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A B S T R A C T   

Uncertainties in different parameters such as the output power of renewable energy sources, available capacity of 
generators, or the condition of grid lines in the future, face market players with financial risks in the power 
system. Futures contracts are used in parallel with the day-ahead electricity markets to protect market players 
against financial risks of undesirable price fluctuations. Supplying a demand by both futures and day-ahead 
markets leads to mutual impacts between these two markets. In this paper, a Nash equilibrium approach is 
introduced to model the interactions between the futures and day-ahead markets. The proposed model includes 
producers, retailers, and speculators as market players, the uncertainty in the output power of wind farms (WFs), 
the possibility of the financial settlement of contracts, market players’ risk preferences, and transmission system 
limitations. Using this approach, the optimal strategy of market players in futures and day-ahead markets, the 
effects of transmission system congestion on the Nash equilibrium of the system, and the role of the financial 
settlement of contracts in dealing with the uncertainty of WFs’ output power and transmission lines capacity are 
discussed. Eventually, the behavior of speculators and their impacts on the gaming of other market players are 
evaluated. Simulation results highlight the role of the financial delivery feature in the effective utilization of 
futures contracts and the behavior of market players.   

1. Introduction 

Electricity producers and retailers are always at risk of adverse price 
fluctuations. This risk increases by growing investment in renewable 
energy resources with uncertain nature which causes higher uncertainty 
in estimating the electricity price in the future [1]. To reduce the risk of 
losing money, market players use financial derivatives such as forward, 
option, swap, and futures contracts. Since a given load can be offered by 
both financial and day-ahead markets, producers and retailers can 
define optimal strategies for trading in both markets so that their total 
profits are maximized and their risk preferences are also met. In this 
situation, on one hand, market players’ strategies are affected by prices 
in the futures and day-ahead markets, and on the other hand, changes in 
the behavior of market players in the transfer of power from one market 
to another market affect the prices in both markets. Moreover, in 
addition to producers and retailers, speculators can also participate in 
the futures market. Speculators are not producers or consumers of 

electricity and benefit from trading futures contracts with other market 
players. Speculators’ behavior can affect the markets’ prices and the 
optimal strategies of market players. So, there are mutual impacts 
among producers’, retailers’, and speculators’ strategies and prices in 
the financial and day-ahead markets. Studying the interactions of these 
markets can be very useful for system operators and decision-makers of 
countries that are going to run financial markets alongside the day- 
ahead electricity market. This gives them an estimation of how the 
markets’ prices, profit of market players, and transmission system 
loading change after running financial markets. 

The interactions between financial contracts and day-ahead markets 
have received considerable attention in the literature. These studies can 
be categorized from two different viewpoints: 1) market players’ view
point and 2) system operators’ viewpoint. The market players’ view
point studies aim to maximize the profit of a specific market player such 
as a power producer or an electricity retailer considering the possibility 
of participating in both futures and day-ahead markets. In [2], the au
thors proposed two models for optimal power allocation of producers 
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Nomenclature 

Acronyms 
ACP Average contract price 
ASX Australian securities exchange 
DAM Day-ahead market 
EEX European energy exchange 
FS Financial settlement 
JEPX Japan electrical power exchange 
LMP Locational marginal price 
PD Physical delivery 
PDF Probability density function 
SFE Supply function equilibrium 
TSO Transmission system operator 
WF Wind Farm 

Indices 
d Days 
i Producers 
j and b Retailers and areas 
k Speculators 
s Uncertainty scenarios of the delivery period 

Sets 
A Set of areas 
D Set of trading days 
P Set of producers 
R Set of retailers 
S Set of speculators 
Ud Set of uncertainty scenarios at trading day d 

Parameters 
Tb,b′ Upper bound for transmitted power between areas b and b′

ω The weighting factor of the mixture PDF 
ρd

s Probability of uncertainty scenario s at trading day d 
ξP,d

i,s Concerns of producer i about scenario s at trading day d 

ρP,d
i,s Mixed probability-concern value for producer i 

ξR,d
j,s Concerns of retailer j about scenario s at trading day d 

ρR,d
j,s Mixed probability-concern value for retailer j 

ai The intercept of the marginal cost function of producer i 
bi The slope of the marginal cost function of producer i 
Qi The maximum output power of the producer i 
Bbb’ Susceptance of the transmission line between areas b and b′

cj The intercept of the marginal utility function of retailer j 
dj The slope of the marginal utility function of retailer j 
mk The slope of the offer function of speculator k to producers 
nk The slope of the bid function of speculator k to retailers 
pPR,f ,z

i,j Agreed contract price between producer i and retailer j in 
the past trading day z (z < d) 

pPS,f ,z
i,k Agreed contract price between producer i and speculator k 

in the past trading day z (z < d) 
pRS,f ,z

j,k Agreed contract price between retailer j and speculator k in 
the past trading day z (z < d) 

qPR,f ,z
i,j Agreed contract power between producer i and retailer j in 

the past trading day z (z < d) 
qPS,f ,z

i,k Agreed contract power between producer i and speculator 
k in the past trading day z (z < d) 

qRS,f ,z
j,k Agreed contract power between retailer j and speculator k 

in the past trading day z (z < d) 
Vb The nominal voltage of the transmission system at area b 
QWd

b,s The output power of the WFs in area b in scenario s at 
trading day d 

Variables 
Wd

b,s congestion-based wheeling fee for transmitting power 
from hub node to area b at delivery period scenario s 
estimated on trading day d 

αd
i,j(k) The intercept of the bid function of producer i to retailer j 

(speculator k) on trading day d of the futures market 
μd

i,s The lagrangian multiplier of the producers’ generation 
capacity constraint 

∊d
j,i(k) The intercept of the offer function of retailer j to producer i 

(speculator k) on trading day d of the futures market 
ηd

k,i The intercept of the offer function of speculator k to 
producer i on trading day d of the futures market 

ζd
k,j The intercept of the bid function of speculator k to 

speculator j on trading day d of the futures market 
γd

b,s Injected power of the day-ahead market from the hub node 
to area b at uncertainty scenario s estimated on trading day 
d from the TSO viewpoint 

δd
b,s The phase angle of area b at the delivery period scenario s 

estimated on trading day d 
λd

b,s The market price of area b at the delivery period scenario s 
estimated on trading day d 

λd
hub,s Hub node price at delivery period scenario s estimated on 

trading day d 
μhub,d

i,b,s The lagrangian multiplier of hub node price from the 
viewpoint of producer i 

μhub,d
j,b,s The lagrangian multiplier of hub node price from the 

viewpoint of retailer j 
μhub,d

k,b,s The lagrangian multiplier of hub node price from the 
viewpoint of speculator k 

μPR,d
i,j,s The lagrangian multiplier of financial settlement 

constraint for contracts between producer i and retailer j 
μSP,d

k,i,s The lagrangian multiplier of financial settlement 
constraint for contracts between speculator k and producer 
i 

μSR,d
k,j,s The lagrangian multiplier of financial settlement 

constraint for contracts between speculator k and retailer j 
μx,d

i,s The lagrangian multiplier of grid power balance from the 
viewpoint of producer i 

