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Abstract—High-cost generator units are at a cost disadvan-
tage in electricity spot markets. This study focuses on revenue
mechanisms of gas-fired units affected by power market reform
in Guangdong province, China. For the first time, we compare
impacts on market indicators of five settlement mechanisms:
feed-in tariff (FiT), location marginal price (LMP), contract for
difference (CFD), direct subsidy (DS), and estimated revenue
method (ERM). In particular, we design key parameters, in-
cluding authorized CFD and ERM of two kinds of government
authorized contracts based on traditional dispatching patterns to
avoid significant profit fluctuations brought by market reforms.
We also analyze impact of factors such as climbing performance,
seasonal load, and subsidy amount on the overall market and its
players. Results of a case study show to directly subsidize gas-
fired units will lead higher-cost units to generate more electricity,
with a resulting loss of social welfare. Disruption of market prices
and provision of unreasonable incentives are fatal disadvantages
of this subsidy method. The government and policymakers should
consider financial means to adjust benefits to reduce production
costs and increase social welfare. Also, by case analysis, the ERM
shows its stable performance in revenue of high-cost units, while
we find that authorized CFD is not applicable for gas-fired units
whose output is unstable as a marginal unit frequently. Therefore,
we suggest government agencies adopt ERM to sign contracts
with gas-fired units, to attain a balance between fairness and
efficiency.

Index Terms—Guangdong electricity market, high-cost
generator unit, settlement mechanism, subsidy.

NOMENCLATURE

A. Indices

i Index of generator units.
l Index of transmission lines.
n Index of buses.
t Index of time intervals.

B. Parameters

∆p Price gap of annual reduction.
∆PUi , ∆PDi Maximum uphill/downhill climb rate of Gi.
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CLi Long-term average cost of Gi.
Fn,l Power transfer distribution factor of the n-th

node net power on the l-th transmission line.
H Equivalent annual generation hours of Gi.
HP , HV Hourage that peak/valley time covers.
M Line power flow off-limit penalty factor.
Pi Contract capacity of Gi.
pG,Bi On-grid price of Gi.
Pmax
i Rated capacity of Gi.
SL+

l , SL−l Positive/negative volume of power flow off-
limit.

T ′, T ′′ Peak/valley time of load.
TD, TU Minimum continuous on/off time.
c′i Average cost of Gi approved by the government.

C. Variables

αi,t Binary decision variable indicating the on/off
status of Gi.

θ̄ Average contract completion degree of all I
units.

c̄ Average generation cost of system.
βi Proportion between QCi and QCΣ .
δθ Variance of plan completion degree.
θi Contract completion degree of Gi.
Ci,t Clearing cost of Gi in the tth period.
It Binary variable indicating whether a gas-fired

unit is regarded as winning bidding.
m Ratio of peak to total load.
pCi Authorized contract price.
pi,t Clearing price of the spot market.
Pi,t Clearing volume of Gi during the t-th period.
Pl,t Power flow of the l-th transmission line at the

t-th interval.
Pn,t Net power of the n-th buses at the t-th interval.
QLΣ Electricity volume of total load.
QPΣ Total peak power of system.
QA Annual generation volume of Gi.
QΣ
i Total planned generation volume of Gi during

T periods.
QCi Total volume of Gi determined by the energy-

saving power generation schedule mode.
QPi , QVi Contract volume of Gi in T ′ and T ′′.
QPi,t, Q

V
i,t Contract volume of Gi at the tth period in T ′

and T ′′.

2096-0042 © 2020 CSEE. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



ZHU et al.: TRANSITIONAL REVENUE SCHEME FOR HIGH-COST GENERATOR UNIT IN GUANGDONG ELECTRICITY MARKET BASED ON GOVERNMENT AUTHORIZED CONTRACTS 209

Ri Final settlement for Gi.
R′′i Extra revenue for gas-fired unit under ERM.
RYi , RDi Annual/daily permitted profit of Gi.
R′i,t, R

′
i Revenue per hour/day of Gi.

TDi,t, T
U
i,t Duration time of on/off.

I. INTRODUCTION

MOST provincial power markets in China are in the early
stages of construction. How to design the market mech-

anism for generator units with different cost characteristics
to compete in a centralized market is a major problem. Full
competition will gradually eliminate high-cost units; hence
they need special treatment to ensure stable income. Reasons
are summarized from four perspectives, as follows.

Most decisions to build high-cost units were made before
power market reform, when a certain number of generating
hours were promised and electricity generated was paid ac-
cording to the feed-in tariff. However, such stranded cost
cannot be recovered in the current electricity market [1]. In
terms of people’s livelihood, to ensure heating, many high-
cost units with heating capacity are indispensable and cannot
be eliminated from the market. In terms of social factors,
after market-oriented reforms, generation volume of high-
cost units will be reduced, and market clearing price may
be lower. A sharp change in interests will have an impact
on social stability, and may lead to bankruptcy, unemploy-
ment, and other consequences. From the point of view of
China’s socialist market system, these consequences are not
acceptable. Natural gas prices are high in China, and contracts
are mostly “take or pay”, so it is necessary to ensure certain
natural gas consumption [2]. From the perspective of power
system operation, it is necessary to configure a system with
a specific capacity and regulation performance to maintain
system stability. With advantages of high efficiency, environ-
mental friendliness, excellent flexibility, and short construction
periods, gas-fired units are important in the power system [3].
Gas-fired units in the market environment are at a cost
disadvantage, but still play an important role in operation of
the power system. Installed capacity of gas-fired units in the
Guangdong power grid is increasing each year. However, with
power marketization, operating income of gas-fired units faces
two challenges: fuel cost is high [4] and electricity price based
on market competition is low. Although gas-fired units, as
peak-load units, can receive a certain peak electricity price,
their economic benefits often fail to meet expectations, as
they are restricted by the impact of high fuel costs, short
peak load times, insufficient operating hours, and market price
caps. Absence of a reasonable market pricing mechanism is
the core factor restricting China’s natural gas power-generation
industry.

