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ABSTRACT

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
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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

Received 14 November 2022; Received in revised form 14 March 2023; Accepted 27 April 2023

Available online 11 May 2023

0142-0615/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:Moban@dtu.dk
www.sciencedirect.com/science/journal/01420615
https://www.elsevier.com/locate/ijepes
https://doi.org/10.1016/j.ijepes.2023.109213
https://doi.org/10.1016/j.ijepes.2023.109213
https://doi.org/10.1016/j.ijepes.2023.109213
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijepes.2023.109213&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Banaei et al.

International Journal of Electrical Power and Energy Systems 152 (2023) 109213

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

WEF Wind Farm

Indices

d Days

i Producers

jand 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

Uy Set of uncertainty scenarios at trading day d

Parameters

Ty Upper bound for transmitted power between areas b and b’

0] The weighting factor of the mixture PDF

pd Probability of uncertainty scenario s at trading day d

fﬁ ;d Concerns of producer i about scenario s at trading day d

pf f Mixed probability-concern value for producer i

éfs'd Concerns of retailer j about scenario s at trading day d

pﬁs‘d Mixed probability-concern value for retailer j

a; The intercept of the marginal cost function of producer i

b; The slope of the marginal cost function of producer i

Q The maximum output power of the producer i

Byy Susceptance of the transmission line between areas b and b’

G The intercept of the marginal utility function of retailer j

d; The slope of the marginal utility function of retailer j

my The slope of the offer function of speculator k to producers

Ny The slope of the bid function of speculator k to retailers

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

pf._’,ff‘z Agreed contract price between producer i and speculator k
in the past trading day z (z < d)

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

qg{f’z Agreed contract power between producer i and retailer j in
the past trading day z (z < d)

qf ,f‘f‘z Agreed contract power between producer i and speculator

' k in the past trading day z (z < d)

qff £z 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

QWE‘S The output power of the WFs in area b in scenario s at
trading day d

Variables

hub.d
H ibs

hub.d
H j.b.s

hub.d
Hips

PRd
Hijs

sp.d
”k,i,s
SR.d
Hicjs

x,d
His

d
J.s

d
Zkbs

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

The intercept of the bid function of producer i to retailer j
(speculator k) on trading day d of the futures market

The lagrangian multiplier of the producers’ generation
capacity constraint

The intercept of the offer function of retailer j to producer i
(speculator k) on trading day d of the futures market

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

The intercept of the bid function of speculator k to
speculator j on trading day d of the futures market
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

The phase angle of area b at the delivery period scenario s
estimated on trading day d

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

Hub node price at delivery period scenario s estimated on
trading day d

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

The lagrangian multiplier of hub node price from the
viewpoint of retailer j

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

The lagrangian multiplier of financial settlement
constraint for contracts between producer i and retailer j
The lagrangian multiplier of financial settlement
constraint for contracts between speculator k and producer
i

The lagrangian multiplier of financial settlement
constraint for contracts between speculator k and retailer j
The lagrangian multiplier of grid power balance from the
viewpoint of producer i

The lagrangian multiplier of grid power balance from the
viewpoint of retailer j

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

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

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

The lagrangian multiplier of the DC power flow equality
constraint

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

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

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

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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TL,d

Hips The lagrangian multiplier of the transmission lines’ lower
bound constraint
uJTg f The lagrangian multiplier of the transmission lines’ upper
bound constraint
Pff‘f‘d Agreed contract price between producer i and retailer j on
trading day d
Pf ff’d Agreed contract price between producer i and speculator k
Y on trading day d
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Pfff d Agreed contract price between retailer j and speculator k
' on trading day d

fo‘f 4 Agreed contract power between producer i and retailer j on
trading day d

Qﬁ f‘f 4 Agreed contract power between producer i and speculator
k on trading day d

Qf,f fd Agreed contract power between retailer j and speculator k
on trading day d

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.
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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:

e 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;

e 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;

e 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.
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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 a; +b;Q where a;>0 and b;>0 are the intercept
and slope of marginal cost function, respectively. Marginal utility
function of retailer j is ¢; —d;Q. ¢;>0 and d;>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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Trading period Considering concluded
contracts in previous days,
1 One day before
' delivery period

|

first day of trading period
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—[ Estimating uncertainty scenarios for delivery period ]—

Day d of trading period

[ Estimating day-ahead market price ] ‘

Day D of trading period| Day-ahead market | Delivery period | Timeline

Delivery period ——

/ \

Futures L .
\ ) Participating in the futures market
\ market / h

A ~

\—( Estimating the strategy for day-ahead market }—T

4{ Estimating the contracts that will be settled financially %

Fig. 1. Decision making process on trading day d.

