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the Offering Strategy of a Price Maker Wind
Power Producer
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and 'Pierluigi Siano, Senior Member, IEEE

Abstract— Due to the high penetration of wind power
generation in power systems and electricity markets, Wind
Power Plants (WPPs) can, 'in some scenarios, influence the
market prices and exercise market power in the day-ahead
(DA) market. In order to evaluate the capability of WPPs to
directly act as price-maker, this paper proposes the strategic
offering of a WPP in the DA market by using a bi-level
stochastic optimization approach. The primary objective of the
proposed model is to maximize the WPP's expected profit by
strategically offering in DA market while minimizing the
energy deviations in the regulating market. Moreover, the
WPP can also sign bilateral contracts with customers to supply
their required energy. In the sub-problem, the system operator
(SO) tends to minimize the sum of the total generation costs
minus the sum of the total demand benefits. The effect of
bilateral contracts on the strategic offering of WPP in the DA
market and its impact on the transmission margin are also
investigated. Results on real cases show that when the WPP
enters into a bilateral contract, it should consider the effect of
such contracts on the offering strategy to the DA market. The
effects of bilateral contracts on the regulating market are also
examined.

Index Terms—Bilateral contract, line congestion, strategic
offering, market power, wind power plant (WPP).

NOMENCLATURE
Sets and indices
)10 At time t and in scenario w.
k Line number
n Bus number
teT Set of time.
G € NG  Set of generation units.
We NW  Setof wind generation unit 7.
DeND  Setofdemand load D.
Dy Set of demand load Dy in bilateral contract B.
ENDy
s(k)y=n Sending-end bus of line £.
rk)y=n Receiving-end bus of line £.
Parameters
B, Susceptance of line & (p.u).
FD Upper limit of demand D (MW).
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FG Upper limit of generation DG unit (MW).
}_)W Wind power capacity of wind power unit W (MW).
P, Upper limit of demand Dj in bilateral contracts
Dy (MW).
pP Wind power generated by the wind power
Lo unit (MW)
fymax Transmission capacity of line £ (MW).
k; o Wind power capacity factor (MW)
Apy Bilateral contract price (€/MWh).
/ID ; Marginal utility of demand D (€/MWh).
/1{; Marginal cost of the wind power unit W (€/MWh).
*
G+ Marginal cost of generation DG unit (€/MWh).
Variables
ntw LMP at bus n (€/MWh).
pd Wind power cleared in the DA market for wind
"o power unit ¥ (MW).
pof Wind power offered to DA market by wind power
Lo unit (MW).
Psiw Power scheduled to be produced by the generation
” DG unit (MW).
pan/up Down/up regulation power (MW).
to
ay Offer price of wind power unit W (€/MWh).
Piw Scheduled power to be consumed by demand D
” MW).
S, Voltage angle at bus ».
fi Power flow through line £ (MW).
My Transmission margin of line £ (MW).
Py ,, Energy supplied in bilateral contract B (MW).
Bl

I. INTRODUCTION

UE to energy consumption increment and environmental

conservation concerns from one side and fossil fuel
resources decrement from the other side, penetration of
renewable resources has substantially augmented throughout
the world [1]-[2]. Among the renewable generations, wind
power contributes a remarkable portion of the production
status [3]. With increasing wind power capacity and entering of
wind power generation companies into electricity markets,
wind power plants (WPPs) may have an important contribution
in the market such as in Denmark where WPPs may behave



Table I. The novel contributions in view of the existing state of the art.

Reference Bi-level LMP Bilateral Transmission Network Simulation Purpose
Modelling | Method Contracts Margin Constraints P
[1] v ) ) ) ) Investigating coordination of WPP and DR aggregators via
stochastic model for participate in the DA market
[4] v v - - v Offering strategy for a price maker WPP in DA market
Investigating the offering strategy of aggregated hybrid
[5] v v - - v power plant as a price maker in DA market via stochastic
model |
7] v v ) ) v Determining offering strategy of a price-maker WPP in both
DA and balancing markets
9] ) v ) ) v Estimation of LMP in the distribution networks containing
DGs
[10] v v - - v DA market-clearing model for smart distribution systems
[11] - v - - v Integrating loads in a distribution market based on D-LMPs
[12] ) v ) ) v Electricity market-clearing mechanism based on LMPs for
pricing uncertain generation and load.
[13] ) v ) v v !me ﬂow transmission margin value considering wind power
integration and LMP
[14] v v . } v Modelling the interaction between ISO and DR aggregators as
well as the interaction between DR aggregators and customers
[16] ) ) v ) ) Modelling the competition among a single renewable power
producer against other generators.
Developing incentive-based coordination mechanism between
[17] - - v - - . .
a WPP and a conventional energy supplier
v
Thi Using KKT Investigating the effect of bilateral contract on the offering
a :r conditions v v v v strategy of the WPP and on the local marginal prices in the
pap and duality distribution networks.
theory

