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Abstract: The percentage of penetration in renewable energy generation (REG) in distribution
networks has dramatically increased. Variable speed seawater pumped storage, which has a large
power controllable range and flexible modes of operation, is an important tool to be applied in
distribution networks to realize peak shaving and valley filling, and to mitigate the negative effects
of REG. This paper presents a two-stage coordinated optimal scheduling model for the day-ahead
and real-time operation of active distribution networks containing seawater pumped storage, REG,
and flexible loads. In the model, seawater pumped storage and flexible loads are dispatched in
the first day-ahead stage based on short-term forecast information of REG and load demands to
minimize total operational costs. Then in the second real-time stage, the operation schedule of
seawater pumped storage is adjusted to mitigate the negative effects of forecast errors of REG on the
operation of active distribution networks. Network nodes power quality is improved and power loss
is reduced. Applying the model, disadvantages of low accuracy short-term forecast are minimized
whereas advantages of high accuracy ultra-short term forecast are fully taken. This model is tested
using a modified Institute of Electrical and Electronics Engineers 33-bus system. Numerical results
demonstrate the effectiveness of the proposed approach.

Keywords: seawater pumped storage; renewable energy; active distribution networks; two-
stage; scheduling

1. Introduction

There are rich renewable energy resources in China offshore. In recent years, the percentage
of penetration in renewable energy in distribution networks has increased dramatically [1–3].
Power output of renewable energy generation (REG) like wind turbine (WT) generators and photo
voltaic (PV) arrays have high randomness and fluctuation attributes. The controllability of WT and PV
output is low [4,5], which rese new challenges to the operation of distribution networks. To increase
its operation reliability and economy, energy storage provides an attractive solution because it has fast
power response speed and strong energy shifting capabilities [6–8]. Compared with traditional energy
storage technologies such as lead acid battery banks, hydrogen energy storage, and flywheel energy
storage, etc., variable speed seawater pumped storage has many advantages, such as larger storage
capacity, higher energy storage efficiency, lower per kilowatt capital and maintenance costs, longer
service life, and it also can provide additional inertia energy for networks [9,10]. Meanwhile, compared
with traditional pumped storage, offshore ocean is used as the lower reservoir for variable speed
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seawater pumped storage. The amount of water resources are inexhaustible and total construction
costs can be reduced. But how to dispatch the distribution networks that contain variable speed
seawater pumped storage and REG, reaching a high operation performance and having high economic
benefits, is still a problem for the network operators.

Current distribution networks were operated in a passive fashion. The traditional operating method
is no longer applicable to new distribution networks which contain REG, energy storage, and flexible
loads, etc. In recent years, the concept of active distribution networks was proposed [11–13]. Compared
with traditional distribution networks, this network is able to manage the power of REG, energy storage,
and flexible loads actively, having the advantages of increasing the operation reliability and minimizing the
total operation cost and power losses of the distribution networks [14,15]. Besides, the active distribution
networks can provide additional spinning reserve capacities to alleviate the negative impacts of the
stochastic fluctuations of REG and load demands on itself at the distribution network level. Problems
of declining power quality are induced by stochastic, uncertain fluctuations of power of REG and load
demands. These problems are solved locally by appropriate dispatch of distributed generators and
energy storage [16]. In the dispatch of active distribution networks, an optimization model that can both
achieve a global optimal solution and provide good performance is demanded [17]. Dynamic economic
dispatch method [18] and consensus based dispatch method [19] can be applied to generate a dispatch
schedule. However, the performance cannot meet this demand. The power flexibility and energy storability
characteristics of energy storage in active distribution networks are not fully utilized in the present market
management systems (MMS) and energy management systems (EMS) [20]. Operation schedules are
generally determined at day-ahead time stages, ignoring the effect of real-time adjustment which can
compensate for uncertainties and forecast errors of REG [21,22]. Day-ahead scheduling is performed,
which is based on short-term forecasts of REG and load demands. However, because of the stochastic
fluctuation attributes in wind strength, illumination intensity, etc., it is difficult to make accurate short-term
predictions for PV and WT power and load demands.

