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ABSTRACT: The construction of spot electricity markets plays a pivotal role in power system reforms, where market
clearing systems profoundly influence market efficiency and security. Current clearing systems predominantly adopt
a single-system architecture, with research focusing primarily on accelerating solution algorithms through techniques
such as high-efficiency parallel solvers and staggered decomposition of mixed-integer programming models. Notably
absent are systematic studies evaluating the adaptability of primary-backup clearing systems in contingency scenarios—
a critical gap given redundant systems’ expanding applications in operational environments. This paper proposes a
comprehensive evaluation framework for analyzing dual-system adaptability, demonstrated through an in-depth case
study of the Inner Mongolia power market. First, we establish the innovative “Dual-Active Heterogeneous” architecture
that enables independent parallelized operation and fault-isolated redundancy. Subsequently, key performance indices
are quantitatively evaluated across four critical dimensions: unit commitment decisions, generator output constraints,
transmission section congestion patterns, and clearing price formation mechanisms. An integrated fuzzy evaluation
methodology incorporating grey relational analysis is employed for objective indicator weighting, enabling systematic
quantification of system superiority under specific grid operating states. Empirical results based on actual operational
data from 200 generation units demonstrate the framework’s efficacy in guiding optimal system selection, with
particularly strong performance observed during peak load periods. The proposed approach shows high generalization
potential for other regional markets employing redundant clearing mechanisms—particularly those with increasing
renewable penetration and associated uncertainty.

KEYWORDS: Spot electricity markets; dual clearing systems; fuzzy comprehensive evaluation; system adaptability;
primary-backup switching

1 Introduction

China’s electricity marketization in electricity marketization continues to deepen, with the construc-
tion and operation of electricity spot markets emerging as a critical breakthrough in the power sector
restructuring. Ensuring long-term stable operation of the spot market system and the correctness and
reasonableness of clearing results has become paramount, as it directly impacts grid security and stability and
the economic interests of market participants. Based on synchronized operational data from the primary and
backup dispatch systems, this paper adopts a comparative analysis approach to investigate the compatibility,
consistency, and optimization pathways between the two systems, thereby providing insights for similar
electricity markets in China.
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The spot market’s clearing mechanism primarily follows a centralized unilateral architecture, and relies
on centralized optimization computations. It achieves uniform system-wide clearing in a single iteration by
aggregating bid data from all participants and leveraging the computational resources of the central dispatch
system. For this single-optimization-engine architecture, academic research focuses on three critical areas:
1. Enhancements to centralized optimization algorithms: Techniques such as high-efficiency parallel solvers
and staggered decomposition of mixed-integer programming models significantly improve the numerical
stability and convergence speed of optimal power flow calculations [1,2]. 2. Al-driven clearing models: Deep
learning and reinforcement learning are adopted to design novel clearing frameworks that accommodate
bidding strategies under the high uncertainty of renewable energy integration [3]. 3. Dynamic pricing
mechanism optimization: Refinements to system marginal price precision mitigate volatile nodal price
fluctuations [4,5].

However, practical cases reveal that single-system architectures face multifaceted constraints and risks—
such as relying on monolithic data sources and lacking heterogeneous redundancy. Most Chinese spot
markets adopt single-system designs, even in provinces with primary-backup configurations, without mature
failover mechanisms [6,7]. The prevailing single-system implementation relies on a singular data center
node. Failures in critical communication infrastructure (e.g., fiber-ring network outages, front-end switch
crashes) [8] can trigger full clearing-service disruptions, impacting provincial-scale market operations [9].
In extreme scenarios (e.g., data source failures, algorithmic flaws, or host system crashes), such architectures
may lead to distorted clearing results or trading suspensions. While the EU’s dual-center model incorporates
redundancy; it retains a serialized computational structure [10]. Hence, data anomalies at any stage may inval-
idate the entire settlement outcome—diverging sharply from China’s domestic dual-active/dual-data-source
standards, which mandate Independent parallelized operation and fault-isolated redundancy [11]. Studies
demonstrate that spot market price volatility stems from grid physical constraints (e.g., congestion) [12,13],
unit operational states, and cross-market coupling effects, where reliability/accuracy significantly influences
resource allocation efficiency [14].

