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Abstract: Due to the insufficient consideration of medium and long-term wind power contract power
in short-term dispatch, long-term planning and real-time consumption of wind power cannot be
effectively undertaken, resulting in a large amount of abandoned wind power. A way to improve
the wind power absorption capacity has become an urgent problem to be studied. According to the
characteristics of the market and dispatching in the process of wind-fire integration construction, this
paper constructs a wind power consumption model that connects the mid- and long-term transaction
power decomposition and short-term dispatch. Considering the unit output characteristics and
maintenance, the monthly contract electricity is decomposed into daily electricity, and the nesting
of medium and long-term transactions and short-term scheduling is realized; the second stage is
a short-term multi-objective optimal scheduling model considering the decomposition of contract
electricity and the output of non-bidding units to improve the real-time consumption of wind power.
Finally, a province in northwest China is taken as an example to verify the effectiveness of the
proposed method.

Keywords: decomposition of medium and long-term traded electricity; short-term dispatch; connection
between market and dispatch; wind power consumption; integrated operation of wind power and
thermal power

1. Introduction

At present, China is in the process of optimizing its energy and power structure. Based
on the new concept of green development, China has become more and more concerned
about environmental protection. In August 2022, energy-related departments have issued
various policies to reduce carbon emissions [1]. The “Energy Production and Consumption
Revolution Strategy” proposes that by 2030, non-fossil energy will account for 20% of the
total energy consumption when the carbon emission level will reach the world average
level, and the carbon emission per unit of GDP will be reduced to 60% compared to 65% in
2005. The participation of new energy in the market can improve the economy of system
operation, and can also promote wind power consumption and reduce wind curtailment [2].
The results of Zhang C et al. [3] also show that with the participation of wind turbines,
the system performance has been improved to a certain extent, and the proposed DEMPC
strategy has high efficiency. Replacing fossil energy with renewable energy as the leading
energy source is indeed an effective measure to solve the problems of sustainable energy
supply and climate change. At present, the installed capacity of a series of clean energy
sources such as wind power has maintained rapid development. However, due to the
randomness and volatility of wind power output, the phenomenon of wind curtailment is
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relatively serious, which has brought huge resistance to the operation and development of
China’s power grid.

Based on the above background, in order to promote wind power consumption,
researchers have carried out a lot of research work and obtained a series of research results:
Algieri A et al. [4] are studying the basis of combined heat and power (CHP), adding wind
power and photovoltaic systems, which can not only meet the power demand and heat
demand of users, but also improve the adaptability of wind power and reduce pollutant
emissions. Based on the flexibility of the heat grid, Mu Y et al. [5] propose a scenario-based
optimal dispatch for the combined operation of wind farms and combined heat and power
(CHP) plants. The results show that the benefits of joint operation are not only improved,
but the cogeneration power plant in the joint system can compensate the fluctuation of
wind power output, promote the grid-connected consumption of wind power, and reduce
the penalty cost caused by the uncertainty of wind power. The utilization of new energy is
often combined with energy storage. For example, Zhang et al. [6] established a two-layer
optimization model according to the uncertainty of wind power output, and determined
the energy storage configuration capacity including wind power participation, so as to
maximize wind power consumption and minimize system operating costs. Hauer I et al. [7]
used the battery energy storage system (BESS) to improve the integration and optimal
utilization of wind energy, and reduce the unbalanced cost by about 37.5% while storing
the wind power abandoned by the wind; Li J et al. [8] found that in view of the problem
of insufficient peak regulation of the power system caused by severe wind curtailment
in the power grid during the heating period in the “Three North” regions of China, the
flexibility of the power system can be enhanced by configuring flexible loads to improve
the acceptance of wind power, which is important for wind power and high wind power.
The safe and stable operation of infiltration into the power grid is of great significance;
Chen Z and Simla T et al. [9,10] all combined the energy storage system with wind power
to reduce the uncertainty and volatility of wind power generation and achieve the optimal
consumption of wind power. These studies have made great contributions to the energy
storage equipment in China while reducing the amount of wind power abandoned. In
addition, wind power can also be dispatched jointly with other traditional energy sources.
Rong S et al. [11] established a coordinated dispatch method for a hybrid system of multiple
power sources, with the maximum additional wind consumption and the highest economic
benefit as the optimization goal, to realize additional wind power. In consideration of
consumption and maximization of economic benefits, Yang Y et al. [12] established a
two-layer nested model of the water and wind complementary system according to the
fluctuation characteristics of wind power in adjacent time intervals, so as to provide
instructions for daily power generation scheduling, reduce the impact of unit uncertainty
and improve adaptability to the uncertainty of wind power. Jiang T et al. [13] showed
that the joint dispatch mode realizes the synergistic effect of different energy resources
of co-thermal power plants, promotes wind power adaptation, and reduces fossil fuel
consumption. Xu J et al. [14] propose an isolated power grid driven by thermal power
and wind power, and build high-power-consuming enterprises in energy-intensive load
industrial areas to consume wind power on-site, effectively alleviate the problem of wind
abandonment, and correspondingly reduce the high power consumption cost of industrial
load production. Tan et al. [15] took a region in Xinjiang, China as an example, and
constructed a wind-fire joint dispatch optimization model under the carbon emission
trading mechanism to reasonably arrange thermal power generation and renewable energy
power generation. The entire model not only considers the spillover rate of renewable
energy; the impact of the dispatching system and a model for predicting the output of
renewable energy generation has also been developed. In this way, the model alleviates
the serious problem of power curtailment in the existing dispatching mode and helps to
achieve economical and low-carbon dispatching of the power system. In order to determine
the coordinated operation mechanism of the large-scale charging power system for electric
vehicles, and considering the characteristics of wind power that cannot be fully connected
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to the grid due to insufficient peak shaving capacity, Zhang et al. [16] established a new
type of power system such as economy, pollutant emission, and abandoned air volume.
Considering a system dynamic multi-objective scheduling model to optimize the output
of wind power and thermal power, Tan Q et al. [17] proposed a cost accounting model
that considers price fluctuations based on China’s carbon emissions trading and renewable
energy portfolio standards to explore carbon emissions trading and renewable energy. The
impact of combination standards on wind-solar-thermal power integrated dispatching
systems. These results can help dispatch departments evaluate the impact of carbon
emissions trading and renewable energy combination standards to optimize dispatch
strategies and provide guidance for decision makers to improve designs. Lu M et al. [18]
established a day-ahead optimal dispatch model for the power system combining wind
power-hydropower-heat pumped storage, which can improve the economic benefits of the
power system, reduce the number of start-up and stop of thermal power, and reduce the
fluctuation coefficient. Dong et al. [19] established a multi-objective and multi-constraint
optimal scheduling model for the wind-water-thermal power generation system based
on the characteristics of the integrated energy coordination control of wind, water and
fire, which not only effectively solved the nonlinear, multi-dimensional and discontinuous
characteristics of the combined system with many constraints and other issues, but also
attached great importance to the use of clean energy to reduce the operating cost and power
output variability of thermal power units. Jang et al. [20] proposed a hybrid optimization
method based on particle swarm optimization and gravitational search algorithm, namely
gravitational particle swarm optimization algorithm, to solve the problem of wind power
generation system considering wind power. In relation to the economic and emission joint
scheduling problem of availability, Dasgupta K et al. [21] developed a new algorithm for
the dynamic economic emission scheduling problem, which effectively combines wind
power generation with traditional thermal power generation and finally achieves the
minimum power generation cost and pollutant emissions. Yang et al. [22] considered
that when the penetration rate of renewable energy is high, it is difficult to balance the
relationship between system economy and peak shaving performance only by relying on
the transformation and optimization of thermal power units. Based on the coordinated
planning method for unit flexibility retrofit, a source-storage planning scheme that takes
into account system economy and wind power receiving capacity is obtained. In these
studies, it is shown that a combination of renewable energy and thermal power is most
suitable for China, as China’s current energy mix dominated by thermal power is expected
to last for decades, while nuclear power and hydropower are more commonly used for
baseload and are not conducive to peak regulation. Therefore, when large-scale renewable
energy is connected to the grid, the deployment of integrated wind power and thermal
power dispatching in China is more realistic.

