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Toensure the stability of the electricity spotmarket and the safety of the provincial and
regional power systems, a safety checkmethod is proposed tomaximize the effective
reserve resources in the power system by optimizing the power of each tie-line. This
safety check method accurately models the tie-line equipment and the effective
reserve resources and is coupled with each constraint of the electricity spot market
clearing model to form a safety check algorithm to optimize the power of tie-line
power. The model involved in this paper is a linear model, which has a clear
implementation method in practical dispatching applications. Through this
method, the power configuration scheme of each tie-line to meet the electricity
spot market constraints can be obtained, and the safety check results have the
executability of the power market. The rationality and feasibility of the safety check
algorithm results are verified by simulating the provincial-scale electricity spotmarket.
According to the simulation results, this method can release effective reserve
resources and provide more guarantees for the safe operation of the power grid.
In addition, this method can save up to 4.9% of the total operation cost of the power
system and improve the dispatching economyof the power system. Thismethod is of
great significance to ensure the safe operation of the power system and the day-
ahead market and real-time market scheduling in the actual power spot system. In
addition, this method also has great guiding significance for the analysis of the actual
reserve situation of the power market after the event.
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1 Introduction

With the increase in power consumption load and the large-scale integration of new
energy into the grid, the safety and economic operation of the power system is facing severe
challenges (Li et al., 2020). With the rapid construction of a new power system with new
energy as the main body, the penetration rate of new energy is increasing, which puts forward
new requirements for the adequacy of power system operation (Chen et al., 2022). Large-
scale new energy integration brings a large amount of clean energy to the power grid and
great challenges to the power system reserve (Yang et al., 2020).

With the large-scale construction of provincial and regional electricity spot markets, the
current progress of power market construction in various provinces is different, and regional

OPEN ACCESS

EDITED BY

IMR Fattah,
University of Technology Sydney,
Australia

REVIEWED BY

Dejian Yang,
Northeast Electric Power University,
China
Narottam Das,
Central Queensland University, Australia

*CORRESPONDENCE

Xingxing Wanyan,
wanyan163@foxmail.com

Shuangquan Liu,
Liushuangquan@yn.csg.cn

SPECIALTY SECTION

This article was submitted to Process and
Energy Systems Engineering,
a section of the journal
Frontiers in Energy Research

RECEIVED 09 February 2023
ACCEPTED 29 March 2023
PUBLISHED 17 April 2023

CITATION

Wu Y, Wanyan X, Su X, Zou W, Zhu X, Liu S
and Shao Q (2023), A safety check
method tomaximize the effective reserve
by optimizing the power of the tie-line in
the power market.
Front. Energy Res. 11:1162122.
doi: 10.3389/fenrg.2023.1162122

COPYRIGHT

© 2023 Wu, Wanyan, Su, Zou, Zhu, Liu
and Shao. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Energy Research frontiersin.org01

TYPE Methods
PUBLISHED 17 April 2023
DOI 10.3389/fenrg.2023.1162122

https://www.frontiersin.org/articles/10.3389/fenrg.2023.1162122/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1162122/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1162122/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1162122/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2023.1162122&domain=pdf&date_stamp=2023-04-17
mailto:wanyan163@foxmail.com
mailto:wanyan163@foxmail.com
mailto:Liushuangquan@yn.csg.cn
mailto:Liushuangquan@yn.csg.cn
https://doi.org/10.3389/fenrg.2023.1162122
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2023.1162122


grid security verification requires coordination between provincial
markets and regional dispatching (Cai et al., 2022). When there is a
breakthrough in power grid security constraints, the correction
strategy needs to consider the stable operation of the market,
which poses new challenges to the traditional security check mode.

Safety check refers to the process of analyzing the safety and
power balance of the power system from the perspective of power
system operation safety (Bao et al., 2022). The safety check of
electricity spot energy market transactions is carried out
simultaneously with market clearance, and the market clearance
results must strictly meet the national and industry policies and
standard requirements and, at the same time, meet the requirements
of safe and stable operation of the power grid, power balance, and
clean energy consumption.