μy,d
j,s The lagrangian multiplier of grid power balance from the 

viewpoint of retailer j 
μz,d

k,s The lagrangian multiplier of grid power balance from the 
viewpoint of speculator k 

ϕPR,d
i,j,s Futures contract power that is estimated to be settled 

financially between producer i and retailer j in delivery 
period uncertainty scenario s of trading day d 

ϕSR,d
k,j,s Futures contract power that is estimated to be settled 

financially between speculator k and retailer j in delivery 
period uncertainty scenario s of trading day d 

ψd
b,s The lagrangian multiplier of the DC power flow equality 

constraint 
QP,d

i,s Optimal power bid of producer i estimated on trading day 
d for scenario s of the delivery period 

xd
i,b,s Injected power of the day-ahead market from the hub node 

to area b at uncertainty scenario s estimated on trading day 
d from the viewpoint of producer i 

yd
j,b,s Injected power of the day-ahead market from the hub node 

to area b at uncertainty scenario s estimated on trading day 
d from the viewpoint of retailer j 

zd
k,b,s Injected power of the day-ahead market from the hub node 

to area b at uncertainty scenario s estimated on trading day 
d from the viewpoint of speculator k 
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and consumers in the day-ahead market and forward contract. Problems 
are formulated as mixed integer linear models and solved using dynamic 
programming. Dynamic programming was also applied in [3] to supply 
a load using day-ahead market, forward contracts, and self-generation. 
A wind hydro-pump storage unit operation was studied in [4] in 
which the goal was to maximize the profit considering the possibility of 
trading power in forward contracts and the day-ahead market. In [5], 
the authors proposed a stochastic model for solving the decision-making 
problem of a retailer in forward contracts and the day-ahead market. In 
[6] the bidding strategy problem for a producer in the day-ahead elec
tricity market and weekly forward contracts were addressed. A multi- 
stage mixed-integer stochastic model was used to find the optimal 
trading strategy for a producer in the day-ahead electricity market, 
forward, and options contracts [7]. In [8], the optimal participation of 
coal-fired power plants in derivatives, bilateral contracts, and the day- 
ahead market is studied. The Monte Carlo method is used to make a 
two-way search for obtaining the best prices and capacities for contracts. 
In [9], a hybrid stochastic/robust approach is proposed to create a 
portfolio of call/put options to hedge the price and volumetric risk 
induced by a short position in forward contracts backed by renewable 
energy sources. The soft Robustness concept is used to include different 
degrees of aversion to ambiguity on spot price probability distribution. 
In [10], a multi-step risk-return method is presented to help retailers 
deal with the volatility of spot prices and consumption uncertainty. 
Retailers can trade in the futures market, bilateral physical forward 
contracts, and the day-head electricity market. A multi-level optimiza
tion problem is proposed to maximize profit and minimize risk. Finally, 
a decision support system is developed to sort the best options based on 
forecast results. In [11], an agent-based modeling and simulation 
approach is proposed to investigate the benefits of forward and contract 
for difference in the profit of market players. Key features for negotiating 
bilateral contracts considering risk management and risk sharing stra
tegies are discussed in [12]. In [13], authors introduced a method to 
identify alternative swap contract designs that are more effective than 
conventional fixed volume swaps for trading the output power of WFs. 

Market operators’ viewpoint studies try to model the operation of the 
whole power system considering the physical properties of the grid and 
the rational behavior of market players. The goal is to give a better 
understanding of the impacts of financial derivatives and the day-ahead 
market on the operational point of the power system which leads to Nash 
equilibrium models. In [14], the authors introduced a Nash equilibrium 
model of a power system that operates with bilateral contracts. In this 
method, each producer submits bids to all retailers to agree on the 
volume of forward contracts. In [15], a two-layer master–slave game 
model is proposed to find the Nash equilibrium of an electricity market 
that works based on bilateral contracts. Producers, suppliers, and end- 
user are modeled and the game between producers and suppliers and 
between suppliers and end-users is formulated. A nonlinear reward and 
punishment mechanism is also used by suppliers to manage users’ 
consumption. The impacts of forwards contracts on wholesale electricity 
markets with imperfect competition are studied [16]. A genetic algo
rithm is used to find the Nash equilibrium of the market. Producers are 
assumed to be strategic players while consumers are price-takers and 
modeled as constant loads. An agent-based retailer competition model is 

proposed in [17]. The method includes defining new strategies for re
tailers and a formal model for competition. Different risk attitudes of 
retailers are also modeled. 

In [18], a Cournot-Nash equilibrium model was introduced for the 
parallel operation of day-ahead and forward contracts to supply the load 
ignoring the transmission system limitations. A supply function equi
librium (SFE) model of a power system with a day-ahead electricity 
market and forward contracts was proposed in [19]. The gaming of re
tailers and the impacts of electricity market prices on forward contracts 
were not considered in this model. In [20] an iterative algorithm was 
suggested for determining the optimal prices of bilateral contracts in a 
system with power producers, suppliers, and end-user consumers. In 
[21] the authors proposed a mathematical model for calculating the 
Nash equilibrium of forward contracts. The impacts of forward contracts 
on day-ahead market prices are not considered in this model. The SFE of 
the joint day-ahead and forward contract markets considering the 
mutual impacts of two markets, uniform and pay-as-bid pricing for 
electricity, strategic gaming of both producers and retailers, and un
certainty in load and wind power generation was studied in [22] and 
[23]. In [24] the authors investigated the impacts of day-ahead market 
prices on put option prices. A comprehensive model for joint put option 
and day-ahead markets was proposed in [25] to study the impacts of 
strike and premium prices of put option contracts on put option and day- 
ahead electricity markets. In [26] an equilibrium model was introduced 
for put option and day-ahead markets. Uncertainty in fuel price, the 
impact of premium bounds, and elasticity of consumers to strike price, 
premium price, and day-ahead price were taken into account and then, a 
new method for put option pricing is proposed. Nash equilibrium of put 
option and day-ahead markets with high and low elastic loads were 
investigated in [27]. The Black–Scholes method is used to model the 
option pricing. Nash equilibrium of futures and day-ahead market prices 
were modeled in [28]. The proposed model considers the futures market 
price equal to the average spot price over the time horizon and ignores 
the transmission system limitations and the active role of retailers in the 
futures market. In [29] a mixed supply function-Cournot equilibrium 
model is suggested to study the interactions of day-ahead and futures 
markets. Transmission system constraints and uncertainty in demand 
are considered in the model. 

Futures contracts are one of the most popular derivatives for trading 
electricity. Among the most liquid European futures markets we can 
refer to European Energy Exchange (EEX) and Nord Pool [30]. EEX is the 
top electricity trader worldwide with an annual trading volume of 7406 
TWh [31]. It offers trading in electricity futures contracts for 20 Euro
pean power markets across Europe. Futures contracts have been traded 
on Nord Pool since 1995 [32]. North America Power, Japan Electric 
Power Exchange (JEPX), and Australian Securities Exchange (ASX) are 
some other markets for trading electricity futures contracts in the US, 
Asia, and Australia, respectively. 

The review of studies in the literature shows that while futures are 
very popular for the electricity trade, the number of studies in this field 
is not significant. Also, the existing models for this market do not show 
the most important features of the futures market, such as the possibility 
of updating the contracts during the trading period, the financial de
livery of contracts, and the strategic gaming of speculators, adequately. 