Gas-fired units can recoup their costs in countries with
relatively mature electricity markets. The auxiliary service
market has been operating for many years in Northeast China,
showing its market-incentive effect [5]. However, Guangdong
is still in the initial stage of the spot market, and capacity and
ancillary service markets have not been established. Gas-fired
units lack market competitiveness because they depend mainly

on imported fuel. With development of the spot market, gas-
fired units face the problem of bidding against coal-fired units
on the same platform. Some researchers focus on a forward-
looking scheduling method that takes multi-range pricing into
account [6], [7]. Given real-time offers are required, forward-
looking scheduling is not suitable for Guangdong’s current
market situation.

Since the market environment varies by country, the key
factors considered in market reform are different. For exam-
ple, the North American electricity market stresses market
efficiency, while the Chinese electricity market takes more
factors into account, such as fairness and interest coordi-
nation among market entities [8]. Research has focused on
improving market efficiency while ignoring the benefit coor-
dination method of market reform. In this context, design of
a market mechanism to ensure profit of gas-fired units has
become a research hotspot. Compared to some research on
the clearing algorithm, to study the influence of hill-climbing
performance on electricity price and optimize it, we study
the revenue settlement mechanism based on the reality of
Guangdong province. The subsidy, as a financial means of
the government, has been widely applied in many countries,
especially developing countries [9]. The World Trade Organi-
zation defines a subsidy as any form of preferential treatment
given by government to consumers or producers [10]. There
are four types of subsidies to electricity generation: direct and
indirect transfer of funds and liabilities, government revenue
foregone, provision of goods or services, and income or price
support. Zhejiang province, Jiangsu province, and Shanghai
have implemented a two-part pricing system for gas-fired
units, which is conducive to relieving survival pressure of
gas-generating enterprises [11]–[13]. Guangdong province is
implementing a single energy tariff. Favorable tax treatment,
such as a production tax credit policy for wind energy industry
and investment tax credit policy for the solar energy industry,
has been adopted in the United States to support some energy
resources [9]. In Canada, the Ontario government signed
a clean energy supply (CES) contract with gas-fired units
and implemented an estimated revenue method to guarantee
their revenue and guide generators to make bidding decisions
according to their marginal production costs [14]–[16].

Subsidies have stimulated development of power generation
industries to some extent. They have also caused problems,
such as financial pressure and market price disorder [17]–
[19]. Researchers are more inclined to consider impact of
subsidies on users’ final consumption costs. Researchers pro-
posed subsidy policies should focus on maximization of social
welfare and minimize interference to the market [20]. Impact
of energy subsidies was analyzed using a computable general
equilibrium model [21]. Results show elimination of anoma-
lous energy subsidies would lead to a significant decline in
energy demand and carbon dioxide emissions, but would exert
a negative effect on the macroeconomy. The DS mechanism
pays a fixed subsidy on each unit of electric power produced
by generator units. No allowance is given when a unit does
not generate electricity. The direct subsidy mechanism for gas-
fired units in the Guangdong market is controversial, for such
a mechanism provides unreasonable incentives.
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Lack of a capacity market, sharp decline in revenue of gas-
fired units, and controversy caused by the DS method all make
it urgent to study the design of revenue mechanisms based on
the current situation of the Guangdong market. The paper [22]
designs a settlement mechanism for marginal units, in which
the offer price of the first unsuccessful unit is selected as set-
tlement price of marginal units. But the effect of this approach
will be greatly mitigated if potential marginal unit offers are
closer. The contract for the difference has been proven can ef-
fectively restrain market power in China’s provincial electricity
markets [23]. Also, from the perspective of the decomposition
principle of the authorized CFD, some research proposed
the decomposition curve of generation contracts should be
treated differently, and that contract volume should not exceed
generator unit’s maximum clear volume [24]. However, due
to fluctuation of load, this is hard to achieve. At the same
time, subsidized units may change their bidding strategies to
become non-marginal units. This study researches the subsidy
problem of high-cost units under different scheduling modes,
analyzes influence of different revenue mechanisms on social
welfare and power generation plans, and proposes solutions
based on the ERM. The main contributions of this study are as
follows. 1) From the perspective of social equity, a method is
designed based on the traditional dispatch model to formulate
key parameters in government-authorized contracts, to achieve
a smooth transition of benefits. 2) From the perspective of
quantitative models, we summarize key factors affecting ben-
efits of high-cost units, including load curve shape, seasonal
load, and climbing performance. 3) From the perspective of
market efficiency, this study analyzes necessity of replacing the
DS mode by government authorized contracts. 4) We apply
the ERM to settlement of gas-fired units, and evaluate its
applicability to marginal units through stability of revenue.

The remainder of this paper is organized as follows. Sec-
tion II introduces and models traditional scheduling and spot
markets. Section III proposes designs of authorized contracts
for the difference and estimated revenue methods. In Sec-
tion IV, a case study is designed for different settlement
mechanism simulations, and key indicators are compared
and evaluated. We also analyze factors that cause revenue
fluctuations of gas-fired units. Section V draws conclusions
as they relate to China’s power market construction.

II. GUANGDONG POWER SYSTEM AND SPOT MARKET

A. Energy-saving Power Generation Schedule

In Guangdong province, the energy-saving power generation
schedule replaces even distribution of generation volume in
accordance with the administrative plan. For thermal units, the
volume of power generation is scheduled with consideration
of level of fuel consumption and rated capacity. The lower
the average fuel consumption, the more total generation is
allocated, and vice versa [25], [26]. We assume that the total
volume is determined as:

βi =
QCi
QCΣ

= γi

(
1 − δ

c′i − c̄

c̄

)
(1)

where

I∑
i=1

βi = 1 (2)

γi = Pmax
i

/ I∑
i=1

Pmax
i (3)

c̄ =

I∑
i=1

c′iQi

/ I∑
i=1

Qi (4)

where γi is the capacity rate of Gi, c̄ is the average generation
cost of the whole system, and QCΣ is the total contract volume
for all units. βi satisfies (1) and (2). δ is a coefficient set by the
government to determine the extent to which fuel consumption
affects generation volume.

