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The linkage, coordination, and complementary cooperation of energy supply can
improve the efficiency of transportation and utilization. At present, the level of
new energy consumption needs to be improved, the coordination of the source
network load storage link is insufficient, and the insufficient complementarity of
various types of power sources in the power system. This article fully explores the
differences and complementarities of various types of wind-solar-hydro-
thermal-storage power sources, a hierarchical environmental and economic
dispatch model for the power system has been established. Among them, the
upper level model takes the flexible consumption of new energy as the
optimization goal, the middle level model uses a combination of hydropower
station and energy storage to minimizes the fluctuation variance and peak-to-
valley difference of the net load curve, the lower level model aims to achieve
optimal environmental and economic benefits of the power system,
comprehensively considers the coal consumption cost, startup and shutdown
cost, energy storage operation cost, and pollutant emissions of thermal power
units, determines the startup and shutdown mode and output power of thermal
power units. Finally, an improved IEEE 6-machine 30-node system is used as an
example for simulation analysis, the results show that after applying the proposed
hierarchical environmental and economic dispatch strategy of the power system,
the fluctuation variance and the peak-to-valley difference of the net load curve
have been reduced by 46.3% and 31.5%, respectively, and the environmental and
economic benefits of the system is improved by 5.1% compared with the
traditional economic dispatch strategy. It can meet the requirements of
energy system cleaning and decarbonization while improving the operation
economy, which verifies the effectiveness of the proposed environmental
economic dispatch model.
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1 Introduction

With the proposal of the national “30·60″dual carbon targets (Guo
et al., 2022; Zhou et al., 2022), the continuous promoting of the
industrial and energy structure adjustment, the advocacy of green,
environmentally friendly, and low-carbon lifestyles, as well as the
acceleration construction of the new type power system featuring
new energy (Wang et al., 2019; Hu et al., 2021; Wang et al., 2022),
have pointed out the direction for the development of the energy and
power industry. However, since the new energy possesses the
characteristics of randomness, fluctuation, and intermittency (Teleke
et al., 2010; Da Cunha et al., 2021; Yang et al., 2022), its large-scale and
high proportion of access has posed great threat on the operational
economy and power supply reliability of the power system (Yin et al.,
2019). At present, the urgent need on the improvement of the new
energy consumption rate, the source-grid-load-storage link
coordination, and the complementarity of various types of power
sources is becoming increasingly prominent. It is of great
significance to fully explore and optimize the flexible adjustment
ability of multiple types of resources, and promote the
transformation of the power balance mode from the traditional
“source changes according to load, load changes according to power
grid” to the “source-grid-load-storage multiple coordinated scheduling
system”, thus promoting the mutual assistance of various types of
energy sources (Gong and Wang, 2021), improving the consumption
rate of new energy and the economic operation of the power system.

At present, scholars from home and abroad have conducted in-
depth and extensive research on the joint optimization scheduling
strategy of power system involving clean energy sources such as
wind, solar and hydro. Literature (Wang et al., 2013) considers the
nature of wind, hydro and thermal power, and establishes a multi-
objective optimization model for the coordinated scheduling of
wind-hydro-thermal power systems with the goal of improving
the consumption rate of new energy, reducing system operating
costs, and improving the stability of thermal generators, but does not
take into account the effect of the network cross-section power limit
on the consumption of renewable energy. Literature (Wang et al.,
2023) in order to address the issues of randomness and volatility
caused by the high integration of renewable energy into the grid,
focuses on the wind-solar-hydro energy storage joint optimal
scheduling strategy of a new power system using an improved
particle swarm optimization algorithm to enhance renewable
energy utilization. Literature (Gejirifu et al., 2022; Gu et al.,
2022) take the lowest comprehensive operation cost and the
largest amount of new energy consumption as the objective
function, and establish a joint scheduling model to realize the
multi-energy complementary operation of the wind-photovoltaic-
thermal-energy storage system. Literature (Liantao et al., 2021) takes
the maximum economic benefits of hybrid energy system as the
objective function, builds a day-ahead scheduling optimization
strategy for power systems with pumped storage, wind power,
photovoltaic and thermal-electricity units, aims at reducing
pollution control costs and improving the output capacity and
stability of thermal power units. Literature (Espinosa-Juárez
et al., 2020) considers wind power, photovoltaic power output
forecasting, and load demand forecasting, and proposes a multi-
objective environmental and economic dispatch strategy for power
systems with new energy and storage systems, effectively reducing

