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Resumen

El presente articulo propone un modelo de optimizacion del portafolio de abastecimiento de energia eléctrica para
consumidores finales no regulados en el mercado de electricidad colombiano. El propoésito del modelo es determinar
la cantidad 6ptima de energia que debe ser suministrada por cada una de las tres formas de abastecimiento disponibles
para el usuario: compra basada en mercado spot, compra mediante contratos bilaterales y cogeneracion, minimizando
el costo esperado de abastecimiento de energia y el valor en riesgo asociado. Para este objetivo se usa un modelo de
optimizacion estocastica y el indicador de riesgo empleado es el valor en riesgo condicional ( Conditional Value at
Risk-CVaR). Finalmente, se estudian los resultados del modelo a través de escenarios de precios simulados basados
en los precios reportados en el sistema de informacion NEON administrado por XM S.A., operador del mercado de
electricidad colombiano y se selecciona el mejor ejemplo de aversion al riesgo.

Palabras Clave: abastecimiento energético, optimizacion del portafolio, usuarios no regulados, valor en riesgo
condicional (CVaR).

Abstract

A supply electricity portfolio optimization model for unregulated consumers in the Colombian electricity market is
proposed in this paper. The purpose is to choose between three supply alternatives available to the consumers: spot
market purchase, purchase by bilateral contracts and self-generation, minimizing the total expected cost and the risk
associated to these decisions. For this objective, a stochastic optimization model is used and the risk indicator is the
conditional value at risk (CVaR). Finally, the model results are analyzed through the application of simulated prices
based on real price observations from the database managed by XM — the Colombian Market Operator, and the best
instance of risk aversion is selected.

Keywords: conditional value at risk, energy supply, portfolio optimization, unregulated consumers.
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1. Introduction

The energy supply is a very important subject for
companies because the cost of this service is usually
a determinant factor of profitability margins. In the
Colombian electricity market we can identify two
different ways of energy supply: contracting with
energy retailers and self-generation. For this work
we have decided to include another energy supply
option based on electricity spot market prices.
This mechanism is possible, considering that
some energy retailers transfer the risk associated
with spot prices to the consumers through supply
contracts based on this variable.

Supply based on electricity spot prices Some
international electrical systems allow consumers
to have direct access to spot markets to buy the
energy supplied by the generators. In Colombia, this
situation is not given explicitly because the regulatory
framework prevents direct access of unregulated
users to the spot market. Notwithstanding this
observation, their access to the spot market is
formalized through energy retailers through sale
contracts based on spot prices plus a premium.
The spot prices are conditioned by the interaction
between energy demand and energy supply, but these
variables are influenced by unpredictable elements
that produce high electricity price volatility. Most
of the energy generated in Colombia is provided by
hydropower plants; therefore, the climate conditions
are a determinant factor of the energy offer (Alvarez
& Tamayo, 2006). The electricity demand is
influenced by the seasonality and it is different for
each hour, day or month. These elements combined
produce high electricity price volatility. In the energy
supply based on spot markets, the consumer takes
directly all price risks.

Contracting with energy retailers Unregulated
users can establish contracts with retailers for
medium and long terms (Alvarez & Tamayo,
2006). The purpose of these contracts is to include
hedge instruments to reduce the electricity price
risk. The contract prices for some periods show
high values compared to spot prices, but contract
prices are more stable. The hedge instrument used
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is the bilateral contract. This instrument can be
considered as a forward contract.

Self-generation Some unregulated users may have
power generation plants, which can be used to meet
electricity consumption derived from productive
activity. Usually, these plants use fossil fuels or gas
steam cycles for generation. An important feature
is that these generation facilities can be connected
to the national interconnection system to sell the
remaining energy produced. This condition is
known as co-generation. The self-generation faces
additional risks to the price of electricity. These risks
are associated with the sale process of energy surplus
to the system. Particularly, the cost of generation fuel
used is a very critical factor. In this work, this factor
was not considered as a source of risk.