Especially in wind-dominated electricity markets, the coexistence of regulated transactions (e.g.,
traditional thermal power generation) and deregulated transactions (e.g., wind power market-based trading)
further amplifies the clearing risks of single systems. Studies on such markets indicate that wind energy
intermittency requires simultaneous alignment with planned unit output adjustments and market-oriented
electricity price signals. A single system may face heightened severe failure risks due to surging data
processing loads. It may also fail to adapt to multi-transaction mode clearing logic (e.g., collaborative
optimization of planned and market-based electricity). These issues can lead to deviations from actual
supply-demand relationships, even triggering transaction disputes [15].

To address the inherent risks of single-system architectures in electricity markets—such as data source
failures, algorithm errors, and system downtime—several academic studies have explored or proposed dual-
system or primary-backup clearing architectures to enhance reliability and resilience. For instance, research
on two-settlement systems, which integrate day-ahead (forward) and real-time (spot) market clearing
mechanisms, highlights their role in mitigating network uncertainty and market power while ensuring
operational reliability through redundant processes that correct infeasibilities in forward scheduling [16].
Similarly, two-settlement frameworks under network constraints are examined for their welfare and distri-
butional properties, emphasizing how spot markets act as a backup to forward commitments to maintain
system balance [17]. Other work introduces two-stage stochastic models for security-constrained market
clearing, incorporating storage systems and wind power as network assets to provide reserves and reduce
load shedding risks during contingencies, effectively serving as a dual-stage redundancy for reliability [18].
Reviews of electricity market resilience further discuss self-healing networks and bio-inspired designs that
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balance redundancy with efficiency in transmission systems, positioning them as backup architectures
to enable autonomous recovery from disruptions [19]. Additionally, state-of-the-art analyses of resilient
multi-microgrids incorporate backup mechanisms like battery storage and distributed energy resources for
contingency management, with implicit dual clearing through bi-level optimization in energy trading [20].
However, these studies generally mention dual or backup systems without delving into comprehensive
comparative evaluations of the switching processes between different clearing systems—such as transitions
from forward to spot modes or stage shifts under varying uncertainties—and lack adaptability analyses, such
as how these architectures dynamically adjust to real-time deviations or evolving risks.

To address this, Inner Mongolia implemented a backup dispatch spot system. Its design decouples
computation engines, algorithms, and data sources between primary and backup systems, yet requires
consistency verification before final clearing—a fault-tolerant approach inspired by multi-center settlement
in financial trading systems. However, given power system complexities (e.g., generator-coordination, grid
constraint propagation, and regional price coupling), its applicability demands further validation.

This paper proposes a comprehensive framework for analyzing the Inner Mongolia spot market clearing
system. First, we outline the operational context of the primary-backup systems. Next, we deconstruct key
factors influencing clearing results and propose an analytical framework. Critical grid states and clearing
prices are then modeled, followed by statistical methods to locate atypical clearing data. Our approach
demonstrates scientific rigor and offers actionable insights for backup system planning in electricity markets.

2 Framework for Primary-Backup System Switching of Inner Mongolia Spot Clearing

The stable operation and correct clearing of the electricity spot market are critical for grid security and
market participant interests. Most provincial electricity spot markets in China rely on a “single infrastructure
+ homogeneous backup” model, which creates a single point of failure in both data and calculation [21].
They also lack real-time validation mechanisms. Even with primary-backup systems, switchover protocols
are immature. Traditional approaches, derived from scheduling automation, require simultaneous failover
of all modules at both centers, forcing a full-scale switch even for isolated spot system faults. These
deficiencies in validation, data redundancy, and fault response threaten system reliability [22]. To address
this, Inner Mongolia Power Grid proposes an innovative Dual-Active Heterogeneous and Cross-Mutual
Backup architecture.

As shown in Fig. 1, the backup spot system incorporates a Data Source Management Module that
simultaneously ingests data from the primary dispatch business system, backup dispatch business system,
and trading center. Under normal conditions, the backup system selects the same data source as the
primary dispatch system. When a single data source fails, it seamlessly switches to an alternative source,
ensuring uninterrupted data continuity and achieving cross-mutual redundancy at the data source layer.
Furthermore, through real-time synchronization between primary and backup systems and transformation
of heterogeneous model data, the market model parameters, which are manually modified and used by both
the primary and backup dispatch systems, are kept consistent. To verify which system is more suitable, a
Flexible Primary-Backup Switchover mechanism has been developed, allowing the spot system to either
switch collectively with the dispatch automation system or operate independently. Consequently, failures
in a single spot system can be mitigated by switching to the alternative spot system without disrupting the
dispatch automation system. During normal operations, the system with superior clearing outcomes can be
designated as primary. This granular switching approach enhances operational flexibility and responsiveness.