the power generation cost and pollutant emissions of traditional
thermal power units. Literature (Jiang et al., 2022) considers factors
such as system rotation reserve and network loss, and transforms the
multi-objective dynamic environmental economic dispatch problem
of wind-solar connected power systems into a single objective
optimization problem by introducing normalization coefficients,
reducing power generation costs and pollution emissions. The
above studies have realized the joint optimal scheduling of the
power system by selecting several power sources to form a
hybrid power system, but the types of power sources are small,
usually containing only three or four types of power sources, and
there are few hybrid systems containing five types of power sources
or more, which fail to comprehensively cover all the resources of the
hybrid power system.

In addition, the joint optimal scheduling of new power systems
containing renewable energy sources at home and abroad usually
focuses on economic scheduling. Literature (Sheng and Zhang,
2016) establishes a multi-objective optimization model for the
coordinated scheduling of wind-hydro-thermal power systems with
the goal of improving the consumption rate of new energy, reducing
system operating costs, and improving the stability of thermal power
units. Literature (Li et al., 2020) proposes a scheduling strategy for
integrating wind-solar-storage system to smooth the load curve and
suppress load fluctuations by introducing a multi-objective function.
Literature (Peng et al., 2016) in order to deal with the uncertainty of
large-scale intermittent power supply, a flexible robust optimization
with adjustable uncertainty budget dispatch model is built for hybrid
power system to achieve coordination between reliability and economy.
Literature (Efecik and Wang, 2023) constructs the objective function
based on the minimum dispatching cost of the generators within the
grid, and proposes an economic dispatch model for an energy storage
system integrated into amodern power grid to improve the grid stability
while reducing costs. Literature (Lu et al., 2020) proposes dynamic
economic dispatch strategy with optimal transmission switching for
wind integrated power systems to improve wind power consumption
and reduce system operating costs. Literature (Bai et al., 2011) studies
the economic benefits brought by the energy conversion of wind, PV
and small hydro power, and the environmental benefits of energy saving
and emission reduction brought by the development of clean energy.
However, the traditional joint dispatch of power systems usually focuses
on economic efficiency as the optimization objective, with less
consideration of the impact of pollutants such as SO2 and NOx

emissions on the natural ecological environment (Dong et al., 2009;
Geng et al., 2015; Manojkumar and Singh, 2018), and is unable to meet
the requirements of energy system cleanliness and low-carbon goal.

In response to the above problems, based on the analysis of the
complementary characteristics of wind-solar-hydro-thermal-
storage multi-source economy, this article establishes a
hierarchical environmental economic dispatch model for the
power system with the goal of achieving the highest consumption
rate of new energy, minimizing net load fluctuations, system
operating costs, and pollutant emissions (Van Hong et al., 2021).
Simulation analysis is conducted on an improved IEEE 6-machine
30-node system. The results show that the scheduling strategy can
effectively improve the level of flexible consumption of new energy,
meanwhile minimizing the fluctuation and peak valley difference of
the net load curve, maximizing environmental and
economic benefits.
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2 Analysis of the complimentary feature
of wind-solar-hydro-thermal-storage
multiple sources

Figure 1 shows the structure of a wind-solar-hydro-thermal-
storage multi-source complementary power system, which is
composed of conventional units (thermal power units,
hydropower units, etc.), new energy units (photovoltaic power
plants, wind farms, etc.), energy storage systems, and loads. The
system operates collaboratively and various types of power sources
are complementary.

Wind power is currently the most economical and mature new
energy generation technology. The prediction of power generation is
relatively mature, with a small probability of significant fluctuations
in the minute level time scale, while time scales above the hour level
have significant volatility. The output of wind power is usually
related to the wind speed, and the fluctuation in each wind farm
usually has prominent time shift characteristics due to different
installation locations, joint scheduling of various wind farms can
effectively smooth the output power and improve the level of wind
power consumption.

