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Abstract

An electric energy producer participates in futures markets in the hope of hedging the risk
of trading in the pool. However, this producer is required to supply the energy associated
with all its signed forward contracts even if some of its units are forced out due to unex-
pected failures. In this case, the producer must purchase in the pool some of the energy
needed to meet its futures market commitments, which may result in high losses if the pool
prices happen to be higher than the forward contract prices. To mitigate these losses, the
producer can take out insurance against the forced outages of its units. Using a stochastic
programming model, this paper analyzes the convenience of signing an insurance against
unit failure by an electric energy producer and its impact on forward contracting decisions.
Results from a realistic case study are provided and analyzed.
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1. Introduction

A power producer can sell all its production in the pool facing the financial risk inherent
to pool price volatility. On the other hand, it can sell its energy through forward contracts
in order to hedge against price variability. However, if some of the production units falil, it
should buy in the pool the energy to meet its contracting selling obligaiineda et al.
(2009. If the pool price is high when some production units are forced out, the financial
losses can be significant. Hence, there exists a risk associated with the possibility of unit
failure. In order to hedge against this risk, the producer can take out an insurance contract.

If an insurance contract is signed, the insurer (seller of the insurance) receives a certain
premium (an amount agreed beforehand) at the beginning of the contract period, but later it
should pay the insured (buyer of the insurance) an amount equal tdfidwedce between
the pool price and the strike price (a price agreed beforehand) times the insured power
times the number of hours in the periods in which the pool price is higher than the strike
price and one or several units are forced out.

Therefore, the producer should both determine the optimal mix of pool and futures
market participation and decide whether or not to sign the insurance contract, taking into
account the pool price volatility, the forced outage rate of its units and the characteristics
of the forward and insurance contracts. The forced outage rate (FOR) is defined as the
percentage of hours that a production unit is nonfunctional due to unplanned failures.

In order to address this problem a two-stage stochastic programming model is proposed
to take into account the uncertainty associated with pool prices and unit availability. The
objective function of the model is to maximize the Conditional Value at Risk (CVaR) of
the profit distribution with a confidence lewet, which represents the risk aversion of the
producer.

In referenceKihlstrom (1982 andWang and Yand200€), insurance contracts are



analyzed as financial instruments. In these papers, game theory and equilibrium models
are used to calculate the parameters defining the insurance contract between insurer and
insured. Within an electricity market framework, Braun and Lai(2006 the authors
summarize the risks that energy companies face and analyze which ones of these risks
can be covered by insurances. Refereritmsey and Russef200]) andFumagalli et

al. (2009 propose the use of a certain type of insurance for enhancing the reliability of
supply to consumers, whose aim is to allocate the risk of forced outages to the distribution
provider, rather than to the consumerJiang et al(200€) an insurance against financial
losses caused by generation forced outages is presented.

Within the above context, the aim of this paper is to analyze filee®of the possibility
of signing an insurance contract on the decisions of an electric energy producer. In this re-
gard, this paper presents a novel stochastic programming model to calculate the maximum
premium that the producer is willing to pay for a given insurance contract andffer-di
ent values of risk aversion and forced outage rates of the production units. This critical
premium is compared with the minimum premium that the insurer is willing to receive for
the same insurance contract.

The remaining of this paper is organized as follows. Sec@a®scribes the model
considered, including a characterization of the energy production units, the pool, the for-
ward contracts, the insurance contract and the treatment of scenarios. 3gutimdes
the formulation of the problem for a producer, a discussion about the critical premium and
the formulation of the problem of an insurer. Sectgives results from a comprehen-
sive case study. Sectid@provides some relevant conclusions. Finally, the notation used

throughout the paper is provided in the appendix.



2. Model

2.1. Generating unit

For the sake of simplicity, an electric energy producer owning a single production
unit is considered. This generating unit is characterized by a production capacity and a
quadratic cost function which is approximated by a set of piecewise linear bk
and Conejo(2000). The availability scenarios of the unit are generated simulating the
time between two consecutive failures and the repair time using exponential distributions
with mean values of MTTF (mean time to failure) and MTTR (mean time to repair), re-
spectivelyPineda et al(200§ andBillinton and Karki(1999. Each availability scenario
is a vector which contains a 0 or a 1 in the position corresponding to each time period

representing whether or not the unit is forced out.