μTL,d
j,b,s The lagrangian multiplier of the transmission lines’ lower 

bound constraint 
μTU,d

j,b,s The lagrangian multiplier of the transmission lines’ upper 
bound constraint 

PPR,f ,d
i,j Agreed contract price between producer i and retailer j on 

trading day d 
PPS,f ,d

i,k Agreed contract price between producer i and speculator k 
on trading day d 

PRS,f ,d
j,k Agreed contract price between retailer j and speculator k 

on trading day d 
QPR,f ,d

i,j Agreed contract power between producer i and retailer j on 
trading day d 

QPS,f ,d
i,k Agreed contract power between producer i and speculator 

k on trading day d 
QRS,f ,d

j,k Agreed contract power between retailer j and speculator k 
on trading day d  
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To fill this gap in the literature, in this paper, a Nash equilibrium model 
for the joint operation of futures and day-ahead markets is proposed. 
The problem is solved from the perspective of the market operator. The 
main contributions of the proposed model are as follows:  

• Proposing a Nash equilibrium model for parallel operation of futures 
and day-ahead markets considering the active role of both producers 
and retailers and uncertainty in output power of WFs;  

• Considering the possibility of updating futures contracts on different 
days of the trading period taking into account the possibility of both 
financial and physical settlement of contracts in the delivery period;  

• Modeling the behavior of speculators in the futures market and their 
interactions with producers and retailers. 

The rest of the paper is organized as follows. In section 2 the problem 
is described and assumptions are presented. In section 3, the mathe
matical model for finding the Nash equilibrium of the system is 
formulated. Simulation results are presented and discussed in section 4, 
and finally, the paper is concluded in section 5. 

2. Problem definition and assumptions 

2.1. Problem definition 

A futures contract is a legal agreement for trading standard sizes of a 
commodity at a predetermined price at a specific time in the future. The 
most important features of futures markets are 1) trading contracts in 
standard sizes 2) the possibility of the financial settlement of contracts 
instead of physical delivery, 3) daily mark-to-marketing settlement of 
contracts, and 4) the presence of different market participants such as 
speculators in the market along with the producers and retailers. The 
main advantage of the future contract compared to other derivatives are 
easy pricing, high liquidity, price transparency, and lack of default risk 
[29]. As mentioned in section 1, there are mutual impacts between fu
tures and day-ahead markets. Hence, to study the power system opera
tion, both futures and day-ahead markets and their interactions should 
be considered. In this paper, a Nash equilibrium model for a power 
system with both futures and day-ahead markets is proposed. The daily 
mark-to-marketing settlement feature of the futures market has already 
been investigated in [29] and we found out that the effect of this feature 
on the Nash equilibrium of the system is insignificant. Also, without loss 
of generality, we ignore the necessity of trading contracts in standard 
sizes to reduce the complexity of the model. So, our focus will be on 
other features of the futures market i.e., updating contracts on different 
days of the trading period, financial settlement possibility of contracts, 
and the presence of speculators in the market. 

2.2. Financial and physical settlement 

Futures contracts are usually settled by financial delivery. In some 
cases, it is also possible to settle the contracts by physical delivery. In 
this paper, it is assumed that the contracts can be settled by both 
financial and physical delivery. The financial settlement means off
setting futures contract obligations by cash transfers rather than phys
ical delivery [33]. In general, both sides of the contract can perform 
financial settlement. However, to avoid over-complexity in the modeling 
and presentation, it is assumed that only one side of the contract decides 
the amount of the power that should be settled financially. When the 
contract is between a producer and retailer, it is assumed that the pro
ducer decides the financial settlement, and when a speculator is on one 
side of the contract, it decides on the amount of the power that is settled 
financially. It is also assumed that if a contract of a market player is 
settled financially by other parties, he/she will receive or pay the day- 
ahead market price of his/her area. 

2.3. Structure of the power system 

The power system includes several areas that are connected by 
transmission lines with limited power transmission capacity. In each 
area, there are several producers and one retailer. So, the same index can 
be used to refer to retailers and areas. If there is more than one retailer in 
each area, it can be split into separate areas that are connected by zero 
impedance lines and unlimited power transmission capacity. DC power 
flow is used to model the power system operation. It is assumed that tie- 
line capacities are assigned to the market participants based on their 
historical usage and the remainder is sold to them through annual 
transmission capacity auctions. To avoid complexity in the modeling, 
the tie-line capacity auctions process is not included in the formulation. 

2.4. Market players characteristics 

It is assumed that the marginal cost function of producer i for 
generating Q MW power is ai +biQ where ai⩾0 and bi⩾0 are the intercept 
and slope of marginal cost function, respectively. Marginal utility 
function of retailer j is cj − djQ. cj⩾0 and dj⩾0 are the intercept and slope 
of marginal function, respectively. Since speculators are not producers 
or retailers of electricity, no marginal cost or utility function is defined 
for them. 

2.5. Sequence of actions 

It is suggested to divide the timeline into three periods, 1) the trading 
period, 2) one day before the delivery period, and 3) the delivery period. 
The futures market runs during the trading period and the day-ahead 
market runs one day before the delivery period. The delivery period of 
futures is usually one day, or several hours during peak and off-peak 
hours. However, for simplicity in presentation, it is assumed that the 
delivery period is one hour. The decision-making process on each 
trading day is presented in Fig. 1. On each day d of the trading period 
market players estimate the uncertainty scenarios and electricity price of 
the day-ahead market in the delivery period at each uncertainty scenario 
and consider concluded futures contracts in previous days of the trading 
period and their risk preferences. Then, they decide about the amount of 
power that they are going to trade in the futures market and its desirable 
price, the amount of power that is estimated to be traded in the day- 
ahead market one day before the delivery period, and the amount of 
power that will be settled financially in case of realizing each one of 
uncertainty scenarios. This process is repeated until one day before the 
delivery period. On this day, producers (retailers) decide about the 
financial or physical settlement of their contracts and then, participate 
in the day-ahead market to sell (buy) the rest of their capacity (demand) 
considering all the agreed futures contracts during the trading period 
that are going to be delivered physically. Speculators do not participate 
in the day-ahead market, and since they cannot deliver their contracts 
physically, they have to settle all their contracts financially. 

2.6. Futures market modeling 

On each day of the trading period d, all market players can partici
pate in the futures market. The futures market is a continuous market 
which means that the market runs throughout the day, market players 
can frequently submit bids and offers, and the bids and offers that are 
matched in terms of price and quantity are finalized. Modeling the dy
namics of such a market is not practically possible since we do not know 
the sequence of orders during the day. Instead, to model the futures 
market transactions, it is assumed that on each trading day, each market 
player can submit affine bids or offers to all other market players. Then, 
considering the orders received from other market players, it can make 
the best decision on the price and power of its futures contract. This 
leads to an operation point for the futures market that gives the most 
optimal position for each market player and can be used as an estimation 
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of the outcome of the real futures market on that day. The decision- 
making variables of each market player are the intercepts of its bid or 
offer functions submitted to other market players. The slope of the bid 
(offer) function of each producer (retailer) is equal to the slope of its 
marginal cost (utility) function. Speculators do not have marginal cost or 
utility functions; however, from the perspective of producers (retailers), 
speculators are the same as retailers (producers). So, it is assumed that 
speculators submit bid functions to retailers and offer functions to pro
ducers. The slope of this bid (offer) function is assumed to be known and 
equal to the average of the slope of bid (offer) functions of all producers 
(retailers). The intersection of bid and offer functions of each two market 
players gives the price and quantity of futures contracts between these 
two market players in the trading day d. 