The variation of wind power output and photovoltaic power
output has a natural complementary characteristic in time scale.
Wind farms typically have lower output during the day and higher
output at night, which is highly complementary to solar power that
operate normally during the day. In clear weather, the output of the
solar power increases, while the wind power is relatively small. Vice
versa, during cloudy and rainy weather, the solar power output
decreases, while the wind increases. Joint scheduling of wind farms
and solar power stations can effectively improve the reliability of
power supply.

China has rich reserves of hydraulic resources, but due to the
significant monsoon climate, the distribution of runoff time in most
rivers is uneven, showing a characteristic of more in summer and
autumn, and less in winter and spring. The overall seasonal
characteristics of wind power output in China are high in winter
and spring, and low in summer and autumn, the output of wind
power and hydropower also have natural complementary
characteristics in terms of time. At the same time, hydropower
units start and stop quickly and have fast regulation speed. If the
hydropower station and wind farm are combined for operation, it
can not only smooth the integrated output of wind and solar power
to a certain extent, but also improve the peak shaving capacity of
hydropower.

As a stable power source, thermal power units are the main
source of China’s electricity supply, with the advantages of being
unaffected by natural conditions and high controllability of output.
They can suppress the randomness and fluctuation of new energy
through start-stop peak shaving and output peak shaving, and play
an inertial supporting role in power scheduling considering the
complementary characteristics of new energy. Thermal power
undertakes the tasks of base load, frequency regulation, peak
shaving, and backup.

The energy storage system has fast response speed, large peak
shaving amplitude, and strong power throughput ability due to its
power transferring ability. It fully utilizes the fast charging and
discharging characteristics to achieve “peak shaving and valley
filling”, reducing the load peak valley difference, avoiding

frequent startup and shutdown of thermal power units or long-
term operation in deep peak shaving state, improving the
consumption rate of new energy and the safety and economy of
power system.

In summary, although significant difference exists in the
operating characteristics of various types of power sources, they
have strong complementarity. By coordinating and interacting with
the source, grid, load and storage, and complementing various types
of sources, reasonable arrangements for the joint optimization of the
power system operation will bring about significant environmental
and economic benefits.

3Hierarchical environmental economic
dispatching model for power systems

Based on the above analysis of the wind-solar-hydro-thermal-
storage multi-source complementary characteristics, considering
power balance constraints, reserve capacity constraints, and
related constraints on the operation of various energy sources, a
hierarchical environmental economic dispatching model of the
power system is established with the goal of achieving the highest
consumption rate of new energy, minimizing net load fluctuation,
system operating costs, and pollutant emissions. Based on the
differences and complementarities in multi-type power sources,
the principles and objectives of the hierarchical environmental
economic dispatching strategy are: wind-solar power integrated
generation, priority scheduling, full consumption, and improving
the level of new energy consumption. To cope with the randomness,
intermittency and anti-peak shaving characteristics of wind and
solar integrated output, and to avoid frequent start and stop or long-
term operation of the thermal power unit in deep peak shaving state,
the net load curve is smoothed by adjusting the output of the
hydropower station and the charging and discharging status of
the energy storage devices, so as to minimize the fluctuation of
the net load curve. Assuming that the operating costs of wind farms,
solar power stations, and hydropower stations are zero, taking into
account the coal consumption cost, startup and shutdown cost,
energy storage system operating cost, and pollutant emissions of
thermal power units, the startup and shutdown mode and output
size of thermal power units are determined to maximize the
environmental and economic benefits. The hierarchical
environmental and economic dispatching strategy for power
systems is shown in Figure 2.

3.1 Objective function

3.1.1 Minimum wind and sola abandonment rates
In the upper level model, wind-solar power integrated

generation, priority scheduling, full consumption, and improving
the level of new energy consumption.

σwind � 0
σPV � 0

{ (1)

As shown in Eq. 1, σwind and σPV are wind power abandonment rate
and solar power abandonment rate respectively.
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3.1.2 Minimum of the net load fluctuation
In the middle level model, in order to cope with the

randomness, intermittency and anti-peak shaving
characteristics of wind and solar integrated output, the net
load curve is smoothed by adjusting the output of the
hydropower station and the charging and discharging status of
the energy storage devices, and the fluctuating variance F1 of the
net load curve is shown in Eq. 2.

minF1 � 1
T
∑T
t�1

Pglt − Pglt,av( )2

Pglt,av � 1
T
∑T
t�1
Pglt

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
(2)

Where, T is the dispatching period, Pglt is the net load during t
period, Pglt,av is the average of the net load.

