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Abstract: In the face of the new reform of China’s “unified electricity market”, the frequency regula-
tion ancillary service market in each region of China is still divided between using the MCP and PAB
pricing mechanisms. The purpose of this paper is to explore the different impact the laws of the above
two pricing mechanisms have on the frequency regulation market and to provide relevant suggestions
for this electricity market reform. This paper simulates the competitive activities of the frequency
regulation market based on the multi-agent simulation model, conducts a comparative experiment
by changing the pricing mechanism to a single variable based on the rules of the Sichuan frequency
regulation market in China, and concludes that MCP can make the market fast and stable, and that
its market settlement price is low, which is suitable for the “unified electricity market”. Although
PAB makes the market settlement price high, it can ensure the retention of high-performance units
in the market, and the stable settlement price makes this model able to accurately reflect the “price
signal”, making it suitable for late adoption in the “unified electricity market”.

Keywords: electricity frequency regulation markets; pricing mechanisms; MCP; PAB; multi-agent

1. Introduction

In January 2022, China’s National Development and Reform Commission issued
the “Guidance on Accelerating the Construction of a National Unified Electricity Mar-
ket System” (Development and Reform [2022] No. 118), which pointed out that China’s
electricity market still has problems such as incomplete systems, imperfect functions, and
non-uniform trading rules [1]. Additionally, this put forward a plan for the overall optimiza-
tion of the overall design of the electricity market, the implementation of unified trading
rules and technical standards, and the introduction of other general requirements. Among
the functions of improving the unified electricity market system, it has been proposed that
a system should guide the spot market to better discover real-time prices, accurately reflect
the relationship between supply and demand of electric energy, establish and improve
the ancillary service markets such as frequency regulation and standby, strengthen the
orderly coordination among markets, and make good connections in terms of transaction
timing, market access, and the price formation mechanism in use. Since the reform of
China’s ancillary services market, with the gradual expansion of the pilot scope, some
provinces have introduced their own provincial frequency regulation ancillary services
market construction programs, taking into account a province’s power grid structure and
power market construction. However, China’s ancillary services market, in general, is
still in the exploration period. As such, the market rules vary from region to region and
province to province, the pricing and rationality of the transaction mechanism are open to
debate and discussion, and many enterprises still maintain a wait-and-see mood.

According to the latest data released by the National Energy Administration in Novem-
ber 2022, the development China’s wind power, solar power, and other new energy sources
has gained momentum this year, with the scale of installed power maintaining rapid growth.
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By the end of October, the country’s cumulative installed power generation capacity was
about 2.5 billion kilowatts, up 8.3% year on year. Among them, the installed capacity
of wind power and solar power generation was about 350 million kW and 360 million
kW, respectively, up 16.6% and 29.2% year-on-year, respectively [2], maintaining rapid
growth. The large-scale development of random and intermittent new energy sources also
poses a huge challenge to the safety and stability of the power system. The summary and
improvement work of the frequency regulation market trading mechanism is particularly
urgent and imperative under real demand and policy objectives.

Many scholars have conducted various studies on the market policies of ancillary
services and the trading rules of competitive bidding mechanisms in the electricity market.
In 2011, the U.S. Energy Regulatory Commission (FERC) issued Order 755, which intro-
duced the new concept of “frequency regulation mileage” [3], i.e., the change in the actual
output of a generating unit after receiving an AGC order. The new concept of “frequency
regulation mileage” was introduced by FERC’s Order 755, which is the change in the actual
output of a generator unit after receiving an AGC order to quantify its frequency regulation
performance. In this context, several states in the U.S. have responded by considering
the measurement of the actual frequency regulation effect of the frequency regulation ser-
vice [4-11] based on the actual situation of the Central Independent Operator (MISO) in the
United States. Scholars have highlighted that, in addition to measuring the actual frequency
regulation effect, such an operator should quantify frequency regulation operation, modify
the market clearing process, and provide two-part compensation based on the actual fre-
quency regulation performance of the units. As such, it should cover the above four aspects
to strengthen the market rules. [12] emphasizes the importance of the priority deployment
of generating units with high-performance parameters based on both frequency regulation
capacity and frequency regulation mileage, and proposes a frequency regulation market
model to achieve the above effect. The literature [13] evaluated the existing frequency
regulation operation, dispatching, and compensation service mechanisms in the United
States and proposed a comprehensive performance calculation method that includes the
accuracy of commands issued by an AGC and the actual frequency regulation output
performance of the units in order to motivate the generating units to provide more efficient
and high-quality services. In addition, the literature presented a detailed description and
comparative analysis of pricing mechanisms [14] for different electricity markets in the
United States.

At the same time, other countries besides the United States have started discussions on
the mechanisms of rules for the frequency regulation market. For Colombia, [15] analyzed
the existing technical standards and compensation provisions for ancillary services in the
Colombian National Interconnection System (SIN) and the functional characteristics of
energy exchanges between Colombia and its neighbors, describing the main weaknesses
and policy challenges that Colombia has to address, with the compensation mechanism for
ancillary services as the main issue. [16] proposed multiple settlement systems consisting
of a binding day-ahead market, intraday trading, and a balancing market to efficiently
integrate a large amount of variable renewable energy in Colombia in response to the
growing installed capacity of new energy sources. Working in the European electricity
market, [17] analyzed the advantages and disadvantages of each change in the structure,
services, and products of the European ancillary services market based on the level of
agreement between the system operator and the ancillary services provider, providing
a guide for regulators, market operators or participants for achieving efficient market
arrangements. [18] explored the compensation mechanisms in the European ancillary
services market and found that the specific design of the capacity compensation mechanism
will always be skewed differently between various power technologies and that the use of
a capacity compensation mechanism with call options and transaction prices can improve
the competitiveness of energy storage devices relative to conventional power plants.