In addition, the above literature, whether it is cogeneration, energy storage configu-
ration or joint dispatch of traditional energy and wind power, is aimed at the research of
centralized dispatch mode under the environment of full guaranteed wind power acquisi-
tion. Xu X and R Zhang et al. [23,24] is also based on this operation mode, and analyzes the
parity policy of China’s wind power grid, as well as the effectiveness and decisive factors
of the grid price policy at the national level and the regional grid level. With the continuous
improvement of wind power forecasting technology and the continuous reduction of wind
power cost, wind power participation in the market is an inevitable trend. At present,
only a few studies have considered the dispatch mode of wind power participating in
market transactions, such as wind power participating in real-time market: Dong et al. [25]
design proposed a new reserve capacity mechanism and analyzed the effect of reserve
compensation mechanism and system parameters on wind power consumption results to
ensure the stable consumption of wind power in the real-time market stage. At present,
China is in the transitional period of the power market, and the market transactions are
mainly in the medium and long term. With the transformation of China’s power market
from a vertical monopoly model to a market-oriented model that gradually opens up the
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power generation side, the grid side, and the user side, renewable energy such as wind
power has entered the market. Subjects can also participate in market competition. On this
premise, Zhang J et al. [26] proposed a stochastic optimal dispatch model that considers
medium and long-term power transactions in wind power integrated energy systems, and
introduced the power contract decomposition problem into the early optimal dispatch plan.
To better plan wind power consumption on a long-term scale, Jiang Y et al. [27] proposed
a two-tier decision-making model based on the monthly power purchase. The model
integrates demand-side response, energy storage, wind power consumption and advance
power purchase planning. The monthly purchase volume and its hourly decomposition
plan are optimized to promote monthly market benefits. Fan et al. [28] proposed a two-
level optimization model for wind power plants and thermal power units to participate
in mid- and long-term power market and day-ahead market transactions. First, the mid-
and long-term contract electricity was decomposed into the day-ahead market, and then
the wind farm and day-ahead market were proposed. After analyzing the two ways for
thermal power units to participate in the power market, the results show that the joint
participation of wind farms and thermal power units in the power market has additional
benefits compared to independent participation.

With the maturity of China’s power market, it has gradually become fully marketized.
Based on this, many studies have considered the impact of wind power participation in
the market, but have ignored the effective connection between mid- and long-term market
wind power transactions and short-term wind power dispatch. If the connection between
the market and dispatching is not considered, the short-term dispatching peak regulation
may be insufficient in actual operation [29], and the purpose of wind power consumption
cannot be achieved. The consumption of wind power and short-term dispatch play a
positive role in the real-time consumption of wind power. The nesting of the two plays
an important role in the safe and economical operation of the power system with a high
proportion of wind power access, the stable and efficient operation of the market, and the
promotion of renewable energy consumption.

Based on the above literature research, this paper proposes a wind power consumption
model for the connection between bidding and dispatching. First, after the wind and
thermal power participates in the monthly bidding transaction, the monthly wind and
thermal power wins the bid, and then the monthly wind and thermal power obtained from
the bidding is decomposed. Then, according to the research results of the literature [30],
a short-term dispatch model is established to minimize the economic and environmental
costs, which can reduce the curtailment of wind power and coal consumption while
improving the economy of system operation.

2. The First Stage: Medium and Long-Term Wind and Thermal Power Transactions
and Electricity Decomposition

At present, transactions in China’s electricity market can be mainly divided into
medium and long-term transactions and spot market transactions. The main types of mid-
to long-term transactions are annual bilateral negotiated transactions, monthly centralized
bidding transactions, and listing and delisting transactions. The monthly wind-thermal
power bidding transaction model in this paper refers to [29], which plans the consumption
of wind power on a long-term scale and locks the consumption of wind power in advance.
Since bidding transactions are already common, this paper focuses on subsequent power
decomposition and short-term scheduling issues.

2.1. Medium and Long-Term Auction Transactions

The main ways for wind power to participate in the medium and long-term trans-
actions in the power market are as follows: (1) wind farms do not offer quotations, and
accept market clearing prices as price receivers; (2) wind farms should treat wind turbines
as conventional units and participate in market decision-making and quotations. As the
cost of wind power generation decreases, wind turbines participate in market quotations
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and settle according to the wholesale electricity market price. Among them, wind and fire
bundling to participate in medium and long-term transactions in the electricity market is
an important means of wind power consumption. Participating in the bidding of wind
power is mainly in the mode of centralized bidding.

The centralized bidding transaction mode requires that within a specified time, both
parties of the transaction apply for the amount of electricity traded and the compensation
quotation on the power transaction operation system. The power trading operation system
conducts centralized matching of all units participating in the quotation through a unified
trading platform in accordance with the principles of energy conservation priority, price
priority, and time priority. The two parties to the transaction sign a power generation right
transaction contract according to the transaction results confirmed by the power transaction
operation system, specifying the transaction period, transaction volume, transaction price,
settlement method, etc. At this stage, the core idea of centrally matching and organizing
transactions is “high-low matching”, that is, buyers and sellers are prioritized in descending
order of quotations. In this paper, monthly bidding transactions are carried out. The
quotations of m power generation companies are arranged from low to high, and the
quotations of n electricity sales companies (large users) are arranged from high to low. The
price corresponding to the intersection of the declared electricity quantity is used as the
transaction price. The monthly bidding price is shown in Figure 1.
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Figure 1. Schematic diagram of monthly centralized bidding quotation.