strategically to affect the electricity market prices based on
their concerns [4]. In this regard, several approaches have been
reported in the literature to simulate such strategic behavior in
the electricity markets. A bi-level stochastic optimization
model of offering strategy for an aggregated WPP and electric
vehicle hybrid power plant as a price maker in DA market,
while considering the uncertainties of the energy production
and spot price in the real-time market, is provided in [5]. A
dynamic model of the wholesale energy market, that takes into
consideration the influence of uncertainties of renewable
energy sources and real-time pricing with demand response, is
provided in [6]. In that study, a structure that comprises real-
time pricing as an underlying state is presented to obtain the
dynamic interactions between generation, demand, locational
price (LMP),
equilibrium of the optimal dispatch. In [7], an offering strategy
for a WPP that takes part in both day-ahead (DA) and balancing
markets as a price-maker is proposed. In that study, a bi-level

marginal and congestion price near the

optimization framework is represented based on a multi-agent

system and incomplete information game theory.

While there are privately owned distributed generation units
within the network, making effective decisions by a distribution
company is related to the control of that agent over these units
through different methods considering financial incentives. One
of the most effective methods to control such generation units
is LMP method [8]. A stochastic method to forecast the LMP in
distribution networks including distributed generation is
proposed in [9], where LMP at each bus is obtained based on
the share of the distributed generation in reducing power losses
and emissions. In this regard, a DA market-clearing model for
smart distribution systems is represented in [10], in which
network reconfiguration and interactions with the wholesale
market are considered via an optimization model through which

distribution LMPs are determined. In [11], distribution LMPs in
a real-time distribution market managed by a distribution
system operator (SO) is discussed in the presence of
empowered residential end-users that can bid for energy by a
demand aggregator while following demand response
initiatives. An electricity market-clearing scheme based on
LMPs for pricing uncertain generation and load is developed
in [12]. The uncertainty related to LMPs is achieved from a
distributional robust chance-constrained optimal power flow
model in which only the first-order and second-order moments
of the uncertain sources’ probability distribution are applied.
Line flow transmission margin value, considering wind power
integration based on LMPs, is addressed in [13]. A new
strategy for an ISO to trade demand response with different
aggregators while considering various operational constraints is
investigated in [14], while the effect of bilateral contracts is
neglected. Based on the different LMPs at load nodes before
and after wind power integration and on power flow tracing, the
specific values of different grid-connected wind farms at each
node are evaluated, namely, the energy value and the value of
wind power. The load nodes that have a serious influence on
wind power accommodation for each wind farm are also
indicated.

Market designs authorizing prosumers to be directly engaged
in bilateral energy exchanges brings benefits for
prosumers [15]. A wind farm is linked with a hydro-pump
power unit in [16] to sell the generation in the DA electricity
market and also through a bilateral contract, where the
imbalances are penalized in the balancing market. Although the
problem of selling energy from a renewable unit through the
bilateral contract and DA market is addressed in that study as a
contribution, the problem of the strategic offering of wind unit
with market power has been neglected. An incentive-based
coordination mechanism between a wind energy supplier and a
conventional energy supplier is investigated in [17]. In that
study, to comply with DA schedules and to control the
intermittency of wind energy generation, the wind supplier is
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permitted to outsource a backup power capacity from the
conventional supplier by entering a bilateral contract. Agent-
based bilateral contracts of energy in the forward market
environment are given in [19], where all generators and loads
are assumed to submit their offers and bids, respectively. Since
each generator/load participates to negotiate with the best
offer/bid, the conflict of interest may occur that are modeled as
a game with incomplete information. Table I is added to show
the contributions of the recent works because of the existing
state of the literature and the merit of the proposed method
concerning other methods from the literature is cleared.