An unregulated consumer in the Colombian
electricity market may use the two supply options
available according to regulation. However,
considering the large number of variables and
the high volatility level of electricity spot prices
and the bilateral contract prices, it is necessary to
formulate methods to solve this supply problem
minimizing the total supply cost and the risk
associated, seeking better cost management and
generating value for the company. Summarizing,
we considered in this model the following energy
supply options: bilateral contracts with retailers
based on spot prices, bilateral contracts with
fixed prices, and self-generation.

There are several agents in the Colombian
electricity market. The generators have the role
to produce energy. The transmission company
transports this energy from the power plants to
the National Interconnected System (SIN) in
high tension levels. The distributors carry this
energy to final consumers in low tension levels.
The retailers have the role of contracting with
final consumers. The price formula for final
users is presented in the Equation 1.

P($kWh) = Generation cost + Transmission Cost
+ Distribution Cost + Retailer Cost + Other Charges

(M
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As it can be seen in the formula, each agent
influences a specific section of the final cost.
The objective of this work is to optimize the
generation and retailing costs, considering that
the transmission, distribution and other charges
are regulated.

According to Marnette, et al. (2009) the
conditions of energy supply for capital intensive
industries have changed since the electricity
markets started their liberalization process. The
opening to competition in some links of the
electricity value chain presents big opportunities
and challenges to seek energy efficiency and
consequently minor cost of energy supply.

The model proposed in this paper corresponds to
the typical portfolio optimization problem such
as the model proposed by Conejo, et al. (2005).
This model is focused in the determination of
the optimal mix with the same electricity supply
options considered in the Colombian electricity
market. Carrion, et al. (2007) studied the same
problem including stochastic elements and
the conditional value at risk (CVaR) to have a
hedge instrument for price volatility. Menniti,
et al. (2008) analyzed a similar problem in
the Italian electricity market. In that work, the
authors propose the diversification of portfolios
to cover the risk associated with the electricity
price volatility. These authors did not consider
financial instruments to cover the positions.
Pinto, et al. (2007) studied the problem using
real options analysis to define supply options in
the Brazilian electricity market.

In general terms, the problem of energy supply
for unregulated users has not been treated
extensively in the literature. This is because
each country has different mechanisms for
the definition of these users, and the relatively
low importance attributed to the energy supply
problem in industrial enterprises. Xia, et al.
(2008) wrote a seminal work in which they
proposed a model of setting prices for large
consumers in China. The proposed model is
based on the determination of prices for bilateral

contracts from optimizing hydropower resources
available and seeking profit maximization
of the power company. In this scheme, large
consumers simply receive the set price of
energy as an input from the expectation of the
utility company. However, the model considers
possible adjustments in the contracts signed
from adjustments related to consumption levels
of each user and price-demand elasticity.

Among the key elements to consider in energy
supply models from the perspective of users are:
self-generation option, consumers’ risk aversion,
and supply options in different markets. Zare,
et al. (2010 a) analyzed different energy supply
strategies using the theory of decision based on
information gaps. The model considered includes
power purchase options via bilateral contracts, spot
market purchases and low self-generation option.
The key variable in the analysis presented is the
uncertainty about the price of electricity. Later, Zare
et al. (2010 b) presented a stochastic optimization
model for a supply problem considering multi-
market supply and incorporating an assessment of
the level of risk aversion of the end user.

The model developed incorporated consistent
criteria for quantifying financial risk associated
with various alternatives for energy supply,
while taking into account the correlation
between electricity prices in the different
markets considered. Zare, et al. (2011) continued
the previous work in the field of energy supply
from the theory of information gap, considering
two fundamental criteria. First, the robustness
of the model based on the decision maker’s
learning curve with the problem of supply and
second, the possibility of obtaining financial
advantage of low prices in the spot market. In
the analysis presented, the authors made some
simplifications in modeling to facilitate the use
of classical methods of financial risk assessment.
It makes use of the variance-covariance matrix
for matching the volatility in the prices of the
various supply options considered, and they use
a joint normal probability distribution to model
the energy supply cost.
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In this paper, the problem of supply in the
Colombian market is analyzed using a portfolio
optimization model that makes use of the three
sources described above and that incorporates
elements of risk aversion as those proposed by
Congjo, et al. (2010). In the following sections
we explain the optimization model and describe
its implementation in the Colombian electricity
market. Subsequently, we present the results of
applying the model and conclusions.

