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Using electricity options to hedge against financial risks of power
producers

Salvador PINEDA (&), Antonio J. CONEJO

Abstract As a consequence of competition in electricity

markets, a wide variety of financial derivatives have

emerged to allow market agents to hedge against risks.

Electricity options and forward contracts constitute ade-

quate instruments to manage the financial risks pertaining

to price volatility or unexpected unit failures faced by

power producers. A multi-stage stochastic model is

described in this tutorial paper to determine the optimal

forward and option contracting decisions for a risk-averse

power producer. The key features of electricity options to

reduce both price and availability risks are illustrated by

using two examples.

Keywords Price risk, Availability risk, Stochastic

programming, Forward contracts, Electricity options

1 Introduction

Among all energy prices, electricity prices exhibit a par-

ticularly high volatility in most day-ahead markets around

the world due to the non-storability of electricity, the high

variation of the demand level with the hour of the day, the day

of the week, and the week of the year; the inelasticity of the

electricity demand, the stepwise supply offers submitted by

generating units, and the required continuous balance

between the production and the consumption [1]. These

features are translated into the volatile profit distributions for

the power producers, who usually sell most of their pro-

duction in the day-ahead market. The variability of the profit

of a producer caused by the volatility of the electricity price

is referred to as price risk [2].

Electricity derivatives aiming at controlling the expo-

sure of market agents to different types of risk have

emerged in the restructured electricity industry [3]. These

financial derivatives contribute to both share and reduce

undesired risks through appropriate hedging strategies.

Particularly, forward contracts are relevant derivatives

within electricity markets. Forward contracts are agree-

ments to buy/sell a fixed amount of electricity at a given

price throughout a certain time interval in the future.

Selling electricity through a forward contract at a fixed

price allows power producers to hedge against the risk

related to the volatility of pool prices [4].

On the other hand, the main disadvantage of a forward

contract is that its delivery is mandatory. For instance,

consider that a power producer has signed a forward con-

tract to sell its production throughout a given time period at

a pre-specified fixed price, then reducing the probability of

low profits as a result of unusually low electricity prices. In

that case, such a power producer is obliged to supply the

agreed quantity throughout the contract delivery period. If

the power producer is unable to deliver such amount of

energy due to, for example, an unexpected failure of a

generating unit, it must buy the missing energy in the day-

ahead market to comply with its contract obligation.

Understandably, if the pool price happens to be higher than

the contract price during the generating unit failure period,

the producer is selling electricity at a cheaper price relative

to the price at which such electricity is purchased and

consequently, significant financial losses may occur.

Therefore, while reducing price risk, the acquisition of

forward contracts to sell the electricity generated by a

Received: 10 September 2012 / Accepted: 8 May 2013 / Published

online: 29 August 2013

� The Author(s) 2013. This article is published with open access at

Springerlink.com

S. PINEDA, Center for Electric Technology, Department of

Electrical Engineering, Technical University of Denmark, Kgs.

Lyngby, Denmark

(&) e-mail: s.pineda@math.ku.dk

A. J. CONEJO, University of Castilla-La Mancha, Ciudad Real,

Spain

123

J. Mod. Power Syst. Clean Energy (2013) 1(2):101–109

DOI 10.1007/s40565-013-0018-y



power producer increases the probability of suffering

financial losses due to unexpected unit shutdowns. This

risk is referred to as availability risk. Determining the

optimal quantity of forward contracts to be acquired by a

risk-averse power producer, taking into account the

uncertainty related to both electricity pool prices and

generating unit availability, is not a straightforward task

[5]. Additionally, a power producer may opt for acquiring

an insurance contract against unit failures [6]. Unlike for-

ward contracts, whose main objective is to reduce the price

risk faced by power producers, this type of financial

product is aimed at limiting the financial losses incurred as

a consequence of an unexpected outage of any of the

production units owned by the power producer. Therefore,

this type of contract reduces specifically the availability

risk faced by power producers in exchange for a fix

premium.

