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Abstract

Addressing the challenges of insufficient reserve capacity allocation and wind power
uncertainty-induced security and economic concerns under high wind power penetration,
this paper develops an integrated energy–reserve market clearing model for regional
electricity markets. Firstly, a comprehensive day-ahead market clearing mechanism is
designed, encompassing market participant bidding, security-constrained unit commitment
(SCUC), security-constrained economic dispatch (SCED), nodal marginal price calculation,
and market settlement. Secondly, a SCUC model targeting the minimization of total system
operating costs and a SCED model targeting the minimization of energy and reserve
procurement costs are established, comprehensively incorporating constraints, such as
power balance, unit output and ramping limits, reserve requirements, and network power
flows, with nodal marginal prices calculated using the Lagrangian multiplier method.
Finally, simulation verification is conducted using a modified IEEE 30-bus system as a case
study. Results demonstrate that the proposed model effectively coordinates wind power
integration with system reserve requirements, achieving economically optimal dispatch
while ensuring grid security and stability. Thermal units obtain substantial market revenues
by providing reserve ancillary services, while wind units achieve high revenues through
zero marginal cost advantages, fully validating the model’s effectiveness and economic
efficiency under high wind power penetration conditions. The research findings provide
theoretical foundations and practical guidance for constructing electricity spot market
mechanisms adapted to large-scale renewable energy integration.

Keywords: high proportion of wind power; regional power market; energy–reserve joint
clearing; security-constrained unit commitment; security-constrained economic dispatch;
node price

1. Introduction
During the operation of power systems, it is crucial to ensure stable operation [1,2].

However, uncertainties such as load fluctuations, transmission line faults, and generator
outages may lead to system imbalances, posing significant threats to the security of the
power system [3,4]. The reserve capacity of standby units is the most direct and effective
solution to these problems [5]. Therefore, reserves, as an important ancillary service, play a
crucial role in ensuring the safe and stable operation of the power system.
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With the continued advancement of global energy transition and the strategic imple-
mentation of the “dual carbon” goals, the penetration of renewable energy sources such as
wind power in the power system has been steadily increasing [6–8]. By the end of August
2025, China’s wind power installed capacity had reached 580 million kilowatts, a year-on-
year increase of 22.1% [9]. The integration of such clean energy sources into the grid will
impose stricter requirements on the system’s reserve ancillary services [10]. In regions with
high wind power penetration, sufficient reserve capacity must be reserved to address the
uncertainty of wind power output. In areas with insufficient reserve adjustment capacity,
serious wind curtailment phenomena may occur [11]. However, reserves are primarily
provided by traditional coal-fired units or gas turbines, and the current compensation
mechanisms do not fully compensate for the costs incurred by these traditional units pro-
viding reserves. Additionally, cost differences between units providing reserves are not
considered, putting significant operational pressure on traditional units, resulting in low
enthusiasm for reserves provided by coal-fired power plants [12]. Therefore, there is an
urgent need to adopt a market-based approach to ensure the sufficient supply of reserve
capacity and the effective compensation of the costs associated with providing reserve
ancillary services.

Two market designs are primarily employed for energy and reserve markets: co-
optimization and sequential clearing [13]. In co-optimized markets, energy and reserves
are cleared simultaneously, a model adopted by all major U.S. regional electricity markets
(PJM, CAISO, ERCOT, MISO, and NYISO) [13,14]. In sequential markets, energy and
reserves are cleared successively to form the dispatch schedule, a model currently used by
the integrated European energy market [15,16]. Among these, the co-optimization model
demonstrates superior performance in terms of total generation cost, market prices, and
other key indicators [17,18]. Consequently, recent studies have shifted towards the joint
optimization of energy and reserve markets.