B. Open, Just, and Fair Power Dispatching Principle
Open, just, and fair power dispatching has been imple-

mented in China’s power system for a long time [27]. Power
system operators obey this principle to meet requirements of
system safety and stability. The aim is to coordinate power
system security and economic benefits of all parties. Before
a spot market is implemented, the government formulates
the annual power generation plan for all kinds of power
plants (units). Operators complete the annual power generation
plan in equal proportion according to contract volume of the
generator unit. When a spot market is implemented, operators
make plans to generate electricity according to operating rules
of the market [28]. In this study, the scheduling goal is to
minimize variance of plan completion degree (δθ), that is,

min δθ = min

I∑
i=1

(θi − θ)2

I
(5)

θ̄ =

∑I
i=1 θi
I

(6)

θi =

∑T
t=1 Pi,t

QΣ
i

(7)

The yearly generation plan can be decomposed into
monthly, weekly, and daily plans. A government agency
determines the feed-in tariff for each power plant or unit
in conformity with criteria such as type of generator set,
cost, and permitted revenue. The feed-in tariff of the on-
grid benchmark price is operative in most generating units
at present. Constraints considered in the scheduling model in-
clude power supply balance of the system, technical output of
the unit, ramping rate, line transmission power, and minimum
continuous on/off time, as follows.

1) Power balance constraint
I∑
i=1

Pi,t = LΣ
t (8)

2) Output constraint of generator unit

Pmin
i ≤ Pi,t ≤ Pmax

i (9)

3) Line transmission capacity constraint{
−Pmax

l ≤ Pl,t ≤ Pmax
l

Pl,t =
∑N
n=1 Pn,tFn,l

(10)

4) Maximum up/down climb constraint
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Pi,t − Pi,t−1 ≤ ∆PUi
Pi,t−1 − Pi,t ≤ ∆PDi

(11)

5) Minimum continuous on/off time constraint{
TDi,t − (αi,t − αi,t−1)TD ≥ 0

TUi,t − (αi,t−1 − αi,t)TU ≥ 0
(12)

C. Guangdong Power Generation Installation and Spot Mar-
ket

Table I presents statistics of the installed capacity of various
units in Guangdong at the end of June 2019 [29]. Coal-
and gas-fired units are the two main types of power source,
accounting for 49.1% and 18.3%, respectively. A detailed
overview of the Guangdong power system can be found
in reference [30]. The Guangdong power market includes
a medium- and long-term market, day-ahead and real-time
spot markets, and a frequency-regulation market, the last
of which is beyond the scope of this paper. Medium- and
long-term market members purchase/sell electricity by sign-
ing contracts for differences (CFDs). When the spot market
opens, generators submit multi-segment offers to the trading
center on the basis of a non-monotonic decreasing price with
increasing quantity, whose minimum and maximum output are
the respective minimum and maximum technical output of
generator units. For electricity users in the day-ahead market,
only inelastic demand is submitted to the power exchange in
the initial stage of the spot market [31]. The day-ahead spot
market will carry the clearing program based on the security
constrained unit commitment (SCUC) and security constrained
economic dispatch (SCED) to arrange the next-day generation
plan. For a thorough SCUC/SCED model, please refer to [32]
and [33]. The objective function of the clearing model consists
of minimizing the total generation cost,

min

[
I∑
i=1

T∑
t=1

αi,tCi,t +

L∑
l=1

T∑
t=1

M(SL+
l + SL−l )

]
(13)

where Ci,t is clearing cost of Gi in the t-th period. LMP
information will be released to each generator unit at the
appointed time. Given power transmission and distribution
price are determined separately in Guangdong province, the
LMP released does not include network loss price component.
Several settlements and trial operations were carried out in
2019 and 2020 [34]. Model constraints consist of equality and
inequality constraints (8)–(12).

D. Cost-based Offer for Non-monotonic Cost Characteristics

Given Guangdong has not established a capacity market,
we propose an offer decision method based on non-monotonic
cost characteristics. Cubic polynomials are used to describe the
total variable cost (ignoring the start-up cost) of Gi during the
tth time period,

CTi,t = ai,3Q
3
i,t + ai,2Q

2
i,t + ai,1Qi,t (14)

where ai,1, ai,2, and ai,3 are respective coefficients of the
primary, quadratic, and cubic terms of total cost function of
Gi. Offer assumption is an important premise of this paper.
Strategies of generators in the electricity market are complex

TABLE I
GUANGDONG INSTALLED CAPACITY OF VARIOUS UNITS

Unit type Capacity (MW) Ratio (%)
Total 120840 100.0
Coal 59320 49.1
Gas 22090 18.3
Hydro 9260 7.7
Nuclear 13300 11.0
Wind 3750 3.1
Solar 3680 3.0
Other 9450 7.8

and varied. In a competitive market, it is rational to offer/bid as
marginal cost (MC). However, due to some imperfect factors
in the real market, a quotation is often not based on marginal
cost. Given China’s current power market construction, we
propose an ideal bid strategy based on power generation cost
characteristics of thermal power generating units. The offer of
China’s Guangdong spot-power market has two parts: start-up
cost and energy bid. Therefore, we must explain the method of
participation in the energy market. Fig. 1 presents the proposed
three-segment offer curve. According to cost characteristics of
thermal power units, the average variable cost (AVC) curve is
usually monotone decreasing when delivered power locates
between minimum technical output and economic output, and
monotone increasing when it locates between economic output
point and maximum technical output. The economic output
point differs according to cost characteristics of each unit.
Based on the described cost characteristics, we adopt the three-
segment offer curve shown in Fig. 1. After formatting the
offer of the first segment (C1st) according to minimum output
power, P1 can be determined. Surplus volume (Pmax − P1)
is divided equally into two parts. Therefore, we can ob-
tain three-segment offers like (C1st, Q1st), (C2nd, Q2nd), and
(C3rd, Q3rd); see Appendix for details.