At the market level, considering that the minimum electricity purchase cost is taken as
the objective function in the electricity market where only the power generation side is open
to bidding transactions, and the electricity market where both the generation side and the
electricity consumption side are open to bidding transactions, the objective function of the
market transaction is social welfare. This paper studies a two-sided market in which both
the sender and the user participate in the bidding, so the bidding target is the maximum
social welfare, and the flow chart of the operation strategy is shown in Figure 2.

First, the trading center issues a transaction announcement to the society. After the
market opens, the developers and the electricity purchasers make reasonable quotations in
turn according to market rules, as well as the power generation and electricity consumption.
With the goal of maximizing social welfare and the interests of both parties, the respective
winning bid prices and winning bids for electricity generators and electricity purchasers
are then determined, and the monthly bidding ends.
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2.2. Decomposition of Medium and Long-Term Transaction Electricity

The decomposition of contract electricity is a problem that trading centers generally
need to solve. Generally speaking, the annual or monthly contract electricity is usually
distributed in proportion to the load and the capacity of the unit, but the abandonment of
wind turbines and the maintenance characteristics of other units are not considered, which
will lead to difficulty in scheduling implementation. Therefore, the decomposition of the
first stage must not only ensure the minimum amount of wind turbines abandoned, but also
ensure that the thermal power units are as fair and feasible as possible in each period, and
also consider the cost of maintenance. Based on the above analysis, this paper proposes a
monthly contract electricity decomposition method considering the characteristics of wind
power output and unit maintenance, which makes the output of the two types of units
have strong correlation and complementarity while improving wind power consumption.
The general idea of decomposition is shown in Figure 3.
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The decomposition of monthly electricity needs to consider two aspects in the process:
(1) Whether the decomposition of each unit in the specified number of days is in line with
the operation of the unit; (2) whether the electricity of all the components of each day meets
the daily contract requirements. It is also necessary to consider the constraints of “unit” and
“time period” in the decomposition process, as well as the capacity reserve requirements of
each unit’s internal operation. Based on the above considerations, the model is as follows:

2.2.1. Objective Function

In this paper, while studying the problem of long-term power decomposition in
the integrated power system of wind power and thermal power, the optimization of the
maintenance plan of the unit is considered. The purpose of this paper is to ensure the
completion of the contracted power of each unit, arrange the maintenance period of the unit
reasonably, reduce the maintenance cost of the unit, ensure the economy, and improve the
utilization rate of new energy and reduce the amount of abandoned air during resource-rich
periods. The specific objective function is as follows:

(1) Abandoned wind power is the smallest

Due to the uneven distribution of wind resources on the time scale, the amount of
wind power generated in different periods varies. The model selects the amount of wind
and solar power abandoned as the corresponding objective function in the time period with
abundant resource distribution, aiming to make full use of the complementarity between
multiple energy sources, and improve the consumption of new energy while completing
the power decomposition of the unit. The objective function is the abandoned wind power
in the process of power decomposition:

Cw = min
T1

∑
t=1

N_w

∑
i=1

(Qmaxi − qt,iu1t,i) (1)

where qt,i represents the decomposed electricity of the wind turbine on the t day; Cw is the
cost of wind abandonment; Qmaxi is the maximum power generation capacity of each wind
turbine; T1 is the total number of days of decomposition, with 30 days as a month; N_w
is the number of bidding wind farms; u1t,i indicates the maintenance status of the wind
turbine, 0 and 1 indicate that the wind turbine is in maintenance and normal operation,
respectively.

(2) The maintenance cost of the unit is the smallest

It is important to consider the optimization of unit maintenance on the premise of
ensuring that the unit can complete the contracted electricity, reasonably arrange the unit
maintenance period to reduce the unit maintenance cost to ensure economic efficiency, and
to improve the utilization rate of new energy and reduce wind curtailment.

Cg = min
T1

∑
t=1

(
N_g

∑
j=1

(1− u2t,j)Qmaxj +
N_w

∑
i=1

(1− u1t,i)Qmaxi) · ci, (2)

where N_g is the number of thermal power bidding units; u2t,j is the maintenance status of
the thermal power unit, 0 and 1 indicate that the unit is in the maintenance and normal
state respectively; Qmaxj is the maximum power generation capacity of each thermal power
unit; ci is the unit maintenance coefficient.

(3) Progress of thermal power units

The objective function reflects the requirements of the “Three Public” dispatching
principle. Ck high or low completion rate violates the principle of fair dispatch. Therefore,
the objective function considers the progress of the power generation plan of the thermal
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power plant, so as to ensure the completion of the power generation of each thermal power
plant in the process of power decomposition. Consistency of progress:

Ck = min
N_g

∑
j=1

(
k jt − kt

)2
(3)

k jt =

i
∑

t=1
qt,ju2t,j

i
∑

t=1
Mjt

T
∑

t=1
Mjt

Qj
(4)

kt =
1

N_g

N_g

∑
j=1

k jt, (5)

where qt,j represents the decomposition power of thermal power plant on the t day; k jt
is the progress coefficient of the thermal power plant, and its meaning is the ratio of the
utilization rate of the maximum power generation capacity of the thermal power plant j
to the utilization rate of the maximum power generation capacity of the power plant in
the entire effective period in the first t time units; kt is the average value of the progress
coefficients of all thermal power plants in the time period t; Qj is the monthly contract
power of thermal power plant j; Mjt is the maximum on-grid power of thermal power
plant j in the period t.

In order to solve the above multi-objective model, the original objective function is
first normalized by Formula (6), so that the values of the objective function are all within
the interval [0, 1], and the influence of dimension and magnitude on the calculation results
is eliminated [31].

Ci
′(x) =

Ci(x)− Ci,min(x′)
Ci,max(x′′ )− Ci,min(x′)

, i = w, g, k, (6)

where Ci
′(x) is the normalized objective function; Ci(x) is the three objective functions

of Equations (1)–(3); x′, x′′ is the optimal solution that makes the objective function Ci
become the minimum value Ci,min(x′) and the maximum value Ci,max(x′) obtained when
performing single-objective optimization with Cw, Cg, Ck as the target, respectively.

The three normalized objectives are then weighted and summed, and finally solved
using the CPLEX solver.

C = λ1 · Cw
′ + λ2 · Cg

′ + λ3 · Ck
′, (7)

where C is the total operating cost of the monthly power decomposition, λ1, λ2, λ3 is the
weight coefficient corresponding to the three objective functions, respectively, satisfying
λ1 + λ2 + λ3 = 1. The three coefficients are determined by expert scoring. The specific
method is to invite ten experts to score the three sub-goals, and finally take the average
according to the scoring results, take λ1 = 0.4, λ2 = 0.4, λ3 = 0.2.

2.2.2. Constraints

(1) Contract power balance constraints

T1

∑
t=1

N_w

∑
i=1

u1t,iqt,i = Qcontract ,i (8)

T1

∑
t=1

N_g

∑
j=1

u2t,jqt,j = Qcontract ,j, (9)

where u•, q• is the unit status and decomposition power of wind power and thermal power
bidding units; N is the unit, and the thermal power unit is N_g, and the wind power unit is
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N_w; Qcontract,i, Qcontract,j is the total electricity of wind power and thermal power bidding
winning bids, respectively.