2.2. Pool

An ARIMA model is used to generate pool-price scenarios &anejo et al(2005).
Hourly pool prices throughout the considered study horizon are grouped in periods of
different durations, which results in a reduced number of periods to characterize the pool
prices in each scenariBineda et al(2008. This constitutes an adequate trafié@tween

computational tractability and model accuracy.

2.3. Scenario building

In order to represent all possible realizations of the random variabledficiently
large number of availability and pool price scenarios is generated. Then, a scenario-
reduction technique is used to achieve tractability while maintaining most of the char-
acteristics of the original scenario sBtneda et al(2008).

Firstly, pool price scenarios are reduced considering that the generation unit does not

fail and secondly, availability scenarios are reduced. Then, all pool price scenarios per-
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taining to the first reduced set are combining with all availability scenarios of the second
reduced set. Finally, this set of combined scenarios is reduced again.

Each scenario is made up of three vectors. The first one contains a 0 or a 1 for each time
period and represents the availability of the unit. It should be noted that the availability of
each period is computed as the average value of the hourly availability values pertaining
to that period. If this average isftirent from O or 1, it is rounded to one of these two
values. The second vector are the pool prices throughout the study horizon and the third

vector contains the duration in hours of each time period.

2.4. Futures market

A producer can participate in the futures market selling energy through forward con-
tracts. From a producer perspective, a forward contract consists in selling a certain power
quantity (e.g., 100 MW) during a given time period (e.g., next month) at a constant price
(e.g., 20€/MWh). For the sake of simplicity, it is assumed that the price of each forward
contract does not depend on the amount of power sold and that there is a cap on the power
sold through each forward contract. Note that a forward contract is a hedging instrument
against pool price volatility since it has a stable energy pkizesman et al(2008§. How-
ever, selling all the production through forward contracts entails a risk associated with the

possibility of unit failuresPineda et al(200§).

2.5. Insurance contracts

An insurance contract is a financial instrument whereby the insured receives a certain
quantity from the insurer if financial losses associated with production forced outages
occur. In exchange, the insured pays a certain premium to the insurer at the beginning of
the time period covered by the insurance. Usually two conditions must be met so that the
insurer has the obligation to pay to the insured: the production unit is forced out and the

pool price is higher than a strike price, which is agreed in advance.
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Figure 1:Insurance Contract.

For further clarity, Figurél presents an illustrative example of an insurance contract.
In this figure pool prices during three days are depicted. During this time horizon the unit
is forced out from hour 40 to hour 50 (light gray area). If the producer has signed a forward
contract for these periods and its production unit fails, it has to buy the energy in the pool
to meet its selling obligations. However, if the producer has signed an insurance contract,
the insurer has to pay to the producer thi#ailence between the pool price and the strike
price (80€/MWh in this case) in all the periods in which the two conditions below are
met: the pool price is higher than the strike price and the production unit is forced out. In

Figurel the darker gray area represents the amount per each MW of the insured power
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that the insurer should pay to the producer. Mathematically, the amount that the insurer

pays to the producer in each scenario is

D, =P ) Li(Af, - ). (1)

teG,,

The insurance contract used in this study is defined by a premium, a strike price and a
insured power level. There exist more complex insurance arrangements that include other
conditions like a maximum payment by the insurer or a deductible capacity, that is, the
insurer does not pay if the total outage capacity is smaller than this deductible capacity,
Jiang et al(2006).

The decisions made by the producer and the insurer depend on non-negotiable and
negotiable variablesliang et al(2006). In this study, non-negotiable variables are pool
prices and the availability of the production unit because they are out of the control of
both the insurer and the insured. On the other hand, the strike price, the premium and the
insured power level are negotiable variables because both parties have to agree in their

values for the insurance contract.

