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Impacts of Premium Bounds on the Operation of Put Option and Day-ahead 
Electricity Markets 

 Hani Raouf Sheybani, and Majid Oloomi Buygi* 
 *M.Oloomi@um.ac.ir  Department of Electrical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran   

 Abstract:  In this paper ,  the impacts of premium bounds of put option contracts on the operation of put option and day-
ahead electricity markets are studied .  To this end ,  first a comprehensive equilibrium model for a joint put option 
and day-ahead markets is presented .  Interaction between put option and day-ahead markets ,  uncertainty in fuel 
price, impact of premium bounds, and elasticity of consumers to strike price ,  premium price, and day-ahead price 
are taken into account in this model .  Then, a new method for put option pricing is proposed. By applying the 
presented model to a test system, the impacts of premium bounds on equilibrium of joint put option and day-
ahead markets are studied . 

 
Key words: Equilibrium of joint put option and day-ahead markets, Option market modeling, Supply function competition , Put option pricing. 

 
قيمت اختيار قرارداد اختيار فروش بر عملكرد بازارهاي اختيار فروش و بازار روز بعد انرژي الكتريكي مطالعه شده است. بدين منظور، مرزهاي  تأثيردر اين مقاله،  :چكيده

قطعيت در قيمت أثير متقابل بازار اختيار فروش و بازار روز بعد، عدم تابتدا يك مدل تعادلي جامع مشترك براي بازارهاي اختيار فروش و روز بعد ارائه شده است. 
كنندگان به قيمت اجرا، قيمت اختيار و قيمت بازار روز بعد در اين مدل لحاظ گرديده است. سپس يك سوخت، تأثير مرزهاي قيمت اختيار، و كشش تقاضا مصرف

، تأثير مرزهاي قيمت اختيار بر نقطه تعادل آزمونه گذاري قرارداد اختيار فروش ارائه گرديده است. در پايان نيز، با اعمال اين مدل به يك شبكمدل جديد براي قيمت
 مشترك بازارهاي اختيار فروش و روز بعد مطالعه شده است. 

 
1. INTRODUCTION 
 

Electricity option markets have an important role in 
hedging power producers against quantity and price 
risks [1-2].  Participants of an option market can trade 
standard option contracts .  Each standard option contract 
has a specific Mega Watt size ,  a specified strike 
price ,  and a specified delivery period [3] .  Strike prices 
and delivery periods of standard option contracts are 
determined by the related option market operator [4-5]. 
A trader chooses the desired option contract based on 
the desired delivery period and the desired strike 
price ,  and then offers the required MW size and a 
suitable premium price to buy or sell it [4-5].  If bids of 
a seller and a buyer are matched ,  the deal is done [4-5].  
 In some electricity financial markets ,  the related market 
operator determines upper and lower bounds for 
premium bids in the option market in order to prevent 
from rapid changes in premium bids in the option 
market [4] .    These premium bounds may affect the 
strategies of producers in the option market and 
consequently in the day-ahead markets. Therefore, they 
may affect the electricity price of the physical market , 
profits of participants ,  and social welfare. These effects 
should be assessed by option market operator before 
applying the bounds to premium prices.  
Impacts of option contracts on the bidding strategies of 
physical market participants are studied in [6-12]. To 
hedge risk-averse producers and consumers against 
price risks ,  an optimal strategy for selecting optional 
forward contracts is presented in [6]. Optimal bidding 

strategy of a load serving entity for buying forward and 
option contracts are determined in [7] in order to hedge 
the load serving entity against quantity risks in a 
physical competitive market . An option market beside a 
physical electricity market is considered in [8] and an 
approach for calculating optimal strike price from the 
viewpoint of a market maker is proposed .  In [9] and 
[10] ,  a multi stage stochastic model is presented to 
determine the optimal strategies of a risk-averse 
producer in forward, option and pool markets 
considering price and generation availability 
risks .  Reference [11] develops a stochastic optimization 
model for determining the bidding strategy of a 
producer in an energy call option auction .  In this 
auction ,  bidders can offer both premium and strike 
prices .  An integrated risk management framework for 
strategic trading of a producer in spot ,  option ,  and fuel 
markets is proposed in [12]. 
 The equilibrium of both physical and option markets 
are studied in [2, 13-18].  In [13] ,  a new forward 
contract with bilateral options is introduced in order to 
hedge the price volatility risks of buyers and sellers in 
the physical market .  In [14],  a two period equilibrium 
model for financial and physical electricity markets is 
presented .  In [14] strategic producers compete with 
their rivals by setting their supply functions in a spot 
market and by setting their generation power in a 
financial option market .  In [15] effects of put and call 
option contracts on the strategies of producers in a 
physical market with Cournot competition is studied. 