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 Wg,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., n;"’ “d can also be different. So, the
uncertainty scenario s at trading day d is defined as QW? = [QWf’S7 TN

QWY -, QWY ] where ny is the number of areas. It is assumed that the

uncertainty scenarios are sorted increasingly, i.e., QWfsQWfﬂ.

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., p¢ 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, p) = pe ™. 1

The exponential distribution is a monotonically decreasing function.
Since we have QWI<QWY, ,, to model the concerns of retailer j (producer

i) we can use ffs‘d =e(s, /5]3) (nff 4 — e(n —s, i) where /J’]}.2 (B?) 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:
Pt = o0&+ (1 - w)pf. @

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



M. Banaei et al.

04¢ T T T T T T T 3

——p :\.d ><£UJ (1-w)x pf'

\ ~ﬁ—p“

} St e e

(l-w‘)X[]t‘ /]

\ red 4

LY S ps /

P L

3 el N0 P in
6 8 10 12 14 16
Scenario numbers

Probabilities and concern values

[}
N

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

prl = wEl! + (1 - w)p! ©))

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

ieP

JER 1

by calculating the intersection of their affine bid and offer functions
[23]. Each producer i submits bid function afj +bl-Qf jto each retailerj €

R and bid function af, +b;Q/, to each speculator k € S. af; and af, are
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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 e . and edk (’7k1 and Ck ), respectively. So, by
calculating the 1ntersect10ns 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].

C{d

d d
biej; + djay

ed — qd
PRfd _ 1L T pPRfd TG VT 4
2 bi+d 7 Y bi+d; “)
QS — m— “;jk prsfd _ by, +may, (5)
Lk bi+m b; + my
O — Jk -y J prSFd _ ”kejd.k + djgﬁ,j ®)
Tk n + d K n + dj

It should be noted that Qf.?ff‘d, P Sf d , and QRSf < 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 af, and €, 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:

— ZHf§d> @)
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d (4 Rd
MaXsd 4 hea E Wi <7’b,5 +H,

beA

s.t.
ViV Byy (5Z,s -5 _:) (uZLb/dv)V{b, b}elL ®
ViV By (8, = 81,)> = Tow (w3, )vibb ) €L )

va’ ViBy (‘SZ’; 7‘%,.\) = }’Z..VJFHf:d ZHM ( /;\> Vb e A 1o

b eA icPy

d— d—1
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(S o a ) v (S o) vier a2

The objective function (7) maximizes the revenue of TSO in transmitting
day-ahead and futures markets’ powers among areas. Variable ¢ rep-
resents the injected power to area b in the day-ahead market from the
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viewpoint of the TSO. Variables Hfl‘sd and Hf S’d 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. P, represents the

set of producers in area b. Parameters qﬁf Z,qfff # PSfZVz

, and q;

.,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. V,
is the voltage in area b. The parameter By , is the susceptance of the

transmission line between area b and b'. Variable 55,3 represents the
voltage phase in area b. Constraint (10) represents the DC power flow

equations. Equations (11) and (12) formulate variables H’l’ff and H™4

s 2
TLd  TUd
bt 5> M s

constraints (8)-(10). The decision-making variables of the TSO optimi-
zation problem are 7§ . and ..

respectively. Variables y ,and y/g_s are lagrangian multipliers of

3.1.3. Optimization problem of producers
The optimization problem of producer i at trading day d is formu-
lated as below:

Pd(yd P.d SP.d Pd d 4PRd
MAXord gl gFRa i, § Pis /1 (Qi.,x _§ ¢k.r,.x> +M; _E /Ij.:(pi,/‘.y

it s€U, kes JER
—a(Qh + HEY) - 1Y) a3

s.t.
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3

>
Power

(b)

Fig. 3. Comparing two cases of interaction between a producer and retailer in
R f.d R f.d
the futures market, a) ij £450 b) ij f40.

amount of contract powers that are estimated to be settled financially by
speculator k if scenario s of trading day d occurs. Q; is the maximum
generation capacity of the producer i. A%, . is the virtual hub node price.

xidb s Is the injected power to area b from the viewpoint of producer i.