(2) Decomposable power constraints

N_w

∑
i=1

u1t,iqt,i +
N_g

∑
j=1

u2t,jqt,j ≤ Qt, (10)

where Qt is the decomposable power of the system day.

(3) Operational safety constraints

The decomposed electricity in each period should meet the minimum load demand:

Qtmin ≤
N_w

∑
i=1

u1t,iqt,i+
N_g

∑
j=1

u2t,jqt,j, (11)

where Qtmin is the minimum load power in t period.

(4) The power generation constraints of each unit

Qminj ≤ qt,j ≤ Qmaxj (12)

Qmini ≤ qt,i ≤ Qmaxi, (13)

where Qminj, Qmaxi is the maximum and minimum power generation capacity of various
types of units in the t period.

(5) Maintenance time constraints and continuous maintenance constraints

T1

∑
t=1

(1− u1t,i) = Di (14)

T1

∑
t=1

(1− u2t,j) = Dj (15)

ut,• − ut−1,• ≤ ut,•+D•+1, T1 = 2, 3, · · · , T1 − D• + 1, (16)

where D• is the maintenance time of various units.

3. The Second Stage: Wind-Thermal Power Combined Short-Term Multi-Objective
Optimal Scheduling Model Considering Contract Electricity Decomposition
3.1. Objective Function

This paper comprehensively considers the economics of power purchase by grid com-
panies, the coal consumption (i.e., environmental protection) of thermal power units and
the ability to absorb wind power. From the perspectives of economic cost, environmental
cost of coal consumption, and wind power consumption capacity, a second-stage model
is established. The objective function is to establish a short-term multi-objective optimal
dispatch model considering the decomposition of contract electricity in the second stage
with the goal of ensuring minimum wind curtailment, minimum coal consumption and
minimum economic cost of electricity purchase.

(1) The power grid company is the least economical to purchase electricity

For wind-thermal power bidding units, their electricity is divided into two parts: after
participating in the monthly bidding transaction, the electricity that has not won the bid can
continue to participate in the day-ahead dispatch, and this part of electricity is purchased
by the grid company according to the unified electricity price. The monthly market is
determined and will not be discussed here. In the existing electricity market environment,
the power grid company is responsible for the purchase and sale of non-bidding units,
so the total power purchase cost of the grid company is the sum of the power purchase
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cost of the output of the non-bidding units and the output of the non-bidding units, the
objective function:

f1 = f11 + f12 + f13 + f14 (17)

f11 =
T2

∑
t=1

N_w

∑
i=1

β(PNw(i, t)− Pcontract
Nw (i, t)) · ∆t (18)

f12 =
T2

∑
t=1

N_w f

∑
i=1

βPNw f (i, t) · ∆t (19)

f13 =
T2

∑
t=1

N_g

∑
j=1

θ(PNg(j, t)− Pcomtract
Ng (j, t)) · ∆t (20)

f14 =
T2

∑
t=1

N_g f

∑
j=1

θPNg f (j, t) · ∆t, (21)

where f1 is the total power purchase cost of the power grid; f11 is the power purchase cost
of the dispatched output of the bidding wind farm that does not win the bid; f12 is the
power purchase cost of the wind power non-bidding unit; f13 is the thermal power bidding
unit. Electricity cost f14 is the power purchase cost of thermal power non-bidding units;
N_w is the number of bidding units in wind farms; N_w f is the non-bidding wind farm;
N_g is the number of bidding units in the thermal power unit, and N_g f is the number of
non-bidding units in the thermal power unit.

β is the on-grid electricity price of wind power non-bidding units, and this price is also
used for the purchase of unsuccessful bids for wind farms in this article; θ is the on-grid
electricity price of thermal power non-bidding units, and this price is also used for the
purchase of unsuccessful bids for thermal power units in this article; PNw is the dispatched
output of bidding wind farm i in time period t; Pcontract

Nw is the output of bidding wind farm
i in time period t to fulfill the contract; PNw f is the dispatched output of non-bidding wind
farm i in time period t; PNg is thermal power bidding unit j in time period t dispatching
output during the period; Pcontract

Ng is the output of thermal power bidding unit j in period
t; PNg f is the dispatching output of thermal power non-bidding unit j in period t; T2 is
the total number of dispatching periods in the whole dispatching cycle. In this paper the
short-term dispatching T2 = 24.

(2) The environmental cost of system operation is minimal

The environmental cost refers to the coal consumption cost of the thermal power
generating unit and the wind curtailment cost when the wind farm is operating. Therefore,
the environmental cost of the system can be expressed as

f2 = f21 + f22 (22)

f21 =
T2

∑
t=1

N_w+N_w f

∑
i=1

α(Ppre(i, t)− Pw(i, t)) (23)

f22 =
T2

∑
t=1

N_g+N_g f

∑
j=1

(ajP2
g + bjPg(j, t) + cj), (24)

where α is the wind power cost coefficient; Ppre is the predicted output of the i-th wind
farm at time t; Pw is the output of the i-th wind farm at time t; Pg is the output of the j-th
thermal power unit at time t, when j = 1, 2, · · · , N_g is the dispatching output of thermal
power bidding units, when j = N_g + 1, N_g + 2, · · · , N_g f is the dispatching output of
thermal power non-bidding units.

In this paper, a short-term multi-objective optimal scheduling model is established
with the goal of minimizing the economic cost of electricity purchase f1 and the minimum
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system operating environment cost f2. According to the optimization results of the three
objectives in the literature [29], the third optimization method is adopted as the optimiza-
tion objective form of this paper: adding the weights of the two objectives to obtain the
comprehensive cost f of the system, which can minimize the economic cost of the system
operation, can also minimize the environmental cost, f can be written as

f = min(η1 ∗ f1 + η2 ∗ f2). (25)

The linear weighting method is used to find the optimal two sub-goals at the same
time. In the formula, η1, η2 is the weight coefficient corresponding to the two goals, such as
the power purchase economy of the power grid company and the system operating envi-
ronment cost, and η1 + η2 = 1 is set for the convenience of calculation and understanding.

3.2. Constraints

In the mode of combining market transactions and short-term dispatch, not only the
original constraints of the power system operation, but also the new characteristics brought
by market factors such as contract electricity must be considered. Therefore, the specific
constraints of the second stage model are as follows:

(1) Power balance constraints

The sum of the outputs of bidding units and non-bidding units at any time period t is
equal to the load demand of time period t, that is,

N_w

∑
i=1

PNw +
N_w f

∑
i=1

PNwf +
N_g

∑
i=1

PNg +
N_w f

∑
i=1

PNgf = Lt, (26)

where Lt is the load demand of the system in period t.