Cost

C
3rd

C
2nd

P
min

C
1st

AVC

MC

P
1
P

2
P

max Power

Fig. 1. Cost curve of a generator unit. (AVC and MC denote average variable
cost and marginal cost, respectively. The red solid line represents the unit’s
offer).

III. DESIGNS OF TWO KINDS OF GOVERNMENT
AUTHORIZED CONTRACTS

A. Authorized contract for difference

The authorized contract for difference, called a vesting
contract in Singapore and Australia, has been widely adopted
and is often used as a financial hedge tool during transition
of an electricity market from partial to full competition [35].
This can ensure financial viability of participants. We design
a contract making process according to the Guangdong power
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market reform process [36]. When implementing the autho-
rized CFD, a contract stating time-varying volume and price is
signed with each generator unit through a government agency.
Beyond the volume covered by the authorized CFD, deviations
are settled in accordance with clearing price of the spot market
(pi,t). The total volume of authorized CFDs for all units (QCΣ )
is usually determined as:

QCΣ = αQLΣ (15)

where α is proportion of all units between total authorized
volume of CFDs and total electricity load volume, and QCΣ is
total volume of authorized CFDs. To reflect load characteris-
tics in the contract, we can simply define ratio of peak load
to total load,

m = QPΣ/Q
L
Σ (16)

We can set contract quantity for each period according to
the principle of equal proportion,

QPΣ =
∑
t∈T ′ Qt

QPi = mQCi

QPi,t =
QP

i

HP

QVi = (1 −m)QCi

QVi,t =
QV

i

HV

T = T ′ + T ′′

(17)

The authorized contract price for Gi can be set to pCi by a
government agency, where pCi = pBi − ∆p, and pBi and ∆p
are, respectively, the benchmark price of Gi and price gap of
annual reduction. It is easy to perceive the revenue formula
for Gi as:

Ri =
∑
t∈T

Ri,t =
∑
t∈T ′

(pCi − pi,t)Q
P
i,t

+
∑
t∈T ′′

(pCi − pi,t)Q
V
i,t +

∑
t∈T

pi,tQi,t (18)

A revenue scheme based on authorized CFDs is shown in
Fig. 2.

B. Estimated Revenue Mechanism
The estimated revenue method (ERM) is a kind of general

CFD that calculates net revenue based on energy market
income estimated by spot-market price. Estimated net revenue
is used to offset fixed income. To implement this method can
constrain market power of the generator, which can obtain a
stable income. Implementation of a CES contract is described
in an internet document which was published by the Ontario
Power Authority [15]. Learning from the CES contract, we
propose a method to estimate revenue for the Guangdong
market when dealing with a high-cost unit’s cost-recovery
problem. Estimated revenue settlement is a contingent settle-
ment method, by which a power exchange center can recover
a certain proportion of income when estimated profit of a unit
in the spot market exceeds permitted profit (PP), and can be
compensated when the estimated profit is lower than permitted
profit. Revenue components of a unit under the estimated
revenue method are shown in Fig. 3. Annual permitted profit
(RYi ) of Gi is calculated as

RYi = (pG,Bi − CLi )HPmax
i = (pG,Bi − CLi )QA (19)

where pG,Bi is on-grid price, CLi and Pmax
i are respectively

long-term average cost and rated capacity of Gi, and H
and QA are equivalent annual generation hours and annual
generation volume, respectively, which can be obtained from
historical data under the traditional scheduling mode. Daily
permitted fixed profit is

RDi = RYi /365 (20)

On-line monitoring

system

Rated capacity

Fuel consumption

Forecasting load

Energy-saving

generation schedule,

refer to (1)

Grid model

“Open, Just and Fair”

dispatching,

refer to (5)

Benchmark price,

refer to Table II

Delivered

power
Settlement

Volume of CFD

refer to (12)

Duration curve of CFD

refer to (17)

Approved profit Price of CFD

Grid model

Process in traditional

dispatching mode

Process in spot

market mode

Reference indicator

Next process

Subsidies
Offer,

refer to Fig. (1)

SCUC,

refer to (13)

SCED,

refer to (13)

Delivered

power
Settlement

Fig. 2. Electricity market reform transition scheme considering both efficiency and fairness factors through government authorized contracts. Government
institutions or their agencies can adjust the distribution of benefits among market entities through financial settlement, but the efficiency of the electricity spot
market should not be reduced. It is a wise manner to deal with the relationship and interaction between the government and the market.
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Fig. 3. Final revenue (FR) is determined by estimated revenue (ER) from
the spot market and permitted revenue (PR). The surplus case occurs when
ER is in excess of PR; similarly, a deficiency occurs when PR is in excess of
ER. (PP: permitted profit; EC: estimated cost; EP: estimated profit; FR: final
revenue.)

We set up a binary variable,{
pi,t ≥ c′i, It = 1

pi,t < c′i, It = 0
(21)

It = 1 for estimated production intervals in which the gas-
fired unit is deemed to have operated. By calculating generator
unit’s revenue per hour (R′i,t), we can obtain total market profit
for a daily cycle as:

R′i,t = (pi,t − c′i)PiIt (22)

where contract capacity of Gi is

Pi = kiP
max
i (23)

and ki is a capacity conversion coefficient. Finally, we make
final settlement (Ri) for Gi by comparing R′i with RDi . If R′i
exceeds RDi (surplus case in Fig. 3), then 95% of the difference
between R′i and RDi is taken back. Otherwise (deficiency
case in Fig. 3), extra revenue (R′′i ) for the gas-fired unit is
subsidized as:

Ri =
∑
t∈T

pi,tqi,t +R′′ (24)

R′′ =

{
−0.95(R′i −RDi ) R′i ≥ RDi
RDi R′i < RDi

(25)

IV. CASE STUDIES

A. Scenario Description and Assumptions

In the designed simulation scenario, ten generator units,
eight coal-fired and two gas-fired, are located at different
buses, as shown in Fig. 4. The simulation cycle covers 24
consecutive hours in a day. Power network model is a modified
IEEE 10-mechanism 39-bus system, in which G5 and G7 are
gas-fired units and others are coal-fired. The system load curve
is shown in Fig. 5 [37]. Generator unit parameters are listed
in Table II.

