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Introduction: With the large-scale grid integration of renewable sources and
the increasing number of new types of loads, the demand for ancillary services
in the power system has been growing rapidly. Coordinated operation between
the electric energy market and the ancillary service market has become a key
research topic. Traditional independent and joint clearing mechanisms each
have limitations under different resource conditions.

Methods: This paper proposes a novel joint clearing model that incorporates
the weights of ancillary services. The model is constructed based on security-
constrained unit commitment (SCUC) and security-constrained economic
dispatch (SCED), integrating electric energy and ancillary services (frequency
regulation, ramping, and spinning reserve) into a unified optimization
framework. A penalty-weight mechanism is introduced to dynamically adjust
the clearing priority of each ancillary service.

Results: Using the IEEE-30 bus system as a test case, comparative simulations
were conducted under scenarios of resource abundance and scarcity. The
results show that the proposed model achieves significant cost reduction
and more targeted ancillary service allocation compared with traditional
independent and joint clearing models.

Discussion: The proposed clearing mechanism retains the global efficiency of
joint clearing and the dispatch priority of independent clearing by incorporating
ancillary service weights. It demonstrates adaptability to different resource
conditions and enhances system flexibility and reliability. This model provides
a promising solution for future power systems with high renewable penetration.

joint clearing, electrical ancillary services, security-constrained unit commitment,
security-constrained economic dispatch, renewables
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1 Introduction

With the large-scale grid integration of renewable sources
(e.g., solar and wind), the structure of the power system is
undergoing profound changes. These renewable energy sources
have posed new challenges to the stable operation of the power
grid due to their intermittent and uncertain characteristics. To
ensure the reliability of power supply and grid balance, the
demand for system ancillary services has increased significantly.
These services include frequency regulation, ramping, and spinning
reserve, which are essential for maintaining grid voltage stability and
frequency control (Wang et al., 2022).

In order to effectively cope with the challenges brought about
by the large-scale integration of renewable sources into the grid
and ensure the safe and stable operation of the power system,
the establishment of a market for ancillary services in the power
system has become an important initiative. The market is designed
to guide and incentivize various types of power resources to provide
necessary ancillary services, such as frequency regulation, ramping,
and spinning reserve, through market mechanisms. Through these
services, grid supply and demand can be effectively balanced, and
the flexibility and reliability of the power system can be improved.

Independent clearing is an important mechanism in the
electricity trading market. Independent clearing refers to the
separate optimization and clearing of electric energy and various
ancillary services. Under the independent clearing mechanism,
operators in the electric energy market independently match the
supply and demand of electric energy and ancillary services and
determine the prices to achieve balance and maximize the benefits
of their respective markets.

Joint clearing is an important mechanism that corresponds
to independent clearing in the electricity trading market. Joint
clearing refers to the optimization and clearing of electric energy
and ancillary services as a whole. Under the joint clearing
mechanism, the operator of the electricity market will consider
the supply and demand of electric energy and ancillary services
and determine the optimal combination of electric energy and
ancillary services through the optimization algorithm to maximize
the overall efficiency of the electricity market. The spot market for
electric energy and the market for ancillary services are coupled
in the clearing process in terms of generation capacity. Under the
premise of sufficiently transparent information and sufficient market
resources, compared with independent clearing, the joint clearing of
the electric energy market and ancillary service market can obtain
better overall economic efficiency (Nosair and Bouffard, 2017)
(Zhang et al., 2021). At the same time, joint clearing can also better
protect the security and stability of the power system (Zou, 2020).

There have been many in-depth studies on joint clearing.
Csereklyei et al. (2019) and Walawalkar et al. (2008) reviewed the
Australian, PJM, and Nordic electricity markets and analyzed their
market clearing mechanisms. Pan. Mengqi (2020) established the
market mechanism of joint clearing of multiple ancillary services
but did not consider the connection between the electric energy
market and the ancillary service market. Wu et al. (2023) proposed
ajoint clearing of electric energy and frequency regulation ancillary
services in wind power application scenarios, which takes into
account the uncertainty of wind power output, but they did
not conduct an in-depth study of the joint clearing mechanism.
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Xuan et al. (2019) proposed a clearing method of joint clearing
of electric energy and reserve ancillary service under flexible load.
Jiang et al., (2020) analyzed the cost of wind power generation
under the electric energy market and the frequency regulation and
reserve ancillary service market and proposed a computationally
efficient joint clearing model that can be applied to the spot market
containing wind turbines. Dai et al. (2023) proposed an optimization
model for joint clearing of power and reserve to improve the
efficiency of market clearing. Ding et al. (2021) established a
mathematical model for joint optimization of power spot and deep
peaking regulation market clearing based on the combination of
multi-day rolling units by combining the characteristics of the
Shanxi power grid in China and the policy background. Chen et al.
(2021) proposed a flexible ramping ancillary service based on
ramping capacity calibration. Zhang et al. (2022) established a joint
clearing model of the day-ahead electric energy market and deep
peaking regulation service market, which solves the problem of
integration of day-ahead electric energy trading and deep peaking
regulation trading. Jialong et al. (2019) proposed the design of
a power day-ahead market mechanism considering deep peaking
regulation and developed a market mechanism based on deep
peaking regulation offers and curtailment reduction avoidance; this
approach addresses the problem of accounting for unit climbing
constraints in the case of the two market cut-offs. Liu et al. (2025)
systematically researched and analyzed the applicable conditions of
independent clearing and joint clearing.

