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Aiming at the problem of insufficient peak shaving capacity of the power system after large-scale renewable energy such as wind
power and photovoltaics is connected to the grid, a new energy-pumped storage combined system low-carbon economic op-
eration strategy is proposed. First, the energy storage characteristics of pumped storage are studied; wind power and photovoltaic
output are shifted in time and space; and a new energy-pumped storage combined system model with photovoltaics, wind power,
and pumped storage as the main body is established. Second, the carbon trading mechanism was introduced, and the reward and
punishment ladder carbon trading cost model was established. Then, via the new energy-pumped storage combined system, the
upper optimization target with the smallest investment cost and the lower optimization target with the largest system benefit are
established, and a two-layer optimization model solution method based on linearly decreasing inertia weight particle swarm
optimization and sequential quadratic programming algorithm is proposed. Finally, via the operating data of a pumped storage
power station on an island in northern China, the new energy-pumped storage combined system low-carbon economic operation
strategy was simulated and verified. The simulation results show that the low-carbon economic operation strategy of the new
energy-pumped storage combined system proposed in this paper can effectively suppress load fluctuations, reduce the impact of
wind and wind anti-peak regulation characteristics on the power grid, increase the utilization rate of renewable energy, and
improve system economy.

1. Introduction

In recent years, with the national low-carbon strategy and
policy support, a high proportion of wind power, photovol-
taics, and other renewable energies has been connected to the
power system. The volatility of wind power output and the
characteristics of anti-peak regulation have brought great
challenges to the peak regulation of the power system [1-3].
However, the frequent deep peak shaving of thermal power
units greatly increases the cost of system peak shaving, in-
creases unit losses, and reduces the economy of the system.
Pumped storage power plants can provide a good solution for
system auxiliary peak shaving due to their fast start-up, flexible
methods, and low-carbon emissions [4-7]. However, the
coordination and optimization effect of pumped storage and

renewable energy output has not yet been fully utilized. At the
same time, wind power, photovoltaics, and pumped storage
are clean power generation methods that have low-carbon
emissions during production and operation, but the system’s
component production, operation and maintenance, and
recycling processes have relatively large carbon emissions,
which are related to renewable energy-pumping. The optimal
configuration of the energy storage combined system has a
greater impact and cannot be ignored. Therefore, by com-
bining the constraints of the carbon trading mechanism on
carbon emissions, establishing a joint operation mode of wind
power, photovoltaics, and pumped storage has the advantages
of reducing system peak shaving costs, reducing deep peak
shaving of thermal power units, stabilizing load fluctuations,
and promoting the consumption of renewable energy.
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The pumped storage power station participates in the
joint operation of wind and wind electric fields to smooth
wind and wind power as a flexible resource. Literature [8]
separately studied the output optimization of wind and solar
storage systems in the heating period and nonheating period
and verified the advantages of pumped storage power sta-
tions in improving the consumption of renewable energy.
The literature [9] optimizes the wind storage operation mode
based on the average value of the predicted power of wind
power and proposes the wind storage bundling operation
mode to increase the wind power absorption capacity.
Literature [10] established the minimum optimization goal
of abandoned air volume and proposed a coordinated op-
eration mode of wind storage. The above studies have
studied the operation mode of pumped storage power sta-
tion to participate in the consumption of new energy power
generation, but the energy coupling method is relatively
simple, and the carbon trading mechanism has not been
introduced.

At present, there has been a lot of research on the
economic operation and capacity optimization of the wind-
photovoltaic-pumped storage combined system. Literature
[11] proposed a capacity allocation method for photovol-
taics, small-scale hydropower, and pumped storage hybrid
energy systems based on market mechanisms, which im-
proved the economics of hybrid energy systems. Literature
[12] comprehensively considers the initial cost, replacement
cost, and operation and maintenance cost; establishes the
optimization goal of the minimum annual equivalent cost of
the system; and optimizes the capacity of the wind and solar
storage microgrid system. Literature [13] established an
optimization goal for the minimum system load fluctuations
and analyzed the economics of the new energy-pumped
storage combined system. The above literature focuses on
the optimal configuration problem of the joint operation
system, but the optimal operation problem has not been
considered, and the system economy cannot be fully
improved.