The verification methodology for the clearing system’s advantages will be elaborated in subsequent
sections.
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Figure 1: Spot market system architecture schematic diagram

3 Comprehensive Analysis Framework for Electricity Spot Market

The electricity trading volume and transaction price of market entities are the most valuable information
in the output results of spot market clearing calculations. The clearing of electricity markets requires
solving security-constrained unit commitment (SCUC) [23] and security-constrained economic dispatch
(SCED) [24] models to ensure that the power grid achieves a globally optimal generation resource allocation
under various physical constraints and operational boundaries.

However, when various complex situations occur simultaneously, some atypical scenarios may arise,
and the analysis and interpretation of market clearing results based solely on the quantity and price
information declared by market entities will become inaccurate. The operating states and physical constraints
of equipment such as generating units and transmission sections serve as important constraints for market
clearing and also constitute key information of concern to power grid dispatching and market operating
institutions. Thus, the paper centers the analysis of market results on two aspects: the critical states of power
grid operation and market clearing prices, and puts forward a framework for analyzing the clearing results
of electricity spot markets as shown in Fig. 2.
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Figure 2: Analysis framework of electricity spot market clearing results

Regarding the critical operating states of power grid, the analysis mainly covers three aspects: the
commitment of generating units, the constraints on their maximum and minimum technical output as well
as ramping capacity, and the situations where transmission section security constraints meet or exceed limits.
Initially, atypical states are screened out based on operational experience. The unit commitment is influenced
by three factors: load demand, the inherent characteristics of units, and network security constraints. The
constrained state of units shall be considered from four aspects: Output boundary limitation, Start-stop state
limitation, Regulation capacity limitation, and Market response limitation. For the section power flow state,
three aspects need to be considered, namely section coupling cause, start-up dispatching cause, and economic
dispatching cause. The results of power grid operation state analysis not only serve as an important reference
for explaining market winning results, but also form the basis for further market price analysis.

Regarding the analysis of market clearing prices, we first use statistical methods to analyze typical
historical operation information to derive the correlation between day-ahead price trends and electricity
demand. The Pearson algorithm is utilized on the market clearing price to form the fourth indicator. By
analyzing the key operating states of the power grid and market clearing prices, four indicators are derived.
These indicators are then evaluated using a dual-system evaluation framework based on fuzzy theory to
determine the optimal clearing system.
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4 Modeling of System Key States and Clearing Prices
4.1 Analysis of Critical States of Power Grid Operation

4.1.1 Analysis of Unit Commitment Reasons

The start-up and shutdown of generation units are crucial scheduling operations in power systems.
These decisions are made based on factors such as load demand, the inherent characteristics of the units,
and network security constraints. Such operations are categorized into two scenarios: those without network
security constraints and those where network security constraints are present.

In scenarios without network security constraints, unit commitment is determined by market supply,
demand, and economic efficiency, with the goal of minimizing total power generation costs. Therefore, in
the start-up sequence, units with lower start-up costs and more competitive bidding prices are prioritized
for operation. In scenarios with network security constraints, unit commitment focuses on ensuring the
safety and stability of the power grid. This may involve shutting down units at the sending end and starting
units at the receiving end to alleviate transmission section overloads, while also coordinating with grid
topology adjustments to guarantee reliable power supply. In such cases, decisions prioritize meeting security
constraints, which may entail sacrificing local economic efficiency—for example, activating higher-cost units
while shutting down lower-cost ones.

The differences in unit commitment outcomes between the two scenarios stem from the role of security
constraints, while the commonalities are influenced by both economic factors and fundamental equipment
limitations. This principle helps explain both typical and atypical commitment phenomena.

4.1.2 Analysis of Unit Constrained States

In power system scheduling optimization, the operational constraints of generation units can be cate-
gorized into four types based on their sources and characteristics. Firstly, output boundary constraints arise
from technical limitations, preventing units from exceeding their maximum or minimum technical output
limits. Secondly, start-up/shutdown state constraints are governed by operational rules such as minimum
duration requirements or insufficient grid synchronization time, forcing units to maintain their current
status. Thirdly, adjustment capacity constraints stem from dynamic performance limitations, including
restricted ramp rates and reactive power adjustment ranges, which impede rapid response to load changes.
Finally, market response constraints result from network security protocols and market mechanisms, leading
to economically suboptimal operations where inefficient units may be forced to operate while efficient units
remain underutilized.

