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Abstract

With the increasing penetration of renewable energy in the power system and stricter restrictions on the air pollutants, 
more gas-fired generators have been accessed into the power system. To analyze the impacts of high proportion of gas-
fired units on the power system, a liberalized electricity market Nash-Cournot equilibrium model has been proposed in 
this paper. Then a numerical example is given to present the influence of high proportion of gas-fired units on the energy 
price, demand and the accommodation of renewable energy in the market equilibrium. Comparisons between high and 
low proportion of gas-fired units in the power systems are also presented.
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Nomenclature

ESS Energy storage system.
MCP Marginal clearing price.
NCP Nonlinear complementarity programming.
KKT Karush-Kuhn-Tucker.
MIQCP Mixed integer quadratic constrained programming.
LPGF Low proportion of gas-fired units.
HPGF High proportion of gas-fired units.
i Unit index.
t Time index.
T Set of time.
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C Subscript for coal-fired units and set of coal-fired units.
G Subscript for gas-fired units and set of gas-fired units.

R Subscript for renewable units and set of renewable units.
D Subscript for demand.
RMPD Superscript for ramp down limits of units.
RMPU Superscript for ramp up limits of units.

a , b Coefficient of the total generation cost.

( )t , ( )t Coefficient of the inverse demand function in period t.

t Profit of the unit in period t.

t Marginal clearing price of the energy market in period t.

( )Q t the generation output of the unit in the period t.

1. Introduction

Facing stricter restrictions on emissions of air pollutants during energy generation and the increasing 
demand of clean energy, the penetrations of renewable energy are getting higher in many areas. Renewable 
energy, such as wind power and solar energy, is eco-friendly and low-carbon, but with the intermittent and 
stochastic generating natures [1, 2], which put plenty of pressure on the operations of power systems and 
electricity markets at the supply side. Moreover, more and more high power electric equipment, such as 
electrical vehicles, have got access to power systems, bringing more uncertainty at the demand side of power 
systems and electricity markets.

To accommodate the trend of high penetration of renewable energy and stochastic power generation and 
demand, energy generation mix has changed in many areas, where the conventional fossil energy is 
undergoing a decreasing share in the primary inputs to power generation. At the meantime, the energy 
storage systems (ESSs) and gas-fired units have grabbed more attention. Due to the ability in charging and 
discharging within a short time, ESSs have great potential to provide flexibility to the power systems [3].
Since the prices of ESSs are relatively expensive, it is rarely a practical and economic method to build a 
number of ESSs in the power systems. In the meantime, gas-fired units, which have faster ramping rates, 
less air pollutants output and more economical cost, have become appropriate alternatives of obsolete coal-
fired units [4]. 

Recently, Chinese government has issued a series of policies, aiming at promoting the accommodation
of renewable energy, increasing the proportion of gas-fired units and reducing the proportion of coal-fired 
units [5, 6]. There have been many studies on the electricity market equilibrium with multiple generations. 
Reference [4] analyzed the competitiveness of gas-fired units under different environmental policies. But it 
didn’t analyze the impacts of high proportion of gas-fired units on the renewable energy accommodation 
and the electricity price is given by historical data. Reference [7] used a stochastic Cournot model to 
represent the strategic behavior of the wind generators. With the bidding strategy proposed in the paper, the 
profit for wind firms might be increased. Reference [8] proposed a Cournot model solved by potential 
function to evaluate the contribution of energy storage to support large-scale renewable generation in joint 
energy and ancillary service markets. Reference [9] presented a multi-nodal intertemporal Cournot gaming 
model to simulate capacity and energy-only markets under high renewable penetration.
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Different with the articles listed above, this paper establishes a Nash-Cournot equilibrium model for 
electricity market with high proportion of gas-fired units, to accurately study the impacts of the alternative 
of large amount of gas-fired units on the integration of renewable energy and electricity prices. 

The main contributions of this paper are given here.
1) Proposed a Nash-Cournot market equilibrium model with high proportion of gas-fired units;
2) Analyzed the impacts of the high proportion of gas-fired units on the electricity market equilibrium;
3) Analyzed the influence of the high proportion of gas-fired units on the renewable energy 

accommodation.

2. Modeling of the Nash-Cournot Equilibrium in the Electricity Market

In the liberalized electricity market consisting of various participants, the Nash-Cournot equilibrium is 
usually formulated as a bi-level optimization model, in which the upper-level model indicates each 
participant’s profit-maximization objective, whereas the lower-level model represents the clearing 
conditions of the electricity market. To concentrate on the key research point, only energy market is 
considered in this paper. Next, by substituting the common lower-level electricity market model into each 
upper-level model, we can obtain a multi-individual optimization problem. Then, the solution method of 
this problem is given in the section 3.