Most of the above-mentioned research focuses on the
capacity allocation of multisource systems such as wind and
solar storage, aiming to eliminate the uncertainty of re-
newable energy, increase wind and solar grids, and improve
the economic benefits of the joint system. However, no
carbon trading mechanism has been introduced, and the
multisource energy storage system lacks a unified and co-
ordinated low-carbon economic operation strategy. This
article coordinated and optimized the wind-photovoltaic-
pumped storage joint system to make the originally fluc-
tuating wind and photovoltaic power generation a stable and
dispatchable multisource energy storage system, achieving
peak shifting and staggering valleys. The new energy-
pumped storage combined system topology including wind
power, photovoltaics, pumped storage power plants, and
regional loads is constructed. Via wind-light-pumped
storage combined system, carbon trading mechanism is
introduced, and low-carbon economic operation models
and strategies are proposed. Finally, via the operating data of
a pumped storage power station on an island in northern
China, simulation verification of the low-carbon economic
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operation strategy of the new energy-pumped storage
combined system was conducted to verify the effectiveness
of the proposed model and method.

2. Renewable Energy-Pumped Storage
Combined System Model

The new energy-pumped storage combined system proposed
in this article is a coordinated coupling system of power and
water power for the peak shaving needs of the power system
after large-scale renewable energy such as wind power and
photovoltaics is connected to the grid. The joint operation
relationship of wind and solar storage established in this
article is shown in Figure 1. The new energy-pumped storage
combined system consists of wind power, photovoltaics, and
other renewable energy production equipment, and re-
versible pump-turbine generators are used as energy con-
version equipment. The energy power station is used as
energy storage equipment, the upper and lower reservoirs
are used as energy storage media, and the energy interaction
system was established by the control center. Through the
coordination and optimization of the new energy-pumped
storage combined system, the originally fluctuating wind
and photovoltaic power generation becomes a stable and
dispatchable multisource energy storage system, realizing
peak shifting and staggering valleys.

3. Wind Power Generation and Its Probability
Distribution Model

The output power of wind power mainly depends on the
output power curve of the wind turbine, the height of the
wind turbine hub, and its wind speed [14], which can be
expressed as

0, S<S,

3PR =57 - 3PR +S% S <S<Sp

S =S, Sp =S,
P —_J "R ci R ci (1)
wp

Py, Sp<8<S,

0, §$=8,,.

In the formula, P, is the output power of the wind
turbine; Py is the rated power of the wind turbine; S is the
actual wind speed at the height of the wind turbine hub; Sy, is
the rated wind speed of the wind turbine; and S; and S, are
the wind turbine power cut-in wind speed and cut-out wind
speed.

The uncertainty of wind power can be represented by a
wind speed probability distribution model. In the field of
management science and engineering, some scholars have
seen that the demand for a product is a Weibull distribution.
Because the normal distribution is idealized, the Weibull
distribution is closer to the actual situation of the long-tailed
distribution of the probability density function of wind
power. The two-parameter Weibull distribution model is



Mathematical Problems in Engineering

——————————————

I I

L e

Excess The grid supplies U il |

o photovoltaic power to pumped 4 , : - :
-~ power generation storage 1 Upper Reservoir |
] "y ===y .
|

Photovoltaic Main erid ! I
1n gri Pumped storage ! l

power plant . ! water |
power station ! !

I f |

I Excess ' !