In terms of market mechanism models, [19] proposed a dynamic regulation market
mechanism (DRMM) to meet demand response units and generate units to bid for frequency
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regulation services in real-time, ensuring optimal allocation and reducing the cost of
frequency regulation services. Based on this research, [20] proposed an integrated dynamic
market mechanism (DMM) that combines real-time market and frequency regulation. This
should not only be open to new energy units but also incorporate energy consumers
while the market shares real-time technical information. The literature [21] investigates
the negotiation methodology and validates the effectiveness of smart power markets
for data centers and supercomputing facilities in relation to their use in the provision
of ancillary services. In addition to conventional generating units, the literature [22]
proposes a collaborative optimization market model for electric energy and frequency
regulation services based on the effect of frequency regulation, considering the charging
and discharging schedule of energy storage devices as a way to improve the efficiency of the
frequency regulation market. Ref. [23] incorporates wind power based on energy storage
and proposes a real-time cooperative scheme for the joint participation of wind storage in
the energy and ancillary services markets, taking advantage of their complementary nature
and significantly increasing the overall revenue. The literature [24] proposes a predictive
control scheme for coordinating the provision of ancillary services from heterogeneous
complementary resources at different time scales. Additionally, the literature [25], thinking
from the user side, proposes a two-way smart charging algorithm for electric vehicles
considering user preferences, peer-to-peer power trading, and the provision of ancillary
services to the grid.

The above-mentioned literature has conducted more studies on many issues such as
the quantitative criteria of trading targets and the trading mechanisms of the frequency
regulation market, providing theoretical support and optimization suggestions for the
formation and initial improvement of a domestic frequency regulation ancillary service
market from scratch. However, since China’s current frequency regulation market has
taken shape, in order to achieve better discovery of real-time price of electricity, accurately
reflect the relationship between supply and demand, and integrate the ancillary service
market in order to achieve the goals of better discovery of real-time electricity prices,
accurate reflection of supply and demand, and integration of ancillary service markets, it
would be more convenient and easier to implement policies based on the existing frequency
regulation market rules in China. This would allow us to explore the laws of different
mechanisms on the market impact so as to achieve the goal of an integrated design of
domestic ancillary service markets. Based on the above analysis, this paper investigates
the current open frequency regulation market in China and the differences between these
market rules and conducts a control modeling simulation comparison experiment with
the pricing mechanism as a single variable, using the Sichuan market as the basis for the
pricing mechanism. A cost-benefit mathematical model is established for the participation
of generating units in frequency regulation, and several market simulation scenarios
are designed for multiple units, considering supply and demand, frequency regulation
performance, and installed capacity, and the simulation model is built based on MATLAB
software using the multi-agent simulation method. The paper is organized as follows:
Section 2 describes the reform process and status of the Chinese frequency market and its
general structure, listing the main differences between each market rule; Section 3 explains
the differences between the two pricing mechanisms, MCP (market clearing price) and PAB
(pay as bid); Section 4 describes the mathematical model and the multi-agent architecture,
the set database and the supply and demand scenarios; Section 5 discusses the results
obtained; and finally, Section 6 concludes.

2. Frequency Regulation Market Structure and Operation Process

Since the implementation of market-based reforms in China’s power system, the
market mechanism for the frequency regulation ancillary services has been launched in
13 provinces and regions as of June 2022, with each province and region establishing a
regional electricity frequency regulation market rule system and implementing landing
based on the local grid structure and administrative management system. Although there
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Market
Members

are differences in details among the markets, they remain unified in the structure of the
market. The market for automatic generation control ancillary services was opened in
Sichuan Province, China, in November 2018, and has continued until now after revisions to
several details in December 2020. The market structure system is shown in Figure 1.
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Figure 1. The framework structure of frequency regulation ancillary services market and its opera-
tion process.

The frequency regulation market mainly includes three modules: market members,
AGC market, and market operators. According to the rules of the Sichuan market [26],
market members include power generation enterprises belonging to hydropower and
thermal power units that are directly dispatched by the Sichuan dispatch center, etc., and
must have qualified AGC function. Additionally, the operating agency is the Sichuan
power dispatch center, while electricity trading agencies and power grid enterprises are
also involved in the scope of operation. The powers and obligations of the market members
include participating in the AGC ancillary services market according to the rules, providing
AGC ancillary services and will be the compensation revenue, obeying the instructions of
Sichuan Provincial Dispatch Center, ensuring the safety of grid operation, etc. The powers
and obligations of the operating agency include organizing and managing AGC ancillary
service market transactions, calling and regulating resources according to the transaction
results combined with grid operation, etc.

The Sichuan AGC ancillary service market has adopted the organization method of
day-ahead listing transaction. Before 10:00 every day, Sichuan Dispatch Center releases the
information on the AGC ancillary service market for the next day, including the control
area and market demand. After the market opens, market members participate in the
AGC ancillary services market as a unit of power generation units and submit declaration
information, including the declared price, regulation capacity, etc. The minimum unit
of declared price is 0.1 RMB/MW and the maximum declared price is 100 RMB/MW
(The exchange rate in 2023: 1 RMB = 0.143844 USD). After the declared information is
approved by the dispatching agency, each control area transaction is sorted from lowest
to highest according to the declared frequency regulation mileage prices (the quotient of
declared prices and performance indexes) of the participating generating units to form a pre-
clearance sequence, and the declared information can be modified before market closure,
with the last valid declaration made before market closure serving as the final declaration.
When the market closes at noon every day, the dispatch center of the Sichuan Province
will sort the power generation units according to their frequency regulation mileage price
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from lowest to highest. When the frequency regulation mileage price is the same, the units
are sorted according to their comprehensive performance index from highest to lowest.
When the comprehensive performance index is the same, the units are sorted according
to their regulation range, regulation rate, and regulation accuracy from highest to lowest,
until the capacity of the transacted power generation units is evident. The official clearing
result will be formed and released after the sum of the capacity of the transacted generation
units meets the required regulation capacity of the control area. The compensation cost
of the winning generation unit is calculated based on the actual regulation performance
and frequency regulation mileage of the AGC plant. The compensation cost of the winning
generation unit is calculated based on the declared price (PAB pricing mechanisms).