2.6. Decision Framework

The producer has to make two decisions: forward and insurance contracting, which are
made at the beginning of the time horizon considered, and pool trading, which is decided
throughout the study horizon, that is, knowing the realizations of the stochastic processes.
Day-ahead decisions are considered to be made with perfect information with respect to
pool prices and unit availability since the level of uncertainty involving day-ahead pool
decisions is much smaller than that of futures market and insurance decisions.

The proposed tool is run at the beginning of the time horizon in order to decide the
forward and insurance contracting. However, if new forward or insurance contracts are

available in the future, the proposed tool can be run again for the new time horizon, and
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so on. Needless to say, optimal decisions for new contracts should be made taking into

account all previous contracting decisions.

3. Problem formulation

Firstly, the problem formulation of the power producer is presented and explained.
Then, the calculation of the maximum premium that this producer is willing to pay for a
given insurance contract is discussed. Finally, the problem of the insurer and the calcula-

tion of its minimum premium is presented.

3.1. Producer problem

The stochastic programming problem for the producer owning only one generating

unit is:
Maximizqotcib’ PP Po. U, 8.0, 7
L
- 1-a° ;ﬂwﬂw (2)
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The objective function2) consists in maximizing the CValRockafellar and Uryasev
(2000). Different risk aversion situations can be simulated by changing the value of the
confidence levet”. If aP = 0 the value of the CVaR is equal to the expected profit over all
scenarios, leading to the risk neutral case. On the other hand, the most risk averse situation
is achieved for a value af” approaching 1, because this case corresponds to maximizing

the profit for the worst possible scenario. Therefore, the higher the value of the confidence

Constraints3) define the total power produced by the unit at each time period and for
each scenario. To better understand previous constraint, FAglv@ws a piecewise linear
production cost of a generating unit. Constraid)sand ) enforce the production limit of

each block of the piecewise linear production cost that is considered. For each time period



and scenario, each constraifif éxpresses that the energy produced by the unit is equal to
the energy sold in the pool plus the energy sold through forward contracts. Consffaints (
and B) enforce the generating limits of the unit at each time period and for each scenario.
Through constraint®] the arbitrage between the pool and the futures market is explicitly
eliminated for the sake of clarity. ConstraintsJ) impose a cap over the power sold
through each forward contract. Constrairitd)(allow limiting the financial risk through

the CVaR. Constraintd.0)-(14) are positive variable declarations and constraiti-(16)

are binary variable declarations.
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Figure 2:Piecewise linear production cost of a generating unit.
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If variable s is equal to 1, the producer is willing to p&, for the insurance contract.
In this case, the premium is deducted from the profit of each scenario, while the devolution
defined byl) is added to the profit of each scenario.

Note that problem2)—(16) is a mixed-integer linear programming model that can be

solved using commercial branch and cut software.

3.2. Critical premium

The strike price, the insured power level and the premium are negotiable parameters
of an insurance contract. In this respect, the producer is willing to pay up to a maximum
amount €ritical premiumn) in exchange for an insurance contract with a given strike price
and insured power level. The producer buys the insurance if its premium is lower than
the critical premium, and does not otherwise. If the producer is risk neutral, the value
of the critical premium is equal to the expected repayment due to the insurance contract
(252'1 n,D,). However, if the producer is risk averse, this value cannot be calculated
directly. A novel technique to determine the critical premium via stochastic programming
is presented in this paper.

In order to illustrate how the objective function (CVaR) changes with the value of the
premium of the insurance contract, two situations are considered depending on whether
or not the producer signs the insurance contract. Consider first that the producer signs the
insurance contract for all values of the premium, sgis fixed to 1. For this case, the profit
distribution of all scenarios can be decomposed into one stochastic term, independent of

the premium, and a constant (the premium of the insurance contract):
Profit, = Profit, — M,. (17)

Note that the CVaR is a coherent measure of #&kyg (2000, and therefore is positively
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homogeneous, i.e.,
CVaR,(Y +c¢) = CVaR,(Y) +¢c, (18)

whereY is a random variable anda constant.
Therefore, taking into accouritT) and (L8), a variation of the premium equal 1oV,

involves a variation o£AM, in the value of the CVaR of the profit distribution, i.e.,
CVaR, (Profit) = CVaR,(Profit — M,) = CVaR,(Profit) — M;.