H wind power I J | I
,l>l\ : : i

| | Reversible water |

Wind power | pump turbine |
station | generatorset |

I |

I° | :

1 I

’ ,°~° I ‘ : 1

o 1 ¢water :

Power flow Area load i |
AN\

AAAA |

Hydraulic flow | \vw } |

i i

1 I

I I

I |

Lower
reservoir

FiGure 1: Topology structure of renewable energy-pumped storage combined system.

used by this paper to describe the probability density dis-
tribution of wind speed [15], which is expressed as

S k
()
-1.086
k =<ﬁ) , (2)
i

c= 4!
L(1+1/k)

k-1

p19-46)

In the formula, 0, and y, are the actual wind speed
variance and mean value, respectively; k and c are the shape
parameter and scale parameter of Weibull distribution re-
spectively; and T is the Gamma function.

4. Photovoltaic Power Generation and Its
Probability Distribution Model

The output power of photovoltaic power generation mainly
depends on the solar radiation intensity and temperature
[16], which can be expressed as

G
PPV = Psr]inv?]lossr]refm [1 + 6T(T - Tref)]' (3)

In the formula, P, is the rated power of photovoltaic
power generation; #,,, is the inverter efficiency; ;. is the
loss efficiency of photovoltaic power generation; 7, is the
efficiency of photovoltaic power generation at a reference
temperature; G is the hourly average value of the solar ra-
diation intensity on the surface of the photovoltaic power
generation area; 0 is the power temperature coeflicient of
photovoltaic power generation; and T and T, are the
operating temperature and reference temperature of pho-
tovoltaic modules, respectively.

The uncertainty of photovoltaic power generation can be
represented by a solar probability distribution model.
Considering the actual situation that the Beta distribution is
closer to the probability density function of photovoltaic
power generation, the Beta distribution model is used in this
paper to describe the probability density distribution of solar
radiation intensity [17], which is expressed as

_T+p) [ G\ G\
f2<G>—r<a>r<ﬁ>(cmax) (lc) ’
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In the formula, G,,, is the maximum solar radiation
intensity during the simulation period; o, and u, are the
variance and mean value of the samples collected from the
solar radiation intensity, respectively; and « and f are the
Beta distribution shape parameters.

5. Pumped Storage Power Station Model

The pumped storage power station is mainly composed of
upper reservoir, lower reservoir, and reversible pump tur-
bine. The pumping behavior of pumped storage power
station is controlled according to the degree of load demand.
When the load demand is low, the surplus electricity is used
for pumping water by the pumped storage power station and
stored in the upper reservoir. When the load demand is high,
the pumped storage power station will deliver electrical
energy to the system to meet the load demand. The smooth
transition of thermal power units is realized, which is



conducive to the regulation of the power system. The water
volume of pumped storage can be expressed as

Wt +1) = W () +(Quain (1) + Q, (1) = Q, ()AL,

3600 x 10007, 7,,,P,, ()

2 pgh
=K,P, (1), (5)
0yt - 2000
= K,P, (1)

In the formula, W (¢) is the remaining water volume of
the upper reservoir at time £; Q,;, (¢) is the increased flow
of rainfall in the upper reservoir; At is the time interval;
Q, (t) and Q,(t) are the flow of pumped storage in the
pumping state and the power generation state, respectively;
1, and 7, are, respectively, reversible water pump-turbine
unit storage efficiency and power generation efficiency; 7,,,
is the pipeline efficiency; P, () and Py, (¢) are the storage
power and generation power of the reversible water pump-
turbine unit, respectively; p is the density of water; g is the
acceleration of gravity; h is the height of the head; and K,
and K, are the flow-to-power ratios of pumped storage in
the pumping state and the power generation state,
respectively.