Existing research has made certain progress in this field. References [19–22] proposed
joint energy–reserve market clearing models that minimize bidding costs while compre-
hensively considering static and dynamic security indicators. Based on the modeling and
analysis of diverse flexible loads, Reference [23] presents a joint energy and reserve ancillary
services market clearing model that incorporates load flexibility. However, these models
primarily focus on conventional energy and reserve resources with insufficient considera-
tion of wind power resources. To address the uncertainty of wind power, References [24,25]
characterize it using an interval optimization method and a truncated generalized distri-
bution model, respectively. Based on this, References [26–28] considered the uncertainty
of wind power output and established unit commitment-constrained clearing models for
joint energy–reserve markets with wind power participation. Nevertheless, these studies
fail to adequately characterize the intrinsic coupling relationship between energy supply
and reserve allocation, particularly overlooking the constraining effect of units’ energy
provision on their reserve capability. In summary, while the aforementioned literature has
proposed models conducive to efficient market operation and stable system performance
in energy–reserve joint market clearing, comprehensive consideration of factors such as
reserve deployability and wind power accommodation remains insufficient, and joint
energy–reserve clearing models for regional electricity markets with high wind power
penetration still require further research.

To fill this gap, this paper proposes a regional power market energy–reserve joint
clearing model adapted to high wind power penetration. Compared to existing models,
this model innovatively integrates reserve deployability constraints with wind power
accommodation objectives by establishing reserve–energy coupling constraints and wind
curtailment penalty mechanisms, simultaneously ensuring the actual availability of re-
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serve resources and the full utilization of wind power within a unified co-optimization
framework. Firstly, a complete day-ahead market clearing process is designed, including
market participant declarations, security constrained unit commitment (SCUC), security
constrained economic dispatch (SCED), nodal pricing calculations, and market settlements,
achieving the joint optimization of energy and reserve ancillary services. Secondly, an
optimization objective function is established that comprehensively considers the fuel costs,
startup/shutdown costs, reserve costs, and wind power curtailment penalty costs of coal-
fired power units, and multi-dimensional constraints such as power balance, unit technical
constraints, reserve demand, and network security are incorporated to construct the SCUC
and SCED two-stage optimization model. Thirdly, the Lagrange multiplier method is used
to calculate the system’s nodal marginal prices, providing reasonable economic signals
to market participants. Finally, an improved IEEE 30-bus system is used for simulation
verification, analyzing the startup/shutdown schedules, output arrangements, reserve
configurations, and economic benefits of different units. The effectiveness and practicality
of the proposed model under high wind power penetration conditions are verified. This
research provides theoretical support and practical reference for the construction of China’s
electricity spot market and the design of renewable energy consumption mechanisms.

The rest of the paper is organized as follows. Section 2 presents the design of the
joint energy–reserve clearing mechanism and discusses the modeling of the day-ahead
joint energy–reserve clearing with wind power integration. Section 3 provides a case
study analysis to validate the effectiveness of the proposed model. Section 4 provides a
discussion of the limitations and future research directions for the proposed model. The
main conclusions are presented in Section 5.

2. Materials and Methods
2.1. Design of the Joint Energy–Reserve Clearing Mechanism for the Day-Ahead Market with Wind
Power Integration

The arrangements for the energy market and ancillary services market are typically
made the day before operation to minimize the total purchase cost of the energy and
ancillary services markets through a centralized bidding process. After considering the
generation reports from the energy market and ancillary services market, system constraints,
unit scheduling, and network constraints, a joint optimization scheduling calculation is
performed. The joint optimization scheduling includes SCUC, SCED calculation, and
system-level locational marginal price (LMP) calculation. This calculation model plans the
unit startup, shutdown, and scheduling for a 24 h period, with the purchase and planning
of energy and ancillary services relying on these calculations. All objectives and constraints
are based on the optimization model, and the joint optimization scheduling clearing process
for the energy and ancillary services markets is specifically shown in Figure 1.

Step 1: Market Participant Declaration. Users and wind farms submit their next-day
load demand curve and wind power output forecast curve to the trading center, while
conventional power plants submit their energy and reserve bid prices along with technical
parameters, providing the data foundation for subsequent optimization calculations.

Step 2: SCUC Clearing Calculation. The trading center executes the SCUC pro-
gram with the goal of minimizing the total system operating cost. It determines the unit
startup and shutdown plan for the next 24 h while satisfying load balancing, reserve de-
mand, unit output and ramping constraints, minimum up and down time, and line flow
safety constraints.