To facilitate analysis of simulation results, it is assumed
a transmission line’s capacity is sufficient and there is no
blocking of power flow. To simulate market behavior that may
exist when a line is blocked, we add several blocking scenarios
under which to perform simulation analysis. Revenues of
all generator units are calculated under different settlement
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Fig. 4. IEEE 10-machine 39-bus test system network diagram.
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4 7

Fig. 5. Different load curves are used in this paper. The spring, summer,
and autumn load curves are very close; we choose the summer load curve
as representative. Summer - 0.975 means multiple of summer load, and vice
versa. The maximum load is regard as 1.0 p.u.

mechanisms. Under ERM, only gas-fired units are paid with
ERM, while coal-fired units are paid with authorized CFDs.
This enables use of original market design of authorized CFDs.

B. Case and Parameter Settings

As a reference, the traditional scheduling model is used
to simulate generation scheduling before the spot market is
implemented. It provides important historical data for the spot
market, such as revenue and utilization hours of generator
units. Feed-in tariffs are fixed prices paid for each unit of
energy produced by generator units, seeking a settlement
method based on approved prices under open, just, and fair
power dispatching. Feed-in tariff for most coal-fired units is
benchmark price [38]. Permitted cost and feed-in tariff of
each unit are shown in Table II. Another four settlement
mechanisms, LMP, DS, CFD, and ERM, are implemented
under market competition mode. With rich economic informa-
tion, LMP is widely applied in the spot market. Under LMP
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TABLE II
GENERATOR UNIT BASIC INFORMATION

ID Bus Max power
(MW)

Min power
(MW)

Ramp
(%/h) Unit type ai,3 ai,2 ai,1

Min. on
time (h)

Min. off
time (h)

Permitted cost
(CNY/MWh)

FiT
(CNY/MWh)

1 30 400 200 11 Coal-fired 0.00060 −0.408 260.2 24 24 190.88 463
2 31 300 150 11 Coal-fired 0.00185 −0.954 305.8 24 24 182.77 463
3 32 300 150 11 Coal-fired 0.00235 −0.962 329.6 24 24 231.15 463
4 33 250 125 11 Coal-fired 0.00140 −0.575 364.0 24 24 304.96 463
5 34 200 60 40 Gas-fired 0.00330 −1.051 505.6 4 4 421.96 533
6 35 300 150 11 Coal-fired 0.00190 −0.975 318.6 24 24 193.52 463
7 36 240 72 40 Gas-fired 0.00350 −1.187 597.0 4 4 496.36 665
8 37 250 125 11 Coal-fired 0.00135 −0.586 301.0 24 24 237.41 463
9 38 300 150 11 Coal-fired 0.00166 −0.650 271.0 24 24 207.37 463
10 39 300 150 11 Coal-fired 0.00300 −1.212 330.0 24 24 207.59 463

Cost parameters are taken from the environmental protection costs of different unit types. For example, for coal-fired units, the approved cost of 463
CNY/MWh includes desulfurization, denitrification, and ultra-low emission cost.

mode, settlement revenue depends on spot-market clearing
price and clearing volume. Generator units make their offer
decisions based on cost assumption. In particular, under a
direct subsidy mechanism, high-cost units lower the offer
according to the price gap between coal- and gas-fired on-
grid benchmark prices, as shown in Table II. At present,
pCB is 463 CNY/MWh, and subsidy price gap is pBi − pCB .
According to the power market report of the first half of
2019 released by the Guangdong Power Exchange Center,
average price gap of annual bilateral negotiated transactions
in Guangdong is −45.1 CNY/MWh [29]. This study assumes
the contract price can be made for each unit based on feed-
in tariff and historical price gap. Therefore, the authorized
contract price for Gi is pCi = pBi −∆p, where ∆p is set to 45.1
CNY/MWh. In addition, peak time intervals T ′ are defined as
the 11th to 19th periods, and others are valley periods. α is set
to 90%, and it represents the proportion of contract volume
to total forecast power generation volume in the traditional
model. Under the estimated revenue settlement mechanism,
we determine permitted profit of gas-fired units in the market
according to historical power generation volume and cost.

C. Analysis of Results

Development environment of the case model is MATLAB
(version 2018). The clearing algorithm is solved by Gurobi
solver (version 9.0.0), which supports mixed integer and
quadratic programming [39].
1) Overview of Power Generation under Different Schedule
Modes

Figure 6 presents delivery power curves of generator units
under three scenarios. Fig. 6(a) is output of generator units
under traditional scheduling mode, whose output curves have
no distinguishing features except they look somewhat messy.
This is attributed to pursuit of consistency of contract com-
pletion degree under this mode. Different scheduling schemes
may exist in optimization intervals during a day. Considering
output of high-cost units is guaranteed, output plans of G5 and
G7 are maintained at a relatively high level. Utilization hours
of the two generator units reach 16.03 hours and 15.53 hours,
respectively.