In addition, China adopts UHVDC (ultra-high-voltage direct
current) transmission technology to transport surplus energy in the
western region to the load center in the central and eastern regions over
long distances, which breaks the reverse distribution of energy resources
and energy consumption in China (Fang et al., 2022), where power is
usually transmitted between regions through multiple inter-provincial
AC/DC channels. At present, the provincial government of the inter-
provincial AC and DC channels usually signs an inter-provincial power
transmission framework agreement to agree on the annual power
transmission scale (Zhou et al., 2022), generally including the annual
power transmission, transmission load, and peak-to-valley ratio, but it is
difficult to stipulate the specific power transmission curve throughout
the year with the inter-provincial power transmission framework
agreement. The daily output curve of the tie-line is determined by
the decomposition mechanism, and the contract power decomposition
curve obtained by different decomposition mechanisms may be
different. Since the framework agreement between the provinces
connected by the transmission tie-line usually needs to be physically
implemented, especially the inter-provincial priority power generation
plan needs to be cleared first according to the decomposition curve to
ensure implementation, the daily output curve of the tie-line
determined by the decomposition mechanism forms the constraint
of the spot market model (Peng et al., 2020); that is, the provincial
electricity spot market usually takes the power of the tie-line as the
boundary data of the spot market clearance.

In the electricity spot market, adjusting the transmission power
of the tie-line needs to consider the safety of the regional
collaborative power grid, the fairness of the market, and the
rationality of the clearing results. In the actual operation of the
power grid, the power replacement of the tie-line occurs from time
to time in real-time scheduling, and the change of the tie-line power
is bound to affect the blocking of the section and line. Therefore,
based on the results of the day-ahead electricity spot market, it is
necessary to optimize the power of the tie-line for the safety check,
which can further ensure the stability of the power market and the
safety of the provincial and regional power systems.

The operation reserve of the power system refers to the
additional active capacity that can be called up at any time to
cope with load forecast errors, unexpected equipment outages, unit
power generation failures, renewable energy power fluctuations,
etc., in the arrangement of power system operation mode and real-
time dispatch operation. In actual grid operation, it is difficult to
evaluate the actual available operational reserve (Duan et al., 2022).
This article refers to this reserve as an effective reserve, which

refers to the spare capacity of the unit that the system can call up in
time. However, the evaluation of effective reserve in the current
stage of research is often localized in the calculation problem of
production applications, such as in the work of Zhang et al. (2020)
and Wenhuan et al. (2022). The literature classifies effective
reserve evaluation as a production application problem and
only a post hoc calculation and deduction method, which
cannot cope with the needs of real-time scheduling in the spot
market environment. It is difficult to accurately calculate the
effective reserve of the system in real-time scheduling, which
brings great security risks to the system. In addition, due to
changes in boundary conditions, the day-ahead clearing results
may not meet the demand for an effective reserve of the system in
the real-time market, especially in the new power system, where
the effect of the new energy forecast is particularly significant. In
the new power system, relevant research on the difficulty of reserve
evaluation caused by the deviation of new energy prediction
includes the probability evaluation method (Chen et al., 2022;
Liu et al., 2023), random optimization (Xu et al., 2023), and robust
optimization (Ran et al., 2022; Wang et al., 2022). The probabilistic
evaluation method and stochastic optimization method are too
dependent on the probabilistic accuracy of boundary data
prediction in the day-ahead electricity spot market and cannot
meet the actual scheduling demand in the day-ahead and real-time
electricity spot market. The solution results of the robust
optimization method are too conservative and cannot be
applied to the actual electricity spot market clearing model.

At present, it is also difficult to assess the effective reserve in the
day-ahead electricity spot market; if the proportion of effective
reserve components in the operating reserve is relatively low, it
will mislead the dispatcher, give the dispatcher the illusion of
sufficient effective reserve, and bring serious hidden dangers to
the safety of the power system.

The factors affecting the effective reserve capacity of the power
system can be divided into the following three levels: first, at the level
of power system power grid security, the power flow limit of the
section or line will affect the effective reserve space provided by the
unit; for example, when the section exceeds the limit in the forward/
reverse direction, the unit with a positive/negative generation shift
distribution factor (GSDF) relationship with the section cannot
provide the corresponding reserve at this time, and the
marketization of power spot may cause transmission congestion
to be more obvious and compress the effective reserve space. Second
is the multi-energy coupling in energy interconnection (Wu et al.,
2019; Hou et al., 2022). At this level, the primary energy supply can
also affect the effective reserve, such as the coal storage limit of the
coal turbine, the natural gas supply limit of the gas engine, the
reservoir capacity limit of the pumped storage unit, the water level
limit of the hydropower unit, and the cascade hydropower limited by
the basin hydraulic limit, which will affect the effective reserve that
the unit can provide. Third, at the time coupling level of the power
system, the constraints of the climbing rate of the unit and the
maximum energy of the unit in a dispatching cycle make the spare
capacity of the unit unable to be called by the system in time and
unable to provide an effective reserve.