Some studies in the literature have examined the joint clearing
mechanism of the electric energy market and multiple ancillary
service markets. Lv June (2022) established a day-ahead model of
joint clearing of the electric energy market, frequency regulation,
and reserve ancillary service market and established a model of
joint clearing optimization of the electric, heat, and gas joint
energy market on this basis. Dongsheng et al. (2019) established
a joint optimization model of spot, frequency regulation, and
reserve markets with multi-energy participation. Chen (2016)
carried out an in-depth study on the application of electric storage
energy to participate in peak and frequency regulation ancillary
services.

However, in a situation where market resources are extremely
scarce and unable to meet all demands, the traditional joint clearing
mechanism often struggles to ensure priority dispatch of electric
energy and key ancillary services—unlike, the independent clearing
mechanism, which can effectively achieve this purpose. The Table 1
compares the characteristics of the two clearing models.

Aiming at the advantages and disadvantages of each of the
two clearing methods, this paper innovatively designs a new
joint clearing scheme that considers the weights of ancillary
services. This scheme skillfully combines the advantages of the
two clearing methods mentioned and sets corresponding clearing
weights for different ancillary services based on the traditional joint
clearing mechanism. This innovative approach not only retains the
superiority of joint clearing in terms of overall efficiency but also
skillfully draws on the characteristics of independent clearing to
achieve a high degree of targeting and effectiveness in resource
allocation. The new joint clearing method proposed in the paper
integrates the electric energy and ancillary service markets into a
unified optimization framework by introducing the ancillary service
weighting parameter, and it is compatible with renewable access
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TABLE 1 Comparison of characteristics between two clearing models.

Status of market resources Independent clearing

Resources are abundant Clearance cost is high

10.3389/fenrg.2025.1583300

‘ Traditional joint clearing

Clearance cost is low

One or more resources are scarce

The electric energy market and important ancillary
service markets can be cleared normally, and the
clearing results are targeted and prioritized

The electric energy market and important ancillary
service markets cannot be cleared normally, and the
allocation of resources lacks specificity

and ancillary service resource abundance/scarcity scenarios based
on the security-constrained unit commitment (SCUC) and security-
constrained economic dispatch (SCED) models. The methodology
provides new ideas for a new type of power system, which needs to
be implemented to dynamically adjust the weight values to match the
ancillary service value, optimize the clearing priority, and expand
the adaptability of multiple scenarios such as energy storage while
taking into account the market flexibility and system security.

The remainder of the paper is organized as follows: Section 2
introduces the market clearing declaration requirements, Section 3
presents the clearing models for independent clearing and
traditional joint clearing, Section 4 provides the clearing model for
joint clearing considering the weights of ancillary services, Section 5
shows the analysis of the arithmetic examples, and Section 6
provides the conclusion of this study.

2 Market declaration requirements for
electric energy and multiple ancillary
services

2.1 Participants

This paper focuses on the joint clearing and optimization
operation mechanism of the spot market environment with
frequency regulation, spinning reserve, and ramping ancillary
service markets. Considering the differences in the operating
characteristics of traditional and renewable units, it is stipulated
that renewable units can only be declared to participate in the
spot energy market, while traditional thermal generating units can
be declared to participate in the spot energy market, frequency
regulation ancillary service market, spinning reserve ancillary
service market, and ramping ancillary service market, but units
providing ancillary services should pass the relevant tests and meet
the performance index requirements for the corresponding ancillary
services. However, the units providing ancillary services should pass
relevant tests and meet the performance index requirements for the
corresponding ancillary services.

2.2 Trade and declaration

The information declared by the generating unit in the day-
ahead energy market consists of the startup costs, the costs of
operation at the minimum stabilized technical output, and the offer
curve. The offer curve corresponds to the price per unit of energy
when the unit is operated at different output intervals and can be
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declared in a maximum of four segments. The offer curve must be
monotonically non-decreasing with increasing output, and the price
of energy offered in each segment must not exceed the upper and
lower limits of the declared price.