(2) System spare constraints

Due to the volatility and randomness of wind power output, it is necessary to provide
a certain reserve value to ensure the safety of the system. The specific expression is as
follows:

N_g+N_g f

∑
j=1

(Pmax(j)− Pg(j, t)) ∗ u3(j, t) ≥ KLLt + KW

N_w+N_w f

∑
i=1

Ppre(i, t) (27)

N_g+N_gf

∑
j=1

(Pg(j, t)− Pmin(j)) ∗ u3(j, t) ≥ min(
N_w+N_w f

∑
i=1

KwPpre(i, t),
N_w+N_w f

∑
i=1

(Ppre(i, t)− Pw(i, t))) (28)

where KW , KL is the standby coefficient of the system for wind power and load, respectively,
and KW = 0.03,KL = 0.02 is taken in this paper.

(3) Output constraints of thermal power units

Not only thermal power units must meet their own output constraints, but also
the bidding units must meet the contract output constraints. The specific expression is
as follows:

u3(j, t)Pmin(j) ≤ Pg(j, t) ≤ u3(j, t)Pmax(j) (29)

Pcontract
Ng (j, t) ≤ PNg(j, t) ≤ Pmax, (30)

where u3(j, t) is the running state of thermal power unit j (including bidding units and non-
bidding units) in period t, 0 means it is in a shutdown state, 1 means it is in a startup state;
Pmax and Pmin are the upper and lower output limits of thermal power unit j, respectively.
Equation (28) represents the constraints that all thermal power units need to meet, and
Equation (29) represents the contract performance constraints that thermal power bidding
units must meet in addition to the basic constraints.
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(4) Climbing constraints for thermal power units

Pg(j, t + 1)− Pg(j, t) ≤ R_up(j)∗u3(j, t) + (1− u3(j, t)) ∗ (Pmax + Pmin)/2 (31)

Pg(j, t)− Pg(j, t+ 1) ≤ R_down(j) ∗u3(j, t+ 1)+ (1−u3(j, t+ 1)) ∗ (Pmax + Pmin)/2, (32)

where Equation (30) is the upward climbing constraint, Equation (31) is the downward
climbing constraint, and R_up(j) and R_down(j) are the allowable ascending and descending
speeds (MW/min) of the output power per minute of the thermal power unit, respectively.

(5) The minimum start and stop time constraints of thermal power units

In order not to damage the service life of the thermal power unit, the unit should
not be switched on and off frequently. Often, it will continue to run or shut down after
it has been running for a period of time. Referring to the existing research, the start-stop
constraints in this paper are as follows:

a(Ton(j,t))

∑
τ=t

u3(j, τ) ≥ (u3(j, t)− u3(j, t− 1))b(Ton
min(i)) + δ(t− 1)a0

j (33)

a(To f f (j,t))

∑
τ=t

(1− u3(j, τ)) ≥ (u3(j, t− 1)− u3(j, t))b(To f f
min(i)) + δ(t− 1)b0

j , (34)

where Ton(j, t) and To f f (j, t) are the continuous operation and outage time of thermal

power unit j in period t, respectively; Ton
min(j) and To f f

min(j) are the minimum time that
thermal power unit j must maintain the running state and the outage state, respectively;

δ(t − 1) is the impulse function: δ(t − 1) =

{
1, t = 1
0, t 6= 1

; a(•) is the parameter related

to time t, when its parameter is Ton
min(j), a(Ton

min(j)) = min
{

t + Ton
min(j)− 1, T

}
, when its

parameter is To f f
min(j), a(To f f

min(j)) = min
{

t + To f f
min(j)− 1, T

}
; b(•) is the parameter related

to time t, when its parameter is Ton
min(j), b(Ton

min(j)) = min
{

Ton
min(j)− 1, T − t + 1

}
, when

its parameter is To f f
min(j), b(To f f

min(j)) = min
{

To f f
min(j), T − t + 1

}
.

(6) Output constraints of wind turbines

Similar to the constraints of thermal power units, the dispatched output of wind
turbines (including bidding units and non-bidding units) at any time period t cannot exceed
its predicted output. At the same time, there are constraints on contract performance for
bidding units. The specific expression of wind turbine operating constraints is as follows:

0 ≤ PNw f (j, t) ≤ Ppre(j, t) (35)

Pcontract
Nw (j, t) ≤ PNw(j, t) ≤ Ppre(j, t), (36)

where Equation (35) represents the output constraint of wind power non-bidding units,
and Equation (36) represents the output constraint of bidding wind farms.

(7) Abandoned wind power constraints

At time t, the abandoned wind power (Wt
s ) accepted by the power grid company

should not be greater than the total abandoned wind power (Wt
q f ), that is, there is

Wt
s ≤Wt

q f (37)

Wt
q f =

N_w+N_w f

∑
i=1

(Ppre(i, t)− Pw(i, t)). (38)

(8) Electricity constraints are enforced on the contract day
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As long as the total contract execution power of the bidding wind farm meets the
execution power constraints on the contract day, there is no specific requirement on how
much output to be completed in each period, so that the wind power can flexibly arrange the
output of each period according to the output of the day to ensure the contract. Regarding
the executability of daily execution power, the daily contracted electricity of thermal power
bidding units needs to meet the daily decomposition value of its contracted electricity. The
specific expression is as follows:

(1− ϕ)Cday
w (i) ≤

T

∑
t=1

Pcontract
Nw (i, t) ≤ (1 + ϕ)Cday

w (i) (39)

T

∑
t=1

Pcontract
Ng (j, t) = Cday

g (j), (40)

where Cday
w is a definite value of the contract-day execution power generated by the de-

composition of the bidding wind farm i; ϕ is the tolerance of the contract-day completion
power deviation of the bidding wind farm, which is taken as ϕ = 20% in this paper; Cday

g
is the contract day execution electricity quantity obtained by decomposition of thermal
power bidding unit j, which is a certain value.

4. Solving Process

Through the modeling of the electricity decomposition model of wind and fire bidding
transaction and the short-term multi-objective optimal scheduling model considering the
decomposition of contract electricity, both models can be solved by CPLEX. Since the focus
of this paper is not on the decomposition of contract electricity, the daily decomposition
value can be obtained. Finally, the short-term multi-objective optimal scheduling model is
solved. The specific solution and calculation process of the model in this paper is shown in
Figure 4.
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According to the technical route in Figure 4, firstly, the wind farm and our thermal
power plant conduct bidding transactions to obtain the monthly transaction power of
wind-thermal power units; then, the monthly wind-thermal power bidding transaction is
decomposed to obtain the daily contract power of each bidding unit, and the contract date
of each bidding unit. The execution power is incorporated into the dispatching model as a
new constraint, and a short-term multi-objective optimal dispatching model considering
the decomposition of contract power in the second stage is established.