Clearing result based on marginal cost is shown in Fig. 6(b),
where G1, with a low-cost advantage, produces more elec-
tricity. This means low-cost units are more competitive under

TABLE III
UTILIZATION HOURS UNDER DIFFERENT SCHEDULING MODES AND

LOAD CURVES (UNIT: HOURS)

Unit ID S1 S2 S3 0.975 Load 0.95 Load
1 17.5871 23.1190 23.2084 23.0364 22.9543
2 17.6419 22.7679 22.9984 22.3829 22.0628
3 17.3154 17.3152 16.8782 16.9567 16.3279
4 16.8173 17.7356 14.8509 16.6509 15.2443
5 16.0278 2.9534 1.2683 1.3000 1.2799
6 17.5693 20.7474 20.9773 20.3607 20.1235
7 15.5258 1.2736 7.2322 1.2284 1.2000
8 17.2732 19.4671 19.6811 19.4600 19.1600
9 17.4759 19.6710 18.1480 18.9112 18.1946
10 17.4744 17.1241 17.0867 17.1115 16.5210

market-based economic scheduling. For gas-fired units G5 and
G7, clearing amount is small, and mainly undertakes peak reg-
ulation of the system from the 9th to 19th intervals. Compared
with utilization hours under the traditional dispatching mode,
coal-fired units occupy power generation space of the gas-fired
units, and the gas-fired units only occupy 4.23 hours, with a
decrease of 86.60%.

When subsidies are available, gas-fired units can offer
relatively low prices to increase their output, as shown in
Fig. 6(c). This brings an increase in total generation volume
of gas-fired units. In comparison, power generation volume of
coal-fired units is reduced.
2) Several Key Factors Affecting Revenue

Figure 8 shows the spot-market clearing price for the case
where units bid as marginal cost. Market prices vary with
loads over time. It is worth noting electricity prices in the 9th
and 19th period are relatively low. When bidding as marginal
cost, gas-fired units submit a relatively high offer. Furthermore,
when system load changes rapidly and output of the generator
unit is adjusted synchronously, low electricity price caused
by constraints may cause the clearing price to be smaller
than offer price. When a gas-fired unit is not subsidized, the
relatively high offer price decreases its clearing power. During
off-peak period, two price curves come close because gas-fired
units fail to win the bid. According to analysis above, when
the gas-fired unit offer is lowered, the degree of price mutation
will become weaker under the same climbing constraint. When
we adjust climbing performance parameter of coal-fired units
to 15%, system ramp ability is enhanced, and the sharp price
curve becomes smoother, as shown in Fig. 9. Also, we observe
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Fig. 6. Output of generator units under different dispatch modes. (a) Output power of generator units under traditional schedule mode. (b) Output of generator
units under market competition mode. (c) Output of generator units under direct subsidy mode.

a smaller gap between the two curves; see Fig. 8. This is due to
influence of climbing performance constraints on the Lagrange
multiplier. The larger price gap comes from coal- and gas-
fired units, and the higher the climbing demand the lower the
clearing price in periods of steep climbing. These abnormal
prices have been illustrated in literature [40]. Although the
Guangdong market has restrictions on the scope of clearing
prices, low prices still weigh heavily on revenues.

As we can see from Fig. 10, under traditional scheduling
mode with FiT, total generating volume of the units and FiT
are fixed, which makes all units’ generation revenue high.
However, in LMP settlement mode, gas-fired units G5 and G7

become marginal units. A low clearing price and delivered
power yield low returns. When implementing direct subsidies,
revenue of coal-fired units decreases, but revenue of gas-fired
unit G7 increases. Considering G5 loses some clearing volume
when G7 has a more competitive offer under direct subsidy, its
revenue decreases. G4, a coal-fired unit with high fuel costs,

clearly loses in direct subsidy mode. The revenue of units
under both CFD and ERM are also stable, so high-cost units
can get a more powerful market incentive.

Figure 11 shows the profit of all units, where G5 and G7

are used as peaking units, but low electricity price appears
in up- and down-climb periods, which leads to difficulty
in cost recovery under direct subsidy and LMP modes. It
should be noted gas-fired units still cannot benefit, for the
clearing amount is small. To obtain more profits, we must
provide a lower offer than set in this study. It can be expected
coal-fired units will be further squeezed out. For gas-fired
units, estimated revenue is usually less than permitted revenue,
which is mainly because their operating hours are much less
than those of coal-fired units. In direct subsidy mode, G4,
which was not originally a marginal unit, becomes one, and
revenue is significantly affected. Obviously, under the FiT
settlement mechanism, profit of each unit is relatively stable.
For gas-fired units G5 and G7, profit is very low under LMP
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Fig. 7. Total cost under different schedule modes and offers. (S1 represents
the traditional scheduling model, S2 the bid as marginal cost under the spot-
market model, and S3 a reduced offer in a spot-market model).
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Fig. 9. Locational marginal price of 24 intervals when the climbing
performance of coal-fired units is improved. Blue and red lines respectively
represent clearing price with/without direct subsidy.

and direct subsidy settlement mechanisms, and unit G5, which
runs at minimum output level, makes zero profit. This is
common for marginal units, considering multi-segment offers
described above are adopted in this paper. To some extent, a

unit’s profit is guaranteed when bidding as a marginal cost
under the CFD and ERM settlement mechanisms.

Climbing performance of coal- and gas-fired units is differ-
ent. Climbing performance of gas-fired units is comparatively
better. As need for flexibility grows in a power system,
flexibility of coal-fired power plants increases. Table IV shows
power generation volume of gas-fired units under different
seasons and different climbing rates of coal-fired units. In
summary, gas-fired units gain market share in two situations.
Load changes rapidly while the regulating capacity of coal-
fired units is insufficient, requiring gas-fired units to quickly
adjust power (up or down). When system load is near its peak,
supply cost of coal-fired units is too high.