Step 3: SCED Clearing Calculation. Based on the unit startup and shutdown schedule,
the trading center performs further optimization using the SCED program. SCED aims to
minimize the energy and reserve purchase costs as well as wind curtailment penalty costs.
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It accounts for additional safety constraints beyond the startup and shutdown constraints
to achieve joint optimization clearing of energy and reserve ancillary services, generating
the unit output and reserve configuration plan for the next 24 h.

Step 4: Marginal Price Calculation. The trading center uses the results of SCED to
calculate the system’s nodal prices via the Lagrange multiplier method. By extracting the
shadow prices of load balance constraints and reserve demand constraints, the nodal prices
for coal-fired and wind power units are calculated for the 24 time periods.

Step 5: Result Release and Settlement. The trading center releases the market clearing
results, outputs the awarded units’ energy and reserve operating schedules, and executes
market settlements based on the clearing prices, completing the scheduling and trading
process of the electricity market.

Start

Market participants submit the following declaration information 
for the next day: load demand, wind power forecast, unit bid 

prices, and unit technical parameters.

Execute the SCUC clearing calculation to generate the 
unit startup and shutdown schedule for the next 24 

hours.

Execute the SCED clearing calculation to generate the 
unit output schedule and reserve plan for the next 24 

hours.

Calculate the nodal prices for the joint energy-reserve 
market over the next 24 hours using Lagrange 
multipliers based on the constraint conditions.

Output the clearing results, including 
system operating costs and generator 

revenues, and reconcile the results.

End
 

Figure 1. Flow chart for clearing the electricity reserve joint market.

2.2. Modeling of the Day-Ahead Joint Energy–Reserve Clearing with Wind Power Integration

The joint market clearing model includes SCUC model, SCED model, and the nodal
price calculation model. The SCUC model, with a day-ahead time period as the decision
cycle, determines the startup/shutdown status and preliminary output plan of each unit,
ensuring the system’s security constraints are met. The SCED model then refines the
optimization of unit outputs and reserve capacities based on the SCUC results, further
reducing the system’s operating costs. The nodal price calculation model, based on the
optimization results, uses the Lagrange multiplier method to calculate the marginal prices
at each node, providing clear price signals to market participants and guiding the rational
allocation of resources. These three models are interconnected and progressively built upon
each other, forming a complete day-ahead market clearing mechanism. The specific model
design is shown below.
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2.2.1. Day-Ahead Security-Constrained Unit Commitment Model

The joint clearing optimization of energy and reserve ancillary services aims to mini-
mize the total purchase cost of energy and reserves. The optimization objective includes
the fuel costs, startup and shutdown costs, reserve provision costs, and wind curtailment
penalty costs. The specific mathematical model is as follows:

min
T

∑
t=1

Ng

∑
i=1

[
C f uel

i (Pi,t) + CUD
i (xi,t, yi,t) + CR

i (PUR
i,t , PDR

i,t )+
]
+

T

∑
t=1

Nw

∑
j=1

CWC
j (Pwp

j,t , Pw
j,t) (1)

where
C f uel

i (Pi,t) = aiP2
i,t + biPi,t + ci (2)

CUD
i (xi,t, yi,t) = CSU

i xi,t + CSD
i yi,t (3)

CR
i (PUR

i,t , PDR
i,t ) = CUR

i PUR
i,t + CDR

i PDR
i,t (4)

CWC
j (Pwp

j,t , Pw
j,t) = Kwc(Pwp

j,t − Pw
j,t) (5)

where T is the number of simulation periods; Ng is the number of coal-fired power units;
Nw is the number of wind power units; Ci is the fuel cost of coal-fired unit i; Pi,t is the
active power output of coal-fired unit i in period t; ai, bi, and ci are the coefficients for the
quadratic, linear, and constant terms of the fuel cost for coal-fired unit i; CUD

i (xi,t, yi,t) is the
startup/shutdown cost of coal-fired unit i; xi,t and yi,t are the startup and shutdown states
of coal-fired unit i in period t, respectively; CDR

i and CSD
i are the startup and shutdown

costs of coal-fired unit i per instance; CR
i (PUR

i,t , PDR
i,t ) is the reserve cost of coal-fired unit

i; PUR
i,t and PDR

i,t are the upward and downward spinning reserve capacities of coal-fired
unit i in period t, respectively; CUR

i and CDR
i are the upward and downward spinning

reserve costs for coal-fired unit i; CWC
j (Pwp

j,t , Pw
j,t) is the wind curtailment penalty cost for

wind power unit j in period t; Kwc is the wind curtailment penalty coefficient; and Pwp
j,t and

Pw
j,t are the forecasted and actual outputs of wind power unit j in period t, respectively.