2. Methodology

The methodology used in this article is based on
the model proposed by Conejo, et al. (2010). These
authors propose a model for minimizing electricity
supply costs considering three alternatives: buy
based on spot prices, buy based on purchasing
contracts, and self-generation. Although the
Colombian regulation prevents direct purchase on
the spot market, the model is adaptive to the extent
that it is assumed that the option to buy power from
marketers using indexed supply contracts at spot
prices, is comparable to a direct intervention in
the market. This assuming the marketing premium
over the spot price is negligible and does not exhibit
additional volatility associated to these prices. In
this paper we propose an electricity supply portfolio
optimization model for an unregulated consumer in
the Colombian electricity market.

2.1 Nomenclature and model variables

W Indexed set of scenarios in w

T Indexed set period in t

C Indexed set of contracts in ¢

N Set of energy self-production scales
indexed in n

Z Set of stages of the decision tree
Ze{l,.,w-1}

CD, Contracts available for the period t

T, Probability of occurrence of scenario w

2B Market spot price for period t and scenario
w [$/MW-h]

;\'C

ctw

;\‘C

CAG

p

POT Cmin
POTCC,max
a

EL“AG
E‘D

EPC

t

EB

tw

POTC,

CT

costo

CvaR

CAP

M (w,k)

Contract price ¢ for period t and scenario w
[$/MW-h]

Contract price ¢

Cost of self-generated energy production in
the range n [$/MW-h]

Sensitivity of risk in the objective function
Minimum energy level to contract ¢ [MW-h]
Maximum energy level to contract c [MW-h]
Coverage probability

Production energy limit of scale n [MW]
Demand for period t [MW-h]

Energy previously contracted in the period
t [MW-h]

Energy purchased in spot market in the
scenario w and period t [MW-h]

Energy purchased by contract ¢ in the
scenario w [MW-h]

Self-generated energy in the range of
autogeneration n for period t and scenario
w [MW-h]

Value at Risk [$]

Excess of cost over the value at risk in the
scenario w[$]

1 if the contract c is chosen for the scenario
w, otherwise 0

Efficiency indicator against the risk of the
instance 3

Maximum o
Instance set of B
Most efficient instance

Total expected supply cost [$000]

Standard deviation of energy supply cost
[$000]

Conditional Value at Risk [$000]

Self-generation capacity in period t
[MW-h]

Binary matrix of precedence or scenario
parity
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2.2 Optimization model

The methodology is constructed based on a
model of multi-stage stochastic optimization to
determine the optimal portfolio of power supply
that minimizes the total expected cost and risk
associated value. We use a sensitivity parameter
B to model different levels of risk aversion. The
mathematical formulation of the proposed model
is presented below:

Min Y7y Z( LEL+ Y AwPOT.d,+

weW teT cECD
> Ce ;;t‘i)+ﬁ(<§+ ) ”“"7“‘)
neN vew
subject to:

POTS™s,, < POTS < POTS™s,, Ve, Yw (3)
0 < Ei < ELY Vt,Vw (4)

0<E. <ELSf—EL‘n=2,..,
N,Vt,Vw (5)

> B+ B+

0 neN (6)
> POTSd, = EP — E vt Yuw
cE€CD
EL=— Y E% vt vu 7
neN

POTS, = POT&. ,Nc,w € Z 8)
sim(w,k)=1

Z( LA Y ALPOTSd+ Y. C”) )

teT ceChy neN

—& <79, Vw
POTS Ei & ,7.>0Ve, ¥n, v, Yo (10)

se € 9{0,1}Ve, Vw (n

In Eq (2) we want to minimize the expected
value of the cost of supply by choosing among
three possible options: buy based on spot market

prices (AZEE), purchase through bilateral
contracts (2, ., A%POTSd,), and self-generation (
2 cogi). We include the conditional value at
risk (&+ 11 aZf:lmnw) and the parameter P to
represent the risk aversion level.