Sichuan dispatching agencies provide the implementation of AGC ancillary service
transactions for the previous month to Sichuan electricity trading agencies before the
second half of each month, the electricity trading agencies determine and account for the
price of AGC services, and the power grid companies compensate and settle the AGC
units according to the accounting basis given by the electricity trading agencies. The AGC
ancillary service market compensation cost is apportioned by the AGC service fee payers
in proportion to the feed-in tariff.

As for the clearing aspect of the market trading process, there are currently divergent
approaches to pricing mechanisms in various provinces and regions. The markets including
Inner Mongolia, Shandong, and Gansu use the MCP pricing mechanism while Shanxi,
Sichuan, and Jiangsu markets use the PAB pricing mechanism. The details are shown
in Table 1.

Table 1. Pricing mechanisms used in the frequency regulation ancillary services market in various
provinces and regions in China.

Pricing Mechanism Market
MCP Inner Mongolia [27], Shandong [28], Beijing-Tianjin-Tangshan [29], Gansu [30],
Zhejiang [31], Fujian [32], Hubei [33], Jiangxi [34], Guangdong [35], Yunnan [36]
PAB Shanxi [37], Sichuan [26], Jiangsu [38]

We will present the rationale of the two pricing mechanisms in Section 3 and lay the
theoretical foundation for the subsequent analysis of their economic impact on the market
and its members.

3. Two Pricing Mechanism Principles

At present, the mainstream pricing mechanisms for centralized bidding transactions in
the electricity market include two types, PAB and MCP, and the rest of the mechanisms are
variations of these two mechanisms. Both pricing mechanisms are based on the criterion of
meeting market demand and their processes are consistent, with only the final transaction
prices being different.

As shown in Figure 2, the PAB pricing mechanism means that AGC unit i, partici-
pating in the frequency regulation market transaction, submits declared capacity g; and
mileage quotation p; on the operation day to the power dispatcher. Subsequently, the
electricity dispatcher ranks the priority of all quotations in descending order, prioritizes
the generator units with lower quotations and better frequency regulation performance,
and accumulates the corresponding frequency regulation capacity until the accumulated
frequency regulation capacity meets the market frequency regulation capacity. At this time,
all AGC units whose quotations do not exceed the quotation of the last winning AGC
unit (marginal unit) (p; < p;,) are considered to be successful bids. After providing the
frequency regulation service, the compensation of the winning unit will be calculated based
on the mileage quotation declared by each unit, and its mileage quotation can be regarded
as the transaction price of this bidding game.
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Figure 2. PAB, MCP pricing mechanism schematic.

In the MCP pricing mechanism, AGC units submit declare capacity g; and mileage
quotation p; to the dispatching agency, and the accumulated capacity are calculated after
the same sorting by the power dispatching agency until the market demand quantity is
satisfied, at which time the quotation p, of the marginal units is used as the unified clearing
price of this bidding. Additionally, after the frequency regulation units have provided the
frequency regulation service, the compensation of all the winning units is based on the
unified clearing price p., which can be regarded as the transacted electricity price of this
bidding game.

The marginal unit capacity is calculated in the same way for both MCP and PAB
pricing mechanisms, and the marginal unit capacity is the difference between the market
demand and the declared capacity of the non-marginal winning unit. The specific price
and capacity calculation methods and their interrelationships are shown in Table 2.

Table 2. Transaction price and transaction capacity of AGC units under PAB pricing mechanism and
MCP pricing mechanism.

Relationship between Quotation
and Settlement Price

PAB Transaction Price MCP Transaction Price  PAB, MCP Transaction Capacity

pi < pm (pc) pi pe qi
-1
pi = pm (Pc) pi pc Q- ijzl qj
qi
pi > pm (pc) 0 0 0

The market clearing price described in this paper is the uniform clearing price under
the MCP mechanism and the average clearing price under the PAB mechanism, and
we will also compare the market clearing prices under the two different mechanisms in
subsequen experiments.

4. Methods & Data
4.1. Frequency Regulation Ancillary Services Market Based on Multi-Agent Model

At present, multi-agent approaches are widely used in the study of power systems [39]
and power markets [40,41], and agent-based modeling and simulation (ABMS) has been
certified by many experts and scholars as a suitable modeling approach and scientific tool
for use in complex socio-technical problems. The frequency regulation ancillary service
market is a typical type of complex adaptive system and it is necessary to use complex
adaptive system modeling and simulation methods to realize an objective simulation of the
frequency regulation ancillary service market trading process.
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The framework diagram of the frequency regulation market model designed in this
paper is shown in Figure 3. Individual AGC units are encapsulated as agents, and several
agents interact with each other for objective simulation of the frequency regulation market
through the ISO platform of the power dispatcher. Each agent includes the number of
the AGC unit, comprehensive performance index K, cost information, mileage quote, and
regulation range. Through such interactions, the agents can continuously adjust their
bidding strategies to maximize their revenue until the whole market reaches equilibrium.
The model relationship between the market information released by the power dispatcher
and the AGC unit agents allows the market bidding to constitute a multi-agent system
capable of sensing market dynamics. Due to the advantages of simplicity, generality, and
robustness of the genetic algorithm, this paper uses it as a superiority-seeking decision
mechanism for each agent.
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Performance Index K
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Figure 3. Schematic diagram of the multi-agent-based frequency regulation market model.

4.2. Cost and Benefit Mathematical Model
4.2.1. Objective Function

In this paper, the overall objective is to maximize the returns of individual market
members as a prerequisite for exploring the performance patterns of markets and market
members under different mechanisms, and the overall objective function is as follows.

maxRy = R — Cagc, 1

where maxR, represents the profit of each unit; R represents the compensation received by
the frequency regulation unit in the frequency regulation market; C4c represents the cost
of the frequency regulation unit in the frequency regulation service.