In addition, the constraints imposed on this model are as follows.

1. System Operating Constraints

The power balance constraint can be expressed as:

Ng

∑
i=1

Pi,t +
Nw

∑
j=1

Pw
j,t = PL,t (6)

where PL,t is the system load at time period t.

2. Unit Operating Constraints

The wind power output constraint can be expressed as:

0 ≤ Pw
j,t ≤ Pwp

jt (7)

The output constraint for coal-fired units is as follows:

ui,tPmin
i ≤ Pmin

i,t ≤ Pi,t ≤ Pmax
i,t ≤ ui,tPmax

i (8)

where ui,t represents the operating status of coal-fired unit i at time t (ui,t = 1 indicates that
unit i is online, and ui,t = 0 indicates that unit i is offline); Pmax

i and Pmin
i represent the

maximum and minimum technical output of coal-fired unit i, respectively; and Pmax
i,t and

Pmin
i,t represent the upper and lower output limits of coal-fired unit i at time period t.
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Ramp rate constraint for coal-fired units can be represented as:{
Pi,t − Pi,t−1 ≤ ∆Pup

i ui,t−1 + Pmin
i,t (ui,t − ui,t−1) + Pmax

i,t (1 − ui,t)

Pi,t−1 − Pi,t ≤ ∆Pdown
i ui,t − Pmin

i,t (ui,t − ui,t−1) + Pmax
i,t (1 − ui,t−1)

(9)

where ∆Pup
i and ∆Pdown

i represent the maximum upward and downward ramp rates of
coal-fired unit iii, respectively.

The minimum startup and shutdown time constraint for coal-fired units is:
t+Ton

i,min−1

∑
k=t

(1 − ui,k) ≥ (ui,t−1 − ui,t)Ton
i,min

t+To f f
i,min−1

∑
k=t

(1 − ui,k) ≥ (ui,t − ui,t−1)T
o f f
i,min

(10)

where Ton
i,min and To f f

i,min represent the minimum startup and shutdown times for coal-fired
unit i, respectively.

The startup and shutdown logic constraint for coal-fired units can be expressed as:{
xi,t + yi,t = 1

ui,t − ui,t−1 = xi,t − yi,t
(11)

3. System Reserve Service Constraints

The reserve capacity constraints are as follows: 0 ≤ PUR
i,t ≤ min

{
Pmax

i,t − Pi,t, PUR
i,max

}
0 ≤ PDR

i,t ≤ min
{

Pi,t − Pmin
i,t , PDR

i,max

} (12)

where PUR
i,max and PDR

i,max represent the maximum upward and downward spinning reserve
capacities of coal-fired unit i, respectively.

The reserve demand constraint is as follows:
Ng

∑
i=1

PUR
i,t ≥ αPL,t +

Nw
∑

j=1
kdownPw

j,t

Ng

∑
i=1

PDR
i,t ≥ βPL,t +

Nu
∑

j=1
kdownPw

j,t

(13)

where α and β represent the reserve demand coefficients for upward and downward
reserves, respectively; and kdown and kup represent the upward and downward reserve
demand coefficients declared by wind power units. The setting of reserve demand co-
efficients aims to characterize the relationship between the amount of renewable energy
consumption and the system’s reserve requirements. As the consumption of renewable
energy increases, the system’s uncertainty also rises, thereby increasing the demand for
reserve capacity accordingly.

4. System Network Constraints

The node power balance constraint is as follows:

Pline,t = H(XgPi,t + XwPw
i,t − PL,t) (14)

where Pline,t is the branch power flow at time period t; H is the conversion matrix that
represents the relationship between branch power flow and the node’s coal-fired power,
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wind power, and load; and Xg and Xw are sparse matrices representing the correspondence
between coal-fired units and wind power units with the nodes.