To the best of the authors' knowledge, the effect of bilateral
contracts on transmission margin from a WPP viewpoint has
not been addressed in the literature. In this paper, the problem
of the strategic offering of a WPP taking part in a competitive
electricity market is studied. In addition to the offering in the
DA market, it is supposed that the WPP can sign bilateral
contracts to sell its generation. Then, energy deviations are
compensated in the regulating market. On the other hand, since
transmission constraints may bring opportunities for the market
players to enforce congestion to create an uncompetitive
market, here, the effect of bilateral contracts on the
transmission margin of lines in the strategic offering problem of
a WPP is also investigated. To this end, the main novel
contributions of this paper are listed below:

e Developing a bi-level stochastic problem to model the
interaction between the WPP and SO considering
network constraints and security,

e Investigating the effect of bilateral contracts on the
strategic offering of a price maker WPP,

e  Assessing the effect of the strategic offering of a WPP in
the DA market and of signing a bilateral contract on
transmission margin.

The overview of the problem description is provided in
Section II. The formulation of the proposed strategic offering of
WPPs in the DA market and its participation in bilateral
contracts is presented in Section III. Section IV is designated to
the numerical studies, and Section V concludes the paper.

II.  DESCRIPTION OF THE PROPOSED DECISION-MAKING
MODEL

In a pool-based DA market, all participants including energy
sellers, such as traditional/renewable generations, and energy
buyers, such as various consumers, submit their sale or
purchase offers to the market. In a fully competitive market
environment, all participants can take part in price setting.
However, in a real market, energy providers with large-scale
capacities can even change electricity prices based on their
interests, while other small-scale participants behave as price
takers. In this paper, an offering strategy is proposed for a WPP
with market power that can self-schedule the operation of its
resources to maximize its expected profit. The WPP decides for
both wind energy and the related offering price in the DA
market. Unlike conventional generation units, the WPP has no
control over its produced energy and it is completely uncertain.
Because of this uncertainty, the scheduled energy generation of
the WPP in the DA market is lower/higher than its real
generation. To cover these uncertainties, the WPP enters the
regulation market to compensate for its surplus/deficit
production. In this step, the WPP should also consider the
offering prices of other generation units and the bidding of
demand providers.

Here, it is supposed that the aggregated loads can absorb their
required energy from the wholesale market or even they can
sign bilateral contracts. A bilateral contract is a free agreement
signed outside an organized marketplace, between a producer
and a consumer [19]. These contracts are negotiable agreements
about the transaction of power between two agents. These
contracts specify the terms and conditions of settlements
independent of the SO. However, in this model, the SO would
check and confirm enough transmission capacity for these
transactions and guarantee transmission security. The bilateral
contract model is very flexible as trading agents investigating
their desirable requirements. However, its troubles are due to
the high cost of negotiating and writing contracts, and the risk
of the reputation of the partners. When the WPP enters a
bilateral contract, it may satisfy its counterparties either by its
local production or by purchases from the market. Once the
bilateral quantity and price are fixed, the WPP should execute
this contract.

Individual prosumers are permitted to submit their bids,
including quantities and the corresponding prices to the
operator to either buy or sell energy for a specific operating
duration. The generators, except the strategic WPP, are
considered fully competitive, and they offer their productions at
their marginal costs. Then, the generators are paid according to
the LMP of the bus at which they are located. Based on the
solution that the SO takes, the won prices and quantities of
generation units and consumers are determined. Fig. 1
illustrates the structure of the offering strategy of the WPP. In
this problem, the WPP encounters different uncertainties
including demand, wind power generation and regulation
market prices that are considered as input. Then, the WPP tends
to maximize its expected profit by considering different
constraints. At this level, the WPP decides the price offering in
the DA market and its energy trading in the regulation market.
In the second level, the SO tries to minimize the sum of the
total generation costs minus the sum of the total demand
benefits subject to the constraints of the network. The two
levels are combined with mathematical methods.

It is also supposed that:

e Load providers do not possess generation units and they
purchase electricity to supply their loads from the
wholesale market or through bilateral contracts.

e Energy arbitrage between bilateral contracts and wholesale
market is prohibited, meaning that when the WPP enters a
bilateral contract, it should satisfy its counterparties either
by its local production or by purchases from the DA
market. However, the loads cannot purchase power in
bilateral contracts from WPP to sell in the DA market [17].