4.2.2. Frequency Regulation Compensation Mathematical Model

Frequency regulation compensation, that is, the revenue of frequency regulation
units in the frequency regulation market, according to the rules of the Sichuan frequency
regulation market, constitutes a system of compensation and mileage compensation. The
calculation formula is shown in Equations (2) and (3).

R = Mp"K, ©)

p"t = ap?, 3)
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where M represents the market clearing price, K denotes the performance index of the
frequency regulation unit, p™? represents the frequency regulation mileage of the frequency
regulation unit in the frequency regulation service and p? represents the winning capacity
of the frequency regulation unit in the frequency regulation market. Additionally, in the
general frequency market study, the assumption is made based on the historical data of the
frequency market that the frequency mileage is a certain ratio of the actual winning capacity
of the unit. As such, this paper sets the frequency mileage and the winning capacity as a
positive relationship and the formula is shown in the above equation, where « is set to 0.8,
to establish the relationship between the winning capacity and the frequency mileage.

4.2.3. Frequency Regulation Service Cost Mathematical Model

The cost of AGC refers to the total cost involved in the process of providing frequency
regulation services by AGC units under the premise of meeting the system requirements.
There are differences in the cost composition of AGC units compared with non-AGC units.
To provide AGC ancillary services, a generator set must first construct an AGC closed-loop
control system, which requires investment in relevant equipment from both the dispatching
side and the power plant side. Secondly, AGC units incur certain operation and maintenance
costs during operation. Furthermore, the unit characteristics make its active output available
for only one use in the same period, thus giving rise to the opportunity cost and combination
cost of AGC units. Therefore, this paper will study the composition of AGC cost and its
causes from the power plant side and use this information as the basis for building various
cost mathematical models. The total cost equation is shown in Equation (4).

Cacc = Cop + Coc + Ceq + Closs, (4)

1.  Operating Costs;

Among them, C,,, represents the operating cost of the frequency regulation unit when
it is put into AGC state, which is the most significant part of the cost. Many relevant studies
have fitted the data of the power generated by thermal generating units with fuel and, based
on the stability of fuel price relative to the electricity market price, implied the fuel price
in the cost function. After this, these studies determine the relationship between the unit
generation cost and power generated, i.e., the cost function, is expressed as Equation (5).

Cop(P) = a+bP + (1/2)"cP?, (5)

where P represents the operating power value of the unit (unit: MW), a represents the
operating cost of the unit at no load, b represents the intercept value of the marginal cost
curve of the unit, c represents the slope value of the marginal cost curve of the unit, and 4
represents the discriminating mark of the power source, with hydropower taking the value
of 1 and thermal power taking the value of 0.

2. Opportunity Costs;

In period At, if the actual output value of AGC unit i is within the regulation range of
the unit then the opportunity cost of this AGC unit is zero; if the actual output value of this
AGC unit exceeds the regulation range of the unit then the opportunity cost is incurred in
that period, which is calculated as shown in Equation (6).

Coc = (P - PAHL) (ptmp - Pbid)At/ (6)

where Psp is the regulation upper limit of the unit, pty) is the main market marginal
electricity price in period At, and py;4 is the unit’s electricity bid price in period At.

3. Additional fixed costs;

Additional fixed cost refers to the investment cost of AGC equipment. Currently, there
are two commonly used methods to calculate the depreciation cost of the total investment
cost of thermal power plants, which are the equal payment discounting method and the
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annual average discounting method. The latter algorithm is used in this paper to calculate
the recovery value of an AGC service according to its provision time. The investment cost
of an AGC unit in At time is calculated as shown in Equation (7).
. T
i(1+1
Ceq = Linv %/ (7)
(1+i) —1
Cinp is the investment cost of AGC equipment and equipment maintenance cost; T is
the service life of the equipment; and i is the weighted average return on capital.

4. Cost of power generation efficiency losses;

The cost of generation efficiency loss for unit i during service time At is calculated as
shown in Equations (8) and (9).

T
Closs = |C0P(PN) - COP (Pl)| X %/ (8)

Parp < P" < Papp )

where P” is the actual output value after the unit provides AGC service, P’ is the original
output value before the unit provides AGC service, Ty; is the unit’s AGC service time
within At (unit: min), and P4y is the regulation lower limit of the unit.

4.2.4. Bidding Constraints for AGC Units in the Market

The mileage quotes and declared capacities of the market members in the frequency regu-
lation market have upper and lower constraints in the market as their two declared information
types. The mathematical models of the constraints are shown in Equations (10) and (11).

Cmin < € < Cruax (10)

Pmin < P < Pmax (11)

where c represents the mileage offer of the frequency regulation unit, ¢,,;;, and cy,qx represent
the lower and upper limits of the mileage offer in the market, respectively, and their specific
values are determined according to the market rules; p represents the declared capacity
of the frequency regulation unit, p,;;, and pu.x represent the upper and lower limits of
the declared capacity of the unit, respectively. As most domestic frequency regulation
markets set limits on the declared capacity of frequency regulation units, and the focus of
this paper is on the study of bidding behavior, the simulation design draws on the relevant
regulations of other frequency regulation markets and sets 3-20% of the rated installed
capacity of the thermal power units participating in each frequency regulation market as a
uniform restriction condition.

4.3. Data Base

To explore the difference in the impact of the two pricing mechanisms in the frequency
regulation market, in this paper the Sichuan frequency regulation market rules are used as
the basis for the market, and a single variable model is used to simulate the original use of
the PAB mechanism. After this, PAB is changed to the MCP mechanism and then simulated
to form a control group and an experimental group, respectively, as a way to compare the
evolution of market members’ offer behavior and market clearing prices in the frequency
regulation market under two different pricing mechanisms.