The transmission line flow constraint is as follows:

PL,min ≤ Pline,t ≤ PL,max (15)

where PL,min is the minimum load on the branch, and PL,max is the maximum load on
the branch.

2.2.2. Day-Ahead Security-Constrained Economic Dispatch Model

The SCED model optimizes the generation output of the online units to meet electricity
demand while minimizing the scheduling cost. Unlike the SCUC model, which focuses
on unit startup and shutdown decisions, the SCED model also optimizes the output and
operational status of the units. This model is based on the predefined unit startup and
shutdown states and further optimizes the operation process of the units. Therefore, the
objective function and constraints of the SCED model are similar to those of the SCUC
model, with the goal of minimizing generation costs, ensuring system security, and meeting
load demand. The specific adjustments of the SCED model compared to the SCUC model
are as follows.

Ignoring the startup costs of the units, the adjusted objective function is as follows:

min
T

∑
t=1

Ng

∑
i=1

[
C f uel

i (Pi,t) + CR
i (PUR

i,t , PDR
i,t )+

]
+

T

∑
t=1

Nw

∑
j=1

CWC
j (Pwp

j,t , Pw
j,t) (16)

Ignoring the minimum startup and shutdown time constraints (Equations (10) and (11))
and the startup/shutdown logic constraints, the adjusted constraints are as follows:
Equations (6)–(9) and Equations (12)–(15), where the integer variables are the known
values determined by the SCUC model.

2.2.3. Nodal Price Calculation Model

By solving the SCED model and obtaining the Lagrange multipliers for each constraint,
the system marginal price for the energy and reserve markets at each hour can be derived.
The specific expression is as follows:

PE =
∂L

∂ED
= λ (17)

PR =
∂L

∂RD
= µ (18)

where L is the Lagrangian function of the optimization model; PE is the energy price;
ED is the system energy demand; λ is the Lagrange multiplier for the active power balance
constraint; PR is the reserve price; RD is the system reserve demand; and µ is the Lagrange
multiplier for the reserve constraint.

3. Results
3.1. Case Study Base Data

To validate the effectiveness of the proposed day-ahead joint energy–reserve clearing
model, this section uses the improved IEEE 30-bus system as a case study. The sys-
tem topology is shown in Figure 2, which includes 41 transmission lines, 20 load nodes,
6 conventional generators (G1–G6), and 2 wind power units (W1–W2). The typical daily
load curve for the system is shown in Figure 3, with reserve demand coefficients for upward
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and downward reserves set at 0.05 and 0.06, respectively. The parameters for the coal-fired
power units are provided in Table 1 [29]. It should be noted that all per-unit (p.u.) values
are normalized based on a system base power of 100 MVA. Wind power units are connected
to nodes 5 and 20, and their output curves are shown in Figure 4. The wind curtailment
penalty coefficient for the system is set to 5. The upward and downward reserve coefficients
for the two wind power units are set to 0.25 and 0.18, respectively, based on reference [29].
The energy–reserve joint market optimization program is written in MATLAB R2021b and
solved using the CPLEX 12.10 solver. The final results include the unit commitment, output
schedule, market clearing prices, and economic benefits.
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Figure 2. Typical tariff simulation path diagram.
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Figure 3. Typical daily load curve.
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Table 1. Thermal power unit parameters.

Unit Number G1 G2 G3 G4 G5 G6

Maximum Technical Output of Unit (p.u.) 1.50 1.35 0.95 0.80 0.60 0.40
Minimum Technical Output of Unit (p.u.) 0.15 0.20 0.15 0.15 0.15 0.10

Fuel Cost Quadratic Coefficient a ($/MW2) 0.11 0.09 0.03 0.04 0.02 0.02
Fuel Cost Linear Coefficient b ($/MW) 2.85 3.62 4.04 3.83 3.63 3.83

Fuel Cost Constant Coefficient c ($) 0.00 0.00 0.00 0.00 0.00 0.00
Up/Down Ramp Rate (p.u./h) 0.38 0.38 0.35 0.30 0.20 0.15

Minimum Shutdown/Startup Duration (h) 2 2 2 2 2 2
Startup Cost ($/instance) 4000 2500 1500 2000 1200 1000

Shutdown Cost ($/instance) 2000 1250 750 1000 500 500
Upward Spinning Reserve Cost ($/MW) 0.12 0.14 0.17 0.15 0.14 0.16

Downward Spinning Reserve Cost ($/MW) 0.02 0.04 0.03 0.03 0.02 0.02
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20

30

40

50

60

70

80
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Time/h

W
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d 
po

w
er

 o
ut

pu
t/M

W

Figure 4. Typical daily wind power output curve.