For reducing the impact of renewable energy sources which are connected to power systems,
the two-stage optimal scheduling method has been presented by some scholars in recent years.
For example, there is the disturbance of power systems caused by the randomness and volatility
of wind power, which can be reduced by a two-stage dynamic scheduling method, as noted in
Reference [23]. In addition, a two-stage optimal scheduling method for micro-grid economy is
presented in Reference [24]. In the first stage, based on the real-time forecast data for future power,
optimal management for power source in a micro-grid is able to be calculated. In the second stage,
according to the limitation of diesel generator output which can be figured out before, the output of
diesel generators is adjusted for improving the robustness of the system. The dispatch schedule is made
in day-ahead for seawater pumped storage and renewable energy has not yet utilized their potential
capabilities to increase the performances and economics of active distribution networks adequately.
Compared to short-term forecasts, ultra-short forecasts for PV and WT power is quite accurate. Based
on the ultra-short forecasts information, real-time scheduling for seawater pumped storage can solve
or mitigate the negative impacts caused by forecast errors effectively. In this paper, a two-stage
scheduling method is proposed, because it has high computation efficiency and takes advantages
of the flexibility of seawater pumped storage and flexible loads to dispatch the active distribution
networks. In a day-ahead scheduling stage, optimal dispatch schedule of active distribution networks
is determined. In a real-time scheduling stage, negative impacts of forecast errors of REG on the
operation of active distribution networks is compensated and mitigated.

Main contributions are as follows.

i. Variable speed seawater pumped storage is first utilized for dispatch in offshore local active
distribution networks in China;

ii. A two-stage scheduling method considering variable speed seawater pumped storage, flexible
loads, and REG in active distribution networks is presented. Both advantages of day-ahead
and real-time scheduling are fully utilized and exploited.
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Remaining sections are organized as follows: Section 2 introduces the dispatch model for variable
speed seawater pumped storage. Section 3 presents the problem formulation of the two-stage
scheduling in active distribution networks and the solving algorithm. Section 4 gives the test results of
the proposed approach on a modified Institute of Electrical and Electronics Engineers (IEEE) 33-bus
distribution system. Finally, conclusions are drawn in Section 5.

2. Variable Speed Seawater Pumped Storage Model

The structure of a traditional pumped storage station consists of a generator unit, pumping
station, and upper and lower reservoirs. Capacities of the upper and lower reservoirs are mainly
determined by the conditions of natural water resources. However, for a variable speed seawater
pumped storage station, one of the prominent features is that the lower reservoir is the sea. Its water
resources are unlimited and its capacity can be considered infinitely large. Only the water amount
of the upper reservoir should be considered in the optimal scheduling. Another prominent feature
is that the speed of the motor rotor in generating or pumping mode can vary within a large range.
Therefore, the efficiency of the overall system can be improved in the generating mode. In the pumping
mode, the range of input power is expanded. From the point of view of scheduling, the above features
can gain great benefits for the operation of the power system. Operation models of a variable speed
seawater pumped storage station in generating and pumping modes are expressed as follows.

2.1. Generating and Pumping Modes

In the generating mode, output power is formulated by:

Pg(t) = kgρgh×
∫ t

t−1
qg(τ)dτ (1)

In the pumping mode, energy for the pump is directly input from local active distribution
networks. The flow rate of seawater sucked from the sea is stated as follows.∫ t

t−1
qp(τ)dτ =

kpPp(t)
ρgh

(2)

2.2. Operation and Maintenance Cost of Seawater Pumped Storage

Seawater contains high salinity and corrosiveness to pipelines, which increases the maintenance
cost of pipelines. Therefore, the cost of seawater pumped storage contains the installation fee, start-up
cost, pipelines, and generator maintenance cost. Equation (3) is the operation and maintenance
cost of seawater pumped storage; Equations (4) and (5) are the start-up cost of a turbine generator
and pump-motor unit in period t, respectively; Equation (6) is the maintenance cost of turbine
generator and pump-motor unit in period t; Equation (7) is the piping maintenance cost of the seawater
pumped storage.

Csea(t) = Ccr
g (t) + Ccr

p (t) + Cin
sea(t) + Crun

sea (t) (3)

Ccr
g (t) = Cg × µg(t)× [1− µg(t− 1)] (4)

Ccr
p (t) = Cp × µp(t)× [1− µp(t− 1)] (5)

Cin
sea(t) = [

caz
sea

8760τsea

rsea(1 + rsea)
nsea

(1 + rsea)
nsea − 1

+ λco
sea][Pg(t) + Pp(t)] (6)

Crun
sea (t) = λrun

g Pg(t) + λrun
p Pp(t) (7)
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2.3. Operation Constraints of Variable Speed Seawater Pumped Storage Station

The proposed coordinate optimal scheduling models for active distribution networks containing
seawater pumped storage have two stages. The first stage is the day-ahead, and the second stage is
the real-time.