Therefore, by optimizing the power of the tie-line in the safety check
link, alleviating the congestion of the power grid, and releasing more
effective reserve in the system, the overall reserve and peak regulation
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capabilities of the system can be guaranteed, and safe, stable, and
economical operation of the power grid can be guaranteed.

The preparation and verification of the tie-line plan is a key link
affecting the scheduling and transaction organization of multi-level
coordination, so it is necessary to reasonably evaluate the
transmission power of inter-provincial channels to ensure the
security of the power grid in the whole region.

From the level of safety check of the power system, it is a very
novel research point to optimize the power of the tie-line to release
effective reserve of the system.

2 Safety check method

The safety check of spot energy market transactions is carried
out simultaneously with market clearance, and the results of
market clearance must strictly meet the national and industry
policies and standards and the requirements of safe and stable
operation of the power grid, power balance, and clean energy
consumption.

The clearing model of the electricity spot market includes the
security-constrained unit commitment (SCUC) and the security-
constrained economic dispatch (SCED). The specific clearing model is
shown in the Supplementary Material’s SCUC model and SCED model
(Fang et al., 2020). Among them, the tie-line planned power is used as a
boundary condition and does not participate in market optimization.

Among them, the security check has been completed
simultaneously in the process of solving SCUC and SCED, the
power grid security check is completed by the power grid
security constraint in the clearing model, and the load balance
check is completed by the system balance constraint in the
clearing model.

The consideration of positive and negative reserves of the system in
the spot market clearance is completed by the system reserve capacity
constraint. However, this constraint is relatively extensive in considering
reserve, and usually, the positive reserve of the system is based on the
proportion of the total system load forecast, or the positive reserve
demand is set according to the maximum capacity of a single unit.

The safety check method proposed in this paper is to modify the
day-ahead electricity spot market clearing model under the
condition that the unit power is determined. For details of the
modification, see the safety check model in Section 3 of this article.

3 Safety check model

The safety check model is a transformation of the SCUC model
(the SCUC model is shown in Supplementary Material), which
mainly includes the following four points:

1. The objective function of the safety check model is to maximize
the effective reserve

2. Model the effective reserve
3. Model the DC tie-line
4. Modify the constraints that affect the effective reserve of the

system

3.1 Objective function: effective reserve
maximization

max∑N
i�1
∑T
t�1
PRi,t. (1)

Here, PRi,t indicates the maximum effective reserve that the unit
i can provide at the time t;N indicates the total number of units; and
T is the total number of periods.

3.2 DC tie-line model

DC tie-line power has the characteristics of controllability,
which can be optimized as a flexible resource to promote the
optimal allocation of resources. For DC tie-lines, its power can
be freely controlled, so it can be optimized by constructing variables
separately, and its sending and receiving ends are used as node loads
and node injections, respectively (Peng et al., 2020).

Although the DC tie-line power can be flexibly adjusted, in
actual operation, it is not possible to make frequent adjustments,
except in emergencies, in which the action of AC filters and
converter transformers is an important limiting factor (Shen
et al., 2020).

Therefore, the tie-line power constraint includes the following
five items.

3.2.1 Limits of tie-line power
The upper and lower limit constraints of tie-line power mean

that the transmission power of the tie-line should be within its
maximum and minimum technical output range, which can be
described as

TLj,t
min ≤TLj,t ≤TLj,t

max, (2)
whereTLj,t is the tie-line j power at the time t.TLj,t min andTLj,t max

are the tie-line jminimum andmaximum power transmission limits
of the time t, respectively. This article simulates the power of the tie-
line sent out, and TLj,t min there will not be less than 0, so in this
article, we set TLj,t min � 0.