Alternatively to these derivatives, a producer can also

sell its production through electricity options. An option is

a contract that gives the holder of the option the right (not

the obligation) to buy/sell a specified energy amount during

a certain future time period and at a fixed price. Therefore,

an option provides more flexibility than a forward contract

since the holder can decide whether or not the option is

exercised depending on the availability of its generating

units and/or the pool price behavior. Nonetheless, whereas

signing a forward contract entails no cost, there is a non-

refundable cost to acquire an option.

Previous research works pertaining to futures markets

include the ones below. Reference [7] discussed the

development of an option market for electricity trading.

Reference [8] showed that options reduce the price risk and

allow market participants to increase their potential profits.

Since electricity cannot be stored, the well-known Black-

Scholes equation [9] is not generally an appropriate method

for pricing electricity derivatives. In this context, [10]

proposed a heuristic algorithm to appraise electricity

options. References [11] and [12] studied the impact of

options and forward contracts on the offering strategies of

electricity market agents. References [13] and [14] dis-

cussed the possibility of mitigating the risks faced by

retailers using electricity options. The use of an option to

buy electricity by large consumers to hedge against price

increases was explored in [15]. Reference [16] dealt with

the design of forward contracts bundled with financial

options for electricity risk management. Reference [17]

proposed a model to use electricity options for demand-

side management. An analytical framework for the valua-

tion of option contracts for physical delivery that enable

risk-sharing among market participants is developed in

[18]. The valuation of a rich family of electricity swing

options is carried out in [19] and [20]. Additionally, some

relevant references that study real options in electricity

markets are shown in [21] and [22].

In this paper, we describe electricity options as instru-

ments to manage the two main risks faced by power pro-

ducers: price and production-availability risks. For this

purpose, we describe a multi-stage stochastic programming

model that enables a risk-averse power producer to decide

its optimal portfolio of forward contracts and options tak-

ing into account the pool price volatility and its forced

outage rate.

The rest of this paper is organized as follows. Section 2

describes the main characteristics of electricity options.

The optimization problem proposed to determine option

contracting decisions is described in Section 3. Section 4

shows the capabilities of options to hedge against price and

availability risks through two illustrative examples. Sec-

tion 5 concludes the paper. Finally, the multi-stage sto-

chastic problem is formulated in detail in the Appendix.

2 Electricity options

Formally, an option is an agreement which gives the

buyer the right, but not the obligation, to sell/buy a certain

amount of electricity during a specified future time period,

referred to as the delivery period, and at a fixed price called

the strike price. Needless to say, buying an option has an

additional cost (unlike a forward contract) called the option

price, which has to be paid even if the option is not

exercised. Depending on whether an option can be exer-

cised on any business day up to and including the expira-

tion date or only on the expiration date itself, options are

classified into American and European options, respec-

tively [23]. Due to the more flexibility offered by American

options, their option prices are usually higher than those of

European options.

There are two main types of options: calls and puts. A

call option gives its holder the right to buy a given amount

of electricity at the strike price. Conversely, a put option

gives its holder the right to sell a given amount electricity

at the strike price. There are two sides to every option

contract. On one side is the agent that takes the long

position, i.e., it purchases either a put or a call option and

therefore, the right to sell or buy the underlying commodity

at the strike price, respectively. On the other side is the

agent that assumes a short position by selling either a put or

call option and thus undertaking the obligation to buy or

sell, respectively, the underlying commodity at the strike

price as long as the holder of the option exercises it. By

combining both types of options (calls and puts) with both

positions (long and short), the four strategies depicted in

Fig. 1 can be accomplished.
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In Fig. 1, kS
ðoÞ and kO

ðoÞ represent the strike price and the

option price, respectively. Likewise, kP stands for the pool

price of electricity. Observe that the two long positions

limit the possible financial losses to the option price, thus

representing the typical behavior of a risk-averse agent. On

the other hand, the short positions, correspond to risk-taker

agents since in exchange for a given premium, they are

willing to assume the risk of the agent that buys the

option.

From a hedging perspective, the most relevant feature of

options is the delay existing between the time in which the

option is signed and its exercising date. The realization of

the uncertain parameters between these two decision points

allows the option holder to better characterize the uncertain

parameters during the option delivery period to decide in

an informed manner whether or not to exercise the option.