Analysis of unit constrained states contributes to both market operation effectiveness and system
dispatching scientificity. On the one hand, by clarifying technical output limits and start-up/shutdown rules,
it provides accurate parameters for market clearing and improves resource allocation efficiency. It also helps
distinguish between safety and economic influences, explains atypical market outcomes, enhances clearing
transparency, and supports the optimization and supervision of market rules. On the other hand, quantifying
load response limitations enables better reserve capacity configuration to reduce operational risks. Moreover,
refined cost accounting reduces non-essential losses, while the actual implementation rate of power plans
is increased.

To determine whether a unit is in a constrained state, an indirect method can be employed based on the
shadow prices of unit-related constraints.

The original problem of unit operation optimization is as follows [25]:
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Objective Function:

min f (P) = Z Ci (P, t) 1)

General Constraints:
g (P)<0(j=1L2,...,m) 2)

he (P)<0(k=12,......,n) A3)

where P = {P,, t} denotes the output vector of the unit, C; (P,, t) denotes the function of power generation
cost; g (P) < 0 denotes inequality constraints (constraint on the upper limit of unit output, etc.), hy (P) = 0
denotes equation constraints (power balance constraint, etc.).

According to the complementary slackness condition, the activation status of constraints in the primal
problem can affect the value of shadow prices [26].

Ag (P) =0 (4)

where A; denotes the shadow price. When gj (P) < 0, A; = 0; When gj (P) = 0, A; > 0.If A; = 0, the constraint
is not activated, and the unit is not constrained; if A; # 0, the unit is constrained. When A; is larger, the
cleaning effect is worse; When the value of A; is greater than 0, the worse the clearing effect. In the case of
multiple solutions, as long as the constraint is activated, there exists at least one set of shadow prices greater
than zero, which does not affect the judgment that the unit is constrained when it reaches the boundary.

4.1.3 Analysis of Causes for Section Congestion

Analyzing the causes of transmission congestion helps establish connections between the physical con-
straints of the power grid and market clearing outcomes. Such analysis not only clarifies the electricity price
formation mechanism but also directly supports grid security control and market operation optimization,
serving as an essential step toward improving the efficiency and transparency of spot market operations.

Section power flow is co-determined by generator outputs and nodal loads. The first step involves
examining potential abnormalities in nodal load data. If a section remains overloaded even after utilizing
the maximum adjustment capacity of all operational units, abnormal load data may be indicated. If loads
are normal, the focus shifts to the constraint status of units whose output adjustments influence the section
power flow. Based on unit constraints, this paper categorizes transmission congestion causes into three
types: section coupling, caused by mutual power flow influences among sections where one section’s security
limit restricts unit outputs; start-up scheduling, where units cannot flexibly adjust output due to dispatch
instructions such as reserve requirements, maintenance plans, or peak-shaving operations; and economic
dispatch, where units are limited by generation bounds or economic scheduling plans.

4.2 Analysis of Spot Market Clearing Price

The user-side weighted average price, as a core indicator for settlement and price signal transmission
in the electricity spot market, has a formation mechanism directly related to the interest distribution of
market participants and the rationality of market operation. Essentially, this price is the result of aggregating
locational marginal prices across the entire network by load weight, reflecting both the energy value of
electricity commodities and the congestion costs caused by grid security constraints. It is a product of the
combined effects of market supply-demand relationships and grid physical characteristics.
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Specifically, the mathematical expression of the user-side weighted average price (P) [27] is:

N
Y (Pa,i x pi)
e N N (5)

™M=

I
—_

Py,

where Py ; represents the load demand at node i, N is the total number of load nodes in the network, and p; is
the Locational Marginal Price (LMP) at node i. The locational marginal price p; is the key to understanding
the composition of the weighted average price, whose core connotation is the increment in the total network’
power supply cost caused by an additional unit of load at node i under the premise of satisfying all grid
security constraints. Its expression can be further decomposed as:

pi=A+> Ty ik (6)
x

Here, A is the shadow price of the system power balance constraint, reflecting the marginal cost of energy
supply across the network, which is usually directly related to the bid price of the marginal unit; yy is the
shadow price of the k-th section security constraint, whose value is positively correlated with the degree of
section congestion—the more severe the congestion, the larger the absolute value of yy; Tk ; is the power
transfer distribution factor from node i to section k, indicating the sensitivity of node load changes to section
power flow.