The ancillary service market set in this paper includes the
frequency regulation ancillary service market, the spinning reserve
ancillary service market, and the ramping ancillary service market.
Among them, frequency regulation ancillary services are divided
into two categories: upward frequency and downward frequency;
spinning reserve ancillary services form a single category; and
ramping ancillary services are also divided into two categories:
up-ramping and down-ramping. Thus, there are a total of five
categories of different ancillary service products that can be declared
by generator sets. Generator sets need to make independent single-
segment volume and price declarations for each type of ancillary
service product, and the quotation for each type of ancillary
service product cannot exceed the upper and lower limits of the
declared price.

3 Clearing models for independent
clearing and traditional joint clearing

The clearing models mainly include the SCUC and the
SCED models.

3.1 SCUC model for independent clearing
and traditional joint clearing
The constraints are similar for the two clearing methods.
(1) System load balance constraints

The system load balance constraint for time period t can be
described as follows:

N
Y P,=D, 1)
i=1

(2) Positive and negative system reserve capacity constraints

In order to ensure stable system operation, it is generally
required to reserve a certain amount of power capacity for backup
in power generation measurement.

The system positive reserve capacity constraint can be
described as follows:

N
> u, P > D, +RY. )
i=1
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The system negative reserve capacity constraint can be
described as follows:

N
Z u P < D, — R (3)

(3) System spinning reserve demand constraints

The winning spinning reserve capacity of all units for each
time period ¢ is required to meet the actual operating spinning
reserve demand.

Z/S o = SRY. (4)
i=1

(4) System upward and downward frequency regulation demand
constraints

The winning upward and downward frequency regulation
capacities of all units for each time period ¢ need to meet the
frequency regulation demand of the actual operation.

ZﬂFU U > FCFU (5)
Zﬁff’@f?chfD. ©6)
i=1

(5) System up- and down-ramping demand constraints

The up- and down-ramping capacities of all units for each time
period t need to meet the ramping demand of the actual operation.
N

Y BYQY =8, )
i=1
N
Y BPQP = SP. (8)
i=1

(6) Unit climbing rate constraints

The climbing rate constraints of the unit i can be
described as follows:

p,,—-P u; u; )P, (9)

it 2

-1 <P ”zt1+(” 1t1)Pmm (1-

it i,

b .
Py =Py <Plujy g — (w1 )P+ (1w )P, (10)

(7) Constraints on the minimum continuous startup and
shutdown time of the units

The minimum continuous startup and shutdown constraints for
unit i can be described as follows:

Z i = (= 1) TY 20, (11)
=t-TV
-1
Z (1-u, _(ui,t_ui,t—l)T?ZO' (12)
7=t—TP

i

(8) Constraints on the number of starts and stops of the units
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The number of start and stop constraints for each unit is defined
in Equations 13, 14.

T
Z(xi,t <o, (13)
=1
T
D i S (14)
=1

(9) Unit capacity coupling constraints in the joint

clearing model

The coupling constraints in joint clearing are expressed in
Equations 15, 16, ensuring that the unit’s energy and ancillary service
capacities remain within operational limits.

P < P+ BLUQI + BRQE B QY < P, (15)

1t— it

Pi,t /))FD FD ﬁ SD Pmm. (16)

tt—

(10) Unit capacity coupling constraints in the independent
clearing model

Equations 17-22 define the capacity coupling constraints for
independent clearing. The constraints on the unit's output when
clearing electric energy can be described as follows:

Pmm < P < Pmax (17)

it =

The constraints on the unit’s frequency regulation capacity when
clearing frequency regulation can be described as follows:

ﬁ <P -P, (18)

FD FD
ﬁi,t it SP

- Py, (19)

The constraints on the unit'’s ramping capacity when clearing
ramping can be described as follows:
ﬁis,t SU Pmux ﬂ (20)

zt— 1t’

it it =

SDQSD P Pmm /jf?Qf? (21)

The constraints on the unit’s spinning reserve capacity when
clearing spinning reserve can be described as follows:

SR SR FU ~FU SU ASU
ﬁi,t it = Pmux i,t_ﬂi,t Qi,t _Igi,t Qi,t : (22)

(11) Equation 23 ensures that the same unit cannot be
simultaneously awarded both upward and downward
frequency regulation service.

Bl +BY <1 (23)

(12) Equation 24 ensures that the same unit cannot be
simultaneously awarded both upward and downward ramping
service.

SU
B <. (24)
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The constraints in Equations 1-8, 11, 12 are jointly required
for both independent clearing and traditional joint clearing. The
constraint in Equation 9 is specific to traditional joint clearing, and
the constraint in Equation 10 is specific to independent clearing.