In terms of frequency regulation resources, four typical hydropower units (No. 1-4)
and six typical thermal units (No. 5-10) are selected in this paper. Hydropower is divided
into two capacity classes of 100 MW and 200 MW and thermal power is divided into three
capacity classes of 300 MW, 600 MW, and 900 MW. The regulation performance and cost-
output characteristics of each capacity class differ greatly, and the parameters of two units
of the same capacity class also have advantages and disadvantages in terms of cost-output
and regulation performance. In this paper, by consulting the relevant information on



Energies 2023, 16, 2876

10 of 23

domestic thermal and hydropower units, the specific parameters of the above 10 frequency
regulation resources are reasonably set, and their specific parameters are shown in Table 3.

Table 3. Technical data of frequency regulation unit.

. . . Adjustment Rate Adjustment Response Adjustable
Unit Unit Capacity o . Performance
Number Type (Unit: MW) (% Rated Accuracy Time Range Index K
Capacity/min) (% Rated Capacity) (Unit: s) (Unit: MW)
1 Hydroelectric 100 55 0.32 8 3-20 0.855
units
2 Hydroelectric 100 56 035 9 3-20 0.842
units
3 Hydroelectric 200 60 0.48 13 6-40 1.441
units
4 Hydroelectric 200 61 0.50 12 6-40 1.454
units
5 Thermal power 300 3.2 0.23 36 9-60 0.638
units
6 Thermal power 300 33 0.25 37 9-60 0.610
units
Thermal power
7 . 600 3.7 0.34 44 18-120 0.798
units
Thermal power
8 . 600 3.8 0.35 42 18-120 0.796
units
Thermal power
9 . 900 45 0.48 52 27-180 1.063
units
Thermal power
10 900 4.6 0.50 50 27-180 1.064

units

In terms of supply and demand scenarios, five supply and demand scenarios are
set in this paper (Scenario 1: Demand 840 MW, Scenario 2: Demand 800 MW, Scenario 3:
Demand 750 MW, Scenario 4: Demand 670 MW, Scenario 5: Demand 600 MW, on the basis
of Table 3 where the supply is the sum of the maximum output of 10 units, i.e., 840 MW) to
simulate the market environment. This ranges from supply and demand balance (840 MW)
to different scenarios of oversupply (600 MW). By observing the bidding performance and
final clearing results of different units under different market mechanisms and supply and
demand scenarios, the laws and impacts of each market rule are explored and evaluated.

5. Results
5.1. Difference in the Evolution of the Quotation Behavior of the Unit

We simulated the original Sichuan market and changed the pricing mechanism rule to
MCP as the experimental control. The offered behaviors of 10 units under different supply
and demand scenarios are shown in Figure 4, where (a) is the MCP experimental image
and (b) is the PAB experimental image.

The image shows the changes in the quotation of the 10 units under the MCP pricing
mechanism in the five supply and demand scenarios. In the supply—demand balance
scenario, the 10 frequency regulation units will choose a more stable quotation strategy
according to their actual performance level in the market, and as the number of bidding
rounds increases, the quotation strategy of the frequency regulation units will show the
phenomenon of approaching the middle level of the market quotation range. As the supply—
demand ratio in the market gradually increases, the competition among the frequency
regulation units becomes more and more intense, and the frequency regulation units will
reduce their final quotations to different degrees according to their performances. The
overall price change of frequency regulation units under the MCP mechanism manifests in
the form of a variable strategy change for each unit in the early fluctuation range. However,
the overall unit will be quickly centered and reach a stable level, and most of the units
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will converge to different price levels according to the supply and demand situation in the
market and the intensity of competition.

T

WALUN L Tu) serjonb 98e T

W

Figure 4. Evolution of unit offer when MCP (a) and PAB (b) are adopted in Sichuan.

In the PAB bidding mechanism, the price changes of the 10 frequency regulation
units will be different: under the scenario of balanced supply and demand, the mileage
quotes of the 10 units will gradually rise to the upper limit of the range as the number of
bidding rounds increases. At this point, strategies are maintained and the market reaches a
stable state. As the market demand gradually decreases and the competition in the market
becomes more intense, the frequency regulation units will change their final offer strategy
according to their performance level. As such, the lower the performances of units are, the
more obviously the change of strategy will be affected by supply and demand.

The overall price change of frequency regulation units under the PAB mechanism
manifests in the form of each unit trying to raise its price in the early stage, and under the
influence of supply and demand, units of different performance levels raise their price and
then lower their prices until the market stabilizes. The overall fluctuation before market
stabilization is not obvious compared with MCP, but the period of stabilization is longer
compared with MCP, and the final offers of units with different performance levels will
show the phenomenon of “stratification”. This is demonstrated by comparing the final

stabilized offers of 10 units in Scenario 5 under the PAB mechanism with their respective
performance indicators, as shown in Figure 5.

5.2. Changes in Market Clearing Prices

We compare the market clearing prices of these two sets of experiments: as shown in
Figure 6, (a) the MCP mechanism is used and (b) the PAB mechanism is used.

Since the uniform clearing price is determined by the last unit’s offer, the clearing
price under the MCP mechanism is influenced by the marginal units. As shown in the
above analysis of the unit’s quoting behavior under the MCP mechanism, the trend of
the frequency regulation units” quotes under the MCP mechanism is to converge to a
certain level. Before prices reach stability, according to the market clearing order (based
on the “quoting price/performance index K” in descending order), the uniform clearing
price is the unit with high quoting price and low performance. Therefore, under the MCP
mechanism, the uniform price of frequency regulation units in the market shows a gradual
decrease with the increase in bidding rounds until a stable phenomenon is achieved.
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Figure 6. Evolution of market clearing prices when MCP (a) and PAB (b) are adopted in Sichuan.

In the PAB bidding mechanism, the average clearing price is calculated based on the
average of the quotations of each unit in the clearing result. As such, the trend of the
average clearing price is mainly influenced by the overall quotations of each frequency
regulation unit, which is similar to the trend of the quotations of the frequency regulation
units in the PAB mechanism, showing the trend of trying to gradually increase in the early
stage, and then gradually decrease to a certain level under the influence of different supply
and demand situations.