Consequently, if the insurance contract is signed, the variation of the CVaR with the pre-
mium is linear with a slope equal tel (CVaR in Figure3).

On the other hand, consider that the producer does not sign the insurance contract
for any premium. In this case the value of the CVaR is independent of the value of the
premium (CVaR in Figure3). Since the objective of the producer is to maximize the
value of the CVaR, the producer signs the insurance contract if the premium is lower than
the value of the premium at the intersection of both lines because the value of the CVaR of
case 1 is higher than the value of the CVaR of case 2. For the same reason, if the premium
is higher than the value of the premium at the intersection, the producer prefers the value
of the CVaR of case 2, that is, not to sign the insurance contract. Therefore, the value of
the premium corresponding with the intersection of both lines is the critical premium, i.e.,
if the premium is lower than this value the producer signs the insurance contract and it
does not otherwise.

Mathematically, the critical premium of the producé4T) is calculated solving two
problems. For problem 1 it is assumed that the producer signs the insurance contract
(s =1). If the premium is equal to zero, the corresponding objective function of problem

1 is denoted by CVaR As the premium increases while enforcigg= 1, the objective
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Figure 3:CVaR of the producer versus the premium of the insurance contract.

function of problem 1 decreases as follows:
CVaR = CVaR - M,. (19)

For problem 2 it is considered that the producer does not sign the insurance captzact (

0). In this case the objective function is denoted by C¥/add is independent of the

premium, that is:

CVaR, = CVaR.. (20)
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The critical premium is the value of the premium that makes equal the values of,CVaR

and CVaR, that is:

CVaR = CVaR,
CVaR, - M[* = CVaR,
M = CVaR, - CVaR,. (21)

Note that CVaR is always higher than or equal to CVaR

3.3. Insurer

In addition to the decision making model for the producer, a model is proposed below
to maximize the utility of the insurer for a given insurance contract, pool prices, and avail-
ability scenarios of the insured unit. The utility of the insurer is modeled as the value of
the CVaR for a given risk aversion level represented by the parawaet@o calculate the
CVaR of the profit distribution of the insurer considering that the insurance is signed, the

following maximization problem is solved:

Maximize;, ,,
1
- 22
- ; TwPw (22)
subject to
-M +D,+é-p, <0, Vw (23)
P0=>0, VYo (24)

Note that in problem22)—(24) the insurer does not make any decision. The aim of

this optimization problem is to calculate the CVaR of the profit distribution of the insurer.
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The profit of the insurer in each scenasias equal to the value of the premium minus the
devolution that the insurer has to pay to the producer during the periods in which the unit
IS unavailable and the pool price is higher than the strike price.

Similarly as the critical premium for the producer, the insurer has a minimum premium
for a given insurance contract. Figudeshows CVaI% and CVaFg representing the varia-
tion of the CVaR of the insurer with the premium if the insurance contract is signed or not,
respectively. If the insurance contract is signed the change of the CVaR with the premium
is linear, with slope equal to 1 (CVgRn Figure4), because the CVaR is a positively ho-
mogeneous metric. If the insurer signs an insurance contract with a premium equal to 0,
the profit of the insurer in each scenario is negative because the insurer has to pay to the
producer when its unit fails and the pool price is higher than the strike price, but the insurer
does not receive any income in exchange. For this reason, the CVaR of the distribution
of the profit has a negative value. If the insurance is not signed, the value of the CVaR is
always equal to 0 because there is no profit associated with any scenarioy(i@\Egure
4).