Independent clearing is in a sequence, so its constraints are
not used simultaneously. Assuming that the clearing sequence
of independent clearing is electric energy, frequency regulation
ancillary service, ramping ancillary service, and spinning reserve
ancillary service, when independent clearing SCUC clears the
market for electric energy, it is subject to constraints provided
in Equations 1, 2, 6-8; when clearing the market for frequency
regulation ancillary service, it is subject to constraints provided
in Equation 3; and when clearing the market for ramping and
spinning reserve ancillary services, it is subject to constraints
provided in Equations 4, 5. The corresponding clearing coupling
constraints Equations 9 are also considered when clearing
each market.

SCUC for independent clearing has multiple objective functions,
each corresponding to a specific market it clears. The SCUC
objective functions for independent clearing are formulated in
Equations 25-28.

(1) The cost of electric energy for a unit consists of three
components: operating costs, startup costs, and minimum
technical output costs. The objective function of the electric
energy market is as follows:

manZ[u”C” zt)+‘x,tCSU+u CME . (25)

i=1t=1

2

The objective function of the frequency regulation market
is as follows:

min i [ FUcFU +ﬁFDcFD

t=1

Mz

(26)

]
—

i

(3) The objective function of the ramping market is
as follows:
N T
HZZ [ﬁSUCSU ﬁSDCSD ] (27)
i=1t=1
(4) The objective function of the spinning reserve market objective

function is as follows:

N T
min Z ZﬁSRCSR (28)

i=1t=1

SCUC for traditional joint clearing has only one objective
function. The SCUC objective functions for traditional joint clearing
are formulated in Equation 29

N T [”ztczt( 1t)+“1tCSU+” CME
mlnzz+/3FUCFU ﬁFDCf?f)Q +ﬂSRCSR

i=1t=1
SU ~SU SD D
+ﬁi,tcf,tht +ﬁi,t C?,t i,t]

(29)
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3.2 SCED for independent clearing and
traditional joint clearing

After SCUC clearing, the state variables of the units are determined.
The SCED constraints are provided in Equations 1, 3-6, 9-12 in
3-6, 11, 12
are common to both independent and traditional ]omt clearing.

Section 3.1. Among these, constraints in Equations 1,

The constraint in Equation 9 is specific to joint clearing, and the
constraint in Equation 10 applies to traditional independent clearing.

The SCED objective functions for independent clearing are
formulated in Equations 30-33.

(1) The objective function of the electric energy market
is as follows:

2. Cuu(Py))-

icAP(t) t=1

(30)

(2) The objective function of the frequency regulation is as follows:

min z Z[ﬁFU FU

teAP(t) t=1

Y+ EPCIPQP]. (31)

(3) The objective function of the ramping market is as follows:

T
min > > [BCYQ

i€AP(t) t=1

+B G QT ] (32)

(4) The objective function of the spinning reserve market
is as follows:

min Z Z,BSRC‘SR (33)

icAP(t) t=1

The SCED objective functions for traditional joint clearing are
formulated in Equation 34

T [C (P, )+ﬂFUCFU ﬁFD cPQ
. L\ " it
mn Z SROSRQ) SUCSUQ) SDCSD (34)
ieab(n i1+ Biy Cor iy + Bi CY QY + Bi

4 Clearing models for joint clearing
considering the weights of ancillary
services

When market resources are sufficient, the independent clearing
result is often not good enough, and the overall efficiency is
relatively low compared with that of joint clearing; meanwhile,
when market resources are scarce, the clearing result of joint
clearing is not focused, and it cannot guarantee the priority of
clearing important markets as independent clearing does. Therefore,
this paper proposes a joint clearing model that considers the
weights of ancillary services. Based on traditional joint clearing, it
rewrites the constraints in Equations 3-5 from Section 2.1 as penalty
functions integrated into the objective function of joint clearing,
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Weighting factors A are introduced so that the clearing results can be
emphasized when the market faces a resource shortage. The clearing
model consists of two parts: the SCUC model and the SCED model.

4.1 SCUC for joint clearing considering the
weights of ancillary services

The SCUC constraints for joint clearing considering the weights
of ancillary services are provided in Equations 1, 2, 6-9, 11,
12 in Section 3.1.

The SCUC model’s objective function for joint clearing

considering the weights of ancillary services is as follows:

[uz l’Cl t(Pr t) + az ICSU+ u; CME

mlnzz +/3FUCFU +/3FDCFD + ﬁSRCSR
el +BUCSUQIU 1 B CIPQS ]
+M<)L2 Y B Qi - FCY +A zﬂ QP -FCP|>
SU SSU /1 ‘ Z ﬁ SD SSD
Iz Q- sk )
(35)

where M is the penalization factor and A is the weighting factor.