PR.d ps f.d

Parameters p;; and p;”" are producer-retailer and producer-

speculator contract prices for trading days before the trading day

d which are known on trading day d. Variables fig,, hhiﬂsj d ﬂ;’sd, and ufﬁ’d

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-

d—1
M’p.d_z<zppkf q”/N_i_ZpPS,/ qf*fm) +ZPPR,/d PRfd+ZPPSfd PS,fd 14)
z=1

JER ecS JER kes

> (L) ep (S ean) veri<a ) e

jer \ z=1 keS
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lbscbdb<ZQ,: +xy + HY ) Vs € UpnbcA 16)
i€Py
AZ.A 7/1:14).5 - ‘/V/dx =0 ('uj‘”;?d)vb € A’ Vs € Ua (17)
D=0 () vseu (18)
beA
d—1
S Z PRIG QPRI (W) i e R Vs € Uy 19)
020  VseU, (20)
where Uy is the set of uncertainty scenarios at trading day d. /Ig(i)vs 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 s

SPd .
is

the scheduled power of producer i in the day-ahead market. ¢} is the

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 Q) ;d, al

i
¥j €RUS, ¢{1" ¥j € R, and x, .

ij.s

If a producer is not willing to participate in the futures market,
variables ¢iﬁf, ¢f]de, HP 4 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:

§ R.d d C
maxeﬁ-'gﬁk'yjlb..~ Pis ( /‘[!7y <QJ

seUy

d 2: PR.d SR.d R.d
s ¢i.j.x _E (/)k,/’.s> _Gj

pEP kesS
+CJ(QC¢I+HRJ) (QCdJrHRd) ) (21)

s.t.
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where ¢i§f is the financially settled contracts of speculator k with

retailer j estimated for scenario s of the trading day d. y‘.”b . is the injected

power to area b from the viewpoint of the retailer j. Variables //“‘b 4 and

pr]?:'sd are lagrangian multipliers of constraints (25) and (26). The

parameter pf,f £ 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 eﬂiVi € PUSand yfb’s. If a retailer

SR.d (/)PR d

is not willing to participate in the futures market, variables ¢; 7, ¢;;,",

and H’Rd 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:

S,d S,d
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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 zdb , 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., C,’f ;Vj € R and nl Vi € P, and the quantity of power
that is financially settled with retailers and producers, i.e. ¢jslffij €R

and q’:fl,: fVl € 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., 7’5,5 =
x‘? .= y]‘fb.’s = zg‘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

Ty4 = T30MW

A3 ’l\ . Ty = 1000MW ,i\ ﬁ%ﬂﬂﬁ
Ei ol “ i |
P5 WF5 T45 = 1.08% WF4 R4 T34= 2.64%

|A4 -

o = 2.97% _— ‘ | £E 2

Ty 4 = T50MW A3 T H‘?ﬂ
z14 = 2.97% WF3 P3 R3

Ty 5 = 600MW
|A2

Al 'l‘i. 210 = 2.81% ,i\M

WF1 PI Tiy=300MW WrF2 Rz Ta3=1000MW

Fig. 4. Test system structure.
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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 b, and d;. of the speculator are assumed to be equal to 0.014 $/MW?
and 0.013 $/MW?, 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 Al and A5. Low (high) demand compared to high (low) generation
capacity in Areas Al (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
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Fig. 5. Total output power of all WFs in uncertainty scenarios of each day of
the trading period.
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Table 1
Parameters of producers.
P1 P2 P3 P4
a;($/MW) 16 10.8 24 5.6
bi($/MW2) 0.012 0.011 0.007 0.026
0.(GW) 2.5 4 35 5
/jf 0.75 0.40 0.65 0

Table 2
Parameters of retailers.
R1 R2 R3 R4 R5
($/MW) 82 60 90 71 78
d,-($/MW2) 0.010 0.017 0.016 0.020 0.008
ﬁf 0.60 0.45 0.60 0.70 0

52 . ; ; . . :
50 ] 1
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Fig. 6. Variations in the LMP of areas during the trading period.
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Fig. 7. Cumulative contract quantities of a) producers and b) retailers.
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Fig. 8. Comparing the LMP and contract prices in Area Al.

scheduled powers in the day-ahead market (DAM) for producers and
retailers are depicted in Fig. 7. Since the LMP in area Al 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
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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 Al 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 Al 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 Al 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 Al 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
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Fig. 9. Speculator’s behavior during the trading period.
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Fig. 10. Impacts of presence of speculators in the market on a) day-ahead
market prices, b) futures contract prices, ¢) producers’ profit, d) producers’
contract powers, e) retailers profit f) retailers’ contract powers.

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.
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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 T;  and Ty 6. TWo
uncertainty scenarios are defined for these lines as T(T12,Ti¢) =
{(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 QW¢ with {QW¢,T}. This increases the number of
uncertainty scenarios to 2n¥. 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.
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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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