3.2. Case Study Analysis Results
3.2.1. Unit Commitment and Output Schedule

The initial states of units G1 to G3 are “online,” while the initial states of units
G4 to G6 are “offline.” Figure 5 shows the startup and shutdown schedule for the coal-fired
units, where “O” denotes the unit is online, and “×” indicates the unit is offline. As shown
in Figure 5, units G1, G2, G3, and G6 remain online from the initial time and continue
to operate in subsequent periods. Unit G4 stays offline throughout the period. Unit G5

remains offline for the first 6 periods and then starts operating from periods 7 to 24. Since
the startup cost of units G5 and G6 is lower than that of G4, they are prioritized for startup
when the load demand increases.

Figure 6 shows the output schedule for each generating unit. It can be observed that
the operational states of G1 and G2 remain stable, consistently operating at low output
levels. This is due to their higher startup and shutdown costs. To avoid incurring additional
expenses from frequent startups and shutdowns, the system typically keeps these units at
their minimum output levels. The continuous and stable operation of G1 and G2 reflects the
system’s strategy of prioritizing high startup/shutdown cost units in low-load scenarios
to maintain economic efficiency. After the 7th period, as the load increases significantly,
G5 starts operating, and G6’s output also rises substantially. This indicates that the growth
in load demand directly drives the activation of these units. Since G6 has a lower startup
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cost, the system can quickly bring it online to address the increased load, showcasing the
system’s flexibility in adjusting to load fluctuations. It is worth noting that while G3’s
output level is relatively low, it remains online throughout. Given G3’s relatively high
bid price, the system prioritizes dispatching lower-cost units such as G6 and G5 when
responding to load changes, avoiding increasing G3’s output whenever possible. This
characteristic reflects the system’s strategy of not prioritizing high-priced units at the
beginning of a demand increase; instead, such units are considered for output increase only
when other lower-cost units cannot meet the load demand. This scheduling strategy helps
to effectively control the overall system cost during high-load periods.

G5

G6

G4

G3

G1

G2

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time/h

U
ni

t N
um

be
r

Figure 5. Unit combination solution results.
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U
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U
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Figure 6. Unit output plan.

Figures 7 and 8 show the comparison between the forecasted and actual outputs for
wind power units W1 and W2. From 0:00 to 6:00, there is a significant difference between
the forecasted and actual wind power outputs. This is because the system’s load demand is
low during this period, and the wind power output is relatively abundant, allowing the
system to fully utilize these wind resources. From 7:00 to 21:00, the forecasted and actual
wind power outputs are closely aligned. This is due to the higher load demand during
this period, where the system prioritizes wind power dispatch, but still relies on coal-fired
units to meet the remaining gap. The wind power utilization and penetration rates are
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94.43% and 38.38%, respectively, indicating that the wind power units are operating at high
efficiency and play a significant role in the system’s electricity supply.
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Figure 7. Comparison between predicted and actual output of wind turbine unit W1.
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Figure 8. Comparison between predicted and actual output of wind turbine unit W2.

3.2.2. Nodal Prices and Economic Benefits

Figure 9 shows the nodal prices for coal-fired units. It is evident that the prices exhibit
clear peak and valley characteristics over time. During peak load periods (8 AM to 8 PM),
nodal prices are generally high, with some nodes (e.g., G1, G3) reaching peak values of
6–8 USD/MWh, reflecting the system’s high demand for generation resources at these
times. During off-peak hours (12 AM to 6 AM and 10 PM to 12 AM), the prices drop
significantly to 1–2 USD/MWh, indicating a relaxed supply–demand balance after load
decreases. Spatially, there are price differences between nodes, such as G3 (node 5) and
G4 (node 8), which have slightly higher prices during certain periods. This is due to factors
like network topology, transmission line capacity limits, and load density, suggesting that
transmission congestion affects nodal prices.
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Figure 9. Node electricity price for thermal power units. (a) G1, G2, G3; (b) G4, G5, G6.