As the classic Nash-Cournot model, there is no objective function in the lower-level model. But the 
optimization problem proposed in this paper have the similar mathematical structure as bi-level models, it 
should be still called the bi-level optimization model [10].Then, profit maximization models for each market 
participant and the lower-level model of the market equilibrium are listed below.

2.1. Profit Maximization Model for Coal-Fired Units

The objective function of the individual profit-maximization model of coal-fired unit is formulated as 
the following:

2
C C C C C C

1 1

max ( ) max ( ) ( ) [ ( ) ( )]
T T

i i i i i i
t t

t t Q t a Q t b Q t (1)

where Ci indicates the profit of the coal-fired unit, ( )t is the marginal clearing price (MCP) of the energy 

market in period t, C ( )iQ t indicates the generation output of the coal-fired unit Ci in the period t , Cia and 

Cib represent the coefficients of the total generation cost.

The capacity constraints as well as ramp up and down rate limits of the coal-fired units are: t T ,
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where C miniQ and C maxiQ are the minimum and maximum generation output limits of the coal-fired unit Ci , 

C
RMPD
iQ and C

RMPU
iQ are the ramp down and up limits of the coal-fired unit Ci .

2.2. Profit Maximization Model for Gas-Fired Units

The objective function of the individual profit-maximization model of gas-fired unit is in the same 
formulation as coal-fired units:

2
G G G G G G

1 1

max ( ) max ( ) ( ) [ ( ) ( )]
T T

i i i i i i
t t

t t Q t a Q t b Q t (3)

where Gi indicates the profit of the gas-fired unit, G ( )iQ t indicates the generation output of the gas-fired 

unit Gi in the period t , Gia and Gib represent the coefficients of the total generation cost.
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With the high flexibility in power output, the ramp up and down limits of gas-fired units are usually 
omitted. To simulate the gas-fired unit model more accurately, the ramp limits are still considered in this 
paper, which are:

G min G G max

G G G G

( )

( 1) ( )
i i i

RMPD RMPU
i i i i

Q Q t Q

Q Q t Q t Q
(4)

where G miniQ and G maxiQ are the minimum and maximum generation output limits of the gas-fired unit Gi , 

G
RMPD

iQ and G
RMPU

iQ are the ramp down and up limits of the gas-fired unit Gi .

2.3. Profit Maximization Model for Renewable Units

The objective function of the individual profit-maximization model of wind farms or solar stations is to 
maximize the payments from the energy market:

R R
1 1

max ( ) max ( ) ( )
T T

i i
t t

t t Q t (5)

where R ( )iQ t is the generation output decided by the renewables Ri in period t.

The capacity constraints of renewable energy are decided by the time-varying weather: t T ,

R min R R max( ) ( ) ( )i i iQ t Q t Q t (6)

where R min ( )iQ t and R max ( )iQ t are the minimum and maximum generation output limits.

2.4. Market Clearing Conditions

The Nash-Cournot energy market clearing conditions incorporate the multi-period power balance 
constraints and the linear inverse demand function. For 1, 2,t T , there are:

D T C G R
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D
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Q t Q t Q t Q t Q t
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(7)

where T C G R is the total assembly of various generators participating in the energy market, and the 
number of T is N, T ( )iQ t represents total power output of all generation units, D ( )Q t is the electricity 

demand in period t, ( )t and ( )t are the coefficients of the inverse demand function in period t. With the 

help of the decreasing inverse demand function, the procedure how the generators strategically decide the 
energy output with the consideration of other rivals’ possible reactions to maximize its individual profit 
could be simulated clearly.

3. Solution Method

The liberalized electricity market equilibrium with various units, is a bi-level model, solved by
calculating multiple participants’ model, which is really difficult to be solved directly. There are, in general, 
two methods to solve the Nash-Cournot model [11]. The first method is the diagonalization method based 
on Guass-Seidel iteration and Jacobi iteration, which calculates each participant’s profit-maximum decision,
based on other participants’ changeless decisions, until the equilibrium is figured out. Based on nonlinear 
complementarity programming (NCP), the second method deduces the Karush-Kuhn-Tucker (KKT)
conditions of each participant’s profit-maximum problem. Then all the KKT conditions are combined to be 
solved together, which gives the equilibrium. Considering the low efficiency, robustness and stability of the 
first method, in this paper, we used the second method to solve the equilibrium problem.
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Specifically, the equation (7) in the lower level model, is substituted into various units’ constraints in the 
upper level. Then, we can get a “Multi-Individual Problem”, which consists of various units’ profit-
maximum model combined with market clearing conditions. Next, the KKT conditions of each unit’s model 
are calculated and solved together in “Integrated Model”, which belongs to the mixed integer quadratic 
constrained programming (MIQCP). Moreover, the CPLEX under GAMS is used to solve the MIQCP 
problem.