5. Case Analysis
5.1. Case Description

In the context of wind power integration construction, this paper conducts simulations
based on the power market environment of a province in northwest China, combined
with the actual data of local wind and thermal power. The province is rich in coal and
wind energy resources and is a large-scale power generation base in the northwest region.
Its power structure is dominated by coal-fired thermal power and wind power, and the
bundled transmission of thermal power and renewable energy is advocated. In order to
explore the impact of wind power participation in medium and long-term transactions
and the constructed model on wind power consumption, this paper mainly considers the
following two situations:

Case 1: All wind farms participate in mid- and long-term bidding transactions.
Case 2: Some wind farms participate in mid- and long-term bidding transactions.

5.2. Parameter Setting

In order to facilitate subsequent research, it is assumed that each thermal power unit
represents a thermal power plant. The number of thermal power and wind power installed
in the modified system is close to 8:3. The thermal power bidding units are G1~G5, the
non-bidding units are G6~G8, and the wind farm W1~W3. The units in the system can be
divided into two categories: bidding units and non-bidding units as a whole according to
whether they participate in market transactions or not. There are both bidding units and
non-bidding units in thermal power units. Wind farms can be divided into two situations
according to their participation in the market: Case 1 is all bidding wind farms W1~W3;
Case 2 has only one bidding wind farm W1, and two non-bidding wind farms W2 and W3.
The parameters of thermal power units and wind farms are shown in Tables 1 and 2. α is the
wind power cost coefficient, which is taken as 500 yuan/(MW·h) in this article. According
to the new notice issued by the National Development and Reform Commission in 2021,
the central government will no longer subsidize wind power projects and implement grid
parity. With reference to the electricity price approved by thermal power units last year,
β and θ are taken as 334 yuan/(MW·h) at the same time. According to the suggestions
given in [32], the joint dispatch decision of coal-fired units and wind power will be studied
in the future to jointly optimize the power generation mode in terms of economy and
environment. In the short-term multi-objective optimization model, the weight setting of
the environmental cost of the system operation is relatively large, and the power purchase
economy is relatively small, the economic cost coefficient of power purchase is 0.45, and
the environmental cost coefficient is 0.55.

Table 1 displays the basic parameters of the 8 thermal power units, including the
maximum and minimum output when the unit is running, where aj, bj and cj are the
thermal power unit cost characteristic coefficients. The daily load is proportionally reduced
by the actual load curve shape of a certain provincial power grid on a certain day so that it
conforms to the modified test system load value. The day-ahead load forecast and wind
power forecast values are shown in Figure 5.
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Table 1. Basic parameters of thermal power units.

Thermal Power Pmin(j)/MW Pmax(j)/MW aj/×10−3 bj cj

G1 150 455 0.48 16.19 1000
G2 150 455 0.31 17.26 970
G3 20 130 2.00 16.6 700
G4 20 130 2.11 16.5 680
G5 25 162 3.98 19.7 450
G6 25 85 0.79 27.74 480
G7 10 55 2.22 27.27 665
G8 20 80 7.12 22.26 370

Table 2. Basic parameters of wind farms.

Wind Farm Installed Capacity/MW

W1 500
W2 300
W3 300
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Figure 5. Daily load curve of a northwestern province and daily forecast curves of three wind farms.

5.3. Analysis of Results
5.3.1. Mid- and Long-Term Wind and Thermal Power Transactions and Electricity
Breakdown Results

This subsection is an analysis of the wind-thermal power joint bidding transaction
and the analysis of the transaction power decomposition results.

(1) Wind and fire electric bidding transaction results

In this paper, the actual output data is used as the monthly wind power output forecast
value, and the monthly wind power quality segmentation method is used to segment the
wind power [32]. As long as the value is within the lower limit error band of the wind
power forecast curve, the wind power will have the same bidding as the thermal power.
Finally, thermal power is quoted with reference to the local benchmark on-grid electricity
price, and wind power is quoted based on the balance cost. The monthly wind-fire bidding
transaction results are shown in Table 3 and Figure 6. (a) and (b) of Figure 6 respectively
represent the scalar distribution of wind power and thermal power in Example 1 and
Example 2 after mid- and long-term transactions.
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Table 3. Wind-Fire Electric Bidding Transaction Results.

Case 1 Won the Bid Power/×104 MW·h Case 2 Won the Bid Power/×104 MW·h
G1 15.40 W1 12.98 G1 23.91 W1 12.98
G2 16.80 W2 7.96 G2 26.39 W2 /
G3 3.88 W3 7.78 G3 5.02 W3 /
G4 3.05 G4 4.31
G5 4.06 G5 5.95
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Figure 6. (a) Case 1 Proportion of wind and thermal power that won the bid; (b) Case 2 Proportion of
wind and thermal power that won the bid.

As can be seen from Figure 6, since all the three wind farms in calculation example
1 participated in the bidding, the winning bid of wind power was significantly larger
than that of one wind farm in calculation example 2, which made calculation example
1 obtain more daily decomposed electricity in the second stage. In the short-term dispatch
model, due to the principle of priority generation of wind turbines, it promotes wind power
consumption and reduces the amount of abandoned wind.

(2) Decomposition of monthly contract electricity

Contract electricity is an effective measure to reduce risks and ensure the safe and sta-
ble operation of the power grid. According to the decomposition method of contract electric-
ity in Section 2.1, the electricity decomposition results of bidding units for two calculation
examples are shown in Table 4.

Table 4. Decomposition results of contracted electricity for bidding units.

Case 1 Day Decomposition of Electricity/×103 MW·h Case 2 Day Decomposition of Electricity/×103 MW·h
G1 5.20 W1 4.28 G1 7.94 W1 4.16
G2 5.64 W2 1.86 G2 8.73 W2 /
G3 1.36 W3 1.74 G3 1.57 W3 /
G4 1.01 G4 1.38
G5 1.29 G5 1.98

Unit
maintenance

cost/yuan
145.14

Abandoned
wind

power/MW·h
1.47

Unit
maintenance

cost/yuan
113.06

Abandoned
wind

power/MW·h
0.99

The decomposition of monthly contract electricity is a bridge between medium and
long-term transactions and short-term scheduling. Through the decomposition of monthly
contract electricity, it can realize the nesting of medium and long-term bidding transactions
and short-term unit operation, promote the real-time consumption of wind power, and
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improve the feasibility of medium and long-term transaction plans. In terms of executability,
in Table 4, units 1–5 are the daily decomposition power of thermal power bidding units,
and units 5–8 are the daily decomposition power of wind farm bidding units in Case 1. In
Case 2, only W1 is the bidding unit, which has the daily contract electricity decomposition
value. Moreover, since there is only one auction wind farm in Case 2, the daily abandoned
wind power after the monthly electricity is decomposed is much larger than that of the
three auction wind farms, and the abandoned wind power of one auction wind farm
is two-thirds of the abandoned wind power of the three auction wind farms. This can
preliminarily show that the participation of wind farms in bidding can improve wind power
consumption; whether it is Case 1 or Case 2, thermal power units 1 and 2 have a larger
decomposition value because they are large units and have better bidding advantages.
Compared with small units such as units 3 to 5, the wind farms participating in the bidding
have a competitive advantage due to their low price and large capacity, and the winning
bids are relatively large.