Figure 10 displays the nodal prices for wind power units. As seen, the nodal prices for
wind power units exhibit clear periodical fluctuations. The price curves for W1 (node 5) and
W2 (node 20) remain high (6–8 USD/MWh) during the peak load period (8 AM to 8 PM),
which aligns with the trend of coal-fired unit nodal prices, indicating that wind power
has a higher market value during peak load periods. Notably, W2 (node 20) experiences
sharp price drops, even approaching zero, during certain periods (e.g., around 12 PM and
9 PM). This is due to the sufficient wind power output during these times, leading to local
oversupply, combined with transmission bottlenecks preventing effective delivery, causing
a significant drop in nodal prices. This phenomenon highlights the risk of wind curtailment
and market price volatility under high wind power penetration, exacerbated by insufficient
grid flexibility and transmission constraints.

 
Figure 10. Node electricity price for wind turbine.

Table 2 presents the reserve capacity clearing prices for thermal power units. The
results show that the upward reserve price exhibits remarkable stability, staying within the
range of 0.138–0.140 $/MWh throughout the day. This indicates that the system’s upward
adjustment capacity is ample, and market competition is strong. In contrast, the downward
reserve price shows significant fluctuations, with sharp peaks and valleys: during low-load
periods, such as 1 AM, the price rises to a peak of 6.131 $/MWh, while during high-load
periods, such as 6 PM, the price drops to 0.023 $/MWh. This pronounced price divergence
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highlights the supply–demand imbalance in the system’s adjustment capacity: during
late-night hours, when units operate at low output, downward adjustment flexibility is
extremely scarce, resulting in a significant price premium; during the daytime, when units
have more output headroom, downward adjustment capacity is abundant, and the price
decreases accordingly.

Table 2. Reserve Capacity Clearing Price.

Time Slot 0 1 2 3 4 5 6 7

Upward Reserve Clearing Price ($/MWh) 0.140 0.140 0.140 0.140 0.140 0.140 0.140 0.140
Downward Reserve Clearing Price ($/MWh) 1.946 6.131 6.024 5.988 5.988 6.024 0.663 0.188

Time Slot 8 9 10 11 12 13 14 15

Upward Reserve Clearing Price ($/MWh) 0.140 0.140 0.140 0.140 0.140 0.140 0.140 0.140
Downward Reserve Clearing Price ($/MWh) 0.028 0.028 0.028 0.028 0.028 0.028 0.028 0.028

Time Slot 16 17 18 19 20 21 22 23

Upward Reserve Clearing Price ($/MWh) 0.140 0.140 0.140 0.140 0.138 0.140 0.138 0.138
Downward Reserve Clearing Price ($/MWh) 0.028 0.028 0.023 0.028 0.028 1.694 5.022 4.805

Table 3 presents the economic benefits results for generating units. From the perspec-
tive of system cost composition, the total cost is $20,971.72, with fuel cost accounting for
$18,633.67, approximately 89% of the total, representing the primary expenditure. Start-up
and shut-down costs of $2200 reflect the adjustment requirements for units responding
to load fluctuations. Reserve costs of $131.22 comprise a relatively small portion, indi-
cating economical allocation of regulation resources. Wind curtailment penalty costs of
only $6.83 demonstrate favorable wind power accommodation with effective control of
energy waste. Regarding generation revenue, thermal units earned a total of $2882.04, with
reserve revenue of $1467.52 slightly exceeding energy revenue of $1414.52, reflecting the
market value of thermal units in providing ancillary services. Wind power units achieved
significantly higher revenue of $9563.59, benefiting from zero fuel costs and higher market
prices. Overall, the clearing results demonstrate a well-balanced system optimization
among economic efficiency, security, and renewable energy integration, providing valuable
insights for dispatch strategy optimization and system flexibility enhancement.

Table 3. Economic benefits of generator set clarification results.