Substituting the expression of locational marginal price into the formula for the user-side weighted
average price, a clearer composition analysis can be obtained:

z

N
> (Pd,z‘ X ()L + 2 Uk Tk,i)) Py i Tk, i
— i=1 k i=1 k

P = = A +—
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This formula intuitively demonstrates the dual attributes of the weighted average price: the first term
A is the energy price component, determined by the total network’s marginal generation cost, reflecting the
“basic value” of electricity as a commodity; the second term is the congestion price component, formed
by allocating each section’s congestion cost by load weight, reflecting the correction effect of grid security
constraints on prices. The rationality of electricity spot market clearing results can be evaluated based on the
trend consistency analysis with load forecast:

The trend of clearing prices should closely follow the trend of load forecast. The higher the consistency
between them, the better the clearing effect will be. This is because reasonable clearing prices should reflect
changes in load demand, thereby accurately representing the supply-demand relationship in the market and
the actual operating conditions of the power grid. In this way, they can provide accurate price signals for
market participants, guiding them in making reasonable generation and consumption plans and ensuring
the stable and economic operation of the power system.

5 Evaluation Index Modeling

In electricity spot market operations, ensuring the accuracy and rationality of market clearing results
is crucial, as these outcomes directly affects grid stability and the economic interests of market participants.
For electricity retailers, effectively assessing deviation risks is essential for successful market engagement and
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operational sustainability. This section focuses on establishing an evaluation index system and a correspond-
ing model to assess the deviation assessment risks of electricity retailers, combining grey relational analysis
and fuzzy comprehensive evaluation methods to quantitatively measure risk levels, providing a scientific
basis for retailers to optimize risk management strategies. It should be noted that this study is conducted
based on the following core assumptions: (1) The boundary data used by the two systems are not affected by
differences in data collection or manual maintenance, meaning the grid models, measured values of various
measurements (using state estimation results), initial calculation values, and stability constraints, among
others, are identical. (2) Both systems perform clearing calculations at 15-min intervals, generating 96 data
points per day. (3) The grid topology and stability constraints remain unchanged on the calculation day,
meaning the extracted calculation results possess universal applicability.

5.1 Evaluation Factor System

Based on the characteristics of power system operation and market mechanisms, the following
evaluation factors are selected to construct a comprehensive evaluation system for deviation assessment risks:

Unit commitment: Reflects the start-up/shut down state and output plan of generating units, which is
crucial for ensuring the reliability of power supply and the economic operation of the power grid. Its data is
characterized by the proportion of unit start-up/shut-down numbers caused by non-security reasons (e.g.,
economic dispatch) in the total start-up/shut-down units.

Output limit: Constrains the maximum and minimum output of generating units, ensuring operation
within safe and feasible ranges. It is quantified by the daily average proportion (in percentage) of marginal
units, reflecting the efficiency of unit output allocation.

Section limit: Reflects transmission capacity constraints of key grid sections, critical for grid security and
stability. It is represented by the percentage of units operating within in-limit section constraints, indicating
the effectiveness of section security control.

Clearing price: Serves as the core result of market transactions, directly reflecting supply-demand rela-
tionships and price formation mechanisms. It is measured by the average percentage of Pearson correlation
coefficients between price and load trend consistency across multiple cases, indicating the rationality of
price signals.

These factors cover key aspects of power system operation and market transactions, and can compre-
hensively reflect the deviation assessment risk level of electricity retailers.

5.2 Grey Relational Analysis

Grey relational analysis is used to quantify the weights of each evaluation factor. By applying grey system
theory and relevant mathematical formulas, the weights of various influencing factors are obtained, avoiding
the interference of subjective experience on weight determination, which is a relatively reasonable weight
assignment method [28].

5.2.1 Determine the Decision Matrix and Reference Sequence

Take the data of each evaluation factor as the decision matrix X = (xi, j)nxm’ where x; ; represents the

value of the j-th evaluation factor of the i-th sample.

Select the deviation risk level as the reference sequence Xy, so as to focus the analysis on deviation risks
and quantify the contribution of each evaluation factor, thereby determining its weight.
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5.2.2 Dimensionless Processing

Standardize the decision matrix to eliminate dimension differences. The standardization formula is [29]:

x;’j X,"j —minj (x,')j)

®)

- Il’lan (x,',j) - m1n] (x,',j)

5.2.3 Calculate the Relational Coefficient

Calculate the relational coefficient between each evaluation factor and the reference sequence to reflect
the degree of correlation with deviation risks:

/

_ min; min, | = x7;| + p max; max; |x;; — xi; ©)

ij =

|xg; = x7;| + p max; max; [x; — x;

where p is the distinguishing coeflicient, usually taking 0.5.