TABLE IV
TOTAL GENERATION VOLUME OF GAS-FIRED UNITS UNDER DIFFERENT

CLIMBING PERFORMANCE OF COAL-FIRED UNITS AND SEASONS
(UNIT: MWH)

Coal-fired units
ramp rate

Winter Summer
G5 G7 G5 G7

10% 376.6225 288 infeasible infeasible
11% 269.1532 0 590.6747 305.6571
13% 250.8361 0 547.3523 288
15% 0 0 577.1472 0
20% 0 0 420 0

3) Subsidies Leading to Undesirable Effects
Based on analysis of Fig. 6, it is not difficult to understand

cost differences in Fig. 7. Social welfare usually refers to the
difference between production benefit and production costs.
However, in most scenarios, the benefits generated by certain
energy consumption on the user side are fixed, so we can think
that production costs determine the value of social welfare.
The more the production costs (fuel costs in this article) the
lower the social welfare. And the financial subsidy brings
financial pressure but does not increase the production cost.

According to requirement of the National Development
and Reform Commission of China, subsidy of gas-fired units
should not exceed coal-fired unit’s on-grid benchmark price
of 350 CNY/MWh. We calculate total power generation cost
of support from 70 CNY/MWh to 350 CNY/MWh. The total
power generation cost of the system under different subsidies
is shown in Fig. 12. Different incremental costs are caused
according to subsidy amounts. System costs increase as sub-
sidies increase. In particular, when subsidy amount increases
from 0.21 CNY/kWh to 0.28 CNY/kWh, total production cost
of the system increases by 8.40%. This is a warning to market
designers that excessive subsidies can lead to substantial cuts
in social welfare. When the gas-fired unit runs at maximum
power, system cost will not continue to increase significantly.
In most extreme case, when the subsidy is 0.35 CNY/kWh,
total power generation cost in the spot-market mode exceeds
the total power generation cost in traditional scheduling mode
(see Fig. 7).
4) The ERM is an Ideal Mechanism to Solve the Problem of
High-cost Units

To analyze impact of load profile on profit variation of high-
cost units, this study adopts different real-time load profiles
for the case study. Table V shows profit and its coefficient
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TABLE V
GAS-FIRED UNIT G5 AND G7 PROFIT AND VARIATION COEFFICIENT UNDER DIFFERENT LOAD PROFILES (UNIT: CNY)

Load profile G5 G7

FiT LMP DS CFD ERM FiT LMP DS CFD ERM
Summer - 0.90 291771.6 −39177.09 −18492 520956.94 249932.92 527123.6 −42654.36 2616.46 1052973.55 495035.62
Summer - 0.95 321178.6 −26787.804 −6600.14 592148.33 262322.2 544502.2 −54685.863 110506.4 1109334.16 483004.12
Summer 333205 −33950.84 −11248.44 513692.32 255159.17 572118.2 −35807.2 46818.13 1045292.66 501882.78
C·V 6.76% −18.68% −49.47% 7.99% 2.43% 4.14% −21.53% 101.73% 3.27% 1.94%

of variation (C·V) of gas-fired unit under the settlement
mechanisms mentioned above when different real-time load
curves are adopted. When LMP is adopted for settlement,
profit fluctuation of units is the greatest, which is a direct
reflection of price volatility of the spot market. Under FiT and
DS settlement, profit volatility is reduced. Generating volume
of the unit is settled according to a fixed tariff under the FiT

mechanism, and its profit is relatively stable. The main reason
for instability is the uncertainty of delivered volume. Under
direct subsidy settlement mechanism, profit is also directly
related to a unit’s power generation, which brings obvious
volatility. Under the CFD and ERM models, unit’s revenue
volatility is much less. CFD is a financial contract, which can
avoid risk of unit profit fluctuation to a certain extent. The
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main factor that affects profits is fluctuation of the spot-market
price caused by load change.

Finally, to analyze possible market manipulation where
blocked lines exist, different transmission capacity values are
set artificially for the concerned blocked line (line between
buses 19 and 20), and profits of high-cost units are calculated
at different multiples of offers when ERM is adopted. Table VI
shows higher offers bring lower profits when the key line is
blocked. This can be attributed to two factors. One is excess
profits will be recovered, and the other is more output of the
units will generate higher costs. This brief analysis suggests
ERM can play a role in restraining market power.

TABLE VI
PROFIT OF G5 WITH MARKET POWER WHEN A LINE IS BLOCKED

(UNIT: CNY)

Offer multiplier Transmission capacity (between bus 19 and bus 20)
100 MW 150 MW 200 MW

1.1 96985.80 211272.88 201278.77
1.2 31614.50 −79403.33 204478.64
1.3 −30936.00 −145288.60 208469.36

V. CONCLUSION

The goals of electricity market reform include not only
improved efficiency of electricity production, transmission,
and consumption, but reasonable distribution of social welfare.
To achieve these goals, the government must implement some
regulations in the market. Subsidizing high-cost units is a
conventional means to exercise control measures.

We designed an example to analyze impact of different
settlement mechanisms, including FiT, LMP, CFD, DS, and
ERM, on high-cost generator units. Feed-in tariff is a kind
of implicit subsidy to generator units. Such a settlement
mechanism guarantees revenue of the generator units. When
settlement is conducted according to LMP, high-cost units
obtain relatively low profits and may miss money in some
situations. At the same time, it faces significant fluctuation in
market price. CFD is a tool to influence social welfare dis-
tribution without affecting market efficiency. The government
can design different types of CFDs for various market entities

to achieve different goals. Under the DS mechanism, gas-
fired units can lower their prices to obtain more generation
and gain more profits. When this settlement mechanism is
adopted, clearing price is relatively low. Results of analysis
also show high-cost generator units will increase total power
generation cost of the system and reduce social welfare under
DS settlement mode. Based on analysis of the case study, we
can draw several conclusions.

1) As we can see from Fig. 11, carrying settlement op-
erations based on LMP has significant influence on profit
of a marginal unit. In particular, when impact of ramp rate
constraints on LMP is considered, non-positive electricity
prices may occur (in Fig. 8, electricity price is close to zero
at the 9th time interval), hence production cost cannot be
covered. It seems urgent to avoid this unfavorable situation
for the gas-fired unit, which is likely to be a marginal unit.