System operating cost ($)

Fuel cost ($) 18,633.67
Startup/shutdown cost ($) 2200

Total coal-fired generation cost ($) 20,833.67
Reserve cost ($) 131.22

Wind curtailment penalty cost ($) 6.83
total cost ($) 20,971.72

Generator revenue ($)

Coal-fired generator energy revenue ($) 1414.52
Coal-fired generator reserve revenue ($) 1467.52

Total coal-fired generator revenue ($) 2882.04
Total wind power generator revenue ($) 9563.59

The wind power reserve demand coefficient is used to characterize the correlation
between renewable energy accommodation and system reserve demand. The higher the
wind power uncertainty in the system, the greater the demand for reserve capacity [30].
Therefore, the wind power reserve coefficient can serve as a quantitative indicator of wind
power uncertainty. Table 4 presents the impact of wind power reserve demand on market
clearing results. The results show that when wind power reserve demand increases with
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intensified wind power uncertainty, both wind power utilization rate and penetration rate
exhibit a downward trend, while total system operating costs rise and total generation
revenue decreases. This indicates that wind power uncertainty weakens the system’s wind
power accommodation capability and reduces the economic efficiency of system operation.

Table 4. Impact of wind power reserve demand on market clearing outcomes.

Reserve Coefficients Utilization Rate Penetration Rate Total Cost ($) Total Revenue ($)

[0.25, 0.18] 94.43% 38.38% 20,971.72 12,445.63
[0, 0] 96.47% 39.20% 20,359.24 12,660.76

4. Discussion
For discussion, this paper presents a promising joint energy–reserve clearing model,

but it also has certain limitations that need to be addressed in future research. The current
model’s validation relies on the IEEE 30-bus test system, and its moderate scale may
limit the generalizability of the quantitative conclusions to larger, real-world systems.
Additionally, this study focuses on the joint clearing paradigm and has not conducted
formal benchmark comparisons with sequential clearing or pure energy market designs. As
a result, the marginal benefits of co-optimization—including cost savings, wind curtailment
reduction, and price efficiency improvement—have not been fully quantified. Moreover, the
analysis uses a single representative load curve, which does not capture diverse operating
conditions such as peak demand and seasonal variations. Therefore, future research
should extend to larger-scale test networks to verify the model’s scalability, implement
systematic comparisons with alternative market designs such as sequential clearing, and
include diverse load scenarios for a comprehensive assessment of model performance.
Furthermore, adapting the proposed mechanism to other high coal-fired power markets
undergoing energy transitions—such as India, Southeast Asia, and Eastern Europe—will
enhance the applicability of the study and provide valuable insights for adjusting market
design parameters in different regulatory environments and generation structures.

5. Conclusions
Addressing the challenges of insufficient reserve capacity allocation and wind power

uncertainty-induced security and economic concerns under high wind power penetration,
this paper develops an integrated energy–reserve market clearing model for regional
electricity markets and validates its effectiveness and practicality through case simulations,
yielding the following key conclusions:

• The proposed day-ahead joint energy–reserve clearing model establishes a compre-
hensive clearing mechanism encompassing market participant bidding, SCUC unit
commitment, SCED economic dispatch, nodal marginal price calculation, and market
settlement. This achieves deep coordination between energy and reserve ancillary
service markets, providing a scientific and efficient market-based dispatch solution for
power systems operating under high wind penetration conditions.

• The joint clearing model effectively coordinates the dynamic balance between wind
power accommodation and system reserve requirements. The model comprehensively
incorporates multi-dimensional constraints including power balance, unit output
and ramping limits, reserve allocation requirements, and network power flow secu-
rity, achieving optimal system operating cost allocation while ensuring grid security
and stability.

• The nodal marginal pricing mechanism accurately characterizes the spatiotemporal
supply–demand characteristics and network security constraints of electricity markets.
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Nodal prices calculated using the Lagrangian multiplier method exhibit significant
peak–valley fluctuation patterns across time periods, with price differentials among
nodes clearly reflecting the impact of transmission congestion on market clearing out-
comes. This provides transparent and reasonable price signals to market participants,
effectively guiding the optimal allocation of generation and consumption resources.
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