5.2.4 Determine the Relational Degree and Weight

The relational degree of each evaluation factor is calculated through the relational coefficient using the
formula:

> &) (10)
i=1

1’]':

| =

where r; is the relational degree of the j-th evaluation factor, and 7 is the number of samples.

Normalize to obtain the weight:
Ty

n
X 7j
j=1

(11)

Wj=

where w; is the weight of the j-th evaluation factor, and m is the total number of evaluation factors.

5.3 Fuzzy Comprehensive Evaluation

The fuzzy comprehensive evaluation method is utilized to handle the fuzziness and uncertainty inherent
in the evaluation factors, with the following steps [30]:

5.3.1 Define the Factor Set and Comment Set

Take the evaluation factors as the factor set U = {uy, U3, ..., Uy, }. The deviation risk levels are divided
into five grades as the comment set V = {vy, v, V3, V4, Vs }, corresponding to no risk, low risk, medium risk,
higher risk, and high risk, respectively, which are defined as follows:

Grade I (no risk): The deviation rate is lower than 5%.

Grade II (low risk): The deviation rate is between 5% and 10%.
Grade III (medium risk): The deviation rate is between 10% and 15%.
Grade IV (higher risk): The deviation rate is between 15% and 20%.
Grade V (high risk): The deviation rate is higher than 20%.
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5.3.2 Adopt Membership Function and Calculate Membership Degree

Use the normal distribution membership function to compute the membership degree of each
evaluation factor to each risk level:

(12)
Zoj.zk

pjk (x) = exp (—
where p i is the membership degree of the j-th evaluation factor to the k-th risk level, uj; is the expected
value of the k-th risk level, and ojk is the standard deviation.

5.3.3 Calculate the Fuzzy Comprehensive Evaluation Vector

Perform a linear transformation on the evaluation matrix composed of grey weights and membership
degrees to obtain the fuzzy comprehensive evaluation vector: B = W x p.

Where B is the fuzzy comprehensive evaluation vector, W is the weight set, and R is the membership
degree matrix.

5.3.4 Apply the Maximum Membership Degree Principle

Determine the deviation risk level of the electricity retailer based on the maximum membership degree
principle:

level = arg max By (13)

6 Case Study

This section takes the operational data from Inner Mongolia as an example, covering 200 power
generation units, including 100 thermal power units, 60 wind power units, and 40 photovoltaic units. Among
them, renewable energy units are not included in the start-up and shutdown statistics due to their marginal
cost approaching zero and fast regulation rate. The section constraint analysis focuses on 80 key units, with
a statistical cycle of 24 h a day (at an hourly resolution). The data is sourced from https://dianchacha.cn/and
https://www.impc.com.cn/.

6.1 Unit Commitment Analysis

This section analyzes the daily start-up/shutdown (SU/SD) status of 200 generation units (including
both thermal and renewable energy units) in the Inner Mongolia under spot market conditions. Among
these, only eight thermal power units underwent SU/SD operations—renewable units were excluded due
to their negligible marginal cost (near-zero) and fast regulation rates (hence not statistically counted for
SU/SD).

As shown in the Table 1, both systems exhibit identical total SU/SD unit counts, with equal num-
bers of units dispatched for security constraints (e.g., maintenance) or economic reasons. Specifically:
1. Must-run/must-off units: A subset of units were forced online/offline due to operational constraints
(e.g., maintenance, grid safety). 2. Economic dispatch: The majority of remaining units were commit-
ted/decommitted based on cost priorities (e.g., lower-cost units brought online, higher-cost units shut
down), aligning with the market clearance logic of least-cost bidding. Conclusion: From a unit commitment
(UC) perspective, the two systems demonstrate identical SU/SD results, satisfying the seamless switching
condition for interoperability.
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Table 1: Analysis of the startup and shutdown status of the primary and standby system units at a certain time

Total number of
start-up/shut
down units

System 1 1 3 4 8
System 2 1 3 4 8

Security reasons Economic reasons State assignment

6.2 Output Limit Analysis

Inner Mongolia’s total generating fleet comprises 200 units, with thermal units accounting for 100. We
compared the operating statuses of all thermal units under System 1 and System 2 implementations over a
single day. Comparative results are shown in Figs. 3 and 4.
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Figure 3: Schematic diagram of the working condition of the unit in System 1
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Figure 4: Schematic diagram of the working condition of the unit in System 2
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In the adaptability study of dual clearing systems for electricity spot markets, System 1 demonstrates
superiority through its Dual-Active Heterogeneous and Cross-Mutual Backup architecture. System 1 exhibits
a daily average marginal unit proportion of 87.9%, significantly higher than the 74.7% observed in System 2.
During the critical 16:00-18:00 peak load period, System 1 maintains a marginal unit level of 78.3%, compared
to a sharp decilne to 56.7% in System 2, demonstrating System I's superior operational flexibility and stability.