Adopting a single weight parameter to uniformly regulate
all ancillary service constraints can significantly reduce the
model’s variable dimension and complexity. By adjusting this
single parameter to dynamically optimize the service priority, the
operation logic can be simplified, and the ease of application can
be improved.

4.2 SCED for joint clearing considering the
weights of ancillary services

The SCED constraints for the joint clearing considering the
weights of ancillary services are provided in Equations 1, 6, 9, 11,
12 in Section 3.1.

The SCED model’s objective function for joint clearing
considering the weights of ancillary services is as follows:

T [ ( ) ﬁFUCFU ﬁFDCFD FD

i€AP(f) 1=1 +/3$RC$R /5%]0?? Q, /3$DC.SD ; ]
Z /3 FU — FCfV Z ﬁ FD — FCP

SU SSU

min

+M<)L2 +1

A|Zﬁ SD SSD

—SR?|)

+A_2|Z itQIIt2
(36)

5 Example and analysis
Section 2 of this paper briefly describes the independent clearing

model and the traditional joint clearing model (abbreviated as
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FIGURE 1

IEEE-30 node test system wiring diagram.

joint clearing in the figure), based on which Section 3 innovatively
proposes a joint clearing model considering the weight of ancillary
services (abbreviated as new joint clearing in the figure). In this
chapter, the IEEE-30 node system is used as the network architecture
to verify the validity of the proposed method and model. The IEEE-
30 node network diagram is shown in Figure I, and the system
contains 30 nodes and 6 generating units. The load profile of the
IEEE-30 node system is shown in Figure 2.

The system in this example contains five thermal power units
and one wind turbine; the 11th node unit is the wind turbine, and the
remaining node units are thermal power units. The specific location
of the thermal power units is shown in the Appendix Table Al.
The cost and technical parameters of the thermal power units are
provided in the Appendix Tables A1, A2, where the coal price is 100
$/ton. The electric energy offer of thermal power is divided into no
more than four segments, and the offer of ancillary services is one
segment. The offer details of each unit are provided in the Appendix
Table A3. The frequency regulation offer for each unit is 80% of
its lowest electric energy offer, the ramping offer is 50%, and the
spinning reserve offer is 30%. The same unit cannot be awarded both
upward and downward frequency regulation, nor can it be awarded
both up- and down-ramping.

The wind power electric energy offer is one segment, and wind
power does not participate in the ancillary service offer. The wind
power energy offer is $50/MW, the upper output curve of the wind
turbine is shown in Figure 2 (Yunpeng and WANG, 2015), and the
lower output limit is 0 MW.

This section analyzes this by constructing two distinct market
scenarios: a scenario with abundant market resources and a
scenario with scarce market resources. In both scenarios, the system
frequency regulation demand is determined based on the real-
time level of wind power output, the system ramping demand
is directly related to the rate of change of system load, and the

frontiersin.org
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FIGURE 2
System load and the maximum value of wind power output.

system spinning reserve demand is set based on the size of the total
system load.

Specifically, in the scenario with abundant market resources,
we set the system frequency regulation demand at 30% of the
current hourly wind output, the system ramping demand at 7.5%
of the current hourly system load variation, and the system spinning
reserve demand at 5% of the total system load. In the market scarcity
scenario, the demands are significantly higher: the system frequency
regulation demand increases to 40% of the wind power output
in the current time period, the system ramping demand increases
to 15% of the system load variation, and the system spinning
reserve demand is significantly increased to 20% of the total
system load.

In the joint clearing model considering the weight of ancillary
services, the value of M is set to 10'°, and the value of A is set to 1.2.

This algorithm divides the day into 24 periods. The example
is solved using the YALMIP and CPLEX toolboxes in MATLAB.
YALMIP excels in model construction and problem optimization,
while CPLEX offers excellent performance in solving mixed-integer
programming problems.

5.1 Clearance by different clearing
methods when market resources are
abundant

This section analyzes the differences in the clearing results

of the three clearing methods under the scenario of abundant
market resources. The clearing calculations are carried out using
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independent clearing, traditional joint clearing, and joint clearing
considering the weights of ancillary services, respectively. Among
them, the clearing order of independent clearing is electric energy,
frequency regulation, ramping, and spinning reserve.

The the three
is shown in Figure 3. From the analysis of cost components,

cost comparison of clearing modes
the joint clearing mode achieves 10.98% total cost optimization
compared with the independent clearing mode, which is mainly
reflected in the 10.96% reduction in the total cost of electric
energy. It is worth noting that the cost of ancillary services
does not show a significant difference between the two models,
with the difference accounting for only 0.02% of the overall
cost change.