The variable E is unrestricted because the agents
can buy or sell the remaining energy in the electricity
spot market. In the case of selling, the variable will
be negative. The parameter A5, was calculated
as a simple average of the spot price A7, and the
reference price for contract A:

c o A+ah
ctw T 2

Ve ,VEET,Yw  (12)

Equation (3) establishes the power purchase
contracts in accordance with the minimum and
maximum limits for each option. In Equation (4)
and Equation (5) we establish the limits of self-
generation. For each limit or breaking point of the
function, we can have a different production cost
due to the effect of production scales (Figure 1).

Cn

Self-generation C

Eln

Generation

Figure 1. Self-Generation Scales

Equation (6) establishes the balance between
energy supply options and demand. The equation
(7) restricts the possibility that the energy purchased
through contracts can be sold by the user in the
electricity spot market. Only self-generated energy
can be used for this purpose.

The Equation (8) is proposed to constrain the
decision variables associated to a node take
identical values in the different scenarios that have
the node as origin. This type of restriction is typical
of stochastic programming problems. For this
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purpose a binary matrix M(w,k) is provided:

1 if the scenarios w y w1 are coincident at
M(wk) = Y

step k 0, otherwise
(13)

Equation (9) provides the constraint associated
to the calculation of conditional value at risk.
Equation (10) shows the nature of the decision
variables in the model and Equation (11) expresses
the binary variable indicating whether a contract c
is chosen on stage w. If this happens the variable
takes the value of 1, otherwise 0.

2.3. Implementation of the model in the
Colombian electricity market

To use the model in the Colombian electricity
market, we take the historical price series since
2009 to both spot and contract prices. We use an
algorithm which consists of three parts: Generation
of the cumulative probability function for the
prices, forecast of percentage variations, and
price forecasts. The inclusion of spot prices was
defined using the set {A, .. A%} of energy
prices for future periods t = 1, ..., N, , through
a stochastic process based on the empirical
probability distribution found A7 ,using analysis of
scenarios. Each scenario represents the occurrence
of a specific group or combination of prices for
all periods of the planning horizon. Therefore,
{AL ..., AR}, YV wEQ, represents the set of
random variables {17 ... A%}, where w is the
index of the scenarios, Q is the set of scenarios and
N, is the number of periods in the planning horizon.
Each scenario has a probability of occurrence
m, , such that the sum of the probabilities of all
scenarios is equal to 1, ZM T.=1.

With the data provided by the pricing algorithm,
64 scenarios with the same occurrence probability
were built for a planning horizon of six months. The
representation of market spot prices was performed
using a decision tree, where each node is the starting
point of two branches, each equivalent to a likely
price for the period analyzed. The different price
scenarios for all periods are obtained through the

102

branches from the origin. The quantity of scenarios
that must be considered in this diagram is a function
of the number of periods of the planning horizon
of the energy supply problem. If we consider six
periods to analyze, the number of scenarios will be 2°
= 64. In this model, the user has 8 bilateral contracts
that can be considered: 2 of them available at the
beginning of the horizon to be used in all periods
and the remaining 6 contracts for use in each of the
periods. The data for available periods, power limits
and reference prices for each contract are specified
in Table la. The value of parameter o (confidence
level) used in the model is 0,95. The data of energy
demand, capacity and unit cost of self-generation
were established for a medium producer. This
information is shown in Table 1b.