The influence of call option contracts at the equilibrium 
of joint spot and option markets is studied in 
[16].  Reference [16] considers a Cournot model for spot 
market . Reference [17] evaluates prices of put and call 
Asian options using interest rate theory and day-ahead 
market equilibrium. In this approach demand is 
forecasted and electricity price variability is modeled 
by calibrating the volatility parameter as an input. The 
proposed approach in [17] is based on day-ahead 
market equilibrium, while the presented research work 
in this paper is based on the equilibrium of the joint 
day-ahead and option markets. The impact of day-ahead 
pricing on the equilibrium of the joint option and day-
ahead markets is presented in [18]. Supply function 
model is used to model day-ahead market in [18]. 
In this paper, first an equilibrium model for modeling 
the joint option and day-ahead markets is presented. In 
the presented model day-ahead market is modeled with 
Cournot model. Then the impacts of premium bounds 
on the strategies of put option market participants are 
considered. The difference between this research work 
and the available researches are as below. This paper 
considers details of financial derivatives contracts  such 
as premium price, strike prices,  premium bounds, and 
interaction between financial and physical electricity 
markets . 
The main contributions of this paper are 1) presenting a 
more realistic equilibrium model for a joint put option 
and day-ahead markets ,  2) analyzing the impacts of 
premium bounds on equilibrium of joint put option and 
day-ahead markets ,  and 3) presenting a method for put 
option pricing. Contributions 2 and 3 are very useful in 
the operation of joint option and day-ahead markets [4]. 
A few methods for electricity option pricing are 
presented based on the historical data of electricity spot 
markets [19-20].  The proposed model in this paper can 
be used as an option pricing method that can consider 
the impacts of future changes in the understudy power 
system such as construction of new power plants and 
demand growth  during delivery period,  and the strategic 
behavior of producers in the option and day-ahead 
markets . 
In this paper ,  impacts of premium price bounds on the 
performance of joint option and day-ahead markets 
under fuel price uncertainty are studied from the 
viewpoint of market regulators .  Bids of producers in the 
option and day-ahead markets are needed for this 
study .  However ,  bids of producers are unknown and 
change in different situations in oligopoly markets .  In 
order to overcome this problem and take into account 
the interaction of market participants ,  it is assumed that 
the understudy put option and day-ahead markets have 
reached to their Nash equilibrium [21-24] . 
   The paper is organized as follows .  In Section II an 
equilibrium model for a joint put option and day-ahead 
markets is presented .  Option pricing and the methods 
for determining premium bounds are discussed in 
Section III. By applying the presented model to a four 
producer power system ,  impacts of premium bounds on 
equilibrium of joint put option and day-ahead markets 

are studied in Section IV. Concluding remarks are 
provided in Section V . 

2. MODELING JOINT OPTION AND DAY-AHEAD 
ELECTRICITY MARKETS  

 

It is assumed that the understudy power system consists 
of a physical day-ahead electricity market and a 
financial option market.  Suppose fuel price changes 
over the time. The physical market participants can 
hedge themselves against risks in quantity and price of 
trading electric energy by concluding derivative 
contracts in the option market . Put and call option 
contracts are two different derivative instruments and 
are traded independently. Here, we focus on European 
put option contracts as an independent hedging tool . 
 
2.1. Markets Structure and Decision Framework       
The understudy physical electricity market is an 
oligopoly day-ahead market with poolco structure and 
supply function competition [2, 16, 18, 25]. It is also 
assumed that transmission network is lossless and has 
no constraint to avoid the impact of congestion on the 
simulation results and consequently a uniform 
electricity pricing is considered for the day-ahead 
market .  Fuel price changes over the time and is an 
uncertain variable .  Load is elastic with constant 
elasticity .  However ,  consumers are not strategic . 
 The understudy financial electricity market is a put 
option market with physical delivery [5, 9, 18] .  In 
European Electricity Exchange (EEX) ,  the underlying 
of an option contract is a future contract and it has 
physical delivery .  Participants of a physical electricity 
market can trade standard put option contracts in the 
associated option market .  In delivery period ,  whenever 
the day-ahead market price is less than the strike price 
of the contracted option ,  buyers of put option contract 
exercise their right to sell the contracted MW at the 
contracted strike price [5] . 
 Although put option and day-ahead markets are 
operated independently ,  participation of power 
producers and consumers in both markets connects 
these markets together ,  especially if the put option 
market has physical delivery as EEX market [5] .  If the 
put option market has physical delivery ,  strategic 
behavior of power producers in the put option market 
affects residual load in the day-ahead market and 
consequently the strategic behavior of power producers 
in the day-ahead market, and in turn , the day-ahead 
market price . Change in day-ahead market price may 
affect the strategic behavior of participants in the put 
option market .  
 Financial and physical market operators are 
independent .  However ,  usually there is a market 
regulator or a supervisory board that regulates financial 
and physical electricity markets as EEX [5] .  In this 
paper ,  the impacts of premium price bounds on the 
performance of joint option and day-ahead markets 
under fuel price uncertainty are studied from the 
viewpoint of this market regulator or supervisory board . 
 Delivery period of an option contract usually consists of 



24 hours or specified hours of a specified week, month, 
season, or year. Without loss of generality ,  it is 
assumed that delivery period consists of specified hours 
of several consecutive days .  These hours are referred to 
as study hours .  Hours of delivery period are numerated 
as  where  . 
 In order to model uncertainty in fuel price ,  possible 
scenarios for fuel prices are identified .  Suppose  is the 
set of possible scenarios for fuel price .  Load changes 
during the delivery period .  Suppose inverse demand 
function at study hour  of scenario  of the delivery 
period is as follows . 

 (1) 

where  and  are electricity price and total network 
load at hour  of scenario  ,  respectively .  and  
are coefficients of inverse demand function at hour  in 

 and , respectively .  Generation cost of 
producer  at the study hour  of scenario  is as below . 