Due to the subsidies and developments in technologies, WPPs
have grown in some area and have dominant positions in
electricity market. Attaining such dominant positions, result in
that some of the WPPs may offer strategically in electricity
market with the aim of changing the clearing prices to its
individual interests [4]. Under this context, in this paper an
offering strategy is presented for a WPP with market power that
participates in the DA market as a price-maker, and in the
balancing market as a deviator.

I11. MATHEMATICAL MODEL OF THE PROPOSED BI-LEVEL
PROBLEM

A.  Upper-level problem



The problem of the strategic offering of a WPP is formulated as
below:
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In the upper level, the WPP aims to maximize its expected
profit as given in (1) including different terms. The first term
includes the revenue obtained from selling wind energy
production into the DA market considering the LMP of the bus
at which the WPP is located. The next term consists of the costs
of WPP to produce wind energy. The third term indicates the
revenue from supplying bilateral contracts. The last term refers
to the trading energy in the regulation market to compensate for
the wind power uncertainties. Equation (2) ensures the power
balance and (3) restricts the wind production.

B.  Lower level problem

The lower level problem from the SO's viewpoint is given
below. The dual variables correspond with each constraint of
the lower level problem and are given after a colon.
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In the above constraints, 4, ,, ¢ N ng‘;n,ng’;" R
g™, oy ape, EEN ™ and  y, denote the dual
variables. The objective function of the SO in the lower level
problem is given in (4) which represents the minimization of
the difference between the total generation costs and the sum of
the total demand benefits. Constraint (5) indicates the power
balance at each bus of the system. Constraints (6) and (7)
define that the power flow through the lines is restricted by the
transmission capacity limitations. Constraints (8)—(11) refer to
the limits on consumed or generated power by consumers,
generation units, and WPP, respectively. Equation (12) bounds
the voltage angles. At last, based on the constraint (13) the
voltage angle of the reference node is fixed to zero. Here, DC

model without considering losses is used for power flow. Be
noted that this assumption is usually made in the technical
literature and considers that voltage magnitudes are
approximately constant in the system and that voltage angle
differences are small enough between two connected
nodes [18]. This allows us to formulate the power-flow
equations using linear expressions. Also, DC power flow is
widely used for diverse reasons such as the computation time
and for modelling the operation problem that is a sub-problem
of a long-term or a planning problem. In fact, the lower level of
the bi-level model (from SO’s viewpoint) is not the main focus
of this paper. So, due to the mentioned complexity, in a large
number of operation models in the literature, the network
constraints have not been even addressed such as [20].

C. Combining Lower level and Upper level of the problem

The lower level problem given in (4)-(13) is linear and can be
replaced by its equal problem using Karush-Kuhn-Tucker
optimality constraints [21].
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In the above constraints, Pﬁ}{m and 4, , denote the control
variable. The problem given above is nonlinear because of the
term Pﬁ}l’,’wﬂn,w in the objective function in (1) as well as the

complementarity constraints in (20)-(31). Using the strong
duality theorem [22] and some mathematical relaxation, the

term pr/l,,,a,ﬂ,,,,,a, can be transformed into a linear form.

Moreover, using the Fortuny-Amat transformation as used
in [23], the nonlinear constraints in complementarity conditions
can be transformed into their equivalent linear constraints.
Finally, by using the mentioned linearization expressions, the



problem of the strategic offering of a WPP is formulated as
below:
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Subject to the constraints in (2), (3), (5)-(13), (14)-(19) and the
constraints based on Fortuny-Amat McCarl linearization, the
complementarity constraints in (20)- (31) are provided as
explained in [24].

The algorithm for solving the bi-level, two-stage optimization
problem to solve the strategic offering of the WPP is shown in
Fig. 2. It is seen that firstly, the scenarios are generated and
reduced to a limited set and then, using KKT optimality
constraints and other mathematical solutions, the outputs are
obtained.

D. Bilateral contract modeling
Most companies commonly engage in bilateral contracts, called
power purchase agreements (PPA), with renewable energy
producers to buy their energy production. PPAs are used for
various types of bilateral energy trading, depending on the
types of sellers and buyers [25]. In particular, a renewable-
based corporate PPA is a bilateral contract between an energy-
consuming company, which commits to buying future energy
generation of a renewable resource for predetermined agreed-
upon prices. In this regard, in this work, based on bilateral
contract-based peer to peer energy trading mechanism, the
system operator (SO) operates as an agent where the trading
offers are posted and handshakes are made. Then, the buyers
such as aggregated bilateral load and sellers such as WPP
register for a certain period. Then, the buyers and sellers give
their prices and quantities.