3.1.3 Minimum of the system operating cost and
pollutant emissions

In the lower level model, the system operation cost FC includes
the coal consumption cost fmh of thermal power units, the startup
and shutdown cost fqt of thermal power units, and the operation

cost fsc of the energy storage system. The system operating costs FC

and pollutant emissions FE are shown in Eq. 3.

minFC � fmh + fqt + fsc

minFE � ∑T
t�1
∑NG

i�1
uit αiP2

it + βiPit + γi( )
fmh � ∑T

t�1
∑NG

i�1
uit aiP2

it + biPit + ci( )
fqt � ∑T

t�1
∑NG

i�1
Situit 1 − ui t−1( )( )

fsc � ∑T
t�1
csc Pc

St + Pd
St( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

Where, NG is the number of thermal units; Pit is the output of unit i
in t time; αi、 βi、 γi are emission coefficients of unit i; ai、 bi、 ci
are cost coefficients of unit i; Sit is startup cost of unit i in t time; uit is
the startup-shutdown status of unit i in t time, uit � 1 means startup
status, uit � 0 detonates shutdown status; csc is cost coefficient of
energy storage system; Pc

St、Pd
St are charging and discharging power

of energy storage system in t time.
Since the inherent conflict between minimizing system operating

costs and pollutant emissions in Eq. 3, these two objective functions

FIGURE 1
Structure of the new-type power system.
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cannot be minimized simultaneously. Generally speaking, multiple
objective functions can be transformed into a single objective
function problem by assigning different weights to each function
using the weighted coefficient method (Liang et al., 2019).

minF2 � ωFC + 1 − ω( )ψiFE

ψi �
aiP2

imax + biPimax + ci
αiP2

imax + βiPimax + γi

⎧⎪⎪⎨⎪⎪⎩ (4)

As shown in Eq. 4, F2 is an indicator for evaluating the
environmental and economic benefits of the power system. ω is
the compromise factor, 0≤ω≤ 1; ψi is the ratio of maximum coal
consumption cost and maximum emission.

3.2 Constraints

3.2.1 Power balance constraints

∑NG

i�1
Pit + ∑NW

j�1
Pwind
jt +∑NP

k�1
PPV
kt +∑NH

h�1
Phydro
ht + PSt � Pload

t (5)

As shown in Eq. 5, Pwind
jt is the actual output of wind farm j in t time,

NW is the number of wind farms; PPV
kt is the actual output of solar

power station k in t time, NP is the number of solar power stations;
Phydro
ht is the actual output of hydropower plant h in t time, NH is the

number of hydropower station; PSt is the charging power of energy
storage device in t time, PSt < 0 means charging, PSt > 0 means
discharging; Pload

t is the load in t time. In this paper, network losses
and network constraints are not considered, and the system is
considered to be capable of accepting a certain percentage of
wind and solar fully into the grid.

3.2.2 Reserve capacity constraints

∑NG

i�1
uit Pimax − Pit( ) +∑NH

h�1
Phydro
hmax − Phydro

ht( ) + Pd
Smax − PSt( )≥ klP

load
t

+ kw∑NW

j�1
Pwind
jt + kPV∑NP

k�1
PPV
kt

(6)
As shown in Eq. 6, Pwind

jt is the maximum output of hydropower
plant h; Pd

Smax is the maximum discharging power of energy storage
device; kl, kw kPV are fluctuation coefficients of load, wind power,
and solar power respectively, taking 10%, 15%, and 15%. The reserve
capacity of the system is required to meet the fluctuations of wind
power, solar power, and load.

3.2.3 Thermal units upper and lower output
constraint

uitPimin ≤Pit ≤ uitPimax (7)
As shown in Eq. 7, Pimax and Pimin are the upper and lower output of
thermal unit i.