Two illustrative situations are described below.

Firstly, to evaluate how a put option is used to hedge

against the pool price risk faced by a power producer, we

consider that the generating unit owned by the power

producer does not fail. Besides, we assume that the reali-

zation of high/low pool prices prior to the exercising time

of the option will lead to high/low pool prices during its

delivery period. In that case, if electricity prices become

high before the expiration date, the producer decides not to

exercise the option so as to sell its production in the pool at

higher prices. On the other hand, falling pool prices

between the purchase and the exercising time of the option

would encourage the power producer to exercise the put

option to sell electricity at the pre-specified strike price,

which will be probably higher than the average pool price

realization during the delivery period of the option. In this

way, the acquisition of the put option allows the producer

to hedge against the risk corresponding to the high volatile

prices.

Secondly, we analyze how a call option to buy elec-

tricity reduces the availability risk of power producers.

Considering that a power producer has signed a forward

contract to sell electricity and a call option to have the right

to buy electricity during the same delivery period. In that

case, if the generating unit owned by the producer fails just

before the delivery period of both contracts and the pool

price is expected to be high, the producer can exercise the

call option to buy electricity. This way, the producer can

comply with its contracting selling obligation by buying

the electricity through the call option at the strike price,

which will be probably lower than the average pool price

during the delivery period. On the other hand, if either the

generating unit does not fail or the pool prices are expected

to decrease below the strike price, the call option is not

exercised.

The two situations above are representative of how

options can be used to reduce both the price and the avail-

ability risks faced by power producers. Note, however, that

the flexibility provided by options involves the payment of

the option price, which has to be paid by the producer

regardless of whether or not the option is exercised. There-

fore, a power producer has to decide, the acquisition of a put/

call option given its strike and option prices according to the

pool price variability, its availability parameters and risk

aversion level. Note also that while forward contracts and

insurances are derivatives that reduce either the price or the

availability risk, respectively, electricity options are finan-

cial derivatives that can be used by power producers to hedge

against both price and availability risk.

3 Model analyses

3.1 Assumptions

The following simplifying assumptions are considered

to formulate a multi-stage stochastic model to determine

the optimal forward and option contracts for a risk-averse

power producer:

1) The generating units owned by the power producer are

dispachable thermal units, whose cost is modeled by a

piecewise linear function.

2) The power producer can sell its production in the pool

at volatile prices, or at fixed prices through forward

Loss
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Fig. 1 Profit from positions in European options
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contracts or options in the future market. For the sake

of clarity, the arbitrage between these markets is

avoided in the proposed model.

3) Option and forward contract prices are not affected by

the decisions of the power producer, which is assumed

to behave as a price-taker.

4) Two uncorrelated sources of uncertainty are consid-

ered, namely the pool price and the availability of

generating units. These stochastic parameters are

characterized by a scenario tree.

5) Although both physical and financial options are

available in electricity markets, due to the energy-

oriented approach of this paper, all considered options

imply the physical delivery of the energy.

6) The power producer is assumed to be risk-averse and

therefore, only the purchase (not the selling) of put and

call options are considered.

3.2 Decision framework and uncertainty description

Decisions related to electricity options are made at dif-

ferent stages. Firstly, the producer has to decide whether or

not to sell/buy electricity through a given option, and

subsequently, if the option has been purchased, the pro-

ducer has to decide whether or not it is exercised. Since we

consider European options, this second decision has to be

made on a given date. Therefore, the study horizon is

naturally divided into two periods and three stages, as

shown in Fig. 2.

In two-stage stochastic problems, some decisions (here-

and-now decisions) are made before the uncertain param-

eters are known; while other decisions (wait-and-see

decisions) are delayed until the uncertain outcomes are

disclosed [24]. A model for dealing with multi-stage

recourse problems, in which this ‘‘decide-observe-decide’’

pattern is repeated more than once, is therefore proven to

be an effective mathematical tool to determine option

purchases in electricity markets.