Likewise to the case of the producer, the objective of the insurer is to maximize the
CVaR of its profit distribution. Therefore, if the premium is lower than the value of the
premium at the intersection of both lines, the insurer does not sign the insurance contract
because the CVaR of case 2 is higher than the CVaR of case 1. On the other hand, if the
premium is higher than this value, the insurer signs the insurance. Thus, the intersection
between these two lines defines the value of the critical premium of the insurer.

In order to calculate mathematically the critical premium, a single problem is solved.
In this problem the premium of the insurance contract is equal to 0 and the value of the

objective function is called CV4R If the insurance is signed, the variation of the CVaR
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Figure 4:CVaR of the insurer versus the premium of the insurance contract.

with the premium is calculated as:
CVaR’ = CVaR; + M. (25)

On the other hand, if the insurance is not signed the value of the CVaR of the insurer is

equal to 0: CVaR = 0.
The critical premium is equal to the value of the premium that make equal the values
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of CVaR and CVaR, that is:

CVaR = CVaR;
CVaR5 + M>* =0
M>* = —~CVaR,. (26)

Note that the value of CVaRs always lower than or equal to 0.

4. Case study

A detailed case study is presented in this section.

4.1. Data

The study reported below is carried out considering a 500 MW unit with a minimum
power output of 50 MW. The quadratic production cost of the unit is approximated by the
set of four piecewise blocks characterized in Tabl& hree FOR values for this unit are

considered: 0, 4 and 8%.

Table 1:Piecewise linear production cost
b 1 2 3 4

Py 1256 250 375 500
A 120 125 13.0 135

The study horizon spans three months, in which 4 forward contracts are available to
the producer. The forward contract data are provided in T2bkhe contracts 1, 2 and 3
expand the first, second and third month respectively. The contract 4 expands the whole

quarter.
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Table 2:Forward contract data
Contract# PT*(MW) A.(€/MWh)

1 100 21.76
2 100 21.61
3 100 21.25
4 50 21.15

The considered insurance contract is defined with a strike price &&/8MWh, an
insured power level of 75 MW and a premium+100,000.

To describe pool price volatility, an ARIMA model is used to generate 300 scenar-
ios. Each scenario consists of 273 values which describes the pool price during the
three months. These 300 scenarios are reduced to 50 using scenario reduction techniques,
Heitsch and Rmisch(2003). These 50 reduced scenarios are depicted in Figundere
the bold line represents the average pool price.

Two groups of 10,000 availability scenarios, for FOR equal to 4 and 8% respectively,
are generated. Using scenario reduction techniques, each set of availability scenarios is
reduced to 200 scenarios. The total number of scenarios after combining all pool price
scenarios with all availability scenarios is 10,000 for each value of FOR. Finally, this
set of combined scenarios is further reduced to 200 final scenarios in order to solve the

optimization problem in a reasonable time.

4.2. Insurance contract decision

If the possibility of signing an insurance contract does not exist, Tapl@vides the
power sold thought each forward contract, the value of the objective function (CVaR),
and the expected profit (EP) forftérent values of the forced outage rate (FOR) and risk

aversion ¢"). Observe that the power sold through forward contracts increases with the
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risk aversion for each value of FOR to hedge against pool price variability. Moreover, the
power signed through forward contracts decreases with FOR for the same valti¢oof
reduce the financial losses associated with unit failures.

In Tableld similar results as in Tabl8 are provided but considering that the producer
has the possibility of signing an insurance contragt 10 €/ MWh, P, = 75 MW and
M, = €100,000). Notice that an extra column has been added containing the value of the
binary variables. This variable is equal to 1 if the producer signs the insurance contract

and O otherwise.
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Table 3:Results without an available insurance contract

® P P, Ps P, CVaR EP
(MW)  (MW) (MW) (MW) (€ million) (€ million)
0 0 0 0 0 11.7 11.7
S 05 0 0 0 0 10.1 11.7
g 08 100 100 100 50 9.2 11.0
L
09 100 100 100 50 8.8 11.0
095 100 100 100 50 8.5 11.0
0 0 0 0 0 11.2 11.2
£ 05 0 0 0 0 9.7 11.2
& 08 100 100 100 50 8.7 10.6
L
09 100 100 100 50 8.3 10.6
095 100 100 100 50 7.9 10.6
0 0 0 0 0 10.7 10.7
g 05 0 0 0 0 9.1 10.7
L 08 O 0 100 0 8.1 10.6
L
09 100 97 100 0 7.5 10.3
095 100 100 100 25 7.0 10.2