5.3.2. Short-Term Multi-Objective Optimization Scheduling Results

This subsection is the solution result of the optimization model described in Section 2.
Comparison of the operating costs, abandoned wind volume and unit output of Case 1 and
Case 2 verifies the advantages of wind power participating in bidding transactions: pro-
moting wind power consumption and reducing wind curtailment.

(1) System operating costs

Using CPLEX to solve the short-term multi-objective optimal scheduling model, we
finally obtain the system operating cost. Table 5 shows the cost of the two cases; Figure 7
shows the cost distribution of Case 1 and Case 2.

Table 5. Operating costs of the two cases.

Case Case 1 Case 2

Economic cost of
purchasing electricity Electricity purchase cost/× 104 yuan 280.35 73.92

Environmental cost
Abandoned wind power cost/×104 yuan 36.09 206.08

Coal consumption cost/× 104 yuan 38.78 46.35

Total/× 104 yuan 355.21 326.35
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According to Table 4, the total cost of Case 1 is higher than that of Case 2, but the
cost of abandoned wind power is much lower than that of Case 2, which is in line with
our optimization goal: to increase wind power consumption and reduce abandoned wind
power. From Figure 7, the main cost of Case 1 comes from the power purchase cost
(economic cost) of the thermal power units that did not win the bid, and the cost of Case
2 mainly comes from the cost of abandoned wind power (environmental cost) and the
low power purchase cost. This is because, compared with Case 2 where one wind farm
participates in the market bidding, in Case 1 all wind turbines participate in market-oriented
transactions, the more contracted daily electricity is decomposed in the first stage, and
the first stage is to abandon wind power. In the least-target decomposition method, in
this way, the wind power transaction volume is larger, the contracted power is reasonably
distributed, the proportion of clean energy in the system is relatively large, the cost of
abandoned wind power is small, and the environmental cost of Case 1 is lower.

(2) Unit output

The optimized output and start-stop conditions of case 1 and case 2 are shown in
Figures 8–11, respectively. Figures 8 and 9 show the wind power consumption of the
wind farms in the two cases during operation; Figures 10 and 11 are the two wind power
consumption start and stop output illustrations of the thermal power units in this case.
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Figure 8. Wind farm accommodation in Case 1.

The optimized output of wind turbines in Case 1 and Case 2 are shown in Figures 8
and 9, respectively. Comparing the two figures, Case 1 is significantly lower than Case
2’s abandoned air volume. Looking at Figure 8 alone, the bidding wind farm (W1) has
no wind curtailment during periods 1, 3–4, 9–13, 16, 19–21, and the second bidding wind
farm (W2) also has zero curtailment during peak hours. This is because in Case 1, there
are more wind turbines participating in the market, locking in the consumption, and these
periods are all peak periods of electricity consumption, and the execution power on the
contract day is larger, and the value of the contract power decomposed into each period is
larger. At the same time, it can be seen from Figure 9 that in Case 2, one bidding unit (W1)
and two non-bidding units (W2, 3) not only did not have zero wind curtailment, but also
appeared in periods 2–3 and 16–19. The phenomenon of wind curtailment is due to the fact
that the load demand is in the trough during these periods, and the thermal power non-
bidding units have been shut down. Due to the large contracted electricity, the output of
the thermal power bidding units is already at the lower limit that can be adjusted, and there
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is no room for adjustment. Therefore, the generation capacity of wind power non-bidding
units during the period must be discarded. Since the three wind turbines in Case 1 all
participate in medium and long-term transactions, that is, considering the constraints
of Equation (39), because the contract power obtained by the optimal decomposition is
satisfied, the scheduling will be prioritized to ensure the execution of the contract, and
in periods 2, 5. During the load trough stages from 15 to 17, due to the participation of
wind power in the bidding, the thermal power bidding units have less electricity and larger
dispatching space, thereby promoting the consumption of wind power in the corresponding
period and reducing the environmental cost of the entire system operation. From the above
analysis, it can be seen that considering the participation of wind power in mid- and
long-term market transactions can effectively improve the consumption rate of wind power.
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Figures 10 and 11 show the optimized output and start-stop of each unit in Case 1 and
Case 2, respectively. As can be seen from Figure 10, in Case 1, bidding units 1 and 2 have
output in each time period. This is because these two units have a bidding advantage in
the first stage, and their contracted electricity is larger and their output is larger. Units 3, 4,
and 5 are all in shutdown during periods 1–5, 23–24, almost the minimum operating state
during periods 15–17, and close to the minimum output during periods 6–8, because these
periods are all load trough periods, in order to free up scheduling space for clean energy
(wind power) consumption, and the bidding advantage in the first stage is not large, and
the winning bid is not large, the thermal power bidding unit must choose to shut down
or have the smallest output. At the same time, it can be seen that the non-bidding units 6,
7 and 8 only have a certain output during the periods of 10–13 and 19–21. This is due to
the peak load state. Among them, the output of these three units decreases in turn. This is
because the coal consumption coefficient of these thermal power units increases once. In
order to control environmental costs, the output of highly polluting units is also relatively
reduced. From Figure 11, since only one wind turbine participates in the monthly market
in Case 2, part of the power generation that should have been obtained by wind power
is obtained by competition with thermal power generators, and thermal power bidding
units have a greater competitive advantage. The output of the unit is much larger than that
of Case 1, so that the output of bidding units 1 and 2 is more than that of Case 1, and the
output of units 3, 4, and 5 is not all zero in the period 1–5. With many winning bids, the
output of these units is less than that of the non-bidding units in Case 1. The minimum
thermal power output is only available during the peak load period, and the rest of the time
it is in a shutdown state. The output is greater than that of Case 1, which leads to a higher
cost of coal consumption and wind curtailment, which is not in line with the purpose of
energy conservation and emission reduction in the electricity market reform. Finally, no
matter if it is Case 1 or 2, the two types of thermal power generating units have more
output during the peak load period and less output during the trough. However, the wind
power full-bidding transaction model of Case 1 can better respond to the “double-dual”
energy saving and emission reduction according to “carbon” policy.

(3) Abandoned wind power

According to the forecast and actual output of the three wind farms, the respective
wind abandonment volumes of the three wind farms in Case 1 and Case 2 can be obtained.
The wind abandonment situation is shown in Figure 12.
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Figure 12. (a) Case 1 Wind farm curtailment of wind power; (b) Case 2 Wind farm curtailment of
wind power.