The ancillary service clearing capacities for the three clearing
methods are shown in Figure 4. From Figure 4, it can be observed
that the clearing capacities of the three clearing modes are the same
in the ramping and spinning reserve markets, which is due to the
fact that the demand for these two ancillary services is only related
to the system load. However, in the frequency regulation market,
the clearing capacity of independent clearing is significantly higher
than that of the other two joint clearing modes. This difference
is mainly due to the fact that independent clearing succeeded in
winning a large number of wind resources in the energy market,
which, in turn, triggered a corresponding increase in frequency
regulation demand.

The results of the three clearing methods of electric energy
clearing are shown in Figure 5.

As shown in Figure 5, the two joint clearing methods show
consistency in terms of electric energy winning bids. The main
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difference between independent and joint clearing, however,
is that the startup time of unit 6 in independent clearing is
significantly longer. Specifically, in the independent clearing
mode, unit 6 is turned on for nine periods, compared to unit
6’s startup time of only three periods in the joint clearing.
Further analysis of the unit operating costs reveals that the
minimum technical output costs account for a significant
proportion. Therefore, when unit 4 is turned on too much in
independent clearing, its final total cost will be higher than that in
joint clearing.

The root cause of this phenomenon lies in the fact that
independent clearing failed to fully consider the coupling
relationship between electric energy clearing and ancillary service
clearing in the process of formulating (SCUC). In order to ensure the
normal clearing of the subsequent ancillary services, independent
clearing has to reserve a considerable part of the capacity margin in
the formulation of SCUC. However, this reserved capacity margin is
often not fully utilized in the subsequent ancillary service clearing,
which leads to an increase in cost. In contrast, joint clearing takes the
capacity coupling relationship between electric energy and ancillary
services into full consideration when formulating SCUC, so it can
more effectively avoid unnecessary unit startups and thus achieve
cost optimization.

This subsection provides an in-depth analysis with specific
examples, and the results show that in an environment of relatively
abundant market resources, both types of joint clearing demonstrate
superior cost-effectiveness compared to the independent clearing
mechanism.
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5.2 Clearance by different clearing
methods when market resources are scarce

This subsection explores the differences in the clearing results of
the three clearing methods under the scenario of market resource
scarcity. In order to accurately compare the three clearing methods,
this case introduces the virtual unit as the supplement of ancillary
services, which can flexibly provide any type of ancillary service with
no upper limit, and the offer price of each service is uniformly set at
90,000$/MW. Based on this setup, we arrive at the cost comparison
diagrams of the three clearing methods shown in Figure 6. The
ancillary service clearing capacity of the three clearing methods
is shown in Figure 7, and the ancillary service capacity shortage
is shown in Figure 8.

The cost of clearing is analyzed for the three clearing methods.
Figure 6 shows that among the three types of clearing, independent
clearing has the highest total cost, the lowest cost of electric energy,
and the highest cost of ancillary services, while the other two types of
clearing have approximately the same costs. The reason for this result
is that when the demand for system ancillary services increases, the
energy market should increase the capacity margin of the units, but
independent clearing still maintains the original capacity margin.
Therefore, the capacity margin that is in excess in the market
with abundant resources is in shortage in the market with scarce
resources, which, on one hand, results in the cost of electric energy
of independent clearing being lower than that of joint clearing and,
on the other hand, results in the shortage of ancillary services of
independent clearing being much larger than that of joint clearing.

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1583300
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Mo et al. 10.3389/fenrg.2025.1583300

«10° Clearing Cost «10° Clearing Cost
18 NN Independent Clearing| | I Independent Clearing
I Joint Clearing 4.5 |HEEEE Joint Clearing |
16 | |C__—_]New Joint Clearing | - ’ "1 New Joint Clearing
41 J
B g 3.5¢ 1
= =
&L & 3r 1
@ ®
c o
&) 025} 1
o [=)]
£ =
@ 5 2t ]
@ @
O
e 1.5t 1
1 L
0.5} 1
Total Cost  Electricity Cost . . ]
‘eg @g
s =
e
FIGURE 6
Costs of three clearing methods when market resources are scarce.
Ancillary Service Clearing Capacity
[ independent Clearing
16 I Joint Clearing ]
["""INew Joint Clearing
14 5

'y
e]

Ancillary Service Clearing Capacity(MW)
o

FIGURE 7
Ancillary service clearing capacity for the three clearing methods when market resources are scarce.