Note that for all the cases in which the valuespis equal to O, the results are identical
in Tables3 and4. If the probability of unit failure is null, the producer does not sign
the insurance contract for any level of risk aversion. On the other hand, if the generation
unit can fail (e.g., FOR= 4%) and the risk aversion level is high enough & 0.9), the
producer signs the insurance contract. If the FOR of the unit is high enough, e.g. 8%, the

producer signs the insurance contract for all values of risk aversion. For the cases in which
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Table 4:Results with an available insurance contract

Py P, Ps P, CVaR EP 5
(MW) (MW) (MW) (MW) (€ million) (€ million)

0 0 0 0 0 11.7 11.7 0
g 05 0 0 0 0 10.1 11.7 0
& 08 100 100 100 50 9.2 11.0 0
LL

09 100 100 100 50 8.8 11.0 0

095 100 100 100 50 8.5 11.0 0

0 0 0 0 0 11.2 11.2 0
g 05 0 0 0 0 9.7 11.2 0
L 08 100 100 100 50 8.7 10.6 0
LL

09 100 100 100 50 8.3 10.5 1

095 100 100 100 50 8.0 10.5 1

0 0 0 0 0 10.8 10.8 1
g 05 0 0 0 0 9.3 10.8 1
g 08 O 81 100 0 8.3 10.5 1
LL

09 100 100 100 50 7.8 10.2 1

095 100 100 100 50 7.4 10.2 1

the insurance contract is signed, the value of the objective function (CVaR) is higher than
that without insurance contract.

Observe that the total power sold through forward contracts is higher if the insurance
contract is signed. This fact is analyzed below. If no insurance contract is available,
financial losses occur if the unit fails and the pool price is high. Theses losses are due to

the fact that the producer has to buy energy in the pool to meet its selling obligations. Thus,
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in this case, the higher the power sold through forward contracts, the higher the possible
financial losses associated with unplanned unit failures. For this reason, the power sold
through forward contract decreases as the forced outage rate increases. On the other hand,
if an insurance contract is signed, the financial losses associated with an unplanned outage
decrease because the insurer pays the producer if the unit is forced out and the pool price is
higher than the strike price. Therefore, the power sold through forward contracts is higher
if an insurance contract is signed.

Note that in some cases the insurance contract is signed even if no energy is sold

through forward contracts.

4.3. Calculation of the critical premium for the producer

An example of the calculation of the critical premium as explained in Se@&i?rs
presented below. Data and results for cases 1 and 2 are provided inSTdhléhis ex-
ample, first stage decisions are made solving the stochastic model with a reduced scenario
tree. However, once these decisions are known, the second stage decision are calculated
maximizing the profit of each scenario of the original tree. Therefore, the values of the
CVaR and the expected profit are calculated considering the initial 10,000 scenarios.

The critical premium of the producer according #d)is equal to:
MP* = 8.3582x 10° — 8.0751x 10° = €283 100 (27)

Therefore, if the premium of the insurance contract is higher than this value the pro-
ducer does not sign it.

In a similar way, the critical premium of the producer can be calculated ftardnt
values of risk aversion, forced outage rate, strike price and insured power level. Figure
6 depicts the variation of the critical premium that the producer is willing to pay for the

insurance contract for flerent values of strike price, risk aversion level and FOR. The
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Table 5:Calculation of the critical premium for the producer
Case1lM, =0) Case2l, — =)

FOR (%) 8 8

o 0.8 0.8

A (€/MWh) 10 10

P, (MW) 75 75

S 1 0
Expected profit€)  1.0640x 10’ 1.0595x 10’
CVaRE) 8.3582x 10° 8.0751x 10°

value of the insured power level has been fixed to 75 MW. Observe that the valli of
decreases with the strike price due to the fact that the devolution that the insurer has to pay
to the producer also decreases. Note that the producer is willing to pay a higher premium
for a given level of risk aversion and strike price if the probability of an unexpected failure
increases (higher FOR). Moreover, the higher the risk aversion, the higher the critical
premium.