3.2.2 Tie-line adjustment time limit
The DC tie-line adjustment limit constraint means that the

number of power changes of the tie-line throughout the day must be
within a certain range, which can be described as

xu
j,t + xd

j,t ≤ 1

∑T
t�1
xu
j,t + xd

j,t ≤NTLj
max

⎧⎪⎪⎨⎪⎪⎩ ,
(3)

where xu
j,t and x

d
j,t are 0–1 integer variables. x

u
j,t � 1 indicates the tie-

line j is adjusted up at the time t; xuj,t � 0 indicates the tie-line is not
adjusted up at the time t; xd

j,t � 1 indicates the tie-line is adjusted
down at the time t; and xd

j,t � 0 indicates the tie-line is not adjusted
down at the time t.NTLj max is the maximum number of changes in
the power of the tie-line throughout the day.
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3.2.3 Tie-line adjacent periods cannot be reversed
The power of the tie-line cannot be first up and then down or

first down and then up in adjacent periods, which can be
described as

xu
j,t + xd

j,t+1 ≤ 1

xu
j,t+1 + xd

j,t ≤ 1

⎧⎨⎩ .
(4)

3.2.4 Tie-line power adjustment rate constraints
DC tie-line climbing constraint refers to the up/down

adjustment of DC tie-line power, which must meet the climbing
rate requirements, which can be described as

TLj,t − TLj,t−1 ≤ xu
j,t · ΔTLU

j

TLj,t−1 − TLj,t ≤ xd
j,t · ΔTLD

j

{
,

(5)

where ΔTLUj and ΔTLDj are the tie-line j maximum upward and
downward adjustment rates.

3.2.5 Tie-line channel constraints
Inmedium- and long-term transactions, the planned power of each

tie-line channel has been confirmed, and it is prioritized in the spot
market according to the contract power decomposition curve. This
model focuses on the safety check after the day-ahead electricity spot
market clearing, so it does not change the total power curve of the tie-
line channel, only optimizes the power of the tie-line contained in the
channel, and the total transmission power of each tie-line is consistent
with the total power of the channel, which can be described as

∑
j∈q

TLj,t � TLq,t, (6)

where TLq,t is the planned power of the tie-line channel q during the
time t.

3.3 Effective reserve-related constraints

3.3.1 Coupling constraint between the unit
operating status and effective reserve variables

When the unit is down, it cannot provide any effective reserve,
so effective reserve variables should be a coupling relationship with
the operating state of the unit:

0≤PRi,t ≤ αi,tPi,t
max. (7)

A binary variable αi,t is used to describe whether the unit i is on
at the time t. αi,t � 0 indicates the unit is shut down, and αi,t � 1
indicates the unit is turned on; Pi,t

max is the maximum power limit
of the unit i at the time t.

In addition, the effective reserve variables’ upper limit should be
less than the difference between the maximum adjustable output of
the unit and the actual output of the unit, that is, the following
constraint should be met:

PRi,t ≤Pi,t
max − Pi,t, (8)

where Pi,t indicates the power of the unit i at the time t.
Constraints (7) and (8) can be written together as follows:

0≤PRi,t ≤ αi,tPi,t
max − Pi,t. (9)

3.3.2 Unit climbing constraint coupled with
effective reserve

At the time coupling level, constrained by the climbing rate of
the unit, the effective reserve is the output of the unit that can be
called at the next period, and the climbing constraint of the unit
coupled with the effective reserve is shown as follows:

Pi,t + PRi,t − Pi,t−1 ≤ΔPU
i αi,t−1 + Pi,t

min αi,t − αi,t−1( )
+ Pi,t

max 1 − αi,t( ), (10)
where ΔPU

i is the maximum uphill climbing rate of the unit i and
Pi,t

min is the minimum power limit of the unit i at the time t.

3.3.3 Unit energy constraint coupled with effective
reserve

Due to the limitation of the primary energy supply of thermal
power units and the limitation of the water level and storage
capacity of hydropower units, the effective reserve that can be
provided by the unit is limited, and the following energy
constraint is used:

T0∑T
t�1

Pi,t + PRi,t( )≤Qi
max, (11)

where T0 is the length of a period; if 96 periods are considered per
day, each period is 15 min, T0 � 0.25 (hours); Qi

max is the
maximum energy of the unit i.