5.3. Analysis of Bidding Results under Changes in Supply and Demand

To facilitate the analysis of the clearing prices under the two different mechanisms as
affected by supply and demand, in combination with the clearing result table, we made
the clearing the clearing prices of the two markets dimensionless using the two different
mechanisms: the clearing price minus the lower limit of the offer divided by the range
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of the offer, and the corresponding market demand divided by the supply, the values of
which reflect the supply and demand. The results of processing are shown in Table 4.

Table 4. Unmeasured market clearing prices.

Demand: Supply PAB MCP
0.714286 0.738 0.204
0.797619 0.776 0.266
0.892857 0.9 0.445

0.95238 0.964 0.524
1 0.996 0.705

From the data in Table 4, the clearing prices of the two markets under the two different
bidding mechanisms can be drawn as influenced by supply and demand.

As shown in Figure 7, the average clearing price of the PAB pricing mechanism is
higher than that of MCP, with a higher degree ranging from 0.29 to 0.53 of the quoted price
range and the overall characteristics of a larger gap with less demand. The overall clearing
price under the two different bidding mechanisms is affected by supply and demand, and
the less demand there is, the more intense the competition among frequency regulation
units will be, and as a result the overall clearing price will appear to vary by degrees. In
terms of the degree of decline, MCP as a whole has a greater slope of decline than PAB,
especially in intervals 3 and interval 4, and its slope of decline is shown in Table 5.
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Figure 7. Variation in dimensionless supply/demand ratio and clearing price.

Table 5. Slope of settlement price change under the influence of supply and demand.

Supply and Demand Change Zone PAB Slope MCP Slope
Zonel 0.456 0.744
Zone 2 1.302 1.8795
Zone 3 1.075217 1.327221
Zone 4 0.671987 3.800924

5.4. Unit Profit

Based on the data in the clearing results table for both markets, the gains of frequency
regulation units under the PAB and MCP mechanisms are shown in Figure 8.
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Figure 8. Benefits of frequency regulation units when PAB (a) and MCP (b) are adopted in Sichuan.

We can see by looking at the compensation formula that the main factors determining
the amount of frequency regulation benefits, in addition to price, include performance indi-
cators, the winning capacity and frequency regulation mileage. In addition, the winning
capacity and frequency regulation mileage are usually positively correlated (in this paper,
the experimental frequency regulation mileage is simplified to the winning capacity * 0.8),
and the gap between the performance indicators is very limited, and so the level of fre-
quency regulation benefits mainly depends on the winning capacity size. By looking at the
revenue graph, we can find that the overall frequency regulation benefits of the units are
roughly arranged in a stepwise manner according to the size of the installed capacity, with
the larger installed capacity having higher benefits and the opposite size having relatively
lower benefits. As the market demand decreases, the revenue of lower-performance units
decreases more, and they also face the situation of aborted bids, resulting in the revenue of
small-capacity, low-performance thermal units being lower than that of smaller-capacity hy-
dropower units under competitive conditions, so that their revenue in the PAB mechanism
is reduced to 0.

In the dimension of supply and demand changes, the PAB mechanism and the MCP
mechanism also show relatively obvious differences in changes, i.e., under the MCP bidding
mechanism, the overall revenue of the units is affected by the uniform clearing price, and
their overall revenue level shows an overall decreasing trend. Conversely, under the PAB
bidding mechanism, the revenue of low-performance units is more seriously affected by
supply and demand, and the revenue of high-performance units (especially hydropower
units) remains unchanged. We divided the revenue change for each unit in the clearing
result between different market demands by the change in the supply—demand ratio
and took the average value of the slope of the four changes. Subsequently, we divided
the average value by its installed capacity to obtain the average revenue change of each
unit under the change in supply and demand, and quantified the revenue by taking the
standard deviation of the average revenue change for 10 units under the change in supply
and demand. The resultant data are shown in Table 6.
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Table 6. Average change in unit revenue under changes in supply and demand.

Unit Number PAB MCP
1 18.23 26.93

2 18.59 23.62

3 —0.52 44.23

4 0.31 43.67

5 49.39 25.78

6 34.67 254

7 19.32 25.04

8 20.43 31.87

9 30.16 33.84

10 11.47 34.01
Standard deviation 14.38 7.19

5.5. Standard Deviation of Market Clearing Prices in Equilibrium

To investigate the stability of market clearing prices under the two pricing mechanisms,
MCP and PAB, this paper uses two different bidding mechanisms and runs them five times
in five supply and demand situations to explore their clearing price laws. The results are
shown in Tables 7 and 8.

Table 7. Uniform clearance prices for five times under the MCP pricing mechanism.

Scenario Scenario5 Scenario4 Scenario3 Scenario2 Scenario 1
20.4 26.6 44.5 52.4 70.5
. . 18.7 21.8 37.3 54 68.1
Uniform clearance price

37.9 38 36.5 55.6 79.1

19.5 29.1 39.4 49.7 75.4

27.9 41.6 50.9 489 60.2

Standard deviation 7.29 7.32 5.37 2.53 6.48
Average standard

5.80

deviation o

Table 8. The average clearing price for the five times under the PAB pricing mechanism.

Scenario Scenario 5 Scenario4 Scenario3 Scenario2 Scenario 1
73.8 77.6 90 96.4 99.6
. 75.9 75.2 88.8 96.2 99.8
Average settlement price

76.4 77.2 90.5 96.4 99.7

77.2 77.1 93.6 96.1 99.9

75.6 75.2 96.2 96.1 99.9

Standard deviation ¢ 1.13 1.04 2.70 0.14 0.12

Average standard
1.03

deviation o

From Tables 7 and 8, it can be concluded that the standard deviation of the average
clearing price of PAB is lower than the standard deviation of the uniform clearing price
under the MCP mechanism for the same supply and demand scenarios. When calculating
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the mean value of the standard deviation under the five market demands, it is found that
the average standard deviation of MCP is nearly 5.8 times higher than that of PAB, as
shown in Figure 9. This also proves that the PAB pricing mechanism is more stable than
the MCP bidding mechanism in terms of market clearing prices.
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Figure 9. Settlement price distribution in Sichuan when two different pricing mechanisms are
adopted, respectively.