After that, purchasing offers are sent to the sellers and selling
offers are broadcasted to the buyers. By the way, all offers are
displayed on a platform where all buyers and sellers can look
for accessible offers. When a buyer has the willingness to make
a deal with a seller, it sends a contract to the seller and request
confirmation. The same as that, the sellers can seek purchasing
offers and ask for approval to deal with. When a contract is
confirmed, it will be sent to the SO for final confirmation from
the viewpoint of security. To prevent multiple buying, the
corresponding offers of the contracts will be removed from the
platform.

In this context, in the bilateral contract, the WPP can
supply the loads based on predetermined and fixed bilateral
price Ap, , . However, the total demand supplied through

bilateral contracts Pp_, ,cannot exceed the maximum

capacity that is contracted PDB . The following constraints give

the modeling of this bilateral contract:

‘ Maximize the expected profit of the WPP
¥

Satisfying constraints including:

e Power balance

e Restriction of wind production

o Non-negativity of wind power offered to the
DA market

L]

Determining:

e Strategic offering in DA market

o Arbitrage of bilateral contract

e Participating in regulating market

Upper level
From the WPP viewpoint

Strategic

LMP offering

‘ Maximize the social welfare of SO
¥

Satisfying constraints including:

e Power balance at each bus of the system

e Restriction of power flow through the lines
e Generation units and WPP

e Bounds of voltage angles

(]

Karush-Kuhn-Tucker optimality constraints
Linearization using the strong duality theorem

Lower level
From the SO viewpoint

Obtaining the linearized and single level of the problem using:

Determining:

e Operating the system securely and reliably
e Market clearing problem,

e heavy-load line

Offering LMP Bidding LMP

Generation units

Fig. 1. The structure of offering strategy of the WPP in DA market.
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A.  Modelling Transmission Margin of Lines

The transmission margin of each line is obtained with the
following expression:

~ |f| (35)

Mk:1 max
Sk

where, M stands for the transmission margin of line £,

sand f;™™ is the power flow and the maximum transmission
capacity of line K. According to the actual operation of a power
grid, if M, reaches to 80% of its transmission capacity, then it
is considered as a heavy-load line.

V. CASE STUDY AND NUMERICAL RESULTS

A. Case Study and Input Data

In this section, the proposed strategic scheduling model is
implemented to a three-bus system that is selected for its ability
to show the conception, also the IEEE 24-bus RTS to illustrate
the framework in a larger system [26]. For the sake of
simplicity, a three-node network including a WPP at bus 1 with
the capacity of 25MW that the related scenarios are extracted
from [27]. Two-generation units are located at the other two
buses with the capacity of 10 and 20MW. Also, a load is
located at each bus as shown in Fig. 3. The regulation prices are
extracted from Nordpool market [28] as illustrated in Fig. 4.



Input parameter of network, DG units, loads, wind power
generation and etc.
v
Determine the uncertainty set (output wind power, loads and
electricity prices) based on forecasted data
v
Determine the total required demand and price for bilateral
contract
v

Generate scenario based on normal PDF of predictable errors

12

Reducing the number of scenarios to a limited set

v

Formatted a two stage problem

v
Obtain Lagrangian function to obtain KK T optimality conditions
for the lower level problem
v
Obtain equivalent linear expression for the bilinear products
using strong duality theorem

Transform the non linear constraints to equivalent linear form
using Fortuny-Amat transformation

Solve the DA market clearing problem by the SO from the WPP
viewpoint
v

Obtain LMP values and their interval (min and max)

12

Solve the main problem to obtain maximum profit of the WPP

v

Update load profile at different nodes
12

Solve the DA market clearing problem

v

Update LMP values and their interval (min and max)

margin of lines using (36)

Modeling Transmission

Obtain final result including:

Offering prices to the DA market, Power transaction in
regulating market, Cleared power of other generation units,
Cleared power consumption of local loads, Voltage angle, Line
power flow, LMP of each node, Transmission margin of lines

Fig. 2. Flow chart of solution methodology.