2.7. Day-ahead electricity market modeling 

The day-ahead electricity market is formulated by the Cournot model 
which is more straightforward than the supply function model when 
transmission system constraints are considered [34]. A Cournot Nash 
equilibrium model for the day-ahead electricity market is proposed in 
[35] which is upgraded to model the day-ahead electricity market 
operation in our work. In this approach, the authors show that a pool-co 
model of an electricity market is equivalent to a model in which 1) each 
producer sells power only to the retailer in its area and 2) there are 
arbitragers in the system that buy electricity from the low price areas 
and sell to high price areas until the price difference between every two 
areas gets equal to the price of the power transmission between those 
areas. It should be noted that the concept of arbitragers used in [35] is 
different from the speculators that are modeled in this paper. In [35], 
arbitragers are just auxiliary variables used to achieve the pool-co model 
from a bilateral model for the day-ahead market, while, in this paper, 
speculators are independent market players that participate only in the 
futures market. It is also assumed that all the power injected into the grid 
passes through a virtual hub node. The transmission system operator 
(TSO) charges producers a congestion-based wheeling fee Wd

b,s for 
transmitting power from the hub node to area b. The TSO is modeled as a 
market player that maximizes its profit from power transmission in the 
grid considering the transmission system constraints. The following 
upgrades are applied to this method in our work: 1) Using affine mar
ginal cost functions instead of fixed marginal functions in [34], 2) 
considering the effects of futures contracts on the day-ahead market, and 
3) involving the uncertainties in the model. Producers are assumed to be 
strategic market players in both day-ahead and futures markets. How
ever, since retailers must supply their loads at any price, they are price 
takers in the day-ahead market. Speculators are not allowed to bid into 
the day-ahead market. 

2.8. Uncertainty scenarios 

WFs’ output power during the delivery period is considered as the 
source of uncertainty in the system which is modeled by some discrete 
scenarios [36]. There can be different WFs in different areas. The un
certainty in different days of the trading period and consequently the 
number of scenarios at each day d i.e., nW,d

s , can also be different. So, the 
uncertainty scenario s at trading day d is defined as QWd

s = [QWd
1,s,⋯,

QWd
b,s,⋯,QWd

nb ,s] where nb is the number of areas. It is assumed that the 
uncertainty scenarios are sorted increasingly, i.e., QWd

s ⩽QWd
s+1. 

2.9. Market players’ risk preferences 

Market players have different risk appetites. So, their risk manage
ment preferences should be included in the model. In general, to model 
risk preferences, a risk assessment measure such as value at risk (VaR) or 
conditional value at risk (CVaR) is defined and added to the objective 
function as a weighted penalty. This penalty represents the undesirable 
scenarios and the profit lost due to the realization of these scenarios. To 
formulate these methods, we should include a term to the objective 
function, add new constraints and define new variables. This increases 
the complexity of the model and the risk of convergence failure of the 
method, considerably. In this paper, it is suggested to use the concept of 
concern scenarios introduced in [29] to model the risk preferences of the 
market players. We know that the concerns of market players about 
realizing a scenario affect their behavior in the system. For instance, 
since by increasing the output power of WFs the electricity price de
creases, producers (retailers) are more worried about scenarios that lead 
to high (low) wind power generation and trade futures contracts in 
prices greater (lower) than the prices in scenarios that they are most 
concerned about. In the concern scenario method, it is suggested to 
model these concerns as penalties that are included in the probability of 
scenarios in the objective function such that the scenarios lead to 
reducing the profit being penalized more than other scenarios. More 
precisely, for producers (retailers), we define these penalties such that 
their values increases as the output power of WFs increases (decreases) 
or equivalently, the electricity price decreases (increases), and conse
quently the profits of both producers and consumers decrease. Modeling 
the concerns in this way is similar to the VaR and CVaR methods where 
the scenarios that cause profit loss are included in the penalty term. 
Taking into account the above explanations, to include concerns into the 
probability of uncertainty scenarios it is suggested to replace the prob
ability of each scenario with a mixed probability-concern value which is 
defined as the weighted sum of the probability and a penalty that reflects 
the concern of market players about that scenario [29]. The probability 
of each uncertainty scenario i.e., ρd

s is determined based on the view
point of the system operator on occurring that scenario. The exponential 
distribution is used to model the concerns of market players about 
different scenarios as below: 

e(x, β) = βe− βx. (1) 

The exponential distribution is a monotonically decreasing function. 
Since we have QWd

s ⩽QWd
s+1, to model the concerns of retailer j (producer 

i) we can use ξR,d
j,s = e(s, βR

j ) (ξP,d
i,s = e(nW,d

s − s, βP
i )) where βR

j (βP
i ) repre

sents the concern of retailer j (producer i). 
compared to other retailers (producers). So, the mixed probability- 

concern value for retailer j is calculated as below: 

ρR,d
j,s = ωξR,d

j,s +(1 − ω)ρd
s . (2) 

Similarly, the mixed probability-concern value for producer i is 
formulated as below: 

Fig. 1. Decision making process on trading day d.  
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ρP,d
i,s = ωξP,d

i,s +(1 − ω)ρd
s (3)  

This process is illustrated in Fig. 2 assuming that the probabilities of 
uncertainty scenarios are calculated by Normal distribution. Now, to 
consider producers’ and consumers’ risk preferences, it is enough to 
replace uncertainty probabilities with mixed probability-concern values 
[29]. The performance of the concern scenario method in modeling the 
risk preferences of market players in comparison with the CVaR method 
has been investigated and confirmed in [22]. Since speculators are not 
worried about decreasing and increasing the price and can make profit 
in both situations, mixed probability-concern values are not defined for 
them. 

3. Problem formulation 

In this section, the proposed method for calculating the Nash equi
librium of the system for 1) an arbitrary day during the trading period 
and 2) one day before the delivery period in the day-ahead market is 
formulated. 

3.1. Obtaining the Nash equilibrium on trading day d 

During the trading period, market players participate only in the 
futures market. However, they consider the estimations of the day-ahead 
market and interaction between two markets in different scenarios and 
maximize their expected profit in the aggregation of futures and day- 
ahead markets. To find the Nash equilibrium of the system, first, the 
futures and day-ahead market operations are formulated. Then, opti
mization problems of producers, retailers, and speculators are formu
lated, and finally, the process of obtaining the Nash equilibrium of the 
system is explained. 