Table 1: Model Information

¢t POTS™POTS™ X
1 1to6 100 20 78
2 1to6 150 20 81
3 1 100 20 59
4 2 750 20 65
5 3 100 20 72
6 4 150 20 75
7 5 100 20 79
8 6 120 20 91

a. Energy supply contracts

t EY C4P, c
1 329 100 75
2 333 100 75
3 348 100 75
4 359 100 75
5 335 100 75
6 346 100 75

b. Demand and Self-Generation

According to the reference model used by Conejo
et. al. (2010), the discretization of price generation
process for each of the variables considered in
the supply model facilitates the solution of the
optimization problem but limits the reliability of
the forecasting process. This deficiency is precisely
one of the opportunities for improvement that
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@Contracts @mSpot Market purchases @Self-Generation ©=Spot market sale

Figure 2. Energy supply portfolio for each instance of f (MW).

result from this work, considering that the forecast
is based on constant volatility models and it is
clearly recognized that electricity prices exhibit
characteristics of heteroskedasticity.

3. Results and discussion

The model was implemented in AMPL. The data
shown in the previous section were included in the
model. Additionally, we assess multiple instances
of the model for different values of B. The results
are presented below.

Table 2: Results for different instances of

p CcT CVaR G0
0 149,456 165,352 7,576
1 150,475 160,985 6,081
2 152,539 159,748 4,493
3 152,632 159,717 4,434
4 152,890 159,635 4,268
5 152,890 159,635 4,268
10 152,890 159,635 4,268

‘We can observe in the results illustrated in Table 2,
that as risk aversion increases (higher values of the
parameter P), the cost of energy supply increases,
establishing a positive relationship between these
two elements. Contrary to the cost of supply,
indicators associated with risk, such as CVaR and

c_costo decline as the level of risk aversion is
higher. This occurs because supply decisions that
are suggested with higher levels of risk aversion,
involve greater participation of bilateral contracts
and self-generation, reducing the volatility of the
spot market prices. This behavior can be observed
on Figure 2, showing the composition of the
portfolio of supply for different instances of the
parameter B. In Figure 2 we can observe that at
lower levels of risk aversion in the portfolio, the
share of purchases in the electricity spot market
increases.

On the other hand, for higher levels of risk aversion,
energy purchases through bilateral contracts
increase. Although direct supply through contracts
has higher costs, it is justified when you consider
that the volatility is lower, therefore bilateral
contracts become effective hedging instruments for
the user. The efficient frontier curves for this case
show the inverse relation between total cost and the
risk factors considered. (Figures 3 and 4).

We can see from the efficient frontier curves, that
risk aversion levels that require relatively low
additional costs may reduce the risk involved.
For example, for values of >4 the supply cost
remains constant showing an increase of 2.3%
compared to the instance without risk aversion

(B=0).
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Figure 4. Efficient frontier (Standar deviation) The points in the figure are the
values of

For B = 4 the reduction of CVaR and the standard
deviation is 3,5% and 43,5% respectively. We can
observe, that when the value of B is equal to 1,
we obtain a particularly relevant scenario, as it is
possible to obtain a reduction of 20% in standard
deviation compared to an increase of 0,7% on the
amount of expected cost of supply by reference to
the level without risk aversion. These results show
the importance of this model for unregulated users,
because we can establish the relationship between
multiple variables in decisions about energy supply
suggesting a portfolio that incorporates financial
hedges against volatility of spot energy prices.

Up until the previous section we have discussed the
results of the model and their relationship to risk
aversion at different optimal portfolio decisions.
To establish the best decision, there is a heuristic
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method that determines which is the best instance
of B. The indicator used for the heuristic is defined
as:
__CTp (14)
% = CVaR;

The algorithm proposed for this heuristic method
includes the following steps:

*  We calculate the indicator o for each instance
of B.