6. Discussion

We present the detailed clearing results in Appendices A and B. Tables A1-A5 and
Tables A6—A10 represent the five supply and demand scenarios under the two pricing
mechanisms of PAB and MCP, respectively.

In terms of market dynamics, under the MCP pricing mechanism, the frequency
regulation units choose a more stable frequency regulation mileage price declaration
strategy according to their situation, and there is no fixed evolution form of the change in
the offer strategy of each unit. In such circumstances, the offer strategy is more flexible,
with a larger fluctuation in the bidding strategy in the early stage. The uniform clearing
price in the supply—demand equilibrium until the market reaches a moderate level is near
the upper and lower limits of the declared price in the steady state, and gradually decreases
with the increase in bidding rounds. Ultimately, the uniform clearing price in the steady
state will be reduced to a certain extent. Under the PAB pricing mechanism, the average
clearing price of frequency regulation units will be close to the upper limit of declared
frequency regulation mileage set by the market when supply and demand are in balance,
and the average clearing price will decrease to some extent as the supply-demand ratio
increases. Before reaching stability, the offer strategy of units under the MCP mechanism
changes more drastically than that of PAB, but the market reaches a stable state faster under
the MCP pricing mechanism than PAB.

In terms of settlement prices, the uniform clearing price settlement price under the
MCP mechanism will show a trend of gradually decreasing from high prices to reach equi-
librium, while the average settlement price under the PAB mechanism will first gradually
increase and then gradually decrease according to the supply and demand situation. In the
supply and demand changes, the MCP mechanism changes more than the PAB mechanism
and more obviously (especially in the more conventional demand: supply =1, 0.95, 0.9 com-
petitive environments). Through experiments it can be concluded that, in different supply
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and demand situations, the average clearing price under the PAB mechanism compared to
the MCP unified clearing price market clearing price, although higher and less discrete, is
more stable.

The overall revenue of frequency regulation units under the PAB mechanism is higher
than that of the MCP, which results in a much higher total cost for the government to
purchase frequency regulation services than under MCP. It beneficial for the government to
incentivize the share of high-performance frequency regulation units in the market and to
ensure the provision of better-quality frequency regulation services.

7. Conclusions and Policy Recommendations

This paper presents the differences in the current frequency regulation market in
various regions of China regarding the adoption of PAB or MCP, analyzes the mathemati-
cal significance of the above two pricing mechanisms, establishes a mathematical model
of revenue and cost in the frequency regulation market based on the Sichuan frequency
regulation ancillary service market, sets up five supply and demand scenarios, simulates
10 frequency regulation units with different parameters participating in the market com-
petition activities using the multi-agent model, and presents the evolution of the AGC
unit’s quotations, benefits, and market clearing price under two pricing mechanisms. In
summary, we give the following policy recommendations for building a unified electricity
market, which may have implications for China’s “unified electricity market” reform.

China’s electricity frequency regulation ancillary is in the early stage of market inte-
gration. As such, it is recommended to adopt the MCP pricing mechanism, whose fast and
stable performance can make it easier for the government and regulators to observe and
regulate the market at a later scale. Considering that more types and higher quantities of
renewable energy and energy storage devices will join the frequency regulation market
in the future, adopting the MCP pricing mechanism can observe the signals of different
traditional energy sources participating in the market not only at the early stage but also at
a later stage. The MCP pricing mechanism can observe the signal of different traditional
energy sources participating in the market not only in the early stage but also observe
the price impact of new energy sources joining the market in the later stage. After the
unified use of the MCP pricing mechanism, the market members can also recognize their
performance indicators in the market competition, modify their equipment or no longer
participate in the frequency regulation market. When the time is ripe, the pricing mech-
anism will be changed from MCP to PAB, which will have higher requirements on the
performance index of the units and further increase the retention rate of high-performance
units in the market. Additionally, its accurate price signals will allow the government and
regulators to regulate in the process of further reforming the power market.

8. Limitations and Outlook

There are some issues in this paper: this paper only models and analyzes the partic-
ipation of thermal and hydro units in the frequency regulation market. However, there
are different power supply structures in different regions, as well as different demand for
frequency regulation. Additionally, there are different members of the frequency regulation
market, such as “thermal power”, “thermal power + hydro” and “thermal power + hy-
dro + energy storage facilities”, etc. Follow-up studies are needed to integrate actual
conditions in greater detail for a more comprehensive analysis of the frequency regulation
market rules. Additionally, with the rapid rise in installed renewable energy capacity and
the increasing maturity of integrated energy systems, it is expected that subsequent studies

will include integrated energy systems in the frequency regulation contributor sequence.
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Appendix A. Final Outcome of Frequency Regulation Units under PAB
Pricing Mechanism

Table Al. Scenario 1.

. Average . N . .
. Quotation . Declared Capacity Winning Capacity Earnings
UmENUmBEr (Unit: yuaniMw)  PeHEmEnt BCe T it M) (Unit: MW) (Unit: Yuan)
1 100 99.6 20 20 1368
2 100 99.6 20 20 1347.2
3 99.4 99.6 40 40 4583.533
4 99.9 99.6 40 40 4648.147
5 99.5 99.6 60 60 3047.088
6 99.5 99.6 60 60 2913.36
7 99 99.6 120 120 7584.192
8 98.8 99.6 120 120 7549.901
9 100 99.6 179 179 15,222.16
10 99.5 99.6 180 180 15,244.99
Table A2. Scenario 2.
. Average . . . .
. Quotation . Declared Capacity Winning Capacity Earnings
UmENUmber - Unit; yoan/Mw)  Settement Miee T nit: M) (Unit: MW) (Unit: Yuan)
1 99.9 96.4 20 20 1366.632
2 99.9 96.4 20 20 1345.853
3 100 96.4 40 40 4611.2
4 99.3 96.4 40 40 4620.23
5 84.8 96.4 55 26 1125.33
6 80.9 96.4 55 55 2171.356
7 99.9 96.4 120 120 7653.139
8 99.8 96.4 119 119 7562.764
9 100 96.4 180 180 15,307.2
10 99.9 96.4 180 180 15,306.28
Table A3. Scenario 3.
. Average . . . .
. Quotation . Declared Capacity = Winning Capacity Earnings
Unit Number (115t Yuan/MW) (%";:lte‘;‘j:; /Il:/r[‘cvj) (Unit: MW) (Unit: MW) (Unit: Yuan)
90.0 90.0 19 19 1169.64
2 88.5 90.0 19 19 1132.658