2.3.1. Day-Ahead Operation Constraints

In period t, the quantity of seawater stored in upper reservoir is given as follows.

Qup(t) = (1− l)×Qup(t− 1) +
∫ t

t−1
qp(τ)dτ−

∫ t

t−1
qg(τ)dτ t = 1, 2, . . . , T (8)

Seawater pumped storage stations can operate only in one mode in a given time interval, on-off
operation mode constraint:

µg(t)× µp(t) = 0 t = 1, 2, . . . , T (9)

Power range constraint in generating mode:

0 ≤ Pg(t) ≤ µg(t)Pmax
g (10)

Power range constraint in pumping mode:

µp(t)Pmin
p ≤ Pp(t) ≤ µp(t)Pmax

p (11)

Water amount constraint for upper reservoir:

Qmin
sea ≤ Qup(t) ≤ Qmax

sea (12)

T

∑
t=1

[
∫ t

t−1
qp(τ)dτ] =

T

∑
t=1

[
∫ t

t−1
qg(τ)dτ] (13)

2.3.2. Real-Time Operation Constraints

The quantity of seawater stored in upper reservoir:

Qup(t) = (1− l)×Qup(t− 1) +
∫ t

t−1
qp(τ)dτ−

∫ t

t−1
qg(τ)dτ t = 1, 2, . . . , T (14)

On-off operation mode constraint:

µg
′(t)× µp

′(t) = 0 t = 1, 2, . . . , T′ (15)

Power range constraint in generating mode:

0 ≤ Pg
′(t) ≤ µg

′(t)Pmax
g
′ (16)

Power range constraint in pumping mode:

µg
′(t)Pmin

p
′ ≤ Pp

′(t) ≤ µp
′(t)Pmax

p
′ (17)

Water amount constraint for upper reservoir:

Qmin
sea ≤ Qup

′(t) ≤ Qmax
sea (18)
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Restricted by technical conditions, the frequency of switching between generating and pumping
modes must be limited. Minimum switching time is 30 min, (i.e., a time of 2∆t is required). Formulation
below must be satisfied in real-time scheduling.

µg
′(t)× µp

′(t + 1) = 0 t = 1, 2, . . . , (T′ − 1)
µg
′(t)× µp

′(t + 2) = 0 t = 1, 2, . . . , (T′ − 2)
µg
′(t + 1)× µp

′(t) = 0 t = 1, 2, . . . , (T′ − 1)
µg
′(t + 2)× µp

′(t) = 0 t = 1, 2, . . . , (T′ − 2)

(19)

2.3.3. Problem Formulation

Due to the stochastic fluctuation attributes in wind strength and illumination intensity, people’s
ability to predict REG power output accurately has yet to be improved. Ultra-short forecasting of REG
are far more accurate than short-term’s. Day-ahead scheduling of variable speed seawater pumped
storage is performed based on the short-term forecast information of REG power and load demands.
The objective of this stage is to minimize total system operation cost. Then real-time scheduling of
variable speed seawater pumped storage is carried out based on ultra-short forecast information to
mitigate the negative effects of the forecast errors on the operation of active distribution networks [25].

3. Optimal Scheduling Model

3.1. Day-Ahead Scheduling

3.1.1. Objective Function

The objective of day-ahead scheduling is to make the most cost-effective operation schedule
for active distribution networks. Costs of power obtained from main grid, penalty for the transition
between generating and pumping modes of seawater pump storage, interruption, and incentive to
the flexible loads are all taken into consideration. We assume that all renewable energy sources are
absorbed. Therefore the costs of wind and solar energy power generation are neglected. These costs
are induced by operation, maintenance, and depreciation.