The choice of a multi-stage stochastic programming

framework to model options does not only modify the way

in which variables and constraints are defined, but also

changes the method to generate the scenarios representing

the uncertain parameters involved in the model. That is, the

knowledge of the realization of a stochastic process during

Period 1 has to be properly accounted for to produce the

scenario set representing the uncertainty of that stochastic

process during Period 2.

In this respect, Fig. 3 shows an illustrative scenario tree

for a three-stage stochastic problem. Each branch repre-

sents the realization of the stochastic processes between

two consecutive stages. For example, every branch

between Stages 1 and 2 corresponds to a possible realiza-

tion of the pool price and the unit availability during Period

1. Likewise, nodes correspond to the decisions to be made

at each stage.

The three-stage stochastic programming model consid-

ered in this paper is described in a precise mathematical

form in the Appendix.

In short, availability scenarios are built as follows:

firstly, a scenario set representing the availability of the

generating units during Period 1 is generated according to

the procedure explained, as shown in [25]; then, for each

scenario generated for Period 1, a new availability scenario

set for Period 2 is built considering the status of the unit in

the last hour of Period 1 as its initial status at the beginning

of Period 2.

Likewise, pool price scenarios are built as follows: a

scenario set representing the pool price during Period 1 is

generated, for instance, using an ARIMA model adjusted

using historical data [26]. Then, the values of each pool

price scenario for Period 1 are taken as certain and intro-

duced into the ARIMA model to generate each scenario set

for Period 2. This way, it is more likely that a scenario of

high/low pool prices during Period 1 gives rise to a sce-

nario set of high/low prices during Period 2.

4 Example

This section is devoted to explaining how put and call

options reduce both the price and the availability risks

faced by power producers using two illustrative examples.

Stage 1 Stage 2 Stage 3

Period 1 Period 2

Fig. 2 Time horizon and stages for option contracting

Stage 3Stage 2Stage 1

Period 1 Period 2

Fig. 3 Three-stage scenario tree for option contracting
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In Example 1, a non-failing generating unit is considered to

show the advantages of selling electricity through a put

option in order to reduce the price risk. In Example 2, we

explore the possibility of hedging against the availability

risk using a call option to buy electricity.

For the sake of simplicity, the study horizon covers two

hours in both cases. Moreover, for both put and call

options, the decision framework (depicted in Fig. 4) is

identical. At the beginning of the study horizon, and facing

the uncertainty involved in the model for the following two

hours, the power producer has to decide whether or not to

acquire a given option whose delivery period spans Hour 2.

Then, depending on the realization of the uncertain

parameters during Hour 1, the power producer has to

decide whether or not to exercise the option at the begin-

ning of the second hour. For illustration purposes, the

power producer only owns one 100-MW generating unit

with a linear cost of 12 €/MWh and zero minimum power

output.

4.1 Example 1: put options to hedge against price risk

The aim of this first example is to illustrate how put

options can reduce the price risk faced by power producers.

For the sake of simplicity, a failure free generating unit is

considered. The variability of the pool price throughout the

two-hour study horizon is characterized by the four sce-

narios, as depicted in Fig. 5, where the price realization is

indicated in each branch followed by the associated prob-

ability in parentheses. Note that the realization of high/low

prices during Hour 1 gives rise to the high/low prices

during Hour 2.

In order to highlight the major features of an option as a

mechanism to hedge against price risk, we consider the

following three cases:

1) The power producer sells all its production in the pool

at variable prices. In this case, the producer does not

sell electricity during these hours in which the pool

price happens to be lower than its production cost, i.e.,

12 €/MWh.

2) The producer sells its production through a forward

contract that spans the second hour of the study

horizon. During the first hour, the producer still has to

sell its electricity in the pool at variable prices. In

order to obtain unbiased results, the price of the

forward contract is set to the average pool price during

the second hour, i.e., 18.75 €/MWh.

