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In China, under the planning-market double-track mechanism implemented on the
generation side of electricity, unreasonable market-oriented power generation proportion
may lead to unnecessary vicious competition and market price changes, and it is against
the will of power exchange (PX). Given this background, in this study, a bi-level model
for planning-market electricity allocation that considers the bidding game of generation
companies is proposed for a smooth transition of power system reform. In the upper
level of the model, the proportion of planned electricity is optimized by PX to minimize the
average social electricity purchase price. In the lower level of the model, considering the
impact of market power on the bidding strategy of generation companies, the bidding
strategy of generation companies set as price makers is proposed using the residual
demand curve analysis method, while the price takers adopt the lowest bidding strategy.
Simulations based on data from a provincial electricity market in China illustrate that the
proposed model can effectively reflect the impact of market-oriented electricity proportion
on market power and market-clearing price, thus providing a quantitative basis for PX to
determine the proportion of market-oriented electricity in total electricity consumption.

Keywords: planning-market double-track mechanism, electricity allocation, market power, residual demand curve,
bidding game

INTRODUCTION

In China, the planning-market double-track mechanism (PMDM) is implemented for electric
power system reform. Orderly deregulation of the electricity market and implementation of priority
generation/utilization mechanisms can ensure stable construction of a competitive electricity
market in China. Under the PMDM, the total electricity provided by the generation side is divided
into planned electricity and market electricity. Planned electricity is guaranteed by the base power-
supply contract signed by the power grid company (GC) and generation companies, and is settled
at a regulated price. Market-oriented electricity demand is met by wholesale market transactions
and settled according to market price (National Development and Reform Commission National
Energy Administration, 2017). Under a given market structure, the proportion of planned
electricity is the key that affects market operation and interests of market entities.
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Liberalization rates of power generation and utilization plan
are different with the development of the electricity market in
different provinces of China, and the proportion of market-
oriented electricity is determined partly according to access
conditions of market entities. By the end of 2020, coal-fired and
gas-fired power plants and users with a voltage level of 10 kV
or higher were allowed to participate in an electricity market
transaction in Guangdong, China. In Anhui province of China,
users with an annual power consumption of more than 500 MWh
and units with a capacity of 100 MW or higher can apply to be
a market entity. Users in Shandong province of China need to
meet the requirements for voltage level (i.e., 10 kV and higher)
and electricity consumption (4,000 MWh and higher) if they wish
to participate in market transactions. On the power generation
side, coal-fired and cogeneration units are the main entities in
the Shandong electricity market.

Similarly, the electricity market has been liberalized in other
countries by gradually relaxing the access conditions of users.
In the United Kingdon, in 1990, users with a power level of 1
MW or higher were allowed to participate in electricity market
transactions. Then, in 1994, users with a power level of 100 kW
or higher were allowed to participate in market transactions,
while in 1998 all users were allowed to apply to be a market
entity. In Texas, USA, in the second year of wholesale electricity
market operation, all users were allowed to participate in the
market. At present, generation companies and most power
users are allowed to participate in market transactions, with no
planned power generation and consumption guaranteed by the
government. For example, in the United States resident users in
PJM, ERCOT and NYISO are given. In the United Kingdom, the
United States, and Australia, renewable energy is introduced into
the wholesale electricity market through a renewable portfolio
standard or contract for difference. At Nord Pool, power
exchange between countries is realized through cross-border
transactions (Fereidoon, 2017).

Most existing research studies have focused on the
distribution and adjustment of planned electricity and market
electricity in a time sequence from the perspective of a power
system operator based on the fact that annual planned electricity
has been determined (Li et al., 2020). An optimal allocation
model of contract electricity and bidding electricity in each
period of the trading day is established to minimize total power
purchase cost, and it considers constraints in unit operation
and network congestion by Jiang et al. (2004). An intra-day
rolling generation scheduling model of a wind power system
considering the uncertainty of wind power is established by Sun
et al. (2020) to cooperatively optimize the target electricity and
generation plan of generation units. With full consideration
of the impact of power uncertainty of renewable energy, a
time-sequence simulation method for monthly energy trading
schedule is proposed by Zhang Q. et al. (2020). A two-stage
optimization model for annual rolling generation scheduling
with consideration of the influence of electric power direct
trading on open and impartial dispatching is proposed by Xie
et al. (2018). However, there are few research studies on the
degree of liberalization of the regulated electricity market, and
there is no appropriate method to determine the proportion of