3 100.0 90.0 40 40 4611.2
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Table A3. Cont.

. Average . N . .

i Number o Q0 Seutomen P DG oy Winning Gy tominge
4 99.3 90.0 40 40 4620.23
5 67.3 90.0 55 0 0
6 64.2 90.0 53 53 1660.469
7 84.0 90.0 113 113 6059.693
8 83.8 90.0 113 107 5709.931
9 100.0 90.0 179 179 15,222.16
10 99.8 90.0 180 180 15,290.96

Table A4. Scenario 4.

Uit Number O et P PSSR Sty Wrning Copadty L
1 66.5 77.6 19 19 864.234
2 65.3 77.6 19 19 835.7355
3 100 77.6 40 40 4611.2
4 100 77.6 40 40 4652.8
5 49.7 77.6 53 0 0
6 50.3 77.6 54 0 0
7 619 77.6 114 114 4504.933
8 61.8 77.6 117 117 4604.446
9 82.4 77.6 172 172 12,052.55
10 82.8 77.6 173 149 10,501.42

Table A5. Scenario 5.
. Average . . . .

i Number Q0 Seutemen P DG iy Winsina Gy tominge
1 61.7 73.8 19 19 801.8532
2 60.7 73.8 19 19 776.8629
3 99.7 73.8 40 40 4597.366
4 100 73.8 40 40 4652.8
5 49.4 73.8 35 0 0
6 50.9 73.8 34 0 0
7 57.5 73.8 112 112 4111.296
8 57.4 73.8 111 111 4057.308
9 76.8 73.8 172 88 5747.343
10 76.7 73.8 171 171 11,164.08
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Appendix B. Final Outcome of Frequency Regulation Units under MCP Pricing
Mechanism

Table A6. Scenario 1.

. Uniform . - . .
iNumber S e bice Doy Wine Gy B
1 51.5 70.5 20 20 964.44
2 49.5 70.5 19 19 902.2872
3 30.6 70.5 39 39 3169.624
4 25.6 70.5 39 39 3198.218
5 19.1 70.5 59 59 2123.009
6 70.5 70.5 59 59 2029.836
7 53.2 70.5 118 118 5310.85
8 443 70.5 118 118 5297.539
9 229 70.5 177 177 10,611.72
10 74.5 70.5 177 177 10,621.7
Table A7. Scenario 2.
Unit Number Quotation Clezr;iffsr;rice Declared Capacity = Winning Capacity Earnings
(Unit: Yuan/MW) (Unit: Yuan/MW) (Unit: MW) (Unit: MW) (Unit: Yuan)
1 54.9 524 20 20 716.832
2 55.3 52.4 20 20 705.9328
3 50.6 52.4 38 38 2295.455
4 49.9 524 39 39 2377.116
5 27 52.4 57 57 1524.463
6 14 52.4 57 57 1457.558
7 47.5 524 117 117 3913.903
8 524 52.4 119 100 3336.832
9 444 524 176 176 7842.729
10 474 524 176 176 7850.107
Table A8. Scenario 3.
Unit Number Quotation Cle:JrIalirf::Ir’lrice Declared Capacity Winning Capacity Earnings
(Unit: Yuan/MW) (Unit: Yuan/MW) (Unit: MW) (Unit: MW) (Unit: Yuan)
1 46.0 445 20 20 608.76
2 214 445 19 19 569.5288
3 59.1 445 39 39 2000.684
4 66.5 44.5 39 39 2018.734
5 35.6 44.5 59 59 1340.055
6 27.2 445 44 44 955.504
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Table A8. Cont.

it Number Q0 Clnctice DU Sapsty Wiening oty famier
(Unit: Yuan/MW)
7 44.6 44.5 118 118 3352.238
8 44.5 44.5 118 60 1700.256
51.0 44.5 176 176 6660.333
10 30.6 44.5 176 176 6666.598
Table A9. Scenario 4.
. Uniform Declared C it Winning C it Earni
(Unit: Yuan/MW)
1 28.5 26.6 20 20 363.888
2 214 26.6 13 13 232.9309
3 43.9 26.6 39 39 1195.915
4 26.1 26.6 34 34 1051.998
5 20.8 26.6 59 59 801.0218
6 23.1 26.6 59 0 0
7 26.6 26.6 118 118 2003.81
8 26.6 26.6 118 35 592.8608
9 34.6 26.6 175 175 3958.612
10 35.5 26.6 177 177 4007.62
Table A10. Scenario 5.
tati Uniform Declared C it Winnine C it Earni
Unit Number 0V Clearance Price PSR ERAE T Wit Yaan
(Unit: Yuan/MW)
1 15.2 20.4 19 19 265.1184
2 13.6 20.4 20 20 274.8288
3 32.1 20.4 38 38 893.6506
4 37.2 20.4 39 39 925.4419
5 30.9 20.4 55 0 0
6 16.4 20.4 43 0 0
7 20.4 20.4 108 108 1406.523
8 204 20.4 106 70 909.3504
9 27.2 20.4 154 154 2671.617
10 23.5 20.4 152 152 2639.401
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