 (2) 

where  is the fuel price at scenario  in ,  
is the exercise volume of option contract of producer  
at hour  of scenario ,  is the day-ahead generation 
power of producer  at hour  of scenario , and  and 

 are coefficients of the cost function of producer  in 
 and , respectively. It is 

assumed that each producer offers an affine supply 
function to independent system operator (ISO) as its bid 
at day-ahead market .  
The slope of bid of each producer is assumed to be 
equal to the slope of its marginal cost function . Each 
producer determines the intercept of its bid function by 
maximizing its profit. Producer bids as follows for 
hour  of scenario  at day-ahead market. 

 (3) 

where  and  are the bid of producer  and its 
intercept at hour  of scenario  in the day-ahead 
market respectively. 
Timeline for producers’ decision-making in the option 
and day-ahead markets is shown in Fig. 1. Consider a 
delivery period. Producers should make the following 
decisions optimally to maximize their profits over this 
delivery period:   
 

 

Figure 1. Timeline for decision-making by producers in 
option and day-ahead markets. 
 

1) Several months before starting the delivery period 
each producer should decide about the volume of 
the option contract that should buy from the option 
market for this delivery period. Suppose producer  
buys MW option contract from the option 
market at contract time  as it is shown in Fig. 1. 

2) One day before each day of the delivery period fuel 
price scenario is specified. Suppose scenario  
occurs. At this time producer should decide about 
its bid, i.e. , for each hour  of scenario  at the 
day-ahead market.  

3) One day before each days of the delivery period, 
producer  should decide what portion of its option 
contract must be exercised at each study hour of 
the next day. It is assumed that producer  exercises 

 MW of its total option contract, i.e. , at 
hour  of scenario  of the delivery period. Here it 
is assumed that the exercised volume of option 
contracts is a continuous variable. In real world it 
may be a discrete variable with a small step size. 

2.2. ISO Optimization       Participating in option 
market is not mandatory. Hence, producers can be 
categorized in two sets A and B. Set A consists of the 
producers that attend in both option and day-ahead 
markets. Set B consists of the producers that only attend 
in day-ahead market. At each scenario of fuel price, 
ISO maximizes the social welfare in day-ahead market. 
The optimization problem of ISO at scenario  is 
formulated as follows. 

  

(4) 

  (5) 

(6) 

(7) 

where  is social welfare of day-ahead market at 
hour  of scenario ,  is the maximum generation 
capacity of producer  in MW, and  is the set of study 
hours in delivery period. Inequalities (6) and (7) 
enforce generation limits of producer  at every hour of 
the delivery period. Based on [26], constraints (6) and 
(7) can be moved into the optimization problem of each 
producer. 
By rearranging the Karush-Kuhn-Tucker (KKT) 
optimality conditions of optimization (4) to (5), market 
price and generation of producer  in day-ahead market 
can be written as functions of bids of all producers as 
follows. 

  

                                               
(8) 

Time 

 = time of decision making for day-ahead 
market and exercising option contracts 

    

Time

 = time of 
decision making for 

option contracts 

Delivery period  

Contract period



 (9) 

where  is a  vector which consists of 
intercepts of bids of all producers,  is a  
vector which consists of volume of option contracts of 
producers that attend in the option market. Vectors  
and , and scalars ,  and are defined in the 
following. 

  

                                                       
(10) 

 (11) 

 
(12) 

  (13) 

  (14) 

  (15) 

 
2.3. Producer's Optimization       In this section, first 
the optimization problem for each producer in set A and 
B is modeled. Then, KKT optimality conditions for 
each set of producers are extracted. Market Nash 
equilibrium is computed by solving the KKT conditions 
of all producers' optimization problems.  
The optimization problem for producer  of set A, who 
participates both in the option and day-ahead markets, 
is formulated as follows.  
 

  

(16) 

   (17) 

(18) 

(19) 

(20) 

(21) 

(22) 

 Eqs. (8) and (9) 

(23) 

where  is strike price of the option contract in 
$/MWh,  is the premium bid of producer  at strike 
price  in the option market in $/MWh,  and  
are the lower and upper bounds of premium bid at strike 

price  in $/MWh,  is the probability of scenario ,  
is interest rate,  is trading period in year or duration 
time between contract time and start of delivery period, 

 and  are the intercept and slope of invers demand 
function in the option market respectively,  is the 
dual variable of upper capacity limit for exercising 
option contract of producer  at study hour  of scenario 
,  is the dual variable of consumer elasticity 

constraint in the option market,  and  are the 
dual variables of lower and upper capacity limits of 
producer  at study hour  of scenario , respectively, 
and and  are the dual variables of lower and 
upper bounds of premium bid of producer  at strike 
price , respectively.  
The first term of objective function (16) denotes the 
income of producer  from the exercising option 
contracts at different hours of the delivery period. The 
second term of (16) denotes income of producer  from 
the physical day-ahead market over the delivery period. 
The sum of third to sixth terms of (16) which are 
located inside parenthesis indicates the total generation 
cost of producer  over the delivery period. The last 
term of (16) denotes the cost of buying put option 
contract.  
Decision making about option exercising by producer  
at hour  of scenario  is modeled by maximizing 

 in the objective function, 
considering the fact that demand function is constant at 
hour  of scenario . If strike price  is greater than 
day-ahead market price , the profit of scenario  is 
maximized if  is maximized, i.e., if  is equal 
to , or if producer  exercises its option contract. If 
strike price  is smaller than , the profit of producer 
 is maximized if  is maximized, i.e., if  is 

equal to zero or if the producer  does not exercise its 
option contract. 
Inequalities (17) impose the upper limit of producer  
for exercising of option contract at every hour of the 
delivery period. Constraints (18) model the sensitivity 
of consumers versus strike and premium prices in the 
option market.  Using equations (8), inequalities (6) can 
be rewritten as inequalities (19) and (20). For each 
strike price , inequalities (21) and (22) impose the 
upper and lower bounds of premium bids in the option 
market, respectively. Since producers of set A attend 
both in the option and day-ahead markets, decision 
variables of the optimization problem of producer  of 
this set are , , , and 

. The KKT conditions of each 
producer  who participate both in the option and day-
ahead markets are as below. 