Frontiers in Energy Research 10 frontiersin.org


https://doi.org/10.3389/fenrg.2025.1583300
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Mo et al. 10.3389/fenrg.2025.1583300
Shortage of Ancillary Service Capacity
I independent Clearing
=5l I Joint Clearing J
= [ New Joint Clearing
=
o
S
@ 4r 1
Q
3
a5 3
Py
o
§
b3 2
ke
(]
S
= 1T F .
(o]
e =
)]
; i L _
up frequency up ramping spinning reserve
FIGURE 8
Ancillary service capacity shortage for three clearing methods when market resources are scarce.

The shortage under independent clearing is much larger than that of
joint clearing, as shown in Figures 7, 8, and these shortages need to
be supplemented by high-priced virtual units, which, in turn, results
in the clearing cost of independent clearing ancillary services to be
significantly higher than those of the other two clearing methods,
ultimately leading to the highest total cost for independent clearing.

The capacity shortage of the three clearing methods is
analyzed. As shown in Figure 8, independent clearing has a
capacity shortage in the ramping and spinning reserve markets;
traditional joint clearing has a capacity shortage in the frequency
regulation, ramping, and spinning reserve markets; and joint
clearing considering weights has a capacity shortage only in the
spinning reserve market.

As shown in Figures 7, 8, the frequency regulation market can
still be cleared even if there is a significant capacity shortage in
the system ancillary services, which further confirms the targeting
of resource allocation in independent clearing. In contrast, the
traditional joint clearing model lacks a clear focus when considering
ancillary services, resulting in a capacity shortage in all ancillary
service markets. While the capacity shortage in traditional joint
clearing may not be significant in aggregate terms, its wide
distribution reveals a lack of targeting; joint clearing considering
the weights of ancillary services, on the other hand, sets weighting
factors for each type of ancillary service, resulting in a similarly
focused clearing. The fact that the approach shows capacity shortage
only in the spinning reserve market reflects the precision and
targeting of its resource allocation.

In scenarios where market resources are scarce, joint clearing
considering the weights of ancillary services shows unique
advantages. On one hand, it is able to optimize the total cost of

Frontiers in Energy Research

clearing, as in the case of traditional joint clearing, and on the other
hand, it ensures that the outcome of clearing has a clear focus, as in
the case of stand-alone clearing. Therefore, it can be concluded that
joint clearing considering the weights of ancillary services combines
the advantages of the other two types of clearing, thus maximizing
cost-effectiveness and ensuring rational and targeted allocation of
resources.

5.3 Clearance by joint clearing when
weighting factor A differs

This subsection analyzes the role of weighting factor A in the
joint clearing model. Under the condition mentioned in Section 5.2,
A is assigned values of 1, 2, 10, and 100 to obtain the corresponding
clearing results. Figure 9 shows the clearing cost under different A
values. Figure 10 shows the capacity of ancillary services clearing
under different A values; Figure 11 shows the capacity shortage of
ancillary services under different A values.

As shown in Figure 9, with an increase in A, both the overall cost
of system clearing and the cost of electric energy show a gradual
decrease until they reach a stable level, after which they no longer
decrease. This is because the increase in A drives the clearing model
to increasingly focus on optimizing the clearing of electric energy,
which, in turn, drives down the cost of electric energy. Given the
centrality of the cost of electric energy in the total cost structure, the
total cost decreases accordingly.

As shown in Figure 11, the overall ancillary service capacity
shortage of the system remains constant under different A values.
When 1 is equal to 1, the clearing result is unfocused, and all

frontiersin.org


https://doi.org/10.3389/fenrg.2025.1583300
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Mo et al.

10.3389/fenrg.2025.1583300

oo

Clearing Cost($/MW)

FIGURE 9

«10° Clearing Cost «10*  Clearing Cost

-l
(=]

-t
-

-
[ 3%

-
(=]

I =1 7 | | I Independent Clearing
-2 | I Joint Clearing
Cx=10 "1 New Joint Clearing
B =100 | 6
g5
=
<
24
Q
=)
£
=3
L
(6]
2 L
1
. 8 0
Total Cost  Electricity Cost aﬂ@o é“\g S
g\)\ @6\ \6"’
@ W
Od o

A
@

Clearing costs under different A values.

14

Ancillary Service Clearing Capacity(MW)

Ancillary Service Clearing Capacity

- (- )\ = 1

4 . L]
Q,‘(a& ,\‘30\ ® ¢ e _\(\q(
W ) Aoy
e & o©
FIGURE 10
Ancillary service clearing capacity with different A values.
Frontiers in Energy Research 12 frontiersin.org


https://doi.org/10.3389/fenrg.2025.1583300
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Mo et al. 10.3389/fenrg.2025.1583300
Shortage of Ancillary Service Capacity

_ 0.7 (N =1 '
s - -2
S | |mmmmr=10 - =
2 06 | )\ = 100 1
G
&
O 05¢F 1
@®
=
5 0al :
w
=
8
7 037 1
c
<
Y
© ! _
o 02
=2
o]
©
201} -
wn

0 - L __ ]

up frequency up ramping spinning reserve total
FIGURE 11

Ancillary service capacity shortage under different A values.

ancillary service markets have shortages; when it is larger than 1, the
clearing model shows clear targeting and only the spinning reserve
market has shortages.