6. Renewable Energy-Pumped Storage
Combined System Operation Mode

Renewable energy-pumped storage joint operation is the
basis for formulating a low-carbon economic operation
strategy for the new energy-pumped storage joint system.
The operation mode of the new energy-pumped storage
combined system is shown in Figure 2. The coupling be-
tween new energy power generation equipment and pumped
storage power station is mainly reflected in the cooperation
between pumping mode and power generation mode. The
pumped storage power station adjusts its own operation
mode according to the output of wind power and photo-
voltaics. Among them, P; (t), P, (t), and P, (t) are the load
demand at time ¢, the excess power of wind and solar power
generation, and the pumping power provided by the main
network, respectively. If P (t) < P; (t), the water volume of
the upper reservoir decreases and the pumped storage power
station is in power generation mode. If P,y (¢) > P, (), the
upper reservoir starts to store water and the pumped storage
is in pumping mode. During this period, if P, (¢) > P, (1), the
pumped storage power station’s pumping mode electricity is
completely supplied by wind and solar power generation,
and the surplus electricity is used for the large power grid
and participates in carbon allowance trading. If
P, (t)>P,(t), the pumping mode of the pumped storage
power station will give priority to wind and wind power
generation, and the remaining demand will be purchased
from the grid.
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7.Ladder Carbon Trading Model

If the amount of carbon emissions generated is higher than
their carbon allocation during the production and operation,
the production enterprise needs to participate in the carbon
trading market to purchase carbon emission rights. If the
generated carbon emissions are lower than their carbon al-
location, the enterprise can participate in the carbon trading
market to sell this part of the carbon emission credits and then
obtain benefits. The low-carbon economic characteristics of
pumped storage power plants can be fully exploited by carbon
trading, and the low-carbon emission reduction potential of
production enterprises can be fully tapped [18].

7.1. Carbon Emission Allowance Allocation Model. The dis-
tribution of carbon emission rights includes purchased
electricity and pumped storage power plants. The allocation
of carbon emission rights can be expressed as

E=E,+E,,

T
E,=8,) P, At ©)

t=1
T
E, =08,) P,,AtL.
t=1
In the formula, E is the sum of the allocation quota of
carbon emission rights; E, and E  are the allocation quotas
of carbon emission rights for purchased electric power and
pumped storage power plants, respectively; T'is 24 periods of
a day; At is the time interval, which is 1 h; §, is the allocation
of carbon emission rights per unit of power supply, taking
0.8 t/(MWh); P, is the power purchased by the system from
the grid during the ¢ period; and P,,, is the power supplied
by pumped storage.

7.2. System Operation Carbon Emission Model. Assuming
that all electricity purchased from the large grid is produced
by coal-fired power units, we can express the carbon
emissions of each generating unit in the system as

T
Ee,a = Z(al + bIPe,t + Clpg,t)’
o (7

M=

E =

s (az + bszS’t + 62P2 )
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~
I
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In the formula, E, , and E , , are the carbon emission of
purchased electricity and the carbon emission of pumped
storage, respectively; a,, b;, and ¢, are the carbon emission
coeflicients of purchased coal for power generation; a,, b,
and ¢, are the carbon emission coefficients of pumped
storage; P, is coal power supply power per unit time; and

P, is pumped storage power supply per unit time.

7.3. Carbon Trading Cost Model. Compensation coefficients
are introduced into the calculation of carbon transaction
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FIGURE 2: Renewable energy-pumped storage combined system operation mode.

costs to reward companies that actively participate in re- trading costs are negative. The carbon transaction cost
ducing emissions. When the system’s carbon emissions are  calculation model is expressed as
lower than the allocation of carbon emissions, carbon

[(—c(2+3B) +e(1+3B)(E,—E,+2l), E,<E -2l
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In the formula, C,, is the carbon transaction cost; ¢ is the
transaction price of the unit carbon emission rights quota; «
is the increase in the price of carbon emission rights; f is the
compensation coefficient; and / is the carbon emission range.