Objective function is as follows.

minFDay =
T

∑
t=1

[PGrid(t)×Ω(t) + Csea(t) + Cload(t)] (20)

Cload(t) = f c(t) + f e(t) (21)

fc(t) =
M

∑
i=1

uc(i, t)[α1 × P2
c (i, t) + α2 × Pc(i, t)− α2 × Pc(i, t)× kc(i) (22)

fe(t) =
N

∑
j=1

ue(j, t)[β1 × P2
e (j, t) + β2 × Pe(j, t)− β2 × Pe(j, t)× ke(j) (23)

3.1.2. Constraints

Power balance constraint is formulated by:

NWT

∑
m=1

PWT(m, t) +
NPV

∑
n=1

PPV(n, t) + PGrid(t) + µg(t)Pg(t) =
NL

∑
i=1

PL(i, t) + Pf (t) + µp(t)Pp(t) (24)

Reserve constraints are given below.

Pmax
g − µg(t)Pg(t) ≥ PRup

g (t) (25)



Sustainability 2018, 10, 2014 6 of 15

Pmax
p − µp(t)Pp(t) ≥ PRup

p (t) (26)

PRup
g (t) = pRup

g + η1

NWT

∑
m=1

PWT(m, t) + η2

NPV

∑
n=1

PPV(n, t) (27)

PRup
p (t) = pRup

p + λ1

NWT

∑
m=1

PWT(m, t) + λ2

NPV

∑
n=1

PPV(n, t) (28)

Constraint of power obtained from main grid is:

0 ≤ PGrid(t) ≤ Pmax
grid (29)

3.2. Real-Time Scheduling

3.2.1. Objective Function

The day-ahead scheduling is seen as the foundation for real-time scheduling. However,
the forecast data is gotten in day-ahead, which cause a large forecast error. As a result, the reliability
of distribution network operation could be influenced if the forecast error cannot be compensated
in the real-time stage. So we assume that the forecast error of renewable energy is suppressed by
seawater pumped storage in priority at real-time stage. The detail objective function for real-time
optimal scheduling is shown as Equation (30).

minFReal =
T′

∑
t=1

∣∣∣∣∣∆Pg(t) + ∆Pp(t) +
NWT

∑
i=1

∆PWT(t) +
NPV

∑
i=1

∆PPV(t)

∣∣∣∣∣ (30)

3.2.2. Operation Constraints

Power balance constraint is as below.

NWT

∑
m=1

PWT
′(m, t) +

NPV

∑
n=1

PPV
′(n, t) + µg

′(t)Pg
′(t) + Pgrid

′(t) =
NL

∑
i=1

PL(i, t) + Pf (t) + µp
′(t)Pp

′(t) (31)

Constraint of power obtained from main grid is:

0 ≤ Pgrid
′(t) ≤ Pmax

grid
′ (32)

3.3. Approach to Solve This Model

A flowchart of the two-stage optimal scheduling of the seawater pumped storage and flexible
loads in active distribution networks is shown in Figure 1. ILOG Cplex 12.7 was called by MATLAB
and is used to solve the proposed model, and case studies were carried out on a 3.5 GHz ASUS PC.
Day-ahead scheduling was updated each day. Real-time scheduling was carried out every 15 min
according to the rolling update ultra-short forecasting data of REG.
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Figure 1. Flowchart of the proposed approach.

4. Case Study

4.1. System Description

A modified IEEE 33-bus distribution system was used to validate the proposed approach, which is
shown in Figure 2. Node 1 was connected to the main grid. The seawater pumped storage station,
PV, WT, and flexible loads were connected to bus 6, bus 8, bus 13, and bus 17, respectively. Forecasted
power outputs of REG were based on the information collected on the spot in the south of China.
Typical forecast data is shown in Figure 3. Operation parameters of the seawater pumped storage and
flexible loads are given in Tables 1 and 2, respectively. In Table 2, Pf is the rated power of flexible load.
Time-of-use price of general industry is given in Table 3, and these data were taken from a distribution
network in China.
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Table 1. Parameters of seawater pumped storage.

Maximum Power (kW) Life Time (y) kg/kp

Generating mode 3000 40 0.91
Pumping mode 3000 40 0.82

Table 2. Parameters of flexible loads.

Variation Range α1 ¥/h α2 ¥/kW·h β1 ¥/(kW·h) β2 ¥/(kW·h)

[0.6Pf, 1.4Pf] 0.0002 0.25 0.00025 0.1

Table 3. Time-of-use price of general industry.