3.1.1. Futures market transactions modeling 
To model the futures market, we focus on the outcome of the futures 

market at the end of the day and ignore the dynamics of market players’ 
actions during the day. As mentioned in section 2.6, prices and quanti
ties for futures contract between each two market players are obtained 

by calculating the intersection of their affine bid and offer functions 
[23]. Each producer i submits bid function αd

i,j +biQf
i,j to each retailer j ∈

R and bid function αd
i,k +biQf

i,k to each speculator k ∈ S. αd
i,j and αd

i,k are 

decision making variables of producer i in contract with retailer j and 
speculator k at trading day d, respectively. Similarly, decision making 
variables of retailer j (speculator k) in contract with producers and 
speculators (retailers) are ∊d

j,i and ∊d
j,k (ηd

k,i and ζd
k,j), respectively. So, by 

calculating the intersections of bid and offer functions, quantities and 
prices of the producer i-retailer j (PR), producer i-speculator k (PS), and 
retailer j-speculator k (RS) contracts on trading day d are formulated as 
below [23]. 

QPR,f ,d
i,j =

∊d
j,i − αd

i,j

bi + dj
, PPR,f ,d

i,j =
bi∊d

j,i + djαd
i,j

bi + dj
(4)  

QPS,f ,d
i,k =

ηd
k,i − αd

i,k

bi + mk
, PPS,f ,d

i,k =
biηd

k,i + mkαd
i,k

bi + mk
(5)  

QRS,f ,d
j,k =

∊d
j,k − ζd

k,j

nk + dj
, PRS,f ,d

j,k =
nk∊d

j,k + djζd
k,j

nk + dj
(6) 

It should be noted that QPR,f ,d
i,j , QPS,f ,d

i,k , and QRS,f ,d
j,k can take any real 

values. This means that a market player can be both buyer and seller of 
power in the futures market. Fig. 3 illustrates this fact for a specific 
producer and retailer. It can be seen that both market players adjust 
their decision variables αd

i,k and ∊d
j,i such that their contract quantity be 

positive or negative. In case the contract quantity is negative, the retailer 
is the seller of the power and the producer is the buyer of power in the 
futures market. 

3.1.2. Estimating the day-ahead market operation during the trading period 
As mentioned in Sections 2.5 And 3.1, the estimations of the day- 

ahead market during the delivery period and its interaction with fu
tures contracts should be considered in formulating the operation during 
the trading period. This estimation should be performed for each un
certainty scenario s, separately. According to the proposed method in 
[35] and explanations in section 2.7, the optimization problem of the 
TSO in the day-ahead market at uncertainty scenario s of the trading day 
d is formulated as below: 

maxδd
b,s ,γ

d
b,s∀b∈A

∑

b∈A
Wd

b,s

(

γd
b,s + HR,d

b,s −
∑

i∈Pb

HP,d
i,s

)

(7)  

s.t. 

VbVb’ Bb,b’

(
δd

b,s − δd
b’ ,s

)
⩽Tb,b’

(
μTU,d

b,b’ ,s

)
∀{b, b’} ∈ L (8)  

VbVb’ Bb,b’

(
δd

b,s − δd
b,s

)
⩾ − Tb,b’

(
μTL,d

b,b’ ,s

)
∀{b, b’} ∈ L (9)  

∑

b′ ∈A

Vb′ VbBb′ ,b

(
δd

b′ ,s − δd
b,s

)
= γd

b,s +HR,d
b,s −

∑

i∈Pb

HP,d
i,s

(
ψd

b,s

)
∀b ∈ A (10)    

The objective function (7) maximizes the revenue of TSO in transmitting 
day-ahead and futures markets’ powers among areas. Variable γd

b,s rep
resents the injected power to area b in the day-ahead market from the 

Fig. 2. Illustrative example of calculating mixed probability-concern values for 
one producer and consumer (w = 0.5). 

HR,d
b,s =

∑

i∈P

(
∑d− 1

z=1
qPR,f ,z

i,b + QPR,f ,z
i,b − ϕPR,z

i,b,s

)

+
∑

k∈S

(
∑d− 1

z=1
qRS,f ,z

b,k + QRS,f ,z
b,k − ϕSR,z

k,b,s

)

∀b ∈ R(A) (11)  

HP,d
i,s =

∑

j∈R

(
∑d− 1

z=1
qPR,f ,z

i,j + QPR,f ,z
i,j − ϕPR,z

i,j,s

)

+
∑

k∈S

(
∑d− 1

z=1
qPS,f ,z

i,k + QPS,f ,z
i,k − ϕSP,z

k,i,s

)

∀i ∈ P (12)   
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viewpoint of the TSO. Variables HR,d
b,s and HP,d

i,s represent the physically 
delivered power to the retailer b and produced power by producer i in 
the futures market until the trading day d, respectively. Pb represents the 
set of producers in area b. Parameters qRS,f ,z

b,k ,qPR,f ,z
i,b , and qPS,f ,z

i,k ∀z =

1,…, d − 1 are retailer-speculator, producer-retailer, and producer- 
speculator contract quantities for trading days before the trading day 
d. Since these parameters are known on trading day d, they should be 
considered constant parameters in optimization problems. Constraints 
(8) and (9) model the power transmission limitations of the grid lines. Vb 
is the voltage in area b. The parameter Bb′ ,b is the susceptance of the 
transmission line between area b and b′ . Variable δd

b,s represents the 
voltage phase in area b. Constraint (10) represents the DC power flow 
equations. Equations (11) and (12) formulate variables HR,d

b,s and HP,d
i,s , 

respectively. Variables μTL,d
b,b′ ,s, μ

TU,d
b,b′ ,s, and ψd

b,s are lagrangian multipliers of 
constraints (8)-(10). The decision-making variables of the TSO optimi
zation problem are γd

b,s and δd
b,s. 

3.1.3. Optimization problem of producers 
The optimization problem of producer i at trading day d is formu

lated as below: 

maxQP,d
i,s ,αd

i,j ,α
d
i,k ,ϕ

PR,d
i,j,s ,xd

i,b,s

∑

s∈Ud

ρP,d
i,s (λ

d
b(i),s

(

QP,d
i,s −

∑

k∈S
ϕSP,d

k,i,s

)

+MP,d
i −

∑

j∈R
λd

j,sϕ
PR,d
i,j,s  

− ai
(
QP,d

i,s + HP,d
i,s
)
−

1
2
bi
(
QP,d

i,s + HP,d
i,s
)2
) (13)  

s.t.   

∑

j∈R

(
∑d− 1

z=1
qPR,f ,z

i,j +QPR,f ,d
i,j

)

+
∑

k∈S

(
∑d− 1

z=1
qPS,f ,z

i,k +QPS,f ,d
i,k

)

+QP,d
i,s ⩽Qi

(
μd

i,s

)
∀s∈Ud

(15)  

λd
b,s = cb − db

(
∑

i∈Pb

QP,d
i,s + xd

i,b,s + HR,d
b,s

)

∀s ∈ Ud, b ∈ A (16)  

λd
b,s − λd

hub,s − Wd
j,s = 0

(
μhub,d

j,i,s
)
∀b ∈ A,∀s ∈ Ud (17)  

∑

b∈A
xd

i,b,s = 0
(
μx,d

i,s
)
∀s ∈ Ud (18)  

ϕPR,d
i,j,s ⩽

∑d− 1

z=1
qPR,f ,z

i,j + QPR,f ,d
i,j

(
μPR,d

i,j,s
)
∀j ∈ R,∀s ∈ Ud (19)  

QP,d
i,s ⩾0 ∀s ∈ Ud (20)  

where Ud is the set of uncertainty scenarios at trading day d. λd
b(i),s gives 

the locational marginal price (LMP) of area b in scenario s of trading day 
d. The index b(i) represents the area b that producer i is located in. QP,d

i,s is 

the scheduled power of producer i in the day-ahead market. ϕSP,d
k,i,s is the 

amount of contract powers that are estimated to be settled financially by 
speculator k if scenario s of trading day d occurs. Qi is the maximum 
generation capacity of the producer i. λd

hub,s is the virtual hub node price. 
xd

i,b,s is the injected power to area b from the viewpoint of producer i. 