3.2.4 Thermal units climbing rate constraint

−ri,down ≤Pit − Pi t−1( ) ≤ ri,up (8)

As shown in Eq. 8, ri,up and ri,down are maximum and minimum
climbing rate of thermal unit i. The output range constraint of
thermal unit i is adjusted to Eq. 9:

max Pi t−1( ) − ri,down, uitPimin( )≤Pit ≤ min Pi t−1( ) + ri,up, uitPimax( )
(9)

3.2.5 Thermal units minimum startup shutdown
time constraint

∑t+Ton
imin−1

k�t
uik ≥Ton

imin uit − ui t−1( )( )
∑t+Toff
imin−1

k�t
1 − uik( )≥Toff

imin ui t−1( ) − uit( )

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
(10)

As shown in Eq. 10, Ton
imin and Toff

imin are the consecutive minimum
startup and shutdown time of thermal unit i.

3.2.6 Wind farm output constraint

0≤Pwind
jt ≤Pwind

jtmax (11)

As shown in Eq. 11, Pwind
jtmax is the maximum output of wind farm j

in t time.

3.2.7 Solar power station output constraint

0≤PPV
kt ≤PPV

ktmax (12)
As shown in Eq. 12, PPV

ktmax is the maximum output of solar power
station k in t time.

3.2.8 Hydropower plant output constraint
Adjustable hydropower plants usually undertake the comprehensive

utilization tasks of power generation, flood control, breeding, water
supply and so on, in order to ensure the overall social and ecological
benefits, it is necessary to arrange the amount of water used for power
generation according to the requirements of the reservoir scheduling
department. Therefore, in this paper, the water use for power generation
allocated by the reservoir dispatch department is used in the constraints
as the upper and lower limits of the daily flow integral (Wang et al.,
2013). The hydropower plant can ensure the lowest amount of water
abandoned in the range of daily flow integral while satisfying the
maximum technical output constraint, as shown in Eq. 13.

0≤Phydro
ht ≤Phydro

hmax

Phydro
ht � AηhQhtHht

Qhmin ≤∫T

t�1Qhtdt≤Qhmax

⎧⎪⎪⎨⎪⎪⎩ (13)

Where, A is hydro-electric conversion constant, usually taken as
9.81; ηh is hydropower conversion efficiency of hydropower plant h;
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Hht is the water head height in t time; Qht is the power generation
water consumption per unit time of hydropower plant h in t time;
Qhmin and Qhmax are maximum and minimum allocated water
consumption of hydropower plant h in t time.

3.2.9 Energy storage system charging and
discharging constraints

Pc
Smin ≤Pc

St ≤Pc
Smax

Pd
Smin ≤Pd

St ≤P
d
Smax

{ (14)

As shown in Eq. 14, Pc
Smax and Pd

Smax are maximum charging and
discharging power of energy storage system, Pc

Smin and Pd
Smin are

minimum charging and discharging power of energy storage system.

3.2.10 Energy storage system SCO constraints
The energy storage system should satisfy the charging and

discharging power constraints along with the upper and lower

limit constraints on the state of charge (SOC) of the energy
storage system, the output depends on the SOC and charging and
discharging behaviors of the previous moment, and the value of
the SOC of the energy storage system at the end of the scheduling
cycle should be the same as the initial moment, as shown in
Eq. 15.

SOCmin ≤ SOCt ≤ SOCmax

SOCt � SOC t−1( ) + Pc
Stηc − Pd

St/ηd( ) ×Δt
SOC0 � SOCT

⎧⎪⎨⎪⎩ (15)

Where, SOCt is the remaining electricity of the energy storage
system in t time; SOCmin and SOCmax are minimum remaining
electricity and remaining electricity of the energy storage system
respectively; ηc and ηd are charging and discharging efficiency of the
energy storage system respectively; Δt is the duration of time t; SOC0

and SOCT are remaining electricity at the start and end times of the
energy storage system scheduling cycle respectively.

4 Simulation analysis

4.1 Basic data and parameters

To verify the effectiveness of the hierarchical environmental and
economic dispatching model proposed in this article, an improved
IEEE 6-machine-30-nodes system is used for simulation analysis,
including six thermal units, two wind farms, one solar power station,
one hydropower plant, and two sets of lead-acid batteries.