  

                                                                

(24) 



                                

(25) 

  

(26) 

  
(27) 

 
(28) 

    

(29) 

 
(30) 

  
(31) 

  (32) 

  (33) 

 

where  is the Lagrangian of the optimization problem 
of producer  of set A.  
Every producer  of set B, participates only in the day-
ahead market. Therefore, by ignoring (17), (18), (21), 
(22), and (23) and setting  and  equal to zero in 
(16) and (20), the optimization problem of producer  
of set B is obtained. In the same way, the KKT 
conditions of each producer  of set B can be extracted 
by omitting (25), (26), (27), (28), (29), (32), and (33) 
and by setting  and  equal to zero in (24) and 
(31). 
By substituting  and  from (8) and (9) into the 
objective function (16), the optimization problem (16)-
(23) is converted into a quadratic programming as 
follows:  

 
        

(34) 

Vectors X, B, and D, and matrices A and C are given in 
Appendix A. In appendix A, It is proved that KKT 
conditions are sufficient optimality conditions for this 
problem. The equilibrium of the joint option and day-
ahead markets can be calculated by solving the set of 
KKT conditions of optimization problems of all 
producers. 

3. Option Pricing and Premium Bounds 
 

In some exchange markets option price is estimated and 
announced to option market participants during trading 
period. An example of put option pricing at Australian 
electricity exchange on 28 Feb. 2016 for Calendar Year 
2017 NSW's Base Load Strip Options is illustrated in 
Fig. 2 [27]. As Fig. 2 shows, a premium price is 
estimated for each strike price. Different models for 
option pricing in financial markets have been presented 
[19-20]. All of these models depend upon the historical 
data of physical market [19-20, 25]. 
Black-Scholes model is one of the famous models for 
option pricing in financial markets, however it is not 
suitable for option pricing of electricity markets [28]. 
None of the presented option pricing models such as 
Black-Scholes and Binomial tree models can consider 
system changes in trading period like construction of 
new power plants and demand growth [19]. In this 
paper, premium price of the equilibrium of the joint 
option and day-ahead markets is considered as 
estimation for option price. Hence, the proposed model 
in Section II can be used for option pricing. The 
proposed model is able to consider the predictable 
changes of the power system during trading period. 
In order to prevent from contracts with very high or 
very low premium prices, financial market operators 
may exert upper and lower bounds to premium bids [4-
5]. Option market participants are restricted to bid 
within the predetermined bounds for option premium. 
These bounds may affect the strategies of producers in 
option markets and consequently the strategies of 
producers in day-ahead markets. The impacts of the 
imposed premium bounds can be identified by 
comparing equilibrium points of joint option and day-
ahead markets with and without considering premium 
bound. In the next Section the impacts of imposed 
premium bounds on the operation of joint option and 
day-ahead markets are studied by applying the 
proposed model to a test system. 
 
4. Case Study 
 

In this section the proposed model is applied to a four-
producer power system. Generators of producers 1 to 4 
are the same as generators of areas 1 to 4 of IEEE 300-
bus test system. The marginal cost function of each 
producer is computed by aggregating the marginal cost 
functions of his or her generators and fitting an affine 
function to it. Capacities of the producers and 
coefficients of their marginal cost functions are given in 
Table I. Suppose producers 1 and 2 hedge themselves 
against price volatility in the day-ahead market by 
buying European put option one year before starting of 
delivery period, i.e. trading period is one year or 

. Producers 3 and 4 only participate in day-head 
market, i.e. producers 1 and 2 are in set A and 
producers 3 and 4 are in set B as it is shown in Table I. 
Suppose at contract time , twenty scenarios for fuel 
price over delivery period are identified. 
 



TABLE 1.  Characteristics of all producers. 

 
Number 

of 
producer 

Coefficients of marginal cost 
functions Generation 

capacity 
(GW)   

Set A 1 7.3137 0.003739 11.40 
2 18.108 0.001483 12.00 

Set B 3 19.066 0.001776 8.721 
4 12.943 0.153700 0.558 

 
TABLE 2. Expected value of intercept of inverse demand 
function at different hours of the delivery period. 

hour  
 1 2 3 4 5 6 7 8 9 10 

 
($/MWh) 44 39 49 48 48.5 47 48 43 40 46 

 
 
 

 

Figure 2. Option pricing for NSWs Base Load Strip Options, 
Calendar Year 2017, in Australia electricity exchange at Feb. 
28, 2016 [27]. 
 