7.4. Low-Carbon Economic Double-Layer Optimization
Model of Renewable Energy-Pumped Storage Combined
System. The low-carbon economic double-layer optimiza-
tion model of the renewable energy-pumped storage com-
bined system has a master-slave hierarchical relationship
structure [19-22]. It consists of two noncooperative rela-
tionship entities with objective functions and constraints.
The upper-level investment decision objective function
transfers the configuration plan to the lower level, and the
lower-level optimization operation objective function per-
forms optimization operation simulation on the upper-level
investment decision objective function configuration plan
and then transmits the optimization result to the upper level

C
min (RY) = min{
max C,

wptCpy + Cpump}
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to guide the upper-level investment decision objective. Its
mathematical expression is

st{f1(x,»)<0,...,
s.t.{g; (x, ) <0,...,

minF (x, y), fu(x,y) <0},

9
g (x,y) <0} ©

minG(x, y),
y

In the formula, F(x, y) and G(x, y) are the upper and
lower objective functions, respectively; f,(x,y) and
g, (x, y) are the upper and lower constraints; and x and y are
the upper and lower decision variables, respectively.

8. Upper-Level Optimization Model

8.1. Objective Function. The upper-level optimization goal is
to minimize the total investment cost recovery period, that
is, the ratio of the total cost to the operating revenue. It can
be expressed as

Cw :CwNw rew “ omw w
P (1+r)w Z (1+7)"
T
rz - 10)
C —CN »Np (
pr = SpNp 1+t HZ' 1+r)
C =C \%4 +C P +

pump pump_cap ¥ pump_cap

pump_power~ pump_power

T C \%4 C A% C 1%
M_pc ump_caj M_ um; ower re. umy ower
S ~OM_pc "’ pump_cap OM_pp ¥ pump_p pp ° pump_p

“~ p,(1+7)"

In the formula, RY is the cost recovery period of the new
energy-pumped storage system under the maximum eco-
nomic benefit; C,,, is the total cost of wind power gener-
ation; C,, is the total cost of photovoltaic power generation;
Cpump 18 the total cost of the pumped storage power station;
C, is the sale electricity revenue; C,, is the unit price of the
wind turbine; N, is the number of wind turbines; C,, ,, i
the replacement cost of the wind turbine; C,,, ,, is the
operation and maintenance cost of the wind turbine; r is the
discount rate; T',, is the cost of the wind turbine life cycle; T
is the project cycle; C,, is the unit price of photovoltaic cells;
N, is the number of photovoltaic cells; C,, , is the re-
placement cost of photovoltaic cells; C,,, , is the operation
and maintenance cost of photovoltaic cells; T', is the life
cycle of photovoltaic cells; Cpp, cap is pumped storage unit
price of the unit capacity of the upper reservoir of the power
station; V' is the storage capacity of the upper res-

pump_cap
ervoir of the pumped storage power station; Py, power 1S
the installed capacity of the reversible pump turbine of the
pumped storage power station; Chump._power 18 the unit price

per kilowatt of the installed turbine capacity of the pumped

(1 +7) e

storage power station; Cpyy_p is the operation and main-
tenance cost per unit capacity of the upstream storage ca-
pacity of the pumped storage power station; Cp);_, is the
operation and maintenance cost per kilowatt of the pumped
storage power station; C,,_,, is the replacement cost of the
reversible pump turbine of the pumped storage power
station; and T, is the reversible pump turbine of the
pumped storage power station life cycle.

8.2. Restrictions

(1) Constraints on the number of wind turbines are as
follows:

0< N, <Ny pax (11)
In the formula, N, is the number of wind turbines
and N .. is the upper limit of the number of wind
turbines.

(2) Constraints on the number of photovoltaic cells are
as follows:
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0<N, <N, e (12)

In the formula, N, is the number of photovoltaic
cells in a photovoltaic power station and N ., is the
upper limit of the number of photovoltaic cells in a
photovoltaic power station.

(3) Constraints on upper reservoir capacity of pumped
storage power station are as follows:

O S Vpumpfcap S Vpumpfcapmax' (13)
In the formula, V., cp is the volume of the upper
reservoir of the pumped storage power station and
V pump._capmax 18 the upper limit of the volume of the
upper reservoir of the pumped storage power station.