2) Seasonal load and hill-climbing performance affect clear-
ing volume of high-cost units, and revenue is obviously
uncertain, which warrants special attention. As we can see
from Table IV, when coal-fired units improve their climbing
performance, gas-fired units gradually lose their market com-
petitiveness and will gain less clearing volume. Reduction of
peak-regulating demand of the system also brings less clearing
volume of gas-fired units. These features often come into play
for G7, whose cost is relatively high.

3) The DS model will bring about several undesired effects,
such as loss of social welfare, distortion of market prices, and
decreased profit of low-cost units. It can be found from Fig. 12
with an extra subsidy, total generation cost reaches 12,783
thousand CNY, which is higher than traditional dispatching
cost level of 12,535 thousand CNY.

4) CFD is applicable to coal-fired units with relatively stable
power output, and ERM to gas-fired units with unstable output.
This can be seen from Table V under ERM settlement, where
the coefficients of variation of two high-cost units’ profit are
2.43% and 1.94%.

5) ERM has many advantages. It is incentive-compatible to
stabilize profit of gas-fired units and motivate marginal bidding
behavior. This is due to its incentive mechanism, as described
above, which also has been demonstrated in a few studies [16].

The first goal of market-oriented reform is to increase
total welfare of society, and then we can achieve Pareto
improvement through better welfare measures. Revenue of
high-cost units based on ERM is more stable. However, it
is important to note this method relies on estimated long-
term costs, which is not realistic for a large number of coal-
fired units. Considering delivered power of coal-fired units
is more stable than of gas-fired units, we apply the scheme
of combining contracts for differences with ERM. Hence, we
make the following suggestions.

1) Considering its effect on efficiency of the power market,
DS is an unjustifiable manner to deal with the revenue problem
of high-cost generator units, and it should be replaced.

2) Reconstructing Guangdong market can attempt to adopt
authorized CFD and ERM, respectively, for coal- and gas-fired
units’ market settlements. This provides a good balance in the
power market between fairness and efficiency.
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Although this study is specific to the market environment
of Guangdong, similar conditions occur in many provinces
in China, with a wide range of practical applications. The
government can gradually reduce its influence by changing
some parameters. This study has adopted some assumptions
regarding market data to obtain more reliable conclusions. The
case of real system data and decision algorithms is worth
considering.

APPENDIX

A. A brief description of income in several settlement modes

Feed-in tariffs are fixed prices paid to generator units for
energy production. They are usually approved by governments
under the principle of open, just, and fair power dispatching.
The feed-in tariff (pFiT) for most coal-fired units is the bench-
mark price of such units. QFiT denotes delivered volume.
Settlement revenue (RFiT) using the feed-in tariff is

RFiT = pFiTQFiT (A1)

In the location marginal price (LMP) mode, settlement
revenue (Ri,t) depends on spot market clearing price (pi,t)
and clearing volume (Qi,t). It is easy to see

Ri,t = pi,tQi,t (A2)

The direct subsidy mechanism gives a fixed subsidy for each
unit of electric energy produced by gas-fired units, and no
allowance is given when the unit does not generate electricity.
Revenue of unit i at time t is calculated as

Ri,t = (pi,t + pSi )Qi,t (A3)

where pSi is subsidy price of each unit of delivered power.

B. Non-monotonic Cost Characteristics and Bidding Strategy
for Thermal Units

The following analysis applies to a single time interval for
a thermal generator unit. The offer provided by a thermal
generator unit should be higher than the larger of AVC and
MC. As seen in Fig. A1, when declared supply volume is P ,
declared price based on AVC is C. Unit clearance volume is
at P3. At this point, unit clearance is lower than declaration
amount (partially winning the bid), but cost is higher than
clearing price, and unit income is lower than unit cost (the
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Fig. A1. Bidding strategy based on non-monotonic cost characteristics.

area of R2). Geometrically, the area of R1 is economic loss.
To keep production loss-free, prices should be no lower than
C1st. For the non-monotonic characteristics of unit cost while
the market requires an incremental offer curve, no-load cost
quotation can effectively solve this problem in a mature power
market. When the no-load cost is paid to the unit, the offer
curve can start from a relatively low position.

According to total variable cost function CTi,t, average cost
Ci,t and marginal cost CMi,t can be obtained as

Ci,t =
CTi,t
Qi,t

= ai,3Q
2
i,t + ai,2Qi,t + ai,1 (A4)

CMi,t = 3ai,3Q
2
i,t + 2ai,2Qi,t + ai,1 (A5)

The price of the first segment offer (C1st) should be the
higher of Ci,t and CMi,t , which usually can be formulated as

C1st = ai,3q
min2

i + ai,2q
min
i + ai,1 (A6)

Let

ai,3P
min2

i + ai,2P
min
i + ai,1 = 3ai,3P

2
1 + 2ai,2P

2
1 + ai,1

(A7)

from which we can get an expression of P1.

Q1st = P1 − Pmin =

−ai,2 +
√
a2
i,2 + 3ai,3(ai,3Pmin2 + ai,2Pmin)

3ai,3
− Pmin (A8)

The last two segments divide the remaining generation
capacity equally. Price and volume of the second segment offer
(C2nd and Q2nd) are given as follows:

P2 = (Pmax − P1)/2 + P1 (A9)

C2nd = 3ai,3P
2
2 + 2ai,2P2 + ai,1 (A10)

Q2nd = P2 − P1 =
1

2
(Pmax − P1)

=
1

2
Pmax −

−ai,2 +
√
a2
i,2 + 3ai,3(ai,3P 2

min + ai,2Pmin)

6ai,3
(A11)

Similarly, price and volume of the third segment offer (C3rd

and Q3rd) are given as:

C3rd = 3ai,3P
max2

i + 2ai,2P
max
i + ai,1 (A12)

Q3rd = Pmax − P2 = P2 − P1 (A13)
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