Parameters pPR,f ,d
i,j and pPS,f ,d

i,k are producer-retailer and producer- 
speculator contract prices for trading days before the trading day 
d which are known on trading day d. Variables μd

i,s, μ
hub,d
j,i,s , μx,d

i,s , and μPR,d
i,j,s 

are lagrangian multipliers of constraints (15), (17)-(19). 
The first term in the objective function (13) represents the estimated 

revenue from the day-ahead market and the cost related to the financial 
settlement of contracts with speculators. The second term which is 
defined in (14) is the revenue from contracts until the trading day d. The 
third term is the cost of settling the contracts with retailers, financially, 
and the last two terms are the operation cost of the producer. Constraint 
(15) limits the scheduled power of the producer to its maximum gen

eration capacity. Constraints (16) and (17) define the LMP of area b and 
the relation between the LMP of areas and the virtual hub node price, 
respectively. Constraint (18) indicates that the sum of injected power to 
the areas from the viewpoint of producer i is zero. Constraint (19) limits 
the financial settlement of contracts with each retailer to the quantity of 
futures contracts agreed with that retailer during the trading period. 
Decision-making variables of producer i at trading day d are QP,d

i,s , αd
i,j 

∀j ∈ R ∪ S, ϕPR,d
i,j,s ∀j ∈ R, and xd

i,b,s. 
If a producer is not willing to participate in the futures market, 

variables ϕSP,d
k,i,s , ϕPR,d

i,j,s , HP,d
i,s and the constraint (19) are removed from its 

optimization problem. 

3.1.4. Optimization problem of retailers 
The optimization problem of retailer j on trading day d is formulated 

as below: 

max∊d
j,i ,∊

d
j,k ,y

d
j,b,s

∑

s∈Ud

ρR,d
j,s (− λd

j,s

(

QC,d
j,s −

∑

p∈P
ϕPR,d

i,j,s −
∑

k∈S
ϕSR,d

k,j,s

)

− GR,d
j  

+ cj
(
QC,d

j,s + HR,d
j,s
)
−

1
2
dj
(
QC,d

j,s + HR,d
j,s
)2
) (21)  

s.t.   

Fig. 3. Comparing two cases of interaction between a producer and retailer in 
the futures market, a) QPR,f ,d

i,j ⩾0 b) QPR,f ,d
i,j ⩽0. 

MP,d
i =

∑d− 1

z=1

(
∑

j∈R
pPR,f ,z

i,j qPR,f ,z
i,j +

∑

e∈S
pPS,f ,z

i,k qPS,f ,z
i,k

)

+
∑

j∈R
PPR,f ,d

i,j QPR,f ,d
i,j +

∑

k∈S
PPS,f ,d

i,k QPS,f ,d
i,k (14)   
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QC,d
j,s =

∑

i∈Pj

QP,d
i,s +QWd

j,s + yd
j,j,s ∀s ∈ Ud (23)  

λd
b,s = cb − db

(
∑

i∈Pb

QP,d
i,s + yd

j,b,s + HR,d
b,s

)

∀s ∈ Ud, b ∈ A (24)  

λd
b,s − λd

hub,s − Wd
b,s = 0

(
μhub,d

j,b,s

)
∀b ∈ A, ∀s ∈ Ud (25)  

∑

b∈A
yd

j,b,s = 0
(
μy,d

j,s
)

∀s ∈ Ud (26)  

where ϕSR,d
k,j,s is the financially settled contracts of speculator k with 

retailer j estimated for scenario s of the trading day d. yd
j,b,s is the injected 

power to area b from the viewpoint of the retailer j. Variables μhub,d
j,b,s and 

μy,d
j,s are lagrangian multipliers of constraints (25) and (26). The 

parameter pRS,f ,d
j,k is the retailer-speculator contract price for trading days 

before trading day d and is known on trading day d. The first term in the 
objective function (21) is the cost of buying electricity from the day- 
ahead market minus the revenue from the financial settlement of con
tracts by producers and speculators. The second term represents the cost 
of buying electricity through futures until the trading day d which is 
defined in (22). The last two terms of the objective function are the 
utility of the retailer of the delivered power. Equation (23) formulates 
the total delivered power to the retailer in the day-ahead market. Con
straints (24) and (25) are the same as constraints (16) and (17) in section 
3.1.3. Constraint (26) indicates that the sum of injected power to the 
areas from the viewpoint of retailer j is zero. The decision-making var
iables of retailer j on trading day d are ∊d

j,i∀i ∈ P ∪ S and yd
j,b,s. If a retailer 

is not willing to participate in the futures market, variables ϕSR,d
k,j,s , ϕPR,d

i,j,s , 

and HR,d
j,s are removed from the optimization problem of this retailer. 

3.1.5. Optimization problem of speculators 
Speculators benefit from trading electricity with producers and re

tailers at different prices on different trading days of the futures market. 
At the end of the trading period, speculators must settle the net positive 
or negative power imbalance of their portfolio, financially. The opti
mization problem of speculator k at trading day d is formulated as 
below: 

maxζd
e,j ,η

d
e,i ,ϕ

SR,d
j,e,s ,ϕ

SP,d
i,e,s

HS,d
k − GS,d

k +
∑

s∈U
ρd

s

(
∑

i∈P
λd

bi ,sϕ
SP
k,i −

∑

j∈R
λd

j,sϕ
SR
k,j

)

(27)  

s.t. 

HS,d
k =

∑

j∈R
PRS,f ,d

j,k QRS,f ,d
j,k +

∑d− 1

z=1

(
∑

j∈R
pRS,f ,z

j,k qRS,f ,z
j,k

)

(28)  

GS,d
k =

∑

i∈P
PPS,f ,d

i,k QPS,f ,d
i,k +

∑d− 1

z=1

(
∑

i∈P
pPS,f ,z

i,k qPS,f ,z
i,k

)

(29)  

∑d− 1

z=1

(
∑

j∈R
qRS,f ,z

j,k −
∑

i∈P
qPS,f ,z

i,k

)

+
∑

j∈R

(
QRS,d

j,k − ϕSR,d
j,k,s

)
−
∑

i∈P

(
QPS,d

i,k − ϕSP,d
i,k,s

)
= 0

(30)  

ϕSR,d
j,k,s ⩽

∑d− 1

z=1
qRS,f ,z

j,k +QRS,f ,d
j,k

(
μSR,d

k,j,s

)
∀j ∈ R (31)  

ϕSP,d
i,k,s ⩽

∑d− 1

z=1
qPS,f ,z

i,k +QPS,f ,d
i,k

(
μSP,d

k,i,s

)
∀i ∈ P (32)  