To ensure the solution speed of the model, the modeling of
hydropower units is linearized: the water level water consumption
rate curve and the water level reservoir capacity curve of the
hydropower plant are linearized in segments and converted into
electricity constraints after external linearization treatment. The
water level reservoir capacity curve of hydropower plants is the
curve of the relationship between the reservoir level of hydropower
plants and its corresponding reservoir capacity. The water level
water consumption rate curve is the curve of the relationship
between the water head and water level of the hydropower plant
and its corresponding water consumption rate.

3.3.4 Power grid security constraint with effective
reserve coupling

Reserve, that is, subject to power grid security constraints, using
line safety constraints as an example, as shown in the formula (12),
the same applies to section safety constraints:

−Pl
max ≤∑N

i�1
Gl−i Pi,t + PRi,t( ) +∑NT

j�1
Gl−jTLj,t −∑K

k�1
Gl−kDk,t − SL+

l

+ SL−
l ≤Pl

max,

(12)
where Pl

max it is the power transmission limit of the line l;Gl−i is the
GSDF between the node where the unit i is located and the line l;Gl−j
is the GSDF between the node where the tie-line j is located and the
line l; Gl−k is the GSDF between the node k and the line l; K is the
number of nodes in the system;Dk,t is the bus load value for the node

Frontiers in Energy Research frontiersin.org04

Wu et al. 10.3389/fenrg.2023.1162122

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1162122


k at the period t; and SL+l 、 SL−l are the positive and negative flow
relaxation variables of the line l.

The coupling of the slack variable and the effective reserve
variable of power grid security constraint has the constraint relation
of formula (13). When the line crosses the limit, the unit with the
corresponding positive sensitivity cannot provide the corresponding
reserve. When the line crosses the limit, the unit with the
corresponding positive GSDF cannot provide the corresponding
reserve. When the line reverses the limit, the unit with the
corresponding negative GSDF cannot provide the corresponding
reserve:

SL+
l > 0&Gl−i > 00PRi � 0

SL−
l > 0&Gl−i < 00PRi � 0

{
.

(13)

3.3.4.1 Constraint linearization
To facilitate the implementation of model engineering and ensure

the speed of model solving, the formula is linearized as follows:

SL+
l + SL−

l > −H 1 − τ l( )
PRi ≤H 1 − τ l( ){

,
(14)

where τl is a 0–1 integer variable. When τl � 1, it represents that the
line crosses the limit. When τl � 0, it means that the line has not
exceeded the limit. Since no single machine capacity in the market
currently exceeds 2,000 MW, H can be set to 2000.

4 Case analysis

This paper simulates the provincial-scale power grid data of tie-
line power sent out of the province, and the generator sets are mainly
composed of clean energy.

4.1 Boundary data analysis

In the boundary data, the proportion of each type of unit by
capacity is shown in Table 1.

In this case, only thermal-type and hydropower-type units can
provide reserve capacity, while wind-type and photovoltaic-type
units do not provide reserve capacity.

In the case simulation in this paper, the number of nodes is
1,641, the number of branches is 2,081, and the number of tie-lines is
21, of which the power of the tie-line is all the sending power, and
the power grid nodes on the 21 tie-lines are seven. In this paper, for
the convenience of description, the power grid nodes of the tie-line
are the same, called a tie-line group.

The total power of the tie-line at each period is shown in
Figure 1. In the period 13–24, the minimum power of the tie-line
is 4,552.5 MW, and in the period 77–81, the maximum power of the
tie-line is 8,290 MW.

The power curve of seven tie-line groups at each period is shown
in Figure 2. The power of TielineChannel_3 and TielineChannel_

FIGURE 1
Total power curve of the whole system tie-line.

FIGURE 2
Power curve of seven tie-line groups.

FIGURE 3
Net load and bus load of the whole system.

TABLE 1 The proportion of capacity of each type of unit.

Unit type Number of units Capacity/
MW

Percentage/
%

Thermal 34 13,600 26

Hydropower 88 27,672 54

Wind power 91 8,105 16

Photovoltaic 51 2,208 4
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4 for 96 periods in the whole day is the same, and no power
adjustment occurs. The power of other tie-line groups is not
adjusted for 96 periods in the whole day.

The net load and bus load for each period are shown in Figure 3.
In this figure, the bus load of the system represents the total load of
the whole grid, and the net load of the system represents the total
load of the whole grid minus the load of the tie-line. The net load of
the system and the total bus load have the same variation trend. The
20 period (4:45) is the load valley, and the 80 period (19:45) is the
load peak.