The weighting parameters A affect the resource allocation of
electric energy and ancillary services by adjusting the strength of the
penalties in different parts of the objective function. Higher weights
will make the model more inclined to reduce the cost of electric
energy, but it may lead to a shortage of ancillary services; lower
weights may guarantee an adequate supply of ancillary services, but
the cost of electric energy increases.

This subsection highlights how the setting of the weighting
factor A makes the joint clearing process more targeted and allows
for more effective targeting of priority service areas.

6 Conclusion

This paper focuses on designing and constructing a joint
clearing model that considers the weights of ancillary services. On
one hand, the model inherits the traditional advantages of joint
clearing, including the minimization of overall costs and the effective
consideration of the capacity coupling relationship among markets
to ensure the optimal allocation of resources; on the other hand, it
also incorporates the beneficial qualities of independent clearing,
i.e., in the event of a shortage of resources in the market, it can
ensure that electric energy and key ancillary services (e.g., frequency
regulation ancillary services) are cleared normally and make the
clearing results more targeted and prioritized. This joint clearing
model finally realizes the joint clearing of different trading varieties,
such as energy, frequency regulation ancillary service, spinning
reserve ancillary service, and ramping ancillary service. Compared
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with the independent clearing model, the model shows significant
advantages in reducing the cost of power generation through the
verification of actual cases. At the same time, compared with the
traditional joint clearing model, it can more effectively respond to
extreme situations such as market resource shortages and ensure that
the key services of the power system are prioritized under resource-
limited conditions. In addition, the model makes the clearing results
more focused through refined weight settings, providing a strong
guarantee for the safe and stable operation of the power system.

Although this paper has carried out an in-depth study of the
joint clearing model, there are some shortcomings in the subtle
aspects involving the specific clearing process; therefore, future
research can focus on further exploring and optimizing the clearing
mechanism. On one hand, the specific impact of different weighting
parameters on the joint clearing results can be studied in depth, and
on the other hand, attention can be paid to finding ways to maintain
the stability and adaptability of the joint clearing mechanism in the
complex and volatile power market environment.
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Appendix A

TABLE A1 Output parameters of unit.

Unit number Unit location Pmax (p.u.) Pmin (p.u.) a (ton/(p.u.)?) b (ton/p.u.) c (ton)
1 1 12 0.5 0.00124 3.05 78.7
2 2 1 025 0.01058 462 94.6
3 5 0.6 0.15 0.0028 4.04 105
4 8 0.6 0.2 0.00354 5.03 124
5 11 0.66 0 \ \ \
6 13 0.4 0.1 0.00179 6.10 136

TABLE A2 Technical parameters of unit.

Unit number Ru/Rd TS/TD H startup cost J shutdown Initial state (1 Maximum
up/down minimum ($) cost (S) denotes on) startup and
ramping rate duration of shutdown
(p.u./h) \startup (h) times

1 0375 2 39,373 19,686 1 4

2 0.3 2 25,000 12,500 1 4

3 0.15 2 15,000 7,500 1 4

4 0.2 2 20,000 10,000 1 4

5 \ 0 0 0 0 \

6 0.15 2 10,000 5,000 0 4

TABLE A3 Electric energy quotation of thermal power unit ($/MWh).

Unit number Quotation for the Quotation for the Quotation for the Quotation for the
first segment second segment third segment fourth segment
1 3.05 3.55 4.05 455
2 4.63 5.63 6.63 7.63
3 4.04 5.24 6.44 7.64
4 5.03 6.53 8.03 9.53
6 6.10 8.10 10.1 12.1
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T=24
the output of the unit i during the time period t
the load demand during the time period t

0-1 variable; u; = 1 indicates that the unit i was on during the

time period t (0 for shutdown)

the maximum and minimum output of the unit i during the time

period t,respectively

the system positive and negative reserve capacity requirements
during the time period t, respectively

0-1 variable; IS:‘ =1 indicates that the unit i quotes for
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the winning bids for spinning reserve ancillary services of the
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0-1 variable; B = 1, B¢ = 1 indicate that the unit i quotes for
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t respectively (0 for no quote)
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the running cost of the unit i during the time period t, which is

a function of P;
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