By implementing multi-source data verification and real-time parameter synchronization, it signif-
icantly mitigates node load anomalies and model distortion risks, thereby improving the accuracy of
root-cause analysis of section congestion. Its constraint activation mechanism strictly links shadow prices
(A > 0) to genuine physical boundaries, eliminating pseudo-constraints triggered by data flaws in conven-
tional systems and reducing uneconomical output limitations on efficient units. During security-economy
coordination, System 1 adjusts unit status only during actual congestion events, meticulously distinguishing
coupling effects from dispatch commands to minimize non-essential output restrictions. This approach
optimizes congestion costs, enhances electricity price signal accuracy, and demonstrates its core advantage
of reducing output-constrained units to promote efficient resource allocation.

System 1’s consistently higher proportion of marginal units, particularly during peak demand, directly
translates to superior resource utilization and enhanced market efficiency. This indicates that System 1
more effectively minimizes unnecessary output constraints, thereby reducing potential curtailment costs
and avoiding the uplift in system marginal prices that typically arises when lower-cost units are arti-
ficially restricted. The attributed mechanisms of multi-source data verification and real-time parameter
synchronization evidently prevent data anomalies and model distortions from imposing unwarranted limits,
allowing the market to operate closer to its economic optimum and providing more accurate price signals
to participants.

6.3 Section Limit Analysis

To compare the operational performance of the two systems, statistical analysis is respectively conducted
on the boundary-reaching and over-limit conditions of section security constraints for System 1 and System
2. As shown in Fig. 5, 80 units are included in the statistics for both System 1 and System 2.

180
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Figure 5: Statistical summary of unit section power flow operation status for system 1 and system 2

In Fig. 5, among the units of System 1, 76 units operate normally in terms of section constraints,
accounting for 95% of the total. For System 2, 70 units can operate normally, accounting for 88% of the
total. For units in the on-limit section, 2 units using System 1 account for 3%, while 8 units using System
2 account for 10% of the total. Although both System 1 and System 2 have 2 units in the over-limit section,
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the maximum over-limit value of System 1 units does not exceed 120%, while the minimum over-limit value
of System 2 units is greater than 120%. Based on the above, System 1 has more units operating normally in
terms of section constraints than System 2, and the over-limit degree of System I’s units is lower than that of
System 2’s units. Therefore, the section power flow operation of System 1 is better than that of System 2.

System 1’s significantly lower rates of section constraint violations and milder over-limit conditions
demonstrate a more robust and effective congestion management capability. This directly translates to
reduced grid security risks and lower redispatch costs, as the system is less frequently forced into suboptimal
or emergency operational states. The superior performance implies that System 1’s underlying models and
constraint handling mechanisms are more adept at accurately forecasting and mitigating potential congestion,
ensuring that power flows remain within safe operating boundaries with greater consistency, which is crucial
for maintaining both grid reliability and market efficiency.

6.4 Analysis of Clearing Price Analysis

Load demand is the main factor affecting the market clearing price, and in general, the system energy
price is positively correlated with load change. To quantitatively analyze the correlation between the two, the
Pearson correlation coefficient is used to quantify the closeness of the correlation between the predicted load
series and the system’s energy price, and the formula is shown in Eq. (14) [31].

=

(xi =%) (yi =)
,e i=1 (14)

% (=% [ 2 (s -7)°

where r denote correlation coefficient; x;, y; denote the predicted load and the energy price of the system;
X, ¥ denote the average of the predicted load and the energy price of the system; n denotes the number
of sequences. Correlation coefficient r € [-1,1], when r > 0, the two variables are positively correlated;
when r < 0, the two variables are negatively correlated; when |r| is closer to 1, it indicates a stronger linear
correlation between the two variables; when |r| is closer to 0, it means a weaker linear correlation between
the two variables.

Using multiple simulated operation datasets from the Inner Mongolia electricity market, this study takes
the system predicted load and energy price series as sample data. The correlation analysis results between
electricity price and load are presented in Fig. 6. It can be seen from the figure that in casel and case2, the
correlation coefficients between the energy price and the predicted load of system A are greater than 0.8,
and the trend correlation is strong and there is no obvious anomaly, which is in line with the general law of
positive correlation between load and electricity price. However, due to significant abnormal fluctuations in
electricity prices, the correlation coefficient dropped below 0.8, deviating from the normal correlation trend.