λd
b,s = cb − db

(
∑

i∈Pb

QP,d
i,s + zd

j,b,s + HR,d
b,s

)

∀s ∈ Ud, b ∈ A (33)  

λd
b,s − λd

hub,s − Wd
b,s = 0

(
μhub,d

k,b,s

)
∀b ∈ A,∀s ∈ Ud (34)  

∑

b∈A
zd

k,b,s = 0
(

μz,d
k,s

)
(35)  

The first two terms in the objective function (27) represent the revenue 
and cost of contracts with retailers and producers, which are formulated 
in (28) and (29), respectively. The last term in the objective function is 
the revenue of financial settlement of contracts with producers and re
tailers at the end of the trading period. Constraint (30) guarantees 
settling the net power imbalance of the speculators’ portfolio with 
financial delivery at the end of the trading period. Constraint (31) 
(Constraint (32)) limits the power quantity of the financial settlement 
between a speculator and a retailer (producer) to the total concluded 
contract quantities between the speculator and that retailer (producer) 
during the trading period. Constraints (33)-(35) are defined similar to 
constraints (24)-(26). Variable zd

j,b,s is the injected power to area b from 
the viewpoint of the speculator k. The decision-making variables of the 
speculators are their bids and offers to retailers and producers during the 
trading period, i.e., ζd

k,j∀j ∈ R and ηd
k,i∀i ∈ P, and the quantity of power 

that is financially settled with retailers and producers, i.e. ϕSR,d
j,k,s ∀j ∈ R 

and ϕSP,d
i,k,s ∀i ∈ P, respectively. 

3.1.6. Finding the Nash equilibrium of the system 
The proposed method in [35] and [29] is used to find the Nash 

equilibrium of the system. At first, since all the optimization problems 
are convex, Karush Kuhn Tucker (KKT) conditions of all optimization 
problems (7)-(12), (13)-(20), (21)-(26), (27)-(35) are written. Consid
ering the fact that injected power to each area from the viewpoint of 
TSO, producers, retailers, and speculators should be the same, i.e., γd

b,s =

xd
i,b,s = yd

j,b,s = zd
k,b,s, repetitive equations i.e., 1) (16), (24) and (33), 2) 

(17), (25) and (34), and 3) (18), (26) and (35) are replaced with one 
equation. Finally, by solving the remained quality and inequality con
straints of KKT optimally conditions the Nash equilibrium of the system 

Fig. 4. Test system structure.  

GR,d
j =

∑d− 1

z=1

(
∑

i∈P
pPR,f ,z

i,j qPR,f ,z
i,j +

∑

k∈S
pRS,f ,z

j,k qRS,f ,z
j,k

)

+
∑

i∈P
PPR,f ,d

i,j QPR,f ,d
i,j +

∑

k∈S
PRS,f ,d

j,k QRS,f ,d
j,k (22)   
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will be found. 

3.2. Obtaining the Nash equilibrium of the day-ahead market 

One day before the delivery period, market players participate in the 
day-ahead market. It is assumed that the futures market is closed at the 
end of the trading period. Hence, when market players participate in the 
day-ahead market the quantities and prices of concluded contracts are 
known. Moreover, retailers are price takers in the day-ahead market, 
and speculators are not allowed to participate in this market. So, to find 
the Nash equilibrium of the system, the contract prices and quantities in 
(4)-(6) are set fixed as parameters and the proposed approach in section 
3.1.6 is repeated for TSO and producers, i.e., (7)-(12) and (13)-(20), 
respectively. 

4. Numerical results 

The test system is modified from the PJM 5-bus system as depicted in 
Fig. 4 [37]. Areas, producers, retailers, and WFs are introduced by 
characters A, P, R, and WF, respectively. It is assumed that the trading 
period includes 8 days. It is worth mentioning that the trading period 
can be up to several years. However, to provide analytical results, we 
focus only on a few days of the trading period in which significant 
changes in the uncertainty scenarios happen. The installed capacity of 
WF1, WF2, WF3, WF4, and WF5 are 0.2 GW, 1 GW, 1 GW, 2 GW, and 1.1 
GW, respectively. The correlations between the output power of WFs are 
assumed to be 0.85. The uncertainty in the output power of WFs and the 
number of uncertainty scenarios on different days of the trading period 
varies and decreases as the delivery period approaches. The total output 
power of WFs in different uncertainty scenarios of all trading days are 
presented in Fig. 5. The green area in Fig. 5 indicates how the range of 
uncertainty changes on different trading days. Producers’ and retailers’ 
parameters are presented in Table 1 and Table 2, respectively. It is 
assumed that producer P4 and retailer R5 do not participate in the fu
tures market. Only one speculator is considered for the system. Param
eters bk and dk of the speculator are assumed to be equal to 0.014 $/MW2 

and 0.013 $/MW2, respectively. 

4.1. Simulation results 

The expected value of estimated LMPs and their uncertainty range at 
different trading days are presented in Fig. 6. Transmission Lines L1,2 
and L1,5 are congested in the delivery period which affects the prices in 
areas A1 and A5. Low (high) demand compared to high (low) generation 
capacity in Areas A1 (A5) leads to a low (high) LMP in this area 
compared to other areas. It can also be seen that by decreasing the 
estimated output power of WFs at the last trading days, the congestion in 
the grid increases due to the lack of power supply compared to the 
required demand in areas such as A2, A4 and A5 and necessity to import 
power from other areas. Cumulative contracted powers during the 
trading period, the contract settled by physical delivery (PD), and 

scheduled powers in the day-ahead market (DAM) for producers and 
retailers are depicted in Fig. 7. Since the LMP in area A1 is low, pro
ducers P1 and P2 try to sell their available capacity in the futures market 
and settle the contracts as physically as possible. From trading day 4, 
expectations of the estimated LMP in area A3 increased. Hence, pro
ducer P3 decides to sell its futures contracts in the futures market, settle Fig. 5. Total output power of all WFs in uncertainty scenarios of each day of 

the trading period. 

Table 1 
Parameters of producers.   

P1 P2 P3 P4 

ai($/MW) 16 10.8 24 5.6 
bi($/MW2) 0.012 0.011 0.007 0.026 
Qi(GW) 2.5 4 3.5 5 
βP

i 0.75 0.40 0.65 0  

Table 2 
Parameters of retailers.   

R1 R2 R3 R4 R5 

cj($/MW) 82 60 90 71 78 
dj($/MW2) 0.010 0.017 0.016 0.020 0.008 
βR

i 0.60 0.45 0.60 0.70 0  

Fig. 6. Variations in the LMP of areas during the trading period.  

Fig. 7. Cumulative contract quantities of a) producers and b) retailers.  

Fig. 8. Comparing the LMP and contract prices in Area A1.  
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the remained contracts on the last trading day, financially, and trade all 
capacity in the day-ahead market. Retailers are willing to buy their 
required demand mostly through futures contracts. 100% of the demand 
of R2 and 86% of the demand of R3 are traded in the futures contract. 
This happens because the LMP of the areas of these retailers are higher 
than the LMP of area A1 and they decide to benefit from signing con
tracts with P 1 and P2 at lower prices. Market players trade most of their 
powers in the first five days of the trading period and then try to correct 
their position in the market by both selling and buying futures contracts 
in the rest of the trading days. 