4. Numerical Examples

4.1. Basic Data

Numerical examples are implemented on a modified scale power system with various types of generation.
The total installed capacity is 2580 MW, including the renewable units. The slope of the inverse demand 
function ( )t , representing the demand elasticity is constant as 0.01 and the intercept ( )t , representing
the highest payment level consumers can afford, which is shown in the Fig. 1 (a).

Two basic scenario settings are included for comparison in this paper. The low proportion of gas-fired 
units (LPGF) consists of 5 coal-fired units (40.7% of the total generation mix), 9 gas-fired units (10.4%) 
and 8 wind turbines (24.8%) and 9 photovoltaic stations (24.1%), representing a case with low proportion 
of gas-fired units. In the case of the high proportion of gas-fired units (HPGF), all coal-fired units have been 
replaced by gas units, which means that gas-fired units’ proportion of total generation mix exceeds 50%.
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Fig. 1 (a) the curve of , (b) the typical power output curves of wind and solar power

The generation costs and the technical parameters of the coal-fired and gas-fired units, are referenced 
from reference [12]. The wind farms have three kinds of rated capacities: 60 MW, 80 MW, 100 MW and 
120 MW and the number of each kind of wind units are 4, 1, 2 and 1, respectively. For solar stations, they 
have four kinds of rated capacities: 60 MW, 80 MW and 100 MW, with the number of each kind of solar 
units are 5, 2 and 1.

The power output of wind units and solar stations is based on the typical curves of renewable energy in 
one day, which is shown in Fig. 1 (b).

4.2. Comparison Analysis between High and Low Proportion of Gas-Fired Units

The market equilibriums in the scenes of HPGF and LPGF are solved, with the energy price and energy 
demand curves shown in Fig. 2. Due to the relatively lower operation cost of coal-fired units, the energy 
prices in the scene of LPGF is lower than the energy price of HPGF. Accordingly, the energy demand of 
HPGF is obviously lower than the demand of LPGF, indicating all high-cost gas-fired units prefer to operate 
at the low limits.
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Fig. 2 (a) Energy Price and (b) Energy Demand in the scenes of HGPF and LGPF

As the Fig. 1 (b) shows, the renewables output curves are really smooth when used for day-ahead 
economic dispatch, which is actually fluctuant and unpredictable, like Fig. 3 (a) shows. Thus, it is necessary 
to analyze the different scenes’ integration ability of renewable energy. It should be noted that the Nash-
Cournot equilibrium model cannot simulate the rigidity the load. Thus, the fair way to make comparison is
to put the two cases in the same operation status. We use the LGPF operation status as the base status in 
this numerical examples. The ramping resources needs of renewables are presented in Fig. 3 (b).
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Fig. 3 (a) Actual Renewables Power Output, (b) Renewables Ramping Needs and Ramping Limits of HGPF and LGPF

It is obvious that the ramping limits range of HGPF is much wider and the range of LGPF, owing to the 
high ramping ability of gas-fired units. As for the curve of renewables ramping needs, it often breaks 
through the boundary of LGPF ramping limits but is usually in the range of HGPF ramping limits. Based 
on the data, HGPF could integrate 543 MWh renewable energy more than LGPF.

5. Conclusions

This paper gives an electricity market Nash-Cournot equilibrium analysis with high proportion of gas-
fired generators. The results of numerical examples show that: 

1) During the valley time, the energy price of HGPF is relatively higher than those of LGPF. During 
the peak time, the energy price of HGPF is slightly higher than those of LGPF

2) During the valley time, the energy demand of HGPF is much lower than those of LGPF. During the 
peak time, the energy demand of HGPF is slightly lower than those of LGPF.

3) In the actual operation, HGPF has more ramping capability than LGPF and is able to accommodate
more renewable energy, especially during the valley time.

And it is also worthy of studying the market equilibrium of high gas-fired units by other methods in the 
future.
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