Fuel prices and their probabilities for different 
scenarios calculated using distribution of fuel price. It is 
assumed that distribution of fuel price is  
$/Mbtu. The intercept and the slope of invers demand 
function in the option market at contract time  are 
equal to  and , 
respectively. 
Suppose delivery period of the understudy option 
contracts consists of a single hour of ten consecutive 
days. It is assumed that although demand changes 
during the delivery period, the slope of demand 
function in day-ahead market remains constant and 
equal to . Demand in 
different days of delivery period is specified with  
as it is given in Table II.  
Simulation results show that by setting  equal to zero, 
no option contracts are concluded in the equilibrium of 
joint option and day-ahead markets.  
In this situation, the minimum and maximum prices of 
day-ahead market over all scenarios and all hours of 
delivery period,  and , are $29.23/MWh and 
$45.91/MWh, respectively. In order to consider strike 
prices greater than, equal to, and less than day-ahead 
market price in the study, which in the finance parlance 
are named in the money, at the money, and out the 

money strike prices respectively, it is assumed that the 
strike price varies from $25/MWh to $50/MWh with 
step size $1/MWh.  
Equilibrium of the joint option and day-ahead markets 
is calculated for each strike price considering fuel price 
uncertainty, and load change in the delivery period. At 
each equilibrium point, premium price of option 
contracts, expected value of day-ahead market price, 
expected profit of each producer, and the expected 
value of total social welfare of the joint option and day-
ahead markets are computed and discussed. In order to 
study the impacts of the imposed premium bounds on 
the operation of the joint option and day-ahead markets, 
a restricted and a non-restricted case are analyzed in the 
following. 
 
4.1. Non-restricted Case       In the non-restricted 
case, there are no premium bounds or the bounds are 
chosen such that optimal premium bids of producers are 
not restricted by the premium bounds at the equilibrium 
of the joint option and day-ahead markets. The optimal 
premium bids in the non-restricted case for the first and 
second producers and for different strike prices are 
shown in Fig. 3.  As it is shown in Fig. 3, the optimal 
premium bids of the first and second producers are 
equal at the equilibrium of the joint option and day-
ahead markets. If bid of a producer is a little smaller 
than the bid of another one, maximum possible 
contracts are concluded with this producer and the 
profit of the other producer decreases noticeably.  
In some option markets, a settlement premium price is 
computed for each day of trading period by the 
financial market operator in order to use in mark-to-
marketing process [3]. In financial markets, usually, 
settlement premium price of a day is equal to weighted 
average of premium prices of option contracts that are 
traded in that day or in part of that day [4]. The 
settlement premium price of the understudy put option 
market is shown in Fig. 3 for different strike prices by a 
solid line. Since the optimal premium bids of the first 
and second producers are equal, the settlement premium 
price is equal to optimal premium bids of producers, as 
shown in Fig. 3.  

 

Figure 3. Optimal premium bids of the first and second 
producers and the related settlement premium price in the 
non-restricted case. 
Comparison of Fig. 3 and Fig. 2 shows that the 
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settlement premium price curve that is obtained from 
the proposed method is very similar to the actual one 
that is obtained from the historical data of AEX. 
Total volume of concluded option contracts of all 
producers for the non-restricted case is shown in Fig. 4. 
If strike prices is less than , concluding option 
contract is not profitable for producers and no option 
contract is concluded. As strike price exceeds , 
concluding option contract gets profitable for 
producers. Moreover, when strike price exceeds , 
the price of buying electricity from option market, i.e. 

, is less than maximum acceptable price of 
consumers, which is determined by demand function. 
Hence, total volume of concluded option contracts 
reach to maximum capacities of producers in set A as 
strike price increases from  to $31.8/MWh, as it is 
shown in Fig. 4. For strike prices between $31.8/MWh 
and , as strike price increases, consumer price 
increases and consequently total volume of concluded 
option contracts decreases due to price elasticity of 
load. For strike prices greater than , increase in 
premium price and strike price is so that consumer price 
remains constant and consequently total volume of 
concluded option contracts remains constant as strike 
price increases.  
Expected volume of total exercised option contracts of 
all producers over delivery period for the non-restricted 
case is shown in Fig. 5. The expected is computed over 
all scenarios of delivery period and total indicates 
summation over all hours of delivery period and all 
producers. As it is shown in Fig. 5, for strike prices 
between  and $32.6/MWh, as strike price increases 
both total volume of concluded option contracts and the 
probability that strike price being greater than day-head 
market price increase. Hence, expected volume of total 
exercised option contracts increases noticeably, as 
strike price increases. For strike prices between 
$32.6/MWh and $34.4/MWh, as strike price increases 
total volume of concluded option contracts decreases as 
it is shown in Fig. 4, but the probability that strike price 
being greater than day-head market price increases with 
higher rate than decreasing of total volume of 
concluded option contracts. Hence, expected volume of 
total exercised option contracts increases as shown in 
Fig. 5. 
As strike price increases from $34.4/MWh to 
$37/MWh, decreasing rate of total volume of concluded 
option contracts gets greater than increasing rate of 
probability of exercising option contracts. Thus, total 
expected volume of exercised option contracts 
decreases as illustrated in Fig. 5. For strike prices 
between $37/MWh and $40/MWh, the rate of 
decreasing of total volume of concluded option 
contracts decreases as strike prices increases, as shown 
in Fig. 4. Therefore, expected volume of total exercised 
option contracts increases since decreasing rate of total 
volume of concluded option contracts gets smaller than 
increasing rate of probability of exercising option 
contracts, as shown in Fig. 5.  

