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a b s t r a c t

This paper investigates a bi-level stochastic energy acquisition strategy for electricity retailers with self-
generation facilities to supply clients' demand from various resources of energy. The main propose of the
presented work is modeling clients' switching behavior based on uncertainties of rival retailers' strategy
and wholesale prices. The upper sub-problem models wholesale price fluctuations and determines re-
tailer's participation levels in the forward and wholesale markets as well as scheduling of self-generation
facilities based on the minimum supply cost. In the lower sub-problem, the Dempster-Shafer evidence
theory (DSET) is applied to determine the retail selling price based on rivals' strategies and clients'
switching tendency. DSET defines two belief and plausibility functions to evaluate the possibility of
accepting selling prices by clients. According to the retailer's defined belief level and the minimum
expected cost, the selling price is calculated in the lower sub-problems. Finally, a case study is used to
show the performance of proposed method.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Within the last decade, restructuring in the electricity distri-
bution networks leads to emerging newmarketers who are known
as electricity retailers. Electricity retailers play intermediary role
between end-users and generation companies by purchasing en-
ergy fromwholesale market and reselling it to clients. Fluctuations
of wholesale price in buying contracts and fixed selling prices in the
selling contracts could impose a great financial loss to retailers.
Hence, retailers prefer to supply a part of required energy via self-
generation facilities or participating in forward contracts in order to
hedge the financial risk of uncertain wholesale prices.

Evidently, selling prices play a crucial role in negotiations be-
tween retailers and consumers. In the competitive retail market,
consumers choose their energy providers based on energy prices
and the higher selling prices could increase the probability of cli-
ents' switching (to rivals). Switching uncertainty depends on rival
retailers' strategy and clients' tendency to change energy provider.
The selling price must be high enough to cover the supply cost and
bring an acceptable profit to the retailer. Additionally, it should be

low enough to convince end-users to procure energy from the
retailer. Fluctuations of wholesale price, rival retailers' strategy, and
clients' switching behavior are main sources of uncertainty which
are considered in this work.

In recent years, different models have been presented in tech-
nical literature to specify the retailer's strategy in thewholesale and
regulation markets [1], forward contracts [2], and handle effects of
uncertain parameters. It should be noted that smart measuring
devices enable final-clients to adjust their consumption according
to selling prices [3]. Therefore, the stochastic framework is
addressed in Refs. [4e7] to evaluate effects of demand elasticity
demand elasticity [4,5] and reward-based demand response pro-
grams [6,7] on the retailer's energy acquisition strategy. Retailers
could supply the required energy of their consumer by self-
generation facilities [8]. In Ref. [9], the retailer's strategy is devel-
oped in the presence of renewable energy resources. As mentioned
before, retailers face various sources of uncertainty that lead to
financial risk. The main differences of the presented models are in
the risk management methodology and uncertain parameters
modeling. The stochastic programming [10e12], game theoretical
approach [13], and clustering technique [14,15], robust optimiza-
tion methodology [16,17], and heuristic algorithm [18] are pro-
posed to evaluate the financial risk of random parameters.
Evidently, increasing the selling price has negative impact on* Corresponding author.
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demand of price-sensitive consumers. Hence, the retailer faces a
tradeoff between selling price and clients' demand. In Ref. [19], the
multi-objective methodology is used to specify the retailer's selling
price and energy acquisition strategy.

Profit maximization and risk minimization are two main objec-
tives of a typical retailer [10e13]. To handle both objective functions
simultaneously, bi-level optimization framework [20,21] andmulti-
objective optimization [22] are proposed in some references. It
should be noted that conditional value-at-risk (CVaR) methodology
[11,12,14], expected downside risk (EDR) method [20], and risk-
adjusted recovery on capital (RAROC) approach [23] are addressed
to quantifyfinancial risk. Althoughmany researches have addressed
modeling uncertainties of wholesale prices and demand, few
models can be found that focusing on the uncertainty of rival re-
tailer's strategy. Hence, in this paper a bi-level stochastic model is
proposed to determine the energy acquisition strategy of retailer
based on the uncertainties of wholesale price and rival retailer's
strategy. In the defined upper sub-problem (leader), the cost of
supplying the required energy of clients is minimized according to
uncertain wholesale prices, available forward contracts, the gener-
ation cost, and operational constraint of self-generation facilities
(such as ramping up/down limits,minimumon/off duration, and the
capacity limit). The stochastic programming method is applied in
the upper sub-problem to evaluate the impact of variable prices and
determine the participation levels in different energy markets as
well as scheduling of self-generation facilities. In the lower sub-
problem (follower), the retail-selling price calculated based on the
minimum supply cost (which is determined in the upper sub-
problem) and rival retailers' strategy. In this stage, DSET is used to
model the competition among retailers according to their selling
price and clients' switching behavior. DSET is and efficient frame-
work for modeling epistemic uncertainties. This theory enables
decision-makers to combine evidence from various sources and
reach a degree of belief [24]. Themain advantage of DSETover other
decision-making approach is its ability to model the narrowing of
hypothesis set with accumulation of evidence. DSET is a general-
ization of Bayesian theory for decision-making problems under
uncertainty [24]. Two functions are defined in DSET, which are
named as belief and plausibility. While in other probabilistic
decision-making methods, the probability of solution is addressed
with a specific value, in DSET a probability interval is calculated for
the desired performance. The probability of desired performance is
specified according to the evidence and evidential reasoning, and it
is bounded by the belief and plausibility functions. The probability
interval demonstrates themaximumdegree of belief and possibility
to reach the desired performance.