The daily average contract price (ACP) of producers P1 and P2 and 
retailer R1 that are located in area A1 are depicted in Fig. 8 as an 
example to understand how different prices change during the trading 
period. As shown in Fig. 8 contract prices are slightly greater than the 
average day-ahead market price. Since the LMP in area A1 is lower than 
other areas, producers P1 and P2 can sign contracts with retailers in 
other areas at higher prices. In this situation, retailer A1 is also forced to 
agree in higher prices for futures contracts because its low-price offers 
will not be accepted by producers. In some of the last four trading days, 
producers and retailers get opposite roles in the market to adjust their 
position in the market. This means that producers sell negative power to 
retailers (buy power from retailers) and retailers buy negative power 
from producers (sell power to producers). Prices of these negative power 
contracts for retailer A1 are greater than its positive power contract 
prices. This helps the retailer to cover some of the costs imposed by 
increasing the estimated day-ahead market price in the last trading days. 
Producers benefit from the financial settlement of their contracts 
depending on their location in the grid and congestion in the lines. For 
the studied case, it can be seen that considering the financial settlement 
possibility in the model increases the profit of producers P1, P2, and P3 
about 1.7%, 2.9%, and 9.7%, respectively. The profit of producer P 4 
that does not participate in the futures market decreases about 1% after 
considering financial settlement in the futures market. 

The behavior of the speculator during the trading period is illustrated 
in Fig. 9. For the studied case, according to Fig. 9(a), the speculator 
contracts more power with retailers than producers which causes a 
power imbalance in its portfolio. This power imbalance is covered by the 
financial settlement of 445 MW of contracts with retailers. On the first 
trading days, the contract prices of the speculator with retailers are 
lower than its contract price with producers which increases the profit of 
the speculator. However, in the last trading days, as try to create a power 
balance in the portfolio the speculator has to agree on higher prices with 
producers which reduces the profit slightly. Finally, the financial set
tlement of contracts with retailers for providing the power balance in the 
speculators’ portfolio causes 88% reduction in its profit and the 

speculator closes the not position with 2854 $ profit. The profit of the 
speculator is about 6.1% of the average profit of producers. 

4.2. Impacts of the speculator on the futures and day-ahead markets 

Different parameters of the day-ahead and futures market with and 
without considering the presence of the speculators in the system are 
compared in Fig. 10. It can be seen that for the studied case, considering 
a speculator increases the day-ahead market prices and reduces the fu
tures market prices. In fact, adding speculators to the futures market 
reduces market power and increases the competition and liquidity in this 
market, and leads to a reduction in the contract prices. The presence of 
speculator also causes a minor reduction in the profit of both producers 
and retailers. Retailer R1 receives the most impact from the presence of a 
speculator in the system. This happens because the speculator performs 
the financial settlement of contracts mostly with retailer A1. The the 
volume of futures contracts increases in the presence of speculators, 
which is expected as a result of adding a new market player. 

Fig. 9. Speculator’s behavior during the trading period.  

Fig. 10. Impacts of presence of speculators in the market on a) day-ahead 
market prices, b) futures contract prices, c) producers’ profit, d) producers’ 
contract powers, e) retailers profit f) retailers’ contract powers. 

Fig. 11. Impacts of uncertainty in transmission lines capacity on a) behavior of 
P 1, b) behavior of P3, c) profit of P1, d) profit of P3, with and without 
considering financial delivery possibility. 
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4.3. Impacts of transmission system congestion uncertainty on market 
players’ behavior 

There might be some ongoing transmission system expansion pro
jects during the trading period that there are uncertainties about their 
status in the delivery period. In this section, impacts of including these 
uncertainties on the market players’ behaviors are studied. To this end, 
it is assumed that lines with capacity uncertainty are T1,2 and T1,6. Two 
uncertainty scenarios are defined for these lines as T(T1,2,T1,6) =

{(300,600), (500,900)} and the probability of each scenario is assumed 
to be 0.5. To add these new uncertainties, it is suggested to replace 
uncertainty scenarios QWd

s with {QWd
s ,Ts}. This increases the number of 

uncertainty scenarios to 2nW,d
s . Values of mixed probability-concern 

parameters should be multiplied by the probability of transmission ca
pacity uncertainty scenarios, i.e., 0.5. It is also assumed that these new 
uncertainties are included in the model from trading day 5. Simulation 
results are compared for two cases with and without considering 
financial settlement possibility in the futures market. Cumulative con
tract powers over all trading days, scheduled power in the day-ahead 
market, and profit of producers P1 and P3 with and without consid
ering financial settlement possibility in the model are presented in 
Fig. 11. Comparing Fig. 11(a) and Fig. 11(b) shows that while P1 is not 
significantly affected by the possibility of financial settlement, P3 is 
greatly affected by it. The behavior of P3 in financial settlement of 
contracts and participating in the day-ahead market is different in each 
realization of the transmission lines capacity in the delivery period. 
Fig. 11(c) and Fig. 11(d) indicate that all producers benefit from the 
possibility of financial settlement of contracts in different realizations of 
the transmission lines’ capacity in the delivery period. 

Remark: It is worth noting that while Nash equilibrium models can 
provide an estimation of electricity markets operation, computation of it 
for real power systems has some limitations. The most important issue is 
that the Nash equilibrium problem is from the viewpoint of the TSO and 
the TSO that does not know exactly the cost function parameters of 
producers and the utility function of retailers. To overcome this issue, 
system operators can use the market players’ bids and offers when their 
bids are close to their marginal cost and marginal utility to have an 
estimation of their cost function parameters. For instance, marginal 
pricing of producers can happen in off-peak hours. 

5. Conclusion 

In this paper, a Nash equilibrium model for the joint operation of the 
day-ahead electricity market and futures market is proposed. The 
introduced model considers the WFs’ output power as the main source of 
uncertainty, strategic gaming of both producers and retailers in the fu
tures market, transmission system structure, and main features of the 
futures market i.e., financial settlement of contracts and presence of 
speculators in the market. Simulation results approve the capability of 
the model in following real-world rules which makes it suitable for 
modeling the power systems operation and analyzing the impacts of 
different parameters on the markets and market players. Simulation 
results highlight the role of financial settlement possibility of futures 
contracts in affecting the behavior of market players and their profit, 
however, its impacts is dependent on the location of each market player 
in the system and the level of congestion in the grid. Simulation results 
also show that the presence of a speculator can increase the volume of 
transactions in the futures market and reduce the contract prices as a 
result of increasing market liquidity. For the studied case, the profits of 
producers did not considerably change after the presence of speculators, 
however, some retailers were affected by speculators and their profits 
were reduced. Based on the results, more than 70% of the total demand 
of the system is traded by the futures contracts which highlights the 
importance of considering the futures market in the power system 
analysis studies. 

Providing a detailed model of retailers including flexible and 
inflexible loads, and considering their strategic behavior in the day- 
ahead market can be the future directions of this study. It is also 
worth noting that the possibility of financial and physical settlement of 
contracts in different markets could be different and also new regula
tions could be defined for the physical and financial settlement of fu
tures. Each of these methods could be the subject of future studies in this 
field. 
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