 
Figure 4. Total volume of concluded option contracts of all 
producers in non-restricted case (N.Res.Case) and restricted 
case (Res.Case). 
 

 

Figure 5. Expected volume of total exercised option contracts 
over delivery period in non-restricted case (N.Res.Case) and 
restricted case (Res.Case). 
 

As strike price exceeds , both total volume of 
concluded option contracts and the probability that 
strike price being greater than day-head market price 
remain constant and hence expected volume of total 
exercised option contracts remain constant at 
equilibrium.  
As strike price increases from  to , different 
constraints may be activated or inactivated in different 
scenarios. Hence, small fluctuations appears in the 
expected volume of total exercised option contracts and 
also expected value of other variables in strike prices 
between  and  as it is seen in Fig. 5, and other 
figures that are discussed in the rest of the paper. The 
small fluctuations will not appear if the variables are 
drawn for a specific hour of a specific scenario.  
The expected value of day-ahead market price over all 
hours and scenarios for the non-restricted case is shown 
in Fig. 6. If total exercised option contracts for hour t of 
scenario s increases (decreases), residual demand for 
day-ahead market decreases (increases) and 
consequently, day-ahead market price decreases 
(increases). 

25 30 35 40 45 50
0

5

10

15

20

25

Strike price ($/MWh)

T
o

ta
l v

o
lu

m
e 

o
f 

co
n

cl
u

d
ed

 o
p

ti
o

n
 c

o
n

tr
ac

ts
 (

G
W

)

 

 

N.Res.Case
Res.Case

25 30 35 40 45 50
0

5

10

15

20

25

30

35

Strike price ($/MWh)

E
x

p
e

c
te

d
 v

o
lu

m
e

 o
f 

to
ta

l e
x

e
rc

is
e

d
 o

p
ti

o
n

 c
o

n
tr

a
c

ts
 (

G
W

h
)

 

 

N.Res.Case
Res.Case

 

  



 
Figure 6. Expected value of day-ahead market price in non-
restricted case (N.Res.Case) and restricted case (Res.Case). 
 

Therefore, variations in expected value of day-ahead 
market price are in opposite direction of variations in 
expected volume of total exercised option contracts, as 
it is observed in Fig. 5 and Fig. 6.  
Expected value of total social welfare of the joint 
option and day-ahead markets over delivery period is 
calculated as (35). 

  

(35) 

where  is the total social welfare of both option 
and day-ahead markets in scenario . Expected value of 
total social welfare at the equilibrium of the joint option 
and day-ahead markets is illustrated in Fig. 7 for the 
non-restricted case. If expected volume of total 
exercised option contracts for hour  of scenario  
increases (decreases), day-ahead market price decreases 
(increases), total consumption increases (decreases) due 
to price elasticity of load, and consequently total social 
welfare at hour t of scenario  increases (decreases). 
Therefore, variations in expected value of total social 
welfare are in the same direction of variations in 
expected volume of total exercised option contracts, as 
it is seen in Fig. 5 and Fig. 7. Expected value of total 
profit of the first and second producers from both 
option and day-ahead markets are illustrated in Fig. 8 
for the non-restricted case.  
As it is shown in Fig. 8, expected value of total profit of 
the first and second producers increase as strike price 
exceeds , where strike price is enough high to 
encourage producers to buy put option contract and it is 
less than maximum acceptable price of consumers. 
Maximum expected value of total profit of each 
producer occurs between  and  at the highest 
strike price at which its optimal premium bid is still 
zero. Based on (16), as optimal premium bids of 
producers increase from zero, total cost of each 
producer increases and consequently expected value of 
total profit of each producer decreases as shown in Fig. 
8.  

 
Figure 7. Expected value of total social welfare of the joint 
option and day-ahead markets in non-restricted case 
(N.Res.Case) and restricted case (Res.Case). 

 

Figure 8. Expected value of total profit of the first and second 
producers in non-restricted case (N.Res.Case) and restricted 
case (Res.Case). 
 

In the non-restricted case, when strike price exceeds 
, all concluded option contracts are exercised at all 

hours of delivery period. In addition when strike price 
exceeds , variation of premium price are so that 

 remains constant at the equilibrium. 
Therefore profits of producers in set A remain constant. 
 
4.2. Restricted Case       In the restricted case, 
premium bounds are chosen such that optimal premium 
bids of producers are restricted by the premium bounds 
at some strike prices at the equilibrium of the joint 
option and day-ahead markets. The optimal premium 
bids of the first and second producers in the restricted 
case for different strike prices are shown in Fig. 9. The 
lower and upper bounds of premium bids of the 
restricted case are specified by dashed and dotted lines 
in Fig. 9 respectively. As it is shown in Fig. 9, the 
optimal premium bids of the first and second producers 
reach to their lower bound at strike prices between 
$36/MWh and $40/MWh and reach to their upper 
bound at strike prices greater than $46/MWh in the 
restricted case. Total volume of concluded option 
contracts, expected volume of total exercised option 
contracts, expected value of day-ahead market price, 
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expected value of total social welfare, and total 
expected value of profit of the first and second 
producers for the restricted case are shown in Figs. 4 to 
8 beside the non-restricted curves. 