The reserve demand value is about 8.5% of the maximum net
load, that is, 3,000 MW.

The solver used to solve this model is CPLEX 12.8.0. The
computer processor for the solution environment is Intel(R)
Core(TM) i7-8565U CPU @ 1.80 GHz 1.99 GHz, the memory
space is 16GB, and the operating system is Windows 10.

After simulation of all types of unit quotation, the results of
solving the SCUC model (Fang et al., 2020) are as follows: the
MIPGap value converges to 0.00997%, the objective function value is
495,417,627, and the solution time is 3,299 s.

In the SCUC clearing results, no lines have crossed the limit, and
the safety constraints are met; 20 lines reach the boundary, and
117 lines are heavy load. Reaching the boundary means that the line
power flow is equal to the line capacity. Heavy load means that the
current flow of the line reaches more than 80% of the line capacity
but does not reach the boundary.

The reserve and effective reserve pairs of the system are shown
in Figure 4. PosRsv represents the reserve that can be provided by
the system at each period, ValidPosRsv represents the effective
reserve that can be provided by the system at each period, and
MinPosRsv represents the positive reserve demand value of each
period of the system. As shown in the figure, the effective reserve
that the unit can provide during the 80 period and its vicinity is 0.
The system load is maximum during this period. Although the
system can provide positive and reserve values much higher than
the reserve requirement of 3,000 MW, the effective reserve at 29,
30, 32, 72, 78, 79, 80, 81,82, 83, and 84 periods are 0. It shows that
although the positive reserve constraint is met in the results of
day-ahead electricity spot market clearing, the effective reserve is

very low, and if the dispatcher sees that the positive reserve
capacity that the system can provide is much higher than the
capacity demand of 3,000 MW, but the actual effective reserve is
very low, it brings great safety risks to the power system
dispatching operation.

The system marginal price is shown in Figure 5. Average LMP
represents the average locational marginal price (LMP) in each
period of the system, and SMP represents the system marginal price
(SMP), that is, the price of energy.

When the whole power grid is not blocked, the LMP of all nodes
in the whole power grid is the same, which is the marginal cost of the
marginal generator set. When the power grid is blocked, the LMP of
the nodes of the whole power grid is different. Figure 5 mainly
illustrates the existence of the congestion situation, so the average
LMP and SMP of the results of day-ahead electricity spot market
clearing are inconsistent.

4.2 Results of safety checks

After the safety check of the tie-line power optimization, it has a
positive impact on the power grid congestion situation. A total of
16 lines reached the boundary, 115 lines were overloaded, no line
exceeded the limit, and the safety constraint was met. The line
congestion was alleviated to a certain extent.

After the safety check of the tie-line power optimization, the
impact on the effective reserve is shown in Figure 6. ValidPosRsv_
befor represents the effective reserve of day-ahead electricity spot
market clearing, ValidPosRsv_after represents the effective reserve
that can be provided by the system after optimizing the tie-line
power, andMinPosRsv represents the positive reserve demand value
for each period in the system. As shown in Figure 6, the effective
reserve value of the system is significantly improved after the
optimization of the tie-line power, and the minimum positive
reserve demand value of the system is met for most of the
period. In the original model, the effective reserve at 29, 30, 32,
72, 78, 79, 80, 81, 82, 83, and 84 periods are 0. After the optimization
of the power of the tie-line power, the effective reserve in these
periods is significantly improved. Among them, the effective reserve

FIGURE 4
Comparison diagram of system positive reserve, effective
positive reserve, and positive reserve demand.

FIGURE 5
Comparison diagram of average LMP and SMP.
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value in the load peak 80 period (3,553.7 MW) is greater than the
minimum positive reserve demand value (3,000 MW).

In summary, after the safety check optimizing the tie-line power,
the system power grid congestion situation is alleviated, and the
effective reserve is significantly released.

Compared with Figures 2, 7, it can be seen that after
optimization the power of the tie-line changes more frequently
with periods. However, this change has a positive impact on the
safety of the whole system operation.