3) The producer acquires a put option to sell 100 MW

during the second hour. The strike price of the option

is also set to 18.75 €/MWh. However, regardless of

whether the option is exercised or not, the producer

has to pay the option price, which is assumed here to

be equal to 1 €/MWh for illustration purposes. As

opposed to selling electricity through forward con-

tracts, which necessarily implies the delivery of the

agreed power level, the put option allows the producer

to postpone its decisions related to the sale of its

production until additional information becomes avail-

able. Being so, the producer exercises the option if the

price during the first hour comes down to 17 €/MWh

since prices during the second hour are foreseen to be

lower than the strike price of the option (18.75 €/

MWh). On the other hand, if the price during the first

hour happens to be 23 €/MWh, the option is not

exercised in the hope of selling the production at

prices higher than the strike price during the second

hour.

Table 1 provides the profit distribution as well as the

expected profit for the three cases described above.

Observe that even though the strike price of the put option

is equal to the average pool price and the price of the

forward contract, the power producer obtains the highest

expected profit if its production in Hour 2 is sold through

the put option. Note that for scenarios x1 and x2, the

producer makes a profit almost as high as that obtained if

the production is directly sold in the pool by not exercising

the option. The difference between both profits is due to the

cost of the option. On the other hand, the producer exer-

cises the option for x3 and x4, thus obtaining a profit

almost as high as that achieved if its production is sold

through the forward contract. Again, the difference

between both profits stems from the cost of the option.

   Exercise 
the option?

   Acquire 
the option?

Hour 1 Hour 2

Fig. 4 Decision framework (Example)

23 (0.5)

17 (0.5)

Hour 1 Hour 2

25 (0.5)

22 (0.5)

18 (0.5)

10 (0.5)

Fig. 5 Pool price scenario tree (Example 1)
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Observe that selling electricity through a put option allows

the power producer to include additional information (pool

price during Hour 1) into its decision process to obtain a

higher expected profit, and thus hedging against price

risk.

Note that the expected profit improvement achieved by

the producer if the option is acquired is due to two reasons.

The first reason is the fact that, unlike forward contracts,

options themselves allow the producer to postpone its

selling decisions. The second reason is that the procedure

to generate scenarios that characterize the stochastic pro-

cess involved (the pool price in this example) can use the

information revealed during the first hour to generate more

accurate price scenarios for the second hour, i.e., high/low

prices during the first hour lead to high/low prices during

the second hour. If this condition is not satisfied, postponed

decisions would be made without new information and

therefore, the acquisition of the put option to sell electricity

would be pointless.

For illustration purposes, the results presented in this

section have been obtained by fixing the electricity sold in

the pool, through the forward contract, or the put option to

the capacity of the generating unit for each case. However,

in real-world cases, the optimal strategy would involve the

combined participation of the power producer in these

three markets. The optimal quantities to be allocated in

each market are computed by solving the multi-stage sto-

chastic programming (A1a)–(A1r) provided in the

Appendix A.

4.2 Example 2: call options to hedge against

availability risk

In this example, we consider a call option that allows a

generating unit subject to failure, in exchange for the

option cost, to decide whether or not to buy electricity at

the strike price during the second hour of the study horizon.

Exercising the option depends on the realization of the

stochastic processes during Hour 1, i.e., the pool price and

the unit availability.

To characterize the pool price during the two-hour

horizon, the four price scenarios depicted in Fig. 5 are

considered. Moreover, the MTTF (mean time to failure)

and the MTTR (mean time to repair) of the generating unit

are equal to 2 h and 1 h, respectively. According to these

values, Fig. 6 provides the availability scenario tree of the

unit during the study horizon considering that the unit is

initially online. A relevant observation that can be made

from this figure is the effect of the unit status during the

first hour on the probability that the unit is forced out

during the second hour. That is, the probability that the unit

is forced out during Hour 2 is equal to 0.26 or 0.41

depending on whether or not the generating unit is avail-

able during Hour 1, respectively.