(4) Constraints on installed capacity of pumped storage
power plants are as follows:

365 24

0<P <P (14)

= © pump_power = < pump_powermax*

In the formula, Py, power 18 the total installed capacity
of the turbines of the pumped storage power station and
P ump_powermax 18 the upper limit of the total installed capacity
of the turbines of the pumped storage power station. The
downstream capacity is assumed to be sea level with un-
limited storage capacity. The maximum capacity constraint
of the pumping mode of the pumped storage power station is
much smaller than that of the lower reservoir, so it is feasible
to assume that the lower reservoir is at sea level.

8.3. Low-Level Optimization Model. The lower-level opti-
mization goal is the maximum annual revenue of the system,
which can be expressed as

max (C,) = max{ DN Coo, () + C(#) - [Py (1) + Py, () = Py (1)] } (15)

n=1i=1

In the formula, C(t) is the electricity price at time ¢
C, (1) is the carbon trading revenue at time £; P, (f) is the
on-grid power of wind power generation at time £; P, (t) is
the on-grid power of photovoltaic power generation at time
t; and P, (f) is the power sold by the pumped storage
power station.

8.4. Restrictions.
(1) Operational power constraints of pumped storage

power stations are as follows:

0Py

P E
. pumpmax’ *~pumpmax
t) <min >
(t) ( p )

(16)

max< i umpmax;l Epump max) < Ppymp (1) <0.
In the formula, P,y may is the maximum installed
capacity of the reversible pump turbine of the
pumped storage power station and E ., max is the
power generation corresponding to the maximum
volume of the upper reservoir of the pumped storage
power station.

(2) Constraints on upper reservoir capacity are as
follows:

Z

t

E
0< Y Py (1) + 2222 (17)

2 = ~pumpmax*

-
Il
—_

It ensures that, at any time, the storage capacity of the
upstream reservoir of the pumped storage power
station shall not exceed the volume of the upper

reservoir. In addition, the water volume of the upper
reservoir at the initial moment shall not exceed half
of the set storage volume.

(3) Constraints on water inflow and outflow are as
follows:
Nf

P (1) = 0. (18)
=1

~

The inflow and outflow of the pumped storage power
station during the constraint period are the same.

9. Two-Level Optimization Model-Solving
Method Based on Linearly Decreasing Inertia
Weight and Sequential Quadratic
Programming Method

The low-carbon economic double-layer optimization model
of the new energy-pumped storage system is a nonlinear
problem. Linearly decreasing inertia weight (LDIW) and
sequential quadratic programming (SQP) are used in this
paper to solve the upper and lower models. The upper-level
optimization model first determines the equipment pa-
rameters and upper and lower limits of the capacity of the
new energy-pumped storage combined system, and it ran-
domly generates particle swarms that meet the capacity
constraints. Then, it defines the initial value of the particle’s
flying speed according to the capacity constraint, so that it
has the space and position state to search for the optimal
solution. In the iterative process, the particle will optimize its
position based on the two extreme values. One is the optimal
solution p; ; of individual particles, and the other is the
group optimal solution p,; of the particle swarm after



comparing the results of each iteration. Then, the particle
adjusts its own speed and position according to the following
equations [21, 23].

v (E+1) = wy, (6 +cyry [y = x,;(1)]

(19)
+ears[pg; =%, (1),
X (t+1)=x,.(t)+v..(t+1),
D) = x (1) + v+ 1) o)
j=L2,...,n,

where i is the number of particles; j is the dimension of
the problem; v; ; (¢) is the velocity of the i-th particle in the
j-th dimension; w is the inertia weight; ¢, and ¢, are the
cognitive learning factor and the social learning factor,
respectively; and r, and r, are random numbers between
0 and 1.