Figure7 shows the variation of the critical premium of the producer with the insured
power. In this case the strike price is fixed to&MWWh. Note that the higher the insured
power level, the higher the amount that the producer is willing to pay for the insurance

contract.

4.4. Calculation of the critical premium of the insurer

Data and results of the problem to be solved to calculate the critical premium of the
insurer are provided in Tab® Note that the premium of the insurance contract is equal
to €0. Considering26) the critical premium of the insurer is equal +&€VaR, that is,
€302 970.
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Figure 6: Producer critical premium versus the strike price fdfedent values of FOR and risk aversion

(P, = 75 MW).

In Figure8 the critical premiums of the insurer forftkrent values of the risk aversion
(a®) and FOR values are depicted for a value of insured power equal to 25 MW. Observe
that the critical premium decreases with the strike price and increases with FOR as in the

case of the producer. Moreover, the higher the risk aversion level, the higher the critical

premium of the insurer.
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Figure 7: Producer critical premium versus the insured power level fiedint values of FOR and risk

aversion 4, = 106/MWh).

4.5. On insurance bargaining

Two critical premiums are calculated: the maximum premium that the producer is will-

ing to pay for a given insurance contract and the minimum premium at which the insurer is

willing to sell an insurance contract. In Tal¥ghe critical premiums of the producer are

provided for a strike price equal to XYMWh, an insured power level equal to 75 MW,

FOR equal to 8% and several risk aversion levels. T&gbeovides the corresponding

critical premiums of the insurer.
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Table 6:Calculation of the critical premium for the insurer

Case 1, =0)
FOR (%) 8
as 0.5
A (€/MWh) 10
P, (MW) 75
S 1
Expected profit€) -1.7328x 1¢°
CVaRE) ~3.0297x 10°

Table 7:Producer critical premium fot; = 106/MWh, P, = 75 MW and FOR= 8 %
a® 0 0.1 0.3 0.5 0.8 0.9 0.95

MP*(€) 173,275 181,649 196,166 214,615 283,115 358,210 429,855

A given insurance contract is signed if the critical premium of the insurer is lower
than the critical premium of the producer. It is not possible that both agents make a deal
if the maximum amount that the producer is willing to pay for an insurance contract is
lower than the minimum amount imposed by the insurer. Observe that if the value of the
risk aversion of the produceaf) and the risk aversion of the insurerSj are equal, the

insurance contract is not signed in any case. On the other ha#fd=if0.9 ande® = 0.5,

Table 8:Critical premium of the insurer fot; = 106/MWh, P, = 75 MW and FOR= 8 %
s 0 0.1 0.3 0.5 0.8 0.9 0.95

M3 (€) 173,275 192,528 242,071 302,974 454,577 563,779 667,665

26



5 P =25 MW
25X10 .

" FOR =4%
- - ~FOR =4%
—— FOR =4%

i mnnu
©

- - -FOR =8%
— FOR =8%

nw nun nu u unu umn
©O o oo oo
© 0o
Il

Mlg (euro)

)\I (euro/MWh)

Figure 8:Critical premium of the insurer for ffierent values of FOR and risk aversion levels.

for example, the critical premium of the producer (358,Z)0ds higher than the critical
premium of the insurer (302,974&), so both parties can reach a deal.

In Table!9 the diferences betweekl™ and M>* are represented for all considered
values ofe” andeS. If this difference is positive, the insurance contract can be signed.
Likewise, the higher the fierence betweeM™ andM?*, the more likely the agreement
is. If MP* is higher thanv[™, the corresponding entry in the table is 0, i.e., the insurance
contract is not signed.