planned electricity to total electricity consumption. In addition,
market bidding strategies of generation companies are the key
to reflect the effectiveness of market rule design and parameter
setting. Existing research on the bidding strategy of generation
companies has based on cost analysis, market price forecast, or
bidding estimation of rival generation companies (Huang and
Li, 2015; De et al., 2018; Guo et al., 2021). A multi-objective joint
bidding model for wind-thermal-photovoltaic hybrid generation
system is established with the goal of maximizing the total profit
of power and reserve markets and minimizing emissions of
thermal power units, and it considers the cost of different types
of units by Khaloie et al. (2020). A bidding strategy for generation
companies in a sequential dual market is proposed to maximize
the utility that makes a tradeoff between revenues and risks in
the electricity and balancing markets by Jiang et al. (2019), and
it considers the uncertainties of electricity consumption and
bidding strategies of rival companies. Under the conditions of
risk constraints, a two-stage bidding game model for wind power
suppliers in the day-ahead and balancing markets is established
by Schneider and Roozbehani (2016) and Baringo and Conejo
(2016), in which the market behaviors and performance of
wind power suppliers are studied from the perspective of price
sensitivity. In fact, the proportion of planned electricity will
affect the supply and demand of the electricity market, and then
affect the market power of generation companies. However, the
impact of market power on biddings of generation companies is
rarely considered in the studies mentioned above.

Given this background, in this study, a bi-level planning-
market electricity allocation model for the PMDM of China
is established. In the upper level of the model, the proportion
of planned electricity is optimized by PX to minimize the
social average purchase price (SAPP). In the lower level of
the model, bidding strategies for generation companies with
different market power are proposed, and the bidding game
process of generation companies is simulated to solve the market
equilibrium. Finally, the effectiveness and rationality of the
proposed model are verified by a provincial electricity market
in China.

PLANNING-MARKET ELECTRICITY
ALLOCATION PROBLEM CONSIDERING
MARKET POWER OF GENERATION
COMPANIES

In order to support the orderly development of the social
economy, the power generation side in China has been regulated
by the government for a long time. Only a few direct-
purchasing forward bilateral contracts are allowed between
power producers and large users before the electricity market
restructuring started in 2015, which accounting for a low
proportion of consumption power (Zhang Z. et al.,, 2020). In
2017, the phased planning-market double-track mechanism was
proposed by the government to guide the gradual liberalization
of the power market of China. Thermal power units have been
allowed to participate in the market in most of the provincial
power markets, while renewable energy (mainly wind power
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and photovoltaics) and hydropower have been arranged by
an independent system operator (ISO) to generate electricity
preferentially (National Development and Reform Commission
National Energy Administration, 2017). The priority power
generation mechanism is implemented in China in order to
ensure the consumption of renewable energy and hydropower.

A two-level market system for the national unified power
market and the provincial power market is established in China
to realize the optimal allocation of resources nationwide. The
transaction sequence of the national unified power market,
organized by Beijing Trading Center, is prior to the provincial
power market. In order to implement the national strategy
of power transmission from west to east and the clean
energy consumption policy, cross-provincial, and cross-regional
transactions are divided into the power within the government
framework agreement and the market-oriented transaction (State
Electricity Regulatory Commission, 2012). The implementation
of the electricity quantity by cross-provincial and cross-regional
trading should be guaranteed when the provincial electricity
market is carried out inside the province (Lei and Song, 2016).

The allocation of planned electricity and market electricity is
undertaken by PX. Before the start of the annual transaction,
the annual planned electricity of thermal power producers
is arranged by local PX after deduction of imported energy
and priority generation energy according to the predicted
annual electricity consumption. Then, total planned electricity
is allocated to each unit in proportion according to its capacity
(Min and Li, 2016). At present, the spot market pilot has been
launched in eight provinces and cities in China. By the end of
2020, three spot market trials had been carried out in Zhejiang
province. The full power bidding mode is adopted by the spot
market in Zhejiang, and it draws lessons from PJM. The annual
planned electricity of each unit is decomposed into each period of
the bidding day by PX in advance as the minimum output. Then
the residual load demand of each period is released to provide a
reference for the quotation of thermal power units (Lei and Song,
2016). The trading process of the electricity market under PMDM
is shown in Figure 1.