Figure 12 is a comparison of the abandoned wind power and electricity in the two
cases of wind turbines. From the single picture, it can be seen that the two cases have a
common trend of abandoned wind power: more wind power was abandoned during the
low valley period of electricity consumption, and more abandoned during the peak period.
The wind power is relatively small, which is in line with the trend of electricity load; under
the same coordinate axis, the abandoned wind power in Case 2 is significantly higher than
that in Case 1, and W1 in Case 1 does not even have abandoned wind power during certain
periods. In Case 1, during periods 3–4, 6–10, 15, 17–18, the curtailed wind power is larger.
This is due to the anti-peak shaving characteristics of wind power. The peak output of
wind power occurs in the trough period of the load. If the system compresses more thermal
power output to absorb this part of the wind power, the safety of the system operation
will not be guaranteed, and compared with the case of full consumption of wind power
in the literature [29], reasonable curtailment of wind power can also reduce the economic
cost of the system proportion. Because, considering the anti-peak shaving characteristics
of wind power, the stability of the system, unit maintenance and load demand balance,
properly abandoning the wind power output during this period can improve the safety
and economy of system operation. In Case 2, due to the partial bidding, the thermal power
combination accounts for a large proportion of the output. Whether it is in the load trough
or the peak period, this abandoned wind power remains high, and it is larger than the
abandoned wind in Case 1.

This section analyzes the short-term multi-objective optimization results. The amount
of abandoned wind power and coal consumption cost in Case 1 is much smaller than that
in Case 2, and the operation of its units is also better than that in Case 2. Thermal power
units not only do not start and stop frequently, but also cause high pollution. The output of
thermal power units is also significantly less, which indicates that wind power participation
in bidding transactions can improve wind power consumption. The nested optimization
model of long-term transaction power and short-term dispatch proposed in this paper can
not only reduce wind curtailment, but also improve the operating economy of the system.

6. Conclusions

Based on the characteristics of wind power and the problem of wind power consump-
tion at the current stage, this paper proposes a connection model of mid- and long-term
combined wind and thermal power decomposition and short-term scheduling after the
monthly wind-thermal joint bidding transaction ends. The conclusion is as follows:
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(1) After wind power and thermal power jointly participate in mid-to-long-term bidding
transactions, the monthly contract electricity is decomposed on a daily basis. Different
from the traditional distribution method according to the proportion of capacity, the
decomposition method in this paper considers the power generation characteristics
of wind power and thermal power, and divides the monthly electricity. It is effec-
tively decomposed into days, realizing the nesting of medium and long-term bidding
transactions and short-term unit operation.

(2) In order to improve the real-time consumption of wind power, this paper establishes a
short-term multi-objective optimal dispatch model, aiming at the minimum economic
cost and environmental cost, and coordinating the output of bidding units and non-
bidding units. On the premise of ensuring the safe operation of the system, it can
maximize the real-time consumption of wind power.

(3) This paper builds a wind power consumption model that connects mid- and long-term
transaction power decomposition and short-term dispatch, which can promote wind
power consumption from both the market and dispatch levels, increase the economic
benefits of wind power grid connection, and reduce the environmental cost of the
system. Together with wind power, it can also ensure the economical operation of the
system.

(4) According to the optimization results of Case 1 and Case 2, more wind power par-
ticipating in mid- and long-term bidding transactions can improve wind power con-
sumption and reduce the coal consumption cost of the wind-fired integrated system.
Therefore, with the gradual increase in wind power installed capacity and the devel-
opment of market reform, participation in mid- and long-term bidding transactions
will be the future development trend of wind power generation.
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Abbreviations

C Monthly electricity breakdown total operating cost
λ1,2,3 The weight coefficients of the three sub-goal costs
Cw Abandoned wind power cost
qt,i Bidding Wind Farm Daily Decomposition Electricity
Qmax,i The maximum power generation capacity of the bidding wind farm
T1 Electricity decomposition days
N_w Bidding wind farms
u1t,i Bidding wind farm maintenance status
u2t,j Bidding thermal power unit status
Cg Unit maintenance cost
N_g Bidding number of thermal power units
Qmax,j The maximum power generation capacity of the bidding thermal power unit



Energies 2022, 15, 7201 23 of 25

ci Unit maintenance factor
Ck Bidding progress of thermal power units
Mjt The maximum on-grid electricity of thermal power plants
qt,j Bidding thermal power unit daily decomposition electricity
Qj Thermal power plant monthly contract electricity
kjt Thermal power plant progress factor
kt Average value of progress factor of thermal power plant
Qcontract,i Wind power auction winning bid
Qcontract,j Thermal Power Bidding Winning Electricity
Qt Decomposition electricity per day
Qtmin Minimum load power per day
Qminj The minimum power generation capacity of bidding thermal power units
Qmaxj The maximum power generation capacity of bidding thermal power units
Qmini The minimum power generation capacity of bidding wind farms
Qmaxi The maximum power generation capacity of bidding wind farms
Di Bidding wind farm maintenance time
Dj Bidding thermal power unit maintenance time
f1 Economic cost of electricity purchase

f11
The power purchase cost of the auctioned wind farm that fails to win the bid
and is dispatched to the output

T2 Short-term scheduling period
β On-grid tariff for non-bidding units
PNw Bidding wind farm dispatch output
Pcontract

Nw Bidding wind farms to fulfill contracts
∆t Hours per unit period
PNw f Non-bidding wind farm output
N_w f Number of non-bidding wind farms
f12 Non-bidding wind farm power purchase cost
θ Fire Bidding on-grid electricity price for thermal power units
Pcontract

Ng Bidding thermal power units to fulfill the contract
PNg Bidding for dispatching output of thermal power plants

f13
The power purchase cost of the thermal power bidding unit that fails to win the bid
and is dispatched to output

f14 Power purchase cost of non-bidding thermal power units
N_g f Number of non-bidding thermal power units
PNg f Non-bidding thermal power unit output
f2 Short-term scheduling environment operating costs
f21 Short-term dispatch wind farm curtailment cost
f22 Coal consumption cost of thermal power unit operation
α Wind farm cost factor
Ppre Wind farm forecast output
aj, bj, cj Coal consumption coefficient of thermal power unit
f total short run cost
η1, η2 Short-term operation of each cost weight coefficient
Lt The load demand of the system at each time period
Pmin(j) Minimum output of thermal power unit
Pmax(j) Maximum output of thermal power unit
KW Wind power reserve factor
KL Load reserve factor
u3(j, t) Thermal power unit running status
R_down(j) The allowable drop rate of output power per minute of thermal power units
R_up(j) The allowable rising speed of the output power per minute of the thermal power unit
To f f (j, t) Continuous outage time of thermal power units
Ton(j, t) Continuous running time of thermal power unit
To f f

min(j, t) The minimum time that a thermal power unit must remain out of operation
Ton

min(j, t) The minimum time a thermal power unit must remain in operation
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Wt
s Abandoned wind power accepted by grid companies

Wt
q f Total abandoned wind power

Cday
w Bidding wind farm contract day execution power

ϕ
Tolerance for the deviation of the completed electricity quantity on the contract day
of the bidding wind farm

Cday
g Contract day execution power of bidding thermal power units
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