Note that a producer that sells its production in the pool

during the two hours of the study horizon does not have

any contracting obligation to sell electricity. In contrast, as

previously discussed, selling electricity through a forward

contract necessarily involves the purchase of the agreed

energy in the pool during those time steps in which the

generating unit is forced out. For this reason, in this

example, we consider a power producer that sells its pro-

duction through a forward contract spanning the second

hour, whose price is fixed to the average pool price during

this period (18.75 €/MWh), and that evaluates the possi-

bility of acquiring a call option to reduce the financial

losses associated with unexpected unit failures. In doing so,

if scenarios characterized by unit failures and high pool

prices are likely, the producer generally exercises the

option to buy electricity at a lower price. In this example,

the option strike price is set to be 15 €/MWh (a price higher

than the unit production cost and lower than the forward

contract price) and its option price is set to be 0.1 €/MWh

for illustration purposes.

The probability mass functions of the producer profit

with and without a call option are shown in Fig. 7. We

observe that the call option eliminates the possibility of

having negative profits without significantly changing the

probabilities of occurrence of the highest profits of the

distribution. This is so because the producer exercises the

option if in the first hour the price is equal to 23 €/MWh

Table 1 Producer profit distribution (Example 1)

# Scenario Pool Forward Option px

x1 2,400 1,775 2,300 0.25

x2 2,100 1,775 2,000 0.25

x3 1,100 1,175 1,075 0.25

x4 500 1,175 1,075 0.25

�P(€) 1,525 1,475 1,612.5

Note: px is the probability of occurrence of scenario x; �P is the

average of the total producer profit

Hour 1

1 (0.74)

0 (0.26)

Hour 2

1 (0.74)

0 (0.26)

1 (0.59)

0 (0.41)

Fig. 6 Availability scenario tree (Example 2)

106 Salvador PINEDA, Antonio J. CONEJO

123



and the unit is unavailable. Moreover, the producer

expected profit obtained depending on whether or not the

call option is signed is €1,077.5 and €1,065.2,

respectively.

In short, this example illustrates that the acquisition of a

call option can reduce the availability risk of generating

units by allowing a power producer to sell contracting

obligations to buy electricity at a fixed price, when there

exists a high probability of suffering from unexpected unit

failures.

As in the previous example, the quantity corresponding

to the call option is fixed to the capacity of the generation

unit for the sake of illustration. It is therefore worth men-

tioning that the optimal amount of call options to be

acquired by a power producer to hedge against its avail-

ability risk should be determined by solving the optimi-

zation model (A1a)–(A1r) provided in the Appendix.

5 Conclusion

Power producers face uncertainties related to price

variability and production availability when trading in

electricity markets. Thus, power producers must make their

decisions not only to maximize the expected profit but also

to reduce the profit variability caused by the uncertainty

involved. While hedging against price risk through forward

contracts increases the availability risk due to unexpected

unit failures, electricity options allow producers to delay

decisions on selling or buying a given amount of electricity

at a fixed price until the beginning of the delivery period of

the option. This postponement gives the holder of the

option additional information to make better decisions.

Two illustrative examples are employed in this tutorial

to explain how the acquisition of both put and call elec-

tricity options reduces the price and availability risks faced

by power producers, respectively. Besides, the compre-

hensive three-stage stochastic formulation required to

determine the optimal option contracting strategy of a risk-

averse power producer is provided in the Appendix A.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

Appendix A

Formulation

The multi-stage stochastic formulation of the risk-con-

strained profit maximization problem for a power producer

to decide on forward and option contracts is described as

follows:

max n� 1
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Fig. 7 Probability mass functions (Example 2)
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where px is the probability of occurrence of scenario x; n
is the auxiliary variable used to calculate the CvaR; a is the