The bidding price of loads is shown in Fig. 5 and the demand
of each bus as well as the bilateral demand are illustrated in

Fig. 6. The subscript 1, 2 and 3 refer to the loads located at
buses 1, 2 and 3. Also, subscript 4 shows the bilateral contract.
Here, the WPP as a decision maker should decide optimal
decisions to avoid implementing strategies that may entail the
possibility of high costs or low profits. Therefore, before
offering to DA market, the WPP should evaluate the portfolio
of results in advance to make a better decision. In this context,
the condition without investigating Dbilateral contract
corresponds to the base case and other conditions with
considering bilateral contract are compared with the base case
to provide a profile for decision maker. In this regard, two
different cases are taken into consideration defined as bellow:

e Case 1: The demand at bus 1 is supplied through the
wholesale market, completely.

e Case 2: Only 60% of the total load of bus 1 is supplied
from participation in the wholesale market and 40%
of that load is supplied through a bilateral contract.

Load 1 --— Line 1
,,,,,,,,,,,,,,,,, ‘ » [oad 2

|
|
|
|
|
i
|
Load 4 }
i
|
|
|
|

Fig. 3. Three bus network system

Data of generation units and demands as well as the
susceptance of all lines are extracted from [18] and the
maximum capacity of all lines is SMW. The scheduling horizon
is assumed one day with 24 equal time slots. Simulations were
run using CPLEX 12.6.0.0 under GAMS 24.2.2 [29] on a Dell
Precision laptop with an Intel Core™ i7@2.6GHz processor
and 16 GB of RAM. It should be noted that considering a mip
gap of 0%, the computation time for the studied cases was
between 3 and 6 minutes, with an average of 4 min and 42
seconds.
A.  Numerical Results for Three-Bus System

Fig. 7 shows the forecasted wind power generation of the WPP
and its offering power to the DA market and the cleared power
by the SO in both cases without and with bilateral contracts.
The generated wind power is forecasted with three scenarios
that its expected value is shown with bars that is the same in
both cases. The WPP submits its production offers including
the quantities and prices (only quantities are shown in this
figure) to the DA market. Then, the SO clears the DA market.
When the WPP does not enter a bilateral contract, it offers the
expected value of wind generation to the DA market. But, when
the WPP enters a bilateral contract, first, it tends to supply the
predetermined aggregated bilateral load with its local
generation and the additional forecasted wind generation is
offered to the SO.

Q 100 T T T T T T T T T T T T
= —oa— Up regulation
% 80| —— Down regulation g
2 60 1
e
a
40 -
-
=
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Fig. 4. Up and down regulation prices

In both cases, the wind power cleared in the DA market is equal
to the wind power production plus the power that should be
sold/bought in the regulating market.
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Fig. 6. The demand of loads (a) located at all buses (b) aggregated
bilateral load.

It is seen that in the same forecasted produced wind power in
both cases when there is no bilateral contract, the WPP usually
offers much more power to the DA market, while it offers
lower amounts of power when there exists a bilateral contract
outside the marketplace. Moreover, the WPP offers lower wind
power production into the DA electricity market through a
bilateral contract, because it might face a high risk of a low
generation that should be bought in the costly regulation
market. The gap between the red line (offered power) and the
blue line (cleared power) indicates that the WPP sells/purchases
the surplus/deficit production in the balancing market. Here, to
better show the details, Fig. 8 gives the offered wind power to
the SO in both cases with and without bilateral contract. As it
can be seen, the difference between the offered power in the
two cases is not the same.

To better shown, the offered power at 4:00, 10:00 and 20:00
in both cases are also given in the boxes. As it can be seen from
Fig. 7, the shape of the offered/cleared power of the WPP in
case of with and without a bilateral contract is approximately
the same. The gap between the offered power in the two cases
is because of the required demand in a bilateral contract. In
fact, when the WPP enters a bilateral contract, first, it tends to
supply the predetermined aggregated bilateral load shown in
Fig. 6 (b) with its local generation and the additional forecasted
wind generation is offered to the SO. The cleared power by the
SO at each hour follows the offering trend and is surely lower
than the offered power. However, the value of cleared power
differs in both cases.