+ Set o =w}

*  We calculate 6 = argmax{a}

»  For each instance we assess 0)«—0)+{|3|aﬁ= o}

« We select the optimal instance B° =
Blargmin {CT,..}

The indicator o establishes the relation between
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the total supply cost and the associated risk. When
we analyze the indicator for a risk aversion level
=0, o, takes the minimum value because the
CVaR, which operates as the denominator in the
formula, corresponds to the largest possible amount
of all scenarios. As higher risk aversion levels are
considered (incremental values of the parameter
B), the indicator af increases because the expected
cost of supply (CT?) becomes larger and thus CVaR
decreases, which implies that scenarios that make
the supply cost higher are being considered, which
reduces the risk of experiencing higher costs due to
the variability of spot energy prices. This decrease
in the difference between the two factors makes it
desirable to have a maximum of indicator, turning of
into the ultimate criterion of choice when several 3
values agree on the indicator, the lower supply cost
(CT)).

It is important to reiterate that the decision stage
should be guided not only by the single criterion
of optimal total cost of supply, but the level of risk
(CVaR) associated with each instance should also be
considered and its minimization should be sought.

Applying this heuristic to the results above, the
optimal instance is =3 (Table 3). This instance
shows the maximum indicator oy = 0,956. This is
the most efficient instance in terms of cost and risk

4%

associated and it has the minimum energy supply
cost. We can observe that the relation between cost
and risk stabilizes from B = 3. If we consider the
instance [ = 4, the energy supply cost increases
up to 152,89 millions, which would not be suitable
considering that this instance maintains the same
level of relative risk of the instance p = 3. There are
scenarios with lower supply cost, B < 2, however;
having lower a, indicators, these instances are not
considered to have an efficient relationship between
the power purchase cost and its associated risk.

Table 3: Results of heuristic instance for efficient

B CT CVaR a

0 149,456 165,352 0,904
1 150,475 160,985 0,935
2 152,539 159,748 0,955
3 152,632 159,717 0,956
4 152,890 159,635 0,956
5 152,890 159,635 0,956
10 152,890 159,635 0,956

The complete analysis of the case study
determines that the best solution has an energy
supply cost of $152,63 millions with a CVaR
equal to $159,72 millions. This corresponds
to an increase of $3,18 million (2,13%) in the
sourcing cost and a risk reduction, measured by

m Self-Generation m Spot market purchase m Contracts

Figure 5. Portfolio for instance efficient 8
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CVaR, of $5,64 million (3,41%), compared
with the instance considered a nonexistent
level of risk aversion. The overall portfolio of
this solution is shown in Figure 5.

4. Conclusions

The use of stochastic models to represent the
energy supply problem for unregulated users
allows us consider the behavior of very important
variables in the analysis process, such as electricity
spot prices, seeking more simple representations
in deterministic contexts. The model applied to
forecast electricity spot prices is a key element
to obtain more reliable results in the supply
mathematical model. Although there are advanced
forecasting models that anticipate future behavior
of electricity prices with minor deviations
compared with the actual figures, this variable has
characteristics of instability that makes it difficult
to predict desirable levels with certainty.

The purchase of energy through bilateral
contracts is usually more expensive but at the
same time it reduces the transaction risk. In this
context, the self-generation is another kind of
financial hedge to face the volatility associated
with electricity spot prices.

The biggest cost associated with those instances
in which risk aversion levels are higher (higher
B parameters), is because, in advance at the
beginning of the planning horizon, it can choose
by power purchase contracts that apply even in
times when spot market prices may be lower
than the reference prices of bilateral contracts.

The level of risk aversion that could be considered
in the power purchase model by large consumers
presents maximum limits, from which, the model
does not produce changes in the target values
and results obtained. To allow the inclusion
of parameter values more adjusted to reality,
it is very important that the stochastic model
updates are made periodically according to the
forecasted values with the objective to represent
the dynamic of the problem under study.
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The model can be adapted to other market
situations with the purpose to include particular
circumstances faced by users. For example,
electricity spot markets with different structures,
other types of energy supply contracts, different
regulatory regimes, constraints of maximum
limits of participation of power generation; and
other price process. This point could be developed
through the inclusion of supply contract price A%,
in the price formation process.
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