Observe that the insurance contract is signed for values of the risk aversion of the
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Table 9: MP* - M for A = 106/MWh, P, = 75 MW and FOR= 8 %

o
0 01 0.3 0.5 0.8 0.9 0.95
0O |0 8374 22,891 41,339 109,840 184,935 256,580
010 0 3,638 22,087 90,587 165,682 237,327
030 0 0 0 41,044 116,139 187,785
a®> 050 0 0 0 0 55,236 126,882
08 |0 0 0 0 0 0 0
09 |0 0 0 0 0 0 0
095|0 0 0 0 0 0 0

insurer lower than those of the risk aversion of the producer. This corroborates the fact
that an insurance contract is a mechanism whose aim is to transfer risk from one party
(the producer) to another one (the insurer) in exchange for a certain amount of money (the
premium). Note that the lower the risk aversion of the insurer, the higher ffezatice

MP* - M3, and therefore the higher the possibility that a deal is reached between both

parties.

5. Conclusions

This paper presents a methodology to study the convenience of signing an insurance
contract by a power producer to reduce the financial risk associated with failures of the
production units when trading in electricity futures and pool markets.

Contracting an insurance reduces the financial risk associated with the failures of the
production units and allows the producer to sell a higher amount of energy in the futures

market. It is shown that the higher the risk aversion or the FOR of the producer, the higher
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the amount that the producer is willing to pay for a given insurance contract.

Additionally, it is shown that the insurance contract is signed if the risk aversion of

the insurer is lower than the risk aversion of the producer, corroborating that an insurance

contract is a financial mechanism to transfer risk from one agent to another.

A. Notation

Continuous variables

G
th

G
Pta)b

Pt
Pc

¢

Nw

Pow

Power generated by the unit during pertaahd scenaria (MW).

Power generated with tHeth power block of the unit during periadand scenario

w (MW).
Power traded in the pool during peribdnd scenaria (MW).
Power sold through forward contrac{MW).

Auxiliary variable related to the Conditional Value at Risk (CVaR) of the profit
distribution of the producer).

Auxiliary variable in scenaria@ related to the CVaR of the profit distribution of the

producer €).
Auxiliary variable related to the CVaR of the profit distribution of the insux. (

Auxiliary variable in scenarie related to the CVaR of the profit distribution of the

insurer €).

Random variables

ki

A

Unit status in period, 1 if available and 0 otherwise.
Pool price in period (€/MWh).
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Binary variables

s Binary variable that is equal to 1 if the producer signs the insurance contract, and 0
otherwise.
W, Binary variable that is equal to 1 if the unit is online during peri@hd scenaria,
and 0 otherwise.
Constants
A Codfticient of the piecewise linear production cost function of the ugihj.
D, Amountthat the insurer pays to the producer in scenar(&).
k., Unit status in period and scenaria, 1 if available and O if forced out.
L, Duration of time period in scenariav (h).
M, Premium of the insurance contra&)(
M Maximum premium that the producer is willing to pay for a given insurance contract
€).
M=*  Minimum premium at which the insurer is willing to sell a given insurance contract
(€).
pma Capacity of the unit (MW).
P™n  Minimum power output of the unit (MW).
Pr@*  Size of theb-th power block of the piecewise linear production cost function (MW).
PT&  Maximum power that can be sold through cont@a@w).
P, Insured power (MW).
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T. Duration of contract (h).
aP  Per unit confidence level of the producer.
a® Per unit confidence level of the insurer.

Ap  Slope of theb-th power block of the piecewise linear production cost function of the

generating unit§¢/MWh).
A.  Energy price of forward contract(€/MWh).
A, Strike price of the insurance contra&/MWh).
Pool price in period and scenaria (€/MWh).

n, Probability of occurrence of scenakio

Numbers

Nc  Number of forward contracts.
Ns Number of blocks of the piecewise linear cost function of the production unit.
Nt Number of time periods.

Nw Number of scenarios.

Sets

F. Set of forward contracts available during pertod

G, Setof periods in scenario in which the pool price is higher than the strike price of

the insurance contract, > 4;) and the unit is forced ouk{, = 0).
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