The scheduling period in this article is set to 24 h, with each hour
as a scheduling period. The wind farm is a large-scale centralized one
composed of multiple wind turbines. The installed capacity of wind
farm one is 500 MW, wind farm two is 270 MW, and solar power
station is 150 MW. The predicted output of a typical daily wind farm
and solar power station can be found in reference (Xiong et al.,
2013), and the predicted load values can be found in reference (Ting
et al., 2006).

The cost and emission coefficient of thermal units are shown
in Table 1 (Luo et al., 2014; Yin et al., 2019). The adjustment
range of the output of a hydro-electric unit within a certain
period can directly reach the maximum output from the
shutdown state, without considering the constraints of
climbing speed and minimum startup/shutdown time. The
assembled capacity of the hydro-electric motor is 200 MW,
relevant parameters can be found in reference (Wang et al.,
2013). As a relatively mature electrochemical energy storage
technology, lead-acid batteries have the advantages of low cost
and reliable safety. However, the operating and maintenance
costs are relatively high. At the same time, it is necessary to avoid
a decrease in the usable capacity of lead-acid batteries caused by
deep discharge. The operating and maintenance cost of lead-acid
batteries is 7 $/MW, relevant parameters can be found in
reference (Liantao et al., 2021).

The hierarchical environmental and economic dispatching of
power systems based on the complementary combination of
multiple sources belongs to a high latitude, multi-objective, and
nonlinear optimization problem. Therefore, the MATLAB platform
and YALMIP + GRUOBI kit are used to solve and determine the
strategy with the highest environmental and economic benefits.

FIGURE 2
Hierarchical environmental and economic dispatching strategy
for power systems.
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4.2 Simulation results and analysis

According to the hierarchical environmental and economic
dispatching model and relevant basic data and parameters, in the
upper model, the time shift characteristics of wind power output and
the complementary characteristics of wind farm and solar power
station output are fully utilized. The wind power and solar power
station complement each other to achieve integrated output, priority
scheduling, full consumption, and improve the flexible consumption
rate of new energy. The load values and predicted output of wind
and solar power at each period are shown in Figure 3.

Due to the fluctuation and anti-peak shaving characteristics of
the integrated output of wind-solar power, the fluctuation and peak
valley difference of the net load curve will be large, which will cause
frequent startup and shutdown of thermal units or its long-term
operation in deep peak shaving state. In middle model, the net load
curve is smoothed by flexibly adjusting the output of the

hydropower and the charging and discharging status of the lead
battery. The optimized scheduling curves for the four scenarios are
shown in Figures 4–6.

Scenario 1: Hydropower plants and lead-acid batteries are not
involved in net load balancing.

Scenario 2: Hydropower plants participate in net load
balancing only.

Scenario 3: Lead acid batteries participate in net load
balancing only.

Scenario 4: Hydropower and lead-acid batteries jointly
participate in net load balancing.

Comparative analysis of different scenarios through Table 2 and
Figure 7, scenario one hydropower station and lead battery are not
involved in the net load smoothing, the load fluctuation variance is
73286, load peak-to-valley difference is 875 MW. Although it can
improve the level of new energy flexible consumption and save the
hydropower station and lead battery operating costs at the same

TABLE 1 Thermal units parameters.

Unit ai/
($/MW2)

bi/
($/MW)

ci/
$

Pmin/
MW

Pmax/
MW

ru/
(MW/min)

rd/
(MW/min)

αi/
(kg/MW2)

βi/
(kg/MW)

γi/kg

G1 0.00275 9.6 130 50 350 2.3 2.3 0.0046 −0.51 42.9

G2 0.00295 12.2 110 50 240 4.5 4.5 0.0068 −0.55 40.267

G3 0.00225 13.7 120 80 200 8.2 8.2 0.0042 0.33 13.86

G4 0.00334 11.5 110 50 250 4.6 4.6 0.0068 −0.55 40.267

G5 0.00450 9.5 120 50 350 2.7 2.7 0.0046 −0.51 42.9

G6 0.00215 12.6 100 50 230 7.9 7.9 0.0042 0.33 13.86

FIGURE 3
Predicted values of load and output power of wind farms and photovoltaic power plants.
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time, due to the integration of wind and solar output of random
volatility and anti-peak characteristics of significant, large load
fluctuation variance and peak-to-valley difference will cause
thermal power units to frequently start and stop or long time

running in the depth of the peaking state, which is not
conducive to the economic operation of the power system.