In general, the proportion of planned electricity to total
electricity consumption will affect the supply and demand of
the market, and then affect the market power. As a quick case
study, it is assumed that the annual total electricity consumption
is 100 billion kWh and that the maximum generation quantity
is 150 billion kWh. Qprepresents the total market demand, and
Qg represents the total market supply. A is the market supply-
demand ratio, which can be calculated as A = Qg/Qr. As
shown in Table 1, with the increase in the planned electricity
proportion, the market supply-demand ratio increases, and the
market power decreases.

Since the first round of power system reform was carried
out in 2002, the separation of power plants and power grids
has been initially realized, and five power generation groups
have been established in China. Due to historical reasons,
there is a high concentration rate in the power generation side
of China (Lei and Song, 2016). The proportion of installed
capacity of thermal power producers in Zhejiang and Anhui
provinces of China is shown in Figure 2. Among these producers,

the installed capacity of the Zheneng group accounts for
51.1% of the total capacity of Zhejiang, and there are three
generation companies whose capacity accounts for more than
15% of the total capacity in Anhui. The Herfindahl-Hirschman
index (HHI) is an index reflecting market concentration. The
HHI in the Zhejiang power generation market is 3,144 and
that in the Anhui power generation market is 1,525; both
of which are more than 1,000, indicating that the market
power is high and that it is difficult to develop effective
competition. In a highly concentrated market, large-capacity
generation companies may use market power to raise market
prices, resulting in market price distortion and social welfare
losses (Bagchi et al, 2019; Hajiabadi and Samadi, 2019). It
is necessary for PX to consider the market structure of the
generation side when allocating planned electricity and market
electricity, so as to ensure appropriate market adequacy, restrain
market power, and realize full market competition (Hakam et al.,
2020).

PLANNING-MARKET ELECTRICITY
ALLOCATION MODEL OF PX

The equivalent load demand, i.e., the total amount of planned
electricity and market electricity, is obtained by deduction
of imported energy and priority generation energy based on
annual total electricity consumption. The priority generation
energy mainly includes renewable energy and hydropower
energy. Wind power and photovoltaics fluctuate randomly (Liu
et al., 2020; Xing et al, 2021). The output of hydropower
plants and pumped storage plants are adjustable and are
pre-dispatched by ISO considering the demand of peak load
cutting and valley load filling. Among them, hydropower
plants are flexible in start-up and shut-down and low in
start-up costs and are usually arranged by ISO during peak
load period to ease the tension in power generation. Pumped
storage plants are in the power generation state in peak load
period and load state in low load period, which can reduce
load peak valley difference (Fekete et al., 2019; Song et al,
2020).

The equivalent load duration curve after deduction of the
imported energy and priority generation energy is shown in
Figure 3. Due to limitation in reservoir capacity and unit rated
power, power and energy constraints of hydropower and pumped
storage plants can be expressed as (Hu et al.,, 2021).

0 < Py(s,t) < P™ (1)
> Pulst) At < EF™ )
teTy
—Pp™ < Pp(s, t) < Pp™™ 3)
D Pe(st) ot < Bp™ (4)
teT)
> Po(s,t) & t] < EF™ (5)
teT,

Frontiers in Energy Research | www.frontiersin.org

May 2021 | Volume 9 | Article 673228


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Cui et al.

Electricity Allocation Model of PX

Generators

]

o Market
Make bidding settlement
‘ strategy s ¥
P = N1

FIGURE 1 | Electricity market transaction process.

Release annual Release Submit Announce the
planned power of market quotation MCP and bid
each unit demand winning
PX Modify the Determine the Decompose the Market
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TABLE 1 | Market supply-demand ratio under different proportions of planned

electricity.

Proportion of Qg Q. A
planned electricity

0% 1,500 1,000 1.5
10% 1,400 900 1.56
20% 1,300 800 1.63
30% 1,200 700 1.71

A Zhejiang province B Anhui province

FIGURE 2 | Structure of installed generator. (A) Zhejiang province; (B) Anhui
province.

where Py (s, t) and Pp(s, t) represent the output of hydropower
plant and pumped storage plant, respectively, in period ¢ under
scenario s. P and Pp®* represent the maximum output of
hydropower plant and pumped storage plant, respectively. Ef**
and Ep™* represent the maximum storage energy for hydropower
plants and pumped storage plants, respectively. T, and T), are the
peak and valley time sets, respectively.