Period (h) Price ¥/kW·h
Peak [11:00, 16:00); [19:00, 22:00) 1.2

Off-peak [08:00, 11:00); [16:00, 19:00); [22:00, 24:00) 0.7
Valley [24:00, 08:00) 0.3
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4.2. Day-Ahead Scheduling Results and Analysis

In order to prove the algorithm applicability of the proposed model, improved particle swarm
optimizer (IPSO) [26], genetic algorithms (GA), and Cplex are used to solve the proposed model.
As can be seen in Table 4, by the achievement of a better total operation cost, the ILOG Cplex over the
other approaches is substantiated.

Table 4. Comparison of total operation.

Method Total Operation Cost (¥) Running Time (min)

IPSO 136,247 6.4
GA 135,774 8.8

Cplex 131,886 3.6

IPSO = improved particle swarm optimizer; GA = genetic algorithms.

Day-ahead scheduling was performed based on short-term forecast data of WT, PV, and loads.
Two cases were simulated and compared to analyze the proposed methodology. Case 1 did not contain
seawater pumped storage and flexible loads. Case 2 contained seawater pumped storage and flexible
loads, and the proposed methodology was applied in it. Base reserve capacities of pRup

g and pRup
p were

500 kW. Optimization results are shown in Figures 4–6.
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As shown in Figure 4, results showed that by applying the proposed model, not only did the
maximum exchange power between local active distribution networks and main grid decrease about
25%, but also the maximum rate of power change was effectively reduced. Peak loads from 11:00 to
15:00 and from 19:00 to 21:00 were successfully shifted and maximum power was reduced. Valley
loads from 1:00 to 8:00 were effectively filled, and minimum valley loads increased by about eight
times. In Table 3, the electricity price on the open market was high from 11:00 to 15:00 and from 19:00
to 21:00, and was low from 24:00 to 7:00. As shown in Figure 5, flexible loads and seawater pumped
storage could respond to the price and coordinate their power to reduce total operation cost. Power
demands of flexible loads increased about 30% at low electricity price from 24:00 to 7:00, and decreased
about 40% at high electricity price from 11:00 to 15:00 and from 19:00 to 21:00.

Based on the specific power system structure, power flow calculation was implemented. Periods
during peak loads were taken as an example. As shown in Figure 6, utilizing the proposed methods,
except for voltage magnitudes at nodes 1 to 2 and 19 to 22 which did not increase, voltage magnitudes
at nodes 3 to 18 and 23 to 33 increased. This proves that the power quality of the active distribution
networks were effectively improved by using the proposed method. In Table 5, cost of purchase power
from the main grid and network energy loss are compared. Cost of purchase power from the main grid
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decreased from ¥146,915 to ¥131,886 by 10.2%. Network loss decreased from 4481 kW·h to 3862 kW·h by
13.8%.

Table 5. Cost of purchase power and network loss.

The Cost of Purchase Power from Main Grid (¥) Network Loss (kW·h)

Case 1 146,915 4481
Case 2 131,886 3862

4.3. Real-Time Scheduling Results and Analysis

Real-time scheduling was carried out every 15 min based on ultra-short forecast data of WT and
PV. Power exchange results between active distribution networks and the main grid are shown in
Figure 7. Optimization results of the seawater pumped storage is shown in Figure 8. After correction,
the power exchange curve is much more flat and smooth, especially in the periods with large forecast
errors. Higher forecast errors needed greater correction amounts. The results demonstrated that
real-time scheduling can effectively compensate for the forecast errors of REG and reduce its negative
effects on the operation of local active distribution networks.
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Figure 7. Power exchange with main grid in real-time scheduling.
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Figure 8. Real-time optimization results of seawater pumped storage.

In the simulation, average execution time for day-ahead scheduling was 3.6 min and for real-time
scheduling it was 19.6 s. As a result, the proposed model can be applied online for active distribution
networks. Applying the proposed strategy, the overall economic benefits for active distribution
networks can be promoted in the day-ahead scheduling stage. Negative influence of the forecast errors
on the operation of active distribution networks can be minimized in the real-time scheduling stage.
As a consequence, reserve capacity for synchronous generators in the main grid and regulation burden
for automatic generation control (AGC) can be reduced.