Scenario two hydropower station participates in net load
smoothing, it can reduce the load fluctuation variance and load

FIGURE 4
Participation of hydropower stations in net load stabilization.

FIGURE 5
Participation of Lead–acid battery in net load stabilization.
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peak-to-valley difference to a certain extent, in which the load
fluctuation variance is 35611 and the load peak-to-valley
difference is 675 MW. Compared with Scenario 1, the load
fluctuation variance is reduced by 37675, and the peak-to-valley
difference of the load is reduced by 200 MW. Although the
hydropower units have the characteristics of both rapid start-stop
and fast regulation speeds, which can effectively deal with the anti-
peak characteristics of wind and solar integrated output and thus
reduce the fluctuation variance of load, the capacity of hydropower
station to “fill in the valley” is insufficient, and the load peak-to-
valley difference is still large after smoothing.

Scenario 3 lead battery participates in net load smoothing, load
fluctuation variance and load peak-to-valley difference can be
effectively reduced by flexibly adjusting the charging and
discharging state of lead battery, in which the load fluctuation
variance is 49373, and the load peak-valley difference is 635 MW.
Compared with Scenario 2, due to the significant role of lead
battery in “peak shaving and valley filling”, the peak regulation
amplitude is large, the power throughput capacity is strong, and
the load peak-to-valley difference is reduced by 5.9%. But due to
the capacity of lead battery, its ability to reduce the load fluctuation
variance is limited, the load fluctuation variance is increased by
38.6%, and the load fluctuation variance is still large
after smoothing.

In summary, when hydropower station and lead battery are
involved in net load smoothing respectively, although both can
smooth the integrated wind and solar power output to a certain
extent, they are unable to significantly reduce the load fluctuation
variance and load peak-to-valley difference due to the large
differences in their operating characteristics.

Scenario 4 hydropower station and lead battery jointly
participate in net load smoothing, the complementary advantages
of the hydropower station and lead battery can be fully exploited,
and the ability to reduce the load fluctuation variance and load peak-
to-valley difference is significant, in which the load fluctuation
variance is 19125 and the load peak-to-valley difference is
435 MW, which is reduced by 46.3% and 31.5% compared with
Scenario 2 and Scenario 3, respectively. Therefore, by
complementing various types of energy sources, the net load
curve is smoothed by adjusting the output of the hydropower
station and the charging and discharging status of the lead
battery, thus minimizing the volatility of the net load curve.

As shown in Figure 6, the net load curve after smoothing is
generally stable, with periods 1-8 being the valley and 16–21 being
the peak. This can effectively avoid frequent startup and shutdown
of thermal units or long-term operation in deep peak shaving state,
so as to maintain the output of each unit as stable as possible and
improve the operating efficiency. In the lower model, considering

FIGURE 6
Hydropower station and Lead–acid battery jointly participate in net load stabilization.

TABLE 2 Simulation results for different scenarios.

Evaluating indicator Scenario 1 Scenario 2 Scenario 3 Scenario 4

Fluctuation variance 73286 35611 49373 19125

Peak-valley difference/MW 875 675 635 435
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the coal consumption cost, startup and shutdown cost, energy
storage system operation cost, and pollutant emissions of thermal
units, the startup and shutdown mode and output size of thermal
power units are determined with the objective functions of the
lowest system operation cost, pollutant emissions, and the highest
environmental and economic benefits. The simulation results of
different scheduling strategies are shown in Table 3.

By comparing and analyzing the simulation results of different
scheduling strategies in Table 3, it is clear that economic and
environmental dispatching strategies can both minimize the
system operating cost and pollutant emissions (Bedrinana et al.,
2007; Chansareewittaya, 2018), with a minimum operating cost of
174040 $ and a minimum pollutant emission of 8454.3 kg
respectively. According to the characteristics of the operating
mode of thermal units, minimizing system operating cost and
pollutant emissions are fundamentally conflicting, namely,
minimizing one evaluation indicator is inevitably at the expense
of sacrificing the other. Although economic dispatching can
minimize system operating cost, pollutant emissions will
significantly increase, compared with environmental dispatching
pollutant emissions increased by 6083.7 kg, failing to meet the
requirements of system cleanliness and low-carbon. Similarly,