At present, the power market in China is similar to the pool
mode, and there is no awareness in market bidding on the
demand side. In this study, the load curve is considered to be

L(MW)|.Load duration curve B8 Imported energy

—Equivalent load duration curve 777 Renewable energy
|E= Hydropower and pumped storage plants

FIGURE 3 | Equivalent load duration curve.

inelastic, i.e., the load curve does not change with a change in
market price. The load curve is modified according to imported
energy and priority generation energy, and the equivalent load
curve Leg(s, t) is obtained, which is expressed as

Leg(s, t) = L(s, t) — Pr(s, t) — P[(s,t) — Py(s,t) — Pp(s,t) (6)

where L(s, t) denotes the load in period t under scenario s. Pr(s, t)
and P(s,t) are the output of renewable energy and imported
electricity in period ¢ under scenario s, respectively.

Equivalent load demand is divided into planned electricity
and market electricity by PX. The decision variable of PX is the
proportion of planned electricity y, and the objective function is
to minimize SAPP . Therefore, the optimal decision model of
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PX can be expressed as

MyQuy+ YN Y aM(s,)PM(s, 1)

t iGQM)S,t

min A =
Qeq
5.0 <Y < Vmax (8)

Qeq = Z N Z Leq(5: t) )
s t

where Q4 is the equivalent load demand after deduction of
imported energy and priority generation energy. A’ denotes the
settlement price of planned electricity. AM(s,t) represents the
market clearing price (MCP) in period ¢ under scenario s. PfVI (s, 1)
indicates the winning bid of unit 7 in period ¢ under scenario s. N
is the number of days of scenario s in a year. Q) denotes the
set of all winning units in period t under scenario s. ymax is the
upper limit of planned electricity proportion.

Annual planned electricity is distributed to each unit in
proportion according to unit capacity. Let QF represent the total
annual planned electricity of unit i and be expressed as

L
P P

ieQ

(10)

where PV is the rated capacity of unit i. h; represents the annual
utilization hours of unit i.  denotes the set of all thermal
power units.

The total annual planned electricity is decomposed into
each period of the bidding day by PX in advance through
the deterministic power decomposition algorithm based on the
typical daily load curve. Then, the planned power of each unit in
different periods PL(s, t) is obtained in proportion (Chen et al.,
2009) and can be expressed as:

Pl(s,1) = pa,Qf (11)
where f;, is the proportion of electricity consumption in period
t of day d to annual electricity consumption and can be calculated
from the typical daily load curve.

In the centralized market, PX receives the quotation of
each generation company and determines the winning bid of
each generation company through the specified market-clearing
algorithm. The goal of market clearing is to minimize the total
generation cost and determine a unified market-clearing price
for all generation companies (Yang et al., 2019; Zhang and Yan,
2019). Without considering network constraints, the optimal
model of market-clearing can be expressed as (Faraji et al., 2020).

min Y 2M(s,)PM(s, 1) (12)
iEQM,S,t
sty PM(s,t)+ Y PP(s,t) = Leg(s,t)  (13)
i€QMst ieQ
WM(s, 1) = pils, 0)(i € Q) (14)

where p;(s,t) is the bidding price of unit i in period t under
scenario s. €2); denotes the set of units participating in the

Minimum price offer
of the price-maker

S e

Residual demand curve

‘ /

, P(CNY/MWh)

[

P(MWh)

FIGURE 4 | RDC and the lowest bidding price curve.

bidding. When multiple units are marginal and offer the same
price, the amount of electricity is allocated according to the
bidding capacity of the units (Guo et al., 2019).

BIDDING GAME MODEL OF GENERATION
COMPANIES CONSIDERING MARKET
POWER

Price Makers and Price Takers

Among the generation companies in the electricity market, some
large ones have the ability to raise the MCP because of their
strong market power, and they are defined as price makers.
The others are regarded as price takers (Ilak et al., 2014). Price
makers often make bidding strategies with the goal of maximizing
revenue, while price takers often choose cost-based bidding
strategies to ensure generation (Nieta et al., 2014; Shafie-khah
etal., 2015).