As mentioned before, the risk of rivals' strategy depends on the
rivals' selling prices and clients' tendency to change their energy
providers (or retailers). In this work, rivals selling prices are
modeled by probabilistic approach. The main difficulty is modeling
the clients' tendency to change or switch their energy providers.
Given that many established and new electricity suppliers began to
offer an extensive range of electricity products after the EU market
deregulation in 2003, it is remarkable that the majority of house-
holds remain reluctant to switch suppliers. Surprisingly, even
cheaper offers do not increase the willingness of consumers to
switch significantly. Over past few years, the rate of supplier
switching has fluctuated near 2e3%. Indeed, Danish households
have less willing to switch suppliers compare to their Nordic
neighbors. Survey results in Finland about increasing 10% in retail-
selling price are summarized as follows:

✓ 60% of residential clients declared that they would switch to a
cheaper retailer,

✓ 25% of residential clients declared that they would not switch,

✓ 15% of residential clients declared that it is not decided yet and it
depends on many parameters.

The main difficulty in these kinds of problems is the lack of
information about uncertain parameter. It should be noted that
DSET is not used in electricity market problems and uncertain pa-
rameters are usually approximated by probabilistic approaches.
Evidently, traditional probabilistic methods are unable to handle
these uncertain parameters. DSET allows the decision-makers to
model information shortage and specify the optimal strategy based
on the evidence. The main contributions of the presented model
can be summarized as follows:

✓ The risk of uncertain prices and rivals' strategy are analyzed in
the upper and lower sub-problems, respectively.

✓ DSET is addressed in the lower sub-problem to model the risk of
rivals' strategy and clients' tendency to switch energy providers.

The rest of paper is organized as follows: the bi-level optimi-
zation problem to determine the energy acquisition strategy of the
retailer based on DSET is introduced in section 2. Section 3 presents
numerical studies to demonstrate the performance of the proposed
model. Finally, concluding remarks are presented in section 4.

2. Energy acquisition strategy of retailer

This section presents mathematical formulations of energy
acquisition strategy. As mentioned before, the upper sub-problem
calculates the minimum expected cost of providing the required
energy of clients, the scheduling of distributed generation (DG)
units as well as the retailer's participation levels in the wholesale
and forward markets. Additionally, DSET is used in the lower sub-
problem to calculate the retail-selling price based on rivals'
selling offers, clients' tendency to switch their electricity retailers,
and the minimum supply cost. The general formulation of a bi-level
problem is represented as follows:

Maximize qðX; YÞ
such that : ðX;YÞ2Z

Y2SðXÞ ¼ arg min
Y

fjðX; YÞ : Y2CðXÞg
(1)

where, X2Rn is the vector of decision variables of the upper sub-
problem (In this work, X represents the generating power of DG
units, and the purchased power from the wholesale and forward
markets), Y2Rm is the one of the lower sub-problem (retail-selling
price), qðX;YÞ : Rnþm/R is the objective function of the upper sub-
problem (in this work, it is specified as the supply cost minimiza-
tion), jðX;YÞ : Rnþm/R is the objective function of the lower sub-
problem (this risk minimization), Z is the joint feasible region of
the upper sub-problem and C(X) is the feasible region of the lower
sub-problem induced by X.

2.1. Upper sub-problem

The expected cost of providing client's energy can be formulated
as follows:

EðCostÞ ¼
X
u2U

X
t2T

PrðuÞ � CosttðuÞ

¼
X
u2U

X
t2T

PrðuÞ �
�
CostDGt ðuÞ þ CostWS

t ðuÞ

þ CostFCt ðuÞ
�

(2)

where:
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