When premium bids of producers reach to the lower 
bound at the equilibrium, optimal premium bids of 
producers increase in restricted case in comparison to 
non-restricted case, loads are encouraged to sell more 
put option contract, total volume of concluded option 
contracts increases as it is shown in Fig. 4, and 
consequently expected volume of total exercised option 
contracts increases as illustrated in Fig. 5. In this 
situation, in restricted case in comparison to non-
restricted case, expected value of day-ahead market 
price decreases, expected volume of total consumption 
increases, and hence expected value of total social 
welfare increases as shown in Fig. 6 and Fig. 7, 
respectively. When premium bids of producers reach to 
the lower bound, optimal premium bids and concluded 
volume of option contract of each producer in set A 
increase in comparison to non-restricted case, hence 
expected value of total profit of each producer 
decreases as illustrated in Fig. 8. 
On the other side, when the premium bids of producers 
reach to the upper bound at the equilibrium, optimal 
premium bids of producers decrease in comparison to 
non-restricted case, based on (18) producers decrease 
their concluded volume of option contracts, and 
consequently expected volume of total exercised option 
contracts decreases as shown in Fig. 5. By decreasing 
of expected volume of total exercised option contracts, 
expected volume of total consumption decreases, day-
ahead market price increases and consequently 
expected value of total social welfare decreases in 
comparison to non-restricted case as it is illustrated in 
Fig. 6 and Fig. 7, respectively. 
In comparison to non-restricted case, total volume of 
concluded option contracts decreases when optimal 
premium bids of producers reach to their upper bound. 
Thus, each producer must decrease its concluded option 
contracts. Hence, the expected total profits of the first 
and second producers decrease as shown in Fig. 8. 
 

 
Figure 9. Optimal premium bids of the first and second 
producers and the related settlement premium price in the 
restricted case. 
 
 

5. CONCLUSION 
 

In this paper, the impacts of premium bounds of put 
option contracts on the operation of joint option and 
day-ahead markets are studied. In general, decision 
making about price bounds of an option are finalized 
before putting it in market for trading. Therefore, the 
selected bounds for premium prices can affect the 
strategies of producers over contract period. 
Consequently it may affect contracted and exercised 
volumes of option contracts, generation in day-ahead 
markets, and day-ahead market price. Since the 
premium bounds are selected by electricity market 
regulator, who regulates physical and financial 
electricity markets, he/she should analyze the impacts 
of premium bounds on the operation of the joint option 
and day-ahead markets. The presented model provides a 
tool for this analysis.  
Despite of available option pricing methods, which are 
based on historical data, the presented option pricing 
method is based on the equilibrium of the joint option 
and day-ahead markets at the delivery period. This 
model is able to consider the predictable changes in the 
power system during trading period. Comparison of 
simulation results of the proposed option pricing 
method with the actual result of AEX demonstrates the 
accuracy of the proposed method. 

 
References 
 
[1]  S. J. Deng and S. S. Oren, “Electricity derivatives and risk 

management,” Energy, vol. 31, no. 6, pp. 940–953, 2006. 
[2]  W. Ruiqing, L. Yuzeng, and Z. Shaohua, “Analysis of supply 

function equilibrium in electricity markets with financial 
options contracts,” in DRPT2008, Nanjing, China, 2008. 

[3]  J. C. Hull, Options, Futures, and Other Derivatives, Bisiness 
and EconomicsPower system oscillations. Boston: Prentice 
Hall, 2012. 

[4]  “Australian electricity futures and options,” Available at: 
https://asxenergy.com.au/products/electricity futures, accessed: 
2015-09-30. 

[5] “European electricity exchange,” Available at: 
https://www.eex.com/en/products/power/power-derivatives-
market, accessed: 2016-05-30. 

[6]  T. W. Gedra, “Optional forward contracts for electric power 
markets,” Power Systems, IEEE Transactions on, vol. 9, no. 
4, pp. 1766–1773, Nov. 1994. 

[7]  Y. Oum, S. S. Oren, and S. J. Deng, “Hedging quantity risks 
with standard power options in a competitive wholesale 
electricity market,” Naval Research Logistics, vol. 53, no. 7, 
pp. 697–712, Oct. 2006. 

[8]  G. A. V. S´anchez, J. M. Alzate, A. I. Cadena, and J. M. 
Benavides, “Setting up standard power options to hedge price-
quantity risk in a competitive electricity market: the colombian 
case,” Power Systems, IEEE Transactions on, vol. 26, no. 3, 
pp. 1493–1500, Aug. 2011. 

[9]  S. Pineda and A. J. Conejo, “Managing the financial risks of 
electricity producers using options,” Energy Economics, vol. 
34, no. 6, pp. 2216– 2227, Nov. 2012. 

[10]  S. Pineda and A. J. Conejo, “Using electricity options to hedge 
against financial risks of power producers,” Journal of 
Modern Power Systems and Clean Energy, vol. 1, no. 2, pp. 
101–109, Sept. 2013. 

[11]  B. Bezerra, L. A. Barroso, and M. V. Pereira, “Bidding 
strategies with fuel supply uncertainty in auctions of long-term 
energy call options,” Power Systems, IEEE Transactions on, 
vol. 26, no. 2, pp. 653–660, May 2011. 