Must run ratio (MRR) is a kind of prior evaluation index to
measure the market power, which considers the impact of market
supply and demand, and can evaluate the market power of a
single generation company (Lei and Song, 2016). Therefore, in
this study, MRR is used to define whether a generation company
is a price maker or a price taker. Assuming that there are J
generation companies in the market and all the competitors of
generation company j are recorded as j, Mj(s, t) is let to represent
the MRR of generation company jin period t under scenario s and
can be expressed as

Mj(s,) = [Leg(s,) — Y PN/ Y PN (15)

i€j i€j

The greater M; is, the more likely generation company j is to
exercise market power (Lei and Song, 2016). In this study, the
generation company that satisfies M; > 0 is selected as the
price maker.
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PX releases market demand Z_(s.1)

=1

Calculate the market power of each

generator, and determine the price-
maker set ¥ (s,7)

l

Initialize the bidding strategy of
each generator p\” (s,1)

Price-makers update bidding strategy

Market clearing

FIGURE 5 | Flow chart for solving generation companies bidding game model.

each convergence
condition?

Output results

Bidding Strategies of Price Takers Based

on the Lowest Bidding Price
In the centralized market, generation companies are required
to declare a minimum output, a price and a capacity
[PlP (s, 1), pi(s, 1), Pi(s, )] for each unit. The minimum output
PP(s, ) is the output of the unit to meet the planned power and
is provided at zero price to ensure that power is dispatched but
settled at the planned power price A”. The bidding price p;(s, t) of
the unit should be less than the upper limit of the market price p.
The lowest bidding price varies with the power generation
cost of each unit. Unit cost includes fuel cost, which is measured
by the marginal cost Cp; of the unit and fixed cost Cr;, which
consists of investment cost Cr; and operation and maintenance
cost Co,;. In order to include the fixed cost in the bidding price, it
is necessary to convert the multi-year and annual fixed costs into
hourly fixed cost, whose conversion formula is

(1+i))"1 —1

iy(1+iy) "7

ih(1+ih)Yth

(L)Y — 1

Cri = [Cri + Co,i (16)

1
ih=1+i)% —1 (17)

where i) is the annual interest rate, and i, is the hourly interest
rate. Y; is the lifetime of unit 7, and Y}, = 8760 h.
In conclusion, the lowest bidding price p;™" of unit i is:

oM = Cyri 4 Cry (18)

Bidding Strategies of Price Makers Based

on the Residual Demand Curve
Residual demand curve (RDC) refers to the demand curve faced
by a specific generation company in the competitive electricity

market, and it can be calculated by subtracting the bidding curves
of all competitors of the company from the total demand curve.
The bidding strategies of generation companies acting as price
markers are based on RDC (Bompard et al., 2008).

In this study, the single period bidding problem of generation
companies is analyzed, and there is no correlation among the
biddings of different periods. The profit of generation company
j in period t is equal to the income of planned electricity
and market electricity minus generation cost. The goal of
strategic bidding is to maximize profit F;(s, t), and the bidding
optimization problem can be described as

max Fj(s, t) = Z [}LPPIP(S, 1) + AM(s, t)P,M(s, t)

i€j
—Ci(s, 1) — Crl (19)
s.t. Ci(s,t) = Cari([PY (s, £) + PM(s, 1)] (20)
PRn < PP(s,t) + PM(s, 1) < P (21)

where Ci(s,t) is the fuel cost of unit i in period ¢ under
scenario s. P and P represent the minimum and maximum
technological outputs of the unit, respectively.

In the electricity market, large-capacity generation companies
can exercise their market power through capacity gaming or price
gaming (Wang et al., 2016; Tong et al., 2019). In this study, the
price game model is used to solve the optimal bidding strategy
for price makers by exploring their RDC (Bompard et al., 2008).
As shown in Figure 4, the blue curve is the RDC of the generation
company j, and the red curve is the quotation curve of all units of
the generation company j according to the lowest bidding price.
The points with discontinuous slope (points A and B) are proved
to be potential best biddings of price makers (Bompard et al.,
2008). Generation company j starts from the highest bidding
benchmark (point A) and then goes down to the intersection
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(point C) of the lowest bidding price curve and the RDC to find
the point to maximize its profit. For example, when a generation
company chooses point B as the bidding benchmark, its units
whose cost is lower than B will be quoted at the price of B, and
units whose cost is higher than B will be quoted at the lowest
bidding price.

The solution steps of generation companies bidding game
model considering market power can be summarized as follows;
and for ease of understanding, a flow chart for solving the
proposed model is shown in Figure 5.

