall or surplus are large even using BESS with conventional scheduling methods.
The energy shortfall can be completely avoided and the energy surplus can be greatly
reduced using BESS with the proposed method. The PV curtailment ratio with 100 GW PV
integration was reduced from 55.1% (without BESS) to 16.8% (with 200 GWh BESS) in April
whereas it was reduced from 34.0% (without BESS) to 2.6% (with 200 GWh BESS) in January.
The impact of the proposed method with the BESS on the PV curtailment ratio becomes
large with lower solar irradiance. The PV curtailment reduction ratios with 50 GW PV
integration becomes 95.7% and 100% with 200 GWh BESS in April and January, respectively,
whereas those with 100 GW PV integration become 69.5% and 95.2% in April and January,
respectively. The analysis of the installed PV capacity showed that the reduction effect
of energy surplus was limited as the installed PV capacity became larger for the month
with high solar irradiance. Further, the proposed method decreases the operational cost of
generators while reducing energy imbalances.
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Abbreviations
The following abbreviations are used in this manuscript:

BESS Battery energy storage system
LFC Load frequency control
LT Local time
MBE Mean bias error
MILP Mixed integer linear programming
MSM Meso-scale model
PV Photovoltaic
RMSE Root mean square error
RT Release time
SoC State of charge
UC Unit commitment

Nomenclature

Parameters
∆T Time interval of unit commitment calculation
η BESS charging efficiency
γ The schedule cycle
λk

i gradient of interval k of piece-wise linear fuel cost function of unit i
ai, bi, ci parameters of fuel cost function for generator i
Cb

init Initial charge of the BESS
Cb

max Maximum charge of the BESS
Ch Total LFC regulating capacity of hydro power plants [ MW ]
Clfc

i LFC regulating capacity of generator i
Csoc Penalty cost for SoC difference
DTi Down time of generator i
FCi(p) Fuel cost function at power p for generator i [ JPY/h ]
LCt Load curtailment cost of time j [ JPY/h ]
N Number of thermal power plants [h]
PCt PV curtailment cost of time j [ JPY/h ]
pa

d,t The estimated PV power output at time t on day d

p f
d,t,RT

The forecasted PV power output at time t on day d that was released at time RT
Pbc

inv Rated charging power of the BESS
Pbd

inv Rated discharging power of the BESS
Ph Total output of Hydro Power
Pld

t Forecasted load demand at time t
Pmax

i Maximum rated output of generator i
Pmin

i Minimum output of generator i
Pnu Total output of Nuclear Power
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Ppv
t

Forecasted PV power output at time t
(Actual PV power output for t = tc in Case 2.)

Rd Ratio of required LFC regulation capacity to load demand
Rdown

i Ramp up rate of generator i
Ro Ratio of upward reserve capacity
Rpv Ratio of required LFC regulation capacity to PV power output
Rup

i Ramp up rate of generator i
SCi Startup cost of generator i
T Number of Time steps
Tcu Current time in wall time
tc Current time index
tmn time index at midnight
UTi Up time of generator i

Ui,t
The generator schedule calculated by UC. 1 if generator
i at time interval t is on and 0 otherwise

Decision Variables
cB

t charge of the BESS at time t
curtld

t load curtailment at time t
curtpv

t PV curtailment at time t
di,t 1 if generator i is shutdown at time interval t. 0 otherwise.
pi,t Output power of generator i at time t
pbc

t charging power for 100% efficient BESS at time t
pbd

t discharging power for BESS at time t
si,t 1 if generator i is started at time interval t. 0 otherwise.
ui,t 1 if generator i at time interval t is on and 0 otherwise

vk
i,t

value of interval k of piece-wise linear fuel cost function of
unit i at time interval t

Auxiliary Variables

wk
i,t

value of interval k of piece-wise linear fuel cost function
of unit i at time interval t

xsoc Upper bound of SoC difference.
xt 1 if BESS is charging at time interval t is on and 0 otherwise
yt 1 if BESS is discharging at time interval t is on and 0 otherwise
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