(38
—_

181 [ ]Produced wind power ' |
s — Offered power
= N Cleared power S
= 12t 5
5 oF A
2 6 T~ |
Ay 3k ~L |
0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hour)
(2
21 3 13 13 13 13 13
18- [ ]Produced wind power i
§ 151 — Offered power |
S p. T Cleared power |
g 9 _ ,
& o 1
3 [ -
0
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (hour)
(b)

Fig. 7. The wind power generated and offered in the cases of (a) without
and (b) with bilateral contracts.
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Fig. 9 illustrates both wind generation and bilateral load in (a)
and the compensation of energy imbalances in the regulating
market in (b). It is seen that bilateral contract turns out
aggressive changes in energy arbitrating in the regulating
market. To better show the changes, energy deficit and energy
surplus in (b) are drawn. Be noted that the scales are in MW
that a small change in the trend of the figure makes MW
amounts. The WPP sells the surplus energy in the down-
regulation market with lower prices and purchases the energy
deficit with higher prices as shown in Fig. 4. When a bilateral
contract exists, the excess of energy that should be sold in the
down-regulation market decreases as in Fig. 9-(b). In this case,
the WPP might purchase the energy deficit from the up-
regulation market with higher prices. Meaning that when there
exists a bilateral contract, the WPP may encounter lower energy
that should be supplied in the up-regulation. It is surely because
of the responsibility of the WPP to supply the aggregated
bilateral load. It should be mentioned that from 10:00 to 14:00,
there is low wind generation (please see the energy forecasted
in Fig. 9 (a)). So, the energy deficit in both cases is very high
that should be purchased from the balancing market. As
expected, during this duration, the energy surplus is zero. It can
be therefore deduced that by exchanging energy in a bilateral
contract, trading excess of energy in the down-regulation
market decreases.
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Fig. 9. (a) Wind generation and bilateral load, (b) Trading power in
regulating market with and without bilateral contract.

Although, the energy deficit to supply the contracted load
augments in some hours that should be compensated in the up-
regulation market. In fact, a bilateral contract causes to offset a
part of the surplus energy rather than being fully penalized in
the down-regulation market. In other words, a bilateral contract
allows the WPP to offer appropriately such that the surplus
energy that must be curtailed or sold with a lower price in the
down-regulation market be mitigated. Nevertheless, it might
require purchasing the energy deficit from the up-regulation
market when executing bilateral contracts. Moreover, in this
figure, in the period 1:00-8:00, when the WPP signs a bilateral
contract, it may face some deficit power. In fact, the WPP
might encounter a higher lack of generation when it signs
bilateral contracts. So, its participation in the up-regulation
market to purchase the energy deficit augments to supply the
contracted load specifically during 1:00 to 8:00 as in Fig. 9, (b).

The cleared power of WPP and other generation units in the
DA market in both cases without and with bilateral contracts
are depicted in Fig. 10. Accordingly, DG, as a cheap unit
commits during the whole day to cause a drop in total operating
costs in both cases. Based on the proposed bi-level problem,
there is required to commit the expensive unit DG; sometimes
specifically during the night, midnight and early in the morning
that the wind generation is high. However, from 8:00 to 13:00
that the wind power generation is low, the regular load should
be supplied from the other generation units such as DGs.
However, when the WPP enters a bilateral contract, there is an
obligation to execute the contract and supply the required
demand even through the local generation. In such conditions,
there is less wind generation to be sold in the DA market. So,
the required demand for regular loads should be supplied
through the other generation units. Since DG, has been
committed completely, DG; should commit to supply the loads
requirements.
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The offering price of WPP into the DA market in both cases
with and without bilateral contracts are depicted in Fig. 11. It is
seen that when the WPP participates in bilateral contracts, it
offers at lower prices into the DA market compared with the
case without it. In the cases without a bilateral contract, the
strategic WPP with market power offers high prices to augment
its profit. In contrast, when the WPP enters into a contract, it
might be willing to offer lower prices in the hope of obtaining
higher profit from trading energy directly.

The congestion probability of all three lines in two cases
without and with bilateral contracts is given in Table II. It is
seen that in the case without a bilateral contract, line L, is more
probable (about 22.5%) to be congested heavily with the load
rate more than 80% than the other two lines. In this case, linel
and Line3 are never congested heavily. But, through bilateral
contracts, the load rate of Line2 decreases about 4.6% (from
22.5% to 21.5%). But, when the WPP signs a bilateral contract,
since a part of the load is supplied locally, the congestion of
lines decreases.