Under a given capacity configuration, the SQP algorithm is
used to solve the optimal operation problem under the con-
ditions of the pumped storage power station meeting operating
power constraints, upper reservoir capacity constraints, and
water inflow and outflow constraints, so as to achieve the
optimization goal of maximizing system revenue [22].

For pumped storage power plants to meet the operating
power constraints, upper reservoir capacity constraints, and
water inflow and outflow constraints, the approximate so-
lution under certain conditions is used as the optimization
objective, and a group of QP subproblems under the con-
straints of close proximity in the linear case is constructed at
the initial iteration point. Determine the search step size
according to its iterative direction, and iterate repeatedly
through the subproblems to find the operating mode of the
system with the maximum profit. The process of solving the
two-layer optimization model based on LDIW and SQP is
shown in Figure 3.

10. Case Analysis

The historical data of a pumped storage power station in
northern China is used in this article. Combined with the
wind and photovoltaic power generation data in the region,
a new energy-pumped storage joint system low-carbon
economic operation simulation model is established.
According to load demand and weather data, 850 kW wind
turbines and 0.2 kW/piece photovoltaic cells were selected.
Typical daily wind power and photovoltaic output curves are
shown in Figure 4, and peak-valley time-of-use electricity
price curves are shown in Figure 5.

The equipment cost and life cycle of the new energy-
pumped storage combined system are shown in Table 1. In
addition, the investment costs of photovoltaic cells, pumped
storage power stations, and upper reservoir follow the scale
effect. When the equipment production reaches a certain
level, due to the organic combination of production factors,
the equipment production cost decreases. The scale effect
curve is shown in Figure 6.

In order to verify the effectiveness of the proposed
model, the following two scenarios are set up in this article
for comparative analysis.
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Scenario 1: there is no pumped storage power station,
with independent operation of wind power and photovoltaic
power.

Scenario 2: there is a pumped storage power station, and
a new energy-pumped storage joint system is adopted for
low-carbon economic operation.

Via the equipment cost and life cycle of the new energy-
pumped storage combined system in Table 1 and the in-
vestment cost scale effect curve in Figure 7, scenarios 1 and 2
are solved, respectively, and the optimized configuration
scheme is shown in Table 2.

It can be seen that the capacity configuration of pho-
tovoltaic and wind power generation has been significantly
changed by the new energy-pumped storage combined low-
carbon economic operation mode, which in turn affects the
economics of the system.

Figure 7 shows the load curves in the two scenarios.
Scenario 1 is a typical daily load curve, and the peak-to-
valley difference is large. The load curve of scenario 2 tends
to be smooth. It can be seen that the new energy-pumped
storage combined low-carbon economic operation strategy
effectively suppresses load fluctuations and achieves peak
shaving and valley filling.

According to Figure 4, the output of wind power and
photovoltaic power generation of the new energy-pumped
storage combined system is given. Starting at 06:00, photo-
voltaics began to produce electric energy. At this time, the
output of the wind turbines gradually decreased. At 12: 30, the
output of photovoltaics reached the peak value and continued
until 19:00 when the photovoltaics stopped generating elec-
tricity. At this time, the output of the wind turbines began to
increase. Renewable energy consumption capacity is shown in
Figure 8. It can be seen that after adopting the low-carbon
economic operation mode of the new energy-pumped storage
combined system, the margin of wind power generation output
has been shifted, and more than 95% of wind power and
photovoltaic power generation have been consumed.

In order to measure the superiority of the two-layer
optimization model solution method based on linearly
decreasing inertia weight and sequential quadratic pro-
gramming method proposed in this paper, under the same
scale, traditional particle swarm optimization (PSO) and
genetic algorithm (GA) are used to solve the two-layer
optimization model. The optimization model is solved many
times to obtain the optimal solution. The algorithm pa-
rameter settings are shown in Table 3.

For the total input cost recovery period RY and its
calculation time t, the comparison of the three algorithms is
shown in Table 4.