4.3 Safety check and clearance model
iteration

After the safety check of tie-line power optimization, a new tie-line
power curve is obtained, which is used as new boundary data, and the
original SCED model (Fang et al., 2020) is optimized under the
condition of fixed unit start and stop. The clearing results are as
follows: the objective function value is 471,042,162, which is 4.9%

lower than the total cost of the output curve of the original tie-line
power. This shows that the safety check method to optimize the power
of the tie-line has a positive impact on the economy of the whole system
operation. System power grid congestion: 31 lines reach the boundary,
and 132 lines are overloaded. The power grid congestion is worse than
the original tie-line power. By comparing the results of the actual day-
ahead electricity spot market clearing optimization model, it is found
that although the power grid congestion situation is slightly aggravated,
there is no line exceeding the limit. Themost important thing is that the
economy of the operation cost is objectively improved.

The effective reserve situation of the system is shown in Figure 8,
where ValidPosRsv represents the effective reserve of day-ahead
electricity spot market clearing, ValidPosRsv_OptTieline represents
the effective reserve that the system can provide after optimizing the
tie-line, MinPosRsv represents the positive reserve demand of each
period of the system, and ValidPosRsv_reNewTieline represents the
effective reserve that the units can provide after the SCED model
clears when the new tie-line power replaces the tie-line power of the
original boundary data. It can be seen from Figure 8 that after the
iteration of the optimized tie-line power and the SCED model, the
effective reserve for most of the period has been significantly
improved. Although the effective reserve did not exceed the
positive reserve requirement value of 3,000 MW for many
periods, there was no period when the effective reserve was 0.

Figure 9 is a comparison chart of positive reserve and effective
positive reserve in the SCEDmodel clearing results as a boundary, and it
can be seen from Figures 4, 9 that the effective reserve has been
significantly released. In Figure 9, there are not only all periods that
can provide effective reserves but also periods 83 and 87 that provide the
lowest effective reserve, and the lowest effective reserve value is 450MW.

The average LMP and SMP are shown in Figure 10. The average
LMP and SMPof the results of day-ahead electricity spotmarket clearing
are inconsistently illustrating the existence of the congestion situation.

For the power grid with heavy congestion, the reserve deduction
method (Zhang et al., 2020; Wenhuan et al., 2022) will lead to clearing
failure. However, the method provided in this paper will not only affect
the normal clearing process but also improve the effective reserve
resources, which not only ensures the safety of the power grid but also
improves the economy of power system dispatching. For the new power
system with a high proportion of new energy, compared with the

FIGURE 6
Comparison diagram of the effective positive reserve before and
after optimizing the power of the tie-line.

FIGURE 7
Power curve of seven tie-line groups after optimizing the power
of the tie-line.

FIGURE 8
Comparison diagram of the effective positive reserve.
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probabilistic evaluation method (Chen et al., 2022; Liu et al., 2023) and
random optimization (Xu et al., 2023), the method provided in this
paper has better real-time performance and certainty, can meet the
actual power scheduling requirements, and can be directly applied to
the engineering algorithm of power spot market clearing.

5 Summary

In this paper, a safety check method is proposed to optimize the
power of each tie-line to maximize the effective reserve resources in the
power system. Through the simulation analysis of the provincial-scale
power system, by optimizing the power of 21 tie-lines, it is proved that
the use of this safety check method has a significant effect on the
effective reserve resources of the system, and the optimized tie-line
power as a new boundary brings positive impact on the operation safety
and system economy of the whole system. However, from the
perspective of regional safety check, the effect of changes in the
power of the transmission tie-line in the province on other
provinces or regions requires the regional dispatching agency to re-
evaluate from the regional safety check level.

This safety check method is deeply coupled with the day-ahead
electricity spot market clearing model and takes into account all
constraints of the electricity spot market. This security check
method has high clearance efficiency and is of great significance in
connecting the real day-ahead electricity spot market with the real-time
electricity spot market. This security check method has a clear
implementation path, which is convenient for engineering applications.

The safety check optimization results are reasonable and reliable
and have extremely high practical significance. The safety check
optimization results of the tie-line power are executable for power
dispatching and can provide a reasonable and reliable dispatching
scheme for real-time dispatching staff to cope with the sudden
increase in reserve demand.

This safety checkmethod is also of great guiding significance for the
post-event analysis of the real reserve situation of the power market. In
addition, this method is of positive significance to improve the difficulty
of effective reserve assessment of the electricity spot market.
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FIGURE 10
Comparison diagram of average LMP and SMP.
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