1) The set of price makers W(s,t) in a specific period
is determined by calculating the market power of each
generation company.

2) We initialize the bidding strategy pi(o) (s, t) of each generation
company to the lowest bidding price p™® of each unit. The
biddings of price takers remain unchanged.

3) For each price maker j € W(s, t), it is assumed that the price
quoted by its competitor?is the result of the last iteration, and
the RDC of price maker j is calculated.

4) The optimal bidding strategy of price maker j is determined
based on its RDC considering the cost of each unit.

5) We judge whether the market is in equilibrium. If no price
maker wants to change the bidding strategies or the number of
iterations exceeds the maximum limit, it ends. If not, return to
step 3.

CASE STUDIES

In this study, the actual power market data of a province in China
are used to demonstrate the proposed model. The settlement
price of planned electricity A" is 360 CNY/MWh, and the market
price cap p is 450 CNY/MWh. The unit capacity and cost
information of each generation group are shown in Table 2.
The maximum unit technical output is 1, and the maximum
unit technical output is 0.3. According to the typical load curve
of the province and the output of imported energy, renewable
energy and hydropower, the typical daily equivalent load curve
is obtained and shown in Figure 6, with the probability of
typical scenarios. By solving the proposed model, it is found
that the optimal proportion of planned electricity is 0.4, the
minimum SAPP is 334 CNY/MWh, and the average MCP (\M)
is 310 CNY/MWh.

Impacts of the Proportion of Planned
Electricity on MCP and Market Power

As shown in Figure 7, AM decreases when y increases. This
implies that when the proportion of planned electricity increases,
the generation adequacy in the market increases and the market
power of generation companies becomes lesser, and that the
companies tend to quote according to cost, so the MCP decreases.
First, » decreases and then increases when y increases. When the
proportion of planned electricity increases, the purchasing cost
of planned electricity increases, while that of market electricity
decreases due to the decrease in market electricity quantity and
MCP. Under the combined effect of the two, first, the SAPP
decreases and then increases, and there is a minimum value.

TABLE 2 | Unit capacity and cost of power generation groups.

Name of power Unit capacity Marginal cost
generation group (MW) (CNY/MWh)
WN 1,320 230
1,260 232
1,110 238
600 290
330 300
330 300
GD 1,260 232
1,050 238
640 280
640 280
320 300
GT 1,000 240
1,000 240
640 280
640 280
HD 1,000 240
1,000 240
320 300
320 300
DT 1,320 230
320 300
320 300
SW 1,260 232
600 290
HN 660 270
330 300
330 300

0 4 8 12 16 20 24
t(h)

FIGURE 6 | Typical daily equivalent load curve and scenario probability.

The number of price makers in each period under different
proportions of planned electricity is shown in Figure 8. When
y = 0.3, the period without price makers accounted for 27.4%,
and the period with 7 price makers accounted for 32.1%, in which
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FIGURE 8 | The number of price makers under different proportions of
planned electricity.

there is great market power in the market. When y = 0.6, the
proportion of time periods without price makers increased from
27.4 to 55.4%, and the number of price makers also decreased
in other periods. This implies that the higher the proportion of
planned electricity, the lesser the number of price makers in the
market and the lesser the market power.

Impacts of the Load Level on MCP and

Market Power

Under the conditions of constant power generation, different
load levels mean different market demands and generation
adequacy. Therefore, the load level will also affect the market
power of generation companies. The MCP and market power of
a typical day with a different proportion of planned electricity is
shown in Figure 9, where M is the average value of the MRR of
seven generation companies. It can be seen from Figure 9 that
when y = 0.3, Mis positive from 8:00 to 17:00, while when
y = 0.6, there are only 6 periods of 9:00-10:00 and 13:00-16:00,
in which market power exists and the value of M is lesser. When
y = 0.3 for 9:00-10:00 and 14:00-15:00, and y = 0.6 for 10:00,
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FIGURE 9 | MCP and market power on a typical day. (A) y = 0.3; (B) y = 0.6.

TABLE 3 | Optimal proportion of planned electricity under different load growth
rates.

Load growth rates y My AM(CNY/MWh) X(CNY/MWh)
0% 040 004 310 332
3% 0.52 0.07 313 341
6% 064  0.12 318 348
9% 069 017 324 352

M is above 0.3; and the MCP reaches the market price cap. In
the period of M = 0, all generation companies in the market are
price takers and quote according to the lowest bidding price, so
the MCP is lower.