It can be seen that the GA algorithm has the longest total
investment cost recovery period and the worst optimization
effect. The optimization result of PSO algorithm is close to
that of LDIW, but the calculation time is the longest.
Therefore, the optimization result of the LDIW algorithm is
significantly better than those of the other two algorithms,
and the calculation time is the fastest. The LDIW algorithm
is used to solve the effectiveness of the upper model of the
low-carbon economic double-layer optimization model of
the new energy-pumped storage system.
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TaBLE 1: Temperature and wildlife count in the three areas covered by the study.

Equipment Investment cost Operation and maintenance cost Replacement cost Life cycle
(yuan) (yuan/year) (yuan) (years)
Wind turbine/unit 6321235 632120 6321235 10
Photovoltaics/unit 1150 11.5 1150 15
Upper reservoir/m’ 1370 13.7 / 25

Reversible water pump-turbine
generator set/kW 2000 20 2000 15




Mathematical Problems in Engineering 11
number of photovoltaics (10*Piece)
0 2 4 6 8 10
T T T T T T
2000 - m B
1800 - i
E)
=]
Z 1600 - .
3
-
a,
£ 1400 - .
1200 + B
1000 L L
0 2 4 6 8 10
pumped storage power station capacity (10*kW-h)
—m— Upper Reservoir
—e— Pumped storage power station
—4— Photovoltaic
FIGURE 6: Investment cost scale effect curve.
T T T T
600 | .
~ 450 |- _
z
2
5
z
[}
=300 | B
150 - B
1 1 1 1
0 6 12 18 24
time (h)
—m— scene 1
—o— scene 2
FIGURE 7: Load curve in two scenarios.
TaBLE 2: Capacity configuration schemes in two scenarios.
Configuration Scene 1 Scene 2
The capacity of the upper reservoir of the pumped storage power station can be generated (kW-h) / 5200
Installed capacity of pumped storage power station (kW) / 1500
Number of photovoltaic power station cells/piece 453211 295467
Wind turbine/set 207 67
Upper objective function (years) 14.61 10.31
Lower objective function (ten thousand yuan) 166.06 420.96
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TaBLE 3: Algorithm parameter setting.
Algorithm Parameter
Population Number of Learnine factor Maximum inertia Minimum inertia /
LDIW size iterations 8 weight weight
10 30 2 0.9 0.4 /
Population Number of . . .
PSO size iterations Learning factor Inertia weight / /
10 30 2 0.5 / /
Population Number of Individual Generation ga Crossover probabilit Mutation
GA size iterations length gap b Y probability
10 30 20 0.9 0.7 0.01
TaBLE.4: Comparison of algorithm results.
Algorithm RY/year t/s
LDIW 10.31 107688
PSO 10.89 129855
GA 11.53 120632

11. Conclusions

In the context of a high proportion of renewable energy
connected to the power system, a new energy-pumped
storage combined system model consisting of wind power,
photovoltaic power, and pumped storage power stations has
been established. Combined with the carbon quota trading
mechanism, a new energy-pumped storage combined sys-
tem low-carbon economy double-layer optimization model
is proposed. Finally, based on the historical data of a pumped
storage power station in northern China, the proposed
method was simulated and verified, and the following
conclusions were obtained:

(1) The carbon trading mechanism is introduced, with
investment costs and system revenue as the upper
and lower optimization targets, the optimization of

capacity allocation and operation are combined, and
the economy of the system is effectively improved.

(2) A new energy-pumped storage joint operation
method is proposed to make the originally fluctu-
ating wind and photovoltaic power generation a
stable and dispatchable multisource energy storage
system, load fluctuations are smoothed, and peak
shifting and valley shifting are realized.

(3) The phenomenon of abandoning wind and light in
the system is alleviated, and the ability to absorb
renewable energy is effectively improved.

Data Availability

The datasets generated for this study are available on request
to the corresponding author.
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