Based on typical data analysis, this paper sets the threshold of reasonableness to 0.8. When r is less than
0.8, it suggests possible atypical anomalies in electricity price trends. It is clearly observable from the figure
that System A demonstrates a significantly stronger and more stable correlation between electricity price and
predicted load compared to System B. Overall, System A outperforms System B in both correlation matching
and data stability, indicating more effective operational performance.
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Figure 6: Example results of price-load correlation

6.5 Comprehensive Evaluation of Adaptability of Two Systems

15

Based on the analysis of the two systems across the aforementioned four dimensions in unit commit-
ment, output limit, section limit and clearing price, the evaluation metrics can be summarized as presented

in Table 2.

Table 2: Evaluation factors of system 1 and 2

Evaluation metric System1 System 2

Unit commitment 88
Output limit 87.9
Section limit 95

Clearing price 91.61

88
74.7
88
69.3
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The weights derived from each system through the gray relational analysis method are presented
in Table 3.

Table 3: The weight set of evaluation factors

Evaluation metric Weight

Unit commitment 0.35327053
Output limit 0.27334599
Section limit 0.20496056

Clearing price 0.16842291

Building upon this foundation, we employ the normal distribution membership function to compute
the degree of membership for each evaluation factor across different compatibility levels in both systems,
thereby obtaining their respective membership matrices. Subsequently, by multiplying the weight set with
these membership matrices, we derive the fuzzy comprehensive evaluation vectors, as illustrated in Figs. 7
and 8.
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Figure 7: (Continued)
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Figure 7: (a) Distribution of membership degrees for evaluation factors across compatibility levels in system 1,
(b) Fuzzy comprehensive evaluation results of system 1
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Figure 8: (a) Distribution of membership degrees for evaluation factors across compatibility levels in system 2,
(b) Fuzzy comprehensive evaluation results of system 2

As illustrated in Fig. 7b, following the principle of maximum membership degree, the highest mem-
bership value of 0.516 corresponds to Compatibility Level I (High Compatibility) for System 1. The weight
distribution of evaluation factors, depicted in Fig. 7a, reflects their respective contributions to deviation
risk. In this case study, Unit Commitment and Output Limit exhibit significantly higher weights (0.993
and 0.5, respectively), indicating their substantial influence on System 1’'s compatibility. Similarly, Fig. 8b
demonstrates that the maximum membership degree of 0.303 corresponds to Compatibility Level II (Good
Compatibility) for System 2. The weight analysis in Fig. 8a reveals that Unit Commitment and Section
Limit carry relatively greater weights (0.605 and 0.372, respectively), suggesting their pronounced impact
on System 2’s compatibility. The comparative analysis leads to the conclusion that System 1 demonstrates a
higher compatibility compared to System 2.

7 Conclusion

This study successfully developed and applied a comprehensive fuzzy evaluation framework to quan-
titatively assess the adaptability of primary-backup clearing systems in electricity spot markets, specifically
demonstrated through an Inner Mongolia case study. By integrating grey relational analysis for objective indi-
cator weighting and fuzzy comprehensive evaluation for system ranking, the framework effectively quantifies
system adaptability, addressing the critical need for systematic evaluation in redundant clearing mechanisms.

Our findings reveal that System 1, with its Dual-Active Heterogeneous and Cross-Mutual Backup
architecture, consistently demonstrated superior performance. It exhibited higher operational flexibility, evi-
denced by a greater marginal unit proportion, particularly during peak loads. Furthermore, System 1 showed
enhanced grid security and constraint management, with more units operating normally under section con-
straints and lower over-limit degrees. Crucially, its clearing prices displayed stronger Pearson correlation with
predicted load trends, indicating greater rationality and stability of market signals. The fuzzy comprehensive
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evaluation ultimately assigned System 1 a “High Compatibility” level, significantly outperforming System 2.
This confirms the framework’s eficacy in supporting decision-making for optimal redundant clearing system
selection in markets with complex grid dynamics and increasing renewable penetration.

While the methodology offers general applicability, future work should focus on developing dynamic
adaptability assessment models for real-time evaluation under evolving grid and market conditions. Further
research is also needed to expand the framework to include more granular contingency-specific analyses,
integrate advanced AI/ML techniques for predictive assessment, conduct detailed economic cost-benefit
analyses, and validate the framework’s scalability and generalizability across diverse regional electricity
markets, including the investigation of multi-market coupling effects.
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