It can also be seen from Figure9 that M and AM vary in
different periods, and they are both high in peak load period no
matter what y is. In peak load periods, more units with high
costs and high quotations win the bid because of the high load.
At the same time, market generation adequacy is low and the
market power of generation companies is high, which lead to high
MCP due to the bidding strategies of price takers. In contrast, the
market generation adequacy is high in low load periods, so the
MCP is low.

We let M| be the average MRR of seven generation companies
in all periods under the optimal proportion of planned electricity.
)M and A are the average MCP and SAPP, respectively, in all
periods under the optimal proportion of planned electricity. It
can be seen in Table 3 that a higher proportion of planned
electricity is required to cope with the increased load growth
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rate, so as to ensure minimum SAPP. When the load growth rate
increases, M; and A* become higher. This implies that under
the conditions of the unchanged generation structure, the load
growth causes the generation capacity to be tenser, which leads to
higher MCP and further causes an increase in A.

Profit of Generation Companies Under
Different Bidding Strategies

The profit of seven generation companies (namely, WN, GD,
GT, HD, DT, SW, and HN) under different bidding strategies
are shown in Table 4. Compared with cost-based bidding, when
strategy-based bidding is adopted, the profit of all generation
companies increases by more than 2%. Among them, the growth
rate of WN is the highest, i.e., 7%, and the profit increases from
10.06 to 10.82 million CNY. At the same time, AM has increased
from 306 to 310 CNY/MWh. Under the settlement mode of
unified clearing price, although price takers have no ability to
raise the price, their profit will also increase.

At a certain period, WN and GD are price makers; and GT,
HD, DT, SW, and HN are price takers. The bidding curve of WN
under different bidding strategies is shown in Figure 10. When
WN bids according to the lowest bidding price, the bidding curve
is divided into six segments according to the different costs of
each unit, and the planned electricity (1,823 MWh) is quoted at 0
CNY/MWh. When adopting strategy-based bidding, the bidding
curve of WN is only divided into three segments, which are
quoted at 0, 310, and 320 CNY/MWh, respectively. Among the

TABLE 4 | Profit of generation companies and MCP.

six units of WN, the bidding price of four units is higher than
the lowest bidding price, which indicates that WN has made
use of market power to increase MCP to 310 CNY/MWh, thus
obtaining more profits.

CONCLUSION

In this study, a planning-market electricity allocation model
is established, and it considers the objectives of minimizing
electricity purchase price for PX and maximizing profits for
generation companies. Bidding strategies for price makers
and price takers are proposed considering the market power
of generation companies. The game process of generation
companies is simulated, and the MCP and the optimal bidding
strategy of each generation company in the market equilibrium
state are obtained. The proposed model is demonstrated in the
case of a provincial electricity market in China, and the main
findings are as follows:

1) The proportion of planned electricity affects the market
power of generation companies, and it further affects MCP.
The higher the proportion, the lesser the market power and
the lower the MCP. In addition, PX should comprehensively
consider market power and power purchasing cost when
determining the proportion of planned electricity.

2) The level of load affects the market power of generation
companies and the optimal proportion of planned electricity.
Under the conditions of unchanged generation structure,
with the growth in future load, PX should gradually increase
the proportion of planned electricity.

3) The bidding strategy that price makers adopt to pursue profit
maximization will lead to an increase in MCP. At this time,

Quotation Cost-based Strategy-based . . .
strategy quotation quotation more profits can also be obtained when price takers bid based
on cost.
—M
A" (CNY/MWh 306 310 . . ..
5 :t ) N 10,06 1082 In this study, the allocation of planned electricity and market
r.O”.I o - ’ . ' electricity in China is analyzed under the PMDM. In the future,
(milion CNY) 89 o4 the convergence of the market in different stages considering the
GT 7.66 8.06 . . .
requirements of orderly releasing the plan of power generation
Hb 6:89 7 and power utilization can be studied. In addition, with the
o7 5.78 59 deepening reform on the electricity sale side, the impact of
sw 531 5.42 electricity demand elasticity on the bidding strategy of generation
HN 507 sar companies can also be considered.
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FIGURE 10 | Bidding curve of WN under different bidding strategies. (A) Cost-based bidding; (B) strategy-based bidding.
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