although environmental dispatching can minimize pollutant
emissions, the system operating costs will increase by 17250 $
compared to the economic dispatching, which does not meet the
requirements of the power system operating economics. Therefore,
these two objective functions of the system cannot be minimized
simultaneously. In the environmental and economic dispatching
strategy, different weights (compromise factor ω = 0.7) are
assigned to the system operating cost and pollutant emissions
through the weighted coefficient method, which are combined and
transformed into a single objective function problem to maximize
the environmental and economic benefits. The startup and
shutdown modes and output sizes of thermal units in the
environmental and economic dispatching strategy are shown in
Figures 8, 9.

From Figures 8, 9, it can be seen that thermal units G1, G4, and
G5 are always in operation during the dispatching period, thermal
unit G2 is in operation during the 9–24 period, and thermal units G3

and G6, as cold standby units, stop operating during the dispatching
period. In environmental and economic dispatching, the overall
output of each thermal unit is stable, which can effectively avoid
frequent startup and shutdown of units or long-term operation in
deep peak shaving state, thereby improving the operational

FIGURE 7
Comparison of simulation results for different scenarios.

TABLE 3 Simulation results of different scheduling strategies.

Evaluating indicator Economic
dispatching

Environmental
dispatching

Environmental and economic
dispatching

System operating cost/$ 174040 191290 179430

Pollutant emissions/kg 14568 8454.3 9876.4

Environmental and economic
benefits

161690 159230 153460
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efficiency. The environmental and economic dispatching strategy
comprehensively considers the system operating cost and pollutant
emissions, reduces pollutant emissions with smaller system
operating cost, improving the cleanliness and low-carbon of the

system. The system operating cost is 179430 $, the pollutant
emissions is 9876.4 kg, and the environmental economic benefits
is 153460, which is 5.1% and 3.6% higher compared to the
traditional economic dispatching and environmental dispatching

FIGURE 8
Startup and shutdown mode of thermal units.

FIGURE 9
Output of thermal units.
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strategies, respectively. The system achieves the highest
environmental and economic benefits.

5 Conclusion

Based on the complementary characteristics of wind, solar,
hydro, thermal, and storage energy sources, a hierarchical
environmental and economic dispatching model for power
systems was established with the goals of achieving the highest
consumption rate of new energy, minimizing the net load
fluctuations, system operating cost, and pollutant emissions. An
improved IEEE 6-machine 30-node system was used as an example
for numerical analysis, and the results are shown below:

1) Fully tapping into the flexible regulation ability of multi-source
complementarity, wind and solar power complementarity,
priority scheduling, and full consumption can effectively
improve the consumption rate of new energy;

2) The joint participation of hydropower and lead-acid batteries
in net load balancing can effectively cope with the randomness,
intermittency and anti-peak shaving characteristics of wind-
solar integrated output, avoiding frequent startup and
shutdown or long-term operation of the thermal unit in
deep peak shaving state, the fluctuation variance of the net
load curve after smoothing is 19125, and the peak-to-valley
difference is 435 MW, which is 46.3% and 31.5% lower
compared to the participation of hydropower station and
lead battery in net load smoothing, respectively;

3) Through the weighted coefficient method to achieve the unity of
the two objective functions of system operating cost and
pollutant emissions, the startup and shutdown mode and the
output of thermal units can be determined. This can not only
meet the requirements of clean and low-carbon energy systems,
but also improve operational economy. The system operating
cost is 179430 $, and the pollutant emissions is 9876.4 kg, which
represents a 5.1% increase in environmental and economic
benefits compared to the traditional economic dispatch strategy.

Although this paper considers system power balance
constraints, system reserve capacity constraints, and constraints
related to the operation of various types of energy sources such
as wind, solar, hydro, thermal, and storage, it does not take into
account network losses and network constraints, and the system is
considered to be capable of accepting a certain percentage of wind
and solar fully into the grid. In the subsequent work, it is necessary to
consider the ultra-short-term prediction errors of loads and output
power of wind farms and photovoltaic power plants, and to study the
rolling intra-day optimal scheduling strategy for short time scales of
source-grid-load-storage.
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