Fig. 12 depicts the LMP at each node of the system through
the whole day in both cases without and with a bilateral
contract. As seen, the system LMP differs in both cases. Lower
system LMPs occur when the WPP enters bilateral contracts.
That is because when the bilateral contract is fulfilled by local
wind generation, the strategic WPP offers lower prices to the
DA market in the hope of obtaining higher profit from the
energy arbitrage in a bilateral contract. Also, out of the
marketplace, the WPP can benefit from bilateral contracts as
long term agreements and sell its wind generation through such
contracts instead of in the wholesale market. This prevents the
WPP from confronting the upstream volatility and even, it can
sell its generation to the network, when the required demand in
a bilateral contract is low.
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TABLE II. THE PROBABILITY OF LINE CONGESTIONS IN CASES WITH AND
WITHOUT BILATERAL CONTRACTS

Line # Linel Line2 Line 3
Bilateral without | with without | with without | with
contract
Load rate Less than 80%

Probability [ 99.5% [ 99.43% | 77.5% | 78.5% [ 100% | 100%
Load rate More than 80%
Probability [ 05% [ 057% [ 225% | 21.5% | 0% [ 0%

B.  Numerical Results for IEEE 24-Bus RTS

Additional results from a case study based on the IEEE 24-
bus RTS are provided in this subsection. Data for this system is
extracted from [26]. It is considered that the strategic WPP has
a wind power farm that is installed at bus 7 with a capacity of
800 MW. Results of solving the problem for the offering of a
strategic WPP for this case study are provided in Fig. 13 and
Fig. 14. Fig. 13 illustrates the wind power offered to the DA
market in both cases without and with a bilateral contract. As
seen, when the WPP enters a bilateral contract, it offers a lower
amount of power to the DA market. The reason is that the WPP
might have a concern about supplying the loads when signing a
bilateral contract. Else, the WPP may confront with being fully
penalized in the regulating market to confront contracted loads.
The wind power offered to the DA market varies during the
day. During the early hours of the day, the WPP offers a high
level of wind power to the DA market. Usually, in some of the
scenarios, the offering of wind power is higher than the
produced generation. However, regulating market prices in
these hours are relatively low. Therefore, the WPP favor
offering a high level of production to the DA market and
compensate for the deviations in the regulating market in case
of deficit or surplus generation. On the other hand, the wind
power offered to the DA market in some of the middle hours of
the day is substantially low. That is because the regulating
market prices are substantially high during these hours while
the wind power generation may be too low. Therefore, offering
high values of wind power generation to the DA market in
these hours would yield to purchasing the deficit of production
occurring in some of the scenarios from a costly trading floor
and paying at high regulating market prices. Thus, the WPP
decides to offer low values of generation to the DA market.

Fig. 14 depicts the offering price by the WPP. The offering
prices also change throughout the day. When no transmission

congestion happens, the offering prices are the same as the
LMPs throughout the system. However, when the congestion
occurs, the LMPs differ from the offering prices.
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Fig. 13. Wind power offered to DA market in the cases of without and
with bilateral contracts

The results show that the probability of occurring heavy load
congestion (more than 80% load ability) in all lines of the
system in two cases with and without bilateral contracts are
about 5.4% and 5.7%, respectively. Although by signing a
bilateral contract, generally the average congestion of lines
decreases slightly, it is also probable that some lines become
heavily congested. In other words, in general, a bilateral
contract can have both a negative or a positive effect on the line
congestion.
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V. CONCLUSIONS

A bi-level stochastic model for the strategic offering of a
WPP in the DA market was investigated in this paper, in which
at the upper level, the WPP tends to maximize its expected
profit while in the lower level, the SO tried to minimize the
sum of the total generation costs minus the sum of the total
demand benefits. Also, the WPP signed bilateral contracts with
the customers to supply their loads, directly. In this regard,
here, the effect of such contracts on the strategic offering of the
WPP in the DA market and also on the transmission congestion
was investigated. By applying different cases, it was shown that
bilateral contracts can have both a negative or a positive effect
on the congestion and the results are case-sensitive. Moreover,
the bilateral contract caused to offset a part of the surplus
energy rather than being fully penalized in the regulation
market.

Future work may include offering strategy from the viewpoint
of an aggregated WPP and electric vehicle aggregator as a
hybrid power plant that behaves as a price maker in the DA
pool-based market. In addition, modeling both DA and
regulating market-clearing price dynamics is necessary because
it will impress the decision making of the hybrid power plant.
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