risk aversion level of the power producer; gx is the aux-

iliary variable used to calculate the CvaR; Px is the total

producer profit in scenario; PP
x is the pool revenue of the

producer in scenario x (€); PF is the forward contract

revenue of the producer (€); PO
x is the option revenue of

the producer in scenario x (€); kP
xt is the pool price in time

step t and scenario x (€/MWh); PP
xt is the power sold in the

pool in time t and scenario x (MW); Lt is the duration of

time step t (h); kc is the energy price of forward contract

c (€/MWh); Pc is the power sold through forward contract

c (MW); Lc is the duration of forward contract c (h); lo is

the parameter equal to 1 if option o is a put option, and to

-1 for a call option; yxo is the binary variable that is equal

to 1 if the producer exercises the option o in scenario, and

0 otherwise; kS
o is the strike price of put/call option contract

o (€/MWh); kO
o is the option price of put/call option con-

tract o (€/MWh); Po is the power traded through put/call

option contract o (MW); Lo is the duration of put/call

option contract o (h); CG
x is the total production cost in

scenario x (€); Ai is the coefficient of the cost function of

unit i (€/h); uixt is the binary variable equal to 1 if unit i is

online during time step t and scenario x; kib is the slope of

the bth power block of unit i (€/MW); PG
ixtb is the power

generated from the b-th power block of unit i in time step t

and scenario x (MW); b1 is the first block in which the cost

generation function has been approximated by a piece-wise

linear function; PG
ixt is the production of unit in time t and

scenario x (MW); Pmin
i is the minimum power output of

generating unit i (MW); Pmax
i is the capacity of generating

unit i (MW); kixt is the availability of unit i in time step t

(1 if available and 0 otherwise); Ft is the set of forward

contracts c available during time step t; Ot is the set of

option contracts available during time step t; SðxÞ is the

scenario set with uncertain parameter values for Period 1

equal to those corresponding to scenario x.

Objective function (A1a) is the Conditional Value-at-

Risk (CVaR) of the profit probability distribution of the

producer for a confidence level a [27]. The CVaR for a

confidence level a of a profit distribution is defined as the

conditional expectation of the values of the probability

distribution lower than the a-quantile. In other words, the

CVaR represents the expected value of the (1 - a)% worst

profits. Namely, the CVaR for a = 0 corresponds to the

expected value of the entire distribution. Likewise, if

a = 0.9, the CVaR is determined as the average value of

the 10% lowest profits.

Equation (A1b) expresses the total profit achieved by the

producer in each scenario x Pxð Þ as the sum of the rev-

enue obtained in the pool PP
x

� �
, the revenue from forward

contracts PF
� �

and the option revenue PO
x

� �
minus the

production cost (CG
x). Equation (A1c) expresses the profit

in the pool as the summation over all time periods of the

pool price times the power sold times the period duration.

The revenue corresponding to forward contracts is calcu-

lated in (A1d) as the summation over all contracts of the

contract price times the power sold times the contract

duration. The option revenue of (A1e) has two terms. The

second term corresponds to the cost of the option, which

has to be paid regardless of whether or not the option is

exercised, and that is computed as the product of the option

price times, the option power times and the contract

duration. The first term corresponds to the option revenue

that is computed as the strike price times, the option power

times and the contract duration times, a binary variable

(yxo) that is equal to 1 if the option is exercised, and to 0

otherwise. As stated by (A1f), the production cost is equal

to the summation over time and over production units of

the no-load cost plus the variable cost, being this variable

cost approximated through a piecewise linear function.

Constraint (A1g) defines the generated power as the

minimum power of each unit plus the summation over the

production blocks b of the generated power in each block.

The power generated by each unit is bounded below and

above by its minimum power output and its capacity,

respectively, through constraint (A1h). Note that if a unit

suffers an unexpected failure (kixt ¼ 0), its power output is

equal to 0 MW. Additionally, (A1i) and (A1j) bound each

block b. Constraint (A1k) enforces that the generated

power is equal to the power sold in the pool, through

forward contracts, and through option contracts. The

arbitrage between the pool and the futures market (forward

contracts and options) is avoided by using constraints

(A1l) and (A1m). Constraint (A1l) enforces that the pro-

ducer can only buy electricity in the pool during those time

periods in which one of its production unit is forced out.

Likewise, (A1m) enforces that the generated power plus

the power bought through call options cannot be higher

than the total capacity of the generating units. To maxi-

mize the CVaR of the profit distribution, (A1n) is needed.

Constraint (A1p) is non-anticipativity conditions which

impose that decisions regarding the exercise of options

depends on scenario realizations during Period 1, but they

are unique regarding decisions throughout Period 2. Con-

straints (A1q) and (A1r) are positive and binary variable

declarations, respectively.
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