[12]  P. Mathuria and R. Bhakar, “Integrated risk management 
model for portfolio selection in multiple markets,” in 2014 

0 2 4 6 8 10
25

30

35

40

45

50

Premium ($/MWh)

S
tr

ik
e 

pr
ic

e 
($

/M
W

h)

 

 

Upper bound of premium price
Lower bound of premium price
Optimal premium bids of the first firm
Optimal premium bids of the second firm
Settelment premium price

 

 



IEEE PES General Meeting, July 2014, pp. 1–5. 
[13]  T. S. Chung, S. H. Zhang, C. W. Yu, and K. P. Wong, 

“Electricity market risk management using forward contracts 
with bilateral options,” in Generation, Transmission and 
Distribution, IEE Proceedings-, vol. 150, no. 5. IET, Sept. 
2003, pp. 588–594. 

[14]  W. Ruiqing, L. Yuzeng, and Z. Shaohua, “Equilibrium for spot 
and options markets with capacity constraints,” in Chinese 
Control Conference, July 2008, pp. 758–762. 

[15]  Z. Shaohua, F. Xinhua, and W. Xian, “Effects of option 
contracts on electricity markets: A cournot equilibrium 
analysis,” in Asia-Pacific Power and Energy Engineering 
Conference (APPEEC), 2012. 

[16]  W. Ruiqing, L. Yuzeng, and Z. Shaohua, “Joint equilibrium 
analysis for options and spot gaming in electricity markets with 
transmission constraints,” in Intelligent Control and 
Automation, 7th World Congress on, June 2008, pp. 6497–
6502. 

[17]  V. Fanelli, L. Maddalena, and S. Musti, "Asian options pricing 
in the day-ahead electricity market," Sustainable Cities and 
Society, Elsevier, Vol. 27, Nov. 2016. 

[18]  H. Raouf Sheybani, and M. Oloomi Buygi, “How Does Pricing 
of Day-ahead Electricity Market Affect Put Option Pricing?,” 
Iranian Journal of Electrical & Electronic Engineering, vol. 
12, no. 3, pp. 230-239, Sept. 2016. 

[19]  Q. Bian and Z. Lu, “The valuation of optional financial 
contract in electricity market,” in Sustainable Power 
Generation and Supply (SUPERGEN 2012), International 
Conference on, Sept. 2012, pp. 1– 6. 

[20]  M. Davison, C. L. Anderson, B. Marcus, and K. Anderson, 
“Development of a hybrid model for electrical power spot 
prices,” IEEE Transactions on Power Systems, vol. 17, no. 2, 
pp. 257–264, May 2002. 

[21]  M. O. Buygi, H. Zareipour, and W. D. Rosehart, “Impacts of 
large-scale integration of intermittent resources on electricity 
markets: A supply function equilibrium approach,” Systems 
Journal, IEEE, vol. 6, no. 2, pp. 220–232, June 2012. 

[22]  P. D. Klemperer and M. A. Meyer, “Supply function equilibria 
in oligopoly under uncertainty,” Econometrica, vol. 57, no. 6, 
pp. 1243– 1277, Nov. 1989. 

[23]  R. Baldick, “Electricity market equilibrium models: the effect 
of parametrization,” Power Systems, IEEE Transactions on, 
vol. 17, no. 4, pp. 1170–1176, Nov. 2002. 

[24]  Y. Chen and B. F. Hobbs, “An oligopolistic power market 
model with tradable nox permits,” Power Systems, IEEE 
Transactions on, vol. 20, no. 1, pp. 119–129, Feb. 2005. 

[25] Rana, U.S., and Ahmad, A. “Numerical solution of pricing of 
european put option with stochastic volatility”, International 
Journal of Engineering Transaction A: Basics, Vol. 24, 
No. 2, (2011), 189-202. 

[26]  P. Couchman, B. Kouvaritakis, M. Cannon, and F. Prashad, 
“Gaming strategy for electric power with random demand,” 
IEEE Transactions on Power Systems, vol. 20, no. 3, pp. 
1283–1292, Aug. 2005. 

[27]  “Australian electricity option prices,” Available at: 
https://asxenergy.com.au/options/au-electricity/HNZ]. 

[28]  E. Hjalmarsson, “Does the black- scholes formula work for 
electricity markets? a nonparametric approach,” Working 
Papers in Economics, no. 101, pp. 1–65, 2003. 

[29]  Ronald H.W. Hoppe (2006), Chapter 4 Sequential Quadratic 
Programming [PDF], Retrieved from 
http://www.math.uh.edu/%7Erohop/fall_06/Chapter4.pdf. 

[30] J. Nocedal and S. J. Wright; Numerical Optimization. Springer, 
New York, 2002. 

[31] Hafezalkotob, A., and Makui, A. “Modeling risk of losing a 
customer in a two-echelon supply chain facing an integrated 
competitor: a game theory approach”, International Journal 
of Engineering Transaction A: Basics, Vol. 25, No. 1, 
(2012), 11-34. 

 
Appendix A: Quadratic Form of the Problem 
 

For the sake of simplicity and without loss of 
generality, here we focus on a single scenario single 
hour delivery period problem. Matrices , , , C, D 

for a single scenario single hour delivery period 
problem are as follows:  
 

  (A.1) 

  (A.2) 

  (A.3) 

  (A.4) 

  (A.5) 

  (A.6) 

  (A.7) 

  (A.8) 

  (A.9) 

 

   (A.10) 

 (A.11) 

 

Where  is as follows: 

  (A.12) 

 

As it is seen, matrix A is a block diagonal and 
nonsingular matrix.  Moreover, as it is seen in (A.10) 
matrix C is a full rank matrix and its null space is 
empty. Therefore, based on [29] and [30], KKT 
conditions are sufficient optimality conditions for this 
problem. 
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