5. Conclusions

This paper has presented a two-stage optimal scheduling model for active distribution network
integration of seawater pumped storage stations, flexible loads, and renewable energy. ILOG Cplex 12.7
was called to solve the proposed model. In addition, the model was successfully tested in a modified
IEEE 33-bus. Numerical results demonstrated that by applying the proposed methods in the day-ahead
scheduling stage, total operation cost and the network power loss of active distribution networks could
be reduced. At the same time, peak loads were shifted. In a real-time scheduling stage, the negative
effects of forecast errors of renewable energy on the operation of active distribution networks were
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compensated and alleviated by proper coordination of a seawater pumped storage station. Utilizing
the two-stage scheduling model, the performances and power quality of active distribution networks
were improved. In addition, reserve capacity and regulation burden for the main grid were also
effectively reduced.
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Nomenclature

Abbreviations
REG renewable energy generation
WT wind turbine
PV photo voltaic
MMS market management systems
EMS energy management systems
IPSO improved particle swarm optimizer
GA genetic algorithms
Sets, parameters and constants
T, T′, t set of indexes of the dispatch time periods
kg efficiency of the turbine generator
ρ density of seawater (1050 kg/m3)
g gravity acceleration (9.8 m/s2)
h water head height
qg(τ) flow rate of water volumetric input into the turbine at the time of τ

qp(τ) flow rate of water volumetric pumped from the sea at the time of τ

kp efficiency of the pump-motor unit
Cg, Cp start-up cost coefficient of turbine generator and pump-motor unit
caz

sea average annual installation fee of the seawater pumped storage
rsea depreciation rate of the seawater pumped storage
nsea life time of the seawater pumped storage
λco

sea coefficient of pipelines corrosiveness cost
λrun

g , λrun
p piping maintenance cost coefficient of turbine generator and pump-motor unit

l leakage loss and evaporation
Pmax

g , Pmax
p maximum output in generating and pumping modes

Pmin
p minimum power of seawater pumped storage in pumping modes

Qmin
sea , Qmax

sea bottom and top limit of water amount in upper reservoir
Pmax

g
′, Pmax

p
′ maximum output in generating and pumping modes

Pmin
p
′ minimum output in pumping modes

Ω(t) price of purchase electricity
M, N number of interruptible loads and incentive loads
α, β coefficients of interruptible loads and incentive loads
kc(t), ke(t) willingness factors of interruptible loads and incentive loads
NWT, NPV, NL number of WT, PV and nodes
PWT(m,t) output of m th WT
PPV(n,t) output of n th PV
PL(i,t) rigid loads at node i
PRup

g (t) minimum reserve constraints in generating modes
PRup

p (t) minimum reserve constraints in pumping modes
pRup

g , pRup
p base reserve capacities in generating and pumping modes

η, λ proportional coefficient, values of both were taken as 0.2
Pmax

grid maximum purchase power from main grid in day-ahead
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∆PWT(t) prediction errors of WT
∆PPV(t) prediction errors of PV
PWT’(m,t) output of m th WT
PPV’(n,t) output of n th PV
Pmax

grid
′ maximum power purchase from the main grid

Variables
Ccr

g (t), Ccr
p (t) start-up cost of turbine generator and pump-motor unit

Cin
sea(t) maintenance cost of the seawater pumped storage

Crun
sea (t) piping maintenance cost of the seawater pumped storage

µg(t), µp(t) binary variables of turbine generator and pump-motor unit
Pg(t), Pp(t) output in generating and pumping modes
µg
′(t), µp

′(t) binary variables of turbine generator and pump-motor unit
Pg
′(t), Pp

′(t) output in generating and input in pumping modes
Csea(t), Cload(t) seawater pumped storage and the response of flexible loads cost
Qup(t), Qup

′(t) seawater quantity of upper reservoir in day-ahead and real-time
fc(t), fe(t) interruptible loads and incentive loads cost
uc(i,t), ue(i,t) status of i th interruptible loads and i th incentive loads
Pf(t) flexible loads
PGrid(t) purchase power from main grid
Pc(t), Pe(t) input of interruptible loads and incentive loads
PL(i,t), Pf(t) rigid loads at node i and flexible loads
∆Pg(t), ∆Pp(t) power adjustment in generating and pumping modes
Pg
′(t), Pgrid